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low-field susceptibility measurements, are consistent with this
possibility. These data suggest that up to ~50% of the magne-
tization at low temperatures may arise from S = 1 spin triplets,
the remainder coming from S = !/, doublets. Our recent ESR
measurements do, in fact, conclusively demonstrate the occurrence
and evolution of spin tripiets with increasing doping level.®

In conclusion, we describe for the first time a synthetic method
to introduce low-spin TCNQF, as molecular spacers in the solid
state of (HMT),~-TCNQF~(AsF;s3s5), to separate high-spin HMT
molecules into molecular domains that avoids the spin pairing
between adjacent HMT radicals. This synthetic manipulation
results in stabilization of the triplet state of dicationic HMT and
ambient temperature stable organic solids possessing a high spin
density on the order of 1.0-1.6 spins !/, per formula unit with
an anomalously small interspin coupling. Since stable ground-state
high-spin organics are thought to be essential components in the
design of organic ferromagnetic solids, the results suggest that
(HMT),-TCNQF, may be a good model complex for the study
of organic ferromagnets. Also the observation encourages us to
study further the conditions necessary to achieve ferromagnetism
in this type of organic material system.?
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Cytochrome P-450 catalyzed oxidation (hydroxylation) of
hydrocarbons! is believed to occur by a mechanism involving
hydrogen atom abstraction from the substrate (R-H) followed
by rapid transfer of HO" to the resulting alkyl radical (R*). This
so-called oxygen rebound mechanism! is consistent with reports
of allylic and stereo- and regiochemical scrambling and of large
intrinsic or intramolecular deuterium kinetic isotope effects in
P-450 oxidations. Oxygen rebound has supplanted an earlier
concerted mechanism? which was proposed to account for the
(then) preponderance of regio- and stereoselectivity and for the
small intermolecular deuterium kinetic isotope effect.!

In an exciting and incisive investigation, Ortiz de Montellano
and Stearns® have used the radical-clock method* to probe the
mechanism and kinetics of the hydroxylation process at the in vivo
temperature of 37 °C: methylcyclopropane, which would be
hydroxylated via the cyclopropylmethyl (CPM) radical,® afforded
only the unrearranged alcohol, viz. cyclopropanemethanol; bicy-
clo[2.1.0]pentane, on the other hand, afforded a mixture of both
the corresponding unrearranged and rearranged alcohols in ca.
7:1 molar ratio. The latter result indicates that ring-opening of
the intermediate bicyclo[2.1.0]pent-2-yl radical (1°) competes with
the hydroxyl radical transfer or rebound step, and, since these
processes are in direct competition, the implication™ is that koy
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= Tk > k,°PM. We report herein the first measurement of k,!
which, when combined with Ortiz de Montellano’s P-450 data,
provides the first estimate of kgy for this species.

Both EPR spectroscopy'®!? and Ortiz de Montellano’s P-450
work? show that the rearrangement of 1° — 2* must be extremely
rapid relative to the cyclopropylmethyl ring-opening, and only a
chemical trapping procedure using a superbly efficient trap for
carbon radicals seemed likely to provide a reliable value for k1.
Various considerations, including in particular the fact that
trapping rate constants have been reliably measured and been
found to be almost diffusion controlled,'>* do not depend sig-
nificantly on alkyl radical structure,5!34 and the fact that at 37
°C the trapping agent could, if necessary, be used as the neat liquid
(6 M) led us to choose Tempo as our trap. Typically, the neat
diacyl peroxide!*'¢ (1-CO,), was added to a stirred, preheated
(37 °C) solution of Tempo (30-fold excess) in chlorobenzene (for
1-5 M Tempo) or 2,2,4-trimethylpentane (<1 M Tempo). Ni-
troxide-induced decomposition'® of the peroxide afforded reaction
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calculate koy we have assumed that rearranged radicals are efficiently con-
verted into alcohols. However, many species which rearrange during hy-
droxylation are known to destroy the P-450 catalyst, presumably without
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mixtures consistent with the scheme: Tempo + (1-CO,), — 1*
+ CO, + 1-CO,H + Tempo(-H).

