
Tetrahedron Vol. 48, No. 7. pp. 1333-1342.1992 
Priited in Gnat Britain 

wo4020192 $3m+.oo 
Pergamon Rcss plc 

Jorge Marquet,* Albert Cantos, Marcia1 Moren~s, Eduard Cay& and Iltinada Gallardo 

Department of Chemistry. Universitat Aut?moma de Barcelona. 

08193 Rellaterra. Barcelona. Spain 

(Received in UK 13 November 1991) 

Key Words: Photosubstitution; NitroVhenyl Ethers; 

Single Electron Transfer; Redox Potentials; Mechanisms 

Abstract: Mechanistic studies show that 4-nitroveratrole and 4,5-dinitroveratrolg 
undemo nucleoohilic aromatic ohotosubstitution with ethvl Rlycinate through an sN2Ar 
route’: However, in the first-case the photoreaction takes- place throu& a siiiglet 
excited state whereas for 4,5-dinitroanisole a triplet excited state is involved. 
Electrochemical data for the present photoreactions reagents and for 4-nitroanisole, 
involved in a related photoreaction previously described by us, are reported. A 
mechanistic schene, governed by a direct collapse - electron transfer competition 
in the singlet excited state stage, is proposed for the nucleophilic aromatic 
photosubstitution reactions of nitrophenyl ethers with amine nucleophiles. 

Photoinduced electron transfer plays a central role in the mechanistic interpretation 

of organic photoreactivity. Nucleophilic aromatic photosubstitution is one of the 

photoreactions more intensively studied since its discovery in 1956.2 In spite of this 

effort, mechanistic studies had been for years restricted almost to photohydrolysis 

reactions. 3 Van Riel et.4 pointed out the existence of three kinds of pathways leading 

to nucleophilic aromatic photosubstitutions: 1) direct displacement (SR2Ar*); 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. *lo In the course of our investigation of the photosubstitution of 4- 

nitroveratrole and 4-nitroanisole with amines, we fouodll that the regioselectivity of 

these reactions depends on the ionization potential of the nucleophile. A mechanistic 
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borderline between S$Ar* react%ons (for high ionization potential am3.1~8) and electron 

transfer fran the a&m to the 8ubstrate triplet excited state (for low ionization potential 

aminaa) was proposed an the basis of contimms irradiatibn12 and laser flash photoly~is~~ 

axperiumts. Sam! other related regiosalectitity changas ham been reported for photo-smtfas 

reactiw5 and for the photo~titutiona of l-a&my-l-nitronapbtbalene with 

nucleophilea. 7 

I&! SN2Ar* type reactions of nltropheoyl ethers with pr* a&nes previously studied 

by us12 (schem! 1) SM an interesting dichotcmy. Photoreactions of 4-nitroveratrol.e 

oixured from a singlet excited statPa whereas the photoreactions of 4-nitroanCm~e 

happened through a triplet excited state.12c I&waver, different nucleopbiles wera involved 

(methyl.an&ne and n-hexylamine with 4-nitroveratrole, and ethyl glycinate with 4- 

nitroanisole), hampering any genaral ratiomlizatfon. 

OMe 

NO2 

MeNH2 
hY 

OF& 
NHMe 

s~2’A; 

NO2 

&O* NHCH&O,C,H, 

All this considered, we wish to report here a mechanistPc atllap (cont~ 

irradiation) on the pbotoreactions of two nitrophanyl ethers with different electronic 

properties (4-nitroveratrole and 4,5--dinitroveratrole) with ethyl glycinate (high ionization 

potential amine, to ensure a S$%r* mechanism) as unique nucleophile (Scheme 2). These 

resulta are discussed in conex&m with the correspandin@; CEIQ for 4-nitroaxLmle, already 

clip by us12c (S&em 11, and all of them blots with electrochmnical 

ummmments. Several well established appmaches can be found in the literature to aoaly!&e 

and discuss photo&mica1 mechanistic data with the help of electrochemical measurements. 14 

