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A variety of m-nitrobenzyl derivatives including alcohols, alkyl ethers, esters, and an amine undergo photo- 
oxidation reactions to produce m-nitrobenzaldehyde (or m-nitroacetophenone in two cases) as the major isolated 
product. The reaction is both solvent and pH dependent and only takes place in essentially aqueous media. 
The quantum efficiency of product formation reaches a maximum (4 = 0.3-0.4) in the 20-50% sulfuric acid range, 
depending on the substrate, although the reaction is reasonably efficient even in neutral aqueous solution. The 
presence of benzylic hydrogen and a heteroatom (0, N) in the a-position appears to be essential for photooxidation 
to occur. The multiplicity of the reactive state is T1. A solvent isotope effect (4H20/?D20 = 1.4) was observed. 
The proposed mechanism involves rate-determining protonation of T1 followed by rapid a-hydrogen abstraction 
by water. 

Photochemical reactions of o-nitrobenzyl compounds are 
well-known and have been shown to involve intramolecular 
oxidation-reduction in several cases. For example, o- 
nitrobenzyl alcohol reacts photochemically' in organic 
solvents to give o-nitrosobenzaldehyde, while o-nitro- 
benzaldehyde undergoes photooxidation-reduction in 
various solvents and even in the solid state to give o- 
nitrobenzoic acid.2 These reactions do not appear to 
involve catalysis by either external acids or bases and are 
clearly intramolecular in origin due to the proximity of the 
two groups involved. 

In contrast, the photoredox reactions of analogous m- 
and p-nitrobenzyl derivatives take place only in aqueous 
media and are subject to ~a ta lys i s .~?~  Surprisingly, irra- 
diation of p-nitrobenzyl alcohol itself gives p-nitroso- 
benzaldehyde as the major product in a process which is 
strongly catalyzed by hydroxide ion: whereas the m-nitro 
isomer gives m-nitrobenzaldehyde via hydrogen ion cata- 
lysis? The detailed mechanism of these reactions has been 
the subject of several previous  report^.^" 

We were interested in exploring the generality and 
possible synthetic utility of such photoredox reactions and 
because of the greater efficiency of the m-nitrobenzyl al- 
cohol rea~t ion ,~  which has absolute quantum yields in the 
0.05-0.4 range, depending on the pH, it was decided to 

(1) Bamberger, E. Chem. Ber. 1918,51, 606. For photooxidation of 
similar systems, see: Dominic Jacob, E.; Joshua, C. P. Indian J. Chem. 
1984, 23B (S), 811. 
(2) Goerge, M. V.; Scaiano, J. C. J. Phys. Chem. 1980,84,492. Cowell, 

G. W.; Pitta, J. N., Jr. J. Am. Chem. SOC. 1968,90,1106. Ciamician, G.; 
Silber, P. Chem. Ber. 1901.34, 2040. Leiahton, P.: LUCY. F. A. J. Chem. 
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Phys. 1934, 2, 756. concentrate initially on m-nitro systems. Their higher 
reactivity appears to be another example of the well-known 
meta effect6 in photochemical reactions. 

(3) Wan, P.; Yates, K. J. Chem. SOC., Chem. Commun. 1981, 1023. 
(4) Wan, P.; Yates, K. J.  Org. Chem. 1983,48, 136. 
(5) Wan, P.; Yates, K. J. Org. Chem. 1985,50, 2881. 
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Figure 1. Ultraviolet spectra for photooxidation of m-nitrophenyl 
ethylene glycol Id (2 x lo" M) to m-nitrobenzaldehyde 2 in water 
and 11% HzS04 at irradiation time as indicated. 
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Figure 2. Dependence of the relative quantum efficiency (d/&) 
of photooxidation of m-nitrobenzyl derivatives la, lb, Id, and 
l j  at 300 nm on the acid concentration. 

