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Photolysis of p-toluidides of methacrylic (1a) and cyclohex-2-enecarboxylic (1b) acids in nitrogen-saturated
cyclopentane solution yields the corresponding 2-quinolones with over 90% chemoselectivity at almost complete
conversion. In the presence of substoichiometric amounts (0.1 equivalents) of chiral inductor, low to moderate
enantiomeric excesses (ee) are observed in the photo-product. Ephedrine gave the highest ee (37% ee for the
photocyclization of 1a) in a series of 11 chiral inductors including alcohols, amines, aminoalcohols, α-amino and
α-hydroxy acids. In the case of the irradiation of 1b in the presence of chiral inductors, both diastereo- and
enantioselectivity were observed. A weakly absorbing transient species (λmax 400 nm) was detected following 308 nm
laser excitation and was assigned to the zwitterionic enolate intermediate resulting immediately after the concerted
electrocyclic ring closure. The lifetime of this intermediate is unaffected by oxygen but is quenched by trifluoroacetic
acid (kq = 3.76 × 107 M�1 s�1) and ephedrine (kq = 1.19 × 107 M�1 s�1).

Introduction
Asymmetric photochemistry is attracting much current interest
as evidenced by several reviews which have appeared related to
this topic.1–3 In principle, the main advantage of photo-induced
enantioselectivity over thermal ground-state reactions is the
lower temperature at which the photochemical reactions can be
conducted. The photocyclization of acrylanilides to 3,4-dihydro-
quinolin-2(1H)-ones has long been studied 4–6 and has found
some application in the synthesis of alkaloids.7–9 In the present
work we report our study on the enantioselective photocycliz-
ation of p-toluidides of α,β-unsaturated carboxylic acids 1a,b
to the corresponding dihydroquinolinones 2a,b. This reaction
has been previously studied in solution at 5–10 �C in the pres-
ence of chiral inductors derived from tartaric acid and reported
to proceed in low enantiomeric excess (13% ee).10,11 More
recently, it has been found that room temperature, solid-state
irradiation of 1 : 1 inclusion crystals of acrylanilides in a chiral
cyclic acetal of 1,1,4,4-tetraphenylbutanetetrol host results in a
46% yield of the corresponding 2-quinolone with 98% ee.12,13

The key step of the asymmetric induction in crystals was
proposed to be the concerted suprafacial sigmatropic 1,5-H
migration from the ortho position of the anilide ring to the
α-position of the amide C��O group. Remarkably, photo-
chemical cis–trans isomerization of the C��C double bond was
not observed in the solid-state irradiation of crotonanilide. This
photochemical isomerization was the predominant photo-
process for the photolysis of crotonanilides in solution.14

In the present work we have combined a product study to
assess ee with laser flash photolysis in order to gain insight
into the mechanism of the photocyclization. Based on this
study, we propose that in solution the key step in chiral induc-
tion is asymmetric protonation of the enolate intermediate.
This mechanism is different from the concerted sigmatropic
H-migration proposed for the solid state irradiation of
inclusion crystals.12,13

Results and discussion
Anilides 1a,b were obtained by reacting p-toluidine with the
corresponding acyl chloride and were recrystallized from eth-
anol before irradiation. Photolysis of p-toluidide 1a in benzene
does not lead to any significant conversion after 48 h of irradi-
ation.15 This could be explained by a filtering effect of the
benzene solvent which has a UV absorption spectrum similar
to substrate 1a. In contrast, irradiation of toluidide 1a in
cyclopentane under nitrogen for 2–4 h leads to dihydroquinol-
inone 2a with high selectivity at almost complete conversion
(Scheme 1). Given the high chemoselectivity of the photo-

chemical reaction under these conditions, we proceeded to
perform the irradiation in the presence of a series of chiral
inductors. The results are listed in Table 1. The most relevant
parameter in this table is the ee for each irradiation. The ee were
determined by integrating the area of the HPLC peaks corre-
sponding to each enantiomer using a UV detector monitoring
at 256 nm coupled with an on-line polarimeter. The absolute
configuration of the predominant stereoisomer was found to be
R, based on a previous assignment in solution.11 Analysis of
the ee versus conversion of substrate 1a in the presence of
(�)-ephedrine indicates that ee is independent of conversion
and constant during the irradiation time. Irradiation of an
enantiomerically enriched solution of 2a in cyclopentane
showed that no photochemical epimerization of the product
occurs under the irradiation conditions. These blank controls
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Table 1 Results of the photocyclization of 1a and 1b (10�3 M) in cyclopentane solution at �40 �C in the presence of a series of chiral inductors
(10�4 M)

