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Life existed on Earth under anaerobic conditions long
before the blue-green algae started to make oxygen.
Under reducing conditions the atmosphere was full of
hydrocarbons, especially methane, whose oxidation
contributed to keep the oxygen concentration at a low
level.! But howdid this oxidation happen? There was
hydrogen sulfide, from reduction of sulfate; the abun-
dant element iron was present as metallic iron (cf. bog
iron) and in the seas as Fe(Il). A form of life took
advantage of the new aerobic conditions to oxidize the
iron to Fe(III) and deposit it as pure ferric oxide in vast
mountain ranges in Australia and Brazil. This new
form of life would have obtained far more energy from
coupling the oxidation of iron and hydrocarbons
together than from just making ferric oxide. The
hydrocarbon oxidation product (CO,) would have left
no geological trace. Although thisreasoning was naive,
it was the starting point for a new chapter in selective
hydrocarbon activation chemistry that would be known
as Gif chemistry.

The Gif and Gif-Orsay Period

Historically, according to logical thinking, to ada-
mantane (1) (Figure 1) in pyridine containing hydrogen
sulfide was added iron powder and an equivalent
amount of acetic acid (to dissolve the iron), and the
suspension was stirred under air. The iron powder,
aided by a surface effect of the hydrogen sulfide,
dissolved and the adamantane was oxidized to mainly
adamantanone (2) with a 10-, then 20-, and finally 30-
fold increase in yield over experiments with Fe(II) alone.
The first significant Gif system (Gif!) had been
invented.? Later, we showed that the reaction could be
made catalytic in iron (up to 2000 turnovers) by using
metallic zinc as a source of electrons (Gif'V). Hydrogen
sulfide was not needed for GiflV, nor for Gifl! if the
temperature was raised to 30—40 °C to start the reaction.
From the beginning, carbon radicals were not thought
to play a major role as they are quenched efficiently by
hydrogen atom transfer from the S—H bond.
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Figure 1.

The characteristics of Gif chemistry were uncovered
during the first experiments. Why did we choose
adamantane (1) as the substrate? The reasons for this
were its non-volatility, which would make good mass
balances feasible, and its symmetry, which simplifies
the problem of product identification. In addition,
adamantane is a nice mechanistic probe. It has 12
equivalent secondary C~H bonds and four equivalent
tertiary C~H bonds. If all of them had the same
reactivity toward a certain chemical process, a nor-
malized ratio C2/C3 = 3 should be obtained for the
quotient between the oxidation products at the sec-
ondary position and those at the tertiary position.
However, it is a well-known fact that chemical reactions
do show regioselectivity, and that tertiary, secondary,
and primary C-H bonds, in general, behave in a different
fashion. Typical C%/C? ratios for radical reactions on
adamantane are between 0.05 and 0.15, reflecting the
lower bond energy of the tertiary C-H bond with respect
tothe secondary C~-H bond. Forradical chainreactions
it is well established that the reactivity order is tertiary
C-H > secondary C-H > primary C-H.3

(1) The Earth’s atmosphere during the Archean era (3800-2500 Myr
ago) is thought to have been anoxic, with the partial pressure of
atmospheric oxygen about 10712 times the present value. Towe, K. M.
Nature 1990, 349, 54-56.

(2) Barton, D. H. R.; Gastiger, M. J.; Motherwell, W. B. J. Chem. Soc.,
Chem. Commun. 1983, 41-43.

(3) Fossey, J.; Lefort, D.; Massoudi, M.; Nedelec, J.-Y.; Sorba, J. Can.
J. Chem. 19885, 63, 678—-680.
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Table I. The Nomenclature of Gif Chemistry*

electron
system catalyst source oxidant

Giflll Fe(Il) Fe? 0.
Giftv Fe(l) Zn® 0,
GO FedID) cathode 0,
GoAgg! Fedl) KO,/ Ar
GoAgg! FedIl) H;0,
GoAgg!! Fe(III)/picolinic acid H,0.
GoChAgg Cu(Il) H:0,

Cu®%/0, Cu)? Cu® 0.

¢ The nomenclature of the Gif systems is geographically based:
G stands for Gif-sur-Yvette, O is for Orsay, Agg is for Aggieland,
Texas A&M, and Ch is for Chernogolovka, Russia.

What were the C2/C8 values obtained during our first
Gif experiments? Surprisingly, values as high as 22
were obtained, seeming to show that under Gif-type
conditions the secondary C-H bonds in adamantane
are more reactive than the tertiary C-H bonds. This
also suggested that the chemistry involved in the
hydrocarbon activation process was different from
carbon radical chemistry.

Under GiftV conditions, as we decreased the partial
pressure of oxygen, the reaction seemed to become more
and moreselective for adamantanone. However, a more
exhaustive examination of the reaction mixture showed
that, in addition to the expected oxidation products
(adamantanone (2), 1-adamantanol (3), and 2-adaman-
tanol (4)), the products derived from coupling of
adamantane only at the tertiary position to pyridine
(on both the 2 and 4 positions, 5 and 6, respectively)
were produced. When these two new products are taken
into account, the ratio C2/C3 decreased to 1.1, still much
higher than typical values for radical reactions.

