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1. Introduction and Historical Background

In the future, standard procedures for chemical processes
should require only inexpensive reagents used in standard
equipment under the mildest possible conditions, and they
should give the desired products in quantitative yields with,
when possible, 100% atom econofny.

Only a very few chemical transformations which fulfill
these criteria are currently known, and this need for an
environmentally acceptable chemistry has induced great
efforts by the chemical community to develop industrially
interesting processes of this kind quickly.

Academic research especially has recently achieved im-
portant successes in this direction, but because of the
resistance to change with which important innovations,
particularly those requiring large investments, are met, only
a few such processes have been brought to market. However,
because of increasing energy costs and growing environ-
mental concerns, the current trend toward the greenest
possible chemistry cannot be reversed.

The outstanding challenge in this direction is still the
development of processes for the selective functionalization
of C—H bonds? since saturated hydrocarbons in the form
of natural gas and oil are the largest natural sources of
chemicals.

Dyoxygen is the most ubiquitous and available oxidizing
agent, and as Cheves Walling in underlining its importance
stated simply, “through respiration its reaction with organic
molecules sustains life and, through combustion, provides
most of our heat and energy"We may add that oxygen,
through controlled oxidation reactions of organic molecules,
sustains the chemical industry and, consequently, considering
the penetration of chemistry into all sectors of life, the
modern economy

Since the beginnings of organic chemistry, chemists have
understood that the cheapest way to synthesize more complex
molecules starting from natural materials was to introduce
oxygen atoms into €H bonds by the reaction of hydro-
carbons with oxygen.

Most organic compounds react spontaneously with oxygen
at or near room temperature at a rate strictly dependent on
their chemical structure, and this is sometimes a problem in
preserving bulk materials such as plastic, rubber, lubricating
oil, and many foodstuffs. These spontaneous transformations,
which are called autoxidations, can be avoided by addition

' Dedicated to Prof. Francesco Minisci on the occasion of his 75th birthday. Of natural or synthetic antioxidants.

10.1021/cr040170k CCC: $65.00

© 2007 American Chemical Society

Published on Web 09/12/2007



Free Radical Functionalization of Organic Compounds

Francesco Recupero was born in 1969 in Furnari, a small village on the
north coast of Sicily (Italy). After his “Laurea” in Chemistry, received from
the University of Messina (1993), he moved to Politecnico di Milano. He
obtained his Ph.D. in Industrial Chemistry from Politecnico di Milano in
1998, under the direction of F. Minisci. In 1997 he was a Visiting Scholar
at the University of lllinois at Chicago in the lab of D. Crich. After his
Ph.D. he spent a period at the University of Basel as a post-doc in the
lab of B. Giese. He worked in the industry, for Mapei S.p.A, before getting,
in 2000, his present position as a Research Associate at the Politecnico
di Milano. His research interests have always been related to the chemistry
of free radicals. In particular, he has been involved in the elucidation of
the reaction mechanisms of Gif—Barton reactions and in the development
of new free radical processes for selective oxidation of organic compounds,
with special focus on the catalysis of such processes by using
N-hydroxyphthalimide. His interests have also included studies on polarity
reversal catalysis by using selenium compounds, the developments of
synthetic methodologies for introducing perfluoroalkyl tails in organic
molecules, and the use of TiO, as photoactivator of selective function-
alization of protonated heterocyclic bases.

[ ="

Carlo Punta was born in 1976 in Genoa (ltaly), received his “Laurea in
Chemistry” at the University of Genoa (2001), and gained the title of Doctor
in “Industrial Chemistry and Chemical Engineering” in 2005 under the
supervision of Professor Minisci. Since March 2005 he has been working
as a Research Associate at Politecnico di Milano. His main research
interests concern the development of new catalytic systems for the
selective oxidation of organic substrates in mild and ecofriendly conditions
and for the free radical selective synthesis of known and new molecules
of industrial and hiological interest.

Chemical Reviews, 2007, Vol. 107, No. 9 3801

Scheme 1. Various Methods of €H Bond Alkane
Functionalization (From Ref 9, Copyright 2004, Reprinted
with permission of John Wiley & Sons, Inc.)

nature: the reaction products are very often more reactive
than the starting material. Thus, an oxidation reaction with

guantitative conversion of the starting material and 100%
selectivity to give the desired product remains the “holy

grail” for all chemists involved in this fascinating area.

Inexpensive oxidation processes having complete atom
economy are feasible research targets when using oxygen
as the oxidant, since both oxygen atoms can be incorporated
into the reaction product, but usually only one of the two
atoms can be incorporated productively, which reduces the
oxidative efficiency to 50%.

However, despite its diradical character, oxygen is a
relatively unreactive molecule, especially toward strong
bonds such as the-€H bonds of hydrocarbons. Its direct
utilization is restricted by the Wigner spin conservationtule
due to its triplet ground state structure. Thus, catalysis is
necessary for aerobic oxidations under mild conditions, and
both homogeneofgand heterogeneous catalysis have been
widely utilized?

Different approaches have been proposed in the pursuit
of good conversions and selectivity in the aerobic activation
of hydrocarbons. A comprehensive view (Scheme 1) of the
different ways to functionalize €H bonds has been
proposed recently by Schreiner and Fokikt

In addition to high selectivity, another target for any
chemical process is low environmental impact, in which
waste minimization is a major factor. As pointed out by
Sheldont? catalysis represents the “key to waste minimiza-
tion”.

Most of the transition metals play a unique role in the
catalytic activation of molecular oxygen and thereby allow

On the other hand, autoxidations carried out under the functionalization of a wide range of organic compoutids.
conditions suitable for obtaining commercially interesting Nature itself suggests efficient catalysts for this purpose: the
conversions are the source of fundamental chemicals sucteytochromes P450 constitute a large family of cysteinato-
as acetic acid, KA oil (a mixture of cyclohexanone and heme enzymes which are present in all forms of life and
cyclohexanol), benzoic acid, terephthalic acid, phenol ac- Which play a key role in the oxidative transformation of
companied by acetone, etc. The production of these chemi-€ndogenous and exogenous molectdes.
cals is impressive (Table 4and underlines the industrial Alternatively, oxidatively resistant organic substantes,
importance of liquid phase oxidations. which mediate catalytic homogeneous oxidations without the

Among all organic transformations, hydrocarbon oxida- need of metal complexes, have gained much attention
tions suffer a major limitation imposed by their intrinsic because they offer the major advantage of better environ-
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Table 1. Major Chemical Processes Utilizing Hydrocarbon Oxidatiort
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capacity
product (10° tpy) oxidation step main application

purified terephthalic 11.38 (1995) p-xylene to terephthalic acid PET (fiber, film, resin)

acid (PTA)
dimethylterephthalate 4.06 (1995) p-xylene top-toluic acid and monomethyl PET (fiber, film, resin)

(DMT) ester ofpTA to DMT
cumylhydroperoxide 6.5 (1998) cumene to cumyl hydroperoxide phenol

(CHPO)
benzoic acid 0.28 (1995) toluene to benzoic acid phenol and salts esters of benzoic acid
e-caprolactam 3.7 (1995) cyclohexane to KA Nylon-6 (Perlon)
adipic acid 2.2 (1993) cyclohexane to KA and KA to adipic acid Nylon-6,6
propylene oxide 4.0 (1993) iso-butane taert-butylhydroperoxide or propylene glycol polyols

ethylbenzene to hydroperoxide
styrene

acetic acid 6.0 (1994) butane/naphtha vinylacetate

cellulose acetate
PTA, solvent

a Capacities shown are worldwide figures and refer to the year indicated in parentheses.
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Figure 1. Structures of NHPI and PINO.

mental acceptance as compared to the usually toxic transition

metal catalysts.

A new organocatalyst-hydroxyphthalimide (NHPI), has
recently been introduced as an effective system feHC
activation by hydrogen abstraction (Figure'®¥° Due to
its particular behavior, which is very different from that of
any system proposed up until now, and to its general

efficiency, NHPI has attracted increasing interest in the past

decade, both in academia and in industry.

NHPI is a cheap, nontoxic catalyst easily prepared by the

reaction of phthalic anhydride and hydroxylamfidt acts

as a precursor of phthalimidg-oxyl (PINO) radical, which

is the effective abstracting species in all of the free radical

processes mediated by thihydroxy derivative.
Grochowski and co-workers reported the first free radical

reaction in the presence of NHPI in 1977: they found NHPI

to be a good catalyst for the addition of ethers to diethyl azodi-

carboxylate (eq 1) and for the oxidation of 2-propanol to

acetone in the presencemfchloroperbenzoic acid (eq 23.

H
) NHPI N
ANAS N:=N EtO,C. . Nco.Et
RTOTR  * RO, C COMEt NERE M)
RTO0R
H 0
i + mcpBA —NHPL P 2

Masui’'s and Foricher’s results, reported that, in the presence
of oxygen and catalytic amounts of NHPI, alkanes and
alcohols could be effectively oxidized to their corresponding
carbonyl compounds and/or carboxylic acids at 2QG°

Since then, NHPI has been used by Ishii’s group and, more
recently, by a number of research teams involved in homo-
geneous oxidation chemistry, to catalyze the oxidation of many
different classes of organic compounds. Many patents based
on this kind of catalysis have been proposed, particularly
by Ishii. In 2001 the Daciel Chemical Company commercial-
ized the process to synthesize dihydroxyadamantane.

The pilot scale trials for the production of adipic acid and
terephthalic acid were due to be completed in 2005 by
Daicel3! The new process produces no nitrogen oxides, is
more environmentally friendl§2 and does not require the
use of denitration equipment. Special anticorrosive metals
are currently required in the production of terephthalic acid
because of the use of bromine. Using NHPI does not require
such precautions, so stainless steel is suitable for the
equipment.

This new catalytic system has also been used as a catalyst
for the in situ production of epoxidizing agents and for the
oxidation of KA oil to obtain a useful intermediate for the
preparation of caprolactone or caprolactam, as we will
discuss later in this review.

The use of NHPI in free radical reactions is suitable not
only for classical oxidations but also for some important
synthetic transformations such as carbearbon, carbor
nitrogen, and carbonsilicon bond formation reactions. Thus,
this review of the literature appearing up to the beginning
of 2006 will focus not only on the wide range of oxidations
carried out with NHPI catalysis but also on the several
processes developed for the selective functionalization of
organic compounds by forming -€C, C—N, and C-Si

In the 1980s, Masui’s group published a series of papersbonds.

describing reactions in which NHPI mediated the electro-
chemical oxidation of alcohols, benzylic compounds, olefins,

However, we will first center our attention on the kinetic,
thermodynamic, and mechanistic aspects, which have been

amides, lactams, and acetals to obtain the correspondinghe object of several studies that provided a better under-

oxygen-containing derivatived;28
In 1986, Foricher proposed the first autoxidation reaction
in the presence of stoichiometric amounts of NHPI; he

standing of the key role ofN-hydroxyphthalimide as a
catalyst and, therefore, that also provided a better basis for
planning innovative, favorable strategies for the synthesis

succeeded in oxidizing various isoprenoids containing at leastof products of industrial interest. In the past few years,

one allylic hydrogen atom to give the corresponding hydro-
peroxides?

However, the history of oxidations catalyzed by NHPI
started in 1995 when Ishii and co-workers, extrapolating from

several research groups, and particularly Ishii’s group, have
proposed other organocatalysts, which act similarly to NHPI.

These catalysts will be discussed later and compared to
NHPI.
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Figure 3. Resonance structures of nitroxides bearirgpQyroups.

2. Thermodynamics, Kinetics, and Mechanisms of

Processes Catalyzed by NHPI Figure 4. CV in a solution of 4-chlordN-hydroxyphthalimide in

acetonitrile: curve a, in the absence of collidine; curve b, in the
presence of 1 molar equiv of collidinéReprinted from ref 41,

2.1. Characterization of PINO radical Copyright 1998, with permission from Elsevier.)
For reactions of PINO with organic compounds, most of
the kinetic data obtained so far have used EPR or UV % O t-Bu oh
spectroscopy to follow the variation of PINO concentration wph O
(vide infra). N Ph N N Ph
The UV spectrum of PINO recorded by Espenson &t al. 1 OH 2 OH t-Bu OH
in AcOH had a maximum at 382 nm with a molar H 3
absorptivity of 1.36x 10° L mol~* cm~* while that recorded N Ry
by Masui et af* in CHsCN had its maximum at 380 nm Ph— O t+Bu R1\N/&O
and a molar absorptivity of 1.4& 10° L mol™* cm™™. The N 0 OH
wavelengths of maximum absorption and the molar absorp- O N_pn Ia, OH 6: R;=Me, Rp=Ph
tivity of substituted PINO radicals (4-Cl, 4-F, 4-Me, and 3-F N e
PINO) change little from one to the oth®r. 4 OH 7: Ri=CMe;,
PINO and similar imidaN-oxyl radicals have been de- R2=3,5-(NO2),CeHy

tected and characterized by ESR spectroscopy since therigure 5. A series ofN-hydroxy derivatives.
1960s38 In particular, PINO presents a triplet signal (Figure
2) with a hyperfine coupling constant trBBuOH of ay =
4.36 G¥ which is quite small in comparison with that of
other nitroxyl radical$® On the other hand, thg-factor of
PINO, g = 2.0073, is larger than that of other nitroxyl
radicals, and this is a well-known effect due to the presence
of acyl groups linked to the nitrogen atom.

In nitroxides with coniugated €X groups, the decrease
of ay is a well-known effect and is easy to understand on
the basis of the resonance structufesD (Figure 3): the
effect is due to the delocalization of spin density on X (struc-
tureC) when X is a carbon atom, while it is due to a redistri-
bution of spin density from the nitrogen to the oxygen of the
NO group (structurdd) when X is the strongly electrone-
gative oxygen ator’ Thus, while substitution of an alkyl

dox reactions. Most of the relevant data is derived from cyclic
voltammetry (CV) done under a variety of different conditions.
The CV of NHPI was first reported by Masui et#lin
CH;CN containing 0.1 M NaCl@and 10 mM pyridine with
an NHPI concentration of ca. 5 mM. Under these conditions,
it showed a nearly reversible redox couple at 0.78 V vs SCE.
A more systematic study of the electrochemical behavior
of NHPI and its derivatives was reported by Lepretre, Saint-
Aman, et al#! who describe the CV of NHPI and some
derivatives. For example, the CV of 4-chloxshydroxyph-
thalimide, shown in Figure 4, exhibits an anodic peakgat
corresponding to the one-electron oxidation of N,
leading to N-O°. The reduction of this radical occurs on
the reverse scan &,.. Upon addition of 1 equiv of a basic
with an aryl group induces a decrease of spin density on both@J€nt such as collidine, the hydroxylamine moiety is depro-
tonated, leading to a one-electron reversible wave &;an

the nitrogen and the oxygen atom, substitution with an acyl 3 . s
group produces a strong decrease of spin density on nitrogenvalue less positive than that in the absence of collidine. These

and a small increase on oxygen. The latter effect is consisten2uthors also found that tty; values for substituted NHPIs
with the largerg-value measured in acyl nitroxid@s. in the presence of collidine were linearly dependent on the
The 7-spin density,on, at the nitrogen can be calculated © Hammett parameter of the substituent, which shows that

by eq 3% the oxidizing character of the nitroxyl radical is correlated
to the electronic effect of the substituent.
oy = ay (G)/33.1G 3) Lanzalunga et & determined the CV in buffered aqueous
solutions (pH= 5) for various NHPI derivatives. ThE;,

PINO, with py = 0.13, is essentially an oxygen centered value for NHPI, determined asfs(;+ E,)/2 for the one-

radical due to the destabilization of resonance structure, withelectron reversible wave, was 1.08 V versus NHE.

the unpaired electron delocalized on the nitrogen atom

induced by the presence of two carbonyl groups. 2.3. Thermochemistry

. . The reactivity of PINO and related radicals in hydrogen
2.2. Electrochemical Behavior abstraction reactions is strongly dependent upon the BDE
Knowledge of the electrochemical behavior of NHPI is of of the NO-H bond formed as the H is abstracted from the

crucial importance, since it is often involved as a catalyst in re- substrate.
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Ri o 9a 4-CH;OCO-NHPI  R;=H R, =CH,0CO R;=H
Rz\@ 9b 3-F-NHPI Ri=F R,=H R,=H
N-OH  9¢ 4-CHz-NHPI Ry =H R,=CH;, R,=H
9d 4-CH30-NHPI Ry=H R,=CH;0 R;=H
R © 9e 3-CH3O-NHPI R{=CH0 R,=H R;=H

9 9f 3,6CH;0),NHPl  R;=CH,0 R,=H R, = CH,0

Figure 6. A series of ayl-substitutetl-hydroxyphthalimides.

Table 2. BDE Values of O-H Bonds for N-Hydroxy Derivatives Table 3. O-H BDEs of Aryl-Substituted NHPI Derivatives
N-hydroxy derivative BDE (kcal/mol) (9a~f) Measured at =10 °C in CHsCN
1 696 catalyst BDE (kcal/mol)
2 70.6 9a 88.9
3 71.4 9b 88.6
4 69.7 9c 88.2
5 78.5 ad 87.3
6 79.2 9e 87.9
7 80.2 of 87.1
NHPI 88.1
A thermochemical study was undertaken by Pedulli &t al. Scheme 2. Proposed Mechanism for the Formation of 10
to investigate the effect of alkyl, aryl, and carbonyl substit- 0
uents on the BDE values of the-M bond in a series of P ? bimolecular 2 N
N-hydroxy derivativesI—7, Figure 5) including NHPI. The @E:EN_O. +.O_N§:© - »?—/o L R
BDE values obtained by using the EPR radical equilibration L J { - "

technique are shown in Table 2.

The carbonyl groups adjacent to the nitrogen atom 9 AO
considerably increase the BDE values of thelbonds in e
theN-hydroxy derivatives. Three factors, which are depicted monomolecular =0
in egs 4 and 5 and in structuss appear to be important in o}
increasing the strength of the—-® bonds. The resonance
in eq 4 and the hydrogen bonding in struct@stabilize the required reaction conditions, especially at the high
the acyl hydroxylamines, while the resonance in eq 5 temperaturesX80 °C) required for the reactions of less

destabilizes the nitroxyl radical. reactive substrates such as, particularly, alkanes.
o i Several kinetic studies following the decay of PINO under
By L9 different conditions have been done.
N — N7 (4) Pedulli et al. reported a first-order self-decay of PINO with
OH OH akq = 0.1 s1,37which probably occurs with a fragmentation
at one of the carbonylnitrogen bonds, similarly to that
\N/< previously reported by Perkins et al. for another acyl
o o nitroxide 46
“H All of the observed rate constants were scattered in the
8 range of+10%.

The self-decomposition products of PINO were investi-

0 o gated by the exhaustive electrolysis of NHPI in acetonitrile
_NJL _NJL 5) solution in the presence of pyridine and NaGl®he trimer
o 5- 10 was isolated in 71% vyield from the resulting solution,

) and phthalic acid (2.5%) and phthalic anhydride (8%) were
The same effect was observed for an adjacent acyl groupalso found as byproduct.

in comparing the BDE values of €H bonds in alcohols
(~104 kcal/mol) to those in carboxylic acids-110 kcal/

mol) and in similar comparisons of hydroperoxides8g o
kcal/mol) to peracids~93 kcal/mol). 2 N
The BDE value of NHPI obtained by Pedégllhas been o o
essentially confirmed by Espenson ef@alith an estimate tho o
using a semiempirical equation based on a thermodynamic o N
cycle?
Lanzalunga et &° have measured the BDEs of a series ©

of aryl-substitutedN-hydroxyphthalimides (compoun@s—

f, Figure 6) by using the EPR radical equilibration technique.
They have observed that the BDE values of theHDbonds
increase with increasing electron-withdrawing strength of the
aryl substituent (Table 3).

A possible explanation of the formation of the prodli6t
involves the steps outlined in the Scheme 2. In this scheme
both monomolecular and bimolecular decomposition path-
ways of PINO are considered even though, under the

" . conditions in whichHLOwas isolated, the bimolecular pathway
2.4. Self-Decomposition of PINO Radical seems to be more probable. The reaction between the nitrosyl

The main limitation of free radical processes involving derivativelland NHPI, which acts as a nucleophile toward

NHPI as a catalyst is the self-decomposition of PINO under the nitrosyl group, is an assumption based on a reported
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reaction between a nitrosyl derivative and an aniini
addition, the presence of pyridine in the reaction medium
may activate a nucleophilic substitution like that which may
occur on the nitroxyl derivativé 1.

Espenson et &8 have confirmed the second-order self-
decay of PINO in both acetic acid and acetonitrkg= 0.6
M~!s1in both AcOH and CHCN), but the process seems
to be rather slower than that reported by Masui etlal=
24.1 M1 st in CH:CN)3* The difference between the
Espenson and Masui values fiarwas probably caused by
Masui's use of pyridiné® which accelerates the self-
decomposition of PINO, rather than by the method of
generation of PINO (electrolytically in the case of Masui,
and with a strong oxidant such as Pb(OA™r Espenson).

Chemical Reviews, 2007, Vol. 107, No. 9 3805

as discussed above, the BDE of the-® bond in NHPI is
88 kcal/mol.

In hydrogen-transfer reactions, the other main factor
affecting the absolute rate constant is the polar effect.

It is well-known that ROOradicals, although stabilized
by thea-oxygen, are electron-poor species and attack points
of high electron density. Evidence of this is given by the
application of the Hammett equation to the oxidizability of
differently substituted cumenes, which give aalue of
—0.4353

The effect of a group at the position relative to the
reactive C-H bond is demonstrated by the difference of
reactivity between the ROOand the reference radical

Espenson’s data have been essentially confirmed by{.BuOO, as shown by the ratikroo/k—suwoo (Table 4): the

Baciocchi et al“® who have reportedty's of 0.4, 4.0, and
0.4 in the solvents C¥CN, CCl, and 1,1,1,3,3,3-hexafluoro-
2-propanol (HFP), respectively. Despite their strongly dif-

ferent abilities as hydrogen bond donors, the decay rates are

very close in HFP and C4€N. From these data it can be
deduced that the self-decomposition of PINO is little
influenced by hydrogen bond formation at the radical center.

more electron poor the group R, the larger is the ritisy/
k(—BuOO’-

This effect is highly pronounced in the case of benzyl
alcohol, wher&kroo/ki-suoc = 37. This is because the polar
effect in thea-hydroxy-a-phenyl peroxyl radical derived
from benzyl alcohol is enhanced relative to that-BuOO.