Results 
The m-nitrobenzyl alcohol derivatives la-r were chosen 

for study and were synthesized by using standard literature 
methods or were available commercially (Chart I). These 
include one amine, benzylamine (lg), which was chosen 
to investigate the effect of a more basic a-heteroatom, and 
toluene (lr). Direct irradiation (300 nm) of a M so- 
lution, in either water or sulfuric acid-water mixtures up 
to 50% acid, of compounds la-h gave m-nitrobenz- 
aldehyde 2 as the major isolated product.' The p-nitro 
isomers of these substrates gave no detectable oxidation 
product under identical reaction conditions. 

(6) Cornelieae, J.; Havinga, E. Chem. Rev. 1976,353. Havinga, E.; De 
Jongh, R. 0.; Do&, W. Red. Trau. Chim. 1966, 75, 378. Zimmennan, 
H. E.; Somasekhara, S. J .  Am. Chem. SOC. 1963,85,922. For a review, 
see: Cristol, S. J.; Bindel, T. H. In Organic Photochemistry; Padwa, A,, 
Ed.; Marcel Dekker: New York, 1983; Vol. 6, Chapter 5. 

(7) In these reactions small quantities of orange-colored materials were 
always isolated itl addition to m-nitrobenzaldehyde. These may be the 
products of a subeequent photochemical reaction of initially formed 
m-nitrosobenzaldehyde: since nitroso compunds are often unstable and 
can undergo further ground and excited state transformations.'6 
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Figure 3. Effect of added MeCN to water (v/v) on the relative 
quantum efficiency of photooxidation of m-nitrophenyl ethylene 
glycol Id to m-nitrobenzaldehyde at 300 nm. 

Table I. Measured and Estimated Quantum Yields 
compd 6d.l 7 6- (% H2SO4) 

0.42 (20) la 0.085 
l b  0.011 0.31 (57) 
Id 0.140 0.36 (34) 
1j 0.070 

The formation of m-nitrobenzaldehyde was followed by 
UV spectrophotometry, based on appearance of a new 
band at  234 nm, as shown in Figure 1. Product formation 
was also monitored for compounds lb and Id by extraction 
from the irradiated solution and analysis by GC. The 
reaction was found to be strongly pH dependent and the 
isolated yield of product could be increased by raising the 
acidity of the solution irradiated. Figure 2 shows a plot 
of relative quantum yield of product formation $/& (where 
$o is the quantum yield at pH 7) vs. acid concentration or 
pH (Ho) for substrates la, lb, Id, and lj. It can be seen 
from Figure 2 that although the relative quantum yield 
increases more or less sigmoidally up to an acid concen- 
tration of 20-55% (Ho = -1.1 to -3.3), depending on the 
substrate, the efficiency of the reaction falls off a t  higher 
acidities. This occurs even earlier for benzylamine (lg) 
which gave 2 only from pH 7 to pH 5. Apparently the 
protonated form of this substrate (pKBH+ = 9.33)8 is un- 
reactive upon irradiation. 

The absolute quantum yield for Id a t  pH 7 was deter- 
mined by ferrioxalate actinometryg to be $ = 0.14 f 0.02 
(at 300 nm). This was the most reactive substrate inves- 
tigated in neutral solution and the absolute quantum yields 
for several of the other substrates were estimated by 
comparison of their $o values with that of Id. These are 
shown in Table I. 

The estimated values for la  compare reasonably well 
with previously reported3b quantum yields for this com- 
pound of 0.055 (at pH 7) and 0.34 (at maximum acidity) 
determined by using a malachite green leucocyanide ac- 
tinometer. 

The photooxidation reaction was found to take place 
only in purely aqueous or predominantly aqueous media. 
Addition of organic solvents such as MeOH, EtOH, iso- 
propyl alcohol, or acetonitrile reduced the quantum effi- 
ciency drastically. This is shown in Figure 3, where the 
relative quantum yield for compound Id is plotted 
against the percentage solvent composition for aceto- 
nitrile-water mixtures. As 50% acetonitrile is approached, 

(8) Perrin, D. P. Dissociation Constants of Organic Bases in Aqueow 

(9) Murov, S. L. Handbook of Photochemistry; Marcel Dekker: New 
Solutions; Butterworths: London, 1965. 

