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CHAPTER 2 

 

 

 

2.1. Spectroscopic Detection, Reactivity and Acid-Base Behavior of Ring-

Dimethoxylated Phenylethanoic Acid Radical Cations and Radical 

Zwitterions in Aqueous Solution. 

 

 

2.2. One-Electron Oxidation of 2-Aryl-2-Methyl Propanoic and 1-

Arylcyclopropanecarboxylic Acids in Aqueous Solution. The 

Involvement of Aromatic Radical Cations and the Effect of an αααα-

Cyclopropyl Group. 

 

2.3. One-Electron Oxidation of Ring Methoxylated 1-

Arylcycloalkanecarboxylic Acids. The Involvement of Aromatic 

Radical Cations and the Effect of Ring Size on the Decarboxylation 

Rate Constant. 
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2.1. Spectroscopic Detection, Reactivity and Acid-Base Behavior of Ring-

Dimethoxylated Phenylethanoic Acid Radical Cations and Radical 

Zwitterions in Aqueous Solution. 

 

The oxidative decarboxylation of arylethanoic acids has attracted considerable attention. In 

aqueous solution the involvement of aromatic radical cations following the one-electron 

oxidation of arylethanoic acids has been proposed in several studies,
1,2
 but clear evidence in 

this respect has been obtained only for relatively electron rich substrates such as 1-

naphthylethanoic acid,
3
 4-dimethylaminophenylethanoic acid and its α-methyl and α-hydroxy 

derivatives, and 2,4,5-trimethoxymandelic acid.
4
 With these substrates a mechanism 

proceeding through a direct electron transfer from the aromatic ring with formation of an 

intermediate radical cation (or radical zwitterion) has been proposed. The radical cation then 

undergoes decarboxylation leading to the corresponding benzylic-type radicals as described in 

Scheme 2.1.1. 
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Scheme 2.1.1 

 

With a less electron rich substrate such as 4-methoxyphenylethanoic acid (1), a number of 

product studies led to the conclusion that one electron oxidation proceeds through an 

analogous mechanism with formation of 1
•+
.
1a,1e,2

 The formation of an intermediate aromatic 

radical cation, which then undergoes rapid decarboxylation leading to a benzylic radical was 

the conclusion of Steenken and Gilbert who studied the oxidative decarboxylation of 4-

methylphenylethanoic and 4-methoxyphenylethanoic (1) acids in a laser flash photolysis 

(LFP) study in aqueous solution.
3
 Lower limits for the decarboxylation rates of the two acids 

were provided (kdec 10
7
 s

-1
), following the formation of the 4-methoxy and 4-methylbenzyl 

radical. However no direct evidence for the formation of an intermediate radical cation but 

only of the 4-methylbenzyl and 4-methoxybenzyl radicals was provided.
5
 This observation 

suggests that no radical cation intermediates are formed or that their lifetimes are too short to 

allow their detection under the experimental conditions employed. In the same study, it was 
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also shown that the decarboxylation rate constants, measured by following the formation of 

the corresponding benzyl radicals, increase by increasing pH, indicating that decarboxylation 

is faster when the carboxyl group is ionized.  

Additional information comes from a recent indirect kinetic study of the effect of pH on the 

oxidation of 1 induced by potassium 12-tungstocobalt(III)ate (from now on simply indicated 

as Co(III)W).
6
 This study led to the conclusion that no aromatic radical cation is formed as a 

reaction intermediate, suggesting that electron removal from the aromatic ring is instead 

concerted with an intramolecular side-chain to ring electron transfer, directly leading to a 

carboxyl radical which then undergoes rapid decarboxylation to give the 4-methoxybenzyl 

radical (Scheme 2.1.2). 
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Scheme 2.1.2 

 

Along this line, in order to obtain a deeper understanding on the actual role of aromatic 

radical cations in these processes we have carried out a product and time-resolved kinetic 

study at different pH values on the one-electron oxidation of a series of ring dimethoxylated 

phenylalkanoic acids (2, 3, 4, 5), characterized by oxidation potentials which are intermediate 

between that of 1, and those of 1-naphthylethanoic acid, 4-dimethylaminophenylethanoic acid 

and its α-methyl and α-hydroxy derivatives described above.  
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In this respect, the one-electron oxidation potentials determined in aqueous solution for 

anisole, 1,2-, 1,3- and 1,4-dimethoxybenzene by means of redox pulse radiolysis (1.66, 1.44, 
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1.58 and 1.30 V/NHE, respectively)
7
 can be taken as reasonable values for the oxidation 

potentials of 1, 2 (and 3), 4 and 5, respectively. 

 

Results and Discussion 

 

Spectral properties and acid-base behavior 

The transients produced after LFP or PR (see pag. 23 ”Generation of Radical Cations”) of 

acidic aqueous solutions (pH ≤ 2) containing 2-5 showed UV and visible absorption bands 

centered around 270-310 and 420-480 nm which are analogous to those observed for the 

corresponding ring dimethoxylated aromatic radical cations.
8-10

 As an example, Figure 2.1.1 

shows the time-resolved absorption spectrum observed after PR of an argon-saturated 

aqueous solution (pH = 1.7) containing 5 (0.2 mM), 2-methyl-2-propanol (0.1 M) and K2S2O8 

(10 mM). Visible are two bands, centered around 310 and 450 nm that are very similar to 

those observed previously for 1,4-dimethoxybenzene radical cation.
8
 An identical spectrum 

was obtained after 248 nm LFP of an argon-saturated aqueous solution (pH = 2.0) containing 

K2S2O8 (0.1 M) and 5 (0.4 mM). 
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Figure 2.1.1 Time-resolved absorption spectrum observed on reaction of SO4
•−
 with 5 (0.2 

mM) recorded after pulse radiolysis of an argon-saturated aqueous solution (pH = 1.7), 

containing 0.1 M 2-methyl-2-propanol and 10 mM K2S2O8, at 8 µs after the 300 ns, 10-MeV 

electron pulse. For the determination of the extinction coefficient, G(radical cation) = 

G(SO4
•−
) = 3.1 × 10−7 mol J

−1
 was used.

11,12 
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On the basis of these observations, the transients described above can be reasonably assigned 

to the dimethoxylated phenylethanoic acid radical cations 2
•+
-5

•+
, formed by SO4

•−
 or Tl

2+
 

induced one-electron oxidation of the neutral substrates as described in eq 2.1.1. 

 

SO4     (Tl
2+)     +    ArCH2CO2H SO42- (Tl

+)    +   ArCH2CO2H                (2.1.1) 

 

 

Thus, these results clearly indicate that, differently than with 4-methoxyphenylethanoic acid 

(1), were no intermediate radical cation was detected,
3
 the increased electron density on the 

aromatic ring determined by the presence of an additional methoxy group now allows the 

direct observation of the intermediate radical cations. 

By increasing the pH of the solution to ≈ 7, the spectra obtained after SO4
•−
 induced one-

electron oxidation of 2-5 were similar to those obtained in acidic solution. However, a 

broadening of the radical cation visible absorption band accompanied in some cases by a 

slight red shift in its position (between 15 and 30 nm) was observed, a behavior that is 

attributed to the formation of the radical zwitterions 
−
2
•+
-
−
5
•+
.
13
 As an example, Figure 2.1.2 

shows the time-resolved absorption spectra observed after 248 nm LFP of argon-saturated 

aqueous solutions containing 4 (2 mM) and K2S2O8 (0.1 M) at pH = 2.2 (filled circles) and pH 

= 7.8 (empty circles). 
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Figure 2.1.2. Time-resolved absorption spectra observed after 248 nm LFP of argon-saturated 

aqueous solutions containing 0.1 M K2S2O8 and 2 mM 2, recorded at pH = 2.2 (filled circles), 

and pH = 7.8 (empty circles), 1  µs after the 20 ns, 5 mJ laser flash.  

The broadening of the visible absorption band is accompanied by a 30 nm red shift of its 

position on going from 2
•+
 to 

−
2
•+
. 

By measuring the absorption at a suitable wavelength (where the difference in absorption 

between radical cation and radical zwitterion is sufficiently large) as a function of pH, the pKa 

values for the acid-base equilibria between the radical cations and the corresponding radical 

zwitterions (eq 2.1.2) were determined. 
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-
                                       (2.1.2)  ArCH2CO2H  

 

Figure 2.1.3 shows the plot of ∆A (monitored at 480 nm) vs pH for the acid-base equilibrium 

between 5
•+
 and 

−
5
•+
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Figure 2.1.3. Plot of ∆A monitored at 480 nm vs pH for 5
•+
/
−
5
•+
, generated after 248 nm LFP 

of an argon-saturated aqueous solution containing 0.1 M K2S2O8 and 0.4 mM 5. From the 

curve fit: pKa = 3.33±0.04 (r = 0.997). 
 

The pKa values thus obtained for 2
•+
-5

•+
 are collected in Table 1.1, together with the visible 

absorption band maxima for the radical cations and radical zwitterions. 

With the exception of the equilibrium between 4
•+
 and 

−
4
•+
 where the latter was too reactive 

(see later) to allow a reliable pKa determination, similar pKa values (between 3.34 and 3.67) 
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were obtained for 2
•+
, 3

•+
 and 5

•+
. On the basis of a pKa value of 4.33 measured for 2,

14
 it 

appears that in 2
•+
 the increased electron withdrawing effect determined by the presence of an 

electron hole on the aromatic ring leads to an increase in acidity of almost one pKa unit. In 

this context, the slight difference observed between 2
•+
 (and 3

•+
) and 5

•+
 may reflect the fact 

that the 2-methoxy group (in 5
•+
) is closer to the acidic center than the 3-methoxy group (in 

2
•+
). 

 

Table 2.1.1. Visible absorption band maxima for radical cations and radical zwitterions 

generated from substrates 2-5,
a
 and corresponding pKa values for their acid-base 

equilibria, measured at room temperature. 

substrate 
λλλλmax (r. c.)

 b
 

(nm) 

λλλλmax (r. z.)
 c 

(nm)    
λλλλmonit

 d 

(nm) 

[substrate] 

(mM) pKa
e 

2 420
 

450 460 2 3.49±0.05 

3 430 450 470 2 3.67±0.07 

4 455, 480
 

480
 f
 g - - 

5 450 450 480 0.4 3.34±0.02 
a
Generated by 248 nm LFP as described above. 

b
Visible absorption band maxima for 

radical cations 2
•+
-5

•+
. 
c
Visible absorption band maxima for radical zwitterions 

−
2
•+
-
−
5
•+
. 

d
Monitoring wavelength for pKa determination. 

e
Based on the average of two or three 

independent measurements. 
f
Shoulder at 455 nm. 

g
The radical zwitterion 

−
4
•+
 is not 

sufficiently stable (see later) to allow a reliable pKa determination. 

 

It is also interesting to compare the values collected in Table 2.1.1 with those reported in the 

literature for monosubstituted ethanoic acids, showing that the increase in acidity determined 

by the positively charged ring is significantly smaller than that determined by α-chloro (pKa = 

2.86) and α-cyano (pKa = 2.46) groups, being instead comparable with that resulting from the 

presence of an α-methoxy group (pKa = 3.54).
15
 An even more pronounced effect is observed 

when the comparison is made with a positively charged acid such as the protonated form of 

the α-aminoacid glycine, H3N
+
CH2CO2H, for which pKa1 = 2.35.

15
 The relatively large 

difference in acidity between glycine and 2
•+
 is likely to reflect the fact that in 2

•+ 
the positive 

charge is delocalized over a relatively extended dimethoxyphenyl system and the resulting 

electron withdrawing effect is relatively weak, while in H3N
+
CH2CO2H the extent of charge 

delocalization is instead limited resulting in a much stronger electron withdrawing effect. 
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Product studies 

The oxidation reactions of substrates 2-5 were carried out in argon saturated aqueous solution 

(pH = 1.0 and 6.7) at room temperature, employing Co(III)W or SO4
•−
 (generated by steady 

state 254 nm photolysis as described in eq 1) as the oxidant. For all substrates product 

analysis, both at pH = 1.0 and 6.7, showed the formation of the corresponding benzyl alcohol 

as the major reaction product accompanied by small amounts of benzaldehyde (Scheme 

2.1.3), and similar results were obtained with the two oxidants. 

 ox = Co(III)W, SO4

ArCH2OH    + ArCHO
 ox ArCH2CO2H

  

 
 

Scheme 2.1.3 

 

Experiments carried out increasing the Co(III)W/substrate molar ratio (from 0.5 to 2) 

confirmed that benzaldehyde is a product of over oxidation of the first formed benzyl alcohol. 

Good to excellent mass balances ( ≥ 85%) were obtained in all experiments. The results of the 

Co(III)W-induced oxidation reactions of substrates 2-5 are collected in Table 2.1.2. 