Espenson et al. reported the self-decomposition rate The presence of a ph_enyl group has a similar effect, although
constants of substituted PINO radicals and found no great/ess pronounced, as in the case of ethylbenzene and toluene,

differences in the second-orddg values between the
differently substituted radicafs.

The monomolecular decay of PINO may operate in very
dilute conditions such as those employed by Pedulli € al.,

whereas with cumene this effect is not observed, probably
because of the steric effects of two methyl groap® the
—0OO group.

The presence of O, N, and S atoms greatly enhances the

while the second-order decay can be observed at a highekeactivity of adjacent €H bonds. The facile autoxidation

concentration of PINO such as that generated in the
experimental works of Masdf,Espensori? and Baciocchf?

A reason for this different observed behavior may be the
reversible formation of a dimer of PINO. Further work is
necessary to confirm this hypothesis.

2.5. Kinetics of Reactions of PINO Radical
The generation of PINO in the presence of an organic

of ethers is notorious because of the hazardous peroxides
produced.

When the same reactions are carried out in the pres-
ence of NHPI rather than peroxides, PINO radical is always
found to be more reactive than peroxyl radicals in the
hydrogen abstraction step, as is apparent from the relevant
ratio (Keino/Kroo OF kpino/ki—suoo) In Table 4. This can only
be explained by the fact that the H-abstraction polar effect

compound (R-H) made possible the measurement of a varietyfor PINO radical is stronger than that for peroxyl radical,

of kinetic constants for H-abstraction reactions from R-H
(keino) (eq 6)

kPINO

R-H + PINO—= R’ + NHPI (6)

Since the radical generated by eq 6 combines with another\

PINO to form a radical adduct PINO-R, eq 7 below was
used for the calculation dépino.

Keino = Kond2[R-H]

In Table 4 the results are compared when possible with
the relative values for hydrogen abstraction by peroxyl
radicals krog) formed during simple autoxidation and by
tert-butyl peroxyl radical K-guoc). From this set of data it
appears that PINO is more reactive than R@@h respect
to the same €H bond, but in general, PINO is even more
reactive when compared to the peroxyl radic&8uOO.

()

which leads to a greater stabilization of the partial charge in
the transition state during the hydrogen-transfer reaction
using PINO than in the hydrogen-transfer reaction using
peroxyl (eq 8).

\
N-oH+ - ¢ ®)

/
N-O-+ H-C[ —
/ N

\
N-0--H--CZ
/ \

From the data in Table 5, where the rate constants and
their ratios for the reaction of PINO andBuOO are
reported, it is clearly evident that although both of these
reagents are electrophilic radicals, the polar effect is much
more pronounced with PINO than witthBuOO: in that
table, the more electron rich the substituted toluene, the larger
is the ratiokpino/ki—BuoO-

The polar effect may be emphasized by changing the
nature of the abstracting species, which in this case means

These great differences in reactivity cannot be due to anintroducing suitable substituents into the aromatic ring of

enthalpic effect, in view of the very similar BDEs for the
O—H bonds in NHPI and hydroperoxides, which are the
products of H-abstractions by PINO and peroxyl radicals,
respectively.

In fact, in 1970 Mahoney and DaRooge reported that the
BDEs of all hydroperoxides are about 88 kcal/Piabhile,

NHPI. Lanzalunga and co-workéfshave used a series of
aryl-substituted\-hydroxyphthalimides (compoun@sa—f)

as catalysts for the aerobic oxidation of primary and
secondary alcohols. With increasing electron-withdrawing
strength of the aryl substituent, they have observed both
higher BDE values for the ©H bonds, as determined by
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Table 4. Second-Order Rate Constants (M! s%) for Hydrogen Abstraction by PINO, ROO", and t-BuOO* Radicals (per Reactive H)

R-H kroo? ki-Buoo® kpino® kroo/ki—suoor kpino/Kroor kpino/Ki—Buoor
9,10-dihydroanthracene 82.5 175 2510 (E) 4.7 30.4 143
benzhydrol 57.5(E)

PhCH 58.5 (E)
fluorene 20.3(E)
isopropanol 1.89 (M)
cyclohexanol 4.52 (M)
benzyl alcohol 2.4 0.065 5.65(E) 37 24 87
PhCH, 1.05 0.25 6.63 (E) 4.2 6.3 255
tetralin 1.6 0.5 10.8 (M) 3.2 6.7 21.6
cumene 0.18 0.22 3.25(P) 0.81 18 14.8
ethylbenzene 0.65 0.10 1.12 (P) 6.5 1.72 11.2
1-methylnaphthalene 1.43 (E)
toluene 0.08 0.012 0.127 (P) 6.7 1.6 10.5
cyclohexane 0.00026 0.0039 (P) 15
adamantane (4 reactive 0.0118 (P)

tertiary-H considered)
cyclopentene 7.1 (M)
cyclohexene 1.5 0.75 5.05 (M) 2 3.4 6.7
trans-4-octene 3.2(M)
2,3-dimethyl-2-butene 6.47 (M)
tetrahydrofuran 11 0.085 0.72 (M) 12.9 0.65 8.5
dibutyl ether 0.375 (M)
dibutyl sulfide 9.075 (M)
N-acetylpyrrolidine 11.9 (M)
N-benzolypyrrolidine 6.55 (M)
N-benzoylpiperidine 0.144 (M)

2 Reference 58? (E) = Espenson (ref 43); (M¥ Masui (ref 34); (P)= Peduli (ref 37).

Table 5. Second-Order Rate Constants (M s™%) for Reaction of
PINO and t-BuOOr, Per Reactive H, at 25°C

Table 6. Second-Order Rate Constants (M! s™%) for the
Reaction of PINO Radical with 4-X-Substituted Phenols in
CH3CN at 25 °C

Ar—CHs ki-guoor keino keino/ki—guoor -
a
4-MeO 0.0277 3.43 124 X ki ko kifko
4-Me 0.0186 0.992 53.3 CN 6.0 16 37
3-Me 0.0117 0.509 435 CFs 6.4
none 0.0103 0.207 20 COOCHCH; 23.0
4-NO, 0.0048 0.0395 8.2 Br 248
Cl 298
using the EPR radical equilibration technique (Table 5), and ~ H 328 102 3.2
more negative values in the Hammett correlation with CeHs 2680
CHs 2850 910 3.1

(Figure 7).

Baciocchi et af® have reported that the reaction of PINO
with phenols is much faster than the reaction with
bonds which have a similar BDE, as shown in Table 6. In

aReaction run in CRCN containing 1% CHCOOH. ® Reaction run
in CH;CN containing 1% CHCOOD.

that data, one also sees the expected trend linking increasing Actually, a factor of crucial importance should be con-

ku with increasing electron richness in phenols. These data

give a good Hammett correlation (using) with a relatively
largep = 3.1, which would suggest a strong polar efféct.
10
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Figure 7. Hammett plot for the oxidation of different benzylic

alcohols with the9a/Co(11)/m-CBA/O; (®, p = —0.70) anddf/Co-
(IN/MCBA/O; (v, p = —0.54) systems.

sidered in drawing this conclusion: it is well-known that
the BDE of a phenol is strongly influenced by the nature of
the substituents on the aromatic ritfgn particular, con-
sidering substituents in the para position, electron-donating
groups lower the ©H BDE relative to phenol while
electron-withdrawing groups raise it. Furthermore, these
O—H BDEs correlate linearly withy™.54

Thus, the negative may be ascribed both to polar and to
enthalpic effects, with the latter prevailing. This is a very
clear example of a case in which a Hammett correlation does
not simply express the presence of a polar effect in free
radical reactions. The BDE of all of the reactive bonds
considered in the correlation should be carefully taken into
account.

In a study of several examples of H-abstraction fromHD
bonds by oxygen centered radicals, Ingold et>&t.also
found a significant solvent effect in the reaction between
PINO and phenol (Table 7).

PINO reacts much faster with-€H bonds than with €H
bonds having the same BDE. This conforms to the general
observation that H transfer betwee®H and—0Or is favored
kinetically over transfers betweenCH and—O even where
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Table 7. Rate Constants for Reaction of PINO with Phenol in — _ _ 1/2
Various Solvents at 25°C R= d[OZ]/dt - kp[RH](RiIZkt) (13)
solvent kenor (M~ s7) The value of & varies by a factor of about 0as shown in
HFP >3 x 10° Table 8%
CCly >3 x 10° Equation 13 predicts that the rate does not depend on
éCHOgN ggg oxygen pressure. This is not true at very low oxygen
3

pressures, since in this case the termination phase may
involve alkyl radicals R which were not trapped because
of the insufficient concentration of O

For a givenR;, R depends on the rate constant ratg,

Table 8. Overall Chain-Termination Rate Constants for
Autoxidation of Organic Compounds in Solution at 30°C

peroxyF 2k (x10°M s (2k)¥2, known as theoxidizability of an organic substrate.
hydrd 1260 Another important parameter concerning the autoxidation is
?ggly: 2;0 the kinetic chain length, which is the ratio between the overall
Sec_bztyl 15 rate,R, and the rate of chain initiatiolR (eq 14).
tert-butyl 0.0013
cycloheyxyl 2 RR = kp[RH](ZRK)71/2 (14)
1,1-dimethylbenzyl 0.015
1-tetralyl 7.6 The lifetime of a kinetic chain is obtained by the ratio
tetrahydrofuranyl 3 between the peroxyl radical concentration and its destruction
cyclohexenyl 5.6
p-methylbenzyl 300 rate (eq 15).
oct-2-en-1-yl 260
2,5-dimethylhex-3-en-2-yl 0.18 [ROOT/2k[ROOT? = k [RH]/2kR (15)
1-phenylethyl 32
diphenylmethyl 28 The BDEs of the G-H bonds strongly influenck,, while
2|n most cases the parent substrate is the sol¥entchloroben- the major factor affectindi is whether the peroxyl radical
zene. is primary, secondary, or tertiary. In fact, theis much
higher for primary and secondary hydrocarbons than for
Scheme 3. Mechanism for the Free Radical Chain Process tertiary ones. The termination step in all cases involves the
of Autoxidation formation of the tetraoxide ROOOOR, which, in the case of
R tertiary peroxyl radicals, dissociates in the cage to molec-
n ——— R ©) ular oxygen and two alkoxyl radicals (eq 16) with a rela-
tively slow rate, e.g.lk = 6.5 x 10? M1 s for R = tert-
R- + 0, — Ko ROO - (10) butyl. The two alkoxyl radicals in the cage can combine to
form the ditert-butyl peroxide or escape the cage by
. diffusion 82
ROO: + RH—=2 » R- + ROOH (1
ROOR + O,
2R0OO- k products (12) 2RO0 ® " ROOOOR — iR comaneten (16)
. wusion
the BDESs for the-OH and—CH are similar. Shaik et af. 2RO®* O

explain this phenomenon by a VB model in which the H
transfer between oxygen atoms involves the formation of a
hydrogen bond in the transition state, where each terminal
H is oriented toward the lone pair of the oxygen in the other
terminus. The hydrogen bond present in the-B---O

On the other hand, according to the Russell mechanism,
primary and secondary peroxyl radicals react by a nonradical,
six-center 1,5-H-atom shift, leading to the formation of equal
yields of alcohol and ketone (eq 17).

system lowers the activation energy relative to that for the | 919 N N
O-++H-:-C, where such an interaction is not present. —G0000G— ~——= /QH 00 —= =0 + 0 + CH-OH (17
H H ;

2.6. Reaction Mechanism of Autoxidation in the

Absence and in the Presence of NHPI These two mechanisms explain the large difference

The generally accepted mechanism for the autoxidation betweeln tdh_e Iterrt?lrgr?tl?n r:?‘tﬁsd fohr prILna:y or segotrr:dary
reaction is a free radical chain, characterized by initiation, peroxyl radica’s, both of which do haveri atoms, and the

propagation, and termination steps, as outlined in Schemet€rmination rates for tertiary peroxyl radicals, which do not
haveo H atoms.

3.58 Usually, oxygen addition to R(eq 10) is diffusion N _
controlled ks ~ 10° M-1 51 at 30°C)° while k, ranges From eqs 16 and 17 it might be deduced that, unlike the

T . case for tertiary peroxyl radicals, all intermolecular interac-
from 104 to 10* M~ s7%, depending on the nature of R-H : : ; ;
and ROG® Thus, [ROC] > [R] and ROO can be tions of primary and secondary radicals in solution at low

. o . S temperature are chain terminations. However, this is not
considered the only species involved in the termination step, b

hil h - in th always true, and nonterminating interactions have been
while eq 11 represents the rate-determining step in the 5pseryed for primary and secondary peroxy! radicals at room
propagation phase.

temperaturé?!
With a chain length above ca. 10, the overall rate of Inthe presence of NHPI as catalyst, two more steps should
autoxidation is expressed by eq 13. be added to the noncatalyzed reaction (egs 18 and’19).
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Figure 8. Dependence of the oxygen consumption rate, observed

during autoxidation of cumene (0.89 M) at 30 in chlorobenzene, ~ Figure 9. Oxygen consumption rates at 3C€ observed during
on the NHPI concentration. The three plots were obtained at the autoxidation of cumene, at increasing concentration, in chlo-
different concentrations of GJEN: @, 0.5%: A, 3%: O, 37.5%. robenzene and 0.5 % GEN: A, without NHPI;0, in the presence

of 2.5 x 104 M NHPI; |, difference between the catalyzed and
Thus, the new expression for the rate of the autoxidation, the noncatalyzed oxygen consumption rates.

under the assumption that the steady state approximation

holds for all free radical species, contains a second term, as o 12
shown in eq 20. '
=
ki . o 05
R',;NO-H + ROO — R',NO" + ROOH (18) o
. k>
R',NO"+ RH— R+ R',NO-H (29) % 04
9]
d[O,] R |12 ' R |12 =
R= —T—kp[RH](E1 + K[R',NO-H] Z 00 e
(20) 0 2 4 B 8
Working at low concentrations of R-H, the only important [AC MM

term in eq 20 is the last one, and therefore, the rate of Figure 10. Dependence of the oxygen consumption rate, observed
oxidation is expected to depend on three parameters: (a)during autoxidation of cumene (0.89 M) at 30 in chlorobenzene,
the NHPI concentration; (b) the square root of the rate of on the content of the CI€N in solution, at a NHPI concentration
initiation, R; and (c) the inverse of the square root of the ©0f 2.5x 107 M.
ratehofft_ermlnatlon c(l)'f t_he piroxylbradlcals'.f. d . Scheme 4. Complex Formation between a HBA Solvent (S)

The first two predictions have been verified experimen- 5.4 the Substrate (RNO-H)
tally. In particular, from the autoxidation of cumene in

chlorobenzene at 3TC, Pedulli and co-worke?#$ obtained R NOH + S K® R,NOH ----§

a linear correlation between the rate of oxygen consumption

and the NHPI concentration, at least for very low levels of K® lRoo. j(

NHPI. At higher concentrations of NHPI, the rate of

oxidation was lower than expected (Figure 8). _
R',NOe + ROOH + S no reaction

The independence of the reaction rate from the cumene
concentration as predicted by eq 20 has been demonstratedvhich is much less reactive toward peroxyl radicals but
by the same research group by carrying out reactions atwhich is in equilibrium with the hydroxylamine (Scheme
different concentrations of cumene, in both the presence and4).
the absence of NHPI, and then subtracting the rate of Thus, by using the measured valuesRpf= 5.5 x 10°°
noncatalyzed oxidations from the rate of catalyzed oxidationsM s™* and %, = 1.6 x 10* M~ s 1 in chlorobenzene at 30
(Figure 9)%7 °Cj2it has been possible to determine the kinetic constant

Finally, they studied the solvent effect for this kind of for the peroxyl hydrogen abstraction from NHRJ°(= 7.2
reaction by carrying out experiments in the presence of x 10° M~! s!) and the equilibrium constant for the
different amounts of acetonitrile. On increasing the aceto- complexation of NHPI by CECN (KS = 1.3 M™1).37
nitrile concentration, a large reduction in the rate of reaction  Although eq 20 allowed the determination of the key
as well as a decrease in the nonlinearity of the plots was absolute rate constant for eq 18, it should be noted that it is
observed (Figure 10). This trend was explained by the valid only under NHPI concentrations that are very low
formation of hydrogen bonds between &HN (a good relative to the normal operational conditions (0-@R2 M).
hydrogen-bond-accepting solvent) and the hydroxyl proton Under these conditions, the steady state approximation is not
of NHPI. valid, and in a more complex kinetic expression, eq 19 is

These results were analyzed on the basis of a simple modepresumably the rate determining step. This is due to the
proposed by Ingold and co-workéfswhich states that the  increased reactivity of PINO radical with respect to peroxyl
hydrogen bonding acceptor (HBA) solvent S arghN®©—H radicals, which, on the other hand, are quenched by NHPI
give rise to a 1:1 hydrogen-bonded complexNO—H---S with a relatively fast reaction (eq 18).
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Realistically, as suggested by Hermans efdhge reaction R,R,R,CO — RR,C=0+ R, (26)
between RO®and NHPI is reversible (eq 21) even if, as is ! !
estimated by a DFT calculation, the reaction is shifted to 5 high concentration of metal salts, usually used in their

the right for NHPI Kz,(NHPI) = 32.4). lower oxidation states, may inhibit the oxidation process
K because of their ability to reduce the peroxyl radicals to the
R',NO-H + ROO == R',NO" + ROOH (21) corresponding alkylperoxyl anions (eq 27).

With N-hydroxysuccinimide (NHSI), the same kind of ROQO + Co(ll) = ROO + Co(lll) 27)
calculation gives,;(NHSI) = 0.06, which means that NHPI
is in general a much more active catalyst for aerobic In the presence of both NHPI and metal salts (use of simple
oxidations, as is confirmed experimentaify?? Co(OAc), is very common), the alkoxyl radicals formed by
As stated by Hermans, “the driving force of the catalytic hydroperoxide decomposition are trapped by NHPI in a
activity of NHPI is that equilibrium of eq 21 is shifted diffusion controlled process (eq 28).
towards the non-terminating PINO chain propagation radi-
cals”. Obviously, the catalyst efficiency is also determined Q Q
by the ratiokeino/kroo iN the hydrogen abstraction from R-H RO - + HO_N;\’]Q —  ~ ROH + 'O_N;DQ (28)
(see Table 4), and, therefore, also from the coupil&-
H/R-H. o}
A reduction in the overall termination rate like that ] ] o ]
observed in the presence of NHPI has been reported when Th_|s (_jrastlcally reduc_:qé—sussmn, thus favoring, at least
the classical autoxidation is carried out in the presence of ain principle, the formation of alcohols. These aspects were

hydroperoxide. For example, Thomas discovered that the rate8Xperimentally observed in the oxidation of lower weight

o

addition of cumene hydroperoxidé. depends on the conversion, the reaction conditions, and the
In these cases, the rapid exchange reaction reported in edtlkane structure. _
22 increases the stationary concentration of the R&Ca In the presence of metal salts such as Co(ll), the autoxi-

consequence of the decrease kftzcause the main reaction dation reaction does not require a thermal initiator, and the
in which the peroxyl radicals are involved is the self- initiation probably involves the formation of Co(ll)OQeq
exchange process of eq 22. 29), which reacts with NHPI to generate the PINO radical

(eq 30).
ROO + ROOH— ROOH+ R'OC

Co(ll O
ky=ca. 1M 15 (22) o+

Co(lll0O - (29)

. 0 Q
The rate constant of the self-exchange reaction of peroxyl
radicals and ROOH lies in the same range as the self-co(ioo - + HO-N — Co(llOOH +-O0—N (30)
exchange between NHPI and its derivatives and their

respective nitroxyl radical®. For PINO radical and NHPI, o ©

it has been evaluated to be ca. 5001135 . . o
In most instances, cobalt salts are used in the initiation

2.7. Autoxidation in the Presence of NHPI and step pecause Co(ll) binds oxygen molecules with particular
Metal Salt Cocatalysts effectiveness. The presence of ligands may greatly |_nfluence
the redox potential of Co(ll) and Co(lll), which explains the

It is well-known that the addition of transition metal salts, different behavior of different salts and/or complexes.
e.g., Cu, Mn, Co, and Fe salts, catalyzes autoxidation, and The nature of the solvent also has a great influence both
for this reason, they are widely used in industrial processeson NHPI catalysis, as shown before, and on metal cocatalysis.
for which the hydroperoxides are not the desired products.

