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ABSTRACT

Photolysis of 4-nitroanisole with aliphatic amines gives mainly N-substituted 4-nitroanilines. Reactions of this type have been widely attributed
to a geminate radical mechanism. We questioned this interpretation and have searched for and found by NMR spectroscopy a new class of
stable nitronate adducts generated under the reaction conditions. The adducts imply that photosubstitution by amines para to the nitro group
occurs by meta σ complex formation followed by an unprecedented sigmatropic rearrangement.

Nucleophilic aromatic photosubstitutions of the SN2 Ar* type
commonly show strong regioselectivity for reaction meta to
an electron-withdrawing, activating group such as nitro.1,2

These fast, efficient reactions are of interest for photore-
movable blocking groups3-5, and photoaffinity probes.6

Improved understanding of their mechanisms might facilitate
their application. A rationale stemming from the energy gap
law for radiationless transitions has been advanced to explain
predominant meta regioselectivity.7 (Regiochemistry is ref-
erenced to the nitro group.) The mechanism for these cases
involves direct formation of a metaσ complex by addition
of a nucleophile to the excited-state aromatic molecule. The
cause of the less common cases of photosubstitution para to

an electron-withdrawing group remained puzzling. After the
energy gap model,7 para photosubstitution was attributed8

to a different mechanism named SN(ET)Ar*.2 This involves
electron transfer from nucleophile to excited aromatic to give
a triplet exciplex followed by geminate radical coupling to
make the paraσ complex. While strong evidence supports
its application to some cases,9,10 its use to interpret reactions
of aliphatic amines with nitroaryl ethers11-14 seemed to us
weakly supported and problematic.

Some of the problems stem from chemistry reported for
other systems. Photolysis of aromatic carbonyl compounds
with amines has been thoroughly studied.15 These reactions
involve electron transfer or exciplex formation analogous to
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that postulated above, but the chemistry results in photore-
duction. No case of displacement of a nucleofuge on the
aromatic ring from such an exciplex has been reported. The
triplet exciplexes dissociate rapidly and nongeminate radical
chemistry results. Moreover, aminium radical intermediates
undergo fast proton or hydrogen atom transfers that move
the electron hole from nitrogen to theR carbon.16 This would
prevent bonding at the amine nitrogen that occurs in the
photosubstitutions.

Our studies of base catalysis in meta Smiles photorear-
rangements17 showed that metaσ complexes live for tens to
hundreds of nanoseconds. This suggested that if metaσ com-
plexes occurred in the para photosubstitutions by amines,
they could be trapped by rapid proton-transfer reactions. Pro-
ton removal from the nitrogen of intramolecular photoadducts
that do not have a nucleofuge at the attack site results in
stable dihydrobenzene products.18 It seemed plausible, more-
over, that if metaσ complexes were intermediates in the
intermolecular photosubstutions, they could convert rapidly
to paraσ complexes by an unprecedented but simple sig-
matropic rearrangement. In this case, we predicted for the
reaction of 4-nitroanisole with amines that base-dependent
photoformation of stable dihydrobenzene adducts would
compete with formation of the para photosubstitution prod-
ucts.

Irradiation of 4-nitroanisole (1, 0.0060 M) in oxygen-free
40% DMSO-d6/D2O (v/v) containing 0.030 M dimethylamine
for 75 min at 0°C in a borosilicate NMR tube with 300 nm
broadband light filtered through K2CrO4 solution caused 29%
of the starting material to disappear. The products and percent
yields are as shown in Scheme 1. Products2, 3, 6, and

methanol were confirmed by enhancement of their NMR
signals with authentic samples. Product4 was identified by
its NMR spectrum and by COSY, which showed the required
couplings: (shifts relative to terephthalate anion,δ 7.86)δ
6.57, 1H, d (J) 10.3 cps);δ 5.72, 1H, d (J) 10.3 cps);δ

3.55, 3H, s;δ 2.65, 6H, s; methylene H not found. Product
5 was also identified by its NMR spectrum and by COSY,
which showed the required couplings:δ 7.07, 1H, d (J )
10.1 cps);δ 6.14, 1H, d (J ) 10.1 cps);δ 2.70, 6H, s;
methylene H not found. The structure of5 was confirmed
by the coincidence of its spectrum with that of an analogous
adduct18 having an ethanolamino group in place of the
dimethylamino group of5. Additional evidence for the
structures of4 and5 was obtained by extraction experiments.
When the photolyzed reaction solution was extracted with
CDCl3, all nonionic products except methanol were removed
to the CDCl3 phase, but the extraction did not change the
amounts of4 and 5 in the aqueous phase. This confirmed
that 4 and5 are ions.