In the present uork the use of the Weller ion-pair formation model15 leads to a general 

reactivity zxAxm.3 fur nitro~l ethers photasubstitutim reactions with amine 

nueleophiles. 

me preparative photoreaction Mmen 4-nitrovffatrole and mum38 ethyl glycinata in 

N&%-water <Z&30 v.v) (9@1 irradiatloo with a lZ!S? Kresge Hg lamp and pyrex 
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filter) gave ~thmcpcsrbonylraethyl-2-slethoxg-Fnitro,16 1, in 48% yield based ou 

unrecovered starting material. The ethyl glycinate was added as hydrochloride and liberated 

in situ using the stoichiomtric amount of sodium hydroxide. Ihe preparative photoreaction 

between 4,5-dinitroveratrole and excess ethyl glycinate hydrochloride was carried out in 

acetonitrile-water (3&62 v.v) at pIi 8 (3h irradiation with a 400W mediun-pressure Hg lamp 

and wrex filter) affording 73% yield of N_ethoxycarbonglmethyl-2-thoxy-4,5- 

diuitroaniline,18 2, based on conmmwzd starting material (Scheme 2). 

OMe 

4 ‘I 
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NO2 

hv 
+ H2NCH$O&H5 - 
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1 

2 

Quantum yield measurements. Overall quantum yields for the production of 1, and 2 uere 

measured at different nucleophile concentrations (Tables I, and II). Quanta yields increase 

by increasing the nucleophile concentration in both cases. The multiplicity of the reactive 

excited states was investigated using potassim sorbate as selective triplet quemher12 

(Table III). There is a significant Quenching effect due to potassim sorbate in the 4,5- 

dinitroveratrole photoreaction, but no quenching effect is observed for 4-nitroveratrole. 

Also, no photosensitization by benzophsnoue (able of photosensitize other 4-nitroveratrole 

photosubstitutiousl~ ) could be observed. Addition of _m-dlnrobenzene or methyl viologeu, 

well known quenchers of processes that happen thrcugh single electron transfer from the 

uucleophile to the nitrophenyl ether triplet excited state12a*13, has no effect in any case. 

auls result confirm the operativity of S$Ar* type mechauisms in both cases. 

~~-~-~-~--~------ 

Table I. Overall Quantum Yield of Production of 1 in the Photoreaction of 4-Nitroveratrole 

(1 x 10-3 M) with Ethyl Glycinate (Nu) in Methanol/Water (20%) v/v) at Different 

Nucleophile Concentrations 

CNliJa 0.064 0.104 0.204 0.310 0.400 0.510 0.600 0.697 

$66~10~ 6.7 9.5 16.2 23.1 24.4 30.0 34.1 36.2 

aAmiue real concentrations once the amount of avma&ua cation produced by hydrolyeis is 

substracted. 
------- 
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Table II. Overall Quantum Yield of Production of ,& in the Photoreaction of 4,5- 
Dinitroveratrole (1.7 x 10e3 M) with Ethyl Glycinate (Nu) in Methanol/Water (20:80 v/v) at 
Different Nucleophile Concentrations 
C&l" 0.0021 0.0176 0.0315 0.0527 0.0702 0.1070 0.1210 

9 66x103 11.0 57.0 68.5 74.3 84.1 93.2 101.4 
aAmine real concentrations once the amount of amoniun cation produced by hydrolysis is 
substracted. 

