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Abstract - Polybromochloride ions (BrxC 
dichloromethane. and they could be 

-) were generated by anodii oxida9on of mixtures of Br- and Cl- in 
u !red as presicely-controlled oxidizing reagents, of which oxidizing 

powers depended on the x- and y-values, for ex-cell indirect electrooxidation of a variety of alcohols. 

Substrate molecules are reduced or oxidized by direct electron transfer on electrodes in ordinary(di- 

rect) electrolysis, while indirect electrolysis involves reactions of the substrates with reducing or oxidizing 

reagents generated by the direct electrolysis of their precursors. The indirect electrolysis is also classified into 

in-cell and ex-cell types. In the former, the reduction or oxidation of the substrates with the electrogenerated 

reagents takes place in the electrolytii cell. white in the latter the substrates react with the reagents in an auxil- 

iary pot into which the electroiytii solutions containing the reagents are transported from the cell. 

The indirect electrolysis can be a powerful technique. because it sometimes gives results quite diier- 

ent from those of the direct one. A variety of organic and inorganic. redox and non-redox, homogeneous and 

heterogeneous, and ionic and molecular reagents have been purposively used for indirect electroorganic syn- 

thesis.‘-3) 

It is well known that anodic oxktatiin of halide ions provides a variety of positive/active halogen spe- 

cies which can effectively be used as oxidizing and/or halogenating reagents for organic compounds. The 

oxidation of halide ionso in aqueous media generates molecular hafogens@$ trihalides(X3-). hypohaloge- 

nates(XO-), halogenites(X02-). halogenates(X03-) and/or perhalogenates(X04-). On the other hand. 

though the positive halogen species generated in non-aqueous media sometimes may be more useful as the 

reagents than those in aqueous ones, their chemical compositions and properties have been rarely studied. 

The species sometimes are collectively presented as [Xl+ or ‘X +I 2*4) , because they have not been identified 

except for X2 and X8-. Poiyhalide ions(X2n+i-) and poiyhalogen molecules&,). some of which are known 

to be stable species,5-7) may be possible species generated in non-aqueous media. Voltammetric and 

coulometric studies on anodic behavior of halide ions suggest the formation of X3-, X8-, X2 X2+, X+ and X3’ 

without any direct evidences.8-‘4) Preparative electrolysis of I2 in methanol also suggests the formation of a 

trivalent iodine species which is unlikely to be 13+ itself.’ 5, 

It is also well known that X2n reacts easily with X- to form X2n+l - and even in superacid systems 

X2,,+ is slightly stable. 18) Becker and Zemach detected spectroscopically Br3-(289 nm) anodically-generated 

in acetonkrile.4) From these considerations, the most likely positiie halogen species anodiialiy-generated in 

non-aqueous media may be X2n+l-(polyhalide ion). Discussions in this paper proceed on thii basis. 
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In our previous work> 7) it was found that current efficiency for the in-cell indirect electrooxidatii of 

benzyl alcohols and glycols with anodically-generated positive bromine reagents in dichloromethane de- 

creased drastically wkh an increase in Br- concentration at an equal amount of charge passed. This fact is 

not only important from a practical aspect of the indirect electrooxkfation but also interesting from a mechanii- 

tic aspect. The fact was rationalized as due to the formation of Br2n+l - having different oxidizing powers 

with n-values. On the basis of cyclic-voltammetric and spectroscopic analyses of the anodic behavior of Br-. 

it was tentatively concluded that (1) at amounts of charge less than 2/3 F mol(Br-)-’ , Br3-(regarded as 

Br2n+,- at n=l) with the weakest oxidizing power is exclusively fwmed. (2) at amounts between 2/3 and 1 F 

mol-’ , Br2n+l-(n>l) are formed and they have medium oxidizing powers: the Br2n+l- with the larger n- 

values formed at the larger amounts of charge have the stronger oxidiing powers, (3) at 1 F mol-’ the stron- 

gest Br2 is formed and it is regarded as an ultimate Br2n+l - at n==, and (4) at amounts larger than 1 F mol- 

‘, any clear W-absorption can not be observed, probably, due to the formation of unstable bromine species 

which may be catlonic ones. 

In this work, polybromochloride ions(BrxCly-) anodically-generated from mixtures of Br- and Cl- in 

dichloromethane were electrochemically and spectroscopically investigated, and their reactivities were also 

examined in ex-cell indirect electrooxidation of alwhols. 

Considerably large numbers of mixed polyhalii(lvBrxClyFz~ are known as their stable salts with a 

maximum of v+x+y+z=9. ‘-7) A few(salts of Br3-, Br2CI-. and BrCl23 of them are commercially available and 

have sometimes been used as convenient reagents with well-controlled oxidizing and halogenating powers. 

though they are expensive. However, it is not easy to prepare them because of the inev~kable use of hazard- 

ous molecular halogens or interhalogens under violent reaction conditions in most cases. In contrast. the 

anodic method may result in an easier generation of them under mild conditions. In this point of view, the 

anodii generation of mixed polyhalide ions should be worthy of being studied in detail. 

Experimental 

Typical experimental procedures are as follows: Current-potential curves were measured by a steady- 

state method on a Pt anode(2 x 3 cm) in 40 cm3 of 0.1 M Bu4NC104/CH2C12 anolyte containing 50 mM 

Bu4NBr at room temperature under a nitrogen atmosphere. The catholyte was also 22 cm3 of a 0.1 M 

Bu4NC104/CH2C12 solution separated from the anolyte by glass flit diaphragm, and the cathode was a Pt 

plate(2 x 1.5 cm). Preparative electrolysis was also carried out galvanostatically at 8.3 mA cms2 of current 

density using a cell assembly similar to the above. After passing a certain amount of charge, an aliquot(0.1 

cm3) of the anolyte was diluted with CH2C12 to be subjected to UV-spectroscopic analysis. An equimolar 

quantii of starting alcohols to the amount of charge