 

Table 2.1.2. Product distributions observed in the Co(III)W-induced oxidation reactions 

of substrates 2-5, carried out in argon saturated aqueous solution at T = 25 °C.
a
  

Substrate pH
 b 

Recovered 

Substrate 

(%) 

Benzylalcohol 

(%) 

Benzaldehyde 

(%) 

1.0 83 15 2 

1.0
c 

18 67 15 

 2

CH2CO2H

CH3O

CH3O

 6.7 72 25 3 

1.0 78 20 2 

6.7 81 19 - 
CH2CO2HO

O 3     

1.0 87 13 - 

6.7 86 14 - 

CH2CO2HCH3O

OCH3    4      

1.0 77 20 3 

6.7 73 26 1 CH2CO2H

OCH3

CH3O

5  
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a
[substrate] = 5 × 10−3 M, [Co(III)W] = 2.5 × 10−3 M. 

b
For the experiments at pH = 1.0 a 

0.1 M HClO4 solution was employed. For the experiments at pH = 6.7 NaH2PO4 (0.1 M) 

was added to the solution and the pH was adjusted with NaOH. 
c
[substrate] = 5 × 10−3 M, 

[Co(III)W] = 1.0 × 10−2 M. 

 

These results, together with those of the time-resolved experiments described above, are 

consistent with the mechanism shown in Scheme 1.1: formation of an intermediate radical 

cation or zwitterion followed by decarboxylation to give a benzyl radical. Oxidation of the 

benzyl radical in the reaction medium leads to the benzyl alcohol, which eventually can be 

further oxidized to give the corresponding benzaldehyde, as described in Scheme 2.1.4.
6,16,17 

 

 ArCH2

1) ox

2) H2O, - H
+

ArCHOArCH2OH

 

Scheme 2.1.4 

 

Kinetic studies 

Time-resolved kinetic studies were carried out using the PR and LFP techniques. The decay 

rates of the radical cations 2
•+
-5

•+
 and zwitterions 

−
2
•+
-
−
5
•+
 were measured 

spectrophotometrically, following the decrease in optical density at the visible absorption 

band maxima (420-480 nm), and were found to follow first order kinetics in a reaction which, 

on the basis of product analysis results, is assigned to decarboxylation. All the rate constants 

for decarboxylation of the radical cations and radical zwitterions (kdec) measured at different 

pH values are collected in Table 2.1.3. 

 

Table 2.1.3. First order rate constants (kdec) for the decarboxylation of radical cations 2
•+
-

5
•+
 and radical zwitterions 

−
2
•+
-
−
5
•+
 generated by pulse radiolysis of the parent substrates 

in aqueous solution, measured at room temperature. 

substrate pH
 a 

transient oxidant   λ  λ  λ  λdet
b
 / nm    kdec / s

−1
 

2 1.7 

1.7 

7.1-10.2 

2
•+
 

2
•+
 

−
2
•+
 

SO4
•−
 

Tl
+2
 

SO4
•−
 

425 

425 

450 

5.2 × 103 
5.2 × 103 
6.5 × 104 

3 1.7 

7.0-10.2 

3
•+
 

−
3
•+
 

Tl
+2
 

SO4
•−
 

425 

450 

3.8 × 103 
6.6 × 104 

4 1.4 

6.3 

4
•+
 

−
4
•+
 

SO4
•−
 

SO4
•−
 

460 

480 

5.6 × 104 
2.0 × 106 c 

5 1.7 

7.4-10.8 

5
•+
 

−
5
•+
 

Tl
+2
 

SO4
•−
 

450 

450 

< 10
2 d
 

< 10
2 d
 

a
For the experiments carried out at pH < 2 the pH was adjusted with HClO4. For the 

experiments carried out at pH > 6.3 Na2HPO4 (2 × 10
−3
 M) was added to the solution and 
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the pH was adjusted with HClO4 or NaOH. 
b
Monitoring wavelength. 

c −
4
•+
 was generated 

by 266 nm LFP of an argon saturated aqueous solution (pH = 6.3) containing 5 (10 mM) 

and K2S2O8 (0.1 M), as described above (page 23, eqs 1.2 and 1.3). 
d
The time-resolution 

of the instrument did not allow the measurement of the decarboxylation rate constant and 

only an upper limit is provided (kdec < 10
2
 s
-1
). 

 

Interestingly, reactivity parallels radical cation stability, kdec increasing in the order: 5
•+
 « 2

•+
 

≅ 3•+ < 4•+.7 This reactivity order can be rationalized in terms of the ease of the intramolecular 

side-chain to ring electron transfer required for decarboxylation, which is influenced by the 

extent of stabilization of the positive charge on the aromatic ring and hence by the number 

and relative position of methoxy groups. Thus, 5
•+
 displays the lower reactivity in line with 

the greater stabilization of the positive charge in the 2,5-dimethoxyphenyl system as 

compared to the 2,4- and 3,4-dimethoxyphenyl ones.
7,9
 In other words the intramolecular 

side-chain to ring electron transfer is significantly more costly in 5
•+
 as compared to 2

•+
, 3

•+
 

and 4
•+
, and accordingly its reactivity is strongly depressed. 

For 2, 3 and 4 a significant increase in kdec was observed on going from the radical cation (pH 

≤ 1.7) to the corresponding radical zwitterion (pH > 6), and no significant difference in 

reactivity was observed between pH 6 and 10. The lower decarboxylation rate constants 

measured for Ar
•+
CH2CO2H as compared to Ar

•+
CH2CO2

−
 can be again rationalized in terms 

of the kinetic barrier for intramolecular side-chain to ring electron transfer which should be 

higher for the former, since in this case an additional proton transfer to the medium is 

required.
6
 

Unfortunately, these data do not provide any information on whether decarboxylation occurs 

directly from the radical cation or zwitterion (Scheme 1.5, path a) or if an intermediate 

arylacetoxyl radical is involved (paths b and c), as previously shown in the case of benzoic 

acids.
18
 

 

ArCH2CO2H/CO2 ArCH2 +   CO2  (+  H
+
)

ArCH2CO2 (+  H
+
)

a

b c

 

Scheme 1.5 

 

Accordingly, rate constants k ≥ 1.5 × 109 s−1 have been measured for the decarboxylation of a 

series of phenylacetoxyl radicals,
19,20

 showing moreover that no significant effect on 
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reactivity results from the presence of ring substituents.
20
 These values are at least three 

orders of magnitude higher than those reported in Table 1.3 for decarboxylation of the radical 

cations and radical zwitterions. Thus, the extremely fast rate constants measured 

independently for reaction c do not allow us to distinguish between the concerted (path a) or 

stepwise (through paths b and c) nature of the conversion of the radical cation (zwitterion) 

into the benzyl radical. In light of this observation, in the mechanism shown in Scheme 1.2 

for the Co(III)W induced oxidation of 4-methoxyphenylethanoic acid (1),
6
 the possibility that 

decarboxylation is coupled with electron removal from the aromatic ring, bypassing 4-

methoxyphenylacetoxyl radical formation, should also be considered (Scheme 1.6). 

 

-
- e

+    CO2   +   H
 +
   

 

CH2H3COCH2CO2HH3CO

1

 

 

Scheme 1.6 

 

In conclusion this work clearly shows that aromatic radical cations and radical zwitterions are 

intermediates in the one-electron oxidation of ring-dimethoxylated phenylethanoic acids, 

providing moreover for the first time pKa values for their acid-base equilibria. The radical 

cations undergo decarboxylation with rate constants that depend on the stabilization of the 

positive charge on the aromatic ring, i.e. on the height of the kinetic barrier for side-chain to 

ring intramolecular electron transfer, and a significant increase in reactivity is observed on 

going from the radical cations to the corresponding radical zwitterions. More importantly, 

these results provide a detailed mechanistic picture for the one-electron oxidation of 

arylethanoic acids in aqueous solution, a process that is governed by the interplay between 

electron removal from the aromatic ring and intramolecular side-chain to ring electron 

transfer required for decarboxylation. Along this line, it can be proposed that with 1 (and with 

less electron rich arylethanoic acids such as 4-methylphenylethanoic acid), electron removal 

is relatively costly and is thus coupled with the intramolecular electron transfer, i.e. no radical 

cation intermediate is formed. By increasing ring electron density (as in substrates 2-5), 

electron removal becomes easier while the rate of intramolecular electron transfer is 

depressed and a stepwise mechanism, proceeding through the formation of a radical cation (or 

radical zwitterion) followed by decarboxylation occurs. It is however important to point out 

that also the redox properties of oxidant employed (compare for example Co(III)W and SO4
•−
, 

see above, page 23) may play an important role in this mechanistic picture. 
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2.2 One-Electron Oxidation of 2-Aryl-2-Methyl Propanoic and 1-

Arylcyclopropanecarboxylic Acids in Aqueous Solution. The 

Involvement of Aromatic Radical Cations and the Effect of an αααα-

Cyclopropyl Group.  

 

Following the study of the one-electron oxidation reactions of ring-dimethoxylated 

phenylethanoic acids 2-5 discussed in Chapter 2.1, in order to obtain a deeper understanding 

of the role of structural effects on the one-electron oxidation of arylethanoic acids and in 

particular on the possible involvement of aromatic radical cations in these processes, we have 

carried out a product and time-resolved kinetic study at different pH values on the one-

electron oxidation of 2-(4-methoxyphenyl)-2-methyl propanoic acid (6), 1-(4-

methoxyphenyl)-1-cyclopropanecarboxylic acid (7), 2-(3,4-dimethoxyphenyl)-2-methyl 

propanoic acid (8), and 1-(3,4-dimethoxyphenyl)-1-cyclopropanecarboxylic acid (9); 

structurally related substrates derived from the side-chain modification of 4-

methoxyphenylethanoic acid (1) and 3,4-dimethoxyphenylethanoic acid (2), respectively, 

whose structures are shown in Chart 2.2.1. In order to obtain additional information, we have 

also studied the one-electron oxidation of the methyl esters of acids 6, 7 and 9 (substrates 10, 

11 and 12, respectively), and of 1-(4-methoxyphenyl)cyclopropanol (7a). 
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Results 

 

Spectral properties. Argon or nitrogen saturated aqueous solutions of substrates 6-12 (0.2-5 

mM) were photolysed in the presence of 0.1 M K2S2O8 at pH ≈ 2 and pH ≈ 7, employing 266 

nm laser flash photolysis (LFP). Alternatively, time-resolved studies were carried out by pulse 

radiolysis (PR) of argon saturated aqueous solutions containing substrates 6-12 (0.2-2 mM), 

K2S2O8 (10 mM) and 2-methyl-2-propanol (0.1 M).  

Figure 2.2.1 displays the time-resolved absorption spectra observed after LFP of an argon-

saturated aqueous solution (pH = 1.7) containing 2-(4-methoxyphenyl)-2-methyl propanoic 

acid (6) (2.0 mM) and K2S2O8 (0.1 M).  
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Figure 2.2.1. Time-resolved absorption spectra observed after 266 nm LFP of an argon-

saturated aqueous solution (T = 25 °C, pH = 1.7) containing 0.1 M K2S2O8 and 2 mM 2-(4-

methoxyphenyl)-2-methyl propanoic acid (6), recorded at 37 (filled circles), 60 (empty 

circles), 140 (filled squares) and 300 ns (empty squares)  after the 8 ns, 10 mJ laser flash. 

Insets: (a) First-order decay monitored at 450 nm. (b) Corresponding first-order buildup of 

absorption at 290 nm, measured under argon (filled circles) and oxygen (empty circles). 

 

The spectrum recorded 37 ns after the laser flash (filled circles) shows the formation of a 

broad absorption band between 350 and 520 nm, characterized by a maximum at 450 nm, 

that, by comparison with literature data,
1,2
 and with the time-resolved absorption spectrum of 

SO4
•−
, obtained after 266 nm LFP of a nitrogen-saturated aqueous solution (pH = 1.7) 

containing 0.1 M K2S2O8 (Figure 2.2.2), can be assigned to SO4
•−
, formed as described in eq 
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1.3. The decay of this broad absorption band (inset a) occurs with k↓(450 nm) = 1.0 × 107 s−1 

and is accompanied by the formation of a species (k↑(290 nm) = 1.1 × 107 s−1) characterized 

by an absorption in the UV region of the spectrum extending from < 290 nm to 340 nm (an 

isosbestic point is visible at 330 nm). The decay of this band is accelerated by the presence of 

oxygen (inset b), and in an oxygen saturated solution occurs with an observed rate constant 

kobs = 2.2 × 10
6
 s
−1
. Given that the solubility of oxygen in water is 1.27 × 10−3 M at T = 25 

°C,3 a second order rate constant for reaction of this transient with oxygen can be derived as k 

= 1.7 × 109 M−1
 s
−1
. 
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Figure 2.2.2. Time-resolved absorption spectrum observed after 266 nm LFP of a nitrogen-

saturated aqueous solution (T = 25 °C, pH = 1.7) containing 0.1 M K2S2O8 recorded 90 ns 

after the 8 ns, 10 mJ laser flash. 

 

Figure 2.2.3 displays the time-resolved absorption spectrum observed after 266 nm LFP of a 

nitrogen-saturated aqueous solution (pH = 7.0) containing 0.1 M K2S2O8 and 0.2 mM methyl 

2-(4-methoxyphenyl)-2-methyl propanoate (10). Visible are two bands, centered at 290 and 

450 nm that are very similar to those observed previously for the radical cations of 4-

methoxyalkylbenzenes and 1-(4-methoxyphenyl)alkanols.
4-7
 An identical spectrum was 

obtained after PR of an argon-saturated aqueous solution (pH = 7.0) containing 10 mM 

K2S2O8, 0.2 mM 10 and 0.1 M 2-methyl-2-propanol. On the basis of these observations, this 

species can be reasonably assigned to the aromatic radical cation 10
•+
, formed by SO4

•−
 

induced one-electron oxidation of the neutral substrate 10 as described in Scheme 2.2.1. 
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Figure 2.2.3. Time-resolved absorption spectrum observed after 266 nm LFP of a nitrogen-

saturated aqueous solution (T = 25 °C, pH = 7.0) containing 0.1 M K2S2O8 and 0.2 mM 

methyl 2-(4-methoxyphenyl)-2-methyl propanoate (10), recorded 2.1 µs  after the 8 ns, 10 mJ 

laser flash.  