 1a 1b

Chiral inductor Selectivity (%) Ee (%) Selectivity (%) cis : trans ratio Ee a (%)

No inductor 96 — 94 1.1 —

96 37 93 0.9 26 (2)

93 22 74 0.5 14 (3)

96 23 74 0.3 3 (1)

94 25 78 0.6 3 (7)

a Enantiomeric excesses are given for the cis isomer with the value for the trans isomer indicated in brackets. 

indicate no variation of the ee with extent of conversion or
irradiation time, allowing for a straightforward comparison of
the ee for each chiral inductor. The highest ee was obtained
using ephedrine as the chiral inductor at �40 �C. A decrease
in the reaction temperature from 24 to �40 �C has a notable
beneficial effect on the resulting ee.

The influence of the chiral inductor concentration at a con-
stant (10�3 M) concentration of 1a was studied for the case of
ephedrine at �40 �C. A linear increase of ee with ephedrine
concentration was observed at lower concentrations until a
limiting ephedrine concentration (∼10�4 M) is reached, at which
point the ee levels off. No further improvement of the ee for 2a
occurs with increased ephedrine concentration. It is noteworthy
that the limiting ephedrine concentration is about one order of
magnitude lower than the concentration of substrate 1a.

The fact that the ee for 2a does not increase continuously
with chiral inductor concentration does not support the inter-
mediacy of a substrate-ephedrine complex as previously pro-
posed for the mechanism of asymmetric induction in solution.
The fact that the highest ee for 2a is obtained for substoichio-
metric amounts of ephedrine suggests that there is a critical
step in the mechanism of chiral transmission where the
inductor is acting as a catalyst. The previous observation raises
the question of the photocyclization mechanism and the actual
intermediates involved. This question was addressed by laser
flash photolysis.

Upon 308 nm laser excitation of a ∼10�4 M hexane solution
of 1a, a transient absorption spectrum was recorded (Fig. 1).

Fig. 1 Transient spectrum recorded 2.88 µs after 308 nm laser
excitation of a solution of p-toluidide 1a in hexane (∼10�4 M) under
nitrogen.

The transient was very long lived and did not significantly decay
in 2 ms, the longest monitoring time available to our nano-
second system. Assignment of this transient to the intermediate
3a in Scheme 2 was done based on: (i) the similarity of this

spectrum to those for related cyclohexadienyl intermediates and
a lifetime in the range expected for this type of long-lived
intermediate;16 (ii) the detection of fluorescence from the singlet
excited state of compound 1a that decays on a much shorter
time scale (ns) than the transient shown in Fig. 2 and; (iii) the
chemical reactivity of this species including the lack of reactiv-
ity with oxygen (ruling out a triplet excited state) and quench-
ing by trifluoroacetic acid and ephedrine (see Fig. 2). The
zwitterionic intermediate 3a would be formed by electrocyclic
ring closure of the anilide from the α,β-unsaturated carboxylic
acid (Scheme 2).

The increased rate of disappearance of the transient in the
presence of inductors and acids is particularly relevant in inter-
preting the results of the asymmetric induction using catalytic
amounts of chiral inductor. Since the asymmetric center is
created during protonation at the C��O α-position of 3a, we
propose that the role of the chiral inductor is to act as an acid