The main role of metal salts, e.g., Co salts, is usually to 2.8. Persistency of Nitroxyl Radicals and
accelerate the autoxidation reaction by decomposition of the Catalysis of Oxidation Reactions by Nitroxyl
intermediate hydroperoxides, ROOH, leading to the forma- Radicals

tion of alkoxyl or peroxyl radicals, according to eqs 23 and . . : . .
24 ylorp y ¢ a Hydrogen abstraction by nitroxyl radicals is a topic of

interest from both a kinetic and a thermodynamic point of
ROOH+ Co(ll) — RO + Co(lll) + OH™  (23) view, as evidenced above. The persistence of these radicals
is an important property to consider.
_ + Persistent nitroxyl radicals such as TEMPO are able to
ROOH+ Co(lll) =~ ROG + Co(ll) + H (24) abstract hydrogen only from weak hydrogen bofdsev-
The formation of alkoxyl radicals may decrease the ertheless, inthe photoexcited state, these radical species have
selectivity of the autoxidation for two different reasons: they been shown to be able to abstract hydrogen atoms from
participate in a fast H-abstraction from an available substrate unactivated €&H bonds®

(eq 25), or they undergo a unimolecuBsscission reaction, To participate in free chain radical processes in which
as for tertiary alkoxyl radicals, which leads to the formation hydrogen abstraction by nitroxyl radicals is a key step, these
of an alkyl radical and a carbonyl derivative (eq 26). radicals in general should not be persistent, because if they
are, any possible propagation phase would be interrupted as
RO + H-R—ROH+ R’ kps=10"—10'M s ! a consequence of their fast reaction with the carbon centered

(25) radicals formed during the process.
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Scheme 5. TEMPO Catalyzed Aerobic Oxidation of Cumene

to CHP
a

0>—< > H>—< >

Even in the presence of oxygen, such as in an autoxidation
process, the formation of peroxyl radicals is inhibited when - : { : i
a persistent nitroxyl radical is present. In fact, the trapping 0 ) 2 3 4 5 6
rates of car_bon centgreq radicals by oxygen a_nd by persistent CHP Formation Rate [wi%h)
nitroxyl radicals are similar, but the concentration of the latter Figure 11. Effect of TEMPO on the conversion and selectivity in
guteoxxr;ggﬁ)(:] to be sufficiently greater so as to prevent theth_e autoxidation of cumene. (Reprinted from ref 66, Copyright 2001,

. . . . with permisison from Elsevier.)

An exception is presented by the interesting example of
the TEMPO catalyzed aerobic oxidation of cumé&nim this Table 9. Oxidation of Cyclohexane with Dioxygen Catalyzed by
case, the key factor is the reversibility of the trapping reaction NHPI®
of cumyl radical by TEMPO, which behaves as it does in

the TEMPO mediated free radical living polymerizatfn,
lowering the free radical concentration (Scheme 5) and

A
-
-—

1
kS

N-O
HO

CHP Selectivity [mol %]

. selectivity (%
t T conversion y (%)

metal salts (%) (h) (°C) (%) cyclohexanone adipic acid

; T : 6 100 <1 trace

enhancm_g the selectivity in the fprmanon of cumene hy- Mn(acac)(0.5) 6 100 36 20 46

droperoxide (CHP) as shown in Figure 11. In this case, the Mn(acac) (0.5) 6 100 a4 3 77

TEMPO radical essentially acts only as a reversible trap for mn(acac) (1.0) 20 100 73 trace 73

cumyl radical and releases it in small amounts to be trappedMn(acac) (0.5) 24 80 63 trace 69

by O.. It does not interfere with the peroxyl radicals because Co(OAc) (0.05)

the O-O BDE in TEMPO-OOR would be so close to zero "éggg‘fgg %-823) 24 80 60 8 64

as to mak_e no difference. . . _ Co(OACy (0.05) 6 100 20 36 34
The oxidation of benzylamines to their corresponding co(OAc)(0.05) 6 75 13 78 13

imines in the absence of oxygen by a stoichiometric amount
of a persistent radical such astdit-butyliminoxyl radical
is well-known®8

On the other hand, stable nitroxyl radicals can catalyze . . : .
oxidation processes by reaction mechanisms in which theyas been proposed by Ishii, who, with Daicel Chemical
do not act as hydrogen atom abstractors. However, the Company, patenteda_njethqd for thg direct aerobic OX|daF|on
discussion of such reactions is beyond the scope of this©f cyclohexane to adipic acid by using NHPI together with
review, so all of the nitroxyl radicals cited henceforth are Suitable metal salts as cocatalysts (eq 31). The process is

a3 mmol of cyclohexane, 0.3 mmol of NHPI, and metal salts were
stirred in 7 mL of AcOH under @at atmospheric pressure.

implicitly assumed not to be persistent. currently under evaluation at pilot scale for further com-
mercial applicationg! The best result claimed so far is a
o o ; . 0 g
3. Oxidations Catalyzed by NHPI and Related 73% conversion of cyclohexane with 73% selectivity for
; adipic acid.
Radicals
o]
o NHPI (10 %)
3.1. Oxidation of Alkanes o metalsals f ) CCOOH o
Nowadays, the selective oxidation of alkanes with high z AcOH COOH

conversion is one of the most challenging problems remain-

ing to be solved. Nevertheless, these kinds of reaction are As shown in Table 9, the simultaneous use of Co(QAc)
used in large-scale production of several crucial substratesand Mn(acag)gave good results at lower temperature. The
of industrial and biological interest. For example, cyclohex- synergistic effect of Co(ll) and Mn(ll) catalysis has previ-
ane is the starting material for the preparation of adipic acid, ously been observed and report€ednd more recently it has

which, with an annual production exceeding<«21(° tons, been discussed by us (Schem&@nd also by Shimizu and
is one of the most important monomers, since it is widely co-workers’*
used for the preparation of a variety of polymers. The cobalt salt is particularly effective in the initiation

The present protocol for the production of adipic acid phase, where it activates the molecular oxygen (eq 32). Mn-
involves a two-step process: in the first step, cyclohexane (1), which forms Mn(lll) either by oxidation with peroxyl
is oxidized by aif® to a cyclohexanone/cyclohexanol mixture radicals (eq 37) or by a redox reaction with Co(lll) (eq 33),
known as KA oil. In the second step, the KA oil is oxidized is essential for the cleavage of the cyclohexanone, formed
to adipic acid by HN@. The main problem related to this at first instance in the autoxidation. This cleavage proceeds
method concerns environmental issues, which should requirethrough the formation of the-keto radicals via oxidation
an immediate solution. An excellent solution to this problem of the enol form of the ketone (eq 34). Once formed, the
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Scheme 6. Mechanism for the Oxidation of Cyclohexanone (o] 0
to Adipic Acid Catalyzed by Co(NOs), and Mn(NO3);
C12H250 N—OH
Co(ll) + O, Co(ll)0O - (32)
Co(lll) + Mn(ll) Co(lly + Mn(lll) (33) O 0
o O-Mn(lll) 0,, Co(ll), Mn(ll), 100 °C

ij Mn(lll) @
- (34)
o OH
o
HO (40)
OMn(IIl) o- o + ¥ OH
Mndt) + @ o ij

(35) o

—

96 %

o (0]
i 00- Recently, Xu et al® reported an interesting metal-free
* 0 — (36) aerobic oxidation of cyclohexane to adipic acid and cyclo-
o o hexanone using catalytic amounts of NH&*phenanthroline,

00- OOH and bromine (eq 41).
+Mn(ll) + HY —— + Mn(lI (37)
0 o 7 N\ N (2.5 mol %)
OOH o ) _ _
é/ + Cof(ll)—= +OH" + Co(lll)——> CHO-(CH,)4-CO (38) N N o
NHPI (7.5 mol %) ij C
+

o, COOH (49
CHO-(CH2)4-éO  —— HOOC-(CH;)4-COOH (39) Br, (3 mol %) COOH
Mn(NO3);, Co(NO3), CH4CN, CCly 220 75 9%
0,,100 °C
Table 10. Oxidation of Cycloalkanes with Dioxygen Catalyzed ) .
by NHPI in the Presence of Mn(acacy conversion 48%

t  conversion selectivity (%) Another important issue in hydrocarbon oxidation is the
metal salts (%) (h) (%) cycloalkanone dicarboxylic acid  selective oxidation of lower alkanes, such as methane, ethane,
cyclooctane 100 83 2 53 and isobutane. A catalyst for the oxidation of ethane needs
cyclodecane 100 90 2 55 to form during H-abstraction an-€H bond with greater BDE
cyclododecane 70 81 3 68 than that in NHPI in order to match the larger BDE of the

— i 76

a3 mmol of cyclohexane, 0.3 mmol of NHPI, and Mn(acad)%) C—H bonds in the me_thyl groups of ethane (BQELOO-S)'_

were stirred in 7.5 mL of AcOH under £t atmospheric pressure for In fact, as shown in Table 1N,N-dihydroxypyromelli-
14 h. timide (NDHPI), an NHPI derivative expected to have a

] ] ] stronger G-H bond, is more effective in the catalysis of the
a-keto radicals are quickly trapped by oxygen, leading to oxidation of ethane to AcOH (eq 42).
the formation of adipic acid (eqs 3%9). This method has

been applied to other cyclic hydrocarbons, and the results o) 0
are reported in Table 10.
These processes are normally carried out in AcOH, HO‘N§;©:«‘<N‘OH
acetonitrile, or ethyl acetate due to the low solubility of NHPI & %
in apolar solvents such as hydrocarbons. An example of  CyHg + Air - CH3COOH (42)
oxidation in ionic liquids has been report€dNevertheless, 20 atm 20 atm 150°C

as pointed out by Pedulli et &f.a catalytic process based

on NHPI in apolar solvents is expected to be more effective. The oxidation of isobutane by air (10 atm) in the presence
Thus, the use of 4-lauryloxycarbonp-hydroxyphthal- ~ of NHPI (10 mol %) and Co(OAg) (0.25 mol %) in

imide was found to be particularly effective and permits benzonitrile at 100C for 8 h producedert-butyl alcohol in

working directly in neat substraf8. The oxidation of  high yield (81%) along with acetone (14%) (eq 43)

cyclohexane+{37 mmol) under air (10 atm) in the presence NHPI (10 mol®

of the lipophilic NHPI (30umol), Co(OAc} (3 umol), and S Co(OAe (698 ol o

Mn(OAc), (0.3 umol) in the absence of solvent at 10C + Air - +OH + )K (43)

for 14 h leads to the formation of a mixture of cyclohex- PhCN, 100 °C 819 4o

anone, cyclohexanol, and adipic acid in the ratio 61:28:7 with

a conversion of 96% (eq 40). Under the same conditions, 2-methylbutane was converted

Sheldon et al. reported the use Nfhydroxysaccharin  intg acetone and AcOH via-€C bond cleavage rather than
(NHS)* as an alternative to NHPI in the catalysis of into alcohols (eq 443

oxidations of cycloalkanes to open chain dicarboxylic acids.

The mechanism of NHS catalysis is expected to be similar NHPI (10 mol%)
to that of NHPI catalysis. . A Co(OAc); (0.25 mol%)

NHS shows greater catalytic activity than NHPI, especially PhCN, 100 °C
at lower temperatures. This may be caused by its faster o o
H-abstraction from hydrocarbons, which in turn is caused /L/ A )kOH (44)
by either or both of an enhanced polar effect and an expected OH

higher BDE of the G-H group in NHS. 21% 32% 15 %
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Table 11. Oxidation of Ethane with Dioxygen Catalyzed by
Different N-Hydroxy Derivatives

catalyst yield  turnover

(umol) solvent (umol)  number
NHPI1/Co(OAc}) (200/30) CHCN 530 2.7
NDHPI/Co(OAc) (100/30) CHCN 830 8.3
NDHPI/CoCh (100/30) CHCH,COOH 1532 15.3

Scheme 7. Different Reactivity of Isobutene and
2-Methylbutane in the Presence of NHPI under Dioxygen
Atmosphere

o)
& + CH3'
~"’?\0 )J\
N
Co(ll &
)\ NHPI/Co(ll) OOH (1) AARE
0,

i
&
)ﬁ NHPI/Co(ll) Co(ll) Qf@%:
S \+ \+
%,

S

The observed difference is due to fhscission of alkoxyl
radicals, which is much slower faert-butoxyl radical than
for 2-methylbutoxyl radical® Thus, fortert-butoxyl radical,
the diffusion-controlled H-abstraction from NHPI is fast
enough to prevent most of thescission, while, for 2-me-
thylbutoxyl radical, the formation of the more stable ethyl
radicals makes the monomolecufascission reaction more
favorable than the hydrogen-transfer reaction from NHPI
(Scheme 7).

The most important oxidation of isobutane is that which
yields tert-butyl hydroperoxide. The relatively high BDE
value of the tertiary €H bond of isobutane (BDE 99.3§°

Recupero and Punta

NHPI (10 %)

Co(acac), (0.5 %)
+0,
1 atm

ye

AcOH, 75 °C
conv. 93 %

OH OH
o)
. N (45)
OH

43% 8% 40%

involved, e.g., alkoxyl radicals, are much less selective
(2.7)8 and it is supposed that they are rapidly trapped by
hydrogen abstraction from NHPI in a rapid diffusion
controlled proces® The high selectivity at the tertiary
position permits a good yield of 1,3-adamantanediol, which
is rarely produced selectively by conventional oxidations (eq
46).

In a stepwise process, the hydroxylation of adamantane
catalyzed by the NHPI/Co(aca®ystem permitted synthesis
of 1,3,5-adamantanetriol with high selectivity (eq 47).

OH
OH NHPI (10 %) OH
Co(acac), (0.5 %) " (46)
! +.02  AcOH, 75°C OH
T aim conv. 95 % OH HO
76% 18%
oH NHPI (10 %) oH
o Co(acac);, (0.5 %)
. -, (47)
1 atm AcOH, 75 °C OH
OH conv. 48 %

HO
85%

Both diol and triol, which are used as components of
photoresistant polymer materials, are produced industrially
by Daicel Chemical Company using this catalytic process.

Adamantane can also be oxidized under metal-free condi-
tions by using a catalytic amount of NHPI in the presence
of tetrabutyl ammonium bromide (eq 4%).

and the consequently low expected absolute rate constant

for the H-abstraction by PINO radical currently make
catalysis by NHPI for the production 8BuOOH impossible

because higher temperatures are required and metal coc
talysis must be avoided. However, peroxidation of weaker

tertiary C-H bonds (e.g., cumene) to the corresponding

as is shown later.

Adamantane is a noteworthy case in hydrocarbon chem-

istry. The tertiary G-H bonds have a BDE similar to that of

ye

hydroperoxides in the presence of NHPI is a facile process,

NHPI (10 %)
+0, n-BuyNBr (2 mol %)

1 atm PhCF3/H,0, 80°C, 6h
conv. 73 %

OH OH
O
OIS L
OH

60% 12% 23%

the secondary ones, which is uncommon in hydrocarbon 3 2 Qxidation of Alkylaromatics

chemistry: secondary-€H bonds are usually stronger than

tertiary ones. On these bases, similar reactivity of all of the

Several bulk chemicals such as phenol, terephthalic acid,

C—H bonds in adamantane would be expected, but this is Penzoic acid, etc. are produced on a large scale by homo-

not the casé! We have clarified this anomalous behavior

geneous aerobic liquid-phase oxidations. NHPI catalysis of

by means of kinetic studies which demonstrate the excep-Such oxidations gives important improvements in energy

tional enhanced nucleophilic character of the tertiaryHC
bonds and their respective radic&ls.

As discussed before, the PINO radical is more electrophilic
than the peroxyl one. For H-transfer reactions by peroxyl

radicals, the relative reactivity of the tertiary—@& bond
compared to the secondary-€l bond is 3.8-5.41° How-

consumption and in environmental impact relative to the
classical processes.
3.2.1. Oxidation of Methylaromatics

Terephthalic acid, mainly used in the preparation of
polyethylene terephthalate, is the most important monomer

ever, when the oxidation of adamantane was carried out inwith ca. 20 million tons produced every year, and benzoic

the presence of NHPI and Co(acaahder Q (eq 45), this
ratio was found to be 312

This high selectivity can be ascribed mainly to the
reactivity of PINO. In fact, the other radicals possibly

acid is an important intermediate for several applications.
These acids are commonly produced by transition metal
catalysis of high temperature aerobic oxidations starting from
the raw materialp-xylene and toluene, respectively.
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Table 12. Aerobic Oxidation of Various Alkylbenzenes at Room Scheme 8. Oxidation of Nitrotoluenes Catalyzed by NHPI,
Temperature? NO,, and a Mixture of Co(ll) and Mn(ll)

HNOs+NO o,

Conversion
Substrate t(h) Products (yield (%)) 3HNO HNO- + 2NO + H,O
%) y — 3 2
HNO, o NO +1/20, —= NO;
COOH 2 HNO; + NHPI —=PINO + NO, + H,0
p-xylene 20 95 /©/
(85)
COOH
-xyl 20 93
o-xylene ©/\ @) CH; PINO  NHPI CHy- CH,O0H OOH

redox decomp AN
G Qg e Q
X
N02

by Co and Mn ions \N02

OH o
2-ethyltoluene 20 82 @2\ ©)K
@1 37

/©/COOH the reaction caused by the decomposition of PINO with the

4-t-buthyltoluene 20 9 0 relative breaking of the catalytic cycle.
In situ generation of NHPI fronN-acetoxyphthalimide
. COOH (NAPI) is an efficient alternative for reducing the degradation
#-methoxytoluene 6 8 O @ of NHPI in high temperatureX(100°C) oxidation processes
in protic solvents, as is shown by the oxidationpetylene
Q/COOH to terephthalic acid (eq 5%J.
4-chlorotoluene 20 71
NAPI (5 mol%) COOH COOH
4-nitrotoluene 20 - Co(OAc), (0.5 mol%)
Mn(OAc); (0.5 mol%) 51)
COOH o
1,2,4,5-tetramethylbenzene 12 >99 j@( AcOH, 100 °C
©3) 0z (1 atm) COOH
8% 80%

a3 mmol of substrate, 0.3 mmol of NHPI, and Co(OA¢).5%) o . . -
were stirred in 5 mL of AcOH under £at atmospheric pressure and The oxidation of nitrotoluenes is a more difficult process,

room temperature CH;CN was used as solvent. but in the presence of catalytic amounts of Ndcan give
the corresponding acids with relatively good conversions and
high selectivity. The role of N@is related to a more effective
generation of PINO radicals by hydrogen abstraction from
NHPI, as illustrated in Scheme 8.

The oxidation of methylpyridines to their respective
carboxylic acids, which are important pharmaceutical inter-

as shown in Table 12. For the oxidation of xylenes to the . . o
corresponding dicarboxylic acids, higher temperatures andmedlates, shou_ld be_ stralghtfo_rv_vard, but it is usual_ly hard
to carry out with high selectivity because of their low

a combination of Co and Mn salts as cocatalysts are required A
(eq 50)88 reactivity.™ . o .

The oxidation of3-picoline to nicotinic acid, an important
precursor of vitamin B is relatively easy to carry out under

In catalytic amounts, a combination of NHPI and Co(QACc)
achieved toluene oxidation at room temperature undeatO
atmospheric pressure (eq #9jut under the same reaction
conditions,p-xylene was oxidized at just one methyl group,

CHO ;
NHPI (10 %) OCH oxygen in the presence of NHPI/Co(OAdkq 52)8°
Co(acac), (0.5 %) © (49)
+ 02 _— + 0,
AcOH, 25 °C NHPI (10 mol%)
tatm . 849 o % "% N Co(OAc), (1.5 mol%) B COOH o
» AcOH, 100 °C P (62)
N conv. 82 % N
O, 1 atm 92%
NHPI (10 %) 2
Co(acac), (0.5 %) COOH CGOOH . . . .
N ~ Mn(OAc), (0.5 %) X X (50) On the other hand, the oxidation gfpicoline under the
| y + Air ACOH. 150 °C | X + N same conditions affords only 22% of the corresponding acid,
' COOH and harsher conditions are required in this case to get
para 4% 84 % conversion to a single product with good selectivity (eq33).
meta 7% 86 %
ortho 6 % 73 % NHPI (20 mol%)
Co(OAc), (0.5 mol%) GOOH
The main drawback associated with NHPI catalysis is its B Mn{OAc), (0.5 mol%) fj (53)
decomposition to inert phthalimide and phthalic anhydride N AcOH, 150 °C N
during oxidations in protic solvents such as AcOH. Its C;?;'os; n/f 90%
degradation, which is faster at higher temperatures, may also
involve the PINO radical itself. Quinolines and their derivatives are frequently found in

A kinetic study of thep-xylene oxidation reaction cata- natural products and are used as pharmaceuticals and
lyzed by NHPI and substituted-hydroxy-phthalimides was  agrochemical$?
reported by Espenson et&limportant effects covered in The quinolinecarboxylic acids are commonly obtained by
that study are the acceleration of the reaction by Mn(lIl) or using stoichiometric amounts of transition-state metal salts
Ce(lll) metal salts added to Co(OAGnd the inhibition of as oxidant$! which has a high environmental impact.
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1] O
\© O = aminopropylsilica (AMPS)

Figure 12. Supported cobalt complexes and NHPI.

Table 13. Oxidation of Alkylbenzenes Catalyzed by NHM

Substrate Products (%Yield)

a Substrate (2 mmol) and NHPI (10%) were stirred under a dioxygen
atmosphere at 108C for 20 h in PhCN (5 mL).

Using the conditions indicated in (eq 54), the oxidation
of 3-methylquinoline did not give any product at all. In order
to obtain a high conversion (i.e., a 75% yield), a catalytic
amount of NQ was added to the NHPI/Co(Il)/Mn(ll)
system®?

NHPI (20 mol%)
Co(OAc); (2mol%)
Mn(OAc), (0.5 mol%)

N NO, (10%) | X~ COOH
| P AcOH, 100 °C pZ (54)
N conv. 90 % N
0O, 1 atm 83%

Similar conditions are usually required for the oxidation
of other methylquinoline®?

Recupero and Punta

Table 14. Oxidation of Fluorene to the Corresponding Ketone
with Dioxygen, Catalyzed by Different N-Hydroxy Derivatives?®

catalyst (%) yield (%)
NHPI 80
trace
NHSI 62
NHMI 41

aSubstrate (2 mmol) and catalyst (10%) were stirred under a
dioxygen atmosphere at 10C for 20 h.

Scheme 9. Enantioselective Oxidation at Benzylic Positions

Ph

o)
CI I prom
o o}
0.1 e
H MeCHO H
0,, CH5CN 06=8%

Other cheaiN-hydroxyimides, such a-hydroxysuccin-
imide (NHSI) andN-hydroxymaleiimide (NHMI), are com-
mercially available, but as shown in Table 14 in the case of
fluorene, their efficiency is much lower than that of NHPI.

Einhorn et aP® reported the oxidation of various benzylic
derivatives at room temperature catalyzed by NHPI and
acetaldehyde, obtaining high conversions.