 

The time-resolved absorption spectra observed after LFP of an argon saturated aqueous 

solution (pH = 1.7) containing 1-(4-methoxyphenyl)cyclopropanecarboxylic acid (7) (1 mM) 

and K2S2O8 (0.1 M) are displayed in Figure 2.2.4. The spectrum recorded 64 ns after the laser 

flash (filled circles) shows the formation of a broad absorption band between 350 and 550 nm, 

that, as discussed above, is assigned to SO4
•−
 (see Figure 2.2.2). The decay of this band is 

accompanied by the formation of two bands centered at 320 and 490 nm (two isosbestic 

points are visible at 350 and 440 nm) whose decay is not affected by the presence of oxygen. 

An analogous spectrum, characterized by two absorption bands centered at 320 and 500 nm, 

was observed after PR of an argon-saturated aqueous solution containing 7 (0.5 mM), K2S2O8 

(10 mM) and 2-methyl-2-propanol (0.1 M) at pH = 1.7 (Figure 2.2.5, filled circles). 
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Figure 2.2.4. Time-resolved absorption spectra observed after 266 nm LFP of an argon-

saturated aqueous solution (T = 25 °C, pH = 1.7) containing 0.1 M K2S2O8 and 1 mM 1-(4-

methoxyphenyl)-1-cyclopropanecarboxylic acid (7), recorded at 64 (filled circles), 288 

(empty circles) and 800 ns (filled squares) after the 8 ns, 10 mJ laser flash. 
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Figure 2.2.5. Time-resolved absorption spectra observed on reaction of SO4

•−
 with 1-(4-

methoxyphenyl)-1-cyclopropanecarboxylic acid (7) (0.5 mM) recorded after PR of argon-

saturated aqueous solutions at pH = 1.7 (filled circles), and pH = 7.1 (empty circles), 

containing 0.1 M 2-methyl-2-propanol and 10 mM K2S2O8, 2 µs after the 300 ns, 10-MeV 

electron pulse. 
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An analogous spectrum, characterized by UV and visible absorption bands centered at 300 

and 500 nm, was also observed after PR of an argon-saturated aqueous solution (pH = 4.0) 

containing methyl 1-(4-methoxyphenyl)-1-cyclopropanecarboxylate (11) (0.2 mM), K2S2O8 

(10 mM) and 2-methyl-2-propanol (0.1 M) (Figure 2.2.6). 
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Figure 2.2.6. Time-resolved absorption spectrum observed on reaction of SO4
•−
 with methyl 

1-(4-methoxyphenyl)-1-cyclopropanecarboxylate (11) (0.2 mM) recorded after PR of an 

argon-saturated aqueous solution (pH = 4.0), containing 0.1 M 2-methyl-2-propanol and 10 

mM K2S2O8, 4 µs after the 300 ns, 10-MeV electron pulse. 

 

It is well known that the radical cations af arylcyclopropanes are characterized by an 

absorption band in the visible region of the spectrum centered between 510 and 580 nm 

depending on the nature of the aromatic ring substituent.
8,9
 Along this line, the UV and visible 

absorption bands described above for the transients observed in the oxidation reactions of 

substrates 7 and 11, can be reasonably assigned to the radical cations 7
•+
 and 11

•+
, formed by 

one-electron oxidation of the neutral substrates as described in Scheme 2.2.2. 

 

7: X = H

11: X = CH3

OCH3

CO2X

OCH3

CO2X

+     SO4  +     SO4
2-  

 

Scheme 2.2.2 
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By increasing the pH of the solution to ≈ 7, the spectrum obtained after SO4
•−
 induced one-

electron oxidation of 7 was similar to that obtained in acidic solution. However, as described 

previously for ring-methoxylated phenylethanoic acid radical cations (see Chapter 2.1), a 

broadening of the radical cation visible absorption band, accompanied by a 25 nm red-shift in 

its position was observed (Figure 2.2.5, empty circles). This behavior is attributed to the 

formation of the radical zwitterion 
−
7
•+
 as described in Scheme 2.2.3.

10
 Quite importantly, no 

significant spectral variation was instead observed for 11
•+
 between pH 4 and 10. 

 

77
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Scheme 2.2.3 

 

Figure 2.2.7 displays the time-resolved absorption spectra observed after LFP of a nitrogen-

saturated aqueous solution (pH = 1.7) containing 2-(3,4-dimethoxyphenyl)-2-methyl 

propanoic acid (8) (2.0 mM) and K2S2O8 (0.1 M). 

λ / nm
300 350 400 450 500 550

∆
A

0.00

0.02

0.04

0.06

0.08 384 ns 

 1.3 µs 
 3.5 µs 
  15 µs 

 

Figure 2.2.7. Time-resolved absorption spectra observed after 266 nm LFP of a nitrogen-

saturated aqueous solution (T = 25 °C, pH = 1.7) containing 0.1 M K2S2O8 and 2 mM 2-(3,4-

dimethoxyphenyl)-2-methyl propanoic acid (8), recorded at 384 ns (filled circles), 1.3 µs 
(empty circles), 3.5 µs (filled squares) and 15 µs (empty squares)  after the 8 ns, 10 mJ laser 

flash.  
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The spectrum recorded 384 ns after the laser flash (filled circles) shows the formation of two 

absorption bands, centered at 310 and 420 nm that are very similar to those observed 

previously for the radical cations of 1,2-dimethoxybenzene,
11
 1-(3,4-

dimethoxyphenyl)alkanols,
12
 and 3,4-dimethoxyphenylethanoic acid (see Chapter 2.1). On the 

basis of this observation, the transient described above can be reasonably assigned to the 

radical cation 8
•+
, formed by SO4

•−
 induced one-electron oxidation of 8. Moreover, these two 

absorption bands were observed to decay following first-order kinetics and identical rate 

constants were measured for the decay of the two bands (k↓ = 2.1 × 10
5
 s
−1
), and their decay 

was not affected by the presence of oxygen, in line with their assignment to an aromatic 

radical cation. 

Figure 2.2.8 displays the time-resolved absorption spectra observed after LFP of a nitrogen-

saturated aqueous solution (pH = 6.8) containing 2-(3,4-dimethoxyphenyl)-2-methyl 

propanoic acid (8) (5.0 mM) and K2S2O8 (0.1 M). The spectrum recorded 28 ns after the laser 

flash (filled circles) shows again the formation of two bands, centered at 310 and 420 nm. 

However, as described previously for 7
•+
 and for ring-methoxylated phenylethanoic acid 

radical cations (see Chapter 2.1), a broadening of the radical cation visible absorption band 

was observed on going from pH = 1.7 to pH = 6.8.  
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Figure 2.2.8. Time-resolved absorption spectra observed after 266 nm LFP of a nitrogen-

saturated aqueous solution (T = 25 °C, pH = 6.8) containing 0.1 M K2S2O8 and 5 mM 2-(3,4-

dimethoxyphenyl)-2-methyl propanoic acid (8), recorded at 28 ns (filled circles), 128 ns 

(empty circles), 288 ns (filled squares), 588 ns (empty squares), 1.0 µs (filled diamonds) and 

4.0 µs (empty diamonds)  after the 8 ns, 10 mJ laser flash. 
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This behavior is again attributed to the formation of the radical zwitterion 
−
8
•+
, as described in 

Scheme 2.2.3 for 7
•+
. 
−
8
•+
 was observed to decay following first-order kinetics (k↓ (420 nm) = 

2.6 × 106 s−1) and this decay was accompanied by the formation of a species that showed an 

absorption at 320 nm (an isosbestic point is visible at 340 nm). 

The time-resolved absorption spectrum observed after PR of an argon saturated aqueous 

solution (pH = 1.7) containing 1-(3,4-dimethoxyphenyl)-1-cyclopropanecarboxylic acid (9) (1 

mM), K2S2O8 (10 m M) and 2-methyl-2-propanol (0.1 M) recorded 5 µs after the pulse shows 

the formation of two bands, centered at 310 and 445 nm, whose decay is not affected by the 

presence of oxygen, that can be reasonably assigned to the radical cation 9
•+
, formed by SO4

•−
 

induced one-electron oxidation of 9.  

By increasing the pH of the solution to ≈ 7, the spectrum observed after SO4
•−
 induced one-

electron oxidation of 9 was similar to that obtained in acidic solution. However, as described 

previously for 7
•+
 a broadening of the radical cation visible absorption band, accompanied by 

a 20 nm red-shift in its position was observed. This behavior is again attributed to the 

formation of the corresponding radical zwitterion 
−
9
•+
, characterized by absorption bands at 

310 and 465 nm. 

Unfortunately, 266 nm LFP studies carried out on 9 showed the formation of transient species 

derived from the direct photochemistry of the substrate and this did not allow the use of this 

technique for the study of the one-electron oxidation of this substrate. 

Figure 2.2.9 shows the time-resolved absorption spectrum observed after PR of an argon 

saturated aqueous solution (pH = 7.0) containing methyl 1-(3,4-dimethoxyphenyl)-1-

cyclopropanecarboxylate (12) (0.3 mM), K2S2O8 (10 mM) and 2-methyl-2-propanol (0.1 M). 

The spectrum recorded 6 µs after the pulse shows the formation of two bands, centered at 300 

and 445 nm, that are very similar to those observed for 9
•+
 and can be reasonably assigned to 

12
•+
. As described previously for 11

•+
, also in this case no significant spectral variation was 

observed between pH 4 and 10. 

The one-electron oxidation of 1-(4-methoxyphenyl)cyclopropanol (7a) was studied 

employing both PR and LFP. PR of an argon-saturated aqueous solution (pH = 5.0) 

containing 2 mM 1-(4-methoxyphenyl)cyclopropanol (7a), 0.1 M 2-methyl-2-propanol and 10 

mM K2S2O8, did not provide evidence for the formation of an intermediate radical cation, 

showing instead the fast formation of a product absorbing at λ < 370 nm. A result that 

suggests that 7a
•+
 is either not formed under these conditions or that its decomposition 

exceeds the time resolution of the PR equipment employed. Unfortunately, 266 nm LFP 
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experiments carried out on 7a showed the formation of transient species derived from the 

direct photochemistry of the substrate and no further LFP investigation was carried out. 

Additional studies, are thus necessary in order to obtain information on the one-electron 

oxidation of this substrate. 
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Figure 2.2.9. Time-resolved absorption spectrum observed on reaction of SO4
•−
 with methyl 

1-(3,4-dimethoxyphenyl)-1-cyclopropanecarboxylate (12) (0.3 mM) recorded after pulse 

radiolysis of an argon-saturated aqueous solution (pH = 7.0), containing 0.1 M 2-methyl-2-

propanol and 10 mM K2S2O8, 6 µs after the 300 ns, 10-MeV electron pulse. 

 

Product studies. The one-electron oxidation reactions of substrates 6-12 and 7a were carried 

out in argon saturated aqueous solution (pH = 1.0, 1.7 or 6.7) at T = 25 or 50 °C, employing 

SO4
•−
 (generated by steady state photolysis as described in eq 1.3) and/or potassium 12-

tungstocobalt(III)ate (Co(III)W) as the oxidant. The Co(III)W-induced oxidations were 

generally carried out until complete conversion of the oxidant. In the SO4
•−
-induced 

oxidations, irradiation times were chosen in such a way as to avoid complete substrate 

consumption. 
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Scheme 2.2.4 
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With 2-(4-methoxyphenyl)-2-methyl propanoic acid (6) product studies, carried out both at 

pH = 1.0 and 6.7 using Co(III)W as the oxidant, showed the exclusive formation of 2-(4-

metoxyphenyl)propan-2-ol (6a) as described in Scheme 2.2.4. 

When SO4
•−
 was used as the oxidant, the reaction of 6, both at pH = 1.0 and 6.7, showed the 

formation of 6a as major product accompanied by 4-methoxyacetophenone (Scheme 2.2.5). 
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Scheme 2.2.5 

 

The relative amount of 4-methoxyacetophenone was observed to increase on going from pH = 

1.0 to pH = 6.7. The product distributions observed in the one-electron oxidation reactions 

carried out for 6 are collected in Table 2.2.1. 