York, 1973. 
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the photoreaction is essentially stopped. Irradiation of 
compounds la-h in pure organic solvents such as DMF, 
hydrocarbons (hexanes, cyclohexane, benzene), and ace- 
tonitrile did not give any oxidation products, and the un- 
reacted substrate could be recovered in greater than 95% 
yield. 

It is interesting that whereas most active m-nitrobenzyl 
substrates Id gave 2 as the major product, compounds li  
and 1 j gave m-nitroacetophenone instead. In contrast, 
substrates lk-m, containing @-phenoxy groups, were not 
photochemically reactive under the same reaction condi- 
tions as la-j. Also, substrates with no a-hydrogens (In-p) 
did not react under identical reaction conditions to those 
of la-j, although the ketal In did cleave thermally in acid 
solution to give the corresponding ketone. 

The presence of heteroatom on C, of the substrate was 
also found to be important, since substrates lg and lr did 
not produce any oxidation product under similar reaction 
conditions. However, as pointed out previously, lg  with 
an a-nitrogen reacted similarly to la-h to give 2. 

The multiplicity of the reactive excited state of these 
photooxidations was found to be Tilo by using a triplet 
sensitizer (acetone E, = 79 K cal m01-l)~ which gave the 
same product as on direct irradiation and by effective 
triplet quenching using potassium sorbate. It was found 
that the presence of molecular oxygen did not reduce the 
quantum efficiency of the product formation, but when 
deliberately introduced by saturating the solvent with 
oxygen, the efficiency of product formation increased by 
approximately 20%. When an oxygen-saturated solution 
of compounds la-d was irradiated, the resulting solution 
oxidized a KI solution immediately, with iodine being 
detected by starch indicator. This experiment failed to 
give a positive result for substrates In-p, which have no 
a-hydrogens. The observation of a positive iodine test for 
la-d under these conditions indicates that hydrogen 
peroxide4 is probably produced under the reaction con- 
ditions by an independent (photochemical) radical process, 
since exclusion of oxygen did not alter the major oxidation 
product (2) but gave no positive test for iodine. As a 
control, an oxygen-saturated acidified solution of any of 
the above compounds (la-d) produced no product in the 
dark even after 48 h, and starting material was recovered 
quantitatively. 

A deuterium solvent isotope effect was observed for 
substrates la-d with an average value of &-, o/$q,,? 1.40 
f 0.03. Irradiation of an acidified methanof solution of 
the same substrates did not give any oxidation product 2. 
Also irradiation of la and Id in the presence of an electron 
acceptor (1,4-dicyanobenzene) gave no 2, and starting 
material was recovered unchanged. 

Discussion 
I t  has been demonstrated that the photochemical oxi- 

dation of m-nitrobenzyl derivatives (la-j) to give either 
m-nitrobenzaldehyde or in some cases m-nitroaceto- 
phenone is quite a general reaction and gives reasonable 
quantum yields in aqueous solution, especially when acid 
is present. It is clear that the structural requirements for 
this reactivity are that at least one a-hydrogen and at least 
one a-heteroatom be present in the substrate, since it has 
been shown that structurally related substrates without 
both of these features such as In-r do not react a t  all 

(10) Nitroaromatic systems are known to undergo an efficient inter- 
system crossing to the triplet excited state. For a review, see: (a) Mor- 
rison, H. A. In The Chemistry of Nitro and Nitroso Groups; Feuer, H . ,  
Ed., Wiley: New York, 1969; Chapter 4. (b) Dopp, D. Top. Curr. Chem. 
1975,55, 49. (c) Frolov, A. N.; Kuznetsova, N. A.; El'Tsov, A. V. Russ. 
Chem. Res. (Engl. Transl.) 1976,45, 1024. 
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under similar conditions. The presence of an a-phenoxy 
group as in lk-m also inhibits the reaction, presumably 
due either to strong UV absorption by this chromophore 
or by energy dissipation via photophysical processes. 
(Irradiation of compound Id in the presence of equimolar 
p-anisyl alcohol or phenol also suppressed the photo- 
oxidation). The reaction appears to be another example 
of an acid-catalyzed photochemical process according to 
Wubbels' definition," since the relative quantum yield 
increases sharply and sigmoidally in the acidity region pH 
1 to Ho = -2, in a similar way to that of previously reported 
photohydration reactions.12 The fall-off in efficiency at  
higher acidities is probably due to protonation of the 
ground-state molecule on the a-oxygen. Presumably the 
cation so formed is photochemically inactive, since com- 
pound lg  which is fully protonated in the ground state a t  
low pH only oxidizes efficiently in the pH 7 to 5 region. 
The expected acidity range for significant ground-state 
protonation of benzyl alcohols and ethers is in the Ho = 
-3 region, based on reported pKBH+ values for typical al- 
cohols and ethers.13 Another possibility is that deacti- 
vational processes become more important in more con- 
centrated acid solutions and that the reaction is quenched 
by high concentrations of ionic species. 