Scheme 2
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providing the proton in a stereoselective manner. The general
range of pKa values for the species involved in this step is
compatible with our proposal.17 The rate constants for quench-
ing of the observed intermediate by trifluoroacetic acid and
(�)-ephidrine were determined to be kq = 3.76 × 107 M�1 s�1

and kq = 1.19 × 107 M�1 s�1, respectively.
This mechanism for asymmetric induction in the photo-

cyclization of anilides in solution is obviously different from
that proposed for the enantioselective irradiation of croton-
anilide inclusion crystals.12,13 In the latter case a concerted,
stereoselective 1,5-H migration was assumed to be the key step
in the photoreaction. The chiral environment provided by the
crystal lattice of the host would be responsible for enantio-
selectivity in the H migration; bimolecular processes are ruled
out in the crystalline state. It is obvious that this mechanism
for asymmetric induction, based on the immobility of sub-
strate and chiral inductor, cannot operate in solution. Our
proposal of asymmetric protonation of a photochemically
generated enolate closely resembles the mechanism proposed
for the deconjugation of α,β-unsaturated esters 18–21 as well
as the Norrish type II dealkylation of α-alkyl substituted
indanones.22,23 In these cases a photochemically generated
prochiral enol undergoes enantioselective protonation by a
chiral inductor analogous to the mechanism in Scheme 2.24,25

We also carried out the irradiation of the p-toluidide of
cyclohex-2-enecarboxylic acid (1b). The cyclic structure of the
α,β-unsaturated carboxylic acid will avoid the occurrence of
C��C double bond photoisomerization that could disguise the
asymmetric induction by concurrent photocyclization of trans
as well as cis isomers in solution. In the case of 1b, two asym-
metric centers are concurrently formed in the photocyclization.
The enantioselective photocyclization of anilides related to 1b
has been previously studied in solution 11 as well as in inclusion
crystals.12 As with 1a, the only product observed was the
corresponding dihydroquinolinone 2b as a mixture of cis and
trans stereoisomers (Scheme 3). The results obtained are also
collected in Table 1.

As can be seen in Table 1, photocyclization of 1b to the cis-
and trans-quinolones 2b also occurs with a high chemoselectiv-
ity at almost complete substrate conversions. The reaction in

Fig. 2 Plot of kobs versus concentration of trifluoroacetic acid
(TFAA). Inset: transient decay monitored at 400 nm after 308 nm
excitation of a ∼10�4 M solution of 1a containing 1.5 × 10�3 M TFAA.

Scheme 3

the absence of chiral inductor gave a cis : trans diastereomeric
ratio close to 1. It is clearly demonstrated in Table 1 that the
nature of the chiral inductor distinctively influences both the
diastereomeric ratio and the ee. The trans was the preferred
diastereomer for irradiations in the presence of chiral
inductors and different ee were measured for each cis and
trans isomer. This indicates that the chiral inductor favors a
certain configuration of the β-carbon at the electrocyclic ring
closure.

In conclusion, photocyclization of anilides of α,β-unsatur-
ated carboxylic acids in solution in the presence of chiral
inductors affords the corresponding 3,4-dihydro-2(1H)-quinol-
ones with essentially total chemoselectivity and with low to
moderate enantiomeric and diastereomeric selectivities. Among
the series of chiral inductors, ephedrine in substoichiometric
concentrations at low temperature yielded the highest ee (37%)
for the irradiation of the p-toluidide of methacrylic acid. We
propose that the process by which the chiral induction occurs in
solution is different from that reported for the irradiation of
inclusion crystals in the solid state. A transient was detected
for the first time by laser flash photolysis and assigned to
the prochiral, zwitterionic, enolate intermediate arising from
the electrocyclic ring closure. The fact that this transient reacts
with acids suggests that chiral induction occurs by asymmetric
protonation at the α-carbon of the enolate rather than through
a concerted 1,5-H migration.

Experimental

Synthesis of anilides 1a,b

Thionyl chloride (1.70 g, 14 mmol) was added to a solution of
methacrylic or cyclohex-2-enecarboxylic acid (10 mmol) in
CCl4 (20 ml) and the mixture magnetically stirred at room
temperature for 2 h. After this time, the solution was concen-
trated under reduced pressure and a fresh aliquot of CCl4 was
added and removed under vacuum to reduce the residual
amount of SOCl2 present. A solution of toluidine (10 mmol)
dissolved in CH2Cl2 (20 ml) was added to this crude mixture
containing the corresponding acyl chloride, and the mixture
stirred at room temperature for 2 h. After this time, the solvent
was removed under reduced pressure and the resulting solid
was recrystallized from EtOH. Toluidides 1a,b were fully char-
acterized by combustion chemical analysis (C, H and N) and by
their IR, 1H NMR, 13C NMR, and MS spectroscopic proper-
ties. All the data were in agreement with their structure (vide
infra).

