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Nitro substituent exhibits a meta-activating effect on the course of photochemical hydrolysis of 
phenyl acetates since UV photolysis of isomeric 4- and 3-nitrophenyl acetates in neutral aqueous 
solution leads to the formation of the corresponding phenols with quantum yields 0'002 and 0'006, 
respectively; 2-methoxy-4-nitro- and 2-methoxy-5-nitrophenyl acetates showed still greater 
difference in their photochemical reactivity (<P r 0·002 and 0'129, respectively). Quenching of the 
photohydrolysis of the latter compound with 2,4-hexadienoic acid indicates the participation of 
at riplet state with the effective lifetime of 0·15 j.!S. The photoreaction is accelerated in acidic media 
which means that one of the early photochemical steps is the protonation of the excited state. 
No incorporation of 180 into the product molecule was observed after the photolysis of 2-
-methoxy-5-nitrophenyl acetate in H 2 180, which is an unambiguous evidence that the photo
reaction proceeds as a light-induced hydrolysis of the ester bond. 

In 1956 de Jonghl observed that a solution of 3-nitrophenyl phosphate accidentally 
exposed to sunlight took an intensely yellow coloration due to the formation of 
3-nitrophenolate anion. Somewhat later it was shown on the basis of the photolysis 
in H 2180 that the photoreaction proceeds simultaneously as the hydrolysis of the 
ester bond as well as the nucleophilic aromatic substitution2 (SNAr*) with hydroxide 
anion as a nucleophile, while only the P~O bond fission is observed in neutral solu
tions (water molecule as a nucleophile). In the SNAr* reactions, nitro group exhibits 
a pronounced substitution effect activating the aromatic nucleus almost exclusively 
i 11 the meta-position3 • With the exception of the first observations mentioned above1 •2 

almost all the experimental data concerning photochemical properties of nitrophenol 
derivatives are confined to their ethers and, moreover, there were no attempts to 
investigate the substitution effect of the nitro group in other types of photochemical 
reactions than nucleophilic photosubstitution (e.g., photohydrolysis of the ester 
bond, electrophilic substitution). Only Sahini and coworkers4 have studied the photo
chemical behaviour of 3-nitrophenyl acetate and Wieland and coworkers5 described 
the photohydrolysis of 3-nitrophenyloxycarbonyl derivatives of amino acids in an 
attempt to use such compounds as photo labile protective groups in peptide synthesis. 

It is the aim of the present study to compare the photochemical reactivity of various 
nitrophenyl acetates as to be able to asses the activation and orientation effects of 
the nitro group in this class of compounds and, on the other hand, to obtain some 
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information concerning the reaction mechanism (multiplicity and lifetime of reactive 
excited states, selectivity of the reaction). 

EXPERIMENTAL 

Melting points were determined on a Kofler block and are ur.corrected. UV spectra were recorded 
on a Varian Cary 219 apparatus; mass spectra were measured on an AEI MS 902 spectrometer 
(electron energy 70 eV, source temperature 150oq. 

4-Nitrophenyl acetate (I), 3-nitrophenyl acetate (II) ,2-methoxy-4-nitrophenyl acetate (III), 

and 2-methoxy-5-nitrophenyl acetate (IV) were prepared by 4-dimethylaminopyridine catalyzed 
acetylation6 of the corresponding phenols. Traces of oxygen were removed from the nitrogen 
gas (99'99%) in an absorption system described in our previous paper 7 • 2,4-Hexadienoic acid was 
crystallized three times from water, m.p. 113'5°C, ref. 8 m.p. 1I2-113°C. 

Preparative thin-layer chromatography was performed on silica gel platcs (Woelm G-DC, 
8 X 5 cm, 1 mm thickne~s), elution with benzene-hexane-acetone 5 : 5 : 1. The high performance 
liquid chromatography was run on Separon SI C-18 (5 pm, Laboratorni pi'istroje, Praha) column 
in methanol-water (1 : 1), flow rate 0·50 ml min -1, UV detection at 254 nm. 

