
Bioorganic & Medicinal Chemistry 19 (2011) 1458–1463
Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry

journal homepage: www.elsevier .com/locate /bmc
Reaction of benzophenone triplet with aliphatic amines. What a potent
neurotoxin can tell us about the reaction mechanism

Michelle L. Grimm, William J. Allen, Meghan Finn, Neal Castagnoli Jr., James M. Tanko ⇑
Department of Chemistry, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061, USA

a r t i c l e i n f o
Article history:
Received 12 November 2010
Revised 28 December 2010
Accepted 1 January 2011
Available online 7 January 2011

Keywords:
MAO-B
Cyclopropyl amines
Single electron transfer
Hydrogen atom transfer
Laser flash photolysis
0968-0896/$ - see front matter � 2011 Elsevier Ltd. A
doi:10.1016/j.bmc.2011.01.002

⇑ Corresponding author. Tel.: +1 540 231 6687; fax
E-mail address: jtanko@vt.edu (J.M. Tanko).
a b s t r a c t

A photochemical model study of benzophenone triplet (3BP) with the MAO-B substrate 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine [MPTP (1)] and two of it’s derivatives, 1-cyclopropyl-4-phenyl-1,2,3,6-
tetrahydropyridine (2) and (±)-[trans-2-phenylcyclopropyl-4-phenyl-1,2,3,6-tetrahydropyridine (3) were
performed. Literature precedent and calculations reported herein suggest that the barrier to ring opening
for aminyl radical cations derived from N-cyclopropyl derivatives of tertiary amines (such as MPTP) will
be low. The LFP results reported herein demonstrate that pathways for the reaction of 3BP with 1, 2, and 3
are very similar. In each instance, disappearance of 3BP is accompanied solely by appearance of bands
corresponding to the diphenylhydroxylmethyl radical and neutral radical derived from MPTP and it’s
two derivatives 2 and 3. These results suggest that the reaction between benzophenone triplet and ter-
tiary aliphatic amines proceed via a simple hydrogen atom transfer reaction. Additionally these model
examinations provide evidence that oxidations of N-cyclopropyl derivatives of MPTP catalyzed by
MAO-B may not be consistent with a pure SET pathway.

� 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Monoamine oxidase (MAO) A and B are flavoenzymes that cat-
alyze the oxidation of various monoaminergic neurotransmitters,
including serotonin and dopamine,1 as well as some xenobiotics.2

MAO-A selectively catalyzes the oxidation of serotonin; the B form
is the principal enzyme that catalyzes the oxidation of dopamine.3

MAO-B has gained additional attention since it catalyzes the bioac-
tivation of certain tetrahydropyridinyl derivatives to neurotoxic
metabolites that mediate the degradation of dopaminergic neurons
in the substantia nigra resulting in a parkinsonian syndrome clo-
sely resembling idiopathic Parkinson’s disease.4

Model studies have led to several proposals to account for the
catalytic activity of MAO-B. A polar pathway involving the addition
of the aminyl substrate across the 4a–5 double bond of the cova-
lently bound FAD co-factor followed by an intramolecular redox
reaction has been proposed by Mariano5,6 and, more recently,
Edmondson.7 Two radical-based pathways also have been consid-
ered. Silverman has been a strong proponent of the single electron
transfer (SET) mechanism1,8 and Castagnoli has presented evidence
consistent with a hydrogen atom transfer (HAT) mechanism2,9

(Scheme 1).
Scheme 1 outlines the differences between the SET and HAT

proposals. Although these two pathways can account for some of
ll rights reserved.

