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Previous studies have shown that the hydrogen atom transfer (HAT) reactions of tert-butoxyl radical from
the Parkinsonian proneurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) occur with low
selectivity at the allylic and non-allylic o-C-H positions. In this paper, we report a more comprehensive
regiochemical study on the reactivity of the tert-butoxyl radical as well as on the associated primary
kinetic deuterium isotope effects for the various hydrogen atom abstractions of MPTP. In addition, the
results of a computational study to estimate the various C-H bond dissociation energies of MPTP are pre-
sented. The results of the present study show the allylic/non-allylic selectivity is approximately 73:21.
The behavior of the tert-butoxyl radical mediated oxidation of MPTP contrasts with this reaction as
catalyzed by monoamine oxidase B (MAO-B) that occurs selectively at the allylic o-carbon. These
observations lead to the conclusion that the tert-butoxyl radical is not a good chemical model for the

MAO-B-catalyzed bioactivation of MPTP.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Parkinson’s disease (PD) involves the progressive degeneration
of nerve cells in the upper part of the brain stem known as the sub-
stantia nigra pars compacta. The reduced number of functioning
nigrostriatal neurons results in diminished levels of the neuro-
transmitter dopamine and the associated clinical symptoms of
PD in humans.'?

The western Pacific island of Guam suffers from an extraordi-
narily high incidence of several degenerative diseases of the central
nervous system, including PD, dementia, a combination of PD and
dementia (parkinsonism-dementia complex, PDC), and amyotro-
phic lateral sclerosis (ALS).> In the mid-1950s, the incidence of
ALS on Guam was estimated to be 50-100 times higher than the
rest of the world.* Although the high incidence of ALS appears to
be declining, the present day occurrence of Guam PDC continues
to be disproportionately high.’ The precise etiology of worldwide
(sporadic) PD remains unknown. In the case of the Guamanian
degenerative diseases, studies indicate that the etiology may

* Corresponding author. Tel.: +1 671 735 2834; fax: +1 671 734 1299.
E-mail address: nsuleman@uguam.uog.edu (N.K. Suleman).
* Present address: Department of DMPK and Bioanalytical Chemistry, AstraZeneca
R&D Molndal, S-431 83 Molndal, Sweden.
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involve environmental or a combination of genetic and environ-
mental factors.58

Monoamine oxidases A and B (MAO-A, MAO-B) are flavopro-
teins that catalyze the o-carbon oxidation of neurotransmitters
and other endogenous and xenobiotic amines.” Both MAO-A and
MAO-B are important drug targets for the treatment of neurologi-
cal disorders.'® For example, in PD patients, dopamine deficiency
may be further exacerbated by the neurotransmitter-degrading
action of MAO-A and MAO-B.!'" Thus, one of the present strategies
for the treatment of PD includes the administration of MAO-B
inhibitors.'> The MAO-B inhibitors provide symptomatic relief by
reducing the enzyme’s activity and attenuating further destruction
of the already depleted dopamine levels in PD patients.!?

For over two decades, intense efforts have been made to eluci-
date the catalytic mechanism of MAO.° This research has been
fueled in part by the expectation that a detailed understanding of
the mechanism for MAO catalysis will play a key role in the design
and development of new therapies and treatments for neurological
disorders. Several mechanisms for MAO catalysis have been postu-
lated as a result of these mechanistic studies.'® Initially, the avail-
able experimental evidence supported either a direct hydrogen
atom transfer (HAT)'®> process or a mechanism involving single
electron transfer (SET).° The results of more recent X-ray studies
have been interpreted as evidence for a polar, nucleophilic mecha-
nism.'® A catalytic pathway involving free radicals and radical ions
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Figure 1. The HAT and SET mechanisms postulated for the MAO-B-catalyzed oxidation of MPTP to MPDP".

also has received new experimental support.'” Thus, the issue of
the detailed mechanism of MAO catalysis continues to be
controversial.'®

The overall goal of our investigations was to employ solution
phase chemical modeling studies* to gain a better understanding
of the HAT process that had been postulated to operate in the
MAO-catalyzed oxidation of 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP). MPTP is a cyclic tertiary allylamine and a
unique environmental toxin in that systemic exposure to this
compound leads to the irreversible loss of nigrostriatal neurons
and the symptoms of Parkinson’s disease in humans.!® Previous
studies have established that MPTP is oxidized in a reaction
catalyzed by MAO-B to form the unstable dihydropyridinium
intermediate  MPDP'2° Subsequent non-enzymatic processes
ultimately produce the Parkinsonian neurotoxin MPP*. Figure 1
depicts the HAT and SET mechanisms proposed for the MAO-B-
catalyzed transformation of MPTP to MPDP".