The data in Scheme 1 show that4 converts thermally to
5 plus the required 1 equiv of methanol. That the four NMR
signals assigned to4 disappear together and the signals
assigned to5 and methanol arise concurrently is strong
evidence for the assignments. The conversion of4 to 5 plus
methanol was faster at pH 10.7 than at pH 11.6; at pH 10.7,
only 5 and not4 could be detected after the photolysis,
meaning that the thermal hydrolysis was complete in the
photolysis time at that pH. At pH 12, the conversion was
not complete in 72 h, and at pH 12.5,4 was stable.

The percent yield of photosubstitution product2 (ca. 53%)
by direct NMR detection in the reaction of1 in DMSO-
D2O containing 0.030 M dimethylamine (ca. 0.004 M [OH-])
agrees roughly with the yields of photosubstitution products
isolated from preparative reactions of1 and aliphatic amines
in water.19 We found, however, that the ratio of2 to 4 varied
with the hydroxide ion concentration in the photolysis mix-
ture as shown in Table 1. The data show that the yield of4
increases with increasing hydroxide ion at the expense of2.

The nitronate ions detected stem from meta attack by the
amine. If the SN(ET)Ar* mechanism operated as suggested
for dimethylamine,12 geminate radical recombination would
be expected at both the ortho and para positions. Ortho
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Table 1. Dependence on Hydroxide Ion Concentration of
Relative Yields of Photosubstitution Product vs Photoadduct

Scheme 1. Photoproduct Percent Yields from 4-Nitroanisole
and Dimethylamine
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adducts, if formed, would be expected to deprotonate and
form stable nitronate ions, as has been observed for an
intramolecular case.18 We found no evidence by NMR for
such adducts, even when1 was irradiated with dimethyl-
amine in the presence of 0.05 M NaOD.

Results similar to those with dimethylamine were obtained
with ammonia, methylamine, ethanolamine, and glycine. In
particular, NMR spectra of nitronate ions analogous to4 and
5 in percent yields similar to those above were obtained in
every case. Since these amines differ greatly in ionization
potential, but not in nucleophilicity, the findings suggest that
the chemistry has nothing to do with ionization potential.

We also obtained strong evidence for meta adducts by
using an oxidizer of dihydrobenzenes in the photolysis
mixture. We had earlier shown for an analogous intramo-
lecular photoreaction of 4-O2N-C6H4-OCH2CH2NH2, that
photolysis in the presence of 3,5-dinitrobenzoic acid gave a
total 75% yield of isolated aromatized meta hydride dis-
placement products.20 When we irradiated1 in the presence
of ammonia and 3,5-dinitrobenzoic acid, as shown in Scheme
2, we learned (by NMR peak enhancements with authentic

samples) that 95% of the products were attributable to three
products, of which 60% was the nitro substitution product,
and a total of 35% stemmed from oxidized, meta adducts.
This extent of adduct formation is similar to that in Scheme
1 and is strong additional evidence that meta adducts occur
in these reactions.