The radical coupling chemistry of nitrogen hetero-
cycles had been thoroughly studied by Prof. Minisci,
especially the coupling of tertiary and secondary alkyl
radicals with substituted pyridines.® We were inter-
ested in the reaction between tert- and sec-adamantyl
radicals and pyridine. On the basis of the N-hydroxy-
2(1H)-thiopyridone methodology, we proved that when
genuine carbon radicals were generated by photolysis
of the appropriate precursor, they afforded the pyridine-
coupled products 5-8.6 Thus, if both tert- and sec-
adamantyl radicals do couple with pyridine, why under
Gif reaction conditions did we observe only the tert-
adamantylpyridine coupled products and none of the
sec-adamantylpyridines? Clearly sec-adamantyl rad-
icals are not present in the reaction mixture but tert-
adamantyl radicals are. Further evidence against the
intermediacy of secondary carbon radicals will be
presented later on.

After these first attempts, Gif chemistry moved
forward, and different systems were developed, all of
them with the same chemical peculiarities. The no-
menclature is geographically based and is explained in
Table I.

An electrochemical version of the Gif system was
developed at Orsay, France.” Hence, it became known
as the GO system. In this, the electron source was a

(4) Balavoine, G.; Barton, D. H. R.; Boivin, J.; Lecoupanec, P.;
Lelandais, P. New J. Chem. 1989, 13, 691-700.

(5) Citterio, A.; Minisci, F.; Franchi, V. J. Org. Chem. 1980, 45, 4752—
4757.

(6) Barton, D. H. R,; Halley, F.; Ozbalik, N.; Schmitt, M.; Young, E.;
Balavoine, G. J. Am. Chem. Soc. 1989, 111, 7144-7149.

(7) Balavoine, G.; Barton, D. H. R.; Boivin, J.; Gref, A.; Ozbalik, N.;
Rivigre, H. Tetrahedron Lett. 1986, 27, 2849-2852.
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Scheme I
H+

Fe(lll) + H,0, A
Fel)—O0—-0H —— Fe(V)=0 + H,0

Fe(l) + KO,

cathode in an electrochemical cell under a stream of
oxygen. The solvent system was unchanged. Cou-
lombic yields were as high as 60 %, and oxidation yields
attained nearly 20%. The GO system showed the same
chemical characteristics as its chemical congeners. The
non-radical nature of the activation step was further
manifested when trans-decalin (9) was used as a
substrate, affording a C2/C8 value of 36, in sharp contrast
with the value of 0.14 obtained for the cobalt-catalyzed
radical autoxidation reaction.®

The GoAgg Period

After the move to Texas A&M University, in Ag-
gieland, a new chapter of Gif chemistry began: the
GoAgg system (the origin of the name israther obvious!).
The first system developed was GoAggl. Fe(II) and
superoxide (as KO,) in pyridine/acetic acid under an
argon atmosphere were able to emulate the peculiar
properties of the Fe(II)/Zn% O, system (GiflV). How-
ever, the reaction was only theoretically important since
it was not of preparative value.®

Instead, the GoAgg!! system was much more impor-
tant. Fe(IIl) and hydrogen peroxide in pyridine/acetic
acid also showed the characteristics of Gif-type reac-
tions. However, now up to 30% of hydrocarbon
activation could be achieved at quantitative yields. Prof.
Schuchardt and co-workers have reported GoAgg!
reaction efficiencies as high as 91% based on H;0,.10
In addition, the reaction proceeded smoothly in a
homogeneous solution, which made mechanistic studies
much simpler. One inconvenience of the GoAgg!
reaction was its relatively slowrate. Thediscoverythat
catalytic amounts of picolinic acid and congeners
decrease the reaction half-life from 46 h to 5~10 min
gave rise to the GoAgg!! system (GoAgg! plus a ligand,
generally picolinic acid).!!

Fe(Il) + 04 and Fe(IIl) + O,% are able to carry out
the same chemistry. A logical rationale for this is that
they interact heterolytically, forming the same FeV=0
species (Scheme I). What is this FeV=0 species? Well,
this is similar to the high-oxidation-state iron species
accepted in cytochrome P-450 (CP-450) chemistry as
a reaction intermediate. The difference is that in Gif
chemistry there is no porphyrin ligand around the iron
to transfer one electron and reduce it to Fe(IV), as is
the case in the heme-based CP-450 systems.? Evidence
for the intermediacy of Fe(V) species in several iron-
based model systems that catalyze the dismutation of
H,0, into H;0 and O; or the activation of saturated

(8) Saussine, L.; Brazi, E.; Robine, A.; Mimoun, H.; Fischer, J.; Weiss,
R. J. Am. Chem. Soc. 1985, 107, 3534—-3540.