: +1 540 231 3255.
the behavior of substrates and inhibitors, it is our view that neither
of these radical-based mechanisms nor the polar pathway account
for all of the available experimental evidence. Since our interests
are linked to the MAO-catalyzed metabolic activation of cyclic ter-
tiary allylamines, the discussion that follows will focus on the rad-
ical pathways since nucleophilic addition of tertiary amines across
the 4a–5 double bond (the polar pathway) should be sterically pro-
hibited. The present manuscript describes the results of our at-
tempts to provide evidence to help distinguish the potential
contributions of the SET and HAT mechanisms using photochemi-
cally activated benzophenone as the electron or hydrogen atom
RCH NH

Scheme 1. Proposed pathways for MAO oxidations.
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Scheme 2. The MAO-B catalyzed bioactivation of MPTP (1) to MPDP+ (2+) and MPP+ (3+).
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acceptor and various tetrahydropyridinyl derivatives that are
known MAO-B substrates and/or for which independent documen-
tation of the fate of electrochemically mediated 1-electron oxida-
tions is available.

Over the past 30 years much focus has been given to 1-methyl-
4-phenyl-1,2,3,6-tetrahydro-pyridine [MPTP (1)], a compound
known to induce an irreversible parkinsonian disorder in humans
and animal models.10,11 Subsequent biochemical studies led to
the discovery that MPTP is oxidatively metabolized in the brain
to give the dihydropyridiniumyl species MPDP+ (2) that subse-
quently undergoes a two electron oxidation to give the toxic pyr-
idiniumyl product MPP+ (3) (Scheme 2).9 MPP+ is thought to
mediate the degeneration of dopaminergic neurons.4 Mechanistic
details of this important bioactivation pathway remain poorly
understood. What is known is that the initial 2-electron oxidation
is catalyzed efficiently by MAO-B.

Benzophenone is a common photosensitizer; its chemistry with
aromatic amines has been well characterized. Although the prod-
ucts of the reaction give the appearance of a hydrogen atom trans-
fer process, laser flash photolysis (LFP) experiments have shown
that the reaction of benzophenone triplet (4) with aromatic amines
proceeds by a single electron transfer, generating a solvent sepa-
rated ion pair (SSIP) consisting of benzophenone radical anion
[(4��) kmax = 715 nm] and an aminyl radical cation (5�+).12,13 This
caged-pair subsequently reacts via proton transfer, with the ami-
nyl radical cation acting as an acid and the benzophenone radical
anion as a base, generating diphenylmethanol radical [(6)
kmax = 545 nm] and the neutral aminyl radical (5�) (Scheme 3).

Similarly, 3BP reacts readily with aliphatic amines with a reac-
tivity order 3� > 2� > 1�.9 Rate constants for tertiary and secondary
amines are on the order of diffusion controlled, while primary
amines are on the order of 107 M�1 s�1.14 Although the reaction
is also a formal hydrogen atom transfer process, the details of
the mechanism remain ambiguous. Assuming electron transfer oc-
curs, proton transfer between the initially produced 4�-/5�+ caged
pair may occur too rapidly for these species to be detected. Also,
unlike aromatic amines, spectroscopic characterization of the ini-
tially formed R3N�+ is difficult because these species absorb weakly
and thus are invisible by UV. Consequently, both hydrogen atom
transfer and single electron transfer mechanisms have been sug-
gested for the reactions of benzophenone triplet and aliphatic
amines. Achieving an unambiguous assignment of the reaction
mechanism has proven problematic.

Recently, we reported rate constants for the reaction of t-but-
oxyl radical (tBuO�) with the potent neurotoxin 1-methyl-4-phe-
+ BP-OHBP
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Scheme 3. Reaction of benzophenone triplet (3BP) with aromatic amines.
nyl-1,2,3,6-tetrahydropyridine (MPTP).15,16 In this study, tBuO�

was generated by the photolysis of di-t-butyl peroxide (DTBPO).
This method was employed to measure the absolute rate constants
for hydrogen atom abstractions from MPTP by tBuO�, generated by
laser flash photolysis (LFP), in order to gain insight into the radical-
based chemistry of MPTP. Unlike the radicals derived from HAT in
simple aliphatic amines,17,18 the MPTP derived radical (1�) gave rise
to a transient species (kmax = 385 nm) that could be easily moni-
tored. The strongly absorbing species was assigned to the a-allylic
MPTP radical based on isotopic labeling studies. The observed rate
constant for the formation of the MPTP derived radical was deter-
mined to be 2.27 � 108 M�1 s�1.15,16