A detailed mechanism has been proposed recently5 for 
the photooxidation of m-nitrobenzyl alcohol itself and its 
methyl ether, but it is not easy to arrive at  a unified 
mechanism which explains all the results. For example, 
although it is reasonable that li, which is the only reactive 
substrate with an a-methyl group, gives m-nitroaceto- 
phenone rather than the aldehyde as major product, it is 
not obvious why lj should also give the ketone, since other 
substrates (ld,e) have groups with a-carbon atoms yet give 
only the aldehyde. It is also not clear why the reaction 
produces a nitro rather than a nitroso compound as major 
product. 

It seems reasonable that the general mechanism for 
these photooxidations involves protonation of the excited 
state (TI) on the nitro group, which is possible even at  
these low acidities due to its enhanced excited-state bas- 
icity14 followed by rapid a-hydrogen abstraction by a water 
molecule within the solvation shell. This is supported by 
the observed solvent isotope effect. The following general 
scheme can be proposed for most of the substrates studied 
and is reasonable as far as the primary photochemical steps 
and probable initial photochemical product are involved, 
but the subsequent (possibly dark) reactions leading to the 
observed final product are less evident. 

The m-nitrosocarbonyl compound formed initially 
(Scheme I) could then undergo either further ground state 
or photochemical oxidation to the m-nitro compound15 or 
disproportionate to give a nitro and an azoxy compound, 
as proposed previ~usly.~.~ The latter seems more likely 
since in all of the reactions investigated small quantities 
of orange-colored dyes are isolated. This material consists 
of a t  least four compounds which have not yet been sep- 
arated or identified. However, in the case of substrate la, 
m- (3- (hydroxymethyl) phenyl) -NNO-azoxybenzaldehyde 
has been isolated in 40% yield (relative to 60% isolated 
yield of m-nitr~benzaldehyde).~ Further work is in prog- 

(11) Wubbels, G. G. Acc. Chem. Res., 1983, 16, 285. 
(12) Wan, P.; Culshaw, S.; Yates, K. J. Am. Chem. SOC. 1982, 104, 

2509. Wan, P.: Yates. K. J. Ora. Chem. 1983.48, 869. 
(13) Arnett, E. M. b o g .  Phis. Org. Chem.'1963, I ,  223. 
(14) Ireland, J. F.; Wyatt, P. A. H. Adu. Phys. Org. Chem. 1976, 12, 

131. Winefordner, J. D.; Schulman, S. G.; Sanders, L. B. Photochem. 
Photobiol. 1971, 13, 381. 

(15) Chow, Y. L. In The Chemistry of Amino, Nitroso, Nitro Com- 
pounds and Their Deriuatiues; Patai, S., Ed.; Wiley: Chichester, U.K., 
1982; Vol. 1, Chapter 4. 
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less to elucidate the detailed mechanism of these photo- 
oxidations. Although an electron-transfer process has been 
proposed"j for the photoisomerization of p-nitrobenz- 
aldehyde to p-nitrobenzoic acid, we do not consider this 
likely in the present case since such a reaction should 
proceed just as easily in organic solvents as in water. Also, 
the  use of an electron acceptor" such as 1,6dicyano- 
benzene should enhance product formation, whereas we 
could recover only unreacted starting material in its 
presence. In addition, we have ruled out  bimolecular 
processes in the primary photochemical steps, since a 
tenfold increase in substrate concentration had no  effect 
on the quantum yield. Similarly, irradiation of an equi- 
molar mixture of nitrobenzene and benzyl alcohol does not 
lead to photooxidation. 

