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Time-resolved electronic absorption spectroscopy has been successfully applied to clarify the
mechanism of the “abnormal” photochemical cleavage of 4-nitrophenyl piperidinoalkyl ethers induced
by controlled Coulombic disturbance of the “normal” electronic distribution of the radical anion
intermediate. Thus, photolysis of 1-piperidino-2-(2-methoxy-4-nitrophenoxy)ethane (a system with
an amine with limited freedom of motion) in acetonitrile leads to C-O bond photocleavage in a
relatively slow process (k ≈ 4 × 105 s-1) from intermediate species that show radical-ion pair
behavior. Systems with higher freedom of motion of the amine moiety, such as 1-piperidino-5-(2-
methoxy-4-nitrophenoxy)pentane or 4-nitroveratrole + triethylamine, show the intermediate radical-
ion pairs mainly evolving to reduction products, probably a result of intermediates with geometries
not allowed for the system with limited freedom of motion of the amine.

The electron distribution in reactive intermediates
largely determines the outcome of a chemical or photo-
chemical reaction. However, the effect of the counterion
on the outcome of a chemical process (“metal ion cataly-
sis”, “electrophilic catalysis”, etc.) has been traditionally
attributed1 to Lewis acid complexation, ignoring the
important associated electrostatic effect. Only recently
has this electrostatic effect been recognized as responsible
for the lowest energy conformation of the radical anion/
cation pair in alkyl aryl ethers2 and the acceleration of
the electrocyclic reactions by metal cation complexation.3

In 1991, we predicted that the Coulombic alteration
of the “normal” electron distribution of a charged inter-
mediate could lead to previously unknown processes.4a
The idea was applied to achieve the previously unknown
reductive cleavage of certain ethers.4

The reductive cleavage of alkyl aryl ethers5 is an
important process in chemistry that has lately received
attention from both the synthetic6 and mechanistic7
points of view. The first reaction step leads to radical
anions, ROAr•-, known since 1968 from ESR studies.8
Dianions were also discussed in the past as intermedi-

ates9 although more recent literature5,7 showed that, in
most cases, this is an unnecessary hypothesis.
Intermediates of the ROAr•- type share many common

features with the aryl and benzyl halide radical anions
important in SRN1 reactions.10 Symons,11 Bunnett,12
Rossi,13 Savéant,14 and others15 have proposed that
cleavage of C-X bonds in halogeno-aromatic radical
anions may be seen as the result of electron transfer from
the π* radical anion to the σ* arylnucleofugal bond by
an orbital crossing. Efficient fragmentation in aryl and
benzyl halides depends on a delicate balance. Thus,
electron-attracting groups that stabilize the π* orbitals
making easier the initial electron transfer can also
prevent the π*-σ* crossing by increasing the energy gap.
When a cyano group replaces the nitro group either in
p-nitroaryl or p-nitrobenzyl halides, the rate of dissocia-
tion of the radical-anion, as measured by pulse radioly-
sis,16 increases by at least five orders of magnitude.
For alkyl aryl ether radical anions, the efficiency and

selectivity of the fragmentation depends on the prob-
ability of transition from the π* state to the σ* state. In
addition a new feature, called the “spin regioconservation
principle”, must be taken into account.17 Guthrie and
Maslak proposed such a concept based on fragmentation
studies of aryl nitrobenzyl and benzyl nitroaryl ethers.
These authors state that the fission of alkyl aryl ether
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radical anions will only take place without problem if the
spin density remains on the departing radical.
Radical anions of alkyl nitrophenyl ethers are stable

toward fragmentation of the C-O bonds (Scheme 1A),
and they generally follow alternative reaction pathways
such as nitro group reduction18 or alkoxy group substitu-
tion via collapse of the radical ions.19 This observation
has been rationalized considering the effect of the NO2

group on the energy of the π* state and on the spin
density distribution in the radical anion (predictably
concentrated in the NO2 group).20
We have recently shown that by altering (through

Coulombic interactions) the electron density distribution
of the intermediate nitroaryl ether radical anions, the
intramolecular π*-σ* electron transfer becomes easier
due to the stabilization of the σ* state. Then, the
previously unknown reductive fragmentation of nitroaryl
ethers can occur in aqueous solution.4 The model used
avoids the use of metal cations and the “electrophilic
catalysis” associated with them and consists of a 4-ni-
trophenoxy group linked through a short methylene chain
to a tertiary amine (Scheme 1B). On the basis of
theoretical calculations and few qualitative mechanistic
experiments, we have proposed that a topologically
controlled Coulombic interaction (TCCI) is created after
a photoinduced intramolecular electron transfer process
and that this interaction is responsible for the observed
photocleavage.
Time-resolved electronic absoption spectroscopy has

been used successfully to unravel the mechanisms of the
photoreactions of nitrophenyl ethers in the presence of
nucleophiles, mainly in aqueous solution.19b,21 The aim
of the present paper is to clarify the mechanism of the
“abnormal” photoinduced cleavage of 4-nitrophenyl pip-
eridinoalkyl ethers (Scheme 1) by means of time-resolved
transient absorption spectroscopy and, thereby, to gather
support for the TCCI hypothesis advanced in our previous
work.4