Irradiation procedure

A solution of toluidides 1a,b in cyclopentane (200 ml) was
purged with a nitrogen stream for at least 15 min before irradi-
ation. Photolyses were carried out in quartz tubes under mag-
netic stirring using a 125 W medium pressure mercury lamp.
The irradiation vessel was maintained at the required temper-
ature using a cryostat. The course of the reaction was periodic-
ally followed by analyzing the photolysis mixture using an
isochratic Waters HPLC coupled with a polarimeter and a UV
detector monitoring at 256 nm. For the HPLC analyses of the
reaction mixtures a chiral column (CHIRALCEL OB) and a
4 : 1 mixture of THF and i-PrOH as eluent were used. At the
end of the irradiation, the solvent was removed using a rotary
evaporator and the residue analyzed by 1H and 13C NMR
(Varian Gemini�, 300 MHz) in CDCl3. The residue was also
analyzed by GC-MS (HP 5644 A) using a 25 m capillary
column of 5% cross-linked phenylmethylsilicone. The corre-
sponding photo-products were spectroscopically characterized.
In the case of the irradiation of substrate 1b, the corresponding
2-quinolone was characterized as a mixture of cis and trans
stereoisomers.
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Laser flash photolysis

Samples were excited with 308 nm pulses (6 ns pulse width,
∼85 mJ per pulse) from a Lumonics EX-530 excimer laser using
a Xe–HCl–Ne mixture. Signals from the monochromator/
photomultiplier were captured by a Tektronix 2440 digitizer
and transferred to a PowerMacintosh computer programmed in
the LabVIEW 4.1 environment from National Instruments.
Detailed descriptions of similar laser systems have been pro-
vided elsewhere.26,27 Solutions of toluides 1a and 1c in spectro-
scopic grade hexane (∼10�4 M) were fully deaerated in Suprasil
7 × 7 mm quartz cells for 20 minutes prior to photolysis. All
measurements were recorded using a flow system to avoid the
complications of photo-product build-up. The emission
spectrum of compound 1a was measured at room temperature
in nitrogen-purged cyclopentane solution with an Edinburgh
FS900 spectrofluorimeter using a Xe lamp as the excitation
source. The emission decay was shorter than the ns response
time of the instrument.

Analytical and spectroscopic data of compounds 1a,b

N-(4-Methylphenyl)-2-methylprop-2-enamide (1a). IR (KBr,
cm�1): 3257, 1659, 1623, 1587, 1511, 1393, 1326, 1239, 1111,
932, 814, 507; 1H NMR (δ, CDCl3): 2.06 (t, 3H, J = 0.9 Hz),
2.32 (s, 3H), 5.45 (d, 1H, J = 0.75 Hz), 5.78 (d, 1H, J = 0.84 Hz),
7.10 (m, 2H), 7.44 (m, 2H); 13C NMR (δ, CDCl3): 18.73, 20.82,
119.65, 120.08, 129.42, 133.99, 135.16, 140.85; MS (m/z): 175
(M�), 160 (M � 15), 106 (M � 69), 77 (M � 98); chemical
analysis: C 74.77%, H 7.92%, N 8.08%; calcd. for C11H13NO: C
75.42%, H 7.43%, N 8.00%.

N-(4-Methylphenyl)cyclohex-1-enecarbamide (1b). IR (KBr,
cm�1): 3277, 2929, 2857, 1654, 1623, 1593, 1511, 1403, 1316,
1255, 804, 691, 507; 1H NMR (δ, CDCl3): 1.58–1.75 (m, 8H),
2.31 (s, 3H), 6.75 (s, 1H), 7.13 (m, 2H), 7.43 (m, 2H); MS (m/z):
215 (M�), 109 (M � 106), 77 (M � 138); chemical analysis: C
78.01%, H 8.40%, N 6.60% N; calcd. for C14H17NO: C 78.13%,
H 7.90%, N 6.51%.
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