The acylperoxyl radical generated under these conditions
has a crucial role in the formation of PINO (eq 55).

O
N-O,
H
0
. ¢}
R-C=0 + 0, — R—¥
00"
(6]
O
R4+ N-O- (55)
OOH
o

By using a chiral NHPI derivative, this method was
employed for the asymmetric oxidation of indane derivatives
(Scheme 9¥¢

Although the reported enantiomeric excess is very pootr,
these preliminary experiments represent, to the best of our

Aromatic aldehydes can be prepared in an aqueousknowledge, the first example of the application of organo-
medium by oxidation of the corresponding methylbenzenes catalysts in enantioselective aerobic oxidation involving free
in the presence of oxygen, the enzyme laccase, and differentradicals®’

N-hydroxy mediator§? Conversions and selectivity depend
on the mediator used in the process.

Methylaromatics can be selectively oxidized to benzalde-

hydes in AcOH with Q at 1 atm in the presence of a stable

Secondary benzylic €H bonds can be oxidized at room
termperature to their respective ketones by catalyzing the
reaction with NHPI and heterogeneous Fe/M{O.

Ethylbenzene is selectively oxidized to acetophenone by

heterogeneous catalytic system consisting of a combinationg piomimetic system composed of anthraquinone, NHPI,

of a cobalt complex supported on Siénd a supported NHPI
(Figure 12)%* However, the reported conversions are low.

3.2.2. Oxidation of Secondary Alkylaromatics

A variety of benzylic compounds can be oxidized to their
corresponding oxygenated derivatives by usingi®the

zeolite, and oxygef? It is thought that PINO is formed by
an electron-transfer process involving anthraquinone and
NHPI (eq 56).

The same group also reported a systematic study of the
effect of anthraguinone substituel¥fdn the absence of the
zeolite. Once the substituents giving the best performance

presence of NHPI, even in the absence of metal salts as(Figure 13) had been identified, a screening of the reaction

cocatalysts (Table 13¥.

on different hydrocarbons was done. (Table 15).
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O NHp Scheme 10. Mechanism for the Selective Aerobic Oxidation
cl of Alkylbenzenes to the Corresponding Acetoxyl Derivatives
I / v,
(o] Ar—G—H + AcOH o= Ar—C-OAc (57)
O NH, \ o2 \

75-100%

Figure 13. 1,4-Diamino-2,3-dichloroanthraquinone. “N-OH + HNO SN-O- * NO, + H;0 (58)

Table 15. Oxidation of Alkylbenzenes Catalyzed by
1,4-Diamino-2,3-dichloroanthraquinone and NHPF - | - |
_CN-O- + H—clz—Ar—> _N-OH + -C|3—Ar (59)

Substrate Conversion (%) Products (Yield (%))

NO, | |
oH —=> Ar-C-NO, and Ar-C-ONO

(a) [ |
| 0, |
(88) @ Ar-C- — Ar-C-00 - (60)

e

[ (b) [
o | |
2
94 ©§ ©i§ T Ar-C—I + -
(64) 0) [

o) OH

() (>

| |
Ar-C—| + AcOH—= Ar>C|:—OAc + HI (61)
|

91

92
0. OO )
- ©/°°°” @C“o NHPI, O,, PhCHO
an ®) Q N O Co, Ni, Cr salts (N“ ©2)
- o, ot o s
@3) )

Arylacetic esters represent another interesting family of
25 mmol of Subsgfate, NHPI (5%), and 1,4-diamino-2,3-dichloro- penzylic substrates which can be oxidized in the presence
gnsth'\r/lagglg?rée (1.25%) were stirred at®Din 10 mL of CHCN under of NHPI and Co(OAG) to form, in good yields in a few
i i cases, the corresponding aryl glyoxylates (eq'63).

o o}
R' R O
o CLC o mcssm L yor
0 o} R o} O3 AcOH 0
I6) OH
Y Table 17 shows that the reactivity of the substituents on
© the aromatic ring appears much lower than that of the

Primary and secondary alkylbenzenes cannot be selectivelyhenzylic-CH « to the carboxylic group. Doubly oxidized
converted to their corresponding alcohols because theproducts were not observed. Electron-donating groups in the
products are of higher reactivity than the starting hydrocar- 4-position increase the reactivity enough to achieve complete
bons. conversion. On the other hand, in the ortho or para position,

We have developed a protocol in which the alkylbenzenes gjqcron-withdrawing substituents such as Br deactivate the
are selectively converted into the corresponding acetoxyl benzylic CH and inhibit the oxidation

derivatives by a metal-free oxidation carried out in the
presence of catalytic amounts of NHPJ, &nd HNQ (eq Heteroaromatic substrates are less reactive than the cor-
57)10t The results are reported in Table 16. responding arylacetic derivatives (Table 18). It is well-known
The key steps of this process (Scheme 10) are the trappinghat a pyridine ring deactivates hydrogen abstraction from
of the benzyl radicals by:l(eq 60c) and the solvolysis of  the penzylic position, since the nitrogen atom has an electron-
the alkyl iodides to the corresponding acetates (eq 61). Theyjthdrawing effect. The low reactivity of thiophene and
first key step is favored by keeping the stationary concentra- ihiazole heterocycles may be caused by the formation of

tion of I> much higher than that of both N@nd Q. The ¢ txides or nitroxides, which would deactivate the substrate
introduction of the acetate group decreases the reactivity Offor oxidation.

the o C—H bonds relative to the starting hydrocarbons.

Oxcarbazepine is used in the treatment of epilepsy to L ,
control some types of seizures. The selective oxidation of 3-2-3. Oxidation of Isopropylaromatics
10,11-dihydrocarbamazepine to yield oxcarbazepine is dif-
ficult because of the instability of the reaction product under ~ Selective oxidation of isopropyl aromatics to hydroper-
classical aerobic oxidation conditions. A systematic study oxides is an important process because the hydroperoxides
on performing this oxidation using a catalytic amount of are widely used as epoxidizing agentsd as free radical
NHPI together with benzaldehyde and various metal salt process initiator$? But, from the industrial point of view,
cocatalysts (eq 62) has been repoff&d. the largest application of a particular hydroperoxide, the one

9 QB g8
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Table 16. Oxidation of Hydrocarbons by O, and or HNOj3, Catalyzed by NHPI and 12

substrate 4(mmol) HNG; (mmol) T(°C) conversion (%) selectivity (%)

PhCHMe 2 0.4 80 100 PhCH(OAc)Me (100)

PhCHMe 0.8 0.4 80 88 PhCH(OAc)Me (91)
PhCOMe (8)

PhCHMe 0.4 0.4 80 78 PhCH(OAc)Me (78)
PhCOMe (23)

PhCHCHMe, 2 0.4 80 100 PhCH(OAc)CHM&97)

toluene 0.8 0.4 80 64 PhGBAC (89)
PhCHO (11)

p-Cl-toluené 2 4 100 78 p-Cl-CsH4-CH,OAC (72)

p-Cl-CeHs-CH(OAC), (10)
p-Cl-CeHs-CHO (18)
p-NO,-toluene 0.8 0.4 100 20 p-NO2-CgH4-CHal (94)
p-CN-toluené 4 4 100 58 p-CN-CsH4-CHl (86)
p-CN-CsH4-CH,0AC (14)

a4 mmol of substrate, 0.2 mmol of NHPI, 0.01 mmol of Co(OA¢), and HNQ in the amounts reported in the table, in 10 mL of AcOH with
O, at atmospheric pressure for 6Under nitrogen atmosphere.

Table 17. Benzylic Aerobic Oxidation of Arylacetic Esters high conversions of both isopropyl groups of the diiso-
Catalyzed by NHPI and Co(OAc)? propylaromatics are required for potential industrial applica-
R R R" conversion (%) yield (%) tions.

H OMe Me 15 0 Cumene hydroperoxide is usually obtained by the autoxi-
OMe H Me 100 99 dation of cumene by using air at high temperatures. Limiting
H Br Me 9 0 the conversion to ca. 30% gives good selectivity in the
E‘r E '\E/'te 1%% 7% hydroperoxide, NHPI catalysis offers different entries to
H OMe Et 11 0 hydroxyaromatic compounds. However, carrying out the
OMe H Et 100 99 reactions using the classical NHPI/Co(ll) catalytic system
Me H Et 100 64 does not lead to the hydroperoxides, since, as already

2 Reaction conditions: 10 mmol of substrate, NHPI (10%), and discussed, the metal salt induces hydroperoxide decomposi-

Co(OAC) (0.5%) in 10 mL of AcOH under @ at atmospheric pressure ~ tion. Actually, the first dat"f‘ reported by IsHi for using
and 40°C. NHPI/Co(acag) were unsatisfactory from both the conver-

sion and the selectivity points of view (eq 65).

Table 18. Hydroxysilylation of Alkenes with Et;SiH, Catalyzed
by NHPI NHPI(10%)

Co(acac), (0.5%) _ OH
Substrate Reaction conditions Product Yield (%) 02 (1atm)
AcOH (65)
OEt 0.5 % Co(II) 0 OEt 100°C, 6h

20% NHPI 22 conversion 31%
[g‘\% % [gj% 0%  54% 7%

S 80 °C for 24 hrs s based on reacted cumene
N 3 % Co(Il) ;
N . . . Lt
EQOMZ/N%O 10 % NHPI EQON\Q/N%O 21 The low conversion is due to the inhibiting effect of the
°© H 40°C for 16 hrs ° H phenol, which is formed by the acid-catalyzed decomposition

of the cumyl hydroperoxide, and the formation of acetophen-
one results from cumyloxyl radicgl-scission, which is
favored both by the protic nature of the soh@d¢”and by
the high reaction temperature.

By understanding the reasons for this failure, we planned
to modify the reaction conditions to reduce the formation of
OH o phenol and of acetophenone. We succeeded in this purpose
. 0, H* @ . )J\ (64) by changing the so_lvent and decreasing the reaction tem-
perature as shown in Table 19.

These results suggest that solvents such as chlorobenzene
About 95% of the phenol produced worldwide is manu- would be particularly convenient for the synthesis of cumyl
factured by this method. alcohol. However, the low solubility of NHPI in this solvent
does not allow high conversions. This is the major drawback

2,6-dihydroxynaphthalene are useful compounds for the for. thg oxidation ‘.)f dusopropylaromatlcs, since a.complt_ete
production of liquid crystals and high performance polyesters. ©Xidation of both isopropyl groups is required for industrial
In principle, these compounds could be obtained from the &PPlication of the process.

corresponding diisopropyl aromatics, ‘4gdisopropyldiphen- On the other hand, a highly polar solvent increases the
yl and 2,6-diisopropylnaphthalene, by processes similar to solubility of NHPI but reduces the selectivity for benzyl
that for the production of phenol from cumene. Nevertheless, alcohol. A compromise between these effects is reached by

derived from cumene, is its rearrangement in acidic medium
to obtain phenol and acetone (Hock process, ed®4).

Dihydroxyaromatics such as 4,dihydroxydiphenyl and
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Table 19. Aerobic Oxidation of Cumene, Catalyzed by NHPI

NHPI (10 mol%) OH
T time conversion  cumyl acetophenone OO AIBN (3 mol %) o 3M H,S0, (68)
CH.ON 7RG T~ HO

solvent  (°C) (h) (%) alcohol (%) (%) CH4CN 75°C
t-BUOH 50 24 77 62 38 0, 92%
MeCN 80 8 72 69 31
MeCN 70 24 98 76 23 Another intriguing multistep, one-pot process is the
Mgg“ 38 23 %88 gg 9 synthesis of the 1,3,5-triacetoxybenzene directly from the
PhGl 0 o4 40 100 triisopropy! derivative (eq 6932
1,2-GH.Cl, 50 24 64 100 NHP! (10 mol %)
AIBN (3 mol%)
using acetonitrile as solvent, which gives good solubility for CHCN 75°C
the NHPI catalyst and also allows complete conversion of air (30atm)
the diisopropylaromatics at a temperature low enough to Owic o
favor the selectivity for benzyl alcohol. Thus, by working ﬁy»
at 40°C under atmospheric oxygen pressure, yields greater
than 90% were obtained for the dibenzyl alcohol of eq 66. OAc OAc
That alcohol can be easily transformed in situ to phenols . + /@\ (69)
through the dihydroperoxides obtained from acid-catalyzed
reaction with HO, (eq 66):° OAc OAcAO OAc
10 % 54 % 21 %
The other products of this reaction are the mono- and the
Q o diacetoxy derivatives.
m C;yclt_)hexylpenzene_ is an interesting cheap hydrocarpon
Q ' which is easily obtained by the acid catalyzed reaction
between benzene and cyclohexene. The oxidation of cyclo-
OH oH hexylbenzene to the corresponding hydroperoxide has been
proposed!® as a free radical method for the production of
Q H,0, Q (©6) phenol and cyclohexanone without coproducts (eq 70).

SIS
HO uantitative (0] + OH 0
HO > 90% d H 2 OOH__ " ©/ + g (70)
t et |

The compound 4,4di(hydroxyisopropyl)biphenyl was
previously prepared by a much more expensive procedure “2H,
involving reaction of 4,4diacetylbiphenyl with MeMgl. It . ) )
was then reacted with acetic anhydride to yield the-4,4  In fact, one of the main problems associated with the
diisopropenylbiphenyl, which was used for the synthesis of industrial cumene process is that production of the coproduct
cross-linked polymers by copolymerization with styréife. ~ acetone exceeds the market demand.

Similar results have been obtained from the catalytic However, by using cyckohexylbenzene instead of cumene,

oxidation of 2,6-di-isopropylnaphthalene (eq 67). the conversion of the ketonic byproduct (cyclohexanone) into
the desired product (phenol) by dehydrogenation is made
possiblet'4
OO 02 Catalysis by NHPI improves the selectivity of the hydro-
NHPI peroxidation of cyclohexylbenzene both when using AIBN
Co(OAc) as initiator in CHCN at 75 °C and when using the
OH 1-cyclohexylhydroperoxide itself as a thermal initiator in neat

OO o OH cyclohexylbenzene at 10TC.
(67) The higher selectivity of these NHPI catalyzed processes
HO H02 HO can be explained by a faster scavenging of the intermediate
90 % 50 % peroxyl radical, which avoids competition from other in-

The mechanism of the formation of the alcohols is the tramolecular side reactions, as shown in Scheme 11.

Eﬁgﬁg% that discussed for the oxidation of isobutarterto 3.3. Oxidation of Alcohols

Also, for diisopropylaromatics, the highly selective con-  The aerobic oxidations of primary alcohols to the corre-
version of the hydrocarbon to the corresponding alcohol is sponding aldehydes and carboxylic acids, and of secondary
made possible by diffusion-controlled H-abstraction from alcohols to ketones are fundamental transformations in
NHPI by alkoxyl radical intermediates. organic chemistry. Traditionally, such processes have been

Ishii et al. obtained the 2,6-dihydroxynaphthalene directly carried out with the use of a stoichiometric amount of
from the corresponding diisopropy! derivative by a two-step inorganic oxidantd!® In the last few decades, growing
one-pot reaction (eq 68} environmental consciousness has suggested that research

In this case, the reaction proceeds through the formationshould be focused on green methods which use clean
of the dihydroperoxide, which is converted in situ to the oxidants such as Oand HO,, preferably activated by
diphenol. suitable recyclable catalysts/ery good results have been
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Scheme 11. Mechanism for the Aerobic Oxidation of forming carbonyl derivatives. In the presence of, @n
Cyclohexylbenzene to the Corresponding Hydroperoxide autoxidation-like mechanism may occur instead.

H 00" OOHH The main improvements made by Lepretre, Saint-Aman,
H NHPI et al*! by using substituted NHPI concern the selective

—_— st oxidation of primary alcohols to the corresponding aldehydes

under anaerobic conditions. In the presence of oxygen, both

in the slow aldehydes and acids are obtained. The aliphatic primary
3? EGJST alcohols are still relatively inert toward the oxidation, both

in the presence and in the absence of oxygen. With weakly

QOH 0, activated alcohols, the competitive degradation of the nitroxyl
by-products radicals prevents the reaction.

Ishii et al2first reported a nonelectrolytic method for the
aerobic oxidation of alcohols catalyzed by NHPI in the

Table 20. Oxidation of Various Alcohols with O, Catalyzed by

NHPI Combined with Co(OAc), at Room Temperature® presence of a mlxed-a'd'den'da Vana,dommybdqphOSphate
(NPMoV) whose composition is approximately indicated as
Alcohol Conversion (%)~ Product Yields (%) (NH4)sHsPVgM04040. NPMoV in its oxidized state (NPMo-
o S Vox) generates PINO radical from NHPI, and it is reduced
Cabis » Aot » to NPMoV,e, Which in turn is reoxidized to NPMoy by
oH o O.. PINO radical is the actual species abstracting H from
A 99 RN %8 the alcohol to produce a radical, which, once trapped jy O
on o leads to the formation of the carbonyl compounds.
86 83 The results obtained by this system are not satisfactory.
By using the simple Co(OAg)ogether with NHPI, Ishii et
oH o all'%in general obtained better results for both the conver-
97 Q 94 sions and the selectivities, as shown in Table 20.

Under the reaction conditions used, primary alcohols were
directly oxidized to their corresponding carboxylic acids. For

-0 o

oH 59 o 4 the success of the reaction of primary alcohols, a small
A AL amount ofm-chlorobenzoic acid (MCBA) om-chloroper-
benzoic acid was added to the catalytic system. It was found
B%/OH 91 Z%o 91 that the MCBA turns Co(OAg)into a Co-MCBA complex,
which promotes the decomposition of the hydroperoxides.
CrHis™onH 708 on By 78 Internal vic-diols were oxidized to diketones, but cyclic
7H1s™ oM diols also gave cleavage products such as the corresponding
CriFaon 70t - JO%H o dicarboxylic apids (Table 2£}/ o .
Thus, 1,2-diols are cleaved to carboxylic acids, and this
- OHCSH" " \j\cm . may be the result of intermediate ketoacids undergoing

oxidative decarboxylation caused by Co(lll). The 1,3 and
1,4 diols are oxidized into the corresponding hydroxyketones

a Alcohol (3 mmol) was allowed to react with,@1 atm) for 15- rather than the diketones, since the polar effect of the first
20 h in the presence of NHPI (10 mol %), Co(OA().5 mol %), and  C=0 formed deactivates the remaining E@H bond. The

MCBA (5 mol %) in AcOEt (5 mL) at room temperatureMCPBA ; ; : :
(1 mol %) was used instead of MCBA. corre_spondmg d|carboxy_l|c acids were formed from the
reaction of 1,5-pentanediol.

Woodward et al*!®working at a higher temperature than
the ones used by Ishii et al. and using AcCOH-®UOH as
solvent, reported a practical oxidative cleavage of 1,2 diols

obtained by using many different methods based on transition
metal catalysts or on an emerging new class of catalysts
called_organocatalys%é,vvhlch are composed exclusively of obtained from unsaturated fatty acids.
organic molecules.

The oxidation of alcohols catalyzed by NHPI was first The_selective OXidf?‘“O” of primary alcoho_ls to the corre-
reported in a single experiment in 197&nd then subse- sponding aldehydes is always a challenge in these kinds of

quently studied by Masui et &.in an electrocatalytic ~ Processes, particularly in free radical reactions. In uncata-
version. The yields obtained for the oxidation of secondary lyzed aut0X|dat|o_n processes, this is due to the oxidation rate
alcohols to the corresponding ketones were reasonably good®©! @ldehydes being higher than that of the corresponding
whereas the yields of aldehydes obtained from the oxidation Primary alcohols. _ o
of the corresponding primary alcohols were rather poor, Enthalpic and also polar effects are consistent with this
except in the case of ethanol. The main drawbacks of behavior, since hydrogen abstraction by the peroxyl radical
electrocatalytic oxidation arise from fast degradation of is the rate-determining step both for aldehydes (eq 71) and
electrogenerated PINO occurring during electrolysis. for primary alcohols (eq 72).

Electron-withdrawing substituents on the NHPI molecule ~ From the enthalpic point of view, eq 71 is always
are beneficial, but catalyst degradation during electrolysis exothermic, while eq 72 is either exothermic (with benzyl
cannot be avoidetf. The reaction mechanism involves alcohols}!*® or endothermic (with aliphatic alcohols). The
H-abstraction from the substrate by electrogenerated nitroxyl rates of both eqs 71 and 72 are also affected by a polar effect
radical and the subsequent oxidation of the alkyl radical  (Figure 14). However, the acylperoxyl radical is significantly
to oxygen. The resulting carbocation rapidly loses a proton, more electrophilic compared to thehydroxyperoxyl radical.
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Table 21. Oxidation of Various Diols with Molecular Oxyger?

Alcohol Conversion (%) Products (yield %)

OH (o]

OH OH

OH
IGAN
HO

(80)

o oy
HO (72) ©

(16)

OH o
75
OH )J\/\OH (61)
NN I f
HO OH 80 HOWOH (66)
HO o
80
Ho L o™ (10)
HO o
”0\)\’4 89 Ho)%
71
HO o
HO, 96
\V/L\Ph Ho/ﬂ\Ph(g6)
OH o OH
Ph Ph Ph
en 7 ren o
HO o (84) o (12)
ol e O, Om
OH 0 (26) COCH (30)

COOH

COOH
(44)

OH (o]
e K
OH 0 (42)
a Alcohol (3 mmol) was allowed to react with,(1 atm) in the

presence of NHPI (10 mol %) and Co(aca() mol %) in CHCN (5
mL).

b b
0 OH
Q5 5 HO 5=
¥ooH —-OOJ\R Wy --ooJ\R
R

Figure 14. Transition states for the reactions of an aldehyde with
an acyloxy radical and of an alcohol with arhydroxyperoxyl
radical.