Preparative Results

The substrates selected were 4-nitroveratrole (1), 1-pi-
peridino-2-(2-methoxy-4-nitrophenoxy)ethane (2), 1-pip-
eridino-5-(2-methoxy-4-nitrophenoxy)pentane (3), and
1-piperidino-3-(2-methoxy-4-nitrophenoxy)propane (4). In
Scheme 2, the photolysis of substrates 2-4 in N2 atmo-
sphere and in acetonitrile as a solvent, as well as the
corresponding photoreaction of 4-nitroveratrole in the
presence of triethylamine, is described. These photore-
actions have been previously described in aqueous
solutions,4b but the reaction intermediates were too short
lived to be studied by time-resolved spectroscopy with our
equipment (nanosecond laser flash photolysis). Therefore
we tested other solvents where the TCCI could still be
operative, but the different steps involved would be
somewhat slower. Acetonitrile proved to be a good choice.
The photoreaction of 4-nitroveratrole (1) in the pres-

ence of triethylamine in acetonitrile (125 W medium-
pressure Hg lamp, 10 min of irradiation, Pyrex filter, N2

atmosphere) leads to complete comsumption of the start-
ing material and to a very complex reaction mixture
where 3,4-dimethoxyaniline (5) could be identified as a
major product, and 3,3′,4,4′-tetramethoxyazobenzene (6)
and 3,3′,4,4′-tetramethoxyazoxybenzene (7) as two of the
minor ones. Neither photosubstitution products nor
2-methoxy-4-nitrophenol could be detected in the reaction
mixture.
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Substrate 3 (five methylene units linker) gave rise to
62% recovery of the starting material and 17% of the
aniline 8 under similar conditions. Interestingly enough,
a small amount (7% isolated yield) of 2-methoxy-4-
nitrophenol (9) was produced.
2-Methoxy-4-nitrophenol (9) was the major product

(83% isolated yield) when substrate 2 (two methylene
units linker) was irradiated under the same conditions
for 15 min. Qualitative analysis of the crude reaction
by GC allowed the identification of N-ethylpiperidine
(10), piperidine (11), and traces of both 1-piperidino-2-
(4-amino-2-methoxyphenoxy)ethane (12), and 2-piperi-
dinoethanol (13). One of the reviewers advanced the
possibility that the 3-azoniaspiro[2.5]octane [C6H10N+C2H4

(14)] ammonium cation was a primary product in this
photoreaction and a precursor of 2-piperidinoethanol (13).
We tested this hypothesis by carrying out the photore-
action in deuterated acetonitrile, monitoring directly its
evolution by 1H NMR spectroscopy. The resulting spec-
trum was rather complex with some broad bands that
suggested the presence of free radicals in low concentra-
tion, but certainly the cation 14 appeared to be one of
the primary formed products derived from the alkylpip-
eridino chain (singlet at δ 2.9 for four protons, triplet at
δ 3.2 for four protons, and multiplet centered at δ 1.7 for
six protons) as established by the rather good coincidence
of these values with the 1H NMR spectrum of an
authentical sample (perchlorate as a counterion, δ 3.0,
3.3, and 1.8, respectively) prepared by an independent
synthetic pathway (see Experimental Section). Direct
analysis of the crude mixture by MS supported this
conclusion since a distinct peak at m/e 112 [molecular
peak for the 3-azoniaspiro[2.5]octane ammonium cation
(14)] could be observed.
Substrate 4 showed a behavior intermediate between

that of substrates 2 and 3. Thus, a 12% yield of
2-methoxy-4-nitrophenol (9) was obtained after 10 min
of irradiation under the same conditions. No reduction
products were detected and 71% of the starting material
(4) was recovered.
These results confirm that the TCCI hypothesis is also

operating in acetonitrile as a solvent and under inert
atmosphere, and that these conditions might be much
more appropriate than aqueous solutions for our laser
flash photolysis studies.

Laser Flash Photolysis Studies

In the discussion of the transient behavior of the
photoexcited solution the following notation will be used.
A particular set consisting of several types of molecular
species Ai will be denoted by {A}. A particular compound
B in its electronic state, labeled J, will be referred to as
B(J). The electronic ground state, the nth excited singlet
state, and the lowest triplet state will be referred to by
J ) S0, J ) Sn, and J ) T1 respectively. The contribution
to the transient change in optical density (at wavelength
λ when a single wavelength is monitored) induced by
laser excitation of species B and arising from transient
species {A} at time t will be denoted by ∆OD(B,A,λ,t).
The sum of all these contributions will be denoted by
∆OD(B,λ,t). A reference electronic absorption spectrum,
e.g., of stable species of type R will be denoted by OD(R,λ).
The transient absorption spectroscopy study has been

carried out on the photoreactions of substrates 2 (C-O
photocleavage) and 3 (NO2 group photoreduction), and
for the sake of comparison, on the photoreaction of NVT
(1) with triethylamine.