--_-----I----------_ ---- --- 

Table III. Overall Quanta Yield of Production of 2 in the Photoreaction of 4,5- 
Dinitroveratrole (1.7 x 10m3 M) with Ethyl Glycinate (0.0702 M) in Methanol/Water (20:80 
v/v) in the Presence of Mfferent Concentrations of Potassium Sorbate Q 
$lx103 66x103 84.1 0 42.1 3.4 28.6 7.9 10.0 27.8 18.2 18.1 14.2 21.8 

Pm---- -~I_____--_-_-- - 

Electrochemical measurements. In' the Table IV the ground state oxidation potentials of 
the donor (ethyl glycinate) and the reduction potential of the acceptors (4-nitroveratrole 
and 4,fi-dinitroveratrole) involved in our photoreactions are reported. We have extended the 
measurements to 4-nitroanisole since its photoreaction with ethyl glycinate has been 
previously reported by us12c and it will be discussed toghether with the ones first 
described in the present work. 

Table IV. Reduction potentials for several nitrophenyl ethers and oxidation potential for 
ethyl glycinate. 
Substratea NVT 4-NA 4,5-m Glm2 
Epms SCE) -1.25 -1.32 -0.92 +1.60 
8Na = 4-nitroveratrole, 4-m = 4-nitroanisole, 4,5-DNVT = 4,5-dinitroveratrole, GlyNJi2 = 
ethyl glycinate. 

On the basis of the above results and others previously reported by us in related 
systems,12 we suggest the overall kinetic scheme described in the Scheme 3 for the reactions 
considered in the present work. The species X and Y can be assigned to an ensemble oft- 
complexes (Meisenheimr type), possibly in the ground state surface. !3ome of the~complexes 
will evolve to a finalphotosubstitutionproductbyloosinga goodleavinggroup (methoxyin 
the present cases or nitrite anion for 4-nitroanisole as previously reported11b*12c), the 

rest reverting to the original ground state. The different effects of the triplet Quencher 
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(and photosensitizers) on the photoreactions quanta yields confirm what has already been 

described for other primary amine (high ionization potential) nucleophileGa. Thus, the 

complexes can be produced by interaction of the nucleophile with the substrate triplet (4,5- 

dinitroveratrole case, and also the already reported photoreaction of 4-nitroanisole with 

ethyl glycinate12c, E+23Ar* mechanIsman) or singlet excited state (4_nitroveratrole, %2lAr*>. 

x<~--u;y 
1 

Product Product 

scheme3 

The application of the steady-state approxio&ion to scheme 3 in the absence of 

quencher leads to equations 1 and 2 for the right (3-nitroanisole and 4,5-dinitroveratrole) 

and left parts (4-nitroveratrole) of the scheme respectively, 

O=f,,,L. k3 l.1 

kp+% k4+kgb’d 
eq- 1 

and from them: 

1 1 
kp’kdl+kq eq3 _=-.- 

* %sc kp [ 1 kjbl - 

p= k’p . k:! bl 
eq. 2 

k’p + k’d kisc +kl +k2[Nu] 

1 kIp + k’d k1+kisC -= l+ 
9 k’P k2@ul 1 eq. 4 

Therefore, if the scheme applies and the photosubstitution products come from unique 

origins, a linear relationship between 5-l and [M-l should be observed. Indeed this is the 

case, and the representations for the studied photoreactions (Scheme 2) are shown in Fig. 1 

and 2. 

Regression analysis of the dependence of 9-l upon [ethyl glycinate] -1 for the 4- 

nitroveratrole case (figure 11, using the values of the Table I gave a linear equation 

(c.c 0.9979). 

+-l = (16.9 f 1.6) + (8.7 + O.Z)[~&AJ-~ 

From eq. 4 (kl + k&/k2 = 0.51. As a limiting value k2 = kaff and kaff = 9 x lo9 M-ls-’ 

at 30% calculated by the Debye equationlg. Then (kl + kisc) = 4.6 x log. In spite of the 

high efficiency of the k2 step, low quantum yields (Q< 0.1) are observed even extrapolating 
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at infinite nwleophile concentration. This mst be due to a low efficiency in the next 
branching point. Thus several Meiseuheim r coinplexea can be form& and mly those able to 
produce a msthoxy leaving group will lead to the substitution product. Even in those cases a 
proton abstraction has to occur prior to the cleavage of the carbon- baud. This step 
is in direct canpetition with the carbon-nitrogen bond frwtation which again would 
reduce the efficiency by producing the starting substrate. 