O (0] O (6]
k71
J\ " J (71)
R H R)kOO . R) R/U\OO—H
ca. 87 Kcal/mol ca. 93 Kcal/mol
OH OH k7o OH OH

+ - R 72

R H R Qo0 - R R)\OO—H 72

ca. 83-93 Kcal/mol ca. 88 Kcal/mol
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Scheme 12. Mechanism for the Aerobic Oxidation of
Alcohols Catalyzed by NHPI and Co(ll) Salts

NHPI
Co(ll) OH
,i\ Co(ll)OO" Co(ll)
Co(lll)% R"L-ooH
/T\H PINO /(k)\H
. NHPI
RDH
OH —
R ToH R'=H,Alkyl
R PINO /I\ Y
R7L00-
J oH NHPI
H,0 )OI\ + HOO" R)_\R,
R™ R
o7}

in cyclohexandP! (92.4 kcal/mol).

On the other hand, the carbonyl group deactivates by
means of a polar effect hydrogen abstraction by peroxyl
radicals while the hydroxyl group activates thgOROH)-H
further and contributes to the higher reactivity of cyclohex-
anol.

As previously discussed, the BDE of tNehydroxyimide
derivatives is a key factor in determining their catalytic
efficiency in autoxidation processes.

We have shown for alcohols that both persistent and
transient nitroxyl radicals, i.e., TEMPO and PINO, respec-
tively, can act as oxidation mediators in the presence of
oxygen and transition metal cocatalysts.

In the case of TEMPO, the reaction of the alcohol with
the oxonium salt formed in situ is a key reaction step leading
to the carbonyl compound and the reduced form of TEMPO,
i.e., TEMPO-H (eq 73). The latter is transformed back to
TEMPO by Q and the transition metal cocatalyst. In the
oxidation of primary alcohols, TEMPO, being a persistent
nitroxyl radical, allows high selectivity in the formation of
aldehydes because of the inhibition of free radical chain
processes such as aldehyde autoxidation.

\

+ /\CH-OH e >(Nj< + C=0 + H* (73)
|
OH

Oxidation of alcohols by NHPI proceeds via a free radical
chain mechanism. (Scheme 12)

The radical HOQ formed as shown in Scheme 12,
obviously may react with NHPI and/or-€H bonds to form
HOOH, which decomposes in the presence of Co(ll), forming
hydroxyl radicals. These last are even more reactive and

I+

0}

Thus, both the enthalpic and polar effects contribute toward promote other radical chains.

making kz; > kz.

Hydrogen abstraction from the-€@H bonds of alcohols

This behavior has often led to the commonplace assump-by aminoxyl radicals such as TEMPO is always much too

tion that, in aerobic oxidations, aldehydes are always more endothermic to occur under mild conditions. In the aerobic
reactive than the corresponding primary alcohols when oxidation of alcohols catalyzed by NHPI, hydrogen abstrac-
oxygen centered radicals are involved, even if the autoxi- tion from the O-H group by PINO is allowed, since the

dation is catalyzed. Actually, that is not the case, as will be BDE value indicates that abstraction is slightly exothermic
discussed later. However, for secondary alcohols, both for benzyl alcohols and moderately endothermic for aliphatic
enthalpic and polar effects contribute to making the alcohols alcohols. However, on the basis of the pure enthalpic effect,
much more reactive in uncatalyzed autoxidations than the no advantage can be discerned for the NHPI catalyzed
corresponding ketones. For example, the BDE values of all aerobic alcohol oxidation when compared to the uncatalyzed

the C—H bonds in cyclohexanof® are higher (G-H in the
o position, 94.1 kcal/mol; €H in the 5 andy positions, 98
kcal/mol) than the BDE value of the-€H bond RC(OH)-H

oxidation. In fact, in the first case the hydrogen is abstracted
by the PINO radical, while in the second case the hydrogen
is abstracted by the peroxyl radical, and the BDE values of



3820 Chemical Reviews, 2007, Vol. 107, No. 9 Recupero and Punta

t o : high selectivity and that only after the complete conversion
HOs, & )0\” HO 5, o 77)\:© of benzyl alcohols to aldehydes does further oxidation of
}——H——oo Ph }"H'"-O—N aromatic aldehydes take place. These results are reported in
PH P J Table 22.
Figure 15. Transition states involved in the reactions of benzyl In contrast, the_ OX|d_at|on_of primary _allphatlc alqohols
alcohol with a-hydroxyperoxyl radical and PINO radical. leads to carboxylic acids without significant formation of
aldehydes, even at low conversions.
log(kx/ku) 0= -0.69 This selectivity clearly indicates that, in the catalysis of
v =0.99 primary benzyl alcohols with NHPI, the alcohols are much
excluding p-NO; and p-CN more reactive than the corresponding aldehydes, while, in
p-OCH, the case of non-benzylic alcohols, the corresponding alde-
hydes are much more reactive than the starting alcohols.
Polar and enthalpic effects explain this behavior well, as will
be discussed later.

To evaluate the polar effect, we have investig&ted
aromatic ring substituent effects on the NHPI catalyzed
aerobic oxidation of benzyl alcohols (Figure 16). A good
correlation was obtained, with the exceptionpefiitro and
p-cyano substituents, which have a negligible effect on the
reactivity, while m-nitro andm-cyano benzyl alcohols are
significantly deactivated. We explain this behavior by a
captodative effect, which qualitativéf# suggests that pairs
* p-NO; of substituents having opposite polarities act in synergy for

the stabilization of a radical according to the resonance
structures of eq 74.

0,8 1

0,6 1

0,4

0,2 1

‘p-CN

0,0 4

-0,2 1

m-NO. . .
: CH-OH -CH-OH CH-OH CH-OH

o+
04 . . , , . . . . .
09 -07 05 -03 01 01 03 05 07 09 (74)
c

Figure 16. Substituent effect in the aerobic oxidation of substituted c
benzyl alcohols with NHPI catalysis. &, 4 N N-

=0
=0

Table 22. Oxidation of Benzylic Alcohols, X-GH4-CH>0H, to ] o )
Aromatic Aldehydes by Oxygert The captodative effect causes a significant decrease in the

BDE values for benzylic €H bonds in p-cyano- and

; — —
X time ) conversion (%) selectivity (%) p-nitrobenzyl alcohol, and the favorable enthalpic effect
E_OMe i gg gi balances the ur]favorable polar effect due to the presence of

p-OMe> 2 100 p-cyano andop-nitro groups.

m-OMe 3 85 99 Galli et al'?* recently reported the aerobic oxidation of
p-NO; 3 100 98 alcohol catalyzed with laccase and NHPI. At room temper-
g*(’:\‘loz g 1%% gé ature, thep value of the Hammett correlation obtained by

Galli (—0.89 in the presence of laccase is} is comparable

2 According to the standard procedure: 3 mmol of benzylic alcohol, to the one reported by us-0.69 in our system in C{CN),
0.3 mmol of NHPI, 0.015 mmol of Co(OAg)and 0.15 mmol of where the same parametet was used.

m-chlorobenzoic acid, under ;Qat atmospheric pressure and room . . L .
temperatureb 98% of p_metho)ﬁenzoic apcid Wag obtained. The formation of PINO radical as the reactive intermediate

is also invoked in the laccase/NHPI procedure; strangely
. ) enough, no deviation from the straight line was observed by
the O-H bonds in NHPI and ROO-H are substantially Galli et al. for the case of thp-NO,-benzyl alcohol (the

identical ~88 kcal/mol). p-CN-benzyl alcohol was not included in the list of oxidized
Table 4 shows that, in spite of similar expected enthalpy alcohols).

variations, PINO radical reacts faster than tidaydroxyl In spite of the commonplace assumption that aldehydes

peroxyl radicals involved in the autoxidation of benzyl are more reactive than alcohols in aerobic oxidations, in

radicals. NHPI catalyzed aerobic oxidations, the selective formation

This difference in reactivity may be ascribed mainly to of aromatic aldehydes is observed because of the higher rate
the more pronounced electrophilic character of the PINO of hydrogen abstraction from benzyl alcohols by the PINO
radical (Figure 15) relative to the-hydroxyperoxyl radical.  radical, as compared to the rate of hydrogen abstraction from
Because of the O atom to the peroxyl group, this holds  the aldehydes. This different reactivity can be explained by
even in the case of an alcohol-derived peroxyl radical, which two effects, with the first being a presumably more marked
is more electrophilic than the well-knowrBuOG polar effect for hydrogen abstraction from alcohols and the

Regarding the oxidation of alcohols, Ishii et al. did not second being an enthalpic effect arising from the lower BDE
realize, however, the difference between the behavior of thevalues of the GH bonds involved in benzyl alcohols (82
benzylic and aliphatic alcohols. 85 kcal/mol}?® compared to the higher BDE values of the

We have showti that the NHPI catalyzed oxidation of C—H bonds involved in aromatic aldehydes-&8 kcal/
primary benzyl alcohols leads to aromatic aldehydes with mol).?¢
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while the BDE values of ArCOH are identical to those of
RCO—H.
30
HO_ HO_ HO,
—_ CH CH H
5 | |
2 i i .
% 20 (75)
']
ks 0
g % b
e
Aerobic oxidation of various secondary alcohols to their

0_0 T v T T T v T T v T . .
0 300 600 900 1200 corresponding carbonyl compounds has been accomplished

also by using NHPI/ceric ammonium nitrate (CAN). Primary

. o . and allylic alcohols were transformed in relatively moderate
Figure 17. Aerobic oxidation of benzyl alcohol in MeCN M), yield 129

of cyclohexanol in EIOACQ, @) catalyzed by the NHPI/Co(OAg) Electron-rich benzylic alcohols have been used by Galli

MCBA (solid symbol) and NHPI/Bi#NVO3 (open symbol) systems, e . .
respectively, and of benzaldehyde in MeCN €atalyzed by NHP €t @l. as a non-phenolic lignin model for testing directed at

Co(OACK/MCBA at 30 °C. (From ref 127, Copyright 2004.  finding a suitable wood pulp delignification system based
Reproduced by permission of The Royal Society of Chemistry.) on the enzyme laccase, which should have an acceptable
environmental impact®
Sobczak et al., who have reported the aerobic oxidation Laccase is a phenoloxidase, widely produced by ligni-
of alcohols catalyzed by NHPI and vanadium salts, have nolytic fungi!®! which in the presence of a variety of
confirmed our result¥?’ mediator$®? (Scheme 13) can catalyze the oxidation of non-
As shown in Figure 17, it is clear that as long as the benzyl phenolic substrates.
alcohol is not completely consumed, the oxygen uptake rate  SeveralN-hydroxyimide derivatives, which act similarly
in the oxidation of the alcohol is much slower than in the to NHPI in promoting oxidation of model compounds such
case of the aldehydes alone. Once the alcohol is oxidized,as p-anisyl alcohol, are shown in Table 23. Among the
the oxidation of the benzaldehyde formed begins, and the catalysts reported, NHPI certainly has the best cost/effective-
oxygen uptake rate is identical to that reported for starting ness ratio, which is significant, since, for delignification of
directly from the aldehyde. pulp, only cheap catalytic systems would have potential
Sobczak et al?® also reported that the combination of industrial applications.
NHPI and various cocatalyst acids, tertiary and quaternary Aryl substituted\-hydroxyphthalimides bearing electron-
ammonium salts, and typical Lewis acids (e.gaB#ffords ~ donating groups in the aromatic ring, in particular 4-Me-
an efficient catalytic system for the aerobic oxidation of NHPIand 4-MeO-NHPI, increase the yields in the oxidation
organic substrates. of the monomeric and dimeric lignin models (primary and
Obviously, the kinetic data obtained in AcOH concerning Sécondary benzylic alcohols) as well as the efficiency of the
the comparable reactivity of benzyl alcohols and their delignification of kraft pulps'?
corresponding aldehyd®scannot be compatible with this o , .
observed behavior. As reported by Espenson, the reactivity3-4. Oxidation of KA Oil for the Synthesis of
of benzylic alcohols in CECN should be somewhat higher ~ €-Caprolactone and e-Caprolactam

than the reactivity of their corresponding aldehyéﬁasz KA oil is a mixture of cyclohexanone and cyclohexanol
although no quantitative arguments were given to substantiat€jerived from the aerobic oxidation of cyclohexane. It is a
this conclusion. crucial intermediate in the synthesis of adipic acid and
Concerning the use of the Pb(OAGYHPI system, em-  ._caprolactam, two key monomers in the production of
ployed by Espenson to measure the kinetic constants, Coserhylon-6,6 and nylon-6, respectively.
et al® observed that this method for generating PINO  “|gpj et al. have developed a new KA oil aerobic oxidation
radicals “should be treated with caution”. ~ catalyst system based on NHPI in the presence of small
The situation is quite different with primary aliphatic  amounts of initiator (AIBN) which converts the alcohol
alcohols; in these cases, the enthalpic effect is dominant (thecomponent into a mixture of ketone and hydrogen peroxide

BDE values for RCHOH-H bonds are 56 kcal/mol |arger through the formation of 1-hydroxy-l-hydroperoxycydo-
than those of RCOH bonds), and that makes the aldehydes hexane (eq 77

much more reactive than the corresponding alcohols, which
are selectively oxidized to carboxylic acids, even at low oy 0

Reaction time / [min ]

conversions. NHPl(cat), AIBNn
The overall behavior is due to the different electronic + * 02 GH.eN, 75°C, 15h
configurations of benzyl #-type) and benzoyl &-type) o
radicals. The benzyl radicals are stabilized by the resonance Q9 Ho. _OOH
with the aromatic ring (eq 75), which is not possible for the é ij 2 é + H0, | (7
benzoyl radical (eq 76). Thus, the BDE values of ArCHOH *

H bonds are lower than those of aliphatic RCHOH bonds,
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Scheme 13. The Role of a Mediator of Laccase Activity

oZX LaccaseX Medox  gupst

H,0 Laccase,y MedX Substyy

Table 23. Benchmark Aerobic Oxidation of p-Anisyl Alcohol
with Laccase/Mediator System3

Yields o p-anisyl
Mediators
aldehydes (%)

S=o0
CL, 4
N-OH
"y 5
[e] N (o)
H
@N—OH 70
L
N
N 76

aConditions: p-anisyl alchol]= 20 mM, [mediator]= 6 mM,
laccase= 3 U/mL.

The addition of catalytic amounts of In{dh the second
step converts the mixture tcaprolactone (eq 78), which
furnishes an alternative method to the classical Bayer
Villiger oxidation, even if conversion and selectivity for the
desired product are lo##?

o (e]

(0]
2 + H202

Conversion 23%
The possibility of converting cyclohexanone®} to

InClg
25°C, 6 h

(78)

Selectivity 57%

Recupero and Punta

12 and 13 as major products with a smaller amount1of
(PDHA) (eq 79).14is directly converted to the-caprolactam

by treatment with catalytic amounts of LiCl (eq 80), whereas
12 can be converted td3 by reaction with NH in the
presence of NHPI (eq 81).

3.5. Oxidation of Alkenes and Alkynes

3.5.1. Oxidation of Alkenes

The first reported oxidation of olefins under NHPI catalysis
was an electrocatalytic system developed by Masui &t al.
The compounds obtained are the corresponding enones with
a product distribution similar to that observed in free radical
autoxidation of olefins. Allylic hydrogen abstraction by PINO
generated from NHPI by anodic oxidation is the key step of
the reaction mechanism (Scheme 15). However, the yields
of enones are low from a preparative point of view, since
most of the NHPI is destroyed under the reaction conditions
used.

In 1986, Foricher and co-workers patented the oxidation
of isoprenoid derivatives having a free allylic grotipthe
reactions take place by using ©r air and stoichiometric
amounts of NHPI, which acts as a catalyst and is claimed to
be easily recovered at the end of the process. Benzoyl
peroxide is used as an initiator, and the solvents of choice
are acetone or ethyl acetate, generally under reflux. The
primary products of oxidation are hydroperoxides, which
subsequently can be transformed, without purification, to
alcohols or carbonyl compounds (e.g., by dehydration with
pyridine in acetic anhydride).

Some of the examples claimed are shown in eqgs&R2
In eq 85, a rearrangement of the double bond occurs because
of the more stable tertiary allylic radical.

Ishii has reported the oxidation of cyclohexene to cyclo-
hexenone and cyclohexenol with @nd a catalytic amount
of NHPI in the absence of metal cocatalyst (eq ¥6).
However, the mass balance of the reported products is not
satisfactory with respect to the converted olefin. In fact, it
accounts for only 61% of the converted starting material.

This low yield might be explained at least in part by
referring to a recently reported study on the reactivity of the
PINO radical with cylclohexen®. PINO, as well as other
nitroxyl radicals such as TEMPO and t@irt-butyliminoxyl,
can also add to the double bond as well as abstract H.

This behavior is not new in oxygen centered free radicals.
In fact, while tert-RO and ROO add to cyclohexene for

e-caprolactam is even more important because of the 3.8%43% and 4.4%3¢ respectively, the addition of ROGo

increasing demand for nylon-6 (Scheme 1#)This led the

cyclooctene provides a 77% yield of monoaddtiét.

same research group to develop a new process by adding In this kind of reaction, norbornene shows a particular
aqueoues NElto open a second reaction pathway yielding reactivity, since its bridged structure makes the allylic

Scheme 14. Mechanism for the Synthesis @fCaprolactam Catalyzed by NHPI

(o}

H
N
H,0,70°C,2h -0

1260 %

H
QN@ LiCl NH
0-0
O Dt~ O
NHPI

1311 %
o

14 7%

(80)

@81

Conv. 32%



Free Radical Functionalization of Organic Compounds

1) NHPI, 50 °C,
Dibenzoyl peroxide

2) Py/Ac,0

RO
CH3COCH;

(82)

RO O
67.4 %

1) NHPI, 50 °C,
Dibenzoyl peroxide 83)

2) Py/Ac,0 o

CH3COCH; 36.3 %

J 1) NHPI, 50 °C, \JJ\
J\ Dibenzoy! peroxide " (84)
2) Py/ACzO o

CH3COCH;

55.6 %

= =
RO 1) NHPI, 50 °C, RO
Dibenzoyl peroxide
2) Py/Ac,0 A

| OH
CH3COCH;

(85)

37.7%

OH

0
NHPI (10%)
O 0, (1atm) (j (86)
PhCN

70°C, 7h 50% 11%

conversion 70%  based on converted starting material
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Scheme 16. PINO Addition to Norbornene

_OH
NHPI, O, (1atm) A?o o)
Lb CH4CN f

60 °C, 20h

PINO O 52%

is trapped by oxygen, giving rise to the hydroperoxide in
good yield relative to the NHPI consumed (Scheme'$%).

NHPI gives a similar reaction with norbornene in the
presence of a metalloporphyrine (Mn(II)TTPCI),,Gand
pyridine!3® Under the same conditions, PINO also adds to
electron-rich olefins, such as indene and styrene, whereas
addition to an electron poor alkene such as methyl meth-
acrylate is obtained by carrying out the reaction under oxygen
atmosphere in the presence of catalytic amounts of NHPI
and cobalt salts (eq 87)°

Co(acac); (0.015 mmol) CO,Me
+ NHPI + O, - PINO (87)
CO,Me PhCN, 75 °C, 14 h oH

Conversion 93 % 91%

The autoxidation of polyunsaturated fatty acids is an
important topic in free radical autoxidation. Peroxidized
lipids, in fact, seem to be involved in the promotion of several
pathologies, including atherosclerosis and Parkinson’s dis-
ease. For this reason, the selective synthesis of the corre-
sponding hydroperoxides appears to be of interest, since it
will simplify the study of the mechanisms that lead to the
formation of the secondary oxidation products. However,
procedures currently found in the literature give low conver-
sions and have limited applications.

Recently, Porter and co-workers have reported the per-

hydrogen particularly unreactive because of the impossibility oxidation of methyl linoleate in the presence of NHPI and
for the radical formed there to delocalize its unpaired electron small amounts of 2/2azobis(4-methoxy-2,4-dimethylvale-
via the double bond as usually happens in an allylic system. ronitrile) (MeOAMVN).14! In this case, theN-hydroxy
Thus, in this case, Ishii has shown that in aerobic conditions derivative plays a double role: it catalyzes hydrogen
PINO adds to the double bond, and the radical adduct formedabstraction from the bisallylic position, and being a good

Scheme 15. Mechanism for the Electrocatalytic Oxidation of

Olefins in the Presence of NHPI

anode PINO O/

39 %

J—
NHPI -H-
I o

O

3%

Lo Oy

hydrogen donor, it traps the peroxyl radicals derived from
the reaction of the allylic radical with oxygen (Scheme 17a).
Nevertheless, in spite of the good conversions observed, the
diasteroselectivity of the process, i.e., the ratio oftthes-

cis to the trans-transoxidation products, is poor. In fact,
the undesiredrans-transhydroperoxides derive from the
pB-fragmentation of primary peroxyl radicals, a process for
which the rate is competitive with that for the hydrogen
transfer from NHPI (Scheme 17b).

In order to provide a selective synthesis wangcis
hydroperoxides, the same research group has introduced a
new N—OH derivative, N-methylbenzohydroxamic acid
(NMBHA, 15). The lower G-H BDE value of this com-
pound (79.2 kcal/mol), and the consequent higher kinetic
constant for hydrogen abstraction from the-B© bond by
peroxyl radical (eq 90kwwmeha = 1.2 x 10°® M1 s79),
suggested that NMBHA could be a suitable H-donor and an
ideal catalyst for selective lipid peroxidation (Scheme 18).
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Scheme 17. Peroxidation of Methyl Linoleate in the Presence NHPI: (a) Hydrogen-Transfer Reaction from NHPI; (b)

p-Fragmentation of Peroxyl Radicals

>
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Scheme 18. Peroxidation of Methyl Linoleate in the Presence NMBHA
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Table 24. Oxidation of Diene Fatty Acid Methyl Esters at 37°C under Air Atmosphere in CH;CN
[lipid] [NMBHA] time conversioA selectivity* yield
substrate (M) (M) (h) (% by HPLC) (% by HPLC) (% isolated products)
methyl linoleate 0.20 0.20 48 63 >9% 59 (OCH)
methyl linoleate 0.55 0.20 48 69 >9% 55 (OH)
methyl linoleaidate 0.20 0.07 48 55 >9 43 (OH)
methyl linoleaidate 0.20 0.20 48 53 >9% 48 (OOH)

a Conversions and selectivities have been determined using allylbenze!

ne as an internal standard. Product selectivitseingiaistaalroperoxides

for methyl linoleate andranstransfor methyl linoleaidate® Determined by the ratio dfans,cigtrans,transproducts.® Determined by the ratio of

trans,trans/trans,cigroducts.

