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Abstract - The technically important a-methoxylation of aliphatic ethers
and acetals to form mixed acetals respectively aldehydes or ortho-esters
can be performed electrochemically at low potentials in methanol solution
using an undivided cell and tris(2,4-dibromophenyl)amine as redox cata-
lyst. The regioselectivity is usually considerably higher as compared
with direct electrolysis in the absence of a catalyst. Especially valuable
is the method for the regioselective methoxylation of secondary carbon
atoms in presence of primary or tertiary ones and of the acetal carbon

in 1,3-dioxolanes. The redox catalyst is stable under the reaction condi-
tions so that more than thousand turnovers could be obtained.

Because of their very positive potential the oxidation of aliphatic ethers and acetals is very
difficult. This is also true for the anodic oxidation. Therefore, using graphite anodes and metha-
nol/sodium methoxide as electrolyte only very poor current yields (2-methoxy tetrahydrofuran =
16.3 %)] could be obtained. Current yields could be improved using platinum or glassy carbon ano-
des and methanol/tetramethylammonium methosulfate as electrolyte, however, the regioselectivity
in the methoxylation of unsymmetrical ethers is still very Iowz. The methoxylation of 1,3-dioxo-
lanes can be performed at a platinum anode using an electrolyte of methanol/potassium hydroxide
yielding the orthoesters in good material yields. The current yield for 2-methoxy 1,3-dioxolane,
however, is only 15 %3. Similar results could be obtained for 1,3-benzodioxo]s4. a-Hydroylation
of tetrahydrofuran can be performed in a 1 M H2504 electrolyte at platinum anodes using a quasi
divided cell in current yields of up to 70 %5. The selectivity of this procedure, however, seems
to be low, if cycloaliphatic diethers are employed. Under similar conditions B-cyanoethyl ethers
are oxidized to form cyanoacetic acids.

Very often it is possible to perform electrolyses at much lower potentials and with consider-
ably higher selectivities, if a redox -catalyst (mediator) is inserted between the electrode reac-
tion and the substrate oxidation step7. Recently we were able to perform selective anodic oxida-
tions at low potentials of benzylic alcohols te benza]dehydes8 and alkyl aromatic compounds to
benzoic esters of orthobenzoic esters9 in methanol solution using an undivided cel) by applying
tris(2,4-dibromophenyl)amine as a mediator. We are now reporting the results of the indirect elec-
trochemical a-methoxylation of aliphatic ethers and acetals under similar conditions. The principle
of the reaction is shown in Scheme 1 and 2 including all products which possibly may be formed.

5797



5798 K.-D. GINZEL et al.
M
RIRZR3C-0-CHRARS 0N/ NAOME o e30.0-CHRARS + RIRZRIC-0-CRARS
1 CH3 CH3
2 AR3N-* 2 Ar3N 2 3
+ RZR3C-OCH3 + CH30-CR4RS + R3COOCH3 + RACOOCH3
H3 H3
4 6 7
Compd. Rl R R3 R4 RS
a: H H CH3(CHz)2 CH3(CH2)2 H
b: H CHs CHj CHj CHj3
: H H CHy=CH CHp=CH H
: H H ~CHg-CHg- H
: H H -CH2CHCHy- H
H H -CHy-0-CHjp- H
8: H H H CH20CH3 H
h: H H CH3(CH3)2 CHy=CH H
i: CH3 CHj CH3 H H
ks H -CH2(CHg)3CHo~ CH3(CH2)2 H
SCHEME 1
~O0R2 H/NAOM Rl ORZ ORZ
R1-CH _MEQH/NAOMe Sl + R1cf ¢ R1-C(OCH3)3
“~OCHZR3 CH30” “OCH2R3 0CHR3-0CH3 '
8 9 10 "
2 Ar3N-* 2 AR3N
+ R1-CO0CH3
ANODE 12
-Compd. Rl R2 R3
a: H ~CHp-
: CH3(CH2)2 -CHp-
: CH3(CHz)2  CH3 H
d: -(CH2)3- H
SCHEME 11

