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earthquake. Therefore, it is important to
maintain a quasi-continuous and dense
measure of the regional strain field.

We conclude that active deformation in
the New Madrid region may be as young as
several tens of thousands of years old and
certainly no more than a few millions of
years old. This conclusion does not rely on
the offset of any particular structure within
the seismic zone. We thus reconcile the
short recurrence interval with lack of defor-
mation by suggesting that the New Madrid
seismic zone is a relatively young feature.
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Mechanism of Catalytic Oxygenation of Alkanes by
Halogenated Iron Porphyrins

Mark W. Grinstaff, Michael G. Hill, Jay A. Labinger,*
Harry B. Gray*

Halogenation of an iron porphyrin causes severe saddling of the macrocyclic structure and
a large positive shift in the iron(lll)/(ll) redox couple. Although perhalogenated iron(ll)
porphyrins such as Fe(TFPPBr,) [H,TFPPBrg, B-octabromo-tetrakis(pentafluorophenyi)-
porphyrin] are relatively resistant to autoxidation, they rapidly reduce alkyl hydroperoxides.
These and related reactivity studies suggest that catalysis of alkane oxygenation by
Fe(TFPPBrg)Cl occurs through a radical-chain mechanism in which the radicals are
generated by oxidation and reduction of alkyl hydroperoxides.

Tron complexes of halogenated porphyrins,
such as 2,3,7,8,12,13,17,18-octabromo-
5,10,15,20-tetrakis(pentafluorophenyl) por-
phyrinato-iron(IIl) chloride [Fe(TFPPBrg)-
Cl], are remarkably active catalysts for hy-
droxylation of light alkanes by O,, under
mild conditions (25° to 60°C, 4 to 8 atm
0,) (I, 2). Among the possible mecha-
nisms considered, Lyons and Ellis have
offered the suggestion that the active oxi-
dant could be an iron-oxo intermediate,
(TFPPBrg)Fe!V=0, produced through ho-
molysis of the peroxobridged dimer formed
by the reaction of Fe'(TFPPBrg) with O,

Arthur Amos Noyes Laboratory, California Institute of
Technology, Pasadena, CA 91125, USA.

*To whom correspondence should be addressed.
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(I). Although mechanistically related to
cytochrome P-450 hydroxylations (3), this
system has the advantage of not requiring a
co-reductant. To assess the viability of direct
generation of an active hydroxylating species
from Fe!! and O,, we examined the electro-
chemical properties, reactivities, and struc-
tures of Fe™!(TFPPBry) complexes.

The spectroelectrochemistry of Fe-
(TFPPBrg)Cl (Fig. 1) shows an isosbestic (at
457 and 580 nm) transformation between
Fe!! (402, 442, and 560 nm) and Fe! (478
and 598 nm). The high Fe™ reduction
potential (0.31 V versus AgCl/Ag in 1 M
KCl) suggests that Fel! (TFPPBr{%) is strongly
stabilized relative to other Fe!! porphyrins
(4). Indeed, Fe''(TFPPBry) is inert for many
hours in the presence of an O, partial pres-
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Fig. 1 (left). Spectroelectrochemistry of Fe(TFPPBrg)Cl at 298 Kin 0.1 M

TBAH/CH,CI, at an applied potential of ~0 V versus AgCI/Ag. Arrows
Fig. 2 (middle). Proposed
catalytic cycle for the hydroxylation of alkanes by Fe(TFPPBrg)Cl and O,
Fig. 3 (right). Space-filling molecular

indicate direction of change with time.

(1 atm) at room temperature.

ROR

models of Fe(TFPPBrg)OOC(CHj), (top, view along the pseudo-S, axis;
bottom, view perpendicular to the S, axis) show that TBHP fits in the
Fe(TFPPBrg) pocket. Color scheme: bromine, magenta; fluorine, green;
oxygen, yellow; hydrogen, blue; iron, brown; and carbon, black.

Table 1. Selectivity of oxygenation of 3-methyl pentane. Dashes indicate none observed; spaces indicate not determined.

