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Abstract: The technically Important side-chain oxldatlon of 
l lkyl aromatic compounds to.form either nethyl brnroatas or 
orthobenxolc acid trlmethylesters can be performed rlectro- 
chemically at low potrntlals In methanol solution uslng an un- 
divided cell and trls(2,4-dlbromophenyl)amlne as redox catalyst. 
Under neutral or slightly acldlc condltlons methyl bentortes 
are selrctlveIy foned while under basic condltlons the ortho- 
esters are predoalnatlng. In a slmllar way ortho benrolc acid 
trlmethylesters are formed selectively starting from benr- 
aldehyde dlmethylrcrtals. The redox citalyst iI stable under 
the reaction conditions so that several thousand cycles can be 
performed wlthout notlceable loss. 

Side-chain oxldatlon of alkyl aromatic compounds to the redox state of the 

benxolc acids or esters is of great technlcal Importance. Aromatic acids are mostly 

gcneratrd by catalytic oxygenation of the respective toluene derlvatlvesl)replaclng 

the formerly important chrorlc acid oxldatlon2). Direct anodlc side-chain oxldatlon 
of alkyl aromatic compounds Is possible In methanol solution but will only lead to 

the selective formation of benraldehyde dlmethylacetals3)(Schane I, path a). 

Further oxldatlon to the benzoates is very difficult and resul,ts In very low 

selectlvlty (less than 10 X) even with a large charge excess 4) . 

Ye can now present a one-step electrochemical procedure by which toluene 

le 

derlvatlves are directly converted Into either methyl bentoates under neutral or 

sllghtly acldlc conditions or into orthobenzolc acid trlmethyl esters using 

slightly basic conditions. Benzaldehyde dlmethylacetals, the technlcally availab 

products of the direct anodlc oxidation of toluene derlvatlves3) , are converted 
to the orthoesters with high selectivity, If sodlum methoxide Is present in smal 1 

quantities. The reactions are performed In methanol solution uslng an undlvlded 

cell. This procedure Is based on the use of catalytic amounts of tris(2,4-dlbromo- 

phenyl)amlne as electron transfer agent (redox catalyst) in an Indlrect electro- 
lysls at potentials rklch are up to 900 l V more cathodic than the oxidation 
potentlals of the substrates(Scheme I, path b). The method has already proved to be 

effective for the oxldatlon of benryllc alcohols to bentaldehydes 5). Table 1 gives 
a conparison of the results of direct and indirect electrochemical oxldatlons of 
substituted toluenes under neutral conditions demonstrating that the direct 

anodlc oxidation at higher potentials stops at the aldehyde stage, while the 

Indirect procedure at much lower potentials results In the formation of methyl 
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Scheme I. Pathways of dfrect and fndfrect electrochemical oxidation of toluene 
derfvatfves. 

Table 1. Comparfson of the results of dfrect and fndfrect electrochemf'cal 
oxfdatfons of substftuted toluenes 
condftfons. 

1 In methanol under neutral 

___________.__________~~_ _-___----_ _________..-___---_--- -we-------- 

dfrect H 2.36 99 14.5(5.5) 3.3(1.9) 

fndfrect l 
. ao o.a(o.1) 95 (22) 

L 

' Electrolysfs at the peakpotentfal of the substrate in an undfvfded 
cell using CH30H/LlC104(0.2 M) as electrolyte. 

b Electrolysfs usfng trls(2,4-dfbromophenyl)amine as medfator In a 
substrate to q edfator ratfo of 1O:l In an undfvlded cell using 
CH30H/CH2C12(3:1)/0.15 M HaClOg as electrolyte at 1.74 V vs. NHE. 

' Anodlc peak potentlal by cyclic voltammetry measured vs. Ag/AgCl- 
reference electrode and converted to normal hydrogen electrode (NHE). 

d Material yield; current yfeld in parentheses. 
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bcnzoates in high yields. The same behavior is also encountered in the 

methoxylation of tetralln (8). Direct anodic oxidation mainly yields l-methoxy 

tetralin (z) together with 1-tetralone (8) and 1,4-dimethoxy tetralin (I). 