The HAT mechanism was considered to be a good candidate for
the oxidation of MPTP for two reasons. Firstly, our studies revealed
that the allylic C-H bond, o~ to the nitrogen, is very weak, in the
range of 75-80 kcal/mol (vide infra). The weakness of the a-allylic
C-H renders this hydrogen atom especially susceptible to homo-
lytic abstraction. Secondly, the alternative, most widely accepted
non-radical mechanism for MAO catalysis is a polar nucleophilic
pathway which is unlikely to operate for substrates such as MPTP.
The polar mechanism, shown in Figure 2, is known to be sensitive
to steric effects and, whereas primary and secondary amines may
add to the flavin, this process is expected to be sterically unfavor-
able and therefore much less likely for tertiary amines such as
MPTP.

An important aspect of chemical modeling studies is the selec-
tion of a chemical species of appropriate structure and reactivity to
serve as the model. The tert-butoxyl radical (‘Bu0-) is a prototypical
hydrogen-abstracting radical that has been employed in numerous
modeling studies that require a reactive oxygen-based free radical.
This radical, for example, has been used in mechanistic studies to
mimic oxidation processes in lubricants?! and in living systems,??
as well as in the atmosphere.?? Specific instances where ‘Bu0- has
been used to study mechanisms of enzyme-catalyzed reactions
include cytochrome P450,%* methane monooxygenase?® and
monoamine oxidase.?® Given the widespread acceptance of ‘BuO

* In the context of such studies, ‘chemical modeling’ implies fully characterizing
the reactivity of a substrate toward the general type of chemical species that is
suspected to operate in the enzymatic system. If the chemical model exhibits a
comparable pattern of reactivity to the enzymatic reaction, then this could be
construed as evidence that the enzyme contains a similar reactive intermediate to the
model employed.

as a model for hydrogen abstraction reactions, we elected to use
this species in our studies.

In our initial modeling studies, we utilized the well-established
laser flash photolysis (LFP) method to study some basic HAT reac-
tions of MPTP with ‘Bu0-.2” These studies revealed some interest-
ing results, including the direct observation of a transient species
with a Anax at 385 nm. We had originally ascribed this absorption
to the HAT-generated radical at the a-allylic (Cs—H) position with
the proposed regioselectivity being based on the weakness of this
bond. Subsequently, we became uncertain of this assignment when
deuterium isotope studies indicated that ‘BuO- also produces other
MPTP-derived radicals by abstracting hydrogen atoms from the C-2
and possibly from the N-methyl group in MPTP. Prompted by the
unexpected deuterium isotope effects in MPTP, we undertook a
thorough study of the selectivity patterns of ‘BuO- with a wide vari-
ety of tertiary amines and other substrates and provided a detailed
analysis of the general reaction dynamics (reaction rates and acti-
vation parameters) for hydrogen abstraction reactions of ‘BuQ-.2®
Although these studies significantly improved our understanding
of HAT processes involving ‘BuQr, three important issues pertaining
to MPTP/'BuO" reactivity remained unresolved. Firstly, our knowl-
edge of all the relevant bond dissociation energies in MPTP was
incomplete. Therefore, using MO theory, we conducted studies to
estimate the pertinent C-H bond dissociation energies in MPTP.
Secondly, we sought to establish the identity of transient species
with Amax 385 nm. Thirdly, we lacked a detailed understanding of
the regioselectivity of attack by ‘BuO- on MPTP. Consequently, in
this investigation, we significantly expanded the scope of our ori-
ginal studies by mapping out the regioselectivity of attack by ‘BuOr
on MPTP, as well as by determining the primary kinetic isotope
effects at each position using two additional deuterium substituted
MPTP derivatives and three other model compounds. In the pres-
ent article, we report the results of these studies. Additionally,
the findings and implications of our combined investigations are
discussed in the context of ‘BuO and its utility as a model for
HAT processes in MAO catalysis.