150 
1 

10 l/[Nul 

Fig. I.- Plot of inverse quantum 
yield of photosubstitution product ys. 
inverse nucleophile (ethyl glycinate) 
concentration the photoreaction of 4- 
nitroveratrole with ethyl glycinate. 
Data from Table I 

80 

60 
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Fig. 2.- Plot of inverse quantum 
yield of photosubstitution product Y$., 
inverse nucleophile (ethyl glycinate) 
concentration in the photoreactlon of 
4,Sdinitroveratrol with ethyl 
glycinate.Data from Table II. 
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Fig. 3.- Plot of the relative inverse 
quantum yield of 4,5dinitroveratrole 
photosubstitution witb ethyl glycinate 
us, quencher concentrations 
(potassium sorbate). Data from Table 
Ill. 

A similar regression analysis (figure 2) for the 4,5-dinitroveratrole photoreactiou, 
using the values of Table II gave a linear equation (c.c. 0.9996). 

9-l = (9.03 f 0.38) + (0.172 + 0.002)[~-1 
From eq.3 we have k4/k3 equal to the slope to intercept ratio; therefore, k4/k3 = 0.019. In 
this case a relationship between quantum yield and triplet quencher concentration is 
observed. According to the Stern-Volmer analysis, the dependence of the relative reciprocal 
quanta yield on the quencher concentration is given by equation 5: 

H_o_l + $LQI 

% k3La] + k4 
eq. 5 

From the data of Table III (Figure 3) we find the following linear equation 
(C.C. 0.992): 

so/@= (1.11 2 0.17) + (210.3 f 13.1)[Q] 
-9 and therefore from eq. 5, kq/k3[Nul 2 210. Assuming as a limiting value kqZ 9 x 10 s-1 

and since [Nu] = 0.07 M, we obtain kg 2 6.1 x lo8 1 d's_' and k4= 1.2 x lo7 s-l 
(2~ 8.3 x lO-8 s). The relatively low quantum yield values must be attributed again to a 
low efficiency in the next branching point (kd 2 kp) as conmented for the 4-nitroveratrole 
case. Smnarizing, our kinetic studies indicate that only one excited state is directly 
involved in each studied photoreaction, and that in one case this is the singlet (4- 
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nitroveratrole case, SN21Ar*) and in the other the triplet excited states (4,5- 

dinitroveratrole case, SN~~A~*) 

Tertiary and arunstic amines are good fluorescence quenchers for aranatic canpounds. 

The qwn&ing is normally attributed to enhanwd decay through electron transfer to a 

geminate ion-pair and fast back electron traosfer, and enhanced intersystem crossing to the 

substrate triplet excited state.20 Our nMXhanistic changes can be discussed using the well 

established Weller model of radical ion pair formation.15 The free energy change involved in 

electron transfer in an encounter complex to give a radical ion pair can be given bylb: 

A Get = F[(ED)OX - (E#ed] -A E exe ‘A%oul eq. 6 

Table V. Free E&rgies of Electron Transfer from Ethyl Glycinate to Nitrophenyl Ether 

Acceptors in their Singlet &cited State Calculated from eq. 6 using the values of 

Table IV. 

Acceptor [fexc)p C_,JZ Mt3ChaniSlll 

4-Nitroveratrole 290 -23 (SN21Ar*)b 

4-Nitroanisole 315 -41 (SN23Ar*)c 

4,5-Dinitroanisole 285 -50 (SN23Ar*)b 

akJ/mol. b.rhis work. %ef. 12~. 
_________________________________--~~~~~____~__-~~~~-~~~~~~-~~~-~~-~-_____I_ 

The redox potentials of the donor and acceptors involved in our photoreactions were 

measured and as previously c-ted are reported in Table IV. The excitation energy (AE,,) 

can be appromted from the absorption spectrum, and the exact value of ~~~~~ can be 

obtained according to the Born equation, from eq. 7. In general, the distance a for a 

solvent-separated radical ion pair is taken as 0.7 rm15a. Using this value and f0 = 

8.854x10-l2 mlmel one obtains AE,,~ = -8 kJ/mol for a solvent with a E =z 70. Using those 

data and eq. 6, values for (AG),~ in the different cases (4-nitroveratrole, 4-nitroanisole 

and 4,5-dinitroveratrole) are calculated (Table V). 