Table 25. Oxidation of Polyunsaturated Fatty Acid Methyl Esters at 37°C under Air Atmosphere in CH3;CN

[lipid] [NMBHA] time conversioA yield
substrate (M) (M) (h) (% by HPLC) (% isolated products)
y-methyl linolenate 0.40 0.30 48 36 30 (OOH)
ao-methyl linolenate 0.20 0.40 33 40 30 (OOH)
a-methyl linolenate 0.20 0.40 33 40 37 (OH)
methyl arachidonate 0.20 0.40 33 43 39 (OH)
methyl arachidonate 0.40 0.30 48 44 36 (OH)

a Percent conversions were determined using allylbenzene as an internal standard. All products meastiraas\wisre

As a result, this catalytic system is particularly effective both
for diene fatty acid methyl esters (Table 24) and for
polyunsaturated fatty acid methyl esters (Table 25).

The lower conversions for the polyunsaturated compounds
are necessary to avoid the formation of dihydroperoxides
due to the presence of a second allylic position in the
molecule. Nevertheless, the final yields can be increased by
additional catalytic cycles, since the unreacted starting
material is easily recovered, as is also the catalyst by a flash
column.

3.5.2. Epoxidation of Olefins

The epoxidation of olefins is an important tool for the
introduction of an oxygen atom into an organic molecule
bearing a double bond. Many methods can be employed for
this purpose by using a wide range of reagents, both without
and more commonly with the presence of catalysts, especially
when dioxygen is the oxidizing agetit.

Masui et al. first attempted the direct epoxidation of olefins
by using oxygen and NHPI with metalloporphyrins, but they

Scheme 19. Mechanism for the Epoxidation of Alkenes
Catalyzed by NHPI in the Presence of Alcohols and HFA

OOH )CJ’\ or HO~OH )
F::Ohx f H,0, FsCHFACFs F3C~ “CFj3 R1/<1/R2
NHPI| O

2 j\ HO-, -OOH XR1/\/R2

OH Ph FsC” “CF,

Ph

obtained poor results? Ishii and co-workers have proposed

different methods. In their first protocol, the epoxidizing

agent is obtained in situ by the aerobic oxidation of a suitable
organic compound in the presence of catalytic amounts of
NHPI. The resulting oxidant, which is not able to promote

the epoxidation by itself, is then activated in the presence
of an olefin by catalytic amounts of hexafluoroacetone
(HFA).12 For example, the oxidation of secondary alcohols
catalyzed by NHPI leads to the formation of the correspond-
ing hydroperoxides, which, in the absence of a metal
cocatalyst, react further to form ketones and hydrogen
peroxide. Hydrogen peroxide then forms a very electrophilic
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Scheme 20. Mechanism for the Epoxidation of Alkenes
Catalyzed by NHPI in the Presence of Ethyl Benzene and
Mo(CO)s

OOH OH
NHPI
PR * 02 5o Ph)\ Ph)\
Mo(CO)s o)
N -CsH11 o< CsH11

Table 26. Epoxidation of Olefins with O, and Benzhydrol,
Catalyzed by NHPI and HFA2

Conversion  Selectivity”
Substrate Product

(%) (%)

93 93 (99/1)
94 86 (2/98)
9% 83 (1/99)
88 81
89 83
80 90
83 84
78 80
7 83 (75/25)
82 87

/A

aGeneral procedure: olefin (3 mmol), NHPI (10%), HFA (0.3
mmol), and alcohol (15 mmol) were stirred underi®@PhCN (6 mL)
at atmospheric pressure and 80 for 24 h.P Parentheses show the
ratio of trangdcis.

Table 27. Epoxidation of Olefins with O, and Tetralin or
Ethylbenzene, Catalyzed by NHPI, Co(OAg), and Mo(CO)e

T conversioR  selectivity
alkene (°C) (%) (%)

trans-oct-2-ene 60 (60) 78 (71) 88 (79)
cis-oct-2-ene 50 (60) 83 (75) 87 (71)
2,4,4-trimethylpent-2-ene 70 (70) 90 (76) 84 (80)
oct-1-ene 60 (70) 38 (37) 80 (81)
cyclohexene 60 80 74
cyclooctene 60 89 83
trans-hex-2-ene-1-ol 60 79 65

aGeneral procedure: olefin (4 mmol), NHPI (10%), Co(OAc)
(0.1%), Mo(CO3} (5%), tetralin (40 mmol) or ethylbenzene (20 mmol),
and MS-4A (200 mg) were stirred under, @ PhCN (2 mL) at
atmospheric pressure for 14 thParentheses show the results using
tetralin.

a-hydroxyhydroperoxide by addition to HFA, and that

Chemical Reviews, 2007, Vol. 107, No. 9 3825

Table 28. Epoxidation of Olefins by Aerobic Oxidation of
Acetaldehyde, Catalyzed by NHP?

Olefin

Catalyst (%) t(h) Yield(%)

1-hexene NHPI (10) 24 61
1-hexene NHPI (10) 48 70
1-octene NHPI (10) 24 80
1-decene NHPI (10) 24 81
1-decene NHPI (10) 48 94
1-decene - 24
1-dodecene NHPI (10) 23 81
Methyl oleate NHPI (10) 24
cis-2-hexene NHPI (10) 24
cyclooctene NHPI (10) 27 96
cyclooctene - 24
NHPI (10) 14

R(+)-limonene cis (67), trans (33)

2-methyl-2-butene NHPI (10) 24

a General procedure: a solution of 5 mmol of olefins, 15 mmol of
acetaldehyde, and 0.5 mmol of NHPI in 10 mL of acetonitrile was
stirred at room temperature in atmospheric pressure;dCthe time
reported in the table.

The use of benzhydrol as the alcohol in this reaction has
been particularly effective and has given good conversions
with high selectivity in the epoxides (Table 26).

A second method proposed by Ishii uses hydroperoxides
from the in situ NHPI catalyzed oxidation of tetralin or
ethylbenzene to epoxidize olefins directly by means of Mo-
(CO)%.23 In fact, it is well-known that Mo(VI) complexes
in the presence of alkyl hydroperoxides exhibit efficient
catalytic activity in the epoxidation of alken&s.

The reaction mechanism is shown in Scheme 20, and the
results are outlined in Table 27.

Very recently, we suggested a new and effective metal-
free NHPI catalyzed aerobic epoxidation of primary olefins
based on the in situ generation of peracetic acid from
acetaldehyde (eq 91)°

NHPI 2
+ CHyCHO + O, ——= >C—C{_+ CHyCOOH (91)

So=cl
Our interpretation of the mechanism involves the “mol-
ecule induced homolysis” oN-hydroxyphthalimide by
peracids (eq 92), leading to the formation of PINO radical.
The driving force for this path is the dissociation enthalpy
of the O—H bond in water (119 kcal/mol), which is much
higher than that of the ©H bond in NHPI (88.1 kcal/mol).

+

—_—

N\
/N—O—H + CI)—O—C—R —
NHPI H

N I
N—-O--H--O--O—-C-R
d H

o}
ON-0- +H0+-0-CR (92
PINO
With this mode of activation of the catalyst, it has been

possible to epoxidize a wide range of primary alkenes (Table
28). The unreactivity of internal olefins clearly indicates that

addition product is then able to epoxidize olefins (Scheme the oxidizing agent in the epoxidation is not the peracetic

19).

acid, which would not show this selectivity, but the peroxyl
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Scheme 21. Mechanism for the Epoxidation of Alkenes Catalyzed by NHPI in the Presence of Acetaldehyde

o ¥
I / 1 o / m
CH3z—C—H + :O—N_ — |CH3—C--H--O-N_ | — > CH3—C- + HO—N/ (93)
AN o AN N\
CH3—C=0+ 02—»CH3—0;0_0' (94)
o
0-0- 0-0 Q

1 . /\
CH3—C, CHy~CHR —= H,C—CH-R + .CH, +CO, (95)

i\

+ H)C=CHR ——  CHs-C

i\

radical (eq 95) formed according to the mechanism shown For example, under these reaction conditions, phthalane

in Scheme 21. has been converted to the corresponding phthalaldehyde
o and a smaller amount of phthalide. Phthalaldehyde is a key
3.5.3. Oxidation of Alkynes material in the synthesis of several pharmaceuticals (eq

Ynones @.8-acetylenic ketones) are useful intermediates 98)-
for the synthesis of highly valuable heterocyclic derivatives,
o,B-unsaturated ketones, nucleosides, and pheroniéhes. CHO ?

Most of the selective methods available up until now use @:/\o NHPI (10 mol %) @[ . ©:Z</O (98)
reagents with high environmental impact. On the other hand, CH5CN, 60 °C, 10 h CHO
conventional autoxidations at high temperature are unselective.

Since the BDE of the propargyl-€H bond (87 kcal/mol) 80 % 12%
is similar to that of toluene (88 kcal/mol), it is reasonable to _ )
expect that alkynes will exhibit the same reactivity as toluene  1he proposed mechanism shows the formation of a
in the presence of NHPI. In fact, alkynes can be selectively carb'ocatlon as a transient intermediate, whereas the role of
oxidized with good yields to their corresponding ketones NO is to generate radical PINO (Scheme 23).
using @ and catalytic amounts of both NHPI and Cu(agac) In Table 29 a few examples of the benzyl ethers tested

under mild conditions (eq 968 are shown. L .
Laccase enzyme catalyzes the aerobic oxidation of benzylic

ethers in the presence of NHPI in reasonable to good

0
NHPI (10 mol%) e
N O Cu(acac), (0.5 mol%) N\ 6) y - |
CH,CN 3.6.2. Oxidation of Silyl Ethers

25°C,30h 77 % (Conv. 70 %) Silyl ethers, Whiqh are .useful protecting groups qftgn
50°C, 6h 84 % (Conv. 83 %) employed in synthetic reactions, have a structure very similar
to that of classical ethers. Thus, it is reasonable to expect

Like other oxygen centered radicals, PINO in the absence _
of O, will add to the triple bond of cycloalkynes to give an Table 29. Reaction of Benzyl Ethers by the NO/NHPI Systefn
oxidative radical cyclization cascade which is terminated

Conversion

by release of the N-centered phthalimido radical (Scheme Substrate Product Yield (%)
22)17 Wille et al., who introduced this interesting concept )

in free radical chemistry, have called this process Self- -~ G
Terminating Radical Oxygenatidf! Similar results are ﬁ 56 50

/©/CH

obtained with other nitroxyl radicals which were generated with - oo
strong oxidants such as CAN and which were reacted under /@A ° 70 D/ 60

/©/CH

ultrasound stimulation to improve the yields of the bicyclic

ketones. Competitive abstraction of the propargylHCbond L o
may account for the relatively low yields obtained in all of ﬁ° % 7
the cases explored which involved nitroxyl radicals.
J< cHO
. . . O 80 70
3.6. Oxidations of Ethers, Silyl Ethers, and Acetals @A @
3.6.1. Oxidation of Ethers oJ( cHo
. . . 87 80
Classical methods for the oxidation of ethers to the related
oxygen-containing compounds often have low selectivity for
the desired products. Ishii and co-workers have developed a L cHo
new catalytic system based on NHPI under an NO atmo- e % 8
sphere which gives good as well as selective conversion of
benzylic ethers to the corresponding aldehydes (ed“97). ©”0“© . Qm 6
ORZ  NHPI (10 mol %) CcHO
R CH4CN, 60 °C, 10 h ] °7) a Substrate (1 mmol) was allowed to react in the presence of NHPI
R (20 mol %) under NO atmosphere (1 atm) in acetonitrile (5 mL) at 60

Conv. 60-99 % °C for 10 h.
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Scheme 22. PINO Addition to the Triple Bond of Cycloalkynes

Scheme 23. Mechanism for the Aerobic Oxidation of Benzyl Ethers by the NO/NHPI System
NO CHO

'0/\ 2 CHO
@[/;ONO- ©:I<‘<ON0H | + ﬁ NI-(I:H-NO
O ——— (I - Cr -0

Scheme 24. Mechanism for the Electrochemical Deprotection of the 4-Phenyl-1,3-dioxolane Protecting Group

Ph
RO
anode ]<H
PINO
-e” _H"’ -H-
1 O._Ph
R1 O .Ph -e R1 O Ph + H,O R
NHP! >< j anode >< :F H* =0+ j/
R? o o RO H R?

HO
PINO

that the PINO radical would be able to abstract the hydrogenthe selectivity already discussed for the oxidation of benzyl
o to the oxygen to generate a carbon centered radical whichalcohols. As expected, primary aliphatic silyl ethers give
would lead in the presence of oxygen to the formation of instead the related carboxylic acids in high yields (Table 30).

hydroperoxides (eq 99). The higher efficiency of lipophilic cobalt complexes as
compared to the classical cobalt salts used for this kind of
H PINO P 0, catalysis is probably caused not only by a higher solubility
R” OOSIR, R "OSiRs oon in the reaction medium but also by avoiding the-@¢HPI
NHPI adduct formation, which might otherwise occur during the
PY (99) ( L
R "OSiRs reaction and decrease the efficiency of the proé#ss.

Very recently, a new catalytic system based on NHPI and 3-6.3. Oxidation of Acetals
lipophilic Co(ll) complexes has been reported for the  Acetals represent another important class of protecting
selective oxidation of silyl ethers to the corresponding groups whose removal under mild conditions is a crucial

carbonyl derivatives (eq 100° point in organic synthesis. The first employment of NHPI
as a mediator for this purpose was reported by Masui and
ox NHPI, Co(CeHsCOo)2 o (100) co-workers?” who achieved the electrochemical deprotection
R OR2 O, (1atm), CHsCN R “R2 of the 4-phenyl-1,3-dioxolane group from a series of organic
X = trimethvisilane (TMS derivatives, recovering the corresponding ketones in good
= methylsiiane (TMS) yields (Scheme 24). _
ter-buthyl-dimethylsilane (TBS) However, as already discussed, the electrochemical tech-

nique leads to the decomposition of NHPI, as is highlighted
The oxidation of substituted primary benzylic TMS and by the small amount of recovered catalyst.
TBS ethers with @at room temperature leads to the forma-  The oxidative cleavage of benzylidine acetals derived from
tion of the corresponding benzaldehydes, thus confirming 1,2- and 1,3-diols gave the corresponding hydroxybenzoate
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Scheme 25. Mechanism for the Aerobic Oxidative Cleavage of Benzylidene Acetals
NHPI

Co(ll)|0,

)
=5

Ph

HOO. )\

-— O>,\O PINO K/‘\
— A

OH OBz OH OBz

Ph
-00.
O>I\O

Table 30. Aerobic Oxidative Deprotection of Silyl Ethers Table 31. Oxidative Cleavage of Benzylidene Acetdls
Catalyzed by NHPI and Cobalt Benzoaté
R1 R2 X yie|d (%) Substrate Products Yield (%)
Ph H TMS 92 Q OH OBz
Ph H TBS 96 g L 85
4-(NO,)CeH4 H T™MS 86 o
4-(NO,)CeH4 H TBS 9P N—ph OH OBz OH OBz ¢
4-(MeO)GHs H ™S 95 J A A 7
4-(MeO)GH4 H TBS 98 o
4-(i-Pr)GsHa H TMS 8% [ —en Ho_ Bz %
4-(-Pr)GsHa H TBS 90 o
PhCHCH H T™MS 86 o] HO OB HO OB
PhCHCH, H TBS oF L D A G
Ph Ch TMS 9
Ph CH TBS 87 o 2o i o
Ph Et TMS ot RIO= T Ho 0 Bﬁ?&%
Ph Et TBS 93 1~ OMe R10 OmMe R10 Ome
4-(Ph)GH4 CHs T™MS 85 o
4-(Ph)QH4 CH3 TBS 901 1R;=H,R,=Bz 1a 1b 82
cycloheptyl TMS 89 2R =R, =Bz 2a 2b 91
cycloheptyl TBS 92 3R =Ry=Ac 3a 3b 66
Ph PhCO T™MS 93
4R; =R, =B; 4; 4b 34
aGeneral procedure: silyl ether (1 mmol), NHPI (10%), and o )
Co(GHsCO), (0.5%) were stirred in 5 mL of CECN in the presence )
of O, at room temperature and atmospheric pressutddehyde. 2 General procedure: benzylidene acetal (0.64 mmol), NHPI (10%),
¢ Carboxylic acid? Ketone. Co(OAc), (0.5%), and MCPBA in EtOAc (5 mL) were stirred at room

temperature and atmospheric pressure ungeio©O15 h.

esters when treated with a simpler system based on the NHPI/
Co(OAc), catalyst pait52 Many derivatives were shown to ~ 32. Aromatic substrates bearing strongly electron-withdraw-
be suitable for this reaction, including several sugars (Table ing groups yielded no products in this reaction.
31). A possible reaction path is shown in Scheme 25. PINO o ) )
radical, generated by the complex Co(HKD,, again plays  3.7. Oxidation of Amines and Amides
a key role in hydrogen abstraction from the substrate. o .

More recently, the same catalytic system has been usea3' 7.1. Oxidation of Amines
in the selective aerobic oxidation of a wider range of acetals On the basis of the previous discussion of the oxidation
to obtain the corresponding esters in excellent yields without of alcohols, it is reasonable to expect, both on polar and on
the addition ofm-CPBA (eq 101)}>3 The mechanism is quite  enthalpic grounds, that amines could be even more reactive

similar to that reported in Scheme 24. in the presence of oxygen with catalytic amounts of imidoxyl
radicals. Having a better electron-releasing group, the amino
/Ft .o NHPI, Co(OAc), o 01 derivatives would be expected to show a stronger polar effect
RO™ OR' 2 CHLCN R)J\OR. (101) in hydrogen abstraction by PINO (eq 102).
The aerobic oxidation of substituted benzaldehyde dialkyl- co- 5 6 CO- #
acetals under NHPI/Co(ll) catalysis led to the corresponding R-CH,;NH, + -O-N —= [RCH(NH,)"H-~O~N —
alkyl benzoates. Cyclic acetals, however, were found to be CO- [ co-
suitable substrates for the selective synthesis of diol mo- co-
noesters with no further oxidation of the hydroxy group being RCH(NH,) + HON (102)

observed. A few indicative examples are shown in Table co
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Table 32. Aerobic Oxidation of Acetals to Esters Catalyzed by Table 33. Aerobic Oxidation of Benzyldimethylamines
NHPI and Co(OAc)2 X—CgHs—CH>—N(CHy3), to the Aldehydes X-CgH4s—CHO
Catalyzed by NHSI and NHP?
Substrate Products Time (h) Yield (%) alalyze y an
T reaction conversion selectivity
®_<0Me @_/f 2 ol X catalyst (°C) time (h) (%) (%)
OMe OMe H NHSI 35 2 42 91
OEt o 0 . H NHSI 50 2.5 100 88
< >_<0Et < HOE( H NHPI 35 2 75 81
ort R H NHPI 50 9 90 70
o )< o— )< 8 83 p-OMe  NHPI 40 3 96 84
OEt OEt p-Cl NHSI 50 7 100 86
o p-Cl NHPI 50 7 90 86
@ij @40 10 0 m-Cl NHSI 35 7 100 78
° N\ on m-Cl NHPI 35 7 90 68
o p-NO, NHSI 50 9 90 80
O o— )~ p-NO, NHPI 50 9 86 60
8 85
o)) O\ on pCN  NHSI 50 4 100 86
. p-CN NHPI 50 4 86 68
O
©—< } @0 OH 12 84 27 mmol of benzylamine, 0.7 mmol of NHSI or NHPI, and 0.07
° N mmol of Co(OAc¥»4H;0 in 15 mL of MeCN with Q at atmospheric
o o pressure.
O @M s e
16 X=CN
o} o CHs 17 X=CF3
/V\/\O(J /\/\/\[Or ~"NoH 15 89 X—@N\ 18 X = CO,C,H;5
CHs 19 X = OCgHs
[e] -
W} WO/\/OH 20 34 20 %= OCH3

Figure 18. 4-X-Substituted\,N-dimethylanilines.
a General procedure: acetal (10 mmol), NHPI (20%), and Co(®@Ac)

(1%) were stirred at room temperature under oxygen atmosphere (1108) before its transformation into the aromatic aldehyde
atm) in CHCN for the indicated optimized time. (eq 107).

The BDE values of the €H bondso. to the amino groups  ArcHOH-NMe, NPLw 5 501 NMe, 2
are lower than those of the corresponding BDE values Co(l)

for alcohols, so that eq 107 is also more favored for , .
amines2L154Thus, amines should be suitable substrates for  Amines with secondary benzyl groups lead to the forma-

selective oxidations in the presence of NHPI. In fact, our 0N Of the corresponding ketones with higher selectivity,
research group has proposed a new catalytic system base§"c® thea-hydroxyamine cannot be oxidized further (eq
on the use of Co(OAg)either with N-hydroxysuccinimide 09).
(NHSI) or with NHPI for the selective synthesis of aromatic

ArCONMe, (108)

(PH

aldehydes by aerobic oxidation of tertiary benzylamines ,. . nve 0, Ar-C—NMe
(Scheme 263 & 2 "NHPI, Co(ll) & 2
The use of NHSI instead of NHPI gives greater selectivity Ar-CO-R + MeNH  (109)
(Table 33) because the hydrogen abstraction by succinimido- . L
N-oxyl (SINO) radical is slower than that by PINO radical. A similar aerobic oxidation in the presence of NHPI cannot

As a consequence, in the presence of PINO radical, primaryP€ carried out on primary and secondary amines, since, as it
benzyl groups give an increased amount of amide byproducthas been observé, in this case the amino groups can

derived from further oxidation of the-hydroxy amine (eq ~ deactivate thé-hydroxyimides according to eq 110 and thus
inhibit the reaction.