2. Results and discussion
2.1. Estimation of C-H bond dissociation energies in MPTP

Values of the C-H bond dissociation energies for MPTP were
estimated using density functional theory following a procedure
described pr*eviously. Briefly, geometry optimizations at the
B3LYP/6-31G level followed by single point energy calculations
[B3LYP/CC-PVTZ(-F)] were performed on MPTP and its correspond-
ing free radicals to estimate the corresponding differences in ener-
gies (AE). Using this AE, the unknown C-H BDE was estimated
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The absolute rate constants for hydrogen atom abstraction by
‘BuO’ from MPTP and its deuterated derivatives were measured
using the LFP method developed by Scaiano et al.?®3° In brief, this
approach involves directing a short laser pulse (4-6 ns) at a solu-
tion of the aminyl substrate and di-tert-butyl peroxide. The result-
ing ‘Bu0r, formed by photolysis of the peroxide, decays through
beta-scission [(CH3)3CO" — (CH3),C=0 + CH5] and H-abstraction
from solvent (first order and pseudo-first order processes, respec-
tively) as well as through reactions with the aminyl substrate (a
second order process) (Scheme 1).

In the case of MPTP (and all of its deuterated derivatives), the
LFP experiments and subsequent kinetic analyses were made sim-
ple by the fact that the radical species derived from the MPTP
showed a strong transient absorption band at 385 nm (Fig. 4).
Hence, following the laser pulse, the growth of the MPTP-derived
radical was conveniently measured by directly monitoring the
change in absorption of its UV band (inset in Fig. 4).

hv

I S— . 2'Bu0O-

‘BuO-0O'Bu

products of first- and pseudo
-first order decay

> ‘BuOH + R,NCHR'
Ay = 340-385 nm

max

Scheme 1. LFP of di-tert-butyl peroxide in the presence of tertiary amines. The
‘BuO" does not absorb significantly >300 nm.

Figure 4. Transient UV spectrum of the radical species derived from the reaction of
MPTP and tert-butoxyl. (Inset) Change in the UV absorption of the sample versus
time after laser photolysis (monitored at 385 nm).

A standard pseudo-first order kinetic treatment of the data
shown in Figure 4(inset) yields the observed rate constant Kgps,
representing the sum of all the rate constants for reactions involv-
ing ‘Bu0r. Data from multiple laser shots of each sample containing
the aminyl substrate and di-tert-butylperoxide were used to com-
pute an average value for k,,s. The experiments were performed at
8-10 different amine concentrations, with the amine concentra-
tion typically varying by at least one order of magnitude. This
was done to obtain an accurate value for k,,s and to ensure the
validity of the pseudo-first order kinetics approximation over the
entire amine concentration range. Under such conditions, a linear
variation between ks and [Amine] was observed and the value
of the absolute rate constant for the abstraction reaction, ky, was
determined from the slope of the linear function described by
the expression: kops = K, + ky[Amine].

The bimolecular rate constant (ky) for the reaction of MPTP and
‘BuO* was found to be 2.27 x 108 M~! s~ This value is similar to
those obtained in previous studies for 3° amines such as triethyl-
amine (1.8 x 108 M~ 's™!) and N,N,-diethylaniline (1.3 x 10®
M~!s71).3%In the latter two instances, the HAT process was found
to occur primarily at the C-H located adjacent to the N, producing
o-aminyl radicals. In the case of MPTP, the a-allylic (C-6) position
was expected to be the most likely candidate for H-abstraction
(vide infra).

2.3. Kinetic deuterium isotope effect (KDIE) studies
Detailed KDIE studies on the MAO-B-catalyzed oxidation of

deuterated MPTP analogs had clearly established the regioselectiv-
ity of the reaction to be at the allylic (C-6) position on MPTP.3! This
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Figure 5. MPTP and deuterated analogs pertinent to this study.