Preparative Photolyses 

Solutions of acetates I-IV (0'05 mmol) in water with 5~;; of acetonitrile (25 ml) were bubbled 
with nitrogen and irradiated in a magnetically stirred photoreactor with external source of UV 
light, i.e., a 125 W medium pressure mercury lamp RVK-125 with Pyrex filter (2 mm thickness), 
5 cm distance, 3 h irradiation time. The reaction mixture was extracted with ether (4 X 5 ml), 
ethereal extracts were dried with magnesium sulphate and the solvent was evaporated in vacl/o. 
HPLC as well as TLC analysis revealed a single photoprouuct in all cases (besides of small amount 
of unidentified polar polymers) which was isolated by preparative TLC. Chromatographic mobi
lities (HPLC, TLC) as well as mass spectra of the isolated products were identical with those 
of the authentic samples of the corresponding phenols V- VIII. 

Determination of Quantum Yields 

Monochromatic light of the wave1enght 313 ± 5 nm was isolated from the spectrum of an Osram 
HBO-200 mercury lamp using a high intensity monochromator (Applied Photophysics M-300) 
and its intensity was determined by the method described elsewhere 7 • Solutions of nitrophenyl 
acetates 1-IV(0'1O-0'28 mmoll- 1, 3 ml) were irradiated at 25°C in a magnetically stirred quartz 
cuvette while a stream of argon was introduced into the irradiated solution. At regular time in
tervals (10-60 s) changes of optical density were determined with the accuracy of ±0'OOO2 
absorbance units at selected wavelenghts (273 nm in the case of I, II 264 nm, III 276 nm, IV 
313 nm) and the raw absorbance data were numerically evaluated according to a described 
procedure 7 . In the case of neutral and weakly acidic solutions (phosphate-citrate buffers, pH 2·2 
to 7'0) no competitive ground-state hydrolysis was observed. For the determination of quantum 
yields in 0'6-6'0 moll- 1 HCl04 the rate of the photochemical hydrolysis was taken as a differen
ce between the total reaction rate and the competitive ground-state reaction. The final conversion 
was kept bellow 20% and the empirically found reproducibility of the method was 10%. 

Photolysis of the Acetate IV in H2180 

2-Methoxy-5-nitrophenyl acetate (IV, 10'0 mg, 46'9 ~mol) was dissolved in acetonitrile (1'00 ml); 
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an aliquot (10'0 Ill) of the stock solution was injected into a quartz cuvette containing 1'00 ml 
of water (25% 180 ). The solution was deoxygenated with argon ard was irradiated with UV light 
(313 :t 10 nm) of the inter;sity 10- 8 mol photon s -1 for 60 min. HPLC analysis of the reaction 
mixture revealed approximately 50% conversion of the starting material ar.d the formation of 
the single photoproduct VIII. The photolyzate was extracted with ether (3 x 200 Ill). the aqueous 
layer was bubbled with argon for 15 min and was subsequently used for another identical ex
periment; the described procedure was rereated five times. Collected ethereal extracts were eva
porated ill l'aCl<O and the obtained yellow oil was subjected to preparative TLC. The isolated 
phenol VIII (0'17 mg, 431:,) was analyzed by mass spectrometry and the amour. t of 180 incorpo
rated into the product molecule was determined from the relative intensities at m/z 169 (M+) 
and 171 (M + 2 +) in comparison with the authentic sample of unlabelled VIII. 

Quantum-Chemical Calculations 

CNDO/S-LCI calculatior;s were performed using the standard parametrization9 with the invol
vement of 16 X 9 singly excited configurations. J'-Integrals were evaluated according to Mataga 
and Nishimoto lO • Standard bond lenghts were considered (CAr-CAr 140 pm, CAr-N"O, 
148 pm, NNoz-ONoz 121 pm, CAr-O 136 pm, 0-CCH3 143 pm, O-Cc=o 138 pm, Cc=o
-0('=0 124 pm, Cc-oO-CCII3 150 pm, CAr-H 108 pm, CCH,-H 110 pm) and all bond angles 
were set equal to 120°. Geometry of the protonated molecules were taken according to Scheme 2 
with bond length 0'" H + 120 pm. 