Scheme 26. Mechanism for the Aerobic Oxidation of

Tertiary Benzylamines to Aldehydes, Catalyzed by NHSI or —Co —C0o
NHPI and Co(OAc), Gy OH * ReNH, ——= | N"R+ NHOH (110)
[ e Ho-N (103)
ArCHzNMe; + -O-N Ar-CH-NMe; * \ More recently, Baciocchi and co-workétshave found
that PINO radical generated in situ by Pb(OARs able to
. QO- promote the oxidativeN-demethylation ofN,N-dimethyl-
ArCH-NMe; + 0, ArCH-NMe; (104) anilines (DMAs) (Figure 18).
00 OOH Kinetic investigations, including reactivity studies for a
] / T / . . .
Ar-CH-NMe, + HO-N  ——  Ar-CH-NMe, + *O—N (105) pumber of 4-X subst|tutem,N-d.|met.hyIam_|nes as well as
\ \ inter- and intramolecular deuterium isotopic effects, have led
OOH o to the conclusion that the reaction between PINO and DMAs,
Ar-CH-NMe, + Co(ll) ——  Ar-CH-NMe, + Co(lll) + OH" (106) contrary to the usual case, follows an electron-transfer
mechanism (Scheme 2%).
o-
‘ / o .
Ar-CH-NMe; + HO-N ——~ 3.7.2. Oxidation of Amides

OH

Ar-CH-NMe, + _O_N< AIGHO + Me,NH  (107) In order to prevent the deactivation of tNehydroxyimide

catalyst, the amino group of primary and secondary amines
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Table 34. Products of Electrochemical Oxidation of Amides (20 Table 35. Products of Electrochemical Oxidation of
mM) Using NHPI (5 mM) as Electron Carrier N-Alkylpyrrolidinone (20 mM) Using NHPI (5 mM) as Electron
Carrier
NHPI
Compound F/mol® Product Yield (%)° NHPI
recovered (%) Compounds F/mol® Product Yield (%)"
recovered (%)
MeCONHEt 2.0 (MeCO),NH 69 34
MeCONEt, 1.9° (MeCO),NEt 54 20 oﬁqxo 81
(s e
) 2.0 &0 80 66 N 0 “
N 3 N
CoMe Come te qu i
O 8 o
N 20 N0 79 53
Coph Coph OJ\IXO 73
P et
N~ O 2.0 46
(Nj 1.3 (Nlo 9 - Et &
CoPh CoPh N0 1
COMe
a Electricity passed per mole of the amidé®ased on the amides. 0= 0 47
¢ Electrolysis did not proceed furthet44% of starting material was &O CHPh
recovered® Not determined. N 20 36
CHoPh &
. S NTO 34
Scheme 27. Proposed Mechanism for the Oxidativi- Eoph
Demethylation of N,N-Dimethylanilines in CH3sCN at 25 °C
0 0
CHs CHs 3 Electricity passed per mole df-alkyllactams” Based onN-
N-O-+ Ar—N  =—= N-O" + Ar—N alkyllactams © Not detected.
CHs CH,
o o

The oxidation of linear and cyclic amides (Table 34)
provided the corresponding imides axéhcyllactams in good

CH, yields and high selectivity, whereas the oxidation N
NHPI + Ar—'N: alkylpyrrolidinones (Table 35) led to the respective cyclic
CH; - imides and lower amounts ®-acyllactams. However, the
+ P,,\V _Nzo amount of the recovered catalyst reported in the tables clearly
o] shows that, under electrochemical conditions, NHPI under-
Ar . CH20H goes partial decomposition.
N-OCH,N Ar—N . .
CH, CH3 On the basis of previous reports, our group has suggested
o] \ / a simpler catalytic system which uses small amounts of Co(ll)
H salts in the presence of NHPI to generate the PINO radical
Ar—  +H,CO for the aerobic oxidation of acetamides and lactams (eq
CHs 111)%%7
can be protected by acetylation to form the corresponding R Ac,0
amides. ,>_NH2 -
These derivatives have lower polar and enthalpic effects R-CHO, R-COOH, RCONHCOMe
than the corresponding amines, but those effects are still R NHCOMe 2 R=alkyl, aryl; R'=H (111)
sufficient to make these acetylated amines suitable substrates g’ ’E‘:';'ETI') _
for hydrogen abstraction in the presence of NHPI from the R|;{CF§?-=RaIkyI oy

C—H bondsa to the acetamido group.

Masui et al. first reported the oxidation of amides and
lactams using NHPI as a mediator by using an electrochemi- The reaction mechanism is similar to that already shown
cal system to generate PINO radical (Scheme 28). for the oxidation of tertiary amines (Scheme 26).

Scheme 28. Mechanism for the Anodic Oxidation of Amides and Lactams Using§-Hydroxyphthalimide as a Mediator

anode PINO L_Nxo R =H, Me, Ph
] CH,R
e H -H-
. o
CN/¥o 2 .O’O/L_N\/\\o —>_.0/A/—N>§o

NHPI CH,R CH,R CH,R

Omoon, (o (g
|
COR

N
-CHR .0-O-CHR
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Table 36. Aerobic Oxidation of Lactams or Acetamides of Cyclic
Amines Catalyzed by NHPF

Reaction Time Conversion Products Selectivity

Amide T(°C)

(h) (%) (%)

H
HN Oy N._0O
((;g 80 3 96 Fcf
Hz), Hols  (og)
(Nlo 80 5 87 oinlo
H Ho (95)
[NLO 80 5 97 OJ:N:LO
H Ho (93)
(K 80 4 45 N‘<o
° 0 (94)
DN—< 80 5 6 QN_<O
° o (96
CONW/ 20 1 100 N
0 0 0 (O
©\j'\n/ 20 3 96 N
o 0 0 (9

a5 mmol of amide, 0.5 mmol of NHPI, 0.025 mmol of Co(OAéH,0,
and 0.25 mmol om-chlorobenzoic acid in 10 mL of MeCN with O
at atmospheric pressure.

The oxidation of lactams or acetamides of cyclic amines
leads to the formation of cyclic imides (eq 112) or acetyl-
lactams, respectively (eq 113) (Table 36)).

H H
N0 .0, NHPI OxMN_0. o
p T 2 (112)
<—(7:-|2)n Co(ll) i;(sz)n
COMe COMe
N NHP!I N
Yy +0, ——— O (13
&(CHz)n * col &Ez)n

The oxidation ofN-benzylacetamides (Table 37) at room

Chemical Reviews, 2007, Vol. 107, No. 9 3831

With secondary benzyl groups, the oxidation selectively
gives the corresponding ketones (eq 115).

NHPI
Co(ll)

ArC(OH)RNHCOMe —>  ArCOR + MeCONH,

ArCHRNHCOMe + 1/2 O,

(115)

In contrast, forN-alkylacetamides, no trace of aldehyde
is formed at room temperature, even at low conversions, but
when a primary alkyl group is involved, the reaction products
are the carboxylic acid and the imide (eq 116, Table 38).

0,

RCH,NHCOMe m

RCOOH + RCONHCOMe  (116)

Good results have been obtained from catalyzing the
oxidation of the amide in ionic liquiéi® with NHPI or with
3-pyridinemethylN-hydroxyphthalimide.

3.8. Oxidation of Sulfides

Sulfides may be oxidized to the corresponding sulfoxides
in good to excellent yields by aerobic oxidation at atmo-
spheric pressure in the presence of NHPI and an excess of
alcohol (eq 117}

R:™ Ry R3)J\ R4
NHPI/‘ o
1]
R1_S_R2 R1_S_R2 (117)

N

0, HoO

The ease of hydrogen abstraction from theKCbonda
to the hydroxy group, a key step in the mechanism, depends
on the correct choice of the alcohol (Scheme 29). Thus,
cyclohexanol gives higher conversions, but 1-phenylethanol
gives higher selectivity for sulfoxide, which is to say, a
smaller amount of sulfone.

The role of the NHPI is to catalyze the aerobic conversion
of the alcohol to the corresponding hydroperoxide, which is
actually responsible for the oxidation of the sulfide (Scheme
29).

From the experimental results (Table 39), it appears
evident that aliphatic sulfides are much less reactive than
aromatic sulfides. Attempts in the presence gOkand in
the absence of ketone have given a lower conversion,

temperature leads to imides and minor amounts of aromaticdemonstrating that the oxidizing agent in the second step of

aldehydes, while at higher temperatures{&00°C) it yields

the process is not the hydrogen peroxide, but the hydroper-

carboxylic acids and variable amounts of imides, depending oxide itself.

on the reaction solvent (eq 114).

20°C
(@)

ArCHO + ArCONHCOMe

0,

NHPI
Co(lly

ArCH,NHCOMe (114)

(b)

L——_ -~ Ar-COOH + ArCONHCOMe
60-100°C

4. Reactions of Silanes

4.1. Oxidation of Silanes

Since the BDE values for the SH bonds are usually
lower than those for the €H bonds in corresponding

Scheme 29. Mechanism for the Aerobic Oxidation of Sulfides to Sulfoxides

OH )o\H 0,  HO. OOH o)
Rj R4 /\ Ry "Ry Ry R4 /\ Rs)J\RA
0
PINO NHPI R—S—R, R—8-R,

(0]
)k +Hy0,
Rs™ R4
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Table 37. Aerobic Oxidation of N-Benzylacetamides, ArCHNHCOCH 3,

Recupero and Punta

Catalyzed by NHPR

Ar solvent T(°C) reaction time (h) conversion (%) products selectivity (%)
Ph CHCN 20 4 89 ArCHO (21)
ArCO—NHCOCH; (77)
Ph AcOH 100 25 75 ArCOOH (96)
ArCO—NHCOCH; (3)
p-CHs-CeHa— CH:CN 20 4 92 ArCHO (24)
ArCO—NHCOCH; (73)
p-CHs-CeHy— AcOH 100 3 91 ArCOOH (93)
ArCO—NHCOCH; (4)
mM-CHs-CeHa— CH:CN 20 4 88 ArCHO (22)
ArCO—NHCOCH; (76)
mM-CHz-CeHa— ACOH 100 3 93 ArCOOH (89)
ArCO—NHCOCH; (8)
p-CH30-CeHa— CH;CN 20 2 97 ArCHO (16)
ArCO—NHCOCH; (82)
p-CHs0-CsHa— AcOH 100 1 97 ArCHO (13)
ArCOOH (82)
ArCO—NHCOCH; (3)
p-Cl-CeHa— CH;CN 20 4 87 ArCHO (19)
ArCO—NHCOCH; (78)
p-Cl-CeHas— AcOH 100 2 92 ArCOOH (66)

@2 The same procedure reported in Table 36 was utilized.

ArCO—NHCOCH; (32)

Table 38. Aerobic Oxidation of N-Alkylacetamides,
RNHCOCH, Catalyzed by NHPR

Table 41. Aerobic Oxidation of Silanes to Silanols Catalyzed by
NHPI2

R T(°C) conversion (%)
n-hexyl 20 70

products selectivity (%)

n-CsHe-COOH (4)
n-CsH1:-COOH (15)
n-C5H11-CON HCOCH; (67)
n-C4Hg-COOH (14)
n-CsH1-COOH (13)
n-CsH1:-CONHCOCH (68)
n-C10H21-COOH (2)
n-C11H23-COOH (13)
n-Clleg-CONHCOCH; (81)
n-CioH2i-COOH (6)
n-C11H3-COOH (11)
n-C1iH,:- CONHCOCH (81)
cyclohexanone (98)

n-hexyl 80 98

n-dodecyl 20 74

n-dodecyl 80 97

80 60

a2 The same procedure reported in Table 36 was utilized.

cyclohexyl

Table 39. Aerobic Oxidation of Sulfides to Sulfoxides Catalyzed
by NHPI in the Presence of Cyclohexandl

Ri—S—R; conversion (%) selectivity (%)
R; = Ph R =Me 99 86
R; = 4-CIPh R =Me 88 92
R; = 4-MePh R = Me 24 94
Ry =4-MePh R=Me 87 96
R1=4-NO,Ph R =Me <5 trace
R1=Ph R = Et 51 83
thianthrene 86 87
Ry =tert-butyl R, = tert-butyl 15 60

aGeneral procedure: 2 mmol of sulfide, NHPI (10%), and cyclo-
hexanol (5 equiv) were stirred in 1 mL of benzonitrile at“@for 12
h, under Q at atmospheric pressure.

Table 40. BDE Values of Si-H and C—H Bonds

BDE (kcal/mol) BDE (kcal/mol)
H3Si—H 90.3 HC—H 105.0
MesSi—H 90.3 MeC—H 95.7
PhSiH—H 88.2 PhCH-H 88.5

hydrocarbons (Table 40§ silanes are particularly suitable
substrates for aerobic oxidation catalyzed by NHPI and cobalt
salts.

t T conversion selectivity
substrate (h) (°C) (%) (%)

triethylsilané 3 20 100 87
triphenylsilané 4 20 68 98
triphenylsilané 7 20 100 97
tri-n-butylsilané 6 70 0

cyclohexyldimethylsilante 4 20 86 87
cyclohexyldimethylsilane 6 20 100 100
methyldiphenylsilarfe 6 20 60 100
methyldiphenylsilare 6 20 100 100
methyldiphenylsilane 6 50 82 100
Nn-CigH37SiMe;HP 7 50 48 82
dimethylphenylsilane 2 50 63 100
dimethylphenylsilane 7 50 100 100
diphenylt-butylsilané 8 50 0

a3 mmol of silane, 0.3or 0.68 mmol of NHPI, 0.015 mmol of
Co(OAc)r4H;0, and 0.25 mmol ofm-chlorobenzoic acid in 5 mL of
MeCN with O, at atmospheric pressure.

This reaction leads to a selective synthesis of silanols
without any trace of siloxanes (eq 11'8),as opposed to
classical oxidations of silanes, for which the main byproducts
are siloxanes.

NHPI
Co(ll)

2R3SiH + O, 2 R3Si-OH

>90 %

(118)

Tertiary silanes have been oxidized to the corresponding
silanols with high conversions and complete selectifity
(Table 41). However, the process is affected by steric effects,
as is evidenced by the fact that diphetstt-butylsilane and
tri-n-butylsilane are not converted to the expected products.
The reaction proceeds via a classical free radical chain
mechanism (Scheme 30).

4.2. Hydroxysilylation of Alkenes

Ishii and co-worker$? have used the reactivity of silanes
in the presence of NHPI to develop a new reaction, which
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Table 42. Hydroxysilylation of Alkenes with Et;SiH, Catalyzed Scheme 31. Mechanism for the Aerobic Hydroxysilylation of
by NHPI2 Alkenes Catalyzed by NHPI
- — Et;SiH
Conversion Selectivity
Substrate t(h) T(CO Product OH
OOH
(%) (%) Co(ll .
PINO Et3Si\)\X —(L,E'ss'\/kx
. OH
=N 10 60 67 LN 9 > Co(ll) / O, PINO
CN
NHPI
—/ 10 50 57 E’BS‘WOH 97 NHPI
COMe CO,Me A x . o 00
Et;Si- BtsSin Ay 2, Etsi A
EtO,C . OH X
= 2 ot 99 B L 66
CO,Et - . . . . . .
: Eo,c  COF Table 43. Isomer Distribution in Halogenation of Substituted
Alkanes, Catalyzed by NHPI
= Ph,Si
COMe 6 rt. 61 come 82 MeOCO——CH;——CH;——CH;—CH,
— (TMS)3Si
=\ a
CO,Me 14 75 99 oMo 85 HCI + O, (NHPI) 82 271 647
o HBr + O, (NHPI)® 94 266 640
H .
)\W 4 70 - E'aS'\//Q 52
o] MeOCO——CHy——CH;——CH;——CH;——CH,
)\ﬂ/ 4 70 78 Efasi\/[z 52 HCI + O, (NHPI)* 6.1 12.1 283 53.5
[¢]
o HBr + O, (NHPI)® 6.3 160 270 507
s 2 70 68 EtsSi 77
SHOED, \/KOH cl CH;——CHy——CH;——CH;——CH;—CH,
aGeneral procedure: alkene (2 mmol) was reacted with trialkylsilane HCl+O0,(NHPI 38 51 153 322 436
in excess (515 mmol) in the presence of NHPI (10%) and Co(OAC)
(0.5%) in EtOAc (2 mL) under ©(1 atm). In a few cases Co(acac) HBr + 0, (NHPI)® 6.1 55 136 309 439

(0.1%) has been addetiBased on amount of alkene consumed.

0,N——CH;——CH;——CH;——CH;——CH;—CH,

Scheme 30. Mechanism for the Aerobic Oxidation of Silanes

Catalyzed by NHPI and Cobalt Salts HC+ O, (NHPD" - - 92 322 586
N \ N a Typical procedure of halogenation: 2 mmol of substrate, 0.4 mmol
/N'O'H + Co(lll) N0+ Colll) + H of HNOs;, 2 mmol of CuC}, and 0.4 mmol of NHPI were stirred in 10
mL of AcOH at 100°C for 5 h under Q. Conversion: 47%? 2 mmol
N / \ 5 5 # of Br, ir)stead of CuCGl and 0.02 mmol of Cu(OAg)at 80 °C.
/N—O' + H_Si\’_. /N—O- -H- ‘Si/:|—’>N—O—H + - Si/\/ Conversion: 35%.

| | The formation of triethylsilylacetone (Table 42) can be
|" | due to thes-cleavage of the alkoxyl radical formed during
the hydroperoxide decomposition (eq 120).
| AN

(e}
; Scleavage . 120
Et3Si\><§J Et3s.\)J\ (120)
| | CHO

—Sli—OOH + Co(ll) —S|i-O' + Co(lll) + OH" ‘CHO

/
—Si-00- + H-O-N —Si-O0H + -O—N\ k~10*M"s™" at 25 °C

/K / 5. Halogenations of Alkanes
—S8i-0* + H-ON_ — —S|i-0H +-O-N\ k~10°M"s ™ at 25 °C

N We recently have reported a new method for the selective
halogenation of a wide range of aliphatic derivatives in the
presence of NHPI as cocatalyst (eq 12£)The results are
shown in Table 43.

accomplishes the simultaneous introduction of silyl and
hydroxy! functions on olefins (eq 119).

RsSi OH
RsSi-H + =™ >gwg + O % ’ < (119) NHPI
o(OAc), EWG — = RX+H0 (121
RH + 1120, + HX —pua—cp 20 (121)
Substituted alkenes bearing an electron-withdrawing group X=Cl,Br, |

such as methyl acrylate undergo hydroxysilylation in good

yields under an oxygen atmosphere in the presence of tri- The proposed mechanism (Scheme 32) involves the

alkylsilanes and catalytic amounts of cobalt salts (Table 42). generation of PINO radical by HN{as an induced homoly-
Even in this case, PINO generates, for example, the sis driven by enthalpic effects (eq 122). PINO is then able

triethylsilyl radical by hydrogen abstraction (Scheme 31). to abstract a hydrogen from hydrocarbons (eq 123), forming

The EgSi* produced is then able to add to the double bond a carbon centered radical which undergoes a fast halogen-

of the olefin to form a radical adduct which is quickly trapped transfer reaction in the presence of Cu@ Cu(OAc) and

by molecular oxygen. The resulting hydroperoxide is con- Br, (eq 124).

verted to the corresponding alcohol by reaction with cobalt  The process is made catalytic by the presence,pivBich

salts. oxidizes the NO derived from disproportionation of nitrous
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Scheme 32. Mechanism for the Selective Halogenation of
Alkanes Catalyzed by NHPI

Recupero and Punta

Table 44. Isomer Distribution in Halogenation of Substituted
Alkanes with Chlorine and Bromine

MeOCO——CH;——CH;——CH;—CH,

\
>N—OH + HNO;, N—0- + NOp + H0  (122)

Cl, 54 30.1 445 187

\ N
/N—O-+ R-H—— /N—OH + R. (123) Br 354 196 454

Scheme 34. Mechanism for the NHPI-Catalyzed Alkane
Nitration with NO , under Air

NHPI + NO,

R: + CuX, RX + CuXx k>10°m's?  (124)
Scheme 33. The Role of Oxygen in the Halogenation of

Alkanes

PINO + HNO,
R-H + PINO — R + NHPI

3 HNO, HNO; + 2NO + HyO
R- + NO, R-NO,
2NO + 0, ——> 2NO, 3 HNO, HNO; + H,O + 2NO
2NO + O, 2 NO,

>N—OH + NO, —>>N—O- + HNO,

NO, added to NHPI in an EPR cavity instantly forms
PINO at room temperature. Treating alkanes, e.g., cyclo-
(Scheme 33). hexane, with this catalytic system formed nitro derivatives

, . 7
The distribution of products is quite different from that in good yields (eq 125f
observed for classical free radical halogenation by ¢Zl o)

Br, (Table 44), in which Clor Br, respectively, is the @l‘é
N-OH

hydrogen abstracting speci¥é.In fact, in the presence of
NHPI, the regioselectivity for chlorination is similar to that %
O + NO, (125)
70°C, 14 h
Air 70 %

acid to NQ, which can then produce PINO from NHPI

for bromination, indicating that the actual abstracting species
is indeed PINO radical in both cases.