 

Table 2.2.1. Product distributions observed in the Co(III)W and SO4
•−
 induced 

oxidation of 2-(4-metoxyphenyl)-2-methylpropanoic acid (6), carried out in aqueous 

solution.
a
 

entry oxidant pH
 b 

recovered 

substrate (6) 

(%) 

AnC(CH3)2OH
 c 

(6a) 

(%) 

AnCOCH3
 c 

(%) 

1
 d 

Co(III)W 1
 b
 53 47 - 

2
 d 

Co(III)W 6.7
 b 

40 60 - 

3
 e 

SO4
•−
 1

 c
 - 98 2 

4
 f 

SO4
•−
 6.7

 d
 - 89 11 

a
Good to excellent mass balances (≥ 90 %) were observed in all experiments. 

b
pH = 1.0 

(HClO4 0.1 M); pH = 6.7 (NaH2PO4 0.1 M, adjusted with NaOH). 
c
An = 4-MeOC6H4. 

d
[substrate] = 5 mM, [Co(III)W] = 5 mM, T = 50 °C. 

e
[substrate] = 2.5 mM, [K2S2O8] = 

0.1 M, T = 25 °C, irradiation time = 30 sec. 
f
[substrate] = 2.5 mM, [K2S2O8] = 0.1 M, T 

= 25 °C, irradiation time = 20 sec. 

 

The Co(III)W induced oxidation of 1-(4-methoxyphenyl)-1-cyclopropanecarboxylic acid (7) 

was studied at pH = 1.0 and 6.7. At pH = 1.0 a very slow reaction was observed, (after 48 hrs 

at T = 50 °C, > 95 % of the substrate was recovered from the reaction mixture). At pH = 6.7 a 
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significantly faster reaction was observed, showing the exclusive formation of 1-(4-

methoxyphenyl)-3-hydroxypropan-1-one (7b) as described in Scheme 2.2.6. 

 

7

H3CO

CO2H
Co(III)W

pH =  6.7
H3CO CCH2CH2OH

O

7b  

Scheme 2.2.6 

 

The SO4
•−
-induced oxidation of 7 was studied both at pH = 1.0 and 6.7. The analysis of the 

reaction mixture showed the formation of 7b, 1,6-bis(4-methoxyphenyl)hexane-1,6-dione (7c) 

and 4-methoxypropiophenone (7d) as described in Scheme 2.2.7. 
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Scheme 2.2.7 

 

The product distributions observed in the one-electron oxidation reactions carried out for 7 

are collected in Table 2.2.2. 

 

Table 2.2.2. Product distributions observed in the Co(III)W and SO4
•−
 induced oxidation of 

1-(4-methoxyphenyl)-1-cyclopropanecarboxylic acid (7), carried out in aqueous solution.
a
 

Entry oxidant pH
 b 

recovered 

substrate (7) 

(%) 

7b 
(%) 

7c 
(%) 

7d 
(%) 

1
 c,d 

Co(III)W 1.0 > 95 
d 

- - 

2
 c 

Co(III)W 6.7
 

55 45 - - 

3
 e,f 

SO4
•−
 1.0 90 3 4 3 

4
 e,g
 SO4

•−
 6.7 90 1 6 4 

5
 e,h
 SO4

•−
 6.7 70 4 20 6 

6
 e,i 

SO4
•−
 6.7 38 7 46 9 

a
Good to excellent mass balances (≥ 85 %) were observed in all experiments. 

b
pH = 1.0 

(HClO4 0.1 M); pH = 6.7 (NaH2PO4 0.1 M, adjusted with NaOH). 
c
[substrate] = 2.5 mM, 

[Co(III)W] = 2.5 mM, T = 50 °C. 
d
An almost complete recovery of the substrate was 

observed after 48 hrs and only traces of 7b were observed. 
e
[substrate] = 2.5 mM, [K2S2O8] 

= 0.1 M, T = 25 °C. 
f
Irradiation time = 60 sec. 

g
Irradiation time = 30 sec. 

h
Irradiation time 

= 120 sec. 
i
Irradiation time = 360 sec. 
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The Co(III)W induced oxidation of 7 was also studied in AcOH/H2O 55:45 at T = 50 °C, in 

the presence of 0.5 M AcOK. Under these conditions, the analysis of the reaction mixture 

showed the formation of 7b, 1-(4-methoxyphenyl)cyclopropyl acetate (7e) and 7d as 

described in Scheme 2.2.8 (An = 4-MeOC6H4). No quantitative analysis was carried out under 

these conditions. 

 

AcOH/H2O 55:45

         AcOK7 7b

+AnCCH2CH2OH

O

AnCCH2CH3

O
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+
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An

OCCH3

O

 

Scheme 2.2.8 

 

With 1-(4-methoxyphenyl)cyclopropanol (7a), product studies, carried out at pH = 6.7 using 

Co(III)W or SO4
•−
 as the oxidant, showed the formation of 7b, 7c and 7d, i.e. of the same 

products observed in the SO4
•−
 induced oxidation of 7 described above in Scheme 2.2.7 and 

Table 2.2.2. The product distributions observed in the one-electron oxidation reactions carried 

out for 7a are collected in Table 2.2.3. 

 

Table 2.2.3. Product distributions observed in the Co(III)W and SO4
•−
 

induced oxidation of 1-(4-methoxyphenyl)cyclopropanol (7a), carried out 

in aqueous solution (pH = 6.7) at T = 25 °C.
a
 

Entry oxidant 

Recovered 

substrate (7a) 

(%) 

7b 
(%) 

7c 
(%) 

7d 
(%) 

1
 b 

Co(III)W 74 11 9 6 

2
 c 

SO4
•−
 70 1 22 7 

a
Good to excellent mass balances (≥ 95 %) were observed in all 

experiments. 
b
[substrate] = 2 mM, [Co(III)W] = 2 mM. 

c
[substrate] = 1.5 

mM, [K2S2O8] = 0.1 M, irradiation time = 40 sec. 

 

The one-electron oxidation of 2-(3,4-dimethoxyphenyl)-2-methyl propanoic acid (8), was 

carried out in argon saturated aqueous solution (pH = 1.0 or 6.7) at T = 25 °C, employing 

Co(III)W as the oxidant. At both pH = 1.0 and 6.7 the reaction showed the exclusive 

formation of 2-(3,4-dimetoxyphenyl)propan-2-ol (8a) in close analogy with the Co(III)W-

induced oxidation of 6 described in Scheme 2.2.4. 
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The one-electron oxidation of 1-(3,4-dimethoxyphenyl)-1-cyclopropanecarboxylic acid (9) 

was carried out in argon saturated aqueous solution (pH = 1.0 or 6.7) at T = 25 °C, employing 

Co(III)W as the oxidant. At both pH = 1.0 and 6.7 the reaction showed the exclusive 

formation of 1-(3,4-dimethoxyphenyl)-3-hydroxypropan-1-one (9b) in close analogy with the 

Co(III)W-induced oxidation of 7 described in Scheme 2.2.6. 

The one-electron oxidations of methyl 2-(4-methoxyphenyl)-2-methyl propanoate (10), 

methyl 1-(4-methoxyphenyl)-1-cyclopropanecarboxylate (11) and methyl 1-(3,4-

dimethoxyphenyl)-1-cyclopropanecarboxylate (12) were carried out in argon saturated 

aqueous solution (pH = 6.7) at T = 50 °C, employing Co(III)W as the oxidant. Under these 

conditions complete recovery of the parent compound was observed for all substrates after 

reaction times ≥ 24 hrs. This observation clearly indicates that methyl esters 10-12 do not 

react under these experimental conditions. The lack of reactivity of these substrates is also 

evidenced by the fact that no change in color was observed for the Co(III)W/methyl ester 

reaction mixtures, whereas when the Co(III)W-induced oxidation reaction of aromatic 

compounds takes place, it is always accompanied by a color change from yellow to blue 

(indicative of the conversion of Co(III)W into its reduced form Co(II)W)).
13,14

 

Time-resolved kinetic studies. As mentioned above, no intermediate radical cation was 

detected in the time-resolved studies carried out for 2-(4-methoxyphenyl)-2-methyl propanoic 

acid (6), and 1-(4-methoxyphenyl)cyclopropanol (7a). Even though the mechanistic aspects of 

the one-electron oxidation of 6 and 7a will be discussed in detail later on, it is important to 

point out that with 6 the kinetic data obtained by LFP indicate that if a radical cation is 

actually formed after one electron oxidation, its decay rate constant must exceed 5 × 107 s−1, 

whereas with 7a the kinetic data obtained by PR indicate that if a radical cation is actually 

formed, its decay rate constant must exceed 1 × 106 s−1.15 

The decay of the radical cations 7
•+
-9

•+
 and of the corresponding radical zwitterions 

−
7
•+
-
−
9
•+
 

was measured spectrophotometrically in aqueous solution (T = 25 °C, pH = 1.7 and ≈ 7, 

respectively) following the decrease in optical density at the corresponding visible absorption 

band maximum (between 420 and 520 nm). In all cases the decay was observed to follow first 

order kinetics, and the rate constants thus obtained are collected in Table 2.2.4. 

The decay of the radical cations 10
•+
-12

•+
 was measured spectrophotometrically in aqueous 

solution (T = 25 °C, pH ≈ 7) following the decrease in optical density at the corresponding 

visible absorption band maximum (between 450 and 500 nm). With these radical cations the 

decay was observed to be influenced by the radiation chemical dose and accordingly, only an 
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upper limit for their decay rate constant could be determined. The upper limits to the rate 

constants thus obtained are also collected in Table 2.2.4. 

 

Table 2.2.4. First order rate constants (k) for the decay of radical cations and radical 

zwitterions generated after PR and/or LFP of the parent substrates 7-12 in aqueous 

solution, measured at T = 25 °C. 

substrate pH
 a 

transient generation   λ  λ  λ  λdet 
b
 / nm    k / s

−1
 

7 1.7 

1.7 

1.7 

7.0 

7.0 

7
•+
 

7
•+
 

7
•+
 

−
7
•+
 

−
7
•+
 

PR, SO4
•−
, Ar 

PR, SO4
•−
, O2 

LFP, SO4
•−
, N2 

PR, SO4
•−
, Ar 

LFP, SO4
•−
, N2 

500 

500 

500 

520 

520 

4.7 × 103 
4.4 × 103 
4.5 × 103 
2.2 × 104 
2.4 × 104 

8 1.7 

1.7 

1.7 

7.2 

6.8 

8
•+
 

8
•+
 

8
•+
 

−
8
•+
 

−
8
•+
 

PR, SO4
•−
, Ar 

PR, SO4
•−
, O2 

LFP, SO4
•−
, N2 

PR, SO4
•−
, Ar 

LFP, SO4
•−
, N2 

420 

420 

420 

420 

420 

2.1 × 105 
1.8 × 105 
2.1 × 105 
> 1 × 106 c 
2.6 × 106 

9 1.7 

7.0 

7.0 

9
•+
 

−
9
•+
 

−
9
•+
 

PR, SO4
•−
, Ar 

PR, SO4
•−
, Ar 

PR, SO4
•−
, O2 

445 

465 

465 

1.1 × 104 
3.5 × 104 
3.7 × 104 

10 7.0 10
•+
 PR, SO4

•−
, Ar 450 < 10

3 d 

11 7.2 11
•+
 PR, SO4

•−
, Ar 500 < 10

3 d
 

12 7.0 12
•+
 PR, SO4

•−
, Ar 445 < 10

3 d
 

a
pH = 1.7 (adjusted with HClO4); pH ≈ 7 (NaH2PO4 2 mM, adjusted with NaOH). 
b
Monitoring wavelength. 

c
The time-resolution of the instrument did not allow the 

measurement of the decay rate constant and only an upper limit is provided. 
d
The decay 

of the radical cations was observed to be influenced by the radiation chemical dose, and 

only an upper limit for the decay rate constant could be determined. 

 

By monitoring the decay of the radical zwitterions 
−
7
•+
 and 

−
9
•+
, and of the radical cations 

11
•+
 and 12

•+
 at the visible absorption band maximum (between 445 and 520 nm) a significant 

increase in rate was observed when 
−
OH was added to the solution, and by plotting the 

observed rates (kobs) vs concentration of added base, a linear dependence was observed in all 

cases. (Figures 2.2.10 and 2.2.11, showing the kobs vs [
−
OH] plots for the reactions of 

−
7
•+
 and 

−
9
•+
, respectively). From the slopes of these plots, the second-order rate constants for reaction 

of 
−
OH with 

−
7
•+
, 
−
9
•+
, 11

•+
 and 12

•+
 (k−OH) were determined. The second-order rate constants 

thus obtained are collected in Table 2.2.5. 
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Figure 2.2.10. Plot of kobs against concentration of NaOH for the reaction of radical 

zwitterion 
−
7
•+
 with 

−
OH. From the linear regression analysis: intercept = 1.6 × 104 s−1, slope 

= 6.9 × 106 M−1
 s
−1
, r

2
 = 0.9968. 
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Figure 2.2.11. Plot of kobs against concentration of NaOH for the reaction of radical 

zwitterion 
−
9
•+
 with 

−
OH. From the linear regression analysis: intercept = 3.4 × 104 s−1, slope 

= 1.1 × 106 M−1
 s
−1
, r

2
 = 0.9999. 
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Table 2.2.5. Second-order rate constants for the 
−
OH-catalyzed 

(k−OH) decay of radical zwitterions 
−
7
•+
 and 

−
9
•+
, and radical 

cations 11
•+
 and 12

•+
 generated by PR of the parent substrates in 

aqueous solution, measured at T = 25 °C. 

transient
 a 

pH range
 b k−−−−OH

 c
 

(M
−1
 s
−1
) 

−
7
•+
 10.2-12.3 7.1 × 106 

−
9
•+
 10.0-12.5 1.0 × 106 

11
•+
 10.0-11.3 5.4 × 107 

12
•+
 10.1-11.3 5.7 × 106 

a
The radical cations and the radical zwitterions were generated by 

PR (dose ≤ 5 Gy/pulse) of argon saturated aqueous solutions 
containing the substrate (0.4-1.0 mM), K2S2O8 (10 mM), 2-methyl-

2-propanol (0.1 M) and Na2B4O7 (1 mM). 
b
pH range employed for 

the determination of k−OH. 
c
Obtained from the slopes of the kobs vs 

[NaOH] plots, where kobs was obtained following the decay of 

absorption at the radical cation or radical zwitterion visible 

absorption band maximum (between 445 and 520 nm). Average of 

at least two independent determinations. Error ≤ 10%. 
d
The pH 

was limited to 11.3 because at pH > 11.5 ester hydrolysis was 

observed 

 

 

DFT calculations. Hybrid density functional (DFT) calculations with unrestricted MO 

formalism [UB3LYP/6-31G(d)] were carried out for 2-(4-methoxyphenyl)-2-methyl 

propanoic acid (6), 1-(4-methoxyphenyl)-1-cyclopropanecarboxylic acid (7) and for the 

corresponding radical cations 6
•+
 and 7

•+
. The relaxed potential energy surface scans for the 

internal rotations about the CAr−C (α) and C−CO2H (β) bonds (depicted for the sake of clarity 

in Scheme 2.2.9) were carried out for 6 and 7 and for 6
•+
 and 7

•+
, and those calculated for the 

radical cations are shown in Figures 2.2.12 and 2.2.13. 