RESULTS AND DISCUSSION 

Preparative photolyses of the nitrophenyl acetates I -IV gave the corresponding 
phenols V- VIll as sole photoproducts. From quantum yields collected in Table I 
it follows that 3-nitrophenyl acetate (Il) exhibits about three times higher reactivity 
than the isomeric 4-nitrophenyl acetate (1), which indicates a meta-activating 
effect of the nitro substituent. This difference in photochemical reactivity is much 
enhanced by introducing a methoxyl into the ortho-position with respect to the 
acetoxy group, since the acetate IV is as much as three orders of magnitude more 
reactive in comparison with its isomer Ill. 

TABLE I 

Quantum yields, fPr' of the photochemical hydrolysis of the acetates 1- IV in aqueous solutions 
at pH 7'0 (0'066 mol 1-1 phosphate buffer) with UV light (313 ± 5 nm) 

Substrate I II III IV 

es, mmoll- 1 0'17 0'28 0·21 0'10 

Photoproduct V VI VII VIII 

fPr 0'002 0'006 0'002 0'129 
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I, R1= H ; R2= OCOCH 3 

II, R1=OCOCH3 ; R2= H 

III, R'= OCH3 ; R2= OCOCH3 

IV, R'= OCOCH 3 , R2= OCH 3 

Kuzmic, Pavlickovli. Soucek: 

V, R' = H , R2 = OH 

VI, R'= OH ; R2= H 

VII, R' = OCH3 ; R2= OH 

VIII, R'= OH ; R2= OCH 3 

The quantum yield of phutohydrolysis of IV is strongly dependent on the con
centration of 2,4-hexadienoic acid as a triplet quencher (see Table II). The pronounced 
quenching effect can be interpreted as the involvement of a triplet state and it enables 
us to propose Scheme 1 for the mechanism of the photosolvolysis. 

5, 

"k;sc 

'" T1 

"'kr 
'\... Prod. 

hv 

SCHEME I 

In the Scheme 1, kl (k3) is the rate constant of the excited singlet (triplet) state mono
molecular decay, kisc stands for the rate constant of intersystem crossing, kq is the 

TABLE II 

Quantum yield of photohydrolysis of acetate IV (0·\0 mmol 1- 1) in neutral aqueous solution 
(O·066-M phosphate buffer, pH 7·0), tP r , in dependence on the concentration of 2,4-hexadienoic 
acid, cHDA 

CHDA. mmoll- 1 0·00 

tP r 0·129 

0·33 

0·098 

0·66 

0·075 

1·00 

0·060 

1·33 

0·051 
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rate constant of the quenching process and kr the pseudomonomolecular rate constant 
of the solvolysis. Applying the steady-state approximation we obtain for the depen
dence of the relative reciprocal quantum yield on the quencher concentration the 
equation (1), 

(1) 

The coefficient at [Q], often denoted as the Stern-Volmer constant Ksv, was calcu
lated by least-squares analysis of the quenching data (see Fig. 1) and has the value 
of 1150 I mol-t. Provided that the bimolecular quenching is diffusion-controlled11 

we can estimate the rate constant kq from the viscosity of the solvent (0'8.10- 3 Pa s) 
and from the absolute temperature (298 K) using an empirical formula 11, kq ~ 7·5 . 
. 109 I mol- 1 s -1. Taking into account that Ksv = kq Teff we can calculate the effec
tive triplet lifetime, Teff = (kr + k3fl = 1,5.10- 7 S. 

We have observed that the photochemical hydrolysis of IV is acid-catalyzed. The 
photoreaction is accelerated even in mildly acidic media (see Fig. 2) and the quantum 
yield increases up to very high concentrations of perchloric acid (see Fig. 3). 

The curved shape of the dependence shown in Fig. 3 can possibly be interpreted in 
terms of a change in reaction mechanism in the highly acidic media, most probably 
due to the involvement of a second protonation site. For the interpretation of the 
acid catalysis itself, there are two hypotheses at hand, i.e., either the ground state 

cHDAJmmoU-1 

FlU. I 

Stern-Volmer plot for the quenching of the 
photohydrolysis of I V (0'10 mmol 1- 1) in 
neutral aqueous solution by 2,4-hexadienoic 
acid (HOA) 
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FIG. 2 

Quantum yields, (/J" of the photohydrolysis 
of IV (0'10 mmoll- 1) in mildly acidic solu
tions (phosphate/citrate buffers) 
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is protonated and the protonated species is photoexcited or, conversely, the proto
nation follows the excitation. The two possibilities are discussed below. 