1. The Triplet State of 4-Nitroveratrole [NVT (1)]
in Acetonitrile. The triplet state of NVT (1) in aqueous
solution, without taking any precaution about the pres-
ence of oxygen, has been previously described by one of
us.19b However, preliminary work in acetonitrile under
nitrogen showed an electronic absorption spectrum for
the transient after the laser pulse, significantly different
from that observed in aqueous solutions (Figure 1).
Therefore, we decided to investigate the nature of this
transient in acetonitrile and in N2 atmosphere. The
electronic absorption spectra OD(NVT,S0,) of NVT(S0) is
described in Figure 1a. The transient electronic spectra
∆OD(NVT,t) of a solution of NVT in H2O/CH3CN (70:30
v/v) and pure CH3CN at different t (time after the laser
pulse) are depicted in Figure 1b and 1c, respectively (the
wavelength region is limited to λ > 400 nm due to the
large absorption of NVT(S0) at shorter wavelengths that
complicates the spectral analysis). In principle, the
transient absorption in acetonitrile (Figure 1c) may
contain contributions from several yet unidentified spe-
cies X1. The point of time just after termination of the
laser pulse will be denoted by tL, and the point at which
the transient absorption ∆OD(NVT,X1,t) has vanished
almost completely (i.e., ∆OD(NVT,X1,t) < 0.001) will be
denoted by tX. The decay of ∆OD(NVT,X1,t) in period tL
< t < tX in acetonitrile and inert atmosphere is described
by a single exponential function ∆OD(NVT,X,t) ) ∆OD(N-
VT,X,tL)exp{-kD(t - tL)}.
Since ∆OD(NVT,X1,t) vanishes completely after a

single exponential decay, {X1} is taken to contain a single
species X1. The value of kD in acetonitrile and inert
atmosphere is 4.59 × 105 s-1 (2.84 × 106 s-1 under air
atmosphere).
The transient absorption spectrum ∆OD(NVT,X1,t)

(Figure 1c) cannot be attributed to an intermediate in a
photochemical reaction, because acetonitrile solutions of
NVT do not change noticeably by steady state UV
irradiation. The transient absorption is quenched by
oxygen and piperylene. This is illustrated by the Stern-
Volmer plot, shown in Figure 2a, for the quenching by
piperylene. The rate constant kq (piperylene) for quench-
ing equals 1.57 × 108 s-1.22

Figure 1. Electronic absorption spectra of a solution of
4-nitroveratrole (NVT, 1) before and after laser excitation. (a)
OD(NVT,S0,λ) in acetonitrile. (b) ∆OD(NVT,λ,t) in H2O/CH3CN
(70:30 v.v) at different t after the laser pulse (s t ) 2.0 × 10-7

s; - - - - t ) 6.0 × 10-7 s; ‚‚‚‚‚ t ) 1.0 × 10-6 s). (c) ∆OD(NVT,λ,t)
in CH3CN at different t after the laser pulse (s t ) 8.0 × 10-8

s; - - - - t ) 2.0 × 10-7 s; ‚‚‚‚‚ t ) 4.4 × 10-7 s; - - t ) 6.8 ×
10-7 s).
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The decay constant kD is not affected by variation of
the laser energy (IL) between 15 and 1.5 mJ. Therefore,
bimolecular reactions between two transient species as
well as between transient species and NVT(S0) are
excluded. The decay constant kD does not change when
the concentration of NVT is varied. This means that
excited states of multimers are not involved in the
transient absorption.
The observed behavior of the decay constant of the

transient absoption of NVT in acetonitrile indicates that
the transient absoption ∆OD(NVT,X1,t) is due to the
population of NVT(T1). However, the composition of the
solvent has a strong influence on kD19b and on the shape
of the electronic spectrum of NVT(T1) (Figure 1). Ac-
cording to the literature,23 we have attributed this
behavior to hydrogen bonding to the NO2 group of the
triplet state molecule in aqueous solutions.
2. The Reaction of Triethylamine (TEA) with

Photoexcited 4-Nitroveratrole [NVT (1)], in Aceto-
nitrile. Preparative experiments indicate that neither
photofragmentation nor stable photosubstitution prod-
ucts are formed when solutions of NVT and triethylamine
(TEA) are irradiated with UV light at wavelengths longer
than 290 nm. Only photoreduction products are observed
in acetonitrile (Scheme 2). In agreement with these
observations, the value of the triplet decay constant
increases with increasing concentration of TEA in the
acetonitrile solution. The rate constant kq(TEA) for the
bimolecular quenching of NVT(T1) by TEA in acetonitrile
is found, from a Stern-Volmer plot (Figure 2b) of kD
versus CTEA, to be 1.40 × 109 M-1 s-1 (slighly higher than
the value previously reported,18b 0.46 × 109 M-1 s-1 in
H2O/CH3CN (80:20 vv)).
In Figure 3a, the evolution of the transient spectrum

