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ABSTRACT

The feasibility of an electron transfer imino-Diels�Alder reaction between N-benzylideneaniline and arylalkenes in the presence of a pyrylium salt
as a photosensitizer has been demonstrated by a combination of product studies, laser flash photolysis (LFP), and DFT theoretical calculations.
A stepwise mechanism involving two intermediates and two transition states is proposed.

The acid catalyzed imino-Diels�Alder (IDA) reaction
constitutes a highly active area of research,1 from both the
experimental2 and theoretical3 points of view. In fact, it is a

widely employed strategy for construction ofN-containing
six-membered rings.Thus, IDA-based synthetic approaches
lead to tetrahydroquinolines,whichare foundamongnatural
alkaloids and biologically active compounds.1e,f,4

The electron transfer (ET) version of DA reactions,
where the diene or the dienophile units are in the radical
cationic form, has attracted considerable attention.5 By
contrast, the ET-mediated hetero-DA processes remain
almost unexplored.6 In this context, some IDA reactions
have been achieved under assumed ET-conditions;7 how-
ever, their mechanistic nature has not been elucidated, and
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the involvement of radical cations as intermediates has not
been proven.
To check the feasibility of IDA reactions proceeding

through radical cationic species, N-benzylideneaniline (1)
and trans-anethole (2a) were chosen as reaction partners
and 2,4,6-triphenylpyrylium tetrafluoroborate (TPT) was
chosen as an ET-photosensitizer.8 The reaction has been
analyzed by a combination of product studies, laser flash
photolysis (LFP), and DFT theoretical calculations.
Acetonitrile solutions containing 1 (5� 10�2 M) and 2a

(5 � 10�2 M) in the presence of catalytic amounts of TPT
(5� 10�3 M) were irradiated using the Pyrex filtered light
of a 125 W medium-pressure mercury lamp (effective
irradiationwavelength 290�500 nm) underN2. The course
of the photoreaction was followed by GC-MS. At 47%
conversion, tetrahydroquinolines 3a (85%) and 30a (15%)
were isolated by HPLC as the only products (Scheme 1).
Photolysis of 1 and 2a under the same conditions, in the
absence of TPT, led to recovery of unreacted starting
materials.
The structural assignment of 3a and 30a was based on

MS, 1HNMR, and 13CNMR spectroscopy. Experimental
details can be found in the Supporting Information (SI).
Specifically, NOESY experiments (see SI, pp S6 and S14)
were performed to establish the relative stereochemistry;
they were consistent with a trans, trans configuration for
isomer 3a and a trans, cis configuration for 30a.The
structure of 3awas confirmed byX-ray analysis (Figure 1).

Estimation of the free energy change associated with ET
from 2a to the triplet excited state of the photosensitizer
(3TPT*), using theRehm�Weller equation9 (ΔGET=�19
kcal mol�1), is compatible with generation of 2abþ in the
initial step of the reaction.10

To obtain experimental evidence supporting involve-
ment of the alkene radical cation, TPT was irradiated at
355 nm by LFP (MeCN/N2) in the presence of increasing
amounts of 2a. As a matter of fact, the well-known 3TPT*
absorption6,8 was quenched after addition of 2a; the
corresponding rate constant (kq) was determined bymeans
of the Stern�Volmer relationship;11 it was found to be
1.6 � 1010 M�1 s�1, indicating a nearly diffusion-
controlled process (see SI, Figure S1).
Concomitantlywith tripletquenching, twonewbandswere

detected at 550 and 610 nm (Figure 2, top); theywere safely
ascribed to the pyranyl radical (TPTb) and trans-anethole

Scheme 1

Figure 1. Left: X-ray structure of 3a; right: NOE effects ob-
served with 30a.