(9) Barton, D. H. R.; Halley, F.; Ozbalik, N.; Young, E.; Balavoine, G.;
Gref, A.; Boivin, J. New J. Chem. 1989, 13, 177-182.

(10) Schuchardt, U.; Krahembdl, C. E. Z.; Carvalho, W. A. New J.
Chem. 1991, 15, 955-958.

(11) Barton, D. H. R.; Csuhai, E.; Ozbalik, N. Tetrahedron Lett. 1990,
31, 2817-2820. About-Jaudet, E.; Barton, D. H. R.; Csuhai, E.; Ozbalik,
N. Tetrahedron Lett. 1990, 31,1657-1660. In earlier work (Gref, A. Ph.D.
Thesis, University of South Paris, Orsay, Jan 1987) the effect of picolinic
acid on the yield of ketone had been investigated. However, it was Prof.
D. T. Sawyer who kindly informed us that the reaction was much faster
with this ligand. See: Sheu, C.; Richert, S. A.; Cofré, P.; Ross, B., Jr.;
Sobkowiak, A.; Sawyer, D. T.; Kanofsky, J. R. J. Am. Chem. Soc. 1990,
112, 1936~1942.
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hydrocarbons in different Fe-based systems has been
acquired by other research teams.l®* We prefer this
rationale rather than the one based on hydroxyl radicals
(Fenton chemistry).’* Why? Just because neither
carbon (except for tert-adamantyl) nor hydroxyl rad-
icals could be detected under Gif-type conditions. And
because when genuine carbon and hydroxyl radicals
are generated under Gif-type conditions, their fate is
dramatically different from the typical chemical char-
acteristics of Gif systems (see below). For instance,
photolytically generated hydroxyl radicals behave as
weak nucleophiles by reacting with pyridine, affording
2-hydroxypyridine (10) and 4-hydroxypyridine (11).
Instead, the major hydroxypyridine detected under
GoAgg!! or GoAgg!! conditions is 3-hydroxypyridine
(12) showing the weakly electrophilic characteristics of
the oxidizing species responsible for Gif chemistry.!s
In this respect, pyridine plays a very important role:
the trapping of any trace of hydroxyl radicals that could
have been formed by Fenton-type processes and would
trigger a chain radical reaction.

A Little Biochemistry

Atthesame time as we were developing the chemistry
of the Gif systems, important research was being carried
out in the biochemical field, related to the enzymatic
oxidation of nonactivated C-H bonds. In addition to
the iron-heme-based CP-450 group of enzymes, a new
group of iron-based enzymes was very intensely studied,
with the peculiarity of lacking the heme group within
their structures: the non-heme metalloenzymes.!6
Studies on the active sites of these enzymes showed
that iron could be found in two different states. On
one hand, dinuclear u-oxo diiron centers are structural
components of methane monooxygenase (MMO), ri-
bonucleotide reductase, hemerythrin, and the purple
acid phosphatases. On the other hand, several other
non-heme iron-based biological systems contain asingle-
iron core. This group includes y-butyrobetaine hy-
droxylase, proline hydroxylase, isopenicillin N-syn-
thase, and bleomycin.

The case of MMO, which catalyzes the oxidation of
methane to methanol, deserves special attention. MMO

(12) (a) Archakov, A. 1.; Bachmanova, G. I. Cytochrome P-450 and
Active Oxygen; Taylor & Francis: London, 1990. (b) White, P. W. Bioorg.
Chem. 1990, 440-456. (c) McMurry, T. J.; Groves, J. T. Cytochrome
P-450: Structure, Mechanism, and Biochemistry; Ortiz de Montellano,
P.R., Ed.; Plenum: New York, 1986.

(13) For evidence for the participation of FeV=0 species in the alkane
functionalization by hydrogen peroxide catalyzed by non-heme iron
centers, see: Leising, R. A.; Brennan, B. A.; Que, L., Jr.; Fox, B. G.; Miinck,
E. J. Am. Chem. Soc. 1991, 113, 3988-3990. For a discussion of the
participation of FeV=0 species in the mechanism of action of cytochrome
P-450, peroxidase, and catalase,see: Likhtenshtein, G.I. Chemical Physics
of Redox Metalloenzyme Catalysis; Springer-Verlag: Berlin, 1988;
Chapter VI, pp 123-160; Chapter X1, pp 250-291. Forspectrophotometric
characterization of Fe(V) species, see: Bielski, B. H. J.; Thomas, M. J.
J. Am. Chem. Soc. 1987, 109, 7761-7764. For evidence for the formation
of FeV=0species during the Fe(III)-catalyzed decomposition of hydrogen
peroxide, see: Kremer, M. L. Int. J. Chem. Kinet. 1985, 17, 1299-1314
and references cited therein. Cf.: Walling, C.; Goosen, A. J. Am. Chem.
Soc. 19783, 95, 2087-2991 and references cited therein. For identification
of a fluoroiron(V) porphyrin intermediate, see: Nanthakumar, A.; Goff,
H.M.J.Am.Chem.Soc.1990, 112, 40474049 and references cited therein.
For a review on higher oxidation state chemistry of iron, see: Levason,
W.; McAuliffe, C. A. Coord. Chem. Rev. 1974, 12, 151-184. See also:
Klemm, W. Angew. Chem. 1954, 16, 468-474. Cf.: Walling, C.; Kurz, M.;
Schugar, H. J. Inorg. Chem. 1970, 9, 931-937.