Table V also reports the mechanism experimentally found in every case. Both theoretical 

treatments and experimental observations suggest that, as a rule, the rate of outer-sphere 

electron transfer is directly related to AG,,. Our results indicate that the competition 

(direct reaction)-(electron transfer) in the interaction donor(amine)-acceptor(nitmpheny1 

ether), in the singlet excited state, can be the key factor for their interpretation. On 

these bases, we propose a general mechanistic scheme to justify the singlet-triplet %2&* 

reactivity of nitrophenyl ethers, sunnarized in Scheme 4. Thus, when the electron transfer 

process is highly exergonic ket >> ks and no photosubstitution on the singlet excited state 
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is observed (4-nitroanisolel2= and 4, S-dinitroveratrole cases). 

electron transfer process is poorly exergonic (4-nitroveratrole 

On the other hand when the 

case) we are in the oposite 

situation, ks >> ket, and photosubstitution on the singlet excited state is the observed 

mechanistic pathway. Fast back electron transfer in the radical-ion pair stage leading to 

the ground state or to the substrate triplet excited state can justify the absence of any 

effect when the photoreactions are carried out in the presence of_@.uitrobenzene or methyl 

vfologen. 

‘A* +lD - ‘(‘A’+ ‘D) - ke 
4 

&$‘A; 

hv 

11 1 

k et 

‘A + ‘D - ‘(*A- + *D+) 

\ ,-b SN23 Ar* 

scheme 4 

The proposed scheme (Scheme 4) has been developed from photoreactions of several 

uitrophenyl ethers with ethyl glycinate (amine nucleophile) but it should also explain the 

lumwn features of related systems. Simple qualitative considerations of redox potentials can 

now be used to predict the photochemical reactivity of several nucleophiles in front of a 

particular nitrophenyl ether. Thus, for amine nucleophiles, the formation of the ‘(lA* ‘D) 

complex will be very favourable (no return from the complex> and for lowbGet absolute 

values singlet reactivity will be observed (4-nitroveratrole ~9. ethyl glycinate, 

methylamine or n-hexylamine12a). Ou the other hand when AG,, absolute values become larger 

(i.e. 4-nitroveratrole E. piperidine 12a), triplet reactivity is observed. With only a small 

tmning, the present model can also explain the results observed with nucleophiles other 

than amines. Among those, the most studied one is the hydroxide ion. For instance, the 

photohydrolysis of 4-nitroveratrole is kmwn1a*12a to belong to the %23Ar* type. At first 

sight this result does not fit in the model. Hydroxide ion is a very poor reductant in water 

and therefore, a lowh~~~ absolute value is predicted and photoreaction through the singlet 

excited state should be observed (%2%r*>. To get an explanation for this apparent 

deviation a second factor must be introduced, namely the coordinating ability (related in 

the particular case of aromatic photosubstitution with the softness) of the nucleophile. For 

the case of a hard (non coordinating) nucleophile like the hydroxide ion, the tendency to 

form the ‘(lA* ’ D) complex will be very low. The return from it will efficiently compete 

with the substitution (kr >> k,), thus justifying the absence of singlet photochemistry in 

this case. 
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lA* + %I &-- l(lA* 1D) 
k, 

-----+ gN21Ar* Mt?ChalliSm 

As a smrmary, the proposed model predicts, for a particular nitrophenyl ether, a change 

from triplet to singlet and again to triplet photoreactivity on going from hard and poorly 

reductant nucleophiles to soft and good reductant nucleophiles. 