Compounds 2, 3 and 9, 10 are regioisomers which may be obtained from the unsymmetrical ethers
1,2-dimethoxy ethane (1g), allyl-n-pentyl ether (1h), E;butyl-mefhyl ether (1), cyclohexyl-n-
butyl ether (1k), and the acetals 1,3-dioxolane (8a), Z-E-propy1;1.3-dioxolane (8b), n-butanaldi-
methy! acetal {(8c), 2-methoxy tetrahydrofuran (8d). In the case of the symmetrical ethers di-n-
butyl ether (la), di-i-propyl ether (1b}, diallyl ether (1c), tetrahydrofuran (1d), tetrahydro-
pyran {1e), and 1,4-dioxane (1f) as substrates compounds 2 and 3, 4 and 5, as well as 6 and 7
are identical. Dimethylacetals 4 and 5, and orthoester 11 are transacetalation products of 2,

3 and 9, respectively. The esters 6, 7 and 12 are follow-up products of the respective ortho-

esters.
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The reaction has first been studied be cyclovoltammetric measurements in MeOH/LiClO4 {0.2 M).
If only the mediator tris(2,4-dibromophenyl)amine (2x10'3M) was present, the peak current ratio
1pred/1pox for the mediatior redox pair at +1.74 V vs. NHE was about 0.9 at a sweeprate of 0.225
V/sec indicating a slow reaction between the mediator cation radical presumably with methanol
or residual water. In the presence of larger concentrations of THF (1d) and sodium carbonate as
a base the peak current ratio dropped to 0.72 (THF concentration 5x10'2M) or to 0.6 (THF concen-
tration 10x10'2M). This is evidence for a rather slow reaction between the mediator cation radical
and THF. In the presence of the more easily oxidizable diallyl ether (1c) even with a 1:1 ratio
of mediator and substrate the peak current ratio is lowered considerably indicating a much faster
reaction. These results can be explained by the following mechanism (eq. 1 - §).

ARSN o208 ARaN-+ ()

ARIN-*+ + R-0-CHoR' oms [AR3N:-*++-R-0-CHR'1  (2)
(AR3N-*++ +R-0-CHaR"1 + B ——+ AR3N ¢ R-O-CHR" + HB* (3)

R-0-CHR' + AR3N-* === R-0-CHR" + AR3N (4)
R-0-CHR® + CH30H ——» R-O-?HR' + H* (5)
+
OCH3

Because of the large potential differences between substrate and mediator a "bonded" electron-
transfer mechanismg’]0 via a complex formation {eq. 2) is assumed. The driving force for the reac-
tion is the deprotonation (eq. 3) yielding the alkoxy alkyl radical. Therefore, in the absence
of a base 1ike NaOMe or Na2C03 the reaction takes place only at a very slow speed or not at all.

The preparative application of this method was optimized using tetrahydrofuran (1d) as the
substrate. Figures 1 and 2 show that the current yield increases with increasing substrate concen-
tration and with decreasing base (NaOMe) concentration.
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Figure 1. Dependence of the current yield Figure 2. Dependence of the current yield (CY)
(CY) on the substrate (THF 1d) on the amount of added NaOMe as base
concentration in 90 m! solution using 20 m1 THF in 90 ml solution
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The optimum conditions are as follows: To prevent predominant methanol oxidation the concentra-
tion of the substrate should be as high as possihle, preferentially the substrate should be used
as co-solvent. The concentration of the mediator tris(2,4-dibromophenyl)amine usually is ca. 1°
mmol in 100-ml electrolyte solution. The substrate to mediator ratio can reach 300 to 200:1. The
concentration of the base optimally is 1 to 3 mmol NaOMe in 100 ml solution. High concentration
will cause predominant oxidation of methanol giving low current yields, while lower concentrations
will result in larger electrolysis duration because of lower current densities. KOH and Na2C03
can also be used as bases. KOM causes faster transacetalation, while Na2C03 results in slower
reactions (Table 1: entries 3, 6, 7, and Table 2: entry 2). As solvent supporting electrolyte
either L1'C104 or sodium benzoate in methanol are used. All types of carbon can be used as electro-
des in the undivided cells. The optimum temperature is about 40°C. The electrolysis is performed
under potential control at 1.55 V vs. a Ag/AgC] reference electrode which is considerably lower
than the electrode potentials of the ethers and acetals. Losses in current yields are due to the
fact that methanol is oxidized by triarylamine cation radicals to form formaldehyde dimethylacetal
in a parallel reaction. The mediator is stable over several thousand cyclesg. Tables 1 and 2 give
the results of the indirect electrochemical a-methoxylation of ethers and acetals respectively.