(6) (a) Arg€uello, J. E.; P�erez-Ruiz, R; Miranda, M. A. Org. Lett.
2007, 9, 3587–3590. (b) Domingo, L. R.; P�erez-Ruiz, R.; Arg€uello, J. E.;
Miranda, M. A. J. Phys. Chem. A 2009, 113, 5718–5722.

(7) (a) Zhang, W.; Jia, X.; Yang, L.; Liu, Z.-L. Tetrahedron Lett.
2002, 43, 9433–9436. (b) Zhang, W.; Guo, Y. P.; Yang, L.; Liu, Z. L.
Chin. Chem. Lett. 2005, 16, 575–578. (c) Zhou,Y.; Jia, X.; Li, R.; Liu, Z.;
Liu, Z.; Wu, L. Tetrahedron Lett. 2005, 46, 8937–8939. (d) Zhang, W.;
Guo, Y.; Liu, Z.; Jin, X.; Yang, L.; Liu, Z.-L. Tetrahedron 2005, 61,
1325–1333. (e) Jia, X.; Han, B.; Zhang, W.; Jin, X.; Yang, L.; Liu, Z.-L.
Synthesis 2006, 17, 2831–2836. (f) Han, B.; Jia, X.-D.; Jin, X.-L.; Zhou,
Y.-L.; Yang, L.; Liu, Z.-L.; Yu, W. Tetrahedron Lett. 2006, 47, 3545–
3547.

(8) Miranda, M. A.; Garcia, H. Chem. Rev. 1994, 94, 1063–1089.

(9) Rehm, D.; Weller, A. Isr. J. Chem. 1970, 8, 259–271.
(10) Redox potentials of the donor and the acceptor (vs SCE):

Eox(2a) = 1.2 V; Ered(TPT) = �0.29 V; excited state energy:
ET(TPT) = 53 kcal mol�1.

(11) IUPAC Compendium of Chemical Terminology, 2nd ed.;
McNaught, A. D., Wilkinson, A., Eds.; Royal Society of Chemistry:
Cambridge, 1997.



5118 Org. Lett., Vol. 13, No. 19, 2011

radical cation (2abþ), respectively, on thebasis of literature
data.6,12 Simultaneous detection of the reduced formof the
photosensitizer and the oxidized form of the alkene pro-
vided unequivocal support for the ET mechanism.
Having established the formation of radical cation 2a

bþ

by LFP, the question arises whether the imine derivative 1
is capable of reacting with this intermediate, which would
require direct quenching of 2abþ by 1. In fact, addition of
increasing amounts of 1 to TPT/2a mixtures resulted in a
marked decrease of the 2abþ lifetime (Figure 2, bottom).
Application of eq 1 allowed a kq value of 2.6� 108M�1 s�1

to be obtained.

1=τ ¼ 1=τ0 þ kq[1] ð1Þ
We have previously found that trans-stilbene (2b) is

essentially unreactive in related ET-mediated hetero-DA
reactionswith thiadienes,6 due to delocalization of the spin
and charge along the extended π-system. Indeed, when
acetonitrile solutions containing 1, 2b, and TPT were
submitted to steady-state irradiation under the usual con-
ditions, not even traces of the possible IDA cycloadducts
were detected.
In order to explain the above observations, the mechan-

istic aspects of the radical cationic version of the IDA

reaction between 1 and 2a,b were examined by means of

DFT theoretical calculations at the (U)B3LYP/6-31G*

level. Analysis of the potential energy surface (PES) in-

dicated that the process occurs through a stepwisemechan-

ism (Scheme 1). After generation of the radical cation

2
bþ, the reaction proceeds through formation of an ion�
molecule complex (IMC), which evolves to intermediate