 

OCH3

O

OH

α
β

OCH3

OH

O
α
β

6 7

 

Scheme 2.2.9 
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Figure 2.2.12. Relaxed potential energy surface scan for 7
•+
 calculated at the UB3LYP/6-

31G(d) level of theory. α represents the dihedral angle between the plane of the aromatic ring 

and the plane that bisects the cyclopropyl ring. β is the dihedral angle between the plane that 
bisects the cyclopropyl ring and the plane of the CO2H group (see Scheme 2.2.9). The colored 

scale on the right hand side is in kcal mol
−1
. 

 

Figure 2.2.13. Relaxed potential energy surface scan for 6
•+
 caluculated at the UB3LYP/6-

31G(d) level of theory. α represents the dihedral angle between the plane of the aromatic ring 

and the plane that bisects the CH3CCH3 angle. β is the dihedral angle between the plane that 
bisects the CH3CCH3 angle and the plane of the CO2H group (see Scheme 2.2.9). The colored 

scale on the right hand side is in kcal mol
−1
. 

α

0 30 60 90 120 150 180 210 240 270 300 330 360

β

0

30

60

90

120

150

180

210

240

270

300

330

360

0 

1 

2 

3 

4 

5 

6 

7 

8 

α

0 30 60 90 120 150 180 210 240 270 300 330 360

β

0

30

60

90

120

150

180

210

240

270

300

330

360

0 

1 

2 

3 

4 

5 

6 

7 

8 



 62 

With the neutral substrates 6 and 7, the most stable conformations were those characterized 

by dihedral angle values of α = 60°, β = 90° and α = 90°, β = 180°, respectively. 

The analysis of Figure 2.2.12 clearly shows that the potential energy surface for 7
•+
 is 

strongly influenced by the relative orientation of the cyclopropyl and carboxylic groups. 

Accordingly, the most stable conformation for 7
•+
 is the one where the plane of the aromatic 

ring bisects the plane of the cyclopropyl ring (α = 180°, β = 0°: bisected conformation) 

(Scheme 2.2.10, structure I). This result is in line with the well known conformation-

dependent π-donor properties of the cyclopropyl group.16 In this conformation, orbital 

aligment between the aromatic π-system and the cyclopropyl HOMO is maximal and electron 

donation can occur. Quite interestingly, in this conformation the carboxylic group is coplanar 

with the aromatic ring, resulting in efficient orbital overlap between the carbonyl π-system 

and the cyclopropyl orbitals. 

 

 

α = 180°, β = 0°  (structure I)   α = 180°, β = 90°  (structure II) 

∆Ε  = 0.00 (Kcal/mol)     ∆Ε  = 4.63 (Kcal/mol) 

Global minimun   

α = 180°, β = 180°  (structure III)   α = 90°, β = 180° (structure IV) 

∆Ε  = 2.24 (Kcal/mol)    ∆Ε  = 3.21 (Kcal/mol) 

 

Scheme 2.2.10 
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In the alternative perpendicular conformation (Scheme 2.2.10, structure IV), the cyclopropyl 

HOMO is othogonal to the π-system and no such overlap can be achieved. 

As compared to the potential energy surface calculated for 7
•+
 (Figure 2.2.12), the energy 

surface calculated for 6
•+
, depicted in Figure 2.2.13, appears to be relatively flat. In this case 

significantly smaller energy differences between the alternative conformations were 

calculated (Scheme 2.2.11) indicating that the relative conformations of the aromatic ring and 

the C(CH3)2 group play a minor role. 

α = 300°, β = 0°  (structure V)       α = 270°, β = 210°  (structure VI)   
∆Ε  = 0.00  (Kcal/mol)                    ∆Ε  = 1.67 (Kcal/mol) 

 

Scheme 2.2.11 

 

The computed energies obtained for the most stable conformations of 6, 7, 6
•+
 and 7

•+
 were 

then used to evaluate the adiabatic ionization potentials (IPs) of 6 and 7. IP values of 7.48 and 

7.33 eV, for 6 and 7, respectively, were thus obtained from the energy difference between the 

radical cation and the neutral precursor. 

DFT calculations at the UB3LYP/6-31G(d) level of theory were also carried out in order to 

obtain information on the stability of the 1-(4-methoxyphenyl)cyclopropyl radical and of the 

4-methoxycumyl radical, expressed in terms of the benzylic C−H bond dissociation enthalpies 

(BDEs) of the parent compounds (4-methoxycyclopropylbenzene and 4-methoxycumene, 

respectively, Scheme 2.2.12). 

 

H3CO
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H3CO

CH3

CH3

H

H3CO +     H

+     HH3CO

CH3

CH3
 

Scheme 2.2.12 
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BDEs calculated at the UB3LYP/6-31G(d) level of theory are sufficiently reliable for the 

discussion presented here, because it has been pointed out both that the B3LYP functional 

offers an attractive and seemingly accurate alternative to the expensive conventional ab initio 

methods for the computation of BDEs,
17
 and that, thanks to the cancellation of errors, 

differences in BDEs (∆BDEs) within a closely related family of compounds are much more 

reliable than the absolute values.
18
 BDE values were thus obtained from the energy 

differences between the radicals produced by homolitic C−H bond cleavage and the parent 

substrate (BDE = E(H
•
) + E(subs

•
) − E(subs−H), where subs−H = 4-methoxycyclopropyl 

benzene or 4-methoxycumene). BDE values of 99.0 and 90.1 kcal mol
−1
 were thus obtained 

for the benzylic C−H bond of 4-methoxycyclopropylbenzene and 4-methoxycumene, 

respectively 

 

Discussion 

 

Product studies carried out on 2-(4-methoxyphenyl)-2-methyl propanoic acid (6) showed the 

formation of 2-(4-methoxyphenyl)propan-2-ol (6a) as the exclusive or predominant reaction 

product as described in Schemes 2.2.4 and 2.2.5. This product clearly derives from the 

oxidation of an intermediate 4-methoxycumyl radical formed after oxidative decarboxylation 

of 6, as described previously for the one-electron oxidation of 4-methoxyphenylethanoic acid 

in acidic aqueous solution (see Chapter 2.1).
2,19

 Along this line, the formation of 4-

methoxyacetophenone in the SO4
•−
-induced oxidation of 6 can be explained in terms of the 

further oxidation of the first formed alcohol 6a, via an intermediate radical cation 6a
•+
, a 

process that is known to be favored by the presence of a base.
20
 LFP experiments carried out 

at pH = 1.7 did not provide any direct evidence for the formation of an intermediate radical 

cation 6
•+
, showing instead the initial formation of SO4

•−
 whose decay (occurring with a first-

order rate constant k↓(450 nm) = 1.0 × 107 s−1) is accompanied by the corresponding buildup 

in absorption in the UV region of the spectrum (k↑(290 nm) = 1.1 × 107 s−1) of a transient 

species (Figure 2.2.1). The decay of this species is accelerated by oxygen occurring with a 

second-order rate constant k = 1.7 × 109 M−1
 s
−1
, a value that is similar to those measured 

previously for the reactions of carbon centered radicals with oxygen.
21-23

 On the basis of this 

observation and of the results of product studies described above this transient can be 

assigned to the 4-methoxycumyl radical.  
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Overall, these results are consistent with those obtained previously for the one-electron 

oxidation 4-metoxyphenylethanoic acid (1), where no direct evidence for the formation of an 

intermediate radical cation 1
•+
 but only of the 4-methoxybenzyl radical was obtained.2,19 The 

mechanism of the one-electron oxidation of 6 can be thus described according to Scheme 

2.2.13: the oxidation of 6 is coupled with the decarboxylation reaction, directly leading to the 

4-methoxycumyl radical. Oxidation of this radical in the reaction medium gives 6a. 
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Scheme 2.2.13 

 

Clearly, even though no intermediate radical cation 6
•+
 was detected in the LFP experiments, 

the kinetic data do not allow to exclude the possible intermediacy of 6
•+
, because its lifetime 

could be too short to allow detection under the experimental conditions employed: in other 

words, if 6
•+
 is actually formed after one electron oxidation, its decarboxylation rate constant 

must be extremely fast (k > 5 × 107 s−1). 

At least partial support to this hypothesis comes from the observation that the second order 

rate constant for reaction of SO4
•−
 with 6, derived from the rate constant measured for the 

decay of SO4
•−
 (k↓(450 nm) = 1.0 × 107 s−1) and the concentration of 6 (2.0 × 10−3 M) as k = 

5.0 × 109 M−1
 s
−1
, is very similar to the rate constants measured previously for reaction of 

SO4
•−
 with monomethoxylated benzenes,

7,11,24
 thus indicating that electron removal is very 

likely to occur from the aromatic nucleus. Along this line, the possibility that electron 

removal occurs from the carboxylic (or carboxylate) function, directly leading to an acyloxyl 

radical, can be discarded on the basis of the second-order rate constants determined for the 

reaction of SO4
•−
 with ethanoic acid at pH ≈ 0 and pH = 6.8: k = 8.8 × 104 and 5.0 × 106 M−1

 

s
−1
, respectively.

25,26
 

With methyl 2-(4-methoxyphenyl)-2-methyl propanoate (10), direct evidence for the 

formation of an intermediate radical cation 10
•+
 after one-electron oxidation was obtained by 

LFP and PR, as clearly shown by the time-resolved spectrum displayed in Figure 2.2.3. 10
•+
 

displayed a very low reactivity, evidenced by the lack of oxidation observed when 10 was 
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reacted with Co(III)W, and by the upper limit determined for its decay rate constant (k < 10
3
 

s
−1
). With this substrate, the presence of the CO2Me group prevents the decarboxylation 

reaction of the corresponding radical cation, thus determining a dramatic depression in its 

reactivity as compared to 6. Moreover, the presence of the two methyl groups in the α 

position precludes the possibility of benzylic C−H deprotonation as an alternative decay 

pathway of 10
•+
. 

With 1-(4-methoxyphenyl)cyclopropanecarboxylic acid (7), direct evidence for the formation 

of an intermediate radical cation 7
•+
 or radical zwitterion 

−
7
•+
 after one-electron oxidation was 

obtained by LFP and PR, as clearly shown by the time-resolved spectra displayed in Figures 

2.2.4 and 2.2.5. The Co(III)W induced oxidation of 7 showed, at pH = 6.7, the exclusive 

formation of 1-(4-methoxyphenyl)-3-hydroxypropan-1-one (7b) as described in Scheme 2.2.6. 

The same product, accompanied by 1,6-bis(4-methoxyphenyl)hexane-1,6-dione (7c) and 4-

methoxypropiophenone (7d) was also observed after SO4
•−
-induced oxidation of 7 at pH = 1.0 

and 6.7 (Scheme 2.2.7). The formation of 7b can in principle be explained in terms of the two 

pathways described in Scheme 2.2.14 for the fragmentation of 7
•+
. In the mechanism 

described in paths a-c, the initially formed 7
•+
 undergoes decarboxylation to give the 1-(4-

methoxyphenyl)cyclopropyl radical (path a). Oxidation of this radical followed by reaction 

with the solvent water gives 1-(4-methoxyphenyl)cyclopropanol (7a) (path b) whose 

subsequent oxidation finally leads to 7b (path c). As it is well known that arylcyclopropane 

radical cations undergo a facile ring-opening reaction by nucleophilic attack at the Cβ carbon 

of the cyclopropane ring,
9,27-29

 a possible mechanistic alternative is that described in paths d-f 

of Scheme 2.2.14. 7
•+
 undergoes a water-induced ring-opening reaction to give a stabilized 

benzylic radical (path d). Oxidation of this radical followed by reaction with water gives 2,4-

dihydroxy-2-(4-methoxyphenyl)butanoic acid (path e) whose subsequent oxidative 

decarboxylation finally leads to 7b (path f). 

