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Abetract.- The photoreaction of 2-fluoro-4-uitroani9ole with n-hexy1asd.w gives rise to 
fluoride (major) and methoxy (minor) substitution. A ?on~i.nuous irradiation machaniatig 
9tuIy imlicatee that the first is produced thrmgh a S$ Ar mec~991 that involve9 ax-9 
triplet excited state whereas the second is a consequent e of 9-R triplet excited etate 
ch9mi9try via an electron transfer mechanisn. 

Nucleophilic Aranatic Photosubstitutions have been the object of intense research since 

thair discovery in 1956l. In spite of the important effort done, mechanistic studies had 

been for years almost restricted to photohydrolysis reactims 2,3,4. Many reported 

experimental fact9 have reuaimd unexplained until recently, specially in case9 uhen 

nucleophiles others than OFi- rJere used. 

Van Riel et a1.5 have pointed out the existence of three kinds of pathways leeding to 

nucleophilic arcmatic photosubstitutions: 1) direct displacemnt (%2Ar*); 2) electron 

transfer fran the “nucleophile” to the amnatic substrate; and 3) electron transfer fran the 

arcanatic caspound to an acceptor followed by attack of the nucleophile a the armstic 

radical-cation. In recent year9 several research groupa have directed their attention to 

these reaction9*12. In the course of our investigation on the photosubstitution of 4- 

nltroveratrole amI 4-nitroanisole with amine.9 (S&ems 11, ue foumi13 that the 

regioselectivity of these reaction9 depends on the ionization potential of the nucleophile. 

A mxhanistic borderline between !$,$Ar* reactions (for high ionisaticm potential amines) and 

electron transfer from the amine to the subetrate triplet excited state (for lov ionization 

potential mines) was proposed on ths basis of nmhani9tic continuous irradiation14-16 and 

laser flash photolysia” experiments. Soms other related regioselectivity change9 have been 

reported for photoSmile reactions6~7 sod for the photosubstitution of l-methoxy-l- 

nitrmaphthalene with nucleophile912. The explanation9 given are related to outs. 

It is well atablished that triplet fHl? and n-2 states lie close enough in energy in 

nitrophenyl derivative918 including nitropbmyl ether9 90 that both states are populated, 

the K-R* state usually being of lower energy in polar (hydmgen bond forming) m9dialg. 

Heterolytic nucleophilic arometic photosubstitution (S+?Ar*) is associated with the h-g 

state wherea photoreduction resulting from electrcm 2o or hydrogen atmP transfer ie 
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aaaociated with the n-ll! state22. Wubbels haa suggeeted22 that the electron transfer pathway 

to pare photosubstitution in nitropkyl ether8 (scheae 1) 113 the result of n-It* 

photochemistry, but aa far a8 we know !m experimental data support thie proposal. 
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Lately we have directed our attention to fluoronitrophenyl ethere24s25 a8 photoactive 

caupourxla with inter-eating possibilities as photoprobes in biockmietry. No mechanistic 

etudiee of the photoreactima of this kind of compomAs have been reported being the 

previous examples of their reactivity very scarce26*27. These compoumla chow a high and 

broad photoreactivity in frmt of different nucleophilee. In addition, rneta (fluorine) end 

para (methoxy) photosubstitution is observed with uucleophilee of relatively low ionizatim 

potentia125. Interestingly the photoreaction between n-kxylamine and 2-flmro-4- 

nitroahiaole produces both mine photosubstitution products (Shane 2) in amomlte large 

enough to permit a simltaheoua etwly of the involved mechanistic pathe. Previous 

mechanistic et&ies oo the nucleophilic arcmatic photosubatitutim of 4-nitroveratrole14*15 

ami 4-nitroanisole16 relied on the use of different nucleophiles to achieve enough 

production of the different final photoproducta (Scheme l), being difficult to tackle the 

problem of the involwment of more than ooe triplet excited state. ‘l?~ present paper reports 

a ctmtinuom irradiation baaed mechanistic study on the photosubstitution of 2-fluoro+ 

nitroanisole with n-hexylmine which comtitutee another example supporting previous 

interpretatim3 (in related subetrates) about the involvement of different mechanistic patha 
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leading to different photoproducts. Evidence ie ale0 presented about 
^ L 

1345 

the invo1vmeut of fxm 

different triplet excited &ate8 in the S#Ar” amI “electmn trant3fer”14~16 mechanitma. 