(14) Walling, C. Acc. Chem. Res. 1975, 8, 125-131.

(15) Barton, D. H. R.; Béviére, S. D.; Chavasiri, W.; Doller, D.; Liu,
W.-G.; Reibenspies, J. H. New J. Chem., in press.

(16) Metal Clusters in Proteins; Que, L. Jr., Ed.; ACS Symposium
Series 372; American Chemical Society; Washington, DC, 1988.
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Figure 2. Structure of complex 13.

seems to be a catholic enzyme, being able to oxidize a
large variety of hydrocarbons, a few of them with a
selectivity paralleling that found in Gif-type reactions,
particularly for adamantane.!!# Thus, we could ask
the question, What kind of non-heme enzymes is Gif
chemistry emulating?

The answer to this question came from NMR
experiments studying the magnetic properties of the
iron catalyst and their variation upon titration with
picolinic acid. u-Oxo diiron systems are able to show
antiferromagnetic coupling. This interaction between
the two closely situated iron atoms produces a decrease
in the magnetic moment of the catalyst. On the other
hand, high-spin single-iron complexes possess a d
configuration and are characterized by a magnetic
moment of ca. 5.9 up. The magnetic moment of the
iron catalyst in the absence of picolinic acid was
significantly lower than 5.9 up (between 4.4 and 4.9 ug,
depending on the system), suggesting that part of the
iron was involved in antiferromagnetic coupling. In-
deed, upon addition of water, a further decrease in the
magnetic moment of the catalyst could be observed.
However, stepwise addition of picolinic acid produced
a continuous increase in the magnetic moment of the
catalyst up to a value in agreement with a high-spin
single-iron core. The same conclusion could be obtained
through nuclear relaxativity measurements. Finally,
the complex was isolated from the reaction mixture
and characterized by X-ray crystallography as the
previously unknown 13 (Figure 2). Solid-state magnetic
moment determination for complex 13 was in agreement

(17) Woodland, M. P.; Patil, D. S.; Cammack, R.; Dalton, H. Biochim.
Biophys. Acta 1986, 873, 237-242,

(18) Ericson, A.; Hedman, B.; Hodgson, K. O.; Green, J.; Dalton, H.;
Bentsen, J. G.; Beer, R. H.; Lippard, S. J. J. Am. Chem. Soc. 1988, 110,
2330~-2332.
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with the solution-state value. Thus, the GoAgg!
reaction is a model for non-heme single-iron enzymes.

What happens to complex 13 upon addition of
hydrogen peroxide tostart a GoAggMreaction? Recent
studies have permitted us to detect the intermediacy
of a purple complex. Its formation and decay could be
correlated with the timing for ketone and alcohol
formation.!®* On the basis of similar Fe(III)-H;0.
complexes whose structure has recently been elucidat-
ed,’® we propose for the purple complex the structure

Figure 3.

Another consequence of these studies was that the
Gif oxidation can be carried out in solvents different
from pyridine as long as the pH is adjusted to the
appropriate value (pH ca. 6.0 = 0.4). In fact, Prof. H.
Patin has been able to oxidize saturated hydrocarbons
by Gif-type reactions in aqueous systems (microemul-
sions of water in oil).20

The Two-Intermediates Theory

One of the unknown features of Gif chemistry was
the mechanism of the ketonization reaction. A mech-
anistic scheme could be depicted as in Figure 3. Ketones
are not reduced to alcohols under the reaction condi-
tions; neither are alcohols converted to ketones in
amounts compatible with the ketone/alcohol ratio
typical of Gif chemistry. Thissuggested thatacommon
reaction intermediate B was responsible for the for-
mation of both ketone and alcohol. Also, addition of
different trapping reagents diverts the formation of
ketone to the appropriate monosubstituted alkyl
derivative: CBrCl; affords the alkyl bromide in quan-
titative yield at 30% conversion, Ph,;Se; produces a
quantitative (in Se) yield of the (phenylseleno)cycloal-
kane, and sodium sulfide gives a good yield of dialkyl
oligosulfide. All these results suggestthe participation
of another reaction intermediate A prior to B, which is
trapped by all those reagents. How to explain such a
complex reaction picture?

The first clue on the existence of intermediate B came
from experiments running GiffY reactions in the pres-
ence of the reducing agent dianisyl telluride (15).2: When
added in excess compared to the amount of hydrocarbon
being oxidized, An,Te did not greatly deplete the total
amount of hydrocarbon activation (ketone plus alcohol),
but did decrease the ketone/alcohol ratio. Similarly,
other reducing agents (such as PhSH and PPh;) show
the same effect on GifTV-type oxidations: changing the
ketone/alcohol ratio while keeping constant the total
amount of hydrocarbon activation. This effect is

(19) Ahmad, S.; McCallum, J. D.; Shiemke, A. K.; Appelman, E. H,;
Loher, T. M.; Sanders-Loher, J. Inorg. Chem. 1988, 27, 2230~2233.

