Tetrahedron Vo). 46, No. 4, pp. 1343-1352, 1990 0040-4020/90 $3.00+.00
Printed in Great Britain © 1990 Pesgamon Press pic
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Abstract.- The photoreaction of 2-fluoro—-4-nitroanisole with n~hexylamine gives rise to
fluoride (major) and methoxy (minor) substitution. A fon;im:ous irradiation mechanistig
study indicates that the first is produced through a Sy2°Ar mechanjsm that involves an-&
triplet excited state whereas the second is a consequence of n-m triplet excited state
chemistry via an electron transfer mechanism,

INTRODUCTION

Nucleophilic Aromatic Photosubstitutions have been the object of intense research since
their discovery in 19561, In spite of the important effort done, mechanistic studies had
been for years almost restricted to photohydrolysis reactions?s 34, Many reported
experimental facts have remained umexplained until recently, specially in cases when
mucleophiles others than OH™ were used.

Van Riel M.S have pointed out the existence of three kinds of pathways leading to
mucleophilic aromatic photosubstitutions: 1) direct displacement (SNZAr*); 2) electron
transfer from the "nucleophile” to the aromatic substrate; and 3) electron transfer from the
aromatic compound to an acceptor followed by attack of the nucleophile on the aromatic
radical-cation. In recent years several research groups have directed their attention to
these reactions’ 12, In the course of our investigation on the photosubstitution of 4-
nitroveratrole and 4-nitroanisole with amines (Scheme 1), we found!3 that the
regioselectivity of these reactions depends on the ionization potential of the nucleophile.
A mechanistic borderline between SNZAr* reactions (for high ionization potential amines) and
electron transfer from the amine to the substrate triplet excited state (for low ionization
potential amines) was proposed on the basis of mechanistic continuous irradiation!4 16 and
lager flash photolys:ls17 experiments. Some other related regioselectivity changes have been
reported for photo-Smiles reactions®7 and for the photosubstitution of 1-methoxy-1-
nitronaphthalene with nucleophileslz. The explanations given are related to ours.

It is well stablished that triplet - and o-1’" states lie close enough in energy in
nitrophenyl derivativesl8 including nitrophenyl ethers so that both states are populated,
the m-i state usually being of lower energy in polar (hydrogen bond forming) medial9,
Heterolytic mucleophilic aromatic photosubstitution (SNZA!.'*) 1s associated with the m-m"
state whereas photoreduction resulting from electron?® or hydrogen atom?! transfer is
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associated with the n-W' state?Z, Wubbels has suggestedz3 that the electron transfer pathway
to para photosubstitution in nitrophenyl ethers (Scheme 1) 1is the result of -
photochemistry, but as far as we know no experimental data support this proposal.
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Lately we have directed our attention to fluoronitrophenyl ethers24:25 ag photoactive
compounds with interesting possibilities as photoprobes in biochemistry. No mechanistic
studies of the photoreactions of this kind of compounds have been reported being the
previous examples of their reactivity very scarce?®:27, These compounds show a high and
broad photoreactivity in front of different mucleophiles. In addition, meta (fluorine) and
para (methoxy) photosubstitution ia observed with mucleophiles of relatively low ionization
potentialzs. Interestingly the photoreaction between n-hexylamine and 2-fluoro—4-
nitroaniscle produces both amine photosubstitution products (Scheme 2) in amounts large
enough to permit a simultaneous study of the involved mechanistic paths. Previous
mechanistic studies on the micleophilic aromatic photosubstitution of 4-nitroveratrolel4»15
and 4-nitroanisole!® relied on the use of different mucleophiles to achieve enough
production of the different final photoproducts (Scheme 1), being difficult to tackle the
problem of the involvement of more than one triplet excited state. The present paper reports
a continuous irradiation based mechanistic study on the photosubstitution of 2-fluoro—4-
nitroanisole with n-hexylamine which constitutes another example supporting previous
interpretations (in related substrates) about the involvement of different mechanistic paths
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leading to different photoproducts. Evidence is also presented about the involvement of two
different triplet excited states in the SN23Ar* and "electron transfer”14-16 mechanisms.
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RESULTS