NPh CH3

1

In principle, hydrogen atom abstraction can occur at each of the

carbons alpha to nitrogen in MPTP, as was demonstrated for hydro-
gen abstractions by t-butoxyl radical.15 However, only neutral rad-
ical 1� possesses a suitable chromophore that can be readily
monitored at 385 nm. Accordingly, it was envisioned that this rad-
ical would provide a unique spectroscopic handle to study the
mechanism of the reaction between benzophenone triplet and
aliphatic amines. This manuscript describes the photochemical
investigation of reaction of 3BP with 1-methyl-4-phenyl-1,2,3,6-
tetrahydro-pyridine (MPTP) (1) and two of its derivatives; 1-cyclo-
propyl-4-phenyl-1,2,3,6-tetrahydropyridine [N-cyclopropyl MPTP]
(7) and (±)-[trans-2-phenylcyclopropyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine] [N-cyclopropylphenyl MPTP] (8).

NPh CH3
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NPh
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NPh
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The N-cyclopropyl MPTP derivatives provide a unique way to

probe the mechanism of these benzophenone triplet-mediated
oxidations because in direct analogy to the cyclopropylcarbi-
nyl?homoallyl neutral radical rearrangement (Scheme 4),19 the
derived radical cations (if produced) are expected to undergo
instantaneous ring opening. Moreover, because the barrier to this
ring opening is exceedingly small (vide infra), this process should
be competitive with deprotonation of the aminyl radical cation.

Literature precedent suggests that 7�+ and 8�+ will have little or
no barrier to ring opening. Indeed, 1-electron oxidation of 8 may
k = 108 s-1

  9                                                 10

Scheme 4. Ring opening of the cyclopropylcarbinyl neutral radical.
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occur via a dissociative electron transfer (DET) reaction, wherein
electron transfer and ring opening occur simultaneously.20 Electron
paramagnetic resonance (EPR) examinations of the radical cation
generated from N-cyclopropylamine (11) support this statement.19

EPR experiments in a solid matrix have provided evidence for the
distonic radical cation (ring-opened) structure based upon hyper-
fine coupling constants and have shown that the aminyl radical cat-
ion ring-opens to the distonic radical cation rapidly upon electron
removal.21,22 Subsequent molecular orbital calculations at the MP2
and other levels of theory have suggested that the removal of an
electron from N-cyclopropylamine occurs simultaneously with ring
opening; the only stable structure is the distonic radical ion, which
collapses to a more stable aminopropenyl ion.23,24

Studies on MPTP and the cyclopropyl analogs 7 and 8 by online
coupling of electrochemistry and mass spectrometry (EC–ESI-MS)
have been reported.25 The technique involves passing a substrate
solution through a porous graphite electrode and varying the po-
tential from 0 to 1500 mV. The concentrations of substrates and
products resulting from 1-electron oxidation are then monitored
via LC–MS. Experiments conducted with compound 1 showed evi-
dence for electron transfer to generate the aminyl radical cation
1�+ followed by subsequent deprotonation at the allylic position to
yield 1�. On the other hand, the analogous reactions with compounds
7 and 8 were consistent with rapid ring opening of the aminyl radical
cations to give corresponding distonic radical cation. No dihydropy-
ridinium products corresponding to electron transfer followed by
allylic a-carbon deprotonation were detected. These experiments
were further probed by computational analysis at the UHF level of
theory. No global minima corresponding to the ring closed aminyl
radical cations 8�+ were ever obtained indicating that the electron
transfer and ring opening proceed by a concerted process.