Table 1
Absolute rate constants and kinetic deuterium isotope effects (KDIE) for the reaction
of MPTP derivatives and tert-butoxyl at 25 °C in benzene

Compound kyx 1078 (M~'s™1) ku/kp

MPTP (1-A) 227 (+0.06) _
MPTP-6,6-d5 (1-B) 1.60 (+0.14) 1.41 (x0.13)?
MPTP-2,2,6,6-ds (1-C) 1.21 (+0.20) 1.30 (0.25)°
MPTP-1,1,1-2,2-6,6-d; (1-D) 1.07 (0.15) 1.13 (£0.25)°
MPTP-2,2-d, (1-E) 2.02 (+0.02) 1.13 (x0.03)¢
MPTP-1,1,1-ds (1-F) 2.30 (0.10) 0.98 (+0.07)°

Uncertainties in the last reported digits are in parentheses.
2 d, versus do.
b d, versus dg.
€ d, versus d.

d, versus do.

ds versus dy.

conclusion was based on the observation of a significant KDIE
effect on position 6, but no KDIE at positions 1 or 2 of MPTP. In
order to provide a basis for comparing the enzymatic and chemical
oxidations of MPTP, we undertook a comprehensive KDIE study to
delineate the regioselectivity of attack by ‘BuO* on MPTP (Fig. 5).
Table 1 summarizes the completed KDIE study using the LFP meth-
od for MPTP/'Bu0O-.

Table 1 shows that the magnitudes of ky;p observed for the HAT
reaction between MPTP/'BuO- are small. These results are compa-
rable to those previously reported for ‘Bu0* and (CH3)3N/(CD3);N
in which kyp was reported to be 1.4.2° In both of these instances,
the small magnitude of the isotope effect can be explained as fol-
lows. The strength of the O-H bond in ‘BuOH is 105 kcal/mol while
the o-C-H bonds of most amines lay in the range of approximately
80-95 kcal/mol. Thus, the HAT reactions between 3° amines and
‘BuO are exothermic by at least 10 kcal/mol.>? In such highly exo-
thermic cases, the reactions are generally characterized by early
transition states in which there is relatively little bond breaking,
thus producing a nominal effect from substitution by deuterium.

In terms of regioselectivity, the additional KDIE studies con-
firmed our earlier findings that the abstraction of H atoms by
tert-butoxyl from MPTP occurs at both the C-6 and C-2 o-methy-
lene positions and, possibly, at the (C-1)-o-methyl as well.?
Although ‘BuO- has long been known to be a highly reactive hydro-
gen-abstracting radical, this was nonetheless an unexpected find-
ing. Indeed, given the presence of the significantly weakened
a-allylic C-6 hydrogen bond in MPTP, substantially greater allylic
to non-allylic selectivity was expected. Further studies revealed
that the lack of selectivity in the reactions between 3° amines
and ‘BuO is quite general. A quintessential example of this is the
observation that ‘BuQ- reacts with triallylamine at a slightly lower

8 The small intrinsic H/D isotope effects, coupled with the relatively large errors
associated with the LFP method (+10%), prevent us from drawing a definite conclusion
regarding abstraction from the o-methyl position.

@OQ@

CHj
CH;, 1-Methyl-1,2,3,6-

N-Methylpiperidine tetrahydropyridne 1-Phenylcyclohexene

1-A

Scheme 2. Model compounds used in this study to ascertain the UV/vis features of
MPTP-derived radical 1-A-.

rate constant than with triethylamine, despite the fact that the C-H
BDE for the latter is greater by 8.1 kcal/mol.”

The MPTP/'Bu0Qr results are in sharp contrast with the conclu-
sions reached regarding the MAO-B-catalyzed oxidation of MPTP
(vide supra). However, the precise implications of the disparate
behavior of our model system and the enzymatic reaction are not
entirely clear. Assuming that a HAT mechanism is operating in
the enzymatic reaction, one possible conclusion is that the hydro-
gen atom abstracting species in the enzyme possesses much lower
reactivity and hence a much higher intrinsic selectivity than ‘Bu0O-.
An alternate interpretation is that the high regioselectivity ob-
served in the MAO-B-catalyzed oxidation of MPTP is a consequence
of the favorable spatial relationship of the substrate with respect to
the abstracting radical in the active site of the enzyme. Based on
our experimental results, we are not able to evaluate the likelihood
of either of the above interpretations.