The etudied process ie indicated in Scheme 2 and the preparative details have been 

reported elsewhere25. 

gualitative Experilaente.- In Table I the effects of triplet qmnchere (potamium aorhate) 

and radical wawmgars @l.nitrobenzeue) in the production of N-hexyl-2_methoxy-5- 

nitroani1ine, 1, (s photoproduct) and N-haxyl-2-fluoro-4-nitroan.iU.ne, 2, (pata 

photoproduct) in the photoreaction of 2-flw.xo-4-nitroanisole with n-hexylamine (Schtme 2) 

are described. Consideration of Table I results by themselves and by comparison with related 

mea previously described by ~1.91~~l6 lead to the conclw3ion that meta (fluoride) 

photoaubetitution is the result of a notmal Sh23Ar* reaction uhfzeas the para (metlmxy) 

Table I.- Effect of triplet quenchwe and radical mwengars on the photoreaction of 2- 

fluoro-4-aitromiaole with _~laminea. 

E!fz - Product Additive6 

1 1 Potaasim SorbateC 

2 z Potaseim SorbeteC 

3 1 @ini t robenzened 

4 2 rDinitr0 benimad 

(l-(i/i,,))xloob 
50 

66 

11 

91 

a)General comlitions: 125 W Hg high pressure lamp, &OH/H20(20:60), 9m. To ensure the 
different additivea were not absorbing, a filter prepared with triacetic acid lactme (0.M 
in +mnol (A>XOma) was med. Each reaction was carried out in parallel to a blank (using 
a standard solvent mixture, &OH/H 0:20/m, and in the abeence of additivea). No precaution 
were taken to avoid oxygen b) 
to the blank reaction. 2he O/P 

Pho om&atitution production perceutage of decmase referred $ 

the Eubatitution product gas k- 
value corre8parb3 to the normalized integration ratio of 

c Lmatographic peak6 in the cappared photoreactials, using the 
integratim of a fixed ammt of interml refemme. The values result from five 
meamrements, eliminating the higher and 1-r ones and averaging the remaining three 
values. 

nitroenisole (5.8x10 
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phetosubstltutioo occur8 through stile electron transfer frm the amine to the substrate 

excited triplet state. The 11% variation obeerved in the production of 1 in the presence of 

m-dinitrobenzene (experiment 3) Is within the accepted error range specially if me 

coosiders the corresponding observed variation for the production of 2 (91%). 

Quantum yield measurmwnts.- Overall quantum yields for the production of L (e) and 2 

(para) were measured at different nucleophile concentrations (Table II). Quantun yields 

increase by increasing the nucleophile concentration in both cases. ‘Ihe multiplicity of the 

reactive excited states was investigated using potassiu~~ sorbete as selective triplet 

quencher (Table III). 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 II.- Overall quantum yield of production of 1 (~1 and 2 (~1 In the 

photoreactlon of 2-fl~ro-4-nltroanfsole (1.52~10-~) vith n-hexylamine in 

methanol/water (20:80) at different nucleophlle concentrations. 

k6%3NHd 0.076 0.097 0.151 0.227 0.379 0.520 

& meta 0.026 0.031 0.039 0.045 0.050 0.051 

P 
para 

0.0023 0.0032 0.0050 0.0077 0.0084 0.0114 

- 

Table III.- Overall quanta yield of production of 1 (~1 and 2 (-1 in the 

photoreactlon of 2-fluord-nitroanisole ( 5.31x10-%> with n-hexylamine 

(0.379M) in methanol/water (20:80) In the presence of different concentrations 

of potassiun sorbate [Q). 

CQI 0 0.0215 0.0329 0.0539 0.0739 

9 mtaxlO2 5.0 4.39 4.07 3.61 

9 paraxlO2 0.84 0.61 0.53 0.37 

RINEXIC DISCUSSION. 