Dinnocenzo and co-workers26 studied the fate of a series of
structurally-related N-(2-phenylcyclopropyl) aminyl radical cat-
ions (11�+ and 12�+) by nanosecond laser flash photolysis. Ring
opening of the radical cation was estimated to be exothermic by
�26 kcal/mol. It was suggested that ring opening and electron
transfer were occurring in a concerted fashion and that N-(2-phe-
nylcyclopropyl) aminyl radical cations have virtually no barrier for
ring opening (Scheme 5).

Literature precedent as well as higher order molecular orbital
calculations suggest that the barrier for ring opening of tertiary
amine radical cations such as N-(2-phenylcyclopropyl) derivative
(3) to be virtually nonexistent. Due to the unique chromophore de-
rived from 3, laser flash photolysis can be used to spectroscopically
observe a reactive intermediate that is generated from excitation,
be it radical or radical ion. Herein we report: (1) computational
analysis of ring opening reactions of relevant cyclopropyl amines,
and (2) the results of model studies on the photochemically-med-
iated oxidation of MPTP and two of its derivatives that are de-
signed to evaluate the HAT versus the SET pathways.

2. Results and discussion

2.1. Calculations

The ring opening of radical cations derived from: N-cyclopropyl-
amine (11), N,N-dimethylaminocyclopropane (12), 2-phenylcyclo-
NR2

Ph

Ph NR2 + e-

13 (R =H)                                         13
14 (R = CH3)                                    14

Scheme 5. Ring opening of N-(2-phenylcyclopropyl) aminyl radical cations.
propylamine (13), N,N-dimethyl-N-(2-phenyl-cyclopropyl)amine,
and (14) 1-cyclopropylphenyl-1,2,3,6-tetrahydropyridine (15) were
examined computationally. As noted, calculations pertaining to the
ring opening chemistry of 11�+ have been previously reported,21–24

thereby allowing us to validate the computational methods before
examining the chemistry of compounds 12�+?15�+. The following
are the specific issues to be addressed: will a tertiary aminyl radical
cation such as 12�+ be more stable than primary radical 11�+ and thus
have a barrier to ring opening? Will phenyl substitution on the cyclo-
propyl group lower or eliminate the barrier to ring opening, if indeed
such a barrier exists?
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2.1.1. N-Cyclopropylaminyl radical cation (11�+)
Consistent with published results,21–24 an energy profile (plot of

energy vs C–C bond length) of 11�+ at the UHF/6-31G⁄ level of the-
ory suggest that the ring-closed form of 11�+ does not exist at a po-
tential energy minimum. Attempts to minimize the energy of the
cyclopropyl ring-closed from of 11�+ led to a minimized structure
corresponding to the distonic (ring-opened) radical cation. Similar
results were obtained at the UMP2/6-31G⁄ and UMP4SDTQ/6-
311G⁄⁄ levels of theory/basis sets. Geometry optimization led
exclusively to the ring-opened form. These results confirm that
there is no barrier associated with the ring-opening of 11�+.
Because these results correspond with previously published stud-
ies,21–24 it can be said with confidence that these computational
methods can also be utilized to examine 12�+?15�+.

2.1.2. N,N-Dimethyl-N-cyclopropylaminyl radical cation (12�+)
Energy profiles on 12�+ at the UHF/6-31G⁄, UMP2/6-31G⁄, and,

UMP4SDTQ/6-31G⁄⁄ levels all reveal (a) the ring-closed and ring-
opened forms of 12�+ reside at potential energy minima (no imag-
inary frequencies) and (b) that there is small barrier to the ring
opening reaction. A transition state for ring opening was success-
fully located, characterized by one imaginary frequency corre-
sponding to C–C bond cleavage. In the case of UHF/6-31G⁄, the
energy of activation for the ring opening pathway was found to
be 4.7 kcal/mol. Ring opening was exothermic by ca.�7.5 kcal/mol.