Table 1. Results of the indirect electrochemical oxidation of aliphatic ethers 1
in methanol with tris(2,4-dibromophenyl)amine as mediator

Entry Comp. Substrate 1 Base Ar3N Product Selectivitya Product Yield in mmo]

in % : {current yield in % P)
mmo (mmol1) mmol 3 4 5 7 3 H 5

1 a - 119.4 NaOMe 1.5 61 € 17 8.8 55 ¢ 16 8
(4.0) (26) (7.5) (7.5)

2 b 200 NaOMe 1.0 69 ¢ o --- 3.2 ¢ 05  ---
{10.0) (3.0) (0.5)

3 b 200 KOH 1.0 78 A Qe 0.03 ¢ 34 -
(3.0) {0.03) (3.6)

4 c 250 NaOMe 1.7 79 ¢ 16 --- 24 ¢ 6.5 ---
(12.5) (35) (9.0)

5 d 113 NaOMe 1.0 95 ¢ o - 18 ¢ - -
(1.8) (35)

6 d 76 KOH 1.0 95 S 19 € .
(3.0) (25)

7 d 13 Na,C0, 1.0 95 ¢ - 16 ¢ - e
. (32)

8 e 154 NaOMe 1.0 95 ¢ - 7.1 ¢ - -
(3.0) (7.2)

9 f 100 NaOMe 1.0 90 (R 7.0 ¢ -
(5.0) (6.5)

10 q 250 NaOMe 1.7 84 == —-= --- 51 ceemmmemn
(10.0) (23)

n h 3 NaOMe 0.7 56 --- 39 --- 17 S -
(1.5) (37) (25)

12 i 400 NaOMe 1.5 90 --- --- --- 9
(10.0) (9)

13 K 29 NaoMe 0.7 --- 200 60 9 --- 1.6 4.9 0.5

: (1.5) {3.6) (1) (2.3)

2 product selectivity is defined as mol percent for a certain product based on the sum of
all products. It should not be mixed up with the term "regioselectivity which means the
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sum of those products obtained by attack at a certain carbon atom in percent based
upon the amount of all products.

b The current yield of a product is determined as percentage of that amount of product
which could be obtained, if 100 % of consumed charge would only give this one product.

¢ In case of symmetrical ethers products 4 and 5 are identical.

d Also obtained are 0.4 mmol (product selectivity 5 %) of cyclohexanone.

Table 2. Results of the indirect electrochemical oxidation of acetals 8 in
methanol with tris(2,4-dibromophenyl)amine as mediator

Entry Comp. Substrate 8 Base Ar3N Product Selectivity Product Yield in mmol

in % (current yield in %)
mmo] (mmol) mmol g 99" 11 12 9 10 n o2
1 a 382 NaOMe 1.0 89.9 5.7 4.4 --- 71.2 4.5 3.5  ---
(3.8) (70.8) (4.4)  (7)
2 a 382 KOH 1.0 68.6 9.7 21.7 -—- 43.4 6.1 13,7 ---
(3.8) (55.8) (7.9) (7.7
3 b 67.5 NaOMe 1.0 e ---  8.03%
(1.5) (12.2)
4 ¢ 108 NaOMe 0.7 T Y, RO - 11
(5.0) (4.4)
5 d 60 NaOMe 1.0 no reaction

(1.5)

2 9.5 mmol of starting material were recovered as n-butanal dimethoxyacetal by transacetala-
tion during electrolysis. Oxidation of this transacetalation product proceeds at a much
slower rate than that of the starting dioxolane 8b.

The regioselectivity of the methoxylation can be represented in the following way.

Regloselectivity of the methoxylation In%
CH4O—-CH,~ :(‘:H_O_CHI_ N‘ch -CH,—0-CH,-0- —CH,-O-CH-0O-
/

/‘ |
X;o 25 \69 b}m é \94 RXoo

This demonstrates the superiority of the indirect electrochemical method with respect to the
regioselectivity of the reaction over all other previously reported electrochemical ether and
acetal oxidations.