All melting points are uncorrected, lli NMR and 13C NMR spectra were recorded at 80 snd 

20 MB2 using IMS as internal standard. The CC analysis were performed using a HP- 

Crosslinked Dimathylsilicone Gnu 12n1 x 0.25a x 0.33m film thickness capillary COlUfmh 

Quantum yield measurements were performed on a marry-go-round apparatus. The wavelenght of 

excitation was selected using a monochranator. The photoreaction of 4,5-dinitroveratrol with 

ethyl glycinate afforded N_ethoxgcarborrylmet~l_2lnethoxg_4,5_dinitroaniline 2 as described 

in reference 18. 

N-EthoxJ7carbon4rlmet~l-2a3ethoutp-511, 1. Irradiation of a solution of 4- 

nitroveratrole (0.218 g, 1.19 asx~l), ethyl glycinate hydrochloride (1.918 g, 13.8 maol), and 

sodim hydroxide (0.550 g, 13.8 nrnol) in a mixture of 50 mL of methanol and 200 mL of water 

for 90 m in a Pyrex inmarsion well reactor using a 125-W medi~ressure Hg lamp as light 

source afforded starting material (4-nitroveratrole, 0.200 g) and 0.012 g of product 1 (48% 

yield based on the con-d starting material), mp 77-80 C (li@ 80-81 C), isolated by 

column chromatography through acid alumina using hexaneKHCl3 (1:l) as eluent: IR (KRr) 

3410, 1730, 1620, 1530, 1340 cm-l; ‘?l NMR (CDC13) 1.31 (t, J = 6.8 Hx, 3H), 3.91 (9, 3H), 

3.95 (s, W), 4.2 (q, J = 6.8 Hz, 2H), 6.75 (d, J = 8.8 Hz, lH), 7.28 (d, J = 2.9 Hz, lH), 

7.67 (dd, J = 8.8 Rx, J = 2.9 Hz, 1H); 13C NMR (CtC13) 14.1, 45.1, 56.0, 61.5, 103.9, 

108.1, 114.0, 137.3, 142.2, 151.7, 170.2; MS, m/e (relative intensity) 254 (l@ 241, 181 

(lOO), 166 (191, 165 (121, 135 (22). 

Quantun Yield measurements (Tables I to III). Quantum yields for the photoproducts were 

measured as previously reported12c using a merry-go-round apparatus. The irradiation source 

was a 25OW medium pressure Hg lamp. The wavelength of excitation (366 nm) was selected using 

a monochromator. Product appearance was monitored, and the amolrnt of photosubstitution 

product was determined by CC analysis. Actinometry was performed using potassium 

ferrioxalate21, and conversion was kept around 5% in all the cases. Care was taken that )98% 

of the light were absorbed by the sample and the actinometer. The temperature was kept at 

28 1 C in all cases. The concentration of reactants is given in the Tables. Ro precautions 

were taken to prevent the presence of oxygen. All the values are the result of five 

measurements, eliminating the two extremes and averaging the other three. 

Electrochemical measurements (Table IV). Cyclic voltametry was carried out with a 

Tacussel G9TP4 function generator and a home-made potentiostat.22 Measurements ware 
performad employing a platinum disk (lnm diameter) and glassy carbon disk (a diameter) 



1342 J. MARQUETt?tal. 

workin electrodes. All potentials were referenced to aqueous saturated calanel (SCB). All 
measurements were made in acetonitrile and NEt4BF4 (puriss) and NBu4BF4 (puriss) O.lM as 
supportin electrolites without any pvification using a scan rate of 100 mV/s. All the 
experiments were conducted at13 C. 

. Financial support from DGICYT ("Ministerio de Educaci6n y Ciencia" of 
Spain) through projects nQ PB87-0032 and pB90-0693 is gratefully acknowledged. 
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