2.1.3. N-(2-Phenylcyclopropyl)aminyl radical cation (13�+)
As was the case for 11�+, calculations at the UHF/6-31G⁄ level of

theory revealed that ring-opening of 13�+ occurs with essential no
barrier, consistent with the results of Dinnocenzo and co-workers.
The interaction between C1 and C3 is purely repulsive. Similar re-
sults were obtained at UMP2/G-31G⁄, and UMP4STDQ/6-31G⁄⁄ lev-
els of theory, further confirming that the ring closed form of 13�+

does not exist at a potential energy minimum, and that no barrier
to ring opening exists.

2.1.4. N,N-Dimethyl-N-(2-phenylcyclopropyl)aminyl radical
cation (14�+)

Geometry optimizations at UHF/6-31G⁄ revealed a stable ring-
opened form and a stable ring-closed form of the radical cation
with no imaginary frequencies for either. DE� for ring opening
was found to be �27.0 kcal/mol, consistent with the results of Din-
nocenzo and co-workers.26 Curiously, an energy profile of the
cyclopropyl ring opening reaction (Fig. 1) did not reveal either a



Figure 3. Reaction coordinate diagram for the ring opening of 15�+ calculated at the
UHF/6-31G⁄ level of theory.

Figure 1. Reaction coordinate diagram for the ring opening of 14�+ calculated at the
UHF/6-31G⁄ level of theory.
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minimum for the ring-closed form of 14�+ or a transition state for
ring opening. Similarly, geometry optimization calculations at the
UMP2 level of theory using the 6-31G⁄ basis set also found both
the ring-opened and ring-closed form of 14�+. Again, the barrier
to ring opening was nonexistent. (Unfortunately, the limitations
of the computational system used in this study prevented us from
probing this problem further as energy profiles at UMP2/6-31G⁄

and UMP4STDQ/6-31G⁄⁄ levels of theory were unsuccessful).
Careful inspection of the profile for 14�+, varying the C–C bond

length in very small increments (0.001 Å) in the vicinity of the
ring-closed minimum proved informative. Variation of the C–C
bond length is accompanied by a simultaneous rotation of one of
the methyl groups as depicted in Figure 2. Thus, a simple, two-
dimensional reaction coordinate diagrams such as in Figure 1 does
not depict the full dynamics of the system, explaining why no min-
imum appears in this plot. All attempts to locate a transition state
for ring opening failed, and as the calculations pertain to 0 K, we
conclude that there is no significant barrier to ring opening of
14�+ at room temperature.

Because of the anomaly with rotation of the methyl groups in
14�+, ring opening of cyclic aminyl radical cation 15�+ was reexam-
ined as a model for the ring opening of the radical cation generated
from trans-2-phenylcyclopropyl-4-phenyl-1,2,3,6-tetrahydro-pyri-
dine (8). No minimum corresponding to a cyclopropane ring-closed
structure could be located at any level of theory. The reaction coor-
dinate diagram (Fig. 3) is unambiguous in showing that the inter-
action between C1 and C3 is purely repulsive, consistent with
earlier observations.20 Accordingly, it appears quite reasonable to
assume that ring-opening of 8�+ is barrier-free.

2.1.5. Comparison of 11�+ and 12�+

Computationally, we observed that 11�+ exhibits no stable ring
closed form and opens spontaneously with the transfer of an elec-
tron, consistent with earlier reports on this system. On the other
hand, 12�+ can lose an electron and remain a stable ring-closed rad-
N

Ph

C C H

HH

H
H

H

Figure 2. Depiction of how variation on C–C bond length of 14�+ is accompanied by
simultaneous rotation of the N-methyl group.
ical cation. A barrier to ring-opening exists, thus a transition state
exists. A chemical reason for this is that the electron donating char-
acter of the methyl groups on 12�+ can stabilize the radical cation in
the ring-closed form.

2.1.6. Comparison of 12�+ and 14�+

Computational analysis of 12�+ clearly reveals a barrier to ring
opening. Conversely, ring opening of 14�+ is highly exothermic
(DE� = �27 kcal/mol) with no significant barrier to ring opening,
consistent with the report of Dinnocenzo and co-workers.26 One
electron oxidation of 8 and 14 likely occurs via a concerted disso-
ciative electron transfer reaction. This process is driven by the fact
that the ring-opened form is stabilized by the formation of a ben-
zylic radical (Scheme 6). For 12�+, no such stabilization exists
resulting in a 4.71 kcal/mol barrier for the ring opening pathway.