IN1 via transition state TS1. In the subsequent step, ring

closure occurs via TS2 with formation of a new hetero-

cyclic intermediate IN2. Finally, H shift affords the cy-

cloadduct radical cation 3bþ. The intrinsic reaction

coordinate (IRC) path was traced in order to check the

energy profiles connecting eachTSwith the two associated

minimaof the proposedmechanism.Thus, IRCcalculations

at TS1 and TS2 led to localization of IMCs and INs. Full

optimization and subsequent frequency analysis confirmed

that these species are minima on the PES. The relative

Figure 2. Laser flash photolysis (λexc = 355 nm, MeCN/N2) of
TPT (0.03 mM) and 2a (0.30 mM). Top: Transient absorption
spectra recorded 1 μs (9), 3 μs (b), 10 μs (2), and 30 μs (1) after
the laser pulse. Bottom: Decay traces at 610 nm in the presence
of increasing amounts of 1 (0.00�0.12 mM); inset: Stern�
Volmer plot.

Table 1. Relative Energiesa (ΔE, in kcal mol�1) Obtained by
B3LYP/6-31G*, in Gas Phase and Acetonitrile, for the Sta-
tionary Points Involved in the Radical-Cation-Mediated IDA
Reaction between 1 and 2a

b

gas phase acetonitrile

IMCa �10.1 �1.0

TS1a 8.0 17.3

IN1a 2.6 10.5

TS2a 15.6 21.3

IN2a 10.5 17.7

3abþ �34.2 �30.8

aRelative to 2a
bþ þ 1. b See computational detais in the Supporting

Information.

Figure 3. Relative energy profiles, in kcal mol�1, for the radical-
cation-mediated IDA reaction of 1 and 2a,b in acetonitrile.(12) Miranda, M. A.; Izquierdo, M. A.; P�erez-Ruiz, R. J. Phys.

Chem. A 2003, 107, 2478–2482.
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energies of the stationary points involved in the radical-
cation-mediated IDA reaction between 1 and 2a in acet-
onitrile are given in Table 1.
From the obtained relative energy profiles in acetonitrile

(Figure 3) it seems clear that the overall activation energy
for the formation of IN2 is ca. 8 kcalmol�1 lower in energy
for 2a than for 2b. This is in good agreement with the
failure to detect IDA cycloadducts in the case of 2b, for
which the process is kinetically disfavored.
The geometries of the stationary points involved in the

IDA reaction of 1 with 2a
bþ are shown in Figure 4. They

are consistent with an asynchronous formation of the two
new C�C bonds. The corresponding geometries of the
stationary points for the reaction between 1 and 2bbþ are
given in the SI, Figure S4. Analysis of the natural atomic
charges at IMCa indicates that the imine framework
supports a positive charge of 0.27 e, while the alkene
framework supports a positive charge of 0.73 e, indicating
that at this stage some degree of charge transfer from 1 to
2a

bþ has taken place. Note that this charge reorganization

also involves a parallel shift of the radical character
between the two units. Although the small stabilization
of IMCa in acetonitrile, compared to the reactants, is
probably counterbalanced by entropic contributions,
the charge and spin redistribution in this species pro-
vides an interesting insight into the electronic nature of
the process.
For comparison, theoretical DFT calculations were

also performed on the IDA reaction between 1 and 2a,
both in the nonionized form and in the acid-catalyzed
counterpart. The results (see SI, Scheme S1, Tables S3
and S4, and Figures S2, S3, and S5) clearly show that
the neutral version is kinetically disfavored with an
activation energy higher than 35 kcal mol�1. By con-
trast, upon acid catalysis the energy barrier becomes
considerably reduced with a value of 16.5 kcal mol�1 in
acetonitrile.
In summary, the feasibility of ET-mediated IDA cy-

cloaddition has been proven by detection of the intermedi-
ate alkene radical cation, whose reaction with the imine
partner can be followed in a microsecond time scale.
According to DFT calculations, ionization of the alkene
provides an effective catalytic strategy, although reduction
of the energy barrier is somewhat less marked than in the
well-known proton-assisted process.
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Figure 4. Structures of the ion�molecule complex, intermedi-
ates, and transition states of the radical-cation-mediated IDA
reaction between 1 and 2a.