Coupled reversed-phase HPLC-MS gave satisfactory resolution
of the alkoxyamine components, viz. 1T, 2T, and 1T,,q,, in order
of elution.!” The components were identified from (a) HPLC
retention times and mass spectra, (b) the “kinetic” relationship
between their relative yields, i.e., (1T, + 1T¢ng0)/2Ta[Tempo],
and (c) co-injection of authentic 2T made by treatment of (2-
CO,),'*"” with Tempo. The major unrearranged radical product
was presumed to be the exo isomer because trapping at the exo
face of 1* would clearly entail less nonbonded interaction (with
the cyclopropyl CH, group on 1*) than trapping at the endo face.
This assignment is supported by the reversed-phase HPLC elution
order (1T,,, before 1T,,4,) since the polar N-O group would be
more shielded from the solvent!® in 1T, than in 1T,

Kinetic data, available as Supplementary Material, are con-
sistent with relative rate constants of k,!/kt = 4.5 = 0.5 M in
chlorobenzene and 1.6 = 0.2 M in 2,2, 4-trimethylpentane, both
at 37 °C. Radical clock®? and laser flash photolysis measure-
ments!*?! of ky indicate that this difference in k,1/kq is due to
the solvent dependence of the radical-trapping reaction, i.e., k2%
is about twice as large in alkanes as in aromatic solvents of similar
molar mass.

We can assume that 1° will be trapped by Tempo with essen-
tially the same rate constant as a primary alkyl radical 1314 viz,
kr =1.5% 10° M's7!in 2,2,4-trimethylpentane at 37 °C,2? and
hence the above kinetic data give k! = 2.4 X 1095712325 The
20-fold increase in the rate of rearrangement of 1° relative to the
rearrangement of cyclopropylmethyl® reflects the large amount
of strain in the inner-ring bond? which is partly offset by an
unfavorable orbital overlap for fission of this bond.?6 With k,!
= 2.4 X 10°s7! at 37 °C and an assumed preexponential of 1013
571, we estimate the activation energy E, = 5.1 keal/mol and k!
= 1.7 X 103 57! at -160 °C, which is fully consistent with EPR
data.10-12

The product data of Ortiz de Montellano and Stearns® suggest
that oxygen rebound occurs about seven times faster than the
rearrangement,” 1° — 2°, and, if we assume that binding of 1°
to the enzyme has little effect on k1,272 we calculate that the
oxygen rebound rate constant kgy = 7k! = 2 X 10 571, Thus
rebound occurs more rapidly than many typical conformational
and configurational changes and also perhaps more rapidly than
the gross molecular motion of many enzyme-bound substrates.
The numerous reported cases of retention of configuration and
stereochemistry and, in particular, the remarkable regioselectivity
observed in the hydroxylation of bicyclo[2.1.0]pentane (which
undergoes abstraction and rebound only at the endo face?) are
therefore readily explained.
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In conclusion, calibration of the radical clock, 1° — 2°, suggests
that oxygen rebound in cytochrome P-450 occurs with an effective
rate constant of 2 X 10'%s™ for this substrate/P-450 combination;
it would, of course, be interesting to see whether other suitable
clock substrates afford similar rebound rate constants. Preliminary
microsome experiments with 1,1,2,2-tetramethylcyclopropane,
following the methodology of Ortiz de Montellano et al.,? have
yielded mixtures of the corresponding unrearranged and rear-
ranged alcohols. Thus, this substrate may provide a valuable
alternative clock for timing the kinetics of oxygen rebound.
Further work in this area is in progress and will be the subject
of a full paper.
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E. coli alkaline phosphatase catalyzes a multistep reaction in
which the hydrolysis of phosphate esters involves a phosphoryl
enzyme intermediate. There appear to be two limiting mechanisms
by which this intermediate could be formed. These are (1) an
associative mechanism in the transition state of which there would
be single bonds between the nonbridge oxygens and phosphorus
and considerable bond order along the reaction coordinate and
(2) a dissociative mechanism in the transition state of which the
bond order between the phosphorus and the nonbridge oxygens
would be above 1.4, and the bond order along the reaction co-
ordinate would be very low. In the latter case the reaction could
proceed via a free metaphosphate intermediate or, more likely,
involve an expanded transition state. One way to distinguish
between these mechanisms is to determine secondary '#O isotope
effects resulting from 130 substitution in the nonbridge oxygens
of a phosphate ester. An associative mechanism would show a
sizeable normal isotope effect, since the bond order decreases to
unity in the transition state, while a dissociative mechanism should
show no isotope effect or a slightly inverse one, depending on the
degree to which increased P-O bond order for the nonbridge
oxygens balances loss of bending O-P-O vibrations in the tran-
sition state.!

To this end we have measured secondary 80 kinetic isotope
effects resulting from '®Q substitution in the three nonbridge
oxygens on the alkaline phosphatase catalyzed hydrolysis of glucose
6-phosphate at 25 °C. Measurements were made at pH 8, which
is on the pH optimum, and at pH 6, which is below the pK of the
V/K profile where the chemistry is presumably rate limiting.?

180 isotope effects were measured by the remote label method?
in which 1-[13C]glucose 6-phosphate-[13Q;] was mixed with 1-
[!2C]glucose 6-phosphate to give material with close to natural
abundance of 1*C at C-1.* Since there is presumably no isotope
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