∆OD(NVT,X1,λ,t) with time for a short period of time (7
× 10-7 s) after the laser pulse is shown. Global analysis
of the complete kinetic data set (period of time ≈ 10-7 s
after the laser pulse) using GLint24 only fits well to a
mechanistic scheme of the A f B f C type. This kinetic
scheme is in agreement with the double exponential
behavior followed by the decay of the transient spectrum
at 470 nm in the same period of time

The first species in the kinetic scheme, {X1} (λmax ≈
475-495 nm) can be assigned to the NVT(T1) on the basis
of its absorption spectrum (compare the solid line in
Figure 3b with Figure 1c). NVT(T1) evolves into a second
transient, {Y1} (dashed line in Figure 3b), the absorption
spectrum of which resembles the spectrum of the radical
anion25 of NVT with respect to both the maximum of the
band at 490 nm and the tail of the UV band. Therefore,
we identify {Y1} with the NVT radical anion. Strong
support for this assignment came from the observed
quenching of {Y1} by m-dinitrobenzene (m-DNB) (good
redox trap that does not interact with NVT(T1)19b and
that does not absorb significantly at 355 nm). This
quenching was accompanied by the appearance of a new
absorption (λmax ≈ 500 nm) attributed to the m-DNB
radical anion.26 Within a few nanoseconds after time tX,

(22) The triplet energy of 4-nitroveratrole (NVT) has not been
measured. However, the corresponding value for 4-nitroanisole at 77
K in hydrocarbon solvents is ET ) 60 kcal/mol (Brinen, J. S.; Singh,
B. J. Am. Chem. Soc. 1971, 93, 6623). A similar value for NVT would
justify the relatively small kq by piperylene (ET ) 59 kcal/mol, Murov,
S. L. Handbook of Photochemistry; Dekker: New York, 1973).
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P.; Bergwerf, Ph.; van der Ploeg, J. P. M. J. Photochem. 1984, 24, 133.

(24) GLint is a form of global analysis developed by Applied
Photophysics Ltd. that allows a complete data set, comprising kinetic
records obtained over a range of wavelengths, to be analyzed according
to whatever reaction scheme is thought to be appropriate. GLint uses
the Marquardt-Levenberg algorithm and 4th order Runger-Kutta
numerical integration. Carey, M. EPA Newslett. 1994, 52, 21.

(25) Mutai, K.; Yokoyama, K.; Kanno, S.; Kobayashi, K. Bull. Chem.
Soc. Jpn. 1982, 55, 1112.

(26) (a) Bellobono, I. R.; Gamba, A.; Sala, G.; Tampieri, M. J. Am.
Chem. Soc. 1972, 94, 5781. (b) Mohammad, M. J. Chem. Soc., Perkin
Trans. 2 1975, 526.

Figure 2. (a) Variation of the rate constant kD for the decay
of NVT(T1) as a function of Cpiperylene. (b) Variation of the rate
constant kD for the decay of NVT(T1) as a function of CTEA.

∆OD(NVT,λ,t) ) ∆OD(NVT,X,λ,tL)exp{-kX1(t -
tL)} + ∆OD(NVT,Y,λ,tX)exp{-kY1(t - tX)}

Figure 3. (a) Transient absorption spectrum ∆OD(NVT,λ,t)
of the laser-excited solution of NVT in acetonitrile containing
TEA (s t ) 3.0 × 10-8 s; - - - - t ) 1.0 × 10-7 s; ‚‚‚‚‚ t ) 7.0 ×
10-7 s). (b) Absorption spectrum of the transient species {X1}
s, {Y1} - - - - , and {Z1} ‚‚‚‚‚, after GLint24 analysis of the
complete experimental data set according to the kinetic model
A f B f C.

Scheme 3
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species {Y1} is converted into new species {Z1} (dotted
line in Figure 3b). Species {Y1} (NVT radical anion)
decays to {Z1} in a monoexponential manner with a decay
rate constant kY1 ) 1.1 × 107 s-1. When a longer period
of time is monitored (≈10-4 after the laser pulse) the
decay of species {Z1} can be observed (kZ1 ) 4.53 × 105
s-1). Since species {Z1} are nonpersistent, we assume
they are intermediates in the photoreduction reaction
(Scheme 3).
3. The Photolysis of 1-Piperidino-2-(2-methoxy-

4-nitrophenoxy)ethane (2) in Acetonitrile. The pre-
parative photolysis of 1-piperidino-2-(2-methoxy-4-nitro-
phenoxy)ethane (2) in acetonitrile and inert atmosphere
leads to formation of the 2-methoxy-4-nitrophenolate
anion (Scheme 2). The evolution of the transient spec-
trum with time after the laser pulse is shown in Figure
4a. Global analysis of the complete kinetic data set using
GLint24 fits well only with a mechanistic scheme of the
A f B f C type. In contrast with the previously
described photoreaction of 1, in this case the last tran-
sient is totally persistent over the whole period of time
monitored (≈10-4 s after the laser pulse). This kinetic
scheme is in accordance with the double exponential
behavior observed for the decay of the transient spectrum
at 469 nm. The first transient, X2, with absorption
spectrum ∆OD(2,X2,tL), was assigned to 2(T1) on the basis
of its lifetime (kX2 ) 1.30 × 107 s-1) and its quenching by
piperylene. The Stern-Volmer plot for the quenching
of the transient absorption ∆OD(2,X2,tL) by piperylene
is shown in Figure 5a. The rate constant kq (piperylene)
for quenching is 1.67 × 108 s-1.22 Interestingly enough,
2(T1) shows λmax ≈ 450-470 nm, significantly lower than
the corresponding value for NVT(T1) (λmax around 490 nm,
Figure 1).
After the disappearance of 2(T1), the spectrum repre-