However, the latter pathway can be discarded on the basis of the observation that methyl 1-(4-

methoxyphenyl)cyclopropanecarboxylate (11), whose radical cation 11
•+
 would be expected 

to display a reactivity towards ring-opening comparable to that of 7
•+
, showed instead a 

significantly lower reactivity (see Table 2.2.4). A result that indicates that water is not 

sufficiently nucleophilic to promote ring-opening of the cyclopropane ring. 
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Scheme 2.2.14 

 

Also the observation that the decay rate constant increases on going from 7
•+
 to 

−
7
•+
 is in line 

with a decarboxylation reaction (path a), as described in Chapter 2.1 for the one-electron 

oxidation of arylethanoic acids 2-5, where the radical zwitterions were observed to be 

between 10 and 40 times more reactive than the corresponding radical cations. Last but not 

least, the mechanism described by paths d-f would not be able to account for the formation of 

products 7c and 7d.  

On the other hand, in the one-electron oxidation of 7, 1-(4-methoxyphenyl)cyclopropanol (7a) 

was never detected among the reaction products. This observation is however not surprising 

because 7a was observed to be significantly more reactive than 7, and in particular, given that 

the decarboxylation rate constants for 7
•+
 and 

−
7
•+
 were measured as 4.7 × 103 and 2.2 × 104 

s
−1
, respectively, the kinetic data obtained by PR indicate that if 7a

•+
 is actually formed, its 

decay rate constant must be > 1 × 106 s−1. Indirect evidence in favor of the intermediacy of 7a 

comes from the observation that the same products were formed after one-electron oxidation 

of 7 and 7a, and, more importantly, from the observation that 1-(4-

methoxyphenyl)cyclopropyl acetate (7e) was detected among the reaction products when the 

Co(III)W-induced oxidation of 7 was carried out in AcOH/H2O 55:45, in the presence of 
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AcOK (Scheme 2.2.8); an observation that is in line with the previous indication that the 

conversion of 4-methoxybenzylalcohol into its acetate determines a significant decrease in 

reactivity in the corresponding radical cations.
13
 Taken together, these evidences provide 

strong support to the hypothesis that the one-electron oxidation of 7 proceeds through the 

mechanism described by paths a-c.  

Very interestingly, the data discussed above also provide indirect evidence on the 

involvement of an intermediate 1-(4-methoxyphenyl)cyclopropyl cation in this process.
30
 

The formation of 1,6-bis(4-methoxyphenyl)hexane-1,6-dione (7c) can be explained according 

to Scheme 2.2.15, where 7a
•+
 undergoes ring-opening to give a radical that can either 

dimerize to give 7c, or get oxidized in the reaction medium finally leading to 7b. 
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Scheme 2.2.15 

 

For what concerns instead 4-methoxypropiophenone (7d), it is well known that this product 

can derive from the acid catalyzed or thermal rearrangement of 7a.
34
 Blank experiments 

showed the stability towards rearrangement of 7a above pH ≈ 3. Accordingly, the observation 

that in aqueous solution (pH = 6.7) the Co(III)W-induced oxidation of 7 led to the exclusive 

formation of 7b (Scheme 2.2.6), whereas 7d was also observed among the reaction products 

when the reaction was carried out in AcOH/H2O 55:45 (Scheme 2.2.8), indicates that in the 

latter experimental conditions the acid-catalyzed rearrangement of 7a can compete efficiently 

with its one electron oxidation. 
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On the other hand, the formation of 7b following SO4
•−
 induced oxidation of 7 at pH = 6.7 

(see Table 2.2.2) requires a different explanation and additional experiments in this respect 

will be necessary. 

The direct comparison between the one-electron oxidation reactions of 6 and 7, shows that the 

replacement of the C(CH3)2 moiety with a cyclopropyl group, determines a decrease in 

decarboxylation rate constant in the corresponding radical cations of at least four orders of 

magnitude!
35
 In order to rationalize this behavior, the relative contribution of several factors 

should be taken into account. 

Previous studies have shown that the decarboxylation rate constant is influenced by the 

oxidation potential of the substrate,
36
 as clearly shown for example in Chapter 2.1 for the one-

electron oxidation of arylethanoic acids (2-5). The radical cation decarboxylation rate 

constant was observed to be influenced by the stabilization of the positive charge on the 

aromatic ring, i.e. by the height of the kinetic barrier for side-chain to ring intramolecular 

electron transfer associated to decarboxylation. An increase in radical cation stability 

determines an increase in the height of the kinetic barrier for intramolecular electron transfer 

resulting in a corresponding decrease in decarboxylation rate constant.  

Along this line, the adiabatic ionization potentials calculated for 6 and 7 (7.48 and 7.33 eV, 

respectively) cleary indicate that 7
•+
 is more stable than 6

•+
, a behavior that can be ascribed to 

the well known π-donor properties of the cyclopropyl group16,37 (see for example in Scheme 

2.2.10 the most stable conformation calculated for 7
•+
). Evidence in this respect is also 

provided by the analysis of the time-resolved spectrum obtained for 7
•+
, shown in Figures 

2.2.4 and 2.2.5, that resembles the spectra observed for arylcyclopropane radical cations,
8,9,37

 

rather that those observed for anisole derivatives.
4,5,7,11

 

Another important factor is represented by the stability of the carbon centered radical formed 

after decarboxylation. In this context, Gould and Farid have clearly shown that in the 

decarboxylation of radical cations of anilino bis carboxylates characterized by comparable 

stabilities, the decarboxylation rate constants was influenced by the stability of the product 

radical, increasing with increasing radical stability.
38
 Accordingly, as a consequence of the 

Hammond postulate,
39
 an increase in stability of the product radical determines an increase in 

the reaction exothermicity and a corresponding decrease in activation energy. Along this line, 

the difference between the BDEs calculated for 4-methoxycyclopropylbenzene and 4-

methoxycumene (see Scheme 2.2.12), allows the assessment of the relative stabilities of the 1-

(4-methoxyphenyl)cyclopropyl and 4-methoxycumyl radicals.
18
 Based on the BDEs 

calculated for 4-methoxycyclopropylbenzene and 4-methoxycumene (99.0 and 90.1 kcal 

mol
−1
, respectively), the 4-metoxycumyl radical appears to be ≈ 9 kcal mol

−1
 more stable that 
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the 1-(4-methoxyphenyl)cyclopropyl radical,
40
 a result that is in line with the relatively low 

stability of cyclopropyl radicals.
41-43

 Clearly, the observed radical stabilities are in line with 

the decarboxylation rate constants reported above for 6
•+
 and 7

•+
. 

As final point of interest is represented by the possible role of stereoelectronic effects in these 

processes. It is well known that the side-chain fragmentation reactivity of alkylaromatic 

radical cations can be influenced by the relative orientation between the scissile bond and the 

π system (stereoelectronic effect).
44-47

 As illustrated in Scheme 2.2.16 (where, for the sake of 

clarity, in the former structure only the benzylic C−H bond is shown), the most suitable 

orientation for cleavage is the one where the dihedral angle between the plane of the aromatic 

ring and the plane defined by the scissile bond and the atom of the aromatic ring to which this 

bond is connected is 90°. In this conformation the scissile bond is aligned with the π system 

bearing the unpaired electron, and the best orbital overlap for bond cleavage can be achieved. 

 

H

 

Scheme 2.2.16 

 

Along this line, in the most stable conformation calculated for 7
•+
, (Scheme 2.2.10, structure 

I, α = 180°, β = 0°) the carboxylic group is coplanar with the plane of the aromatic ring, and 

no efficient overlap between the scissile C−CO2H bond and the π system can be achieved. In 

order to reach the most stable conformation where the scissile bond is perpendicular to the 

plane of the aromatic ring (most suitable orientation for bond cleavage: structure IV, α = 90°, 

β = 180°) an energy barrier of at least 4.63 kcal mol
−1
 has to be overtaken. 

On the other hand, in the most stable conformation calculated for 6
•+
, (Scheme 2.2.11, 

structure V, α = 300°, β = 0°) the scissile C−CO2H bond is very be close to the most suitable 

orientation for cleavage (α = 270°, β = 0°). In this case, moving on a relatively flat potential 

energy in order to reach the most suitable orientation for bond cleavage an energy barrier ≤ 

1.80 kcal mol
−1
 has to be overtaken. 

Thus, even though the observed differences in energy are relatively small, stereoelectronic 

requirements for C−CO2H bond cleavage are relatively more costly for 7
•+
 than for 6

•+
. 

In summary, when comparing the one-electron oxidation reactions of 6 and 7, the factors 

discussed above clearly indicate that the stability of the radical cation, the stability of the 

carbon radical formed after decarboxylation and stereoelectronic requirements for 
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decarboxylation all exert their effect in the same direction that is by decreasing the 

decarboxylation rate constant of 7
•+
 as compared to that of 6

•+
. 

On going from 6 and 7 to the corresponding dimethoxylated substrates 2-(3,4-

dimethoxyphenyl)-2-methyl propanoic acid (8) and 1-(3,4-dimethoxyphenyl)-1-

cyclopropanecarboxylic acid (9), time-resolved studies showed in both cases the formation of 

the corresponding radical cations 8
•+
 and 9

•+
 at pH = 1.7 and radical zwitterions 

−
8
•+
 and 

−
9
•+
 

at pH ≈ 7. 

Product studies carried out on 8 showed the formation of 2-(3,4-dimethoxyphenyl)propan-2-

ol (8a) as the exclusive reaction product both at pH = 1.0 and 6.7. Formation of this product 

can be explained in terms of the mechanism described in Scheme 2.2.17: oxidation of 8 leads 

to the formation of 8
•+
 (or 

−
8
•+
) that undergoes decarboxylation to give the 3,4-

dimethoxycumyl radical. Oxidation of this radical in the reaction medium gives 8a. 
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Scheme 2.2.17 

 

Decarboxylation rate constants k = 2.1 × 105 and 2.6 × 106 s−1 were measured for 8
•+
 and 

−
8
•+
, 

respectively (see Table 2.2.4). Clearly, as compared to 6, the presence of an additional 

methoxy ring substituent in 8 determines a significant stabilization of the radical cation that 

accordingly undegoes decarboxylation with a significantly lower rate constant.
35
 An increases 

in decarboxylation rate constant on going from the radical cation to the corresponding radical 

zwitterion was also observed for 2
•+
-5

•+
 (see Chapter 2.1) and for 7

•+
. This behavior has been 

rationalized in terms of the kinetic barrier for intramolecular side-chain to ring electron 

transfer required for decarboxylation that is expected to be higher for the radical cation, 

because, as compared to the radical zwitterion an additional proton transfer to the medium is 

required.  

Product studies carried out on 9 showed the formation of 1-(3,4-dimethoxyphenyl)-3-

hydroxypropan-1-one (9b) as the exclusive reaction product both at pH = 1.0 and 6.7. 

Formation of this product can be explained in analogy with the mechanism described in 
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Schemes 2.2.14 (paths a-c) and 2.2.15 for the oxidation of 7, in terms of the decarboxylation 

of the initially formed 9
•+
 or 

−
9
•+
. 

Decarboxylation rate constants k = 1.1 × 104 and 3.5 × 104 s−1 were measured for 9
•+
 and 

−
9
•+
, 

respectively (see Table 2.2.4). Quite surprisingly, these values are higher than those measured 

for 7
•+
 and 

−
7
•+
 (k = 4.7 × 103 and 2.2 × 104 s−1, respectively). Even though the interplay 

between the relative stabilities of the radical cations and those of the decarboxylated radicals 

may play a role in this respect, no clear cut explanation for this observation can be envisaged. 

Further studies will be necessary in order to shed more light on this apparent discrepancy. 

Table 2.2.5 displays the second-order rate constants for reaction of radical zwitterions 
−
7
•+
 

and 
−
9
•+
 and of methyl ester radical cations 11

•+
 and 12

•+
 with 

−
OH. The k−OH values were 

observed to decrease on going from the monomethoxylated radical ions (k−OH = 7.1 × 10
6
 and 

5.4 × 107 M−1
 s
−1
, for 

−
7
•+
 and 11

•+
, respectively) to the dimethoxylated ones (k−OH = 1.0 × 10

6
 

and 5.7 × 106 M−1
 s
−1
, for 

−
9
•+
 and 12

•+
, respectively), and on going from the methyl ester 

radical cations to the corresponding carboxylic acid radical zwitterions.  

At pH ≈ 7 radical zwitterions −7•+ and −9•+ were observed to undergo decarboxylation with k = 

2.2 × 104 and 3.5 × 104 s−1, respectively (Table 2.2.4), whereas 11•+ and 12•+ displayed a 

significantly lower reactivity and only an upper limit for their decay rate constant could be 

obtained (k < 10
3
 s

−1
). In 11

•+
 and 12

•+
 the presence of the CO2Me group prevents the 

decarboxylation reaction and moreover, the presence of the cyclopropyl group in the α 

position precludes the possibility of benzylic C−H deprotonation as an alternative decay 

pathway. As mentioned above, ring-opening of the cyclopropane ring was not observed at pH 

≈ 7, indicating that water is not sufficiently nucleophilic to promote this reaction. In basic 

solution, however, 11
•+
 and 12

•+
 displayed a significantly higher reactivity than the 

corresponding carboxylic acid radical zwitterions 
−
7
•+
 and 

−
9
•+
.  