(20) Larpent, C.; Patin, H. J. Mol. Catal. 1992, 72, 315-329.

(21) Barton, D. H. R.; Csuhai, E.; Ozbalik, N. Tetrahedron Lett. 1990,
31, 2817-2820.
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Figure 4. Effect of increasing amounts of PPh; on the ketone/
alcohol ratio from a GiflV reaction: O, cyclododecanone; 0O,
cyclododecanol; ¢, total oxidation.
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Figure 5. Kinetic analysis for a GifT¥ reaction in the presence
of 1 mmol of PPhg: ¢, ketone; 0, alcohol; A, PPhg; 0, 0=PPh;.

dramatic for the case of PPh; (Figure 4). These results
have been confirmed by Dr. K. W. Lee and co-workers.22
However, an even more interesting observation was
made when following the kinetics of the GifTY oxidation
of cyclododecane in the presence of PPh; (1.0 mmol,
Figure 5). Actually, the easily oxidizable phosphine
and the hard-to-oxidize saturated hydrocarbon are
being oxidized at the same time! They are competing
for the same reactive intermediate (formally the FeV=0
species).

What is the nature of this intermediate B, common
precursor to ketone and alcohol? 2C-NMR experi-
ments following the time course of a GoAgg!! reaction
on [1-13C]cyclohexane revealed the answer (Figure 6).
The formation of a reaction intermediate was observed,
characterized by four different resonances. This in-
termediate decayed later on, affording the four reso-
nances of evenly labeled [!3C]cyclohexanone. The
intermediate was identified as cyclohexyl hydroperoxide
by comparison with an authentic specimen. When it
was resubmitted to GoAgg!! conditions, its transfor-
mation into cyclohexanone and cyclohexanol was ver-
ified, in a ratio in agreement with the typical ratio of
GoAggl reactions. Later, cyclododecyl hydroperoxide
was isolated from a GoAgg™ reaction on cyclododecane.
This was done by quenching the reaction with oxalic
acid, which stops the GoAgg™! reaction dead when it is
added in a ratio 3/1 with respect to iron. Thus, the
existence and structure of intermediate B have been
confirmed. The same reaction pathway was verified

(22) Lee, K. W. Private communication.
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Figure 6. 3C-NMR experiment following the time course of the GoAgg! reaction on [1-13C]cyclohexane.

Mechanism of formation of alcohols in Gif-type reacrions

Hypothesis 1: ligand coupling
(\/ OH
V Fe /

CHR'R?

Fell + HO-CHR!R?

Hypothesis 2: reduction of the alky! hydroperoxide

~

R'IRHC~— O~ O0——WFe — 0=YFe + R'R*CHOH

H*

Mechanism of formation of alky! hydroperoxides in Gif-type reactions
Hypothesis 1: ligand coupling

¥ _ooH
v Fe//

CHR'R?

Felll + HOOCHR!R?

Hypothesis 2: insertion of dioxygen

Fell R'R?HC Fe™  mydrolysis
S — | — » RIRXCHOOH
oo 0—0
Figure 7. Hypotheses for the formation of alcohol and alkyl
hydroperoxide under Gif-type reaction conditions.

RIRZHC

with different substrates and working with other
members of the Gif family.?

How Is This Alkyl Hydroperoxide Made?

Knowing that an alkyl hydroperoxide was involved
as a reaction intermediate in the ketonization reaction
of methylene groups in saturated hydrocarbons, we
posed the question on the mechanism of its formation:
basically, on the origin of the oxygen atoms of the
hydroperoxide and the alcohol. We considered two
different hypotheses (Figure 7). The answer to this
question came from experiments in the presence of 180,
and H,%0 and was quite surprising: the two oxygen

(23) Barton, D. H. R.; Béviére, S. D.; Chavasiri, W.; Csuhai, E.; Doller,
D.; Liu, W.-G. J. Am. Chem. Soc. 1992, 114, 2147-21586.

atoms in the alkyl hydroperoxide came from O, and
notdirectly from H,Q,! This was, of course, anticipated
for the GiflV reaction, but was unexpected for the
hydrogen peroxide-based GoAgg! reaction. Also, the
oxygen atom in the alcohol comes from O; and not from
H,0. These results disprove the ligand-coupling mech-
anism. However, they show that the pathway followed
by the hydrocarbon in Gif-type reactions is quite simple
and common for both reaction products: hydrocarbon
— alkyl hydroperoxide — ketone or alcohol.