Reactiwity and current yields are changing parallel to each other as shown below:
Reactivity and CurrentYieids in %

\ R
- - > CH-0- D CH5O- O\CH—
Wo\ > CHY > CHrO >’ >\3 > RO’

s-60 \75 30-40 510 10 5

Qi@ip\m
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Highest reactivity and therefore highest current yields (up to 75 %) are obtained in the a-me-
thoxylation of allylic methylene groups (Table 1: entries 4 and 11) and of the methylenedioxy group
in 1,3-dioxolane (Table 2: entries 1 and 2). The reactivity of an aliphatic CHz-group in a-posi-
tion to oxygen is much higher (current yield up to 40 %) than those of either a CH- or a CH3-_
group. Thus 1,2-dimethoxy ethane {1g) is selectively methoxylated at the CHz-group (Table 1: entry
10), and in cyclohexyl-n-butyl ether (1k) the secondary carbon is preferentially oxidized over
the tertiary one (ratio 69: 25; Table 1: entry 13). The reduced reactivity of tertiary carbons
which also shows up, if 1,3-dioxolane (8a) and 2-n-propyl-1,3-dioxolane (8b) (Table 2: entries
1 and 3) are compared, can be rationalized by a steric effect. The formation of a complex between
substrate and mediator cation radical, which seems to be a prerequisite for the success of this
reaction (eq. 2)9’]0, is hindered in these cases. Five-membered cyclic ethers are much more reac-
tive than six-membered rings (Table 1: entries 5,8,9). This may be due to the ring strain of five-
membered rings which results in a higher standard heat of formation.

The results show that the indirect electrochemical a-methoxylation of aliphatic ethers and
acetals using tris{2,4-dibromophenyl)amine as a mediator is especially useful for the selective
oxidation of aliphatic or allylic methylene groups in unsymmetrical ethers. Therefore large scale
electrolyses of 1,2-dimethoxy ethane was performed using an undivided capillary gap cell with
6 bipolar graphite disc electrodes at a fixed current density of 3.3 A/dmz. The electrolysis of
1225 g (13.01 mol) 1,2-dimethoxy ethane (1g) in the presence of 1188 g methanol, 12.3 g sodium
benzenesulfonate, 12.3 g sodium methoxide, an 12.3 g (17 mmol) tris(2,4-dibromophenyl)amine as
mediator after consumption of 30 Faraday resulted in the formation of 2.24 mol methoxyacetaldehyde
dimethylacetal (3g) together with 0.51 mol 1-methoxymethoxy-2-methoxy ethane (2g). 938 g (10.4
mol} of starting material could be recovered. Because this reaction was performed without poten-
tial control at a relatively high current density the selectivity in the formation of 3g dropped
to 70 % and the regioisomer 2g was obtained with 16 % selectivity, while under potential control
3¢ was obtained as sole product (Table 1; entry 10). If the reaction was performed under identical
conditions, however in the absence of the mediator, compounds 3g and 2g were isolated in a one
to one ratio (selectivity 43 % : 42 %) and methyl orthoformate was formed with 15 % selectiviy.
Current yields were comparable with the indirect method.

To compare the indirect electrochemical oxidation of 1,3-dioxolane (8a) (entry 1, Table 2)
with the direct anodic transformation, 1,3-dioxolane was electrolyzed under identical conditions
only in the absence of the mediator at the same potential as in its presence (+ 1.5 V vs. Ag/-
AgCl). As a result the obtainable current density was between two and ten times lower than in
the mediated reaction and after consumption of 8300 As it became so small that no further
reaction was possible. Only 9.1 mmol of product 9a were formed in a current yield of 21 %. Instead
in the indirect case after consumption of 19400 As 71 mmol 9a were formed in a current yield of
71 % in one third of the time.