Alcohols
N o Oxygen Percent Catalyst . . .
Fe(porph) Solvent C atomn source yieldt turnovert ” > - Diol 2-one 2,4-dione

Fe(TFPPBrg)CI CH,Cl, 23 PhiO 1721 25 7 4 73 — 3 13
Fe(TFPPBrg)Cl CH,CI, 23 O, (1 atm) 192 22 — — 84 — 16 —
Fe(TFPPBr,)CI§ CH.CI, 23 O, (1 atm) — — — — — —
Fe(TFPPBr)ClI CeHe 23 O, (1 atm) 59 0.59 — — >99 — — —
Fe(TFPPBr)CI CeHs 60 O, (1 atm) 110 11 — — >99 — — —
Fe(TFPPBr,)CI| C,Hyo 60 O, (4.2 atm) 8420 91
Fe(TFPP)CI CH,CI, 23 PhiO 76 0.83 15 15 61 — 9 —
Fe(TFPP)CI CeHe 60 O, (1 atm) 77 1.0 — 14 57 — 29 —
No porphyrin CH,CI, 23 PhlO — — 81 — 19 —
No porphyrin CH.CI, 23 O, (1 atm) — — — — — —

*Three-hour reactions; PhlO reactions under argon; approximate molar ratios: alkane/PhlO/Fe, 7500/26/1;

Fe(porph).

sure of 1 atm; only after more than 60 days
is the spectrum of Fe'(TFPPBrg)Cl com-
pletely generated. Given this lack of reac-
tivity, it is unlikely that an oxygenated Fe!l-
(TFPPBrg) species (Fe’~O,) is involved in
the hydroxylation mechanism.

An iron-oxo species is a likely intermedi-
ate in Fe(TFPPBrg)Cl- or Fe(TFPP)Cl-cata-
lyzed reactions with PhIO (Ph = C(Hj) as
the oxidant (5). The selectivity of oxyfunc-
tionalization of 3-methylpentane is similar
for Fe(TFPPBrg)Cl/PhIO and Fe(TFPP)CV/
PhIO reactions [respectively forming tertiary
(73 and 61%), secondary (4 and 15%), and
primary (7 and 15%) alcohols, plus a small
amount of ketones (16 and 9%)] (Table 1).
In contrast, oxidation by O, and Fe-
(TFPPBrg)Cl gives higher selectivity toward
the tertiary position (>99% in some cases).
This discrepancy suggests that the oxidizing
species in the O, reactions is different from
that in the PhIO reactions.

The most common mechanism for met-
al-catalyzed hydrocarbon oxidation is radi-
cal-chain autoxidation (6), in which the
role of the metal is to generate radicals by

1312

$Moles of product/moles of catalyst; ketone formation represents two turnovers.

catalyzing alkyl hydroperoxide decomposi-
tion (Fig. 2). Although rapid alkane oxida-
tion under such mild conditions (1 atm O,,
25°C) is unprecedented, these halogenated
complexes are exceptionally active cata-
lysts for peroxide decomposition; both Fe!l-
(TFPPBrg) and Fe"(TFPPBrg)Cl rapidly de-
compose tert-butyl hydroperoxide (TBHP)
(7) (Fig. 3) (8). Computer modeling of the
catalysis shows that this degree of activity
would be sufficient to accelerate a radical-
chain autoxidation mechanism to produce
the activities and selectivities observed (9).
Furthermore, inhibition by 2,6-di-tert-butyl-
4-methylphenol (BHT), a common radical
trap, was found (Table 1).

The high activity and durability of hal-
ogenated iron porphyrins as catalysts can be
attributed to the following factors: (i) Elec-
tron-withdrawing substituents shift the
Fe' potential to more positive values,
increasing the rate of the slow step in
peroxide decomposition (ROOH + Fe').
(ii) Electronic stabilization of Fe! disfavors
O, binding. (iii) Saddle-shaped structures
favor monomeric porphyrin complexes

SCIENCE ¢ VOL. 264 * 27 MAY 1994

alkane/oxygen/Fe, 7500/102/1.
§With 0.01 M BHT.

tBased on moles of
|lOxidation of isobutane (7).