The reported results clearly show the presence of both an
enthalpic and a polar effect: the enthalpic effect is empha-  thg reaction gives higher yields in the presence of air than
sized by the fact that the.methyl group, with its high BDE i, 5naerobic conditions, because @generates NOfrom
C—H .bonds, reacts only in traces; the marked polar effc_ect the NO formed in the course of the proposed reaction
explains both the deactivation of the substrate after the first ., ochanism outlined in Scheme 34.
halogen insertion (which allows selective monosubstitution) ' gacause of the higher concentration of N®the reaction
and also the lower reactivity of Gigroups which are nearer  edium compared to that of,an the air, the alkyl radicals
to electron-withdrawing substituents. formed react predominately with N@®ather than @ giving
_ Working in AcOH in the presence of iodine, the alkyl ~ sgjectivity for nitroalkanes over oxygenated products.
iodides, although initially formed, undergo solvolysis, leading A variety of alkanes were successfully nitrated by the

to acetoxy derivatives. NHPI/NO, system, as illustrated in Figure 19.
The transformation of a €H bond into a G-N bond is

NO, NO, NO,
O) D Ly
a process which adds much value in organic chemistry. The

most important industrial method for doing this is probably 50% 66% 70% 60%
the ammonoxidation of propene for the production of NO NO,
gcrylonltnk_a, w_h|ch is one of the most important monomers ~ N0, )\2/ 4/ +N02
in polymerization chemistry.
The direct introduction of nitrogen into an aromatie-8 28% 65% 73% 46% 74%
bond is preferably done by direct electrophilic substitution Figure 19. Nitration of various alkanes by the NHPI/N®ystem.
using HNQ. The nitro derivatives obtained in this way are _ ) ) )
valuable compounds in all fields of organic chemistry = HNOs itself is gble to nitrate alkanes in the presence of
because they can be converted into many different nitrogen-NHPI, as shown in the case of adamantane (eq 126). HNO
containing compound&® generates PINO radical by simple oxidation of NHPI with
The nitration of aliphatic ©€H bonds is a difficult reaction, ~NO2 as a byproduct (eq 127).

although the direct nitration of methane and ethane by EINO NO, NO,
NHPI (10 %)
@ *HNOs "o cF, 60 °C * No, (2%

or NO; is applied industrially for the production of the
corresponding nitroalkané& The reaction conditions are
very harsh (2568400 °C), because of the low reactivity of
NO in hydrogen abstraction from strong-& bonds. With underAr - e1 o -
higher alkanes, this method gives very unselective results,
which also include formation of carberarbon bond cleav-
age products.
With this background, Ishii et al. studied the possibility

of using NHPI catalysis to get selective alkane nitration
reactions.

6. Formation of C —N Bonds Catalyzed by NHPI.

NO,

SN-OH + HNO; — SN-0- + NO, + H,0  (127)

Both HNO; and NQ were successfully used for alkyl-
benzene nitration catalyzed either by NHPI itself or by NAPI
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Scheme 35. Mechanism for the NHPI-Catalyzed Ritter-Type Reaction in the Presence of NO
NO

/\ ol %—Ph

PINO NHPI . +

as an in situ source of NHPI. Side chain nitration of Scheme 36. Mechanism for the NHPI-Catalyzed Ritter-Type
alkylbenzenes exemplified by toluene led selectively to Reaction in the Presence of CAN

o-nitrotoluenes without ring nitration. The results obtained ce(iy + H* Ce(lV)

are reported in Table 4%8

Table 45. Nitration of Aromatic Compounds with HNO3 or NO, PINO NH

Pl
Catalyzed by NHPI Ce(IV) Ce(lll) . o
R-H / R _ gr_RICN HN=C—R' MO, Hr;l—&—w
Substrate t(h) T(OC) Products (yield (%)) R R
S Table 46. Nitration of Aromatic Compounds with HNO3 or NO»
Ethylbenzene 14 9% PhJ\NOZ(&) on )1\06) Catalyzed by NHPP
><\102 OH Sub. Conversion Prod (s .
ubstrate roducts (selectivity (%,
Cumene 5 70 Ph ) Ph>< 8 o

1,2-dimethylbenzene 5 90 NO, Ph " 69 HN—C—Et

(24) P (69)
o)

Q

(69)

1,3-dimethylbenzene 5 90

@” i
NO, \@/\OH
HN-C—Et

61 28 Ph 63
) @9 B Ph)\(

NO, OH

1,4-dimethylbenzene 5 90
ol

(28)

ol
(59)
NO,
2)

<84

HN-C-Et
T s o
13,5 NO,

5 70 4

trimethylbenzene (32) "
NO, OH Et (74)

p-Cl-toluene 15 90 /©/\
a ©9) © a3

SR B €

s Et ®0)
Another approach proposed by Ishii et al. for the function-

alization of alkanes by the introduction of a nitrogen-contain- @ 57 @\ o

ing group involved using NO in the presence of NH®I. ﬁJLEr )

Applied to adamantane in AcOH with PhCN as cosolvent,
it gave Ritter-type products such Bsadamantylbenzamide A . .
; . Substrate (1 mmol) was allowed to react with CAN (1.5 mmol) in
with small amounts of nitroadamantane and 1-adamantanoly, . presence of NHPI (0.1 mmol) in EtCN (5 mL) at 16D for 6 h
as byproducts (eq 128). under Ar.

o]
Scheme 37. Synthesis of Lactam Precursors from

Cycloalkanes

»—Pn
HN NO, OH
NHPI (10 %) o NO NOH
* NO =) CoHPhCN * * (128) RN
Tam (yn Y 80°C.2h n+ ¢ i

100 °C, 20h

AcOH
65% 6% 7% n=1 49% 2%
. . . . . . n=2 63% -
A plausible reaction mechanism is depicted in Scheme 35. n =2 28 % 5860/5/
; . . > n=4 - A
A more general Ritter-type reaction was devised by Ishii n-s 5% 28 9%

et al}’®by using the CAN/NHPI system, in which the Ce(IV)
salt plays a double role: it generates PINO by oxidation of yolyed reactingtert-butyl nitrite with cycloalkanes in the

NHPI, and it also forms the carbocation from oxidation of presence of NHPI to form a mixture of nitrosocycloalkanes
the alkyl radical formed by H abstraction by PINO. The gnq cycloalkanone oximes (Scheme 7).

carbocation then goes on to trap the nitrile to form the amide,
as illustrated in Scheme 36. - ; :
The interesting results obtained are shown in Table 46. 7. C=C Forming Reactions Catalyzed by NHPI
Ishii et al. also proposed a new route for the synthesis of The formation of C-C bonds has always been a key
lactam precursors from cycloalkanes. This new route in- reaction for all organic chemists. In fact, the most available
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Scheme 38. Mechanism for the NHPI-Catalyzed Formation Scheme 39. Mechanism for the NHPI-Catalyzed Addition of
of C—C Bonds in the Presence of CO Alkanes to Olefins
0 0 % R-H
PINO Co ! 0,

RH —— R — R)' — RJ\OO' RJ\OH PINO  , Co(lll)-00- <=2 Co(ll)
starting materials are very often small molecules derived from < NHPI XCo(III)-OOH
functionalization of raw materials obtained mostly from the
petrochemical industry (low molecular weight olefins, alco- R 00-
hols, carbonylic compounds, carboxylic acids, epoxides, R = \/'\Z O R .
etc.)*" o * i:\ NHPI

Several approaches, most of which are based on ionic R z
chemistry, have been proposed for the formation of carbon z telomers PING
carbon bonds. In the last few decades, free radical reactions TTOH o- R OOH
have gained plausibility for these kinds of reactions because R < R_L_ 7= 2
of the singular peculiarity of free radicdldand also because > PINO NHPI™ "Z Co(lll) Coll)

of the availability of several different methods, some of

which allow stereocontrol of the reactiéff. Scheme 40. NHPI-Catalyzed Addition of Alkanes to
Among these methods are the different approaches pro-Fumarate

posed by Ryu et &/® for using carbon monoxide to make Y

C—C bonds. Based on that work, Ishii et'dl.have used MeOOG. NHPI/Co(acac); MeOOCYQCOOMe

CO in an NHPI catalyzed aerobic oxidation of alkanes to *™* ~7coome R

obtain carboxylic acids. Adamantane under a CO/air (15/1 0'2(1atm’) ¥: -OH(), =0(1)

atm) mixture in the presence of NHPI gives adamantane
carboxylic acids (eq 129) along with 1-adamanantol and

R-H = 1,3-di-Me-adamantane 98 % (I/ll = 70/30)
2-adamantanone as oxygenated byproducts. °

adamantane 78 % (I/ll = 71/29)
NHPI (10 mol%) COOH COOH COOH Methylcyclohexane 68 % (I/ll = 71/29)
ACOH,C,H,Cl, 95 °C @ (129) cyclohexane 54 % (Il = 70/30)
W + + CooH cyclooctane 59 % (I/ll = 78/30)
air (1atm
con(v. 93 )% 56% 5% 8% Scheme 41. NHPI-Catalyzed Synthesis of
o-Hydroxy- y-lactones
The reaction mechanism is illustrated in Scheme 38. o
In the presence of Onstead of air, the relative amount oH
of the oxygenated products increases. J* A coome * 0z __NHPI/Co(l) 0
The dicarboxylic acid of adamantane, a monomer of some CHyCN
interest in polymer chemistry, is very difficult to obtain by
conventional methods, but it was successfully obtained in a T-MeOH
stepwise procedure (eq 130). OH _~“cooMe OH 0, OH OH
COOH  NHPI (30 mol%) COOH ' COOMe COOMe

ACOH,C,H,Cl, 95 °C (130)

<O (15 atm) COOH _The reaction mechanism is iII_ustra_ted.in Scheme 39..By
air (1atm) v this procedure a double functionalization of the olefin,
conv. 74 % ° namely oxoalkylation, takes place.
The corresponding alcohols and ketones, with the alcohols
Other cyclic alkanes, such as 1,3-dimethyladamantane andusually prevailing, are obtained from decomposition of the
endotricyclo[5.2.1.G-¢|decane, were successfully carboxyl- intermediate hydroperoxides.
ated with good selectivity’® Generally, the best yields were obtained with adamantanes,
In organic synthesis, free radical reactions offer very as shown in the reactions of different alkanes with methyl-
interesting opportunities for making carbecarbon bonds  fumarate (Scheme 40). This may be ascribed to the enhanced
by inter- or intramolecular addition of carbon radicals to nucleophilic character of l-adamantyl radic8Iswhich
alkened.”® Ishii et al'”” have proposed simple systems for makes these bicyclic radicals more reactive toward the
making C-C bonds by radical addition with NHPI catalysis olefins.
in a wide range of compounds. The addition of alkanes to A similar reaction mechanism was successfully used in
electron poor olefins is possible simply by introducing the the synthesis ofi-hydroxy+-lactones by addition odi-hy-
olefin under the classical reaction conditions necessary for droxy carbon radicals to unsaturated esters (Schem&%1).

the oxidation of alkanes (eq 131). o-Hydroxy-y-lactones are important precursors @{3-
butenolides, for which few practical synthetic methods are
[ availablet?
NHPI (20 mol%) COOMe o-f3-Butenolides are valuable monomers for the synthesis
@\‘L ~coome+ 0, C0@c@): (1mol %) (131) of biodegradable polymef8? are efficient food intake
(1atm) CHsCN,75°C controllerst®! and have potent biological activit§?
conv. 93 % Y: -OH(1), =0(ll) a-Hydroxy-y-spirolactones are obtained in good yields

98 % (Il = 7/3) from cyclic alcohols (Table 47).
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Table 47. Reactions of Methyl Acrylate with Various Alcohols Scheme 42. Mechanism for Hydroacylation Using NHPI as a
Catalyzed by NHPR2 Polarity-Reversal Catalyst
o]
Substrate t(h) Products (selectivity (%)) JJ\
H™ R .
OH % o
5 nCeH1a
nCeHi3 HOU (74) K |
NHPI O P R2

n-H
0. o ) |
OH ¢ B&C“% J\ . k R
tC4Hg HO 1) H R o

o NHPI7T> PINO R1)J\/\R2

SN 20
3
HO (83) In- In-H ><
o 0}

QOH 8 B@ R1)J\/\R2 NHPI
HO (80)

o Table 48. Reactions of Methyl Acrylate with Various Alcohols
n-CsHyi” “OH s Ij\ Catalyzed by NHP]2
HO nCsHi1 @1
Alkene Aldehyde Yield (%)

aMethyl acrylate (3 mmol) was allowed to react with alcohols (5 — S
mmol) in the presence of NHPI (10%), Co(OA®).1%), and Co(acag) COOMe e 80
(1%) under Q (1 atm) in MeCN (0.5 mL).

=cN C4HoCHO 72
Similarly, aldehydes masked as 1,3-dioxolanes were added ok CéHeCHO “
to alkenes to form the correspondifighydroxy derivatives — oot Dioxolanc Polgerized

(eq 132)!83 Direct hydroxyacylation is limited by decarbon-
ylation of the acyl radical$* and by competition with the E100C” " COOE Dioxolane 74
reaction with Q, which leads to carboxylic acids and other

- EtOOC,
undesired byproduct$® = coomt Dioxolane 4
NHPI TNCeH Dioxolane 46
o Co(OAc), "\ OoH e
/(\/> + _ﬁCO Me + O o_ 0O (132) — )
R (o] 2 25°C R EWG CeH1s 2-Methyldioxolane 80
;CGHK, 2-Phenyldioxolane No-reaction

Dioxolane can be deprotected under acidic conditions to
give theS-hydroxy carbonyl compounds, which are important
intermediates in the synthesis of pharmaceutitls. ® Alkenes (2 mmol), aldehydes (15 mmol) or oxolanes (30 mmol),

Ethers behave like the dioxolanes and give good yields NHPI (0.2 mmol), and BPO (0.2 mmol) were stirred in toluene (1 mL)

. - . 1 at 80°C under Ar (1 atm).
of the corresponding adducts with the olefins (eq 1:33).

o NHPI (10 %) COEt COGQG:Me), which acts as a polarity-reversal catalyst. Polarity-
() +rio,c NACOE, 0, 20001 o COEt (133) reversal catalysis, an idea introduced by Rob&ftmjakes
A X it possible to follow reaction pathways which are inhibited
X=-OH 62% by unfavorable polar effects just by the inversion of the polar
X==0 30% character using a suitable mediator. Ishii et al. have shown

: . , , that NHPI is able to act as a polarity-reversal catalyst, as

Very interesting hydroacylations of olefins occur under : 1

anaerobic conditions in the presence of NHPI, an initiator shown in Scheme 42. ; -

and aldehydes (eq 13%5 ’ ’ As shown in Table 48, the reaction also takes place with
y q : masked aldehydes such as 1,3-dioxolanes.

NHPI An interesting three-component reaction was also made

o} . =fwe (PhC0O0), o/_\O H (134) possible b_y using dioxolane, an electron-poor olefin, and an
A 0CA  n e electron-rich one (eq 135).
In the absence of NHPI, this reaction occurs via a simple o/_\o 2 NHPI/BPO
radical chain addition mechanist#. <y T o0m " 7o foluene
.. . . . 80 °C, Ar
It is interesting to note that this reaction also takes place CeHia
with electron-rich olefins. When carried out without a —/
suitable organocatalyst, the major problem with this process J b + OO (135)
is hydrogen abstraction from the aldehyde by the olefin R1>S/\COOEt R' COOEt
radical adduct, which is competitive because of the similar R? R?
polar nucleophilic character of the radical adduct and the
acyl adduct. Free radical substitution on aromatic rings is another way

This inconvenience has been successfully removed byto make C-C bonds. The Minisci reactiot& are a well-
operating in the presence of methyl thioglycolate (HSCH developed class of homolytic free radical sustitutions. The
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Table 49. Acylation of Heteroaromatic Bases by Aerobic Oxidation of Aldehydes, R-CHO, Catalyzed by NHPI

heterocycle R-CHO conversion (%) products selectivity (%)
quinoline Ph 50 2-acyl (34); 4-acyl (41); 2,4-diacyl (22)
lepidine Ph 15 2-acyl (98)
quinoxaline Ph 86 2-acyl (85); 2,3-diacyl (14)
quinoxaliné t-Bu 100 2-acyl (45); 2-Bu (52)
quinoxaline t-Bu 100 2-acyl (26); 2-Bu (72)
quinoxaline n-CeHi3 91 2-acyl (77); 2,3-diacyl (14)
quinoxaline cyclohexyl 100 2-acyl (43); 2,3-diacyl (32); 2-acyl-3-cyclohexyl (12)
quinazoline n-CeHi3 100 3H-quinazolin-4-one (96)
quinazoline Ph 100 3H-quinazolin-4-one (98)
pyrazine n-CeHi3 85 2-acyl (96)
pyrazine Ph 82 2-acyl (97)
pyrimidine n-CeHi3 14 4-acyl (98)
4-cyanopyridiné Ph 100 2-acyl (96)

a3 mmol of the heterocycle, 3 mmol of @EOOH, 15 mmol of aldehyde, 0.3 mmol of NHPI, 0.005 mmol of Co(agad 0.01 mmol of
Co(OACck4H,0 in 8 mL of PhCN with air at 70C for 12 h. 20 °C. ¢ CH3;CN instead of PhCN as solvent.

FriedetCrafts alkylation and acylation reactions are of little
utility when applied to heterocyclic aromatic bases, but
substitution of protonated heterocycles by nucleophilic
carbon centered radicals is quite successful.

Thus, in the presence of NHPI, we have realized two new
processes for the free radical substitution of protonated

heteroaromatics.

In the first process, we have acylated the heteroaromatic
bases by using aldehydes in the presence of NHPI, air, and

Co(ll) as cocatalysts (eq 136%

N
AN
P
NH
+

NHPI
+PhCHO + 1/2 Ozm

N N._COPh
N ~
Cro. -Crx
Yz Pz
NH" 'COPh NH™ "COPh

85 %

+H0 (196)

14 %

The acyl radicals arising from hydrogen abstraction from
aldehydes by PINO led to aromatic substitution (eq 137b).
This substitution was favored relative to the competitive
aerobic oxidation reaction (eq 137a) by keeping the O
concentration low (Scheme 43).

Scheme 43. Competitive Reactions of Acyl Radicals with
Oxygen and Protonated Heteroaromatic Bases

a
réz0l @
}\

R—-C-00-
)

(137)
X
| | cor
X

) N
/

+

This reaction is generally applicable for aldehydes and
bases (Table 49), with the exception only of quinazoline,
which gives no acylation, but instead gives only 3-H-
quinazolin-4-one as the sole reaction product (eq 138).

o
>N NH
@(\/) +PhCHO+1/2 02% d:\ + PhCOOH (138)
NH NH™ ~COPh
98 %

Analogous attempts to achieve carbamoylation of het-

Table 50. Carbamoylation of Heteroaromatic Bases by
Oxidation of Formamide with CAN Catalyzed by NHPI2

heterocycle

conversion (%) selectivity (%)

quinoxaliné 100 100 (2)
quinoline 78 95 (2);5(4)
4-methylquinoline 66 100 (2)
2-methylquinoline 18 100 (4)
isoquinoline 78 100 (1)
4-cyanopyridine 57 100 (2)
pyrazine 62 100 (2)
quinazoline 52 100 (2)

a2.5 mmol of the heterocycle, 5 mmol of CAN, 2.5 mmol of NHPI,
and 5 mmol of CECOOH in 10 mL of HCONH at 70°C for 6 h?5
mmol of SO, was used instead of GEOOH.

carbamoyl radical formed during the aerobic oxidation of
formamide with NHPI/Co(ll) catalysis reacted much faster
with oxygen than with the bases.

Thus, in a second process, we considered generating the
PINO radical anaerobically using CAN as an alternative
oxidant (eq 139), and indeed, when the NHPI catalyzed
oxidation of formamide by CAN was carried out undey N
in the presence of protonated heteroaromatic bases, selective
carbamoylation of the heterocyclic ring was observed (eq
140). The results are shown in Table 50.

NHPI + Ce(lV) —— PINO + H* + Ce(lll) (139)

N

Na NHPI, CAN N
+HCONH, ————— )
N NH ~CONH,
+ +

Since the reaction does not occur in the absence of NHPI, it
appears clear that the role of PINO is to generate the carba-
moyl radical by a classical hydrogen-transfer reaction (eq 141).

(140)

H-CONH, + PINO— "CONH, + NHPI  (141)

CAN has a 2-fold function: it generates the PINO radical
and participates in the rearomatization of the radical adduct
between the carbamoyl radical and the heteroaromatic base.
Thus, 2 equiv of Ce(lV) per mole of base are necessary.

8. Conclusions

This review gives a general overview of the reactions
catalyzed byN-hydroxyphthalimide and related compounds.
It focuses on processes ranging from commercial production

eroaromatic bases gave poor conversions, indicating that thechemicals, such as adipic and terephthalic acid, to fine
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chemicals such as those discussed in the sections-ot C  NHPI reactions ought to allow us to better treat the chemistry
and C-C bond formation. in the way we intend.

Great emphasis is given to-& bond activation reactions, In conclusion, to widen its applicability and gain a more
which are involved in processes of wide interest. NHPI mature understanding of NHPI catalysis, we need not only
catalysis has opened a large window in this challenging field, the great efforts made in the past decade by the Ishii group
and many aspects still need further investigation, especiallyand other prominent researchers in the synthetic aspects of
those related to the actual effectiveness of the catalyst inthis catalyst system, but also a fuller exploration of its
the various reaction conditions under which it it has been physical chemistry aspects. This is required for more
used. The main limitation of every NHPI related system, Systematic planning of new synthetic processes and to have
although they are more efficient for some selected transfor- @ better overview of the advantages and limitations of this
mations, is connected to the intrinsic nature of the transient very important kind of catalysis.
nitroxyl radical, which has a limited shelf-life despite the  In the last 5 years, our contribution in collaboration with
nature of the groups surrounding the €R(OH)—CO Prof. Minisci and Prof. Pedulli’'s group has followed
functionality. somewhat this philosophy: the development of new synthetic

To the best of our knowledge, no systematic study has Processes is to be based upon a mechanistic understanding
been made yet of the stability of thehydroxyimides under ~ ©f the chemical aspect on which this catalysis is based. This
conditions relevant to NHPI catalysis, especially in acidic 1S in line with Prof. Minisci’s motto “understanding chemistry

media such as those more suitable for the activation of for making chemicals”.
alkanes such as cyclohexane. This is also the case for the
related nitroxyl radicals, for which it is clear that higher 9. Acknowledgments
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