In order to explain this behavior it is reasonable to propose that under these conditions 
−
7
•+
, 

−
9
•+
, 11

•+
 and 12

•+
 undergo a 

−
OH-induced ring-opening of the cyclopropane ring, as 

described in Scheme 2.2.18. Quite importantly, the intercepts of the kobs against [NaOH] plots 

for the reactions of 
−
7
•+
 and 

−
9
•+
 (1.6 × 104 and 3.4 × 104 s−1, see Figures 2.2.10 and 2.2.11, 

respectively), that represent the rate constants for the uncatalyzed reactions of 
−
7
•+
 and 

−
9
•+
, 

are very close to the decarboxylation rate constants measured for these radical zwitterions at 

pH = 7.0 (k = 2.2 × 104 and 3.5 × 104 s−1, see Table 2.2.4). On the basis of these observations 

it is reasonable to propose that at pH ≥ 10 −7•+ and −9•+ undergo competition between 

decarboxylation and 
−
OH-induced ring-opening of the cyclopropane ring, with the latter 

process that becomes the major fragmentation pathway around pH 12. 
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Ar

X

OH

Ar CCH2CH2OH

X

  7   : Ar = 4-MeOC6H4, X = CO2

  9   : Ar = 3,4-(MeO)2C6H3, X = CO2

11   : Ar = 4-MeOC6H4, X = CO2Me

12   : Ar = 3,4-(MeO)2C6H3, X = CO2Me
 

Scheme 2.2.18. 

 

In this context, it has been shown that arylcyclopropane radical cations are characterized by a 

certain extent of positive charge at the Cβ carbon of the cyclopropane ring, and that 

nucleophilic attack generally occurs at this position.
9,37

 Along this line, the k−OH values 

displayed in Table 2.2.5, can be rationalized in terms of the effect of the aromatic ring and of 

the cyclopropane ring substituent (CO2
−
 or CO2Me) on the stabilization of an incipient 

positive charge at Cβ, and consequently on the rate constant of the 
−
OH-induced reaction. An 

increase in aromatic ring electron density determines a decrease in the extent of positive 

charge at Cβ, and accordingly k−OH is observed to decrease on going from 
−
7
•+
 to 

−
9
•+
 and 

from 11
•+
 to 12

•+
. On the other hand, CO2Me is a relatively strong electron withdrawing 

group that is expected to increase the extent of positive charge at Cβ whereas the CO2
−
 group 

is expected to exert a negligible effect. Accordingly, as compared to 
−
7
•+
 and 

−
9
•+
, 

significantly larger k−OH have been determined for 11
•+
 and 12

•+
. 
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2.3 One-Electron Oxidation of Ring Methoxylated 1-Arylcycloalkanecarboxylic 

Acids. The Involvement of Aromatic Radical Cations and the Effect of Ring Size 

on the Decarboxylation Rate Constant. 

 

Following the study of the one-electron oxidation reactions of ring-dimethoxylated 

phenylethanoic acids 2-5 discussed in Chapter 2.1, and of 2-aryl-2-methyl propanoic and 1-

arylcyclopropanecarboxylic acids 6-9 discussed in Chapter 2.2, in order to obtain a deeper 

understanding of the role of structural effects on the one-electron oxidation of arylethanoic 

acids and in particular on the possible involvement of aromatic radical cations in these 

processes, we have carried out a product and time-resolved kinetic study at different pH 

values on the one-electron oxidation of two related series of ring methoxylated 1-

arylcycloalkanecarboxylic acids: 1-(4-methoxyphenyl)cyclobutanecarboxylic acid (14), 1-(4-

methoxyphenyl)cyclopentanecarboxylic acid (15), 1-(4-methoxyphenyl)cyclohexane 

carboxylic acid (16), 1-(3,4-dimethoxyphenyl)cyclobutanecarboxylic acid (17), 1-(3,4-

dimethoxyphenyl)cyclopentanecarboxylic acid (18), and 1-(3,4-dimethoxyphenyl) 

cyclohexanecarboxylic acid (19), structurally related substrates derived from the side-chain 

modification of 4-methoxyphenylethanoic (1) and 3,4-dimethoxyphenylethanoic acids (2), 

respectively, whose structures are shown in Chart 2.3.1. As a matter of completeness, in this 

Chart, also the structures of 1-(4-methoxyphenyl)cyclopropanecarboxylic acid (7) and 1-(3,4-

dimethoxyphenyl)cyclopropanecarboxylic acid (9), whose reactivities have been described in 

Chapter 2.2, have been included. 
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Chart 2.3.1 



 79 

Results 

 

Spectral properties. Argon or nitrogen saturated aqueous solutions of substrates 14-19 (1.0-

2.1 mM) were photolysed in the presence of 0.1 M K2S2O8 at pH ≈ 2 and pH ≈ 7, employing 

266 nm laser flash photolysis (LFP). Alternatively, time-resolved studies were carried out by 

pulse radiolysis (PR) of argon saturated aqueous solutions containing substrates 14-19 (0.5-

1.0 mM), K2S2O8 (10 mM) and 2-methyl-2-propanol (0.2 M). Due to solubility problems, 

some experiments were carried out in the presence of 5-10 % (v/v) MeCN. The spectral 

properties of 7 and 9 were described previously in Chapter 2.2.  

Figure 2.3.1 displays the time-resolved absorption spectra observed after LFP of an argon-

saturated aqueous solution (pH = 1.7) containing 1-(4-methoxyphenyl)cyclobutanecarboxylic 

acid (14) (2.1 mM), K2S2O8 (0.1 M) and 10 % MeCN (to improve the solubility of 14). 
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Figure 2.3.1. Time-resolved absorption spectra observed after 266 nm LFP of an argon-

saturated aqueous solution (T = 25 °C, pH = 1.7) containing 10 % MeCN, 0.1 M K2S2O8 and 

2.1 mM 1-(4-methoxyphenyl)cyclobutanecarboxylic acid (14), recorded at 28 (filled circles), 

84 (empty circles), 224 (filled squares) and 544 ns (empty squares)  after the 8 ns, 10 mJ laser 

flash. Insets: (a) First-order decay monitored at 450 nm. (b) Corresponding first-order buildup 

of absorption at 290 nm, measured under nitrogen (filled circles) and oxygen (empty circles). 

 

The spectrum recorded 28 ns after the laser flash (filled circles) shows the formation of a 

broad absorption band between 340 and 530 nm, that by comparison with literature data,
1,2
 

and with the time-resolved absorption spectrum of SO4
•−
 (Chapter 2.2, Figure 2.2.2), can be 

assigned to SO4
•−
, formed as described in Chapter 1, eq 1.2. The decay of this band (inset a) 
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occurs with k↓(450 nm) = 3.9 × 106 s−1 and is accompanied by the formation of a species 

characterized by an absorption band at 290 nm (an isosbestic point is visible at 320 nm), 

whose decay is accelerated by the presence of oxygen (inset b).  

An analogous behavior was observed after LFP of argon-saturated aqueous solutions (pH = 

1.7) containing 1-(4-methoxyphenyl)cyclopentanecarboxylic acid (15) or 1-(4-

methoxyphenyl)cyclohexanecarboxylic acid (16), K2S2O8 (0.1 M) and 10 % MeCN. Clearly 

no direct evidence for the formation of an intermediate was observed with substrates 14-16, as 

described in Chapter 2.2 for 2-(4-methoxyphenyl)-2-methyl propanoic acid (6). 

Figure 2.3.2 shows the time-resolved absorption spectra observed after LFP of a nitrogen-

saturated aqueous solution (pH = 1.7) containing 0.1 M K2S2O8 and 1.1 mM 1-(3,4-

dimethoxyphenyl)cyclobutanecarboxylic acid (17). 
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Figure 2.3.2. Time-resolved absorption spectra observed after 266 nm LFP of a nitrogen-

saturated aqueous solution (T = 25 °C, pH = 1.7) containing 0.1 M K2S2O8 and 1.1 mM 1-

(3,4-dimethoxyphenyl)cyclobutanecarboxylic acid (17), recorded 640 ns (filled circles), 2.7 

µs (empty circles), 7.5 µs (filled squares) and 15 µs (empty squares)  after the 8 ns, 10 mJ 

laser flash. 

 

The spectrum recorded 640 ns after the laser flash (filled circles) shows the formation of two 

bands, centered at 305 and 430 nm that are very similar to those observed previously for the 

radical cations of 1,2-dimethoxybenzene,
3
 1-(3,4-dimethoxyphenyl)alkanols,

4
 and 3,4-

dimethoxyphenylethanoic acid (2
•+
) (see Chapter 2.1).  
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Similar spectra, characterized by two absorption bands centered at 310 and 430 nm were also 

observed after LFP of nitrogen-saturated aqueous solution (pH = 1.7) containing 5 % MeCN, 

0.1 M K2S2O8 and 1.0 mM 1-(3,4-dimethoxyphenyl)cyclopentanecarboxylic acid (18) or 1-

(3,4-dimethoxyphenyl)cyclohexanecarboxylic acid (19). In all cases, oxygen had no effect on 

the decay of the 310 and 430 nm bands.  

On the basis of these observations, this transients described above can be reasonably assigned 

to the aromatic radical cation 17
•+
-19

•+
, formed by SO4

•−
 induced one-electron oxidation of 

the neutral substrates as described in Scheme 2.3.1 for 17. 
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Scheme 2.3.1 

 

By increasing the pH of the solution to ≈ 7, the time-resolved spectrum obtained after SO4
•−
 

induced one-electron oxidation of 17 was similar to those observed in acidic solution. 

However, as described previously (see Chapters 2.1 and 2.2), a broadening of the radical 

cation visible absorption band, accompanied by a 15 nm red-shift in its position was observed. 

This behavior is attributed to the formation of the radical zwitterions 
−
17

•+
,
5
 as described in 

Scheme 2.3.2.
6
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Scheme 2.3.2 

 

Figure 2.3.3 shows the time-resolved absorption spectra observed after 266 nm LFP of an 

argon-saturated aqueous solution (pH = 6.9) containing 17 (2.0 mM) and K2S2O8 (0.1 M). The 

broadening of the visible absorption band is accompanied by a 15 nm red shift in its position 
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on going from 17
•+
 to 

−
17

•+
. Again, no effect of oxygen on the decay of the 310 and 445 nm 

bands was observed. 
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Figure 2.3.3. Time-resolved absorption spectra observed after 266 nm LFP of an argon-

saturated aqueous solution (T = 25 °C, pH = 6.9) containing 0.1 M K2S2O8, 2.0 mM 1-(3,4-

dimethoxyphenyl)cyclobutanecarboxylic acid (17) and 10 mM KH2PO4, recorded at 256 ns 

(filled circles), 832 µs (empty circles), 2.5 µs (filled squares) and 10 µs (empty squares)  after 
the 8 ns, 10 mJ laser flash. 

 

Product studies. The oxidation reactions of substrates 14-19 were carried out in argon 

saturated aqueous solution (pH = 1.0 and 6.7) at T = 25 °C, employing potassium 12-

tungstocobalt(III)ate (Co(III)W) as the oxidant. Oxidations were generally carried out until 

complete conversion of the oxidant. For all substrates product analysis, both at pH = 1.0 and 

6.7, showed the exclusive formation of the corresponding 1-arylcycloalkanol (14a-19a) as 

described in Scheme 2.3.3. 

 

  
(CH2)n

Ar

C

OH

(CH2)n

Ar

C

CO2H/CO2
Co(III)W

pH = 1.0 or 6.7

14-19 14a-19a  

Scheme 2.3.3 

 

The product distributions observed in the Co(III)W-induced oxidation reactions carried out on 

1-arylcycloalkanecarboxylic acids 14-19 are collected in Table 2.2.1. 
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Table 2.2.1. Product distributions observed in the Co(III)W-

induced oxidation of 1-arylcycloalkanecarboxylic acids 14-19, 

carried out in aqueous solution at T = 25 °C.a 

substrate pH
 b 

recovered 

substrate 
(%) 

1-arylcycloalkanol
 

(14a-19a) 

(%) 

14 1.0
c 

67 33 

14 6.7
 c
 60 40 

15 1.0
 d 

85 15 

15 6.7
 c 

62 38 

16 1.0
 d
 87 13 

16 6.7
 e
 20 80 

17 1.0
 c
 51 49 

17 6.7
 c
 57 43 

18 1.0
 d
 77 23 

18 6.7
 e
 21 79 

19 1.0
 d
 51 49 

19 6.7
 e
 23 77 

a
Good to excellent mass balances (≥ 90 %) were observed in all 

experiments. 
b
pH = 1.0 (HClO4 0.1 M); pH = 6.7 (NaH2PO4 0.1 M, 

adjusted with NaOH). 
c
 [substrate] = 1 mM, [Co(III)W] = 2 mM. 

d 

[substrate] = 0.002 M, [Co(III)W] = 3 mM. 
e 
[substrate] = 0.001 M, 

[Co(III)W] = 1 mM, 20 % MeCN. 

 

Time-resolved kinetic studies. As mentioned above, no intermediate radical cations were 

detected in the time-resolved studies carried out for 1-arylcycloalkanecarboxylic acids 14-16. 