sented by the dashed line in Figure 4b and denoted by
∆OD(2,Y2,tX) is observed. The species that give rise to
this spectrum will be denoted by {Y2}. We assigned

species {Y2} to a zwitterionic radical anion/radical cation
intramolecular pair (Scheme 4). Whithin a few micro-
seconds after time tX species {Y2} are converted into new
species {Z2}. Species {Y2} decays to {Z2} in a monoex-
ponential manner with a decay rate constant kY2 equal
to 4.48 × 105 s-1. Assignment of species {Y2} to the
intramolecular radical ion pair was supported by the good
correlation (Figure 5b) observed in a Stern-Volmer plot
of kY2 versus Cm-DNB [m-dinitrobenzene (m-DNB)]. The
rate constant kq (m-DNB) for quenching is 3.65× 108 s-1.
Species {Z2} are totally persistent. This fact, together
with the features of the observed absorption spectrum
(λmax ≈ 430-450 nm, Figure 4b), led us to propose the
structure of 2-methoxy-4-nitrophenolate anion, the final
product in the preparative photolysis (Scheme 4), for
species {Z2}.
The photolysis of 2 in an air-saturated solution was

also investigated. In this case no species {Z2} are
observed. We postulate that the intramolecular radical
ion pair is quenched by the presence of oxygen, thus
precluding the production of the 2-methoxy-4-nitrophe-
nolate. In Scheme 5, a mechanistic pathway is proposed,
and the corresponding rate constants are described. This
result is further support for the assignment of species
{Y2} to the structure of the intramolecular radical ionic
pair.
4. The Photolysis of 1-Piperidino-5-(2-methoxy-

4-nitrophenoxy)pentane (3) in Acetonitrile. The
preparative photolysis of 1-piperidino-5-(2-methoxy-4-
nitrophenoxy)pentane (3) in acetonitrile and inert atmo-

Figure 4. (a) Transient absorption spectrum ∆OD(2,λ,t) of
the laser-excited solution of product 2 in acetonitrile (s t )
4.0 × 10-8 s; - - - - t ) 2.0 × 10-7 s; ‚‚‚‚‚ t ) 2.4 × 10-7 s). (b)
Absorption spectrum of the transient species {X2} s, {Y2} - - -
-, and {Z2} ‚‚‚‚‚, after GLint24 analysis of the complete
experimental data set according to the kinetic model A f B
f C.

Figure 5. (a) Variation of the rate constant kX2 for the decay
of 2(T1) as a function of Cpiperylene. (b) Variation of the rate
constant kY2 for the decay of {Y2} as a function of Cm-DNB.

Scheme 4

Scheme 5
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sphere leads mainly to photoreduction of the nitro group
and to a small amount of 4-nitrophenolate anion (Scheme
2). In Figure 6a, the evolution of the transient spectrum
with time after the laser pulse is described. In this case,
to get a good fit in the global analysis of the complete
kinetic data set (time period ≈ 10-6 s after the laser
pulse) using GLint,24 a kinetic scheme of the A f B f C
f D type had to be postulated (this was the simplest
scheme that gave a fit good enough). This kinetic scheme
is in agreement with the triple exponential behavior
followed by the decay of the transient spectrum at 470
nm in the same period of time

In contrast with the previously described photoreaction
of 2, the last transient was not persistent when it was
monitored for a longer period of time (≈10-4 s after the
laser pulse). The first transient, X3, with absorption
spectrum ∆OD(3,X3,tL), was assigned to 3(T1) on the basis
of its absorption spectrum (λmax ≈ 490 nm, very similar
to NVT(T1)), lifetime (kX3 ) 2.75 × 107 s-1) and its
quenching by piperylene.
After the disappearance of 3(T1), the spectrum repre-

sented by the dashed line in Figure 6b and denoted by
∆OD(3,Y3,tX) is observed. The species that gives rise to
this spectrum will be denoted by {Y3}. Species {Y3}
decays rapidly to {Z3} in a monoexponential manner with
a decay rate constant kY3 ) 1.45 × 107 s-1. Within a few
microseconds after time tY, species {Z3} is converted into
new species {W3} (monoexponential decay, kZ3 ) 2.8 ×
106 s-1). The nature of species {Y3} and {Z3} was
investigated using methylviologen (MV2+) as a redox trap
(MV2+ does not significantly interact with the excited
triplet state of nitrophenyl ethers and does not absorb
at 355 nm).19b In the presence of MV2+ (CMV ) 1.22 ×
10-4 M) the decay of the transient spectrum at 470 nm
follows a double exponential function in the time period
of 10-6 s after the laser pulse. Species {Y3} is now not
observed, suggesting that it is effectively quenched by
MV2+, its decay being indistinguishable from the decay

