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Vitamin K is an obligatory cofactor for a carboxylase that
transforms selected glutamates in proteins of the blood clotting
cascade into y-carboxyglutamate residues.! This step is essential
for blood clotting. We recently presented a model that used the
spontaneous oxidation of an a-naphthoxide to demonstrate the
principle of base-strength amplification, whereby in a biological
system (or elsewhere) a weak, biologically accessible base can be
transformed into an otherwise inaccessible, strong base using the
energy of oxidation to drive the elevation of base strength.?2 In
the context of the vitamin K dependent carboxylation, a strong
base is needed to remove the y-proton of glutamate in preparation
for carboxylation.

In the model reaction, the a-naphthoxide 1 was transformed
to the keto epoxy alcohol 2 (Scheme I). We suggested that the
oxidation proceeds through a peroxy anion 3 leading to a dioxetane
intermediate 4. Since one can also formulate the transformation
of 1to 2 in Scheme I as an intermolecular reaction, it was im-
portant to test whether the model oxidation proceeds by an in-
termolecular or an intramolecular pathway. The outcome is
expected to be of general applicability and may, for example, have
a bearing on oxygenation paths in the vitamin E series® as well
as other phenoxide oxidations.*

The experiment was carried out by treating the a-naphthoxide
1 with a 55:45 mixture of %0, and 1¥0, and analyzing the mass
spectrum of the product keto epoxy alcohol 2.5 If the reaction
sequence is intramolecular, the molecular ion of the product 2
will consist of two ion clusters at m/z 204 and 208 in a 55:45 ratio
corresponding to incorporation of two atoms of 19O or two atoms
of 180 (Scheme II). If the reaction is intermolecular, the in-
corporation of oxygen will be random so the mass spectrum of
180-labeled product 2 will be characterized by a molecular ion
triplet with peaks at m/z 204, 206, and 208 in the approximate
ratio 55:100:45. The two patterns are readily distinguished from
one another. The mass spectrum of the product 2 showed (Figure
1a) strong peaks at m/z 204 and 208 with a minor peak at m/z
206, the latter corresponding to the incorporation of one atom of
30, The peak at m{ z 206 can be accounted for to the extent of
90% by the 8.9% of 'O-1%0 in the starting gas mixture (m/z 34
in Figure 1b). The remainder of the intensity of the m/z peak
is well accounted for by the M* + 2 contribution from the m/z
204 peak.%” The observed ratio of 56:44 for the m/z 204 and
208 peaks indicates that the oxidation is completely intramolecular
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Figure 1. (a) Mass spectrum of the keto epoxy alcohol 2 produced upon
oxidation under an '#0, + 6O, atmosphere, showing unlabeled product
2 at m/z 204 and doubly labeled product 2 at m/z 208. The ratio for
the m/z 204 and 208 peaks is 56:44, in good accord with expectation.
The peak at m/z 206 corresponds to the incorporation of only one atom
of '%Q. This peak is fully accounted for by the small amount of 80-'¢Q
evident in the mass spectrum of the 'O, + 80, gas mixture at m/z 34
in Figure 1b and by the M* + 2 contribution from the m/z 204 peak.
(b) Mass spectrum of the 55:45 mixture of 'O, + 130, removed from
the gas space above the labeling reaction.
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and is therefore entirely consistent with the dioxetane mechanism
proposed in Scheme 1. This result supports the hypothesis that
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a dioxetane intermediate may provide the key to understanding
the mechanism of action of vitamin K.
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The study of ion reactions in the gas phase continues to provide
a host of new insights into organic reactivity.! Kinetic isotope
effects (KIEs) are traditionally considered the most sensitive
experimental probes of transition-state structure for reactions at
well-defined temperatures.2 Very recently several KIEs have been
measured at room temperature for gas-phase Sy2 and E2 reac-
tions.> In this paper we report a measurement of the temperature
dependence of the deuterium KIE for the reaction Cl(g) +
CH;Br(g) — CH,Cl(g) + Br(g) and a molecular modeling study
to interpret the results.

The experiments were performed in a variable-temperature
selected ion flow drift tube (VT-SIFDT). The measurements of
the absolute rate constants are standard, and the apparatus is
described elsewhere.* While the error limit on the absolute rate
constants is £25%, the KIE was measured much more accurately.
All conditions (flow rates, pressure, temperature, tuning, etc.) were
kept identical when changing isotopes, and the experiments on
CH,Br and CD,Br were done very close to one another in time.
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Table I. Reaction Rates and Kinetic Isotope Effects for ClI*(g) +
CH;Br(g)

ky, cm® molecule™! s} kn/ko
T,K expt® theory? expt theory?
207 3.1 x107H 5.3 x 107! 0.81 £ 0.03 0.88
300 2.4 X 1074 24 x 107V 0.81 £ 0.03 0.93
538 1.4 x 1071 1.6 x 107" 0.89 + 0.06 0.97
564 1.5 x 1071 1.6 x 1071} 0.97

¢ Twenty-five percent uncertainty in absolute value, 15% for relative
values. ¢Canonical variational transition state theory and conventional
transition-state theory yield the same results to the precision shown in
these cases. Also the maximum of the vibrationally adiabatic ground-
state potential curve is below the zero-point energy of reactants for
both isotopic versions of the reaction so the semiclassical transmission
coefficient'® is unity. There is only one maximum in the free energy of
activation profile (at any of these temperatures for either isotope) in
the region between the ion—dipole complexes, and the free energy of
activation associated with the central barrier is considerably larger
than that associated with ion-molecule association; thus there would
not be a significant difference if we used the canonical unified statisti-
cal theory'® instead of canonical variational theory.

As a result, the errors that contribute to the determination of the
KIE are in the determination of the decay of the ClI- signal with
added neutral reactant and in the ratio of the gas correction factors
for CH;Br and CD;3Br used in measuring the reactant gas flow
rates. The gas correction factor depends only on the heat capacity
of the gas,® which can be calculated using the known vibrational
frequencies of CH;B1® and CD;Br.” At least five determinations
of the decay rate were made for each gas at each temperature.
A future paper will report temperature-dependent drift-tube studies
of this reaction in order to study the effect of the internal tem-
perature of the CH;Br and CD;Br on the reactivity.

The molecular modeling effort is based on direct dynamics
calculations® employing canonical variational transition state theory
(CVT).>1% The force field is modeled by neglect of diatomic
differential overlap!'1?2 with specific reaction parameters
(NDDO-SRP)!? molecular orbital theory. We started with the
Austin model 1 (AM1)!2 parameters and the adjustment in the
atomic core matrix element US} made previously!? for the CI"(g)
+ CH;Cl(g) reaction. Then we adjusted Ugs (-76.25 V) and
ng (—40.705 eV) to the exoergicity (—6.3 kcal) and room tem-
perature rate constant for the isotopically unsubstituted case. The
resulting classical barrier height is 1.5 kcal, i.e., the saddle point
is 1.5 kcal below the energy of reactants.

The reaction rates for the unsubstituted reaction are given in
Table I. The increase in the experimental rate at 564 K is smaller
than the error bars, but it is also observed in the theoretical results,
which show minima at 548 and 558 K for CH;Br and CD;Br,
respectively. Interestingly, the previous study of CH;Br by
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