The study of the mechanlan of production of both photosubstitution products (Scheme 2) 

with a single nucleophile offers interesting possibilities. The results of Tables I sld 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 photoreactims (Scheme 31, the kinetic equatlom to consider are: 
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k#d 
k4 + (k3 + k5)jNu] 

From them: 

1 1 kp + kd -=--_x----_ 

#&a *iSJc kp 
eq. 3 

1 1 kp’+kd’ k3+kg --_-‘~X~X 

*para %9c kp’ ( 

kq 
-+- 

ks ) k5bl 
eQ* 4 

Fran 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 k4/(k3+k5). Analysis of the data reported in Table II 

(Figure 1) indicates that even though there is a linear relatimship between 4-l and \Nu] -l 

In both caaea (which indicates a Angle origin for each photoproduct), the slope to 

intercept ratio differ enough (0.11 for 1 vs. 1.5 for 2, vide fnfra) to have to consider _- 
mre than one triplet excited state. 

hv k, 

Kq[9] 

II //.,I product 1 product 2 
(metal Iporal KA, I 

‘U ‘xl 

so SO 
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(par01 
product 1 

(meta) 

All this considered we propose the kinetic scheme deectibed in Schame 4 and we 

attribute a-g (T1) character to one triplet excited state and a n-# character to the 

other (Tl’). The scheme is somavhat oversimplified since kq and k4’ include the decay rate 

constants of any of the considered triplet excited states via the other one, and ki, am.i 

kisc’ 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 ‘b + kd 
---x-x 

* %sc kp 
eq. 5 

The patenreters involved depend on which photoproduct is studied. Thus, the relationship 

between g-1 and [Fall” in the case of 1 corresponds to a straight line represented in Figure 

1A. A regresim analysis using the values of Table 2 gave a lineat equation (cc. 0.995): 

s-1, (15.4 f 0.7) + (1.68 t 0.09)[t?qj-1. 

From eq. 5 we have that k4/ks equals the slope to intercept ratio, therefore lq,/k3=0.11 In 

this case. 

A parallel analysis in the case of 2 leads to the straight line represented in Figure 

LB and from the value8 of Table 2 to the linear equation (cc. 0.989): 

+-l= (19.7 2 16.0) + (29.8 & 2.2)[Nu]-1 

In this case k4’/k3’ u 1.5. & smaller quantum yield values in the case. of 3_ make it 

difficult to obtain good kinetic parameters and this is observed in the relatively high 

standatd errors of the intercept value. Nevertheless the slope to intercept ratio differ 
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emugh for 1 and & even considering the error range, as to have 

excited states to explaln the experimental facts. 

According to the stern-volmx analysifl the deptzmkme of 

quantun yield on the quenclw uncentratim is given by equation 6: 

to postulate two triplet 

the relative reciprocal 

Ueing the values of Table III for the production Of 1 and 2, the fi@rw a and m are 

obtained and least -8 fit8 lead t0 the fOl~Ob&j eqWltiC#X 

so/&, - (0.99 f 0.01) + (7.2 +- 0.3>[Q1 (cc. 0.998) 

@ o&mra = (1.007 * 0.007) + (17.1 f 0.2)[4] (cc. 0.9999) 

Fig. 2 
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Figure l.- Plot8 of the inverse quanta yield of production of 1. (A) and 2 (B) “. inverse 

nucleophile concentrations. Data from Table II. 

Figure 2.- Plot8 of the relative inverse qutxntun yields of production of 1 (A) and 2 (8) 

vs. quemher concentrations (potassim sorbste). Data fran Table 111. 

These result8 confirm the protagonitm of two triplet excited statee. The analysis of 

the described results considering \ equal in both case8 (we can use % = lo9 M-%-1 for 
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comparisons) leads to k4 r 3.1~10’ s-l aml k4’ = 4.6r10’ s-l, which indicates a similar 

lifetime for both excited triplet states. On the other hand k3 2= 2.8x10g K1sel aml 

k3” 3.1~10~ pT1s’l which indicates that the interaction betueen the nucleophile and ths 

triplet exited state leading to product 1. (mata substitution) is faster than tha 

correspmding interactim with the triplet excited state leading to product 2 (para 

photosubstitution) by one power of ten. It mst be renamberad hare that the values 

cotreaponding to the production of 2 should be taken with sme precaution due to the 

relative high stamlard error in the intercept of the 1-l ~8. [Nuj -1 representation. 