of {X3}. Therefore, the observed rate constant kq(Y3)[MV2+]
g 2.7 × 107 s-1 under these conditions. The second
transient has been assigned to {Z3}. The decay of species
{Z3} is also accelerated in the presence of MV2+. Thus,
species {Z3} decays to {W3} in a monoexponential manner
with an observed rate constant kq(Z3)[MV2+] ) 6.0 × 106
s-1. These results suggest that both transient species
{Y3} and {Z3} are probably intramolecular radical-ion
pairs but of different structure. In the case of {Z3} this
conclusion is supported by the good correlation observed
in a Stern-Volmer plot of kZ3 versus CMV.
In Figure 7 we show that the decay of the transient

spectrum at 470 nm in the presence of MV2+ nicely
correlates with the formation of MV+ (appearance of the
band at λmax ) 602 nm corresponding to the MV+).27
Thus, the transient absorption band ∆OD(MV+,λ,t) due
to MV+ grows from zero to its maximum intensity within
a period of time after the laser pulse (≈6 × 10-7 s)
coinciding with the decay period of {Z3} in the same
conditions (≈5 x 10-7 s). In addition, the growth of
∆OD(MV+,λ,t) can be described by a double exponential
function

The rise time of MV+, kMV ) 1.18 × 107 s-1 and k′MV )
3.69 × 106 s-1 at the particular value for the concentra-
tion CMV of MV2+ used, almost perfectly matches the
expected values kq(Y3)[MV2+] - kY3 ) 1.25 × 107 s-1 and
kq(Z3)[MV2+] - kZ3 ) 4.19 × 106 s-1, considering species
{Y3} and {Z3} as the exclusive responsible for the MV+

formation.
The spectrum ∆OD(3,Y3,tX) (λmax ≈ 450-470 nm) is

quite similar to ∆OD(2,Y2,tX) observed in the photolysis
of compound 2, whereas the spectrum ∆OD(3,Z3,tY) (λmax
≈ 480-500 nm) is more similar to ∆OD(NVT,Y1,λ,tX)
observed in the photoreaction of NVT (1) with triethy-
lamine. Considering these facts, it seems that {Y3}
corresponds to an intramolecular radical-ion pair with
similar properties to the species {Y2} observed in the
photolysis of substrate 2, and susceptible to C-O bond
cleavage. The cleavage process is in this case (probably
due to the conformational freedom of substrate 3) in
competition with the fast evolution to species {Z3}
(intermediate also with good reducing properties), per-
haps another radical-ion pair with different geometry
probably belonging to the pathway leading to photore-
duction products (Scheme 6). It should be remembered
that photoreduction is the main observed reaction in the
preparative experiments with this substrate.

(27) Duonghong, D.; Borgarello, E.; Graetzel, M. J. Am. Chem. Soc.
1981, 103, 4685.

Figure 6. (a) Transient absorption spectrum ∆OD(3,λ,t) of
the laser-excited solution of product 3 in acetonitrile (s t )
3.0 × 10-8 s; - - - - t ) 6.0 × 10-8 s; ‚‚‚‚‚ t ) 3.0 × 10-7 s; - -
t ) 6.0 × 10-6 s). (b) Absorption spectrum of the transient
species {X3} s, {Y3} - - - -, {Z3} ‚‚‚‚‚, and {W3} - - after GLint24
analysis of the complete experimental data set according to
the kinetic model A f B f C f D.

∆OD(3,X,λ,tL)exp{-kX3(t - tL)} +
∆OD(3,Y,λ,tX)exp{-kY3(t - tX)} +

∆OD(3,Z,λ,tY)exp{-kZ3(t - tY)}

Figure 7. Decay (a) of the transient spectrum ∆OD(3,λ,t), in
the presence of MV2+, monitored at λ ) 470 nm and compared
(b) with the rate of formation of MV+ monitored at 602 nm.

∆OD(MV+,λ,t) ) ∆OD(MV+,λ,tY){1 - exp[-kMV(t -

tX)]} + ∆OD(MV+,λ,tZ){1 - exp[-k′MV(t - tY)]}
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Discussion