2.4. Chromophore studies related to MPTP-derived radicals

The transient absorption shown in Figure 4 was initially
ascribed to the MPTP-derived radical 1-A;, consistent with earlier re-
ports for the reaction of ‘BuQ with triallyl amine (pax =430 nm).>3
However, our KDIE results subsequently led us to question this
assignment, since it was clear that hydrogen atom abstraction
was not taking place exclusively at the a-allylic position. Model
studies using the compounds depicted in Scheme 2 were thus
undertaken to help establish the identity of species responsible
for the strong absorption (/imax =385 nm). Using the laser flash
photolysis (LFP) technique, it was shown that the radicals pro-
duced from the reaction of ‘BuO- with N-methylpiperidine showed
a weak absorbance with a /. <340 nm. A second model com-
pound, 1-methyl-1,2,3,6-tetrahydropyridine, gave a similar result.
A third compound, 1-phenylcyclohexene, showed no perceptible
absorption above 340 nm. Collectively, these data support the
hypothesis that the aforementioned 385 nm chromophore arises
from MPTP that has undergone hydrogen atom abstraction at the
allylic (C-6) position, o~ to the nitrogen atom and in conjugation
with the styrenyl system.

2.5. Regioselectivity studies

In order to confirm the KDIE studies and help establish the reg-
ioselectivity of ‘BuO- attack on MPTP, studies were carried out to
determine the overall rate constants for the reaction of ‘Bu0- with
the model compounds mentioned in 2.4. LFP yielded the following
rate constants for reaction with ‘BuO- at 25 °C: N-methylpiperidine
(1.0 x 108 M~'s71), 1-methyl-1,2,3,6-tetrahydropyridine (1.6 x
108 M~!s™ 1), and 1-phenylcyclohexene (1.6 x 10’ M~!s™1). Since
1-phenylcyclohexene showed no perceptible absorption above
340 nm, the rate constant for this compound was determined using
the ‘probe’ method, as discussed in Section 4. The value for

" The 3° amine/tBuO results have since been explained on the basis of entropy
control in these reactions. A detailed discussion on this topic can be found in Ref. 28.
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N-methylpiperidine was consistent with expectations based on our
previous studies involving 3° amines. The rate constant for 1-
methyl-1,2,3,6-tetrahydropyridine compares very favorably to that
of N-methylpiperidine and clearly indicates that further conjuga-
tion (i.e., with a vinyl group in this case) does not cause a signifi-
cant enhancement of the overall rate constant. The model study
with 1-phenycyclohexene suggests that H-abstraction from C-3
contributes <10% to the total rate constant for MPTP (1.6 x 107
M Ts7! vs 23 x 108 M~!s™ ). With the stated error limits of
+10%, the LFP method is not sensitive enough to detect H-abstrac-
tion from C-3, and it is assumed to be essentially zero. Thus for
compound 1-A (MPTP), the observed rate constant ka is the sum
of the rate constants for H-abstraction from C-2, C-6, and the N-
methyl group:

ka = ky + K¢ + kye = 2.27(£0.06) x 10°M "5~ 1)

For the remaining compounds listed in Table 1 (letting d = the deu-
terium labeled positions):

kg = K + keq + kme = 1.60(£0.14) x 10°M 15! (2)
ke = kaa + Kea + kme = 2.02(£0.02) x 10°M's~! (3)
kp = kaa + kea + kme = 1.21(+0.20) x 10°M's! (4)
ke = kaq + Keq + kye.a = 1.07(£0.15) x 108M s (5)
ke = Ky + kg + Knte-a = 2.30(£0.10) x 108M~'s~! (6)
Subtracting Eq. (5) from Eq. (4):

kne — Knte-a = kp — kg = 0.14(+0.04) x 10°M~'s! (7)
Eq. (4) from Eq. (2):

ky — kag = kg — kp = 0.39(£0.10) x 10°M 15! (8)
And Eq. (4) from Eq. (3):

kg — ke = ke — kp = 0.81(£0.20) x 10°M1s~! (9)

From the experimental finding that ks = kr (within experimental
error), it can be reasonably surmised that the rate constant for N-
methylpiperidine represents H-abstraction mainly from the o-N
methylene carbon atoms, and that this rate constant represents a
good model for C-2 of MPTP. This leads to k; = 5.0 (¥0.10) x 10’ M
~1s71 (after a statistical correction—two vs four equivalent hydro-
gens). Additionally, the fact that ks =kr must mean that kye,
kme-a << k3, ks. Using Eq. (1), assuming kye is small, leads to kg =
1.77 (£0.06) x 108 M~ ' s~ 1. Solving for the remaining unknowns
results in

kg =1.1(£0.3) x 10’M~'s!
keq = 9.6(£2.0) x 10’M~'s!
kne = 1.4(+0.4) x 10'M~'s™!