We have observed that the shape of the electronic absorption spectrum of IV 
is independent on the concentration of acid up to the point where it could not be 
measured due to the thermal hydrolysis (approx. 2M-HCl04). On the other hand, 
electronic spectra of two hypothetical protonated forms of IV (see Scheme 2) cal
culated by the CNDO!S-LCI method differ considerably from the spectrum of un
protonated IV, while there is reasonable agreement between the experimental and 
calculated So - S 1 transition energy for the latter species (see the data in Table III). 

TABLE III 

Experimental and calculated (CNDO/S-LCI) excitation energies of the So- S1 (71:71:*) transition 
for the acetates I-IV and their protonated forms I-Hi -IV-Hi (protonation on the acetyl 
group) and I-Ht -IV-H: (protonation on the nitro group) 

Compound Exp. 

------

I 4'68 

II 4'27 

III 3'94 

IV 4·23 

Q eV: b unprotonated molecule. 

; 

o 

b 

4'50 

4'34 

4·22 

4'34 

Calculateda 

H+ a Ht 

3·76 2·81 

3'58 2'42 

3·55 2·41 

3'46 2·56 

FIG. 3 

Quantum yields, tP r , of the photohydro)ysis 
of I V (0'10 mmoll- 1) in strongly acidic 
solutions (0'6-6'0 moll- 1 HCI04 ) 
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IV - H~ IV - Hb 

SCHEME 2 

From the comparison of theoretical and experimental spectral data it follows that 
the protonation equilibrium is shifted almost completely to the side of the unproto
nated IV, up to approximately 2M-HCI04 • On the contrary, the photolysis of IV 
(10- 4 moll- 1 ) is accelerated even at the concentration of 10-4 moll- 1 H+, i.e., 
under the conditions where the equilibrium concentration of a protonated form would 
be by a factor 10- 8 lower than the equilibrium constant. As a corollary, the protonated 
form could not be identical with the light-absorbing species with respect to the inner 
filtration effect due to the parent unprotonated IV (molar absorption coefficient 
1010 m2 mol- 1 at 313 nm). Thus, the protonation of the substrate occurs in its 
electroni<:ally excited state. 

In the photohydrolysis of acetate IVthere are two possible pathways leading to the 
formation of phenol VIII, i.e., the reaction could hypothetically occur either as a 
nucleophilic substitution on the phenyl ring carbon atom or as a hydrolysis of the 
ester bond. We have performed the photolysis of IVin H 2 180 and have found that 
there was no incorporation of 180 into the product molecule; this is an unambiguous 
evidence that the photolysis of IV occurs exclusively as a hydrolysis of the ester bond, 
as in the case of the photoreaction of meta-nitrophenyl phosphate in neutral aqueous 
solution2 mentioned above. 

Having determined the selectivity of the photoreaction we have an imp ortant 
clue for a theoretical interpretation of the difference between the photochemical 
reactivity of various nitrophenyl acetates. Nevertheless, preliminary quantum-chemi
cal calculations (based on the assumption of an attack of water molecule on the car
bonyl carbon of the protonated excited substrate) were not able to interpret the diffe
rence in reactivity between III and IV. 

In summary, we can conclude that the nitro group has a meta-activating effect 
on the course of the photochemical hydrolysis of nitrophenyl acetates which is espe
cially pronounced in the case of isomeric acetates I II and I V. The light-induced hydro
lysis of IVoccurs in such a way that, after absorption of a light quantum, the molecule 
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is protonated in one of the early photochemical steps. Then the protonated triplet 
state undergoes hydrolysis of the ester bond. 

The authors are indebted to Dr P. Kocovskflrom this Im/itllte for the gift of the 180 enriched 
.... ater. 
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