The comparison of the experimental results described
for the photoreaction of NVT (1) with TEA, and for the
photolysis of 1-piperidino-2-(2-methoxy-4-nitrophenoxy-
)ethane (2) and 1-piperidino-5-(2-methoxy-4-nitrophe-
noxy)pentane (3) in acetonitrile, leads to an understand-
ing of the mechanistic details (Scheme 7) involved in the
photochemical cleavage induced by Coulombic interac-
tions (TCCI). Thus, the photoreaction of NVT (1) with
triethylamine leads to photoreduction of the nitro group
in a process that involves a radical ion-pair {Y1} as the
intermediate (λmax ≈ 490 nm). Due to the freedom of
motion of the aminium moiety, and the evolution to nitro

group reduction products by proton transfer28 in the
radical ion pair (kY1 ) 1.1 × 107 s-1), a probable structure
will correspond to an ion-radical pair with the aminium
moiety near the NVT nitro group. On the other hand,
substrate 2 leads to C-O bond photocleavage in a
relatively slow process (kY2 ) 4.5 × 105 s-1) through
intermediate species {Y2} that also shows radical-ion pair
(intramolecular in this case) behavior. However, its
absorption spectrum (λmax ) 460-480 nm), its reactivity
(C-O bond breaking), and the fact that now the motion
of the aminium moiety in the radical-ion pair is limited
by the short length of the linker leads to the conclusion
that species {Y2} have different geometry than species
{Y1} observed in the photoreaction of NVT (1) with TEA.
The aminium radical cation moiety in {Y2} is remote from
the nitro group. Confirmation of these conclusions comes
from the results of the photolysis of substrate 3. This
product has a long spacer (five methylene units) and,
therefore, there are no serious restrictions for the radical-
ion pair to adopt the geometry with the aminium moiety
close to the nitro group. Accordingly, nitro group pho-
toreduction is the main observed process in this case, but
a small, although significant, yield of the product from
C-O bond cleavage can be observed in the preparative
photolysis. The laser flash photolysis studies indicate the
presence of two transient species {Y3} and {Z3} with good
reducing properties in a period of time ≈ 10-7 s after the
laser pulse. The first one {Y3} decays rapidly (kY3 ) 1.45
× 107 s-1) to the second one {Z3}, and its redox properties
and absorption spectrum (λmax ) 460-470 nm) suggest
an intramolecular radical-ion pair structure with geom-
etry similar to {Y2}, with the aminiummoiety away from
the nitro group. This transient species {Y3} seems to be
responsible for the minor proportion of C-O bond cleav-
age observed in the preparative photolysis of substrate
3. The second one {Z3} has a decay rate constant (kZ3 )
2.8 × 106 s-1) and a different absorption spectrum (λmax
) 480-500 nm), rather similar to {Y1}. Therefore, it
could be tentatively assigned to another intramolecular
radical-ion pair with different geometry (i.e. the aminium
moiety close to the nitro group) or to any of the inter-
mediates with good reducing properties encountered in
the reduction of a nitro group to an amine. This transient
species {Z3} would be responsible for the nitro group
photoreduction observed as a major process in the
preparative photoreaction. A general mechanistic scheme
for the photoreactions studied is proposed in Scheme 7,
and the measured rate constants involved in the different
steps are collected in Table 1.
The preparative photoreaction of substrate 2 in aceto-

nitrile has allowed us to detect and identify several
products derived from the piperidinoalkyl moiety after
fragmentation (Scheme 2). In Scheme 8, a rationale for
the production of the different detected products from a
common intermediate is shown. The simultaneous ap-
pearance of the cyclized cation 14 (path A, Scheme 8),
piperidine (11) (elimination on 14 and hidrolysis of the
resulting enamine), and 2-piperidinoethanol (13) (sub-
stitution on 14) on one side, and the reduced product
ethylpiperidine (10) (path B, Scheme 8) on the other side,
strongly support the intermediacy of the ethylpiperi-
dinium diradical cation as the primary product in the
mesolytic fragmentation step of substrate 2.
In conclusion, this work confirms earlier2,4 provisional

interpretations on the importance of the TCCI effects in

(28) (a) Pacifici, G.; Irick, G.; Anderson, C. J. Am. Chem. Soc. 1970,
91, 213. (b) Döpp, D.; Müller, D.; Sailer, K.-H. Tetrahedron Lett. 1974,
2137.

Scheme 6

Scheme 7
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governing the reactivity of a charged intermediate. It
also shows that in our substrates the TCCI induced C-O
bond cleavage is a relatively slow process only observable
if the aminium cation moiety has restricted freedom of
motion.

Experimental Section

General Considerations. 1H NMR were recorded at 250
or 400 MHz and the 13C NMR at 62.5 or 100 MHz. 4-Nitro-
veratrole was prepared by nitration of veratrole.29 Potassium
2-methoxy-4-nitrophenoxide was prepared according to the
method of Pollencoff and Robinson.30 1-Piperidino-2-(2-meth-
oxy-4-nitrophenoxy)ethane, 2, 1-piperidino-5-(2-methoxy-4-
nitrophenoxy)pentane, 3, and 1-piperidino-3-(2-methoxy-4-
nitrophenoxy)propane, 4, were prepared as previously described
by some of us.5 All flash photolysis experiments and photo-
chemical irradiations were carried out in nitrogen or argon
saturated solutions. Laser flash photolysis experiments were
performed using an LKS50 instrument from Applied Photo-
physics. A Q-switched Nd:YAG laser (Spectron Laser Systems,
UK; pulse width ca. 9 ns) at 355 nm was used for laser flash
excitation. Typically 5-15 mJ/pulse were used for sample
excitation.
General Procedure for the Photochemical Reactions