As discussed previously in Chapter 2.2 for 2-(4-methoxyphenyl)-2-methylpropanoic acid (6), 

the kinetic data obtained by LFP indicate that if intermediate radical cations are actually 

formed after one electron oxidation of 14-16, their decay rate constants must be > 5 × 107 s−1.  

The decay of the radical cations 17
•+
-19

•+
 and of the radical zwitterion 

−
17

•+
 was measured 

spectrophotometrically in aqueous solution (T = 25 °C, pH = 1.7 and ≈ 7, respectively) 

following the decrease in optical density at the corresponding visible absorption band 

maximum (between 430 and 450 nm). In all cases the decay was observed to follow first 

order kinetics in a reaction that, on the basis of product analysis results, is assigned to 

decarboxylation. The rate constants thus obtained are collected in Table 2.3.2. As a matter of 
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comparison, the rate constants obtained analogously for 2
•+
 (see Chapter 2.1), 7

•+
-9

•+
 (see 

Chapter 2.2) and for the corresponding radical zwitterions have also been included 

 

Table 2.3.2. First-order rate constants (k) for the decay of radical cations and radical 

zwitterions generated after PR and/or LFP of the parent substrates 2, 7-9, 17-19 in aqueous 

solution, measured at T = 25 °C. 

substrate pH
 a 

 transient generation   λ  λ  λ  λdet 
b
 / nm    k / s

−1
 

2 
1.7 

7.1 
 

2
•+
 

−
2
•+
 

PR, SO4
•−
, Ar 

PR, SO4
•−
, Ar 

425 

450 

5.2 × 103 
6.5 × 104 

7 
1.7 

7.0 
 

7
•+
 

−
7
•+
 

PR, SO4
•−
, Ar 

PR, SO4
•−
, Ar 

500 

520 

4.7 × 103 
2.2 × 104 

8 
1.7 

6.8 
 

8
•+
 

−
8
•+
 

PR, SO4
•−
, Ar 

LFP, SO4
•−
, N2 

420 

420 

2.1 × 105 
2.6 × 106 

9 
1.7 

7.0 
 

9
•+
 

−
9
•+
 

PR, SO4
•−
, Ar 

PR, SO4
•−
, Ar 

445 

465 

1.1 × 104 
3.5 × 104 

17 

1.7 

1.7 

1.7 

1.7 

1.7 

1.7 

1.7 

6.9 

6.9 

 

 

 

 

5% MeCN 

10% MeCN 

10% MeCN 

 

 

17
•+
 

17
•+
 

17
•+
 

17
•+
 

17
•+
 

17
•+
 

17
•+
 

−
17

•+
 

−
17

•+
 

PR, SO4
•−
, Ar 

PR, SO4
•−
, O2 

LFP, SO4
•−
, N2 

LFP, SO4
•−
, O2 

LFP, SO4
•−
, N2 

LFP, SO4
•−
, N2 

LFP, SO4
•−
, O2 

LFP, SO4
•−
, N2 

LFP, SO4
•−
, O2 

 

430 

430 

430 

430 

430 

430 

430 

450 

450 

3.1 × 105 
3.4 × 105 
2.9 × 105 
2.9 × 105 
4.0 × 105 
5.4 × 105 
5.4 × 105 
2.8 × 106 
2.8 × 106 

18 

1.7 

1.7 

1.7 

1.7 

1.7 

1.7 

 

 

5% MeCN 

5% MeCN 

10% MeCN 

10% MeCN 

18
•+
 

18
•+
 

18
•+
 

18
•+
 

18
•+
 

18
•+
 

PR, SO4
•−
, Ar 

PR, SO4
•−
, O2 

LFP, SO4
•−
, N2 

LFP, SO4
•−
, O2 

LFP, SO4
•−
, N2 

LFP, SO4
•−
, O2 

430 

430 

430 

430 

430 

430 

≥ 8 × 105 c 
≥ 8 × 105 c 
1.1 × 106 
1.1 × 106 
1.4 × 106 
1.4 × 106 

19 

1.7 

1.7 

1.7 

1.7 

 

 

10% MeCN 

10% MeCN 

19
•+
 

19
•+
 

19
•+
 

19
•+
 

PR, SO4
•−
, Ar 

PR, SO4
•−
, O2 

LFP, SO4
•−
, N2 

LFP, SO4
•−
, O2 

430 

430 

430 

430 

≥ 8 × 105 c 
≥ 8 × 105 c 
1.0 × 106 
1.1 × 106 

a
pH = 1.7 (adjusted with HClO4); pH ≈ 7 (KH2PO4 10 mM, adjusted with NaOH). 
b
Monitoring wavelength. 

c
The time-resolution of the PR equipment did not allow a 

sufficiently reliable measurement of the decay rate constant and only a lower limit is given. 
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Discussion 

 

Product studies carried out on 1-(4-methoxyphenyl)cycloalkanecarboxylic acids 14-16 

showed the exclusive formation of the corresponding 1-(4-methoxyphenyl)cycloalkanol 14a-

16a as described in Schemes 2.3.3. These products clearly derives from the oxidation of an 

intermediate 1-(4-methoxyphenyl)cycloalkyl radical formed after oxidative decarboxylation 

of 14-16, as described previously for the one-electron oxidation of 4-metoxyphenylethanoic 

acid (1) and 2-(4-methoxyphenyl)-2-methylpropanoic acid (6) in acidic aqueous solution (see 

Chapters 2.1 and 2.2).
7,8
 

LFP experiments carried out at pH = 1.7 did not provide any direct evidence for the formation 

of intermediate radical cations 14
•+
-16

•+
, showing instead the initial formation of SO4

•−
 whose 

decay was in all cases accompanied by a corresponding buildup in absorption in the UV 

region of the spectrum of a transient species whose decay wes accelerated by oxygen. On the 

basis of these observation and of the results of product studies described above these 

transients can be reasonably assigned to the 1-(4-methoxyphenyl)cycloalkyl radicals. 

Overall, these results are consistent with those obtained previously for the one-electron 

oxidation of 1 and 6, where no direct evidence for the formation of an intermediate radical 

cation but only of the 4-methoxybenzyl and 4-methoxycumyl radicals, respectively, was 

obtained.7,8 The mechanism of the one-electron oxidation of 14-16 can be thus described 

according to Scheme 2.3.4 (An = 4-MeOC6H4): one-electron oxidation is coupled with the 

decarboxylation reaction, directly leading to the 1-(4-methoxyphenyl)cycloalkyl radical. 

Oxidation of this radical in the reaction medium gives 14a-16a. 

- e
-

2) H2O, - H
+

1) ox- CO2, - H
+

14a-16a
14  -16

An

C

OH

(CH2)n

An

C

CO2H

(CH2)n

An

C

CO2H

(CH2)n

14: n = 3

15: n = 4

16: n = 5

(CH2)n C An

 

Scheme 2.3.4 

 

Clearly, even though no intermediate radical cation was detected in the LFP experiments, the 

kinetic data do not allow to exclude the possible intermediacy of 14
•+
-16

•+
, because their 

lifetime could be too short to allow detection under the experimental conditions employed: in 

other words, if 14
•+
-16

•+
 are actually formed after one electron oxidation, their 

decarboxylation rate constant must be extremely fast (k > 5 × 107 s−1). 
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On going from 14-16 to the corresponding dimethoxylated 1-arylcycloalkanoic acids 17-19, 

time-resolved studies showed in all cases the formation of the corresponding radical cations 

17
•+
-19

•+
 at pH = 1.7 and of the radical zwitterion 

−
17

•+
 pH ≈ 7.6 

Product studies carried out on 17-19 showed the exclusive formation of the corresponding 1-

(3,4-dimethoxyphenyl)cycloalkanol 17a-19a both at pH = 1.0 and 6.7. Formation of these 

product can be explained in terms of the mechanism described in Scheme 2.3.5 (Ar = 3,4-

(MeO)2C6H3): oxidation of 17-19 leads to the formation of 17
•+
-19

•+
 (or 

−
17

•+
-
−
19

•+
) that 

undergo decarboxylation to give the corresponding 1-(3,4-dimethoxyphenyl)cycloalkyl 

radical. Oxidation of these radicals in the reaction medium gives 17a-19a. 

 

- e
-

2) H2O, - H
+

1) ox

- CO2, (- H
+ 
)

17a-19a

17  /  17  -19  /  19

Ar

C

OH

(CH2)n

Ar

C

CO2H/CO2

(CH2)n

Ar

C

CO2H/CO2

(CH2)n

17: n = 3

18: n = 4

19: n = 5

(CH2)n C Ar

 

Scheme 2.3.5 

 

Clearly, as compared to 14-16, the presence of an additional methoxy ring substituent in 17-

19 determines a significant stabilization of the radical cations that accordingly undergo 

decarboxylation with significantly lower rate constants.
9
 

The first-order decarboxylation rate constants (k) measured for 1-(3,4-dimethoxyphenyl) 

cycloalkanecarboxylic acid radical cations 9
•+
, 17

•+
-19

•+
 are collected in Table 2.3.2. Due to 

the low solubility of 18 and 19 in aqueous solution, some experiments were carried out in the 

presence of 5-10 % (v/v) MeCN. The decarboxylation rate constants were observed to 

increase with increasing the amount of MeCN (see the k values for 17
•+
 and 18

•+
 in Table 

2.3.2), a behavior that was observed previously for the decarboxylation of anilino bis 

carboxylate radical cations.
10
 An increase in the amount of MeCN determines a decrease in 

radical cation stability that results in turn in a corresponding increase in decarboxylation rate 

constant. The comparison between the rate constants measured for 9
•+
, 17

•+
-19

•+
 shows that 

the decarboxylation is influenced by the size of the cycloalkane ring, following the order: 9
•+
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< 17
•+
 < 19

•+
 < 18

•+
. With the exclusion of 9

•+
, where the cyclopropyl group has been shown 

to increase the radical cation stability, comparable stabilities can be reasonably assumed for 

17
•+
-19

•+
. Accordingly, the stability of the carbon centered radical formed after 

decarboxylation is expected to play an important role.
11
 In this context, Gould and Farid have 

clearly shown that in the decarboxylation of radical cations characterized by comparable 

stabilities, the decarboxylation rate constants is influenced by the stability of the product 

radical, increasing with increasing radical stability.
10
 Along this line, the differences between 

the C−H BDEs of cycloalkanes can be taken as simple models in order to assess the relative 

stabilities of the 1-(3,4-dimethoxyphenyl)cycloalkyl radicals formed after decarboxylation of 

9
•+
, 17

•+
-19

•+
. C−H BDEs of 106.3, 96.5, 94.5 and 95.5 kcal mol

−1
 are available for 

cyclopropane, cyclobutane, cyclopentane and cyclohexane, respectively;
12
 moreover, a similar 

order in BDE values has been obtained recently by means of accurate G3 calculations (109.2, 

100.5, 96.4 and 100.0 for cyclopropane, cyclobutane, cyclopentane and cyclohexane, 

respectively).
13
 Quite interestingly, these C−H BDE values are in line with the order in 

decarboxylation rate constants reported above for 9
•+
, 17

•+
-19

•+
, suggesting that in this 

process the stability of the carbon centered radical formed after decarboxylation plays an 

important role. Clearly, in order to provide a more precise evaluation of the role of this effect, 

the calculation of the α-C−H BDEs for the 1-arylcycloalkane series is certainly required.  

It is also interesting to compare the decarboxylation rate constants for 9
•+
, 17

•+
-19

•+
, with 

those measured for 2
•+
, 8

•+
 and 9

•+
. 8

•+
 undergoes decarboxylation with a rate constant that is 

similar to the one measured for 17
•+
 (k = 2.1 × 105 and 3.1 × 105 s−1, respectively), in line with 

the similar stabilities of the corresponding decarboxylated radicals.
12,13

 2
•+
 displays the lowest 

decarboxylation rate constant among the dimethoxylated radical cations shown in Table 2.3.2, 

an observation that likely reflects the relatively lower stability of a primary benzyl radical as 

compared to tertiary ones. Along this line, the observation that 9
•+
 undergoes decarboxylation 

with a rate constant that is higher than the one measured for 2
•+
 (k = 1.1 × 104 and 5.2 × 103 

s
−1
, respectively) is somewhat unexpected. As the relative stabilities of the radical cations and 

those of the decarboxylated carbon radicals are expected to exert their effect in the same 

direction that is by decreasing the decarboxylation rate constant of 9
•+
 as compared to that of 

2
•+
, in order to explain this behavior it can be suggested that the stereoelectronic requirements 

may play an important role in this respect. However, no clear cut explanation for this apparent 

discrepancy is presently available and further studies will surely be necessary. 

Finally, with 17 an increases in decarboxylation rate constant was observed on going from the 

radical cation to the corresponding radical zwitterion (k = 3.1 × 105 and 2.8 × 106 s−1, 
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respectively).
6
 This behavior was also observed for 2

•+
-5

•+
 (Chapter 2.1) and for 7

•+
-9

•+
 

(Chapter 2.2), and has been rationalized in terms of the kinetic barrier for intramolecular side-

chain to ring electron transfer required for decarboxylation that is expected to be higher for 

the radical cation, because, as compared to the radical zwitterion an additional proton transfer 

to the medium is required. 
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