The studied process is indicated in Scheme 2 and the preparative details have been
reported elsevhere?’.
Qualitative Experiments.~ In Table I the effects of triplet quenchers (potassium sorbate)
and radical scavengers (m—dinitrobenzene) in the production of N-hexyl-2-methoxy-5-
nitroaniline, 1, (meta photoproduct) and N-hexyl-2-fluoro—4-nitroaniline, 2, (para
photoproduct) in the photoreaction of 2-fluoro-4-nitroanisole with n~hexylamine (Scheme 2)
are described. Consideration of Table I results by themselves and by comparison with related
ones previously described by usl416 1ead to the conclusion that meta (fluoride)
photosubstitution is the result of a normal SN23Ar* reaction whereas the para (methoxy)

Table I.- Effect of triplet quenchers and radical scavengers on the photoreaction of 2-
fluoro~4-nitroanisole with n-hexylamine®,

Exp.  Product Additives (1=(8/F 1 gy ))x100P
1 1 Potassium Sorbate® 50
2 2 Potassium Sorbate® 88
3 1 m-Dini trobenzened 1
4 2 E—Dinitrobenzened 91

a)General conditions: 125 W Hg high pressure lamp, MeOH/H,0(20:80), 9m. To ensure the
different additives were not absorbing, a filter prepared with triacetic acid lactone (0,1M)
in t-butanol (A>340nm) was used. Each reaction was carried out in parallel to a blank (using
a standard solvent mixture, MeOH/H,0:20/80, and in the absence of additives). No precautions
were taken to avoid oxygen b) Pho%ombatitutim production percentage of decrease referred
to the blank reaction. The ¢/, value corresponds to the normalized integration ratio of
the substitution product gas chromatographic peaks in the compared photoreactions, using the
integration of a fixed amount of intemal reference. The values result from five
measurements, eliminating the higher and lower ones and averaging the remaining three
values, The ptoductg“were identified by c ison with agthentic samples. 2-fluoro—4-
nitroanisole (5.8x107°M), n-hexylamine (6.0x107“M). c) S.Oxlogz‘ﬂ. d) 9.8x107°M,
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photosubstitution occurs through single electron transfer from the amine to the substrate
excited triplet state. The 11X variation observed in the production of 1 in the presence of
m-dinitrobenzene (experiment 3) is within the accepted error range specially if one
considers the corresponding observed variation for the production of 2 (91%).

Quantum_yield measurements.- Overall quantum yields for the production of 1 (meta) and 2
(para) were measured at different nucleophile concentrations (Table II). Quantum yields
increase by increasing the nucleophile concentration in both cases. The multiplicity of the
reactive excited states was investigated using potassium sorbate as selective triplet
quencher (Table IIT). There is a significant quenching effect due to potassium sorbate in
both cases which indicates the involvement of triplet excited states in the production of
both photoproducts of scheme 2,

Table IT.- Overall quantum yield of production of 1 (meta) and 2 (para) in the
photoreaction of 2-fluoro-4-nitroanisole (1.52x1073M) with n-hexylamine in
methanol/water (20:80) at different nucleophile concentrations.

[Cemamy) 0.076 0.097 0.151 0.227 0.379 0.520

0.026 0,031 0,039 0.045 0.050 0,051

0.0023 0.0032 0,0050 0.0077 0.0084 0.0114

*meta

bpara

Table ITI.- Overall quantum yield of production of 1 (meta) and 2 (para) in the
photoreaction of 2-fluoro-4-nitroanisole (5.31x1073M) with n—hexylamine
(0.379M) 1in methanol/water (20:80) in the presence of different concentrations
of potassium sorbate [Q].

[q] 0 0.0215 0.0329 0.0539  0.0739
$otaxl0? 5.0 439 4.07 3.61
$raraxl0? 0.8 0.61 0.53 0.37

KINETIC DISCUSSION.