Experimental Section 
Materials. Solvents. Methylene chloride was used for ex- 

traction in preparative experiments; the reagent grade was distilled 
once over a 1-m Vigreux column before use. Distilled water was 
used for these experiments, and organic solvents employed were 
ACS grade (Caledon or Fisher) and used without further puri- 
fication. Sulfuric acid solutions were prepared by diluting the 
commercial acid (BDH or Fisher) with distilled water and their 
percent composition by weight of H2S04 was obtained by 
measuring their densities at 25 "C using a DMA 02C digital 
precision density meter from Anton Parr Instruments, Graz, 
Austria, and available tabulated percent composition/density 
data.ls 

Substrates la and l g  were purchased from Aldrich Chemical 
Company. All other substrates were prepared following procedures 
described in the literature; lb, IC, lf ,  lh, and lk were prepared 
by the reaction of equimok m-nitrobenzyl bromide (Aldrich) and 
the corresponding sodium salt of the alcohol or acid.l9 Substrates 
le, 11, and lm were prepared by reaction of m-nitrostyrene oxidea 
with the corresponding sodium salt of the alcohol.21 Substrate 

(16) Wubbels, G. G.; Kalhorn, T. F.; Johnson, D. E.; Campbell, D. J .  
Org. Chem. 1982,47, 4664. 

(17) (a) Arnold, D. R.; Mauroulis, A. J. J. Am. Chem. SOC. 1976, 98, 
5931. (b) Reichel, L. W; Griffin, G. W.; Muller, A. J.; Dus, P. K.; Ege, 
S. N. Can. J.  Chem. 1984,62,424. 

(18) International Critical Tables, Vol. 3, McGraw-Hill: New york, 
1930; p 56. 

(19) Organic Syntheses; Wiley: New York, 1941; Collect. Vol. I, p 75, 
205, 258, 435; 1963; Collect. Vol. IV, p 427, 457, 558, 590. Org. Synth. 
1960, 40, 29; 1966, 46, 28. 

(20) Rafizadeh, K.; Yates, K. Org., Prepn. Proced. Int. 1985, 17, (2) 
140. 

(21) Guss, C. 0. J .  O g .  Chem. 1952, 17, 678. 
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Id was prepared by hydrolysis of the corresponding nitrostyrene 
oxide.22 Compounds l j  and lo were prepared by reaction of 
m-nitrobenzaldehyde or m-nitroacetophenone with ethyl brom- 
oacetate in the presence of zinc,23 and substrate l g  was prepared 
as described in a previous report.24 All starting materials were 
purified by distillation, recrystallization, or chromatographic 
methods. Synthesized compounds were purified and identified 
by their melting point, boiling point, and spectroscopic data which 
were in all cases in good agreement with literature values. 

In a typical preparative scale experiment 
100-200 mg of sample was dissolved in 500 mL of water (or 
appropriate sulfuric acid solution). Enough acetonitrile (10-50 
mL) was added to obtain a clear solution, which was placed in 
a 600-mL quartz tube and purged with N2 or argon for 30 min. 
The solution was then irradiated in a Rayonet reactor for 3-6 h 
using 300 nm (32 W) lamps. The progress of the reaction was 
monitored by UV spectrophotometry on aliquots of irradiated 
samples at different times., up to 7040% conversion. The solution 
was stirred continuously with a magnetic bar and cooled with a 
cold finger during the irradiation. After irradiation the reaction 
mixture was saturated with NaCl and extracted with methylene 
chloride (3 X 50 mL). The extracts were dried (MgS04 or Na2S04) 
and evaporated under reduced pressure to obtain the crude 
product. NMR was used to check the extent of the reaction, and 
the yield of product formation was determined on the basis of 
the integration of the signal of aldehyde product at 6 10.0 and 
the a-proton(s) of the starting material at 6 4.5-5.5. The pure 
product was isolated by using preparative TLC (Chromatotron 
Model 7924). The product was identified by comparison of its 
IR and NMR spectra and melting point with those of an authentic 
sample. 