Identification of A: The Fate of Carbon
Radicals under Gif-Type Conditions

From the mechanistic studies described thus far, there
is one clear point: Gif chemistry and chain radical
autoxidation reactions share certain common charac-
teristics. Their reaction pathways involve a reaction
intermediate (A). Intermediate A reacts with stoichi-
ometric amounts of Oz, affording an alkyl hydroperoxide
(intermediate B). In the presence of suitable reagents
such as Ph,Se;, Ph,S,, CBrCl,, or CCly, well-known for
carbon radical trapping, the formation of the alkyl
hydroperoxide is diverted toward the corresponding
monosubstituted alkyl derivative (phenyl selenide,
phenylsulfide, bromide, or chloride, respectively). Also,
Prof. Perkins and co-workers were able to isolate the
cyclohexyl spin adduct of deuterated 3,5-dibromo-4-
nitrosobenzenesulfonic acid and suggested a “prepon-
derant free-radical pathway for the (GoAggl) reac-
tion”.2¢ Then, why is it that intermediate A in Gif
chemistry is not a carbon radical?

The answer is simple: should A be a carbon radical,
it would behave as such for every aspect of the chemistry
displayed by carbon radicals. To test if this were true,
we decided to generate genuine carbon radicals under
Gif-type conditions in the presence of different “radical
traps” and observe the fate of the carbon radicals thus
formed. Alkyl radicals were smoothly generated at
room temperature by photolysis of the appropriate

(24) Knight, C.; Perkins, M. J. J. Chem. Soc., Chem. Commun. 1991,
925-927.
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Figure 8. Fate of cyclohexyl hydroperoxide in the presence of P(OMe); and/or iron salts.

N-hydroxy-2(1H)-thiopyridone derivative of an alkane
carboxylic acid.?® Then, they were submitted to the
following experiments.

1. Effect of PhSeH. When diphenyl diselenide is
added to a Gif!V oxidation, some of the hydrocarbon
oxidation is replaced by phenylselenation.#2 There is
also, of course, a major reduction in the ketone/alcohol
ratio. Since there is an excess of metallic zinc, one can
wonder if the diphenyl diselenide is reduced to benzene
selenol under the reaction conditions. By quenching
a working reaction mixture with excess methyl iodide,
we found that 96% of the initial diselenide was
converted to methyl phenylselenide. Thus, the reagent
is benzene selenol, not diphenyl diselenide. Now
benzene selenol quenches carbon radicals at a diffusion-
controlled rate of 2 X 10° Mt s7! at 20 °C,?" s0 any
carbon radicals formed would be reduced back to
hydrocarbon at once.

2. Effect of P(OMe);. As a part of our mechanistic
studies on reaction intermediate B (the alkyl hydro-
peroxide), we examined the effect of different reducing
agents on Gif-type reactions. Logically, one would
expect that reducing agents (such as PPhs, see above)
would intercept the hydroperozide and convert it into
the alcohol. However, a related reducing agent, the
easily oxidizable P(OMe);, gave us another piece of
mechanistic information. When P(OMe); was added
to a GiflY reaction on cyclohexane, mainly ketone and
a new product were obtained. This was identified as
cyclohexyl dimethyl phosphate.?®

How is the alkyl dimethyl phosphate formed? NMR
experiments showed that cyclohexyl hydroperoxide is
reduced instantly and quantitatively to cyclohexanol
by P(OMe); in pyridine/acetic acid. Also, a catalytic
amount of an iron salt in the same solvent mixture
converts quantitatively the cyclohexyl hydroperoxide
to cyclohexanone. However, when P(OMe); and a

(25) Barton, D. H. R. Aldrichimica Acta 1990, 23, 3-11.

(26) Barton, D. H. R.; Boivin, J.; Le Coupanec, P.J. Chem. Soc., Chem.
Commun. 1987, 1379-1380.

(27) Newcomb, M.; Manek, M. B. J. Am. Chem. Soc. 1990, 112, 9662—
9663.

(28) Barton, D. H. R.; Béviére, S. D.; Doller, D. Tetrahedron Lett.
1991, 32, 4671-4674.

catalytic amount of an iron salt react in pyridine/acetic
acid with cyclohexyl hydroperoxide, a mixture of ketone,
alcohol, and the alkyl dimethyl phosphate is obtained.
These results suggest that coordination of the alkyl
hydroperoxide with iron changes the reactivity of the
R-0-0-H moiety, setting up the right environment
for the formation of the alkyl dimethyl phosphate
(Figure 8).

We also examined the possibility of setting up a
radical chain autoxidation reaction in the presence of
O, and P(OMe);. Again, genuine cyclohexyl and
cyclopentyl radicals were generated through the thione
methodology and reacted in the presence of O, and
P(OMe);. Carbon radicals react with oxygen to give
peroxyl radicals R~0-0°. This type of radical is well-
known toreact with trialkyl phosphites to furnish alkoxy
radicals and trialkyl phosphates. The alkoxy radicals
in turn react in the same way to give trialkyl phosphate
with re-formation of the original alkyl radical. In fact,
this reaction is a way of converting trialkyl phosphite
catalytically to trialkyl phosphate. In agreement, we
have found that carbon radicals generated in pyridine/
aceticacid and cyclohexane in the presence of trimethyl
phosphite and oxygen do not afford cyclohexyl dimethyl
phosphate, but give an excess of trimethyl phosphate
(425%). The chemistry involved is summarized in
Figure 9.