We offer Scheme 3 to interpret our results. The evidence
that the photochemistry occurs from the triplet excited state
of 1 is that we can sensitize it with the triplet sensitizer,
3-methoxyacetophenone. The triplet can react directly with
the amine to displace the nitro group (k2). This reaction has
precedent21 and may be rationalized by the energy gap law
since theσ complex for nitro displacement is an unstabilized,
high energy anion just as are the metaσ complexes. With
an easily oxidizable amine such as dimethylamine, the triplet
can be photoreduced to the hydroxylamine6 (Scheme 1), as
occurs in the case of isopropyl alcohol as the reductant.22

The photoreduction process (not shown) is probably the
outcome of electron transfer and nongeminate radical
processes, as it is in carbonyl-amine photochemistry.15 The

first-formed meta adduct7 is a zwitterion that should be
deprotonated (k5) to give 9 by bases of pKa > 10 at rates
near the diffusion limit. The C-N bond of9 is expected to
be stable, enabling9 to undergo the relatively slow proto-
nation on carbon (k7) that makes10. Structure10, as a
vinylogous alkyl nitro compound, should have a pKa of about
9, enabling it to form4 via k8 at high pH’s. We suggest that
a fast sigmatropic shift (k6) of 7 to give8 can compete with
deprotonation. This leads to the substitution product2.

All of our results can be interpreted by the scheme. The
rationale it provides for the striking finding that the yield of
4 increases with the hydroxide ion concentration at the
expense of the photosubstitution product2 is unique and
powerful support of its validity.

At the level of details, the chemistry proposed for
hydrolysis of 4 to 5 plus methanol has precedent in our
previous study.18 That4 is stable at high pH, and requires a
moderately lower pH to hydrolyze is attributable to the
prototropic equilibrium of4 and10.

The sigmatropic rearrangement of7 has no precedent. It
would have to be fast enough to compete with deprotonation
that limits the lifetime of7 to tens to hundreds of nanosec-
onds. Semiempirical AM1 calculations of the relative ener-
gies of meta vs paraσ complexes in the singlet manifold
show, as have previous reports,7 that the rearrangement is
exothermic by 17 kcal/mol. This is compatible with a very
fast reaction.

Our findings provide a mechanistic rationale for two
quantitative photosubstitution studies by others that have
hitherto lacked explanation. The regioselectivity of photo-
substitution byn-butylamine on 4-nitroveratrol has been
shown to be pH dependent.23 Displacement of the methoxy
groups meta vs para by the amine was 12:1 at pH 12.2 and
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Scheme 2. Photoproducts from1 with Ammonia in the
Presence of 3,5-Dinitrobenzoic Acid

Scheme 3. Mechanism of the Photoreaction of 4-Nitroanisole
with Dimethylamine
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3:1 at pH 10.5. If both photosubstitutions proceed from an
intermediate analogous to7 (H at the addition site replaced
by methoxy), at high pH the intermediate is substantially
deprotonated, leading mainly to the meta photoproduct. At
lower pH, it is deprotonated less and rearranges more, giving
an increased proportion of the para substitution product, as
observed.

The new mechanism can also explain the puzzling
observation24 of temperature-dependent regioselectivity in the
photolyses of1 with hydroxide ion. For photolyses with
hydroxide ion in alcohol solvents, the ratio of nitrite
displacement to methoxide displacement changed from 99:1
at -20 °C to 1:1 at ca. 100°C, the change being caused by
growth in the yield of methoxide displacement. The authors
concluded that methoxide displacement must be thermally

activated whereas nitrite displacement is not, but the reason
was not clear. If nitrite displacement stems from direct
nucleophilic attack by hydroxide ion on the triplet while
methoxide displacement involves meta attack on the triplet
by hydroxide ion and thermally activated sigmatropic rear-
rangement to the paraσ complex competitive with decay,
the findings are as expected.

Acknowledgment is made to the donors of the Petroleum
Research Fund, administered by the American Chemical
Society, for support of this work. We thank Gerrit Lodder
for bringing refs 23 and 24 to our attention and for insightful
discussions.

Supporting Information Available: NMR spectra for the
data in Scheme 1. This material is available free of charge
via the Internet at http://pubs.acs.org.

OL0602497

(23) Kuzmic, P.; Pavlickova, L.; Velek, J.; Soucek, M.Collect. Czech.
Chem. Commun.1986,51, 1665.

(24) Klan, P.; Ruzicka, R.; Heger, D.; Literak, J.; Kulhanek, P.; Loupy,
A. Photochem. Photobiol. Sci.2002,1, 1012.

1454 Org. Lett., Vol. 8, No. 7, 2006