The study of the mechanism of production of both photosubstitution products (Scheme 2)
with a single nucleophile offers interesting possibilities. The results of Tables I and III
indicate the involvement of triplet excited states as intermediates in the production of
both photoproducts 1 and 2. Thus, if we consider the operativity of a single excited state
for both photoreactions (Scheme 3), the kinetic equations to consider are:
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TR, S . b
meta *isc kp + kg ky + (k3 + ks)[N“] .
kpl ks[Nu]
= x X
lpara isc k-p'* k' ky + (kg + kS)[N“] 2
From them:
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From eq. 3 and 4 we have that if the Scheme 3 applies the slope to intercept ratio must
be equal in both cases with a value of k;/(kjtks). Analysis of the data reported in Table II
(Figure 1) indicates that even though there is a linear relationship between $~ and \Nu) "1
in both cases (which indicates a single origin for each photoproduct), the slope to
intercept ratio differ enmough (0.11 for 1 vs. 1.5 for 2, vide infra) to have to consider
more than one triplet excited state.
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product 1
(meta)

Scheme 4

All this considered we propose the kinetic sacheme described in Scheme &4 and we
attribute e~ (T)) character to one triplet excited state and a n-1 character to the
other (T;'). The scheme is somewhat oversimplified since k; and k;' include the decay rate
constants of any of the considered triplet excited states via the other one, and ky.. and
kige' include the production of any considered triplet excited state via the other. In any
case Scheme 4 allow us to analyze the relative properties of both triplet excited states. In
this case the general kinetic equation will be:

1 1 +k k
_—= X kp d x (1 + 4 ) eq. 5
: Qisc kp k3{N“]

The parameters involved depend on which photoproduct is studied. Thus, the relationship
between i'l and [Nu]'l in the case of 1 corresponds to a straight line represented in Figure
1A. A regresion analysis using the values of Table 2 gave a linear equation (cc. 0.995):

§71= (15.4 £ 0.7) + (1.68 £ 0.09) ] L.
From eq. 5 we have that kl‘/k3 equals the slope to intercept ratio, therefore kl./k3= 0.11 in
this case.

A parallel analysis in the case of 2 leads to the straight line represented in Figure
1B and from the values of Table 2 to the linear equation (cc. 0.989):

$la (19.7 £ 16.0) + (29.8 ¢+ 2.2)[M)"!
In this case k;'/ky' = 1.5, The smaller quantum yield values in the case of 2 make it
difficult to obtain good kinetic parameters and this is observed in the relatively high
standard errors of the intercept value. Nevertheless the slope to intercept ratio differ
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enough for 1 and 2, even considering the error range, as to have to postulate two triplet
excited states to explain the experimental facts.

According to the Stern-Volmer analysis the dependence of the relative reciprocal
quantum yield on the quencher concentration is given by equation 6:

22= 1+ -——kq[Q]

¢ k; + kg{Nu) od- 6

Using the values of Table III for the production of 1 and 2, the figures 2A and 2B are
obtained and least squares fits lead to the following equations:

§ /8pora = (0.99 £ 0.01) + (7.2 ¢ 0.3)[q) (cc. 0.998)
&o/8pgra = (1.007 £ 0.007) + (17.1 ¢ 0.2)[Q) (cc. 0.9999)
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Figure l.- Plots of the inverse quantum yield of production of 1 (A) and 2 (B) vs. inverse
nucleophile concentrations. Data from Table II.

Figure 2.~ Plots of the relative inverse quantum yields of production of 1 (A) and 2 (B)
vs. quencher concentrations (potassium sorbate). Data from Table III.