(10). (iv) Halogenation stabilizes the por-
phyrin against oxidative degradation (2, 4).
A superior catalyst would maintain the
high reactivity of these halogenated por-
phyrin systems while favoring the interac-
tion of O, with the metal center. This
situation would facilitate metal-oxo chem-
istry, not radical-chain autoxidation. The
question of whether there are combinations
of porphyrins and metals that satisfy this
requirement has not yet been answered.
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Discovery of Intense Gamma-Ray Flashes of
Atmospheric Origin

G. J. Fishman, P. N. Bhat,* R. Mallozzi, J. M. Horack, T. Koshut,
C. Kouveliotou, G. N. Pendleton, C. A. Meegan, R. B. Wilson,
W. S. Paciesas, S. J. Goodman, H. J. Christian

Detectors aboard the Compton Gamma Ray Observatory have observed an unexplained
terrestrial phenomenon: brief, intense flashes of gamma rays. These flashes must originate
in the atmosphere at altitudes above at least 30 kilometers in order to escape atmospheric
absorption and reach the orbiting detectors. At least a dozen such events have been
detected over the past 2 years. The photon spectra from the events are very hard (peaking
in the high-energy portion of the spectrum) and are consistent with bremsstrahlung emis-
sion from energetic (million—electron volt) electrons. The most likely origin of these high-
energy electrons, although speculative at this time, is a rare type of high-altitude electrical

diseharge above thunderstorm regions. .

We report here the detection of high-
energy photons from the Earth’s upper at-
mosphere, observed with the multiple de-
tectors of the Burst and Transient Source
Experiment (BATSE) (1) on the Compton
Gamma Ray Observatory (CGRO). The
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*Present address: Tata Institute of Fundamental Re-
search, Bombay, 400 005 India.

apparent correlation of the events with
storm systems leads us to hypothesize that
they are caused by electrical discharges to
the stratosphere or ionosphere. Runaway
discharges to the ionosphere have been
predicted (2, 3) and modeled in detail
previously (4). These gamma-ray events
may also be related to recently recorded
optical discharge phenomena above thun-
derstorms (5, 6) and to other cloud-to-
stratosphere discharges that have been re-
ported in the past (7, 8).

The Compton Observatory was launched
in April 1991 to perform observations of
celestial gamma-ray sources. The BATSE ex-
periment is one of four experiments on the
observatory. It serves as an all-sky monitor
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BATSE detector module
(10f8)

Compton Gamma Ray

Fig. 1. The Compton Gamma Ray Observatory
(CGRO). The eight BATSE detectors, with a
sensitive area of about 2000 cm? each, are
located on the corners of the observatory.

and has detected over 900 cosmic gamma-ray
bursts, several hard x-ray transients, numerous
persistent and pulsed hard x-ray sources, and
several thousand solar flares. In addition, on
rare occasions BATSE has recorded gamma-
ray flashes from the Earth. These events have
not been reported previously because it was
unclear that they were real (noninstrumental)
events and that they formed a distinct subclass
of BATSE triggered events.

The BATSE instrument consists of an
array of eight detector modules located at the
comers of the obsetvatory, arranged to pro-
vide maximum unobstructed sky coverage
(Fig. 1). The scintillation detectors are sensi-
tive to photons with energies above 20 keV.
The geometry of the array ensures that sources
are usually observed by four detectors. Data
from the detectors are processed onboard into
several data types with different temporal and
spectral resolutions (1). The gamma-ray flash-
es reported here triggered an onboard burst
data recording mode, allowing observations
with high time resolution in most instances.
Sources are located by comparing the relative
responses of the detectors, which view differ-
ent directions (9, 10).

Two features of these terrestrial events
that stand out are their extremely hard
spectra and their short duration. They are
different from other events that have trig-
gered the detectors, such as gamma-ray
bursts, solar flares, fluctuations of other
known hard x-ray and gamma-ray sources,
and bremsstrahlung radiation from precipi-
tating magnetospheric electrons. Further-
more, these events are located by the
BATSE detectors as emanating from below
the local horizon. The events that trigger
the BATSE detectors are relatively rare,
occurring less than once every 2 months. It
is likely that many other weaker events of
similar origin go undetected because of the
trigger criteria implemented by the experi-
ment (I, 9). Because the minimum sam-
pling time for the triggering of the BATSE
burst mode is 64 ms, the shortest of these
events must be at least ~40 standard devi-
ations above the background rate in at least
two detectors to trigger the onboard system.

It is believed that prior instrumentation
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