2.2. Laser flash photolysis (LFP)

The transient absorption spectra for the reaction of 3BP with
MPTP (1) in benzene are presented in Figure 4; virtually identical
results were obtained in acetonitrile. The key features of these
spectra are that for MPTP, the data suggest that the decay of ben-
zophenone triplet [43⁄ (kmax = 520)] 12 is accompanied by the for-
mation of two new species at kmax = 54512 and 385 nm.16 These
two species are the diphenylhydroxylmethyl radical [6 (545 nm)]
and MPTP-H� [1� (385 nm)], which are formed either by in-cage pro-
ton abstraction in the caged ion pair, or direct hydrogen atom
abstraction (Scheme 7). The spectra showed no indication that
the benzophenone radical anion [4�� (kmax = 650 nm)] was formed.

In order to probe further the mechanism of this system, and to
differentiate between the direct HAT and SET pathways, an analo-
gous LFP study was conducted on the corresponding N-cyclopropyl
MPTP derivatives 7 and 8. In the case of MPTP, either hydrogen
atom abstraction, or SET followed by in-cage deprotonation, would
result in the formation of 1�. However in the case of the two cyclo-
propyl derivatives, if SET is occurring, cyclopropyl ring opening is
expected to compete with deprotonation because there is little
(in the case of 7�+) or no (in the case of 8�+) barrier to ring opening
NR2 NR2

Scheme 6. Resonance stabilization of the distonic radical cation derived from 8�+

and 14�+.
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Scheme 7. Reaction pathways for 3BP with MPTP (1) SET and (2) HAT.

Table 1
Rate constants for the reaction of 3BP with 1 and 2

Substrate Solvent kobs (M�1 s�1) ( � 109)

1 Benzene 2.12
1 Acetonitrile 8.34
1 Acetonitrile/LiOCl4 5.83
7 Benzene 2.19
7 Acetonitrile 5.47
7 Acetonitrile/LiOCl4 6.37

1462 M. L. Grimm et al. / Bioorg. Med. Chem. 19 (2011) 1458–1463
(vide supra). Electron transfer from 8 is likely to be concerted with
ring opening. This system is an ultrasensitive probe for single elec-
tron transfer—competitive with events such as deprotonation
which may be occurring within the lifetime of a caged-radical
ion pair.

For each, the reaction of 3BP produced only species absorbing at
540 nm, corresponding to diphenylmethanol radical (6) and
380 nm corresponding to the hydrogen atom abstraction product.
In examining the chemistry of these compounds, using benzophe-
none triplet as a sensitizer it has been inferred that the ‘hydrogen
atom abstraction’ is the only observable process.

These experiments were also conducted in the presence of
0.5 M lithium perchlorate, which has been shown to aid in the sep-
aration of the contact ion pair to facilitate the diffusion of the con-
tact ion pair forming a solvent separated ion pair.27 Lithium cation
will complex with benzophenone radical anion, which can be
monitored at kmax = 650 nm on a nanosecond time regime. Exami-
nation of all three compounds showed no evidence of benzophe-
none radical anion in the presence of lithium perchlorate. In the
case of the N-cyclopropyl derivatives, the MPTP derived radical
absorption band (7�) should be diminished and the band corre-
sponding to the benzophenone radical anion should be visible in
the absorption spectra, making the reasonable assumption that
ring opening is competitive with deprotonation. In the case of com-
pound 8, the molecule is expected to undergo a concerted dissocia-
tive electron transfer reaction, and therefore neither the band at
385 nm (corresponding to the MPTP derived radical (8�)) or band
at 545 nm (corresponding to 6�) are expected to be present. Be-
cause both of these bands are observed, it can be surmised that
an electron transfer process is not occurring in this system. These
results are fully consistent with the proposal that these oxidations
of MPTP and its derivatives by benzophenone occur by a HAT
process.