EXPERIMENTAL

M.p.s. were determined with a Reichert hot-stage microscope and are uncorrected. NMR Spectra were
measured with Varian EM-360 and Bruker WH-90 instruments (solutions in deuteriochloroform, tetra-
methylsilane as internal standard). Mass spectra were obtained by GC/MS coupling using a Varian
MAT 111 or a Finnigan MAT 1020 B instrument at 70 eV.
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Materials

Starting materials la, 1b, 1d-1g, 1i, and 2a were commercialy available. Their purity was control-
led by g.1.c. and, if necessary, they were purified by distillation. 1c, Th, 1k, 2b and 2¢c were
prepared by standard procedures]]’lz. Tris(2,4-dibromophenyl)amine was synthesized by direct bro-
mination of triphenylamine13. The purity was determined by g.1.c. on an OV 101 (1 % on Chromosorb
W) colum and by cyelic voltammetry. Acetonitrile {(Merck, Aldrich, p.a.) was used as obtained,
methanol (Merck, p.a.) was stored over molecular sieve (4 R). Ethanol was distilled from tartaric
acid while diethyl ether was stored over KOH and distilled from KOH and iron sulfate.

Equipment for Cyclovoltammetry

Cyclovoltammograms were obtained using a Wenking-Potentioscan P0S-73 (Bank, Gottingen) together
with a Hewlett Packard XY-recorder, model 7045 A. The analytical cell with cooling mantle, type
EA 876-20, was obtained from Metrohom (Herisau, Switzerland). A glassy carbon disc (¢ = 0.3 cm)
was used as working electrode while the counter electrode was a Pt-foil (0.30n2). As reference
electrodes either a Ag/AgNO3 (0.1 M) system was used in acetonitrile electrolytes while in metha-
nol a Ag/AgCl-electrode was applied.

Equipment for Preparative Electrolyses

Preparative electrolyses were performed with a Wenking-Potentiostat ST 72 (Bank, G&ttingen) in
combination with a digital coulometer based on votage to frequency conversion.

Electrochemical Cells

Cell A: Undivided beaker type cell (120 ml) with cooling mantle equipped with glassy carbon cylin-
der anode (Sigradur K, Sigri Elektrographit, Meitingen, inner g 26 mm, height 50 mm), Pt-wire
cathode, and Ag/AgCl-reference electrode. Temperature 40°C.

Cell B: Undivided capillary gap cell (ca. 4 1) equipped with 6 or 11 graphite disc electrodes
with a gap of 0.5 mm. Flow of electrolyte maintained by pumping it at a rate of 200 1/h. Tempera-
ture 25 - 27 °C.

General Procedure for the Indirect Electrolysis of Ethers 1 and Acetals 8 in Methanol/Sodium
Methoxide

Using cell A amounts in the range of 1.7 and 0.7 mmol (1.17 g to 0.5 g) of the mediator tris (2,4-dibromo
phenyl)amine are dissolved in a 90 m) mixture of methanol and the substrate (see Table 1 and 2)
containing 1.5 g LiC]O4 as solvent supporting electrolyte. In several cases decaline (10 mmol)

is added as internal standard for g.1.c. control during electrolysis. After application of 1.55

V vs. the Ag/AgCl-reference electrode it is electrolyzed at a current of 100 to 150 mA until the
desired amount of charge (10000 to 50000 As) is consumed. For work-up of those products which

do not easily undergo transacetalation methanol is evaporated from the electrolysis mixture, then

40 - 50 ml of dilute aqueous KOH {2 %) are added and continously extracted with n-pentane. In

an optimized procedure ether is added to the electrolysis solution and water soluble components

are extracted with a saturated K2C03 aqueous solution.

After drying over K2C03 the pentane or ether phases are distilled over a Fischer Micro-Spaltrohr
colum, and the purity of the fractions controlled by g-l.c.. In other cases the 2,4-dinitrophenyl
hydrazones of the corresponding aldehydes or ketones are isolated and identified. Determination
of the exact regioselectivity is performed by g.1.c. quantification using decaline as internal
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standard. The quantities of employed substrates and reagents and the yield of the products are
reported in Tables 1 and 2.

General Procedure for the Large Scale Indirect Electrolysis of 1g in Methanol/Sodium Methoxide

Using cell B amounts in the range of 17 and 20 mmol (12.3 - 14.5 g) of the mediator tris (2,4-di-
bromophenyl)amine are dissolved in a mixture of 1500 g 1g, 1500 g methanol, 15 g sodium methoxide,
and 15 g sodium benzene sulphonate. The electrolysis is performed at a fixed current density of
3.3 A/dm2 under circulation of the electrolyte at a rate of 200 1/h and at a temperature of 25 -
27°C. Work-up is performed as described above. The product distribution is determined by g.1.c.