3. Runningthe GoAgg!' Reaction under Reduced
Pressure. Reaction with Tempo. Additional evi-
dence regarding the non-carbon radical nature of
intermediate A was established by running GoAgg!!
experiments under reduced pressure (10~40 mmHg).
Of course, Fe(IIl) reacts with H,O, to furnish oxygen,
but the reduced pressure removes this so that only traces
of ketone and alcohol are formed. Tempo (16) is an
excellent trap for carbon radicals. An example of
trapping by Tempo of the cyclohexyl radical was
observed in the photolysis of the N-hydroxy-2(1H)-
thiopyridone derivative of cyclohexanecarboxylic acid
to give the adduct 17 in reasonable yield. When a
GoAgg!! reaction with cyclohexane was run under
reduced pressure in the presence of Tempo, adduct 17
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Figure 9. Radical chain cycle for the photolysis of the cyclohexanecarboxylic acid derivative of N-hydroxy-2(1H)-thiopyridone in
the presence of trimethyl phosphite and oxygen.

was formed in approximately the same amount as
ketone would have been formed in a normal reaction
without reduced pressure. However, if no Tempo was
added, no oxidation products were formed under
reduced pressure; and no matter how much hydrogen
peroxide was added or for how long the reaction was
run, there was no formation of cyclohexylpyridines. The
appropriate blank experiments have always confirmed
that cyclohexyl radicals, in the absence of oxygen, are
efficiently trapped by the solvent pyridine. Hence,
Tempo cannot be trapping carbon radicals. It must be
trapping theiron—-carbon bond. Thesame experiments
were carried out on cyclopentane with similar results.
If CBrCl; is added instead of Tempo, the alkyl bromide
is formed in a yield comparable to that of normal
oxidation products. Again, there is no coupling to
pyridine.

All these vacuum experiments were carried out with
double dry ice traps. The first trap contained a little
pyridine and hydrocarbon, which was added to the main
reaction mixture before workup. The second (control)
trap contained nothing.

4. Alkane Bromination under Gif-Type Condi-
tions. The chain free radical halogenation of saturated
hydrocarbons is a well-studied process in organic
chemistry. Gif chemistry is able to carry out the same
transformation through a differentroute. Indeed, when
CBrCl, is added to a GoAgg™ reaction, the formation
of ketone and alcohol is almost completely diverted
toward the production of alkyl bromide. What kind of
mechanism does this reaction follow? To examine the
possibility of a carbon radical reaction intermediate,
we compared the bromination of saturated hydrocar-
bons under typical radical chain conditions and under
GoAgg conditions. Welooked upon two aspects of these
processes: the selectivity from the point of view of the

Barton and Doller
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hydrocarbon and from the point of view of the bro-
minating reagent.?®

The hydrocarbon selectivity for a radical chain
bromination with CBrCl; was studied for a series of
saturated hydrocarbons. The order found is shown in
Figure 10. Itisclearly seenthat the two processesshow
a different selectivity. The stability of all the reaction
products under the reaction conditions was demon-
strated by the appropriate blank experiments.

We also tested several halogenating reagents and
compared their efficiency as traps for carbon radicals.
We carried out experiments having genuine carbon
radicals competing between the halogenating species
and thiophenol (which converts carbon radicals into
alkanes). This resulted in an order of reactivity of
brominating traps that is in agreement with the scarce
datain theliterature. On the other hand, the efficiency
of the brominating reagent as a trap of intermediate A
was measured as the alkyl bromide/ketone ratio. The
results are summarized in Figure 11. If intermediate
A were a carbon radical, one would expect to find the
same order of efficiency in both experiments. Again,
the results are not compatible with a carbon radical
structure for intermediate A.

5. Effect of CO. Under an atmosphere of CO and
0; (1/1), with Cu? or Fe? being employed as electron
source, the ketonization of saturated hydrocarbons (c-
C.H,,) is partially diverted toward the formation of
the corresponding carboxylic acid (¢-C,Hz,-;COOH).
Again, experiments with carbon radicals competing for
0, and COshowed that the oxygenation processis much
more favorable, in agreement with literature reports.
Mechanistic studies support a reaction pathway in-
volving the insertion of CO into a carbon—-metal bond,
according to Figure 12,30

(29) Barton, D. H. R.; Csuhai, E.; Doller, D. Tetrahedron Lett. 1992,
33, 3413-3416.

(30) Barton, D. H. R.; Csuhai, E.; Doller, D. Tetrahedron Lett. 1992,
33, 4389-4392.
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Figure 10. Comparison between the bromination of different saturated hydrocarbons with CBrCl; under radical and GoAgg™ conditions.

Reactivity order as brominating reagents under chain radical reaction conditions.