hv 

III OMe I OMe 

photoreduct Ion 
photosubstltution 

The use of a single nucleophile overcames the undefinitiom of previous related 
w)rksl5 916 about the involvement of more than one triplet excited state, mainly due to the 

different properties of the nucleophiles required to achieve the change in machanistic 

pathway. Here we attribute T1 (Scheme 4) to the R-z* triplet ezcited state responsible for 

the SR2Ar* reaction (2 photosubstitutim). In solvents such as water and alcohols this 

state is stabilized by hydrogen bonding becoming in several stwiied nitrophenyl ethers the 

loxm3t triplet excited state19 thus making the direct photosubstitution the main process. We 

scheme5 
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alao attribute Tl’ to the n-h* triplet excited state respomible for tbe “electron transfer 

and collapse of the radical ion pair” plmtosubstitution pathway14-17. Aa CcXnWnted 

previow~ly, the n-x? triplet excited state of nitrophenyl derivatives is also considered 

responsible for the photoreductiom obeerved in this type of compounds, and an electron 

tranafer machenisrn haa been proposed20 in the presence of electron damrs. We attribute the 

almet complete absence of photoredwtion in the photoreaction of 2-fluoro-A-nitroaniaole 

with n-hexylamine to the small volma of the fluorine aubetituent. After electrm transfer 

fran the amine to the n-f? excited triplet state of the nitrophenyl ether haa hem 

caupleted, a competition is aetablished between back electron transfer (leadiug to the 

groumd state, collapee (after iac) of the formed radical-ion pair Gadiug to 

photosubstitution) and diffusion apart (leading to photoreduction), the result dew, 

at leaat in part, on the relative geometry of the radical-ion pair and therefore on the 

volune of the aubatitwnts. We have reported previouely28 that 4-nitrocatechol ethers others 

than methyl ethers do not give rise to photosubstitution through the “electron transfer” 

mechfmim, mpporting the given explanation. 

In Schema 5 a general picture of the different possibilities for the photoreactiona of 

nitrophenyl ethers with nucleophiles via triplet excited states baaed on the present and 

previoua14-17 results is shown. The relative importance of the n-x? and x-x* pathways will 

depend oo the nature of the nitrophenyl ether substrate, the ionization potential of the 

nucleophile and the w3fA solvent. 

Gmeral.- Uv spectra were recorded oo a Hewlett-Packard 8452A diode array spectroplmtometer. 
n analyses were performed on a HP-5890A Gas Crmatograph using a FiFCrosslinked 
Dimethyleilicone am 12m x 0.2m x 0.33m film thickness capillary colmn. Quantus yield 
nmusuremente were performed on a Applied Photopysice QYRl5 merry-go-round apgaratue. The 
wavelenght of excitation was selected using a Jobin Ivan monochrasator. The preparative 
detaila about the reaction of 2-fluoroJmitroaniline and n-hexylsnine, and the canplete 
description of photoproducts 1 and 2 are reported in reference 25. 
Qualitative Experiments and %mip&mrative Reactions (Table Il. Reaction mixtures were 

ed ing 125u high 
additik ,“,e not absorbing 

Agl light source. To entmre the different 
??%zr prezm?wkh triacetic acid lactone (0.N) in t- 

lXltan01 (A>340 ml) was l&d. ‘fbe amomte of photoproducts vere determined by g%~ 
chranatography analysis using an internal reference. All the values result from five 
maaurements, eliminating the higher aud lower ones and averaging the remaining three. The 
photoproducts ware identified by cmparieon with authentic maples. 
Quantun Yield Measurements.- Quanta yield8 for the photoproducts were measured ueiug a 
merry-go-romd apparatus. The irradiation source vas a 25oW medim pressure Hg lamp. The 
wavelength of excitation (366 mn) was selected using a moncchranator. The amounts of 
photoproducts were determined& Cc analysis (internal reference). Actinanetry ma performed 
using potassium ferrioxalate and convereion was kept aromd 5% in all cases. Care was 
taken that >9fX of the light u&e absorbed by the sample and the actinaneter. No precaution8 
were taken with the presence of oxygen. All the values result fran five meamremente, 
eliminating the higher aml lover ones and averaging the remaining three. 
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