Kknea < 3 x 10°M™ s~!(estimate, too low to detect)

Table 2
Estimates of the % attack by ‘BuOr, individual kinetic isotope effects, and bond
dissociation energies in MPTP

Position in MPTP

/ 6
Ph: 1 N—CHg
3 2

% Attack by ‘Bu0- Bond dissociation

energy (kcal/mol)

Individual
isotope effect

1 (~CHs) <6 47 93
2 21 45 92
3 <10 - 89
6 73 1.84 75

The above data enable us to provide an estimate for the
%-abstraction at each position in MPTP, as well as the individual
isotope effects shown in Table 2 (also included are the calculated
BDEs (kcal/mol) discussed in Section 2.1).

The regioselectivity studies and quantitative treatment of the
kinetic data reveal several important points. Firstly, a substantial
fraction (approximately 73%) of the H-abstraction occurs at C-6.
This finding is consistent with the fact that C-6 has the weakest
C-H bond in MPTP. In addition, the low isotope effect for C-6
(1.84) indicates an early transition state for the C-H abstraction.
This observation is consistent with a highly exothermic reaction,
prompted presumably by the very weak C-H bond. Secondly, our
studies indicate that a smaller but nonetheless significant fraction
(21%) of H-abstraction occurs from C-2. The smaller percentage of
C-H abstraction and larger isotope effect for C-2 reflect the stron-
ger C-H bond at C-2. Thirdly, H-abstraction at the N-methyl posi-
tion in MPTP could not be clearly detected beyond the error
limits of our experiments. Our data indicate that, while this process
could be occurring, it constitutes a very small fraction (<6%) of the
total abstraction in MPTP. Finally, our results show that the allylic
CH, in MPTP (C-6) is only 3.5 times more reactive toward ‘BuO
than the non-allylic CH; (C-2). This represents a very low level of
selectivity given the substantial differences in BDEs of the respec-
tive C-H bonds.

3. Conclusions

The studies reported in this paper have significantly improved
our understanding of the reactions of ‘BuQ* with MPTP, an important
Parkinsonian proneurotoxin. The contributions of the present stud-
ies are threefold. We have determined the C-H bond dissociation
energies in MPTP, identified the spectroscopic transient radical pro-
duced in the reactions of ‘BuO" with MPTP, and delineated the regi-
oselectivity of attack by ‘BuO- on the various C-H bonds in MPTP.

An important additional finding of our combined studies is that,
in some instances (such as MPTP), ‘BuQ- exhibits low levels of reg-
ioselectivity. This shortcoming of ‘BuO- is most readily apparent in
reactions with reactive substrates containing weak C-H bonds
(<92 kcal/mol), such as those found in unsymmetrical 3° amines.
We attribute the low levels of selectivity in the above cases to
the fact that these reactions are entropy-controlled. With reactive
substrates containing weak C-H bonds, the enthalpy of activation
(AH7) is low, and, as a consequence, TAS” is the main contributor
to the free energy of activation (AG”). In short, the reaction barrier
is governed more by issues of orientation and trajectory, than by
the strength of the C-H bond being broken.

We conclude therefore that ‘BuOr is not an appropriate free rad-
ical with which to test the HAT mechanism that has been postu-
lated for the MAO-catalyzed oxidation of MPTP. Future studies
plan to explore the potential utility of less reactive (and presum-
ably more selective) oxygen-based free radicals such as phenoxyl**
as models for the a-C-H bond cleavage in the MAO-catalyzed oxi-
dation of MPTP and amines in general.