Indirect oxidation usfng tris(2,4-dfbromophenyl)amine as mediator. however, leads 

to the predominant foruation of the hlgher oxidation states 1-tetralone (8) 

together with 4-methoxy tetralone (IQ). 

This totally different behavior in the direct and indirect electrochemical 

procedure is nicely demonstrated in the diagrams which correlate the product dis- 

tribution with the charge consumption (Fig. 1 and 2). While the direct anodic 

oxidation shows the typical behavior of a reaction in which the intermediate 

(benzyl methyl ether, Fig. 1) passes through a relatively high concentration level, 

the indirect electrolysis shows two intermediates (benzyl methyl ether and benz- 

aldehyde dimethylacetal, Fig. 2) which are present only in relatively small but 

even concentrations. The concentration of the substrate drops almost linearly 

during most of the reaction time. 

50% 

1000 2000 3000 LOO0 AS 

Figure 1. Product dtstribution duri.ng -the course of the direct anodfc oxidation 
of p-xylene vs. charge consumption. 

% - p-xylpne; I - 4-methyl-benzyl methyl ether;@= p-tolualdehyde di- 
methylacetal 



556 K.-H. ChSSE BIUNK~A~~ et al. 

100% 

50% 

Figure 2. Product distribution during the course of the indirect anodic oxidation 
of p-xylene with tris(2,4-dibromophenyl)amfne as mediator vs. charge 
consumption. 

x= p-xylene; m - 4-methyl-benzyl methyl ether; l = p-tolualdehyde di- 
methylacetal; A - methyl p-toluate 

The reason for this behavior can be given by the presumed reaction mechanism: 

anode 
Ar3B L 

Ar3N l @ + PhCH3,- 

PhCH3'@ + CH30H - 

PhCH; + Ar,N .o _- 

‘Q J PhCH2 + CH30H 

PhCH20CH3 t Ar3N'@ 

PhCH20CH3 '@ t CH30H 

PhCHOCH3 Q Ar3N" 
. 

PhCHOCH3 t CH30H 
0 

PhCH(OCH3)2 t Ar3N .Q 

PhCH(OCH3)2 l @ t CH30H 

Phc(OCH3)2 t Ar3N .@ 

Ph&(OCH3)2 + CH3OH 

Ph(OCH3)3 + H3 @ 

Ar3Na 

Ar3N t PhCH3'@ 

PhCH2' 8 t CH30H2 

PhCH2@ t Ar3N 

PhCH20CH3 + H@ 

PhCH20CH3'@ t Ar3N 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

PhCHOCH3 0 + CH30H2 (7) . 
PhCHOCH3 + Ar3N 

69 
(8) 

PhCH(OCH3)2 t H+ (9) 

PhCH(OCH3)2 .$ + Ar3N (10) 

Phc(OCH3)2 + 0 CH30H2 (11) 

Ph;(OCH3)2 + Ar3N (12) 

Ph(OCH3)3 + H@ (13) 

PhCOOCH3 t 2 CH30H t H@ (14) 

The reaction rate of the direct electrolysis is mainly dependent on the oxidation 

potentials of the substrate and the intermediates and only to a very small extent 

on the deprotonation rates of the cation radicals. As the oxidation potential of 

the dimethylacetal (p-tolualdehyde dfmethylacetal: Epox- 2.21 V) is about 100 mV 

more positive than those of either the substrate (p-xylene: Epox= 2.10 V) or the 

intermedfate ether (I-methyl-benzyl methyl ether: Epox= 2.07 V) the acetal is the 

final product. The reaction rate of the indirect electrochemfcal oxidation, 

however , Is influenced by the standard potential difference of the substrate and 



the mediator as well as by the rate of the follow-up deprotonatfon. The overall 

rate for the oxidation of the dfmethylacetal to the ester is given by: 

v _ kllKID bailEw7 

wll 
nfth 

‘g %o @ 'E~cetal/acetal'@ (mv) 3 

Because of the capto-dative stabflfratfon of the resulting radical the deproto- 

nation rate of the acetal cation radfcal should be much higher than that of the 

toluene cation radical. Therefore the higher oxidation potential of the acetal 

can be overcompensated and the reaction goes beyond the redox state of the acetal. 