Rate constants for the reaction of benzophenone triplet with 1
and 7 were examined by varying the concentration of MPTP deriv-
atives and monitoring the growth of the MPTP radical species on a
nanosecond time regime as described previously.14 For both sub-
strates, the rate constants were on the order of diffusion controlled
and not significantly affected by added electrolyte (Table 1).

3. Conclusions

Literature precedent and the calculations reported herein sug-
gest for tertiary amines (such as these MPTP derivatives) that the
barrier to ring opening of the corresponding radical cations is
anticipated to be low for the N-cyclopropyl derivative (e.g.,
7�+)21–24 and nonexistent for the N-(2-phenylcyclopropyl) deriva-
tive (e.g., 8�+).20,26 These systems are thus expected to be ultrasen-
sitive probes for single electron transfer. The LFP results reported
herein demonstrate that for the reaction of 3BP with 1, 7, and 8,
the intermediates formed are very similar. In each instance, disap-
pearance of 3BP is accompanied solely by appearance of bands cor-
responding to the diphenylhydroxylmethyl radical and neutral
radical derived from MPTP and its derivatives. In principle, this is
consistent with either an apparent hydrogen abstraction from the
MPTP derivative, or deprotonation within the radical ion pair
formed by single electron transfer. However, the results obtained
for 7, and especially for 8 do not support an electron transfer path-
way. Electron transfer from 8 is expected to lead immediately to
the cyclopropyl ring-opened product. If this were occurring, the
observations would be drastically different: (a) Bands correspond-
ing to either the diphenylhydroxymethyl radical (kmax = 540 nm) or
neutral radical derived from the MPTP derivative (kmax = 380)
would not be observed because the ring opening would beat out
deprotonation, and (b) a band corresponding to the benzophenone
radical anion (kmax = 650 nm) would be observed. Accordingly,
these results suggest that the reaction between benzophenone
triplet and tertiary aliphatic amines proceed via a hydrogen atom
transfer reaction. Additionally these models provide evidence that
oxidations of N-cyclopropyl derivatives of MPTP catalyzed by
MAO-B may not proceed by a pure SET pathway.
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4. Experimental section

4.1. Materials

All solvents and fine chemicals used in this study were obtained
from Aldrich and used as received unless otherwise noted. Benzo-
phenone was recrystallized in methanol prior to use. Syntheses of
MPTP and derivatives have been described previously;20,28 these
compounds were stored as their oxalate salts. For sample prepara-
tion, the oxalate salts were suspended in saturated potassium car-
bonate and extracted using ethyl acetate to render the free base
prior to use. Solution concentrations were calculated using the
mass of the free base. Caution: MPTP is a known neurotoxin and
should be handled in a well-ventilated hood and proper personal
protective equipment should be worn while working with this
material. Procedures for the safe handling of MPTP have been
documented.29

4.2. Apparatus

Steady-state UV/vis spectra were recorded on a Hewlett–Pack-
ard diode array UV/visible spectrophotometer (HP 8452A). Laser
flash photolysis (LFP) experiments were conducted using an Ap-
plied Photophysics LKS.60 spectrometer using the third harmonic
of a Continuum Surelite I-10 Nd:YAG laser (4–6 ns pulse,
355 nm). Absorption spectra were monitored by a Hewlett–Pack-
ard Infinium digital oscilloscope and analyzed with an Applied
Photophysics SpectraKinetic Workstation software package (v.
4.59). Experiments were preformed with a jacketed cell holder
connected to a VWR Scientific Products (PolyScience) variable tem-
perature circulating bath (model 1150-A) thermally equilibrated to
25C.