Sensitization and Quenching Studies. The following ex- 
periment was typical of the procedure employed for the sensi- 
tization experiments. A solution of substrate (50-80 mg) and 
acetone (20 g) and water or acid solution (500 mL) was purged 
with argon or nitrogen for 30 min and was irradiated for 1-2 h 
in a Rayonet reactor using 300-nm lamps. The solution was then 
saturated with NaCl and extracted with CH2C12. The extracts 
were collected, dried, and evaporated. NMR of the crude material 
indicated no starting material and the spectrum was exactly 
matched with that of m-nitrobenzaldehyde. 

Triplet quenching experimenta were accomplished by dissolving 
the substrate and known amounts of potassium sorbate in 
water-acetonitrile in Pyrex vessels (15 mm 0.d.). The solutions 
were degassed and irradiated in a merry-go-round apparatus for 

Irradiations. 

(22) Wierenga, W.; Harrison, A. W.; Evans, B. R . ;  Chidester, C.  G. J .  

(23) Schaal, C. Bull. SOC. Chim. Fr 1973, 11. 
(24) Rafizadeh, K.; Yates, K. J. Org. Chem. 1984, 49, 1500. 

Org. Chem. 1984. 49, 438. 
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13-Alkyl and 13-aryl substituted 8-oxoprotoberberines were obtained by intermolecular benzyne cycloaddition 
of isoquinolinopyrrolinediones with arynes. This convergent and highly regioselective reaction has been applied 
to the synthesis of (*)-corydaline. 

During the past few years we have been working on the 
development of new synthetic approaches to several types 
of isoquinoline alkaloids.’ In particular, recognition of 
the common phenantrene or dihydrophenantrene struc- 
tures led to  our recently devising what appears to be a 
highly convergent general approach to the quite large 
aporphinoid subgroup of isoquinolines.2 

In continuation of our work with benzyne cycloadditions, 
the reactions of 1 with arynes 2 were investigated and led 
to an efficient route to 4 (Scheme I). In our opinion, this 
unexpected route to the pharmacologically important 
pr~toberberines~ shows promise as a synthetic tool both 
because of ita convergence and ita high regioselectivity. As 
a final demonstration, an efficient regioselective synthesis 
of (*)-corydaline is described. 

The isoquinolinopyrrolidinediones 1 were prepared 
uneventfully by reaction of l-alkyl-3,4-dihydroiso- 
quinolines4 with a molar equivalent of oxalyl chloride in 
pyridine? With large quantities of both these precursors 
and anthranilic acids 6a, 6b,6 and 6c7 we were now pre- 
pared to carry out the key intermolecular cycloaddition 
step. 

In the event, reaction of la with in situ generated ben- 
zynes led to an easily separable mixture of the expected 

~~ ~~ 

(1) Shamma, M. Isoquinolse Alkaloids Research 1972-1977; Plenum 
Press: New York, 1978. Shamma, M. The Isoquinoline Alkaloids; Ac- 
ademic Pres: New York, 1972. Guinaudeau, H.; Leboeuf, M.; Cav6, A. 
J.  Nat. Prod. 1983,46,761. 
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Scheme I 

Me0 “q0 0 c .  R i = R z = O M e  

20. RI = R p  = H 
b.  Ri  = OMe; R p =  H R 

la, R =  H 
b. R =  Me 
cSR=3.4-OMe-CgH3 

Me0 

Me0 
OMe Me 

oxoa p o rp hine 
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l a t 2 0 - 3 a t 4 a  
la t 2b - 3b t 4b 
lb - I .LiAIH4 
lb+2c - 4d 
IC t 2 a  I C  2.NoBH4 

- (‘)-corydaline 

3a F.S. lysicamine 

red-violet [4 + 21 adduct 3a9 (readily convertible into the 
oxoaporphine lysicamine by Fremy’s salt oxidationlo) and 
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