The fact that 4Lmethoxytoluene does not react in an acceptable way can also be 

explained on this basis, The methoxy substftuent in the aromatic nucleus lowers 

the deprotonatfon rate of the primaryiy formed toluene cation radfcal In such 

a way that sfde reactions can compete. Not all of the aspects of this reaction can, 

however, be explained by a pure homogeneous electron transfer. For example a 

difference of 900 mV between the standard potentials of the substrate and the 

mediator is about 300 mV larger than the value which can be overcompensated by a 

fast follow-up chemical reaction . 6) Therefore a complex formation between 

mediator and substrate before the electron transfer very likely takes place. This 

is In accordance with the analysis of this type of reactfons by Eberson 7, who is 

calling it a *bonded* electron transfer mechanism. 

If the indirect electrochcmfcal oxidation of alkyl aromatfcs by the use of 

trls(2.4-dibromophenyl)amfne as mediator is performed under basic conditions 

adding sodium carbonate or slnall amounts of sodfua methoxylate, the orthoester 

formation becomes dominant: for example p-xylene is transformed to ortho-l-methyl- 

benrofc acid trfmethylester in 55 X yield together with 24 X of 4-methylbenrofc 

acid methyl ester, if 1 to 5 mol percent NaOHe are used as a base. Dfchloro- 

methane should not be used as a cosolvent as it will cathodically form HCl thus 

consuming the base. 4-L-butyltoluene yfelds ortho--t-butylbenzofc acid trf- 

methyl ester in 50 X yfeld together with 4-t-butylbenrofc acid methyl ester (17 X) 

if sodium carbonate is present in the electrolyte. 

Orthobentofc acid trimethyl esters are also formed in high selectivity, if one 

starts from the bentaldehyde dfmethylacetals in the presence of methoxylate 

(Scheme II). In this case even para-alkoxy substituted acetrls give high yfelds 

of the ortho esters (Table 2). 

(OW,), 

CH(OCH,), 
CH&H W&l, NaOCH, 

* 
+ 

2 I?8-95%) 

Scheme II. Pathway of the indirect electrochemical 
dinethylacetals 

oxidation of benzaldehydr 
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Table 2. Formation of orthobenzoic acid trimethyl esters(i) from'benraldehyde 
dimethylacetals (2) by indlrect electrochemical oxldation in methanol 
with trls(2.4-dibromophenyl)amfne as medlator. 

a Electrolysis using tris(2,4-dibronophenyl)amine as mediator in a 
substrate.to medlator ratio of 1O:l in an undivlded cell using CH30H/ 
CH2C12 (3:1)/0.2 H L1C104 and 50 no1 X NaOMe as electrolyte at 

1.74 V vs. NHE. 

b Material yield; current yield in parentheses. 

The current yields can drastically be improved,If the educt Instead of dlchloro- 

methane is used as a cosolvent. In this case formation of HCl is avoided and 

therefore the amount of methoxylate can be diminished to about 1 to 5 mol X. 

Results are given in Table 3. 

Table 3. Formation of orthobenzoic acid trimethyl esters (0) from benzaldehyde 
dlmethylacetals (g) by indirect electrochemical oxldatlon in methanol 
wlth tris(2.4-dibromophenyl)amine as medlator and the acetal as cosolvent. 