CBry, > CBr,Cl, > CBrCly; > (CBrCly), > CBnF,
2.81 1.18 1.00 0.79 0.01
Reactivity order as brominating reagents in GoAgg" reactions.
CBrCl; > (CBrCly), > CBry > CBr,Cl, > CBnF,
1.00 0.60 0.20 0.05 0.01

Figure 11. Comparison among different brominating reagents under chain radical and GoAgg conditions.

+
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Figure 12. Proposed reaction mechanism for the carboxylation of saturated hydrocarbons under Gif-type reaction conditions.

Conclusion

From all this evidence it is clear that, in our
mechanistic scheme, reaction intermediate A could not
be a carbon radical. What is A, then? We propose for
GoAgg! reactions the mechanism shown in Figure 13.
As usual, ligands around the iron atom have been
omitted for clarity. We consider this alogical pathway
which explains all the facts of Gif chemistry known up
to the present. The formation of FeV=0 species by
reaction between Fe(III) salts and H;O, has been
recently reported.!> As stated before, this species is
equivalent to that widely accepted in CP-450 chemistry.
The reduction of R;CFeY to R;CFe!l is an accepted
part of the mechanism of dismutation of hydrogen
peroxide to water and oxygen catalyzed by catalase.
The insertion of dioxygen into carbon—Fe(III) porphy-
rinic derivatives is also well documented in the liter-
ature.3!

The Gif Paradox and the Sleeping Beauty

The Gif paradoz, clear from our experiments, is that
we oxidize saturated hydrocarbons to ketones at a faster
rate than we transform other easy-to-oxidize com-
pounds. H,S, Ph,S, PPhj, and P(OMe)s do not inhibit
thereaction. Furthermore,secondary alcohols, acetone,
diisopropyl ether, biphenyl, etc., all compounds which
are agreed to be more easily oxidized than saturated
hydrocarbons, do not interfere when added in amounts
equal to the amount of oxidation. How can all this be
possible?

Before any attempt is made at answering this
question, there is additional relevant information to be
taken into account. A few years ago, Prof. Shilov and

(31) Arasasingham, R. D.; Balch, A. L.; Hart, R. L.; Latos-Grazyfiski,
L. J. Am. Chem. Soc. 1990, 112, 7566-7571. Balch, A. L.; Hart, R. L,;
Latos-Grazyfiski, L. J. Am. Chem. Soc. 1990, 112, 7382-7388. Arasas-
ingham, R. D.; Balch, A. L.; Cornman, C. R.; Latos-Grazyfiski, L. J. Am.
Chem. Soc. 1989, 111, 4357-4363. Arasasingham, R. D.; Balch, A. L.;
Latos-Grazyfiski, L. J. Am. Chem. Soc. 1987, 109, 5846-5847.
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Figure 13. Proposed catalytic cycle for GoAgg!! reactions.

Dr. Geletii studied the activation of saturated hydro-
carbons by copper metal coupled to dioxygen reduc-
tion.3? Inspired by this pioneering work, Geletii
proposed the GoChAgg system (Table I), in which under
Cu(Il) catalysis in pyridine/acetic acid solution satu-
rated hydrocarbons are oxidized to ketones.?? Besides
sharing a few important characteristics of the Gif family,
the differences between the Cu(lIl)-based and the Fe-
(III)-based systems are a manifestation of the metal
dependence of the chemistry associated with the
hydrocarbon activation process.?

The only way that we can explain these results is by
a hypothesis that the reagent that oxidizes the hydro-
carbon is present in a dormant form (Sleeping Beauty)
until it collides with the saturated hydrocarbon (the
Prince) and reacts with asaturated C—H bond (the kiss)
to form the real reagent, which immediately gives the
iron—carbon bond (intermediate A). So, the hydro-
carbon on contact with the iron species activates and
reacts with the activated iron species without separa-
tion. The hydrocarbon should be inducing in the
(formally) FeV=0 species a change that makes possible
such an unusual reaction. There is evidence in the

(32) Geletii, Yu. V.; Lavrushko, V. V.; Lubimova, G. V. J. Chem. Soc.,
Chem.Commun. 1988,936-937. Geletii, Yu. V.; Lubimova, G. V.; Shilov,
A. E. Kinet. Katal. 1985, 26, 1019.

(33) Barton, D. H. R.; Csuhai, E.; Doller, D.; Geletii, Yu. V. Tetrahedron
1991, 47, 6561-6570. Barton, D. H. R.; Béviére, S. D.; Chavasiri, W.;
Csuhai, E.; Doller, D. Tetrahedron 1992, 48, 2895-2910.
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literature for this sort of agostic interaction between
nonactivated carbon-hydrogen bonds and organome-
tallic species.?

Of course, Gif chemistry challenges us with some still
unanswered questions. These will surely become clear
in the near future, no doubt just to face us with even
more sophisticated dilemmas to be solved. However,
we hope that in this instance we have proven that
chemists should devote more of their efforts to the
discovery and invention of new chemical processes,
which seem to be there, dormant, waiting for us to bring
them to life.
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