These results confirm the protagonism of two triplet excited states. The analysis of
the described results considering k, equal in both cases (we can use kg = 109 wls7l for
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comparisons) leads to k; = 3.1x107 87l and k;' = 4.6x107 871, which indicates a similar
lifetime for both excited triplet states. On the other hand kg = 2.8x108 Wla”l and
k3'= 3.1x107 Mls7! which indicates that the interaction between the mucleophile and the
triplet excited state leading to product 1 (meta substitution) 1is faster than the
corresponding interaction with the triplet excited state leading to product 2 (para
photosubstitution) by one power of ten. It must be remembered here that the values
corresponding to the production of 2 should be taken with some precaution due to the
relative high standard error in the intercept of the § 1 vs, (Nu) -1 representation.
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Scheme 5

The use of a single nucleophile overcomes the undefinition of previous related
works!5s16 about the involvement of more than ome triplet excited state, mainly due to the
different properties of the mnucleophiles required to achieve the change in mechanistic
pathway. Here we attribute T; (Scheme 4) to the r-ic" triplet excited state responsible for
the SNZAr‘t reaction (meta photosubstitution). In solvents such as water and alcohols this
state is stabilized by hydrogen bonding becoming in several studied nitrophenyl ethers the
lowest triplet excited statel? thus making the direct photosubstitution the main process. We
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also attribute Tl to the n-r" triplet excited state responsible for the "electron transfer
14L217

and collapse of the radical ion pair” photosubstitution pathway'™ *’. As commented
previously, the - triplet excited state of nitrophenyl derivatives is also considered
responsible for the photoreductions observed in this type of compounds, and an electron
transfer mechanism has been prroposedzo in the presence of electron donors. We attribute the
almost complete absence of photoreduction in the photoreaction of 2-fluoro-4-nitroanisole
with n-hexylamine to the small volume of the fluorine substituent. After electron transfer
from the amine to the n-K' excited triplet state of the nitrophenyl ether has been
completed, a competition is established between back electron transfer (leading to the
ground state, collapse (after isc) of the formed radical-ion pair (leading to
photosubstitution) and diffusion apart (leading to photoreduction), the result deppending,
at least in part, on the relative geometry of the radical-ion pair and therefore on the
volume of the substituents., We have reported pr:e\riously28 that 4-nitrocatechol ethers others
than methyl ethers do not give rise to photosubstitution through the "electron transfer”
mechanism, supporting the given explanation.

In Scheme 5 a general picture of the different possibilities for the photoreactions of
nitrophenyl ethers with nucleophiles via triplet excited states based on the present and
pr:ev:l.ou:s]'l"]'7 results is shown. The relative importance of the n-nt and - pathways will
depend on the nature of the nitrophenyl ether substrate, the ionization potential of the
nucleophile and the used solvent.

EXPERIMENTAL

General.- Uv spectra were recorded on a Hewlett-Packard 8452A diode array spectrophotometer.
analyses were performed on a HP-5890A Gas Cromatograph using a HP-Crosslinked
Dimethylsilicone Gum 12m x 0,2mm x 0.33m film thickness capillary column. Quantum yield
measurements were performed on a Applied Photopysics QYRL5 merry-go-round apparatus. The
wavelenght of excitation was selected using a Jobin Ivon monochromator. The preparative
details about the reaction of 2-fluoro-4-nitroaniline and n—-hexylamine, and the complete
description of photoproducts 1 and 2 are reported in reference 25.
%itacive %rimnts and Senipre%tive Reactions é'l‘able I). Reaction mixtures were
at pressure amp as a t source, To ensure the different
additives were not absorbing, a filter prepared with triacetic acid lactone (0.1M) in t-
butanol (A>340 nm) was used. The amounts of photoproducts were determined by gas
chromatography analysis using an internal reference. All the values result from five
measurements, eliminating the higher and lower ones and averaging the remaining three. The
photoproducts were identified by comparison with authentic samples.
Quantum Yield Measurements.- Quantum yields for the photoproducts were measured using a
merry-go-round apparatus. The irradiation source was a 250W medium pressure Hg lamp. The
wavelength of excitation (366 nm) was selected using a monochromator. The amounts of
photoproducts were determine%&y GC analysis (internal reference). Actinometry was performed
using potassium ferrioxalate and conversion was kept around 5% in all cases. Care was
taken that >98% of the light were absorbed by the sample and the actinometer. No precautions
were taken with the presence of oxygen. All the wvalues result from five measurements,
eliminating the higher and lower ones and averaging the remaining three.
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