Substrate 2 Turnovera RV B 
b 

R- (X) x 

(9; mol) (gi mol) 

4-CH3 74 31 

(894; 5.38) (240;1.23) 
______________,.____-----_-____________ 

4-CH30 92 53 

(869; 4.77) (492;2.32) 
._____________.______~_~~_._~~~~~~~~~~ 

4-t-C4Hg0 85 55 

(894; 4.0) (474;1.87) 

CY SC 
x 

16 

,_______ 

32 

I 
_______ 
55 

MY 4 
b 

CY fC Cycles' 

x x 
(si ml) I I 

13.5 

(81;0.54) 
_-------__ 

18.4 

(135;0.81 
._~_~~___~ 

6 

(44;0.21) 

10.5 

_______ 

17 

_------ 

g 

2500 

.______I 

2240 

.___-m_ 

1100 

a Electrolysis using tris(2,4-dlbromophenyl)amine as mediator in a 
substrate to mediator ratio of about 35O:l in an undivided cell 
uslng 1780 g CH30H, g g KS03C6H5. and g g NaOCH3 as electrolyte 

at a constant current density of 2 A/dm2. 

b Material yield based on consumed 2 . 
i Current yield. 

Number of regenerative cycles based on charge consumption. 

The mediator Is very stable under these conditions. Even after about 2500 cycles 

It can be recovered almost totally. 

A technical application of the indlrect electrochemical method seems to be 

very promising as It is very simple using an undivlded cell, methanol as solvent, 

and a mediator, which Is stable over several thousand cycles. 
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EXPERIMENTAL 

M.P.S. were determined with a Relchert hot-stage microscope and are uncorrected. 
1.r. spectra were obtalned using a Pye Unicam SP 1100 unit. NHR spectra were 
measured with Varlan EM 360. EM 390. and Bruker WH 90 instruments (solutlons In 
deuteriochlorofora, tetramethylsilane as Internal standard). Mass spectra were 
obtained at 70 eV using an AEI MS 50 spectrometer with a data system. G.l.c./MS 
coupling analyses were performed at 70 eV using a Varian MAT 111 or a Finnlgan 
MAT 1020 B Instrument. 

Materials 

Toluene derivatives were elther commercialy available or obtained from BASF AG 
(4-methoxy toluene. 4-t-butoxy toluene). Benzaldehyde dlmethylacetals were 
prepared from the corrbsponding aldehydes by standard procedures(8). Tris 2.4-di- 
bromophenyl)amlne was synthesized by direct bromination of triphenylamine 9). I 
The purity was determined by g.l.c. on a OV 101 (1 X on Chromosorb W) column and 
by cyclic voltammetry. Dichloromethane was purified by distillation while methanol 
(Merck. p-a.) was used as obtalned. LiC104 and NaC104 (Fluka, Buchs) were applied 
wlthout further purlficatlon. 

Equlpment for Preparative Electrolyses 

Preparative electrolyses were performed using a stabilized current source, model 
NTN 700M-200 (FUG, Rosenheim), modified as potentiostat together with a digital 
coulometer based on a voltage to frequency converter(l0). 

Electrochemical Cells 

Cell A: Undivided beaker type cell (120 il) with cooling aantle equiRped with a 
glassy carbon cylinder anode (Slgradur K. 
0 26 mm, heighi 50 mm). 

Sigri Elektrographit, Meltingen, rnner 
Pt-wire cathode, and Ag/AgC1-reference electrode. 

Temperature 30 C. 
Cell 8: Undivided capillary gap cell (ca. 2 1) equipped with g or 11 bipolar 
graphite disc electrodes. Flow 8f electrolyte maintained by pumplng it at a rate 
of 200 l/h. Temperature 22 - 36 C. 

General Procedure for the Indirect Electrolysis of Toluene Derivatives 1 3 
Methanol Under Neutral Conditlons 

Using cell A 1 mmol (720 mg) of the mediator tris(2.4-dlbromophenyl)amine are 
dissolved In 100 ml CH30H/CH2C'2 (3:1)/0.15 fi NaC104. The electrolyte was dried 

over molecular sieve. After application of 1.56 V vs. Ag/AgCl-reference electrode 
and a short pre-electrolysis of 30 As a current of 10 to 40 mA is obtained. By 
adding 10 mmol of the toluene derivative 1 the current increases to 150 to 200 
mA. When a turnover of 80 to 95 X is obtained (g.1.c. control) the electrolysjs 
Is termlnated. For work-up half of the solvent Is evaporated. After addition of 
20 ml water the residue is perforated with pentane. 
magnesium sulfate and the solvent evaporated. 

the pentane phase dried over 

purified by bulb-to-bulb distillation. 
The products are separated and 

The products are identlfled by comparison 
of their physical and spectral data with literature values. 