4. Experimental
4.1. Materials

All chemicals and solvents were of the highest grade available.
The di-tert-butyl peroxide was passed through a column of activated
basic alumina immediately prior to use. The N-methylpiperidine,
N,N,-dimethylaniline, and 1-phenylcyclohexene were distilled at re-
duced pressure and stored under dry nitrogen at —5 °C. The benzene
and 1-methyl-1,2,3,6-tetrahydropyridine were used as received.
MPTP and all the deuterated MPTP derivatives used in this study
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were synthesized according to literature procedures.>! The 1-
methyl-1,2,3,6-tetrahydropyridine, as well as all the MPTP com-
pounds were stored either as their hydrochloride or oxalate salts.
The aforementioned salts were treated with aqueous potassium car-
bonate to generate the free amine just prior to LFP. Caution: MPTPis a
known nigrostriatal neurotoxin and should be handled using dispos-
able gloves in a properly ventilated hood. Detailed procedures for
the safe handling of MPTP have been reported.>>

4.2. Instrumentation

Steady-state UV-visible spectra were recorded on a Hewlett-
Packard 8452A Spectrometer. Unless otherwise noted, LFP experi-
ments were conducted on an Applied Photophysic LKS.60 spec-
trometer using the third harmonic (355 nm) of a Continuum
Surelite I-10 Nd:YAG laser. The pulse duration was typically 4-
6 ns. Transient signals were monitored by an HP Infinium digital
oscilloscope and analyzed with the Applied Photophysics Spect-
raKinetic Workstation software package (v.4.59). For MPTP-2,2-
d,, the LFP experiments were carried out using a Lambda Physik
Lextra 50 excimer laser (XeCl, 308 nm; <180 m]J/pulse; 10 ns
pulses) and a Lambda Physik LPD 3002 pumped-dye laser (p-ter-
phenyl dye for 343 nm; <10 mJ/pulse; 7 ns pulses). The excitation
pulses were attenuated, when necessary, using neutral density fil-
ters. Transient absorptions were monitored at right angles to the
excitation. A pulsed Oriel 150 W xenon lamp (Model 66007) was
used as the monitoring beam. The analyzing beam was collected
and focused on the entrance slit (2 nm) of an Instrument S.A. H-
20 monochromator. A Hamamatsu R-446 photomultiplier tube
(PMT) in a custom housing (Products for Research) was attached
to the exit slit of the monochromator. A computer-controlled Stan-
ford Research Systems high voltage power supply (Model PS310)
was used with the PMT. The signals from the PMT were digitized
using a Tektronix TDS 620 oscilloscope and transferred to a PC,
via a GPIB interface, for data storage and processing. A Quantum
Composer pulse generator (Model 9318) provided TTL trigger
pulses to control the timing for the laser, lamp, and oscilloscope.
Appropriate long pass filters were placed on either side of the sam-
ple to prevent photolysis by the analyzing light.

4.3. Laser flash photolysis (LFP)

All LFP samples were prepared according to a standardized pro-
tocol in which the free amine was added to a deoxygenated solu-
tion of benzene containing 7.5-20% di-tert-butyl peroxide. The
mixture was then transferred to multiple quartz cuvettes and the
contents were deoxygenated further with a gentle stream of nitro-
gen for 20 min under subdued light. A UV-vis analysis was per-
formed for each sample to ensure that the di-tert-butyl peroxide
was the only absorbing species at the excitation wavelength. Each
cuvette was equilibrated at 25 °C for ten minutes in the thermo-
stated cell holder prior to LFP. For all LFP experiments, the laser
power was carefully curtailed to eliminate the contributions of
radical-radical processes to the observed rate constants (i.e., the
variation of the observed rate constant as a function of laser power
was determined for each experiment. Only those data which were
collected in the power-independent regime were deemed accept-
able). The experiments were performed at between eight to ten dif-
ferent amine concentrations, with the amine concentration
typically varying by at least one order of magnitude. The LFP exper-
iments involving 1-phenylcyclohexene were slightly modified
since this compound produced no perceptible signal above
340 nm when irradiated in the presence of di-tert-butyl peroxide.
These experiments were therefore carried out in the presence of
a fixed amount (typically 0.05 M) of N,N-dimethylaniline, used as
a spectroscopic probe, with the signal analyzed at 340 nm.
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