The physical and spectroscopic data of the methyl carboxylate 7 respectively 12 and the trimethyl
orthoformate 11a and products 3d and 9a compared well with those of the commercially available
reference compounds. Dimethyl acetals 4 and 5 and methoxyacetalaldehyde dimethylacetal 3g are
well known compounds. They were identified by comparison of their spectroscopic data and their
g.1.c. retention times with those of authentical samples which are prepared by acetalation of
the carbonyl compounds with trimethyl orthoformate using standard procedures.

Mixed acetals 3a, 3b, 3c, 3e, 3f, 3h, 31 were identified by their ]H-NMR and/or their MS-spectra.
In addition, the acetals 3a, 3b, 3¢, 3h and 31 were transformed to the 2,4-dinitrophenyl hydrazo-
nes of the corresponding carbony! compounds and compared with authentical samples.

1-n-Butoxy-1-methoxybutane (3a): TH-NMR (CDC13, 90 MHz); & = 0.77-1.1 (2 t, 6H, 2 CH3), 1.14-1.78
(m, 8H, 4 CHZ)’ 3.32 (s, 3H, OCH3), 3.46 (t, 1H, OCHZ). 3.56 (t, 1H, OCHZ), 4.44 (t, 1H, 0-CH-0)
ppm. - MS (70 eV): m/e = 159 (0.2 %, M+-1), 129 (7), 117 (24), 103 (2), 87 (51), 73 (16), 61
(100), 57 (31), 55 (19), 45 (37), 41 (17).

2-Methoxy-2-i-propyloxypropane (3b): MS (70 ev): m/e = 100 (1 %, M- CH30H), 99 (2.5), 73 (100),
59 (8), 55 (11), 43 (21).

3-Allyloxy-3-methoxy-1-propene {(3c): TH-NMR (CDC13, 90 MHz): & = 3.32 (s, 3H, OCH3), 3.98-4.14
(m, 2H, CHZO), 4.83-4.94 (dt, 1H, 0-CH-0), 5.06-5.57 (m, 4H, 2 CH2=). 5.46-6.22 (m, 2H, 2 CH=)
ppm. - MS (70 eV): m/e = 128 (0.03 %, M+), 127 (0.27), 101 (8), 97 (20), 87 (6), 71 (92), 59 (7),
55 (18), 41 (100).

2-Methoxytetrahydropyran (3e): 1H-NHR_(CDC13, 90 MHz): 6 = 1.36-2.11 (m, 6H, 3 CHZ)’ 3.40 (s,
3H, OCH3), 3.44-4.11 (m, 2H, CHZO), 4.51 (m, 1H, O-CH-0) ppm. - MS (70 eV): m/e = 116 (6 %, M+).
115 (20), 88 (10), 85 (100), 71 (6), 67 (10), 61 (98), 58 (52), 56 (78), 55 (22}, 43 (22).

2-Methoxy-1,4-dioxane (3f): ]H-NMR (CDC13, 90 MHz): 6 = 3.47 (s, 3H, OCH3). 3.56-4.2 (m, 6H, 3
CHZ)’ 4.48 (t, 1H, 0-CH-0) ppm. - MS (70 eV): m/e = 118 (24 %, M+), 88 (62), 87 (19), 61 (100),
559 (8), 58 (35), 57 (11), 45 (12), 43 (44).

3-n-Butyloxy-3-methoxy-1-propene (3h): MS (70 eV): m/e = 131 (3 %, M*-C2H3), 127 (8), 101 (15),
71 (100), 61 (10), 57 (20), 55 (5), 43 (24).

t-Butoxy-methoxy-methane{31): 'H-NMR (CDC14, 90 MHz): 6 = 2.30 (s, 9H, C(CH4)3), 3.55 (s, 3H,
OCH3), 3.85 (s, ZH, 0-CH,-0) ppm. - MS (70 eV): m/e = 103 (25 %, M'-CH), 87 (2), 73 (19), 57
(44), 45 (100), 43 (5), 41 (16).

4-Methoxy-1,3-dioxolane (10a) was only identified by its MS spectrum which was obtained by GC/MS
coupling: MS (70 eV): m/e = 104 {15 %, M+), 103 (16), 75 (9), 73 (12), 45 {60), 44 (100), 43 (31).
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