General Procedure for the Indirect Electrolysis of Benzaldehyde Dinethylacetals 
2) In Meth t anol7blchloromethane/ Sodlun Methoxide 

Using cell A 1 mmol (720 mg) of the mediator trls(2,4-dibromophenyl)amint are 
dissolved in 100 ml methanol/dlchloromethane (3:1)/ 0.2 t4 LIClO 
of sodium methoxide. The electrolyte is dried over aolecular sl d 

containing 5 mmol 
ve. After 

application of 1.56 V vs. Ag/AgCl-reference electrode and a short pre-electrolysis 
of 30 As 10 mmol of the benzaldehyde dlmethylacetal (2) are added. Hereby the 
current increases to about 150 to 200 mA. When a turnover of 90 to 100 % Is 
obtained (g.1.c. control) the electrolysis is ternlnated. Work.up is performed as 
described above with the only difference that instead of 20 m1 water 20 ml sodium 
carbonate solution (5 X In water) are added. 

General Procedure for the Indlrect Electrolysis of Bentaldehyde Dimethylacetals 
Z) In Rethanol/Sodlum Hethoxlde Uslng 2 as a Cosolvent 

Using cell B 12 to 13 mmol (8.9 - 9.2 g) of the mediator trls(2.4-dlbromophenyl)- 
amine are dissolved in 1780 g methanol and 4 to 5 mol (870 - 900 g) of substrate 
2 

Eteltrolysis is performed at a 
Between 8.9 and 9.2 g of KS03C6H5 and sodlum methoxide are added. 

For work-up methanol is evaporated. 
constant current density of 2 or 3.3 A/dm2 

The remaining salt is separated by filtration. 
The products are isolated by distillation of the residue at 5 or 4 mbar. 

The exact quantities of the substrates and (saluted yields are reported in Tables 

tRto 3. Products ;13 
= E-butyl and 

11*12), 411*12), and $14*15) with the excepti 
-butoxy) and 2 (R = bromine, tert-butyl, and 
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arc well known compounds. Theft physical and spectroscopic data compared well with 
literature values. They were also identified by comparison of their g.1.c. 
retention times with those of authentical samples on two different columns (SE 30. 
ov 101). 

Trimethyl 4-trrt-butylorthobenroate (5. R = tert-butyli: IH NMR (ccl 
d= I.3 (S, 9H), 3.06 

60 MHz): 

207 
d 
IOO), I77 (IO), I 

S, 9X), 7.25 
I 9 (8). 105 (1 6 

s. 4H) p l . - NS (80 eV): m/e g4;23 (1 X 

4I ( 1. 
), 96 (6p. 91 (4). 82 (6). 59 (7). 57 (7 

Trimethyl 4-tart-butoxyorthobenrortc (fr. R I tert-butoxyyl): 'H NMR (CC1 ,60 MHZ): 
i 3.04 (I, 9H), 6.7 - 7.45 (AA"0B' 4H ppm. - NS (80 e#): m/e - 
9 (2.5). 223 (51, 198 (5). 167 (106). 21 (13). lo5 (4). 59 (4). 

Trimethyl 4-bronoorthobenroate (6, R = Br): 'H NMR (CC1 
7.38 s. 4H 
~40,4~~, I5 /I56 (Ii,I5). I50 (61, IO5 (Is), 91 (27 z 

, - MS 80 cV): a/e - 231/229 (98/100 X 
, 60 NHr): d= 3.04 (s, 9x). 

2f6/214 (3/3), 185/183 
76 (19), 75 (18), 59 (37). 

Compounds z16) and 4 11) were 
reported ones. 

identified by comparison of their 'H NMR spectra with 
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