4.3. Laser flash photolysis (LFP)

Sample solutions were prepared in benzene or acetonitrile and
deoxygenated with argon prior to use. (Steady-state UV/visible
spectra were recorded to ensure that benzophenone was the only
species absorbing at the excitation wavelength). In most LFP exper-
iments, 1:1 concentrations of the MPTP derivatives and benzophe-
none (4.5 mM) were examined in acetonitrile with varying
concentrations of lithium perchlorate.

4.4. Calculations

Density functional theory calculations were performed using
the Titan30 molecular modeling software and/or GAUSSIAN 03.31

4.5. Calculations. (Experimental)

Initial calculations for all four compounds (11–15) included the
structure of the radical cation in the ring-closed form, transition
state, and ring-opened form of each of the compounds were iso-
lated at the AM1 level of theory. Structural results were imported
from the AM1 level calculations, followed by geometry optimiza-
tion and frequency calculations at the UHF level of theory with
the 6-31G⁄ basis set. The results (structural coordinates) from this
calculation were taken to a higher energy level, and once again
geometry optimization and frequency calculations were performed
at the UMP2 level of theory with the 6-31G⁄ basis set. Finally, the
energies of the structures that were determined at UMP2 were cal-
culated once more at the UMP4SDTQ level of theory with the 6-
311G⁄⁄ basis set.
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22. Knolle, W.; Janovský, I.; Naumov, S.; Williams, F. J. Phys. Chem. A 2006, 110,

13816.
23. Bouchoux, G.; Alcaraz, C.; Dutuit, O.; Nguyen, M. T. J. Am. Chem. Soc. 1998, 120,

152.
24. Nguyen, M. T.; Creve, S.; Ja, T.-K. Chem. Phys. Lett. 1998, 293, 90.
25. Jurva, U.; Bissel, P.; Isin, E. M.; Igarashi, K.; Kuttab, S.; Castagnoli, N. J. Am. Chem.

Soc. 2005, 127, 12368.
26. Wang, Y.; Luttrull, D. K.; Dinnocenzo, J. P.; Goodman, J. L.; Farid, S.; Gould, I. R.

Photochem. Photobiol. Sci. 2003, 2, 1169.
27. Simon, J. D.; Peters, K. S. J. Am. Chem. Soc. 1983, 105, 4875.
28. Nimkar, S. K.; Anderson, A. H.; Rimoldi, J. M.; Stanton, M.; Castagnoli, K. P.;

Mabic, S.; Wang, Y. X.; Castagnoli, N. Chem. Res. Toxicol. 1996, 9, 1013.
29. Pitts, S. M.; Markey, S. P.; Murphy, D. L.; Weisz, A.; Lunn, G. In Recommended

Practices for the Safe Handling of MPTP, MPTP: A Neurotoxin Producing a
Parkinsonian Syndrome, Academic: New York, 1986; pp 703–716.

30. Wavefunction, Inc.: Irvine, CA 92612, 1998.
31. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.;

Cheeseman, J. R.; J. A. Montgomery, J.; Vreven, T.; Kudin, K. N.; Burant, J. C.;
Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.;
Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.;
Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao,
O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo,
C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi,
R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe,
M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
GAUSSIAN 03, Revision C.02, Gaussian, Inc.: Wallingford CT, 2004.

http://dx.doi.org/10.1016/j.bmc.2011.01.002

	Reaction of benzophenone triplet with aliphatic amines. What a potent  neurotoxin can tell us about the reaction mechanism
	Introduction
	Results and discussion
	Calculations
	N-Cyclopropylaminyl radical cation (11+)
	N,N-Dimethyl-N-cyclopropylaminyl radical cation (12+)
	N-(2-Phenylcyclopropyl)aminyl radical cation (13+)
	N,N-Dimethyl-N-(2-phenylcyclopropyl)aminyl radical cation (14+)
	Comparison of 11+ and 12+
	Comparison of 12+ and 14+

	Laser flash photolysis (LFP)

	Conclusions
	Experimental section
	Materials
	Apparatus
	Laser flash photolysis (LFP)
	Calculations
	Calculations. (Experimental)

	Acknowledgements
	Supplementary data
	References and notes