Described in Scheme 2. In a 300 mL photochemical reactor,

1 mmol of substrate dissolved in 300 mL of distilled acetonitrile
was introduced. The solution was degassed by bubbling
nitrogen or argon for 30-60 min and irradiated with a 125 W
medium-pressure Hg lamp at room temperature for 10-15
min, following its evolution by GLC. The solvent was evapo-
rated, the residue was dissolved in 50 mL of chloroform, and
the organic solution was successively extracted with 1 M
NaOH and with 1 M HCl. The aqueous basic layer was
acidified, the aqueous acid one was basified, and then both
layers were extracted with chloroform. All organic layers were
dried, and the solvent was evaporated. Phenols were obtained
directly from basic medium extractions. Anilines were ob-
tained from acid medium extractions. All other reaction
products were obtained from the residue of the initial extrac-
tion after column chromatography through silica gel (230-400
mesh) using mixtures of chloroform/ethyl acetate as eluent.
In the different reactions described in Scheme 2 the following
products were obtained with the yields given in the text:
piperidine (11), N-ethylpiperidine (10), and 2-piperidinoetha-
nol (13), identified by comparison with comercially available
authentic samples; 3,4-dimethoxyaniline (5), 3,3′,4,4′-tet-
ramethoxyazoxybenzene (6), and 2-methoxy-4-nitrophenol (9),
all of them previously described by us;5 3-azoniaspiro[2.5]octane
cation (14) identified by comparison with an authentical
sample of 3-azoniaspiro[2.5]octane perchlorate31 synthesized
following the procedure reported in the literature; 1-piperidino-
5-(4-amino-2-methoxyphenoxy)pentane (8) was isolated by
column chromatography and purified by distillation (175-200
°C oven temperature, 0.05 Torr): IR (KBr) 3300, 2934, 2856,
1620, 1512, 1455, 1276, 1260 cm-1; 1H NMR (CDCl3) δ 1.55
(m, 10H), 1.77 (m, 2H), 2.40 (m, 6H), 3.80 (s, 3H), 3.95 (t, J )
6 Hz, 2H), 6.17 (dd, J ) 3 Hz, J ) 8 Hz, 1H), 6.26 (d, J ) 3
Hz, 1H), 6.75 (d, J ) 8 Hz, 1H); 13C NMR (CDCl3) δ 24.1, 24.3,
25.6, 26.4, 29.3, 54.5, 55.8, 59.3, 70.1, 100.9, 106.6, 115.9, 140.9,
141.4, 151.4; MSm/z (relative intensity) 292 (M+, 1), 154 (64),
110 (8), 98 (100); 1-piperidino-2-(4-amino-2-methoxyphenoxy-
)ethane, 12, was isolated by column chromatography and
purified by distillation (150-160 °C oven temperature, 0.05
Torr): IR (KBr) 3358, 2934, 1625, 1593, 1512, 1466, 1457, 1297
cm-1; 1H NMR (CDCl3) δ 1.55 (m, 6H), 2.50 (m, 4H), 2.75 (t, J
) 6 Hz, 2H), 3.80 (s, 3H), 4.14 (t, J ) 6 Hz, 2H), 6.17 (dd, J )
3 Hz, J ) 8 Hz, 1H), 6.26 (d, J ) 3 Hz, 1H), 6.75 (d, J ) 8 Hz,
1H); 13C NMR (CDCl3) δ 24.1, 25.7, 54.9, 55.7, 57.9, 67.9, 100.9,
106.6, 116.4, 141.3, 141.4, 150.7; MS m/z (relative intensity)
250 (M+, 2), 137 (3), 112 (74), 110 (10), 98 (100).
General Procedure for the Laser Flash Photolysis

Experiments. A sample was prepared with an absorbance
of about 0.5 at 355 nm, degassed by bubbling nitrogen for 30
min and analyzed with the previously described Laser Kinetic
Spectrometer LKS 50. For the Stern-Volmer diagrams with
piperylene as quencher, samples were degassed by six freeze-
pump-thaw cycles for volatility reasons. Before and after
degasing UV spectra were recorded in order to calculate the
concentration of piperylene using its known ε value.
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Table 1. Values of the kD for the Decay of the Transient Speciesa

photoreaction kX × 10-5 s-1 kY × 10-5 s-1 kZ × 10-5 s-1 kW × 10-5 s-1

1 + hν 4.59 ( 0.01 - - -
1 + TEA + hν (14000 ( 231)b 110 ( 14 4.53 ( 0.09 -
2 + hν 158 ( 1 4.48 ( 0.02 c -
3 + hν 275 ( 22 145 ( 23 28 ( 4 3.3 ( 1.8

a Rate constants defined by more than 450 data points (ref 24) and standard errors. b Bimolecular constant, M-1 s-1, from Figure 2.
The standard error in the individual kobs was less than 5% in all the cases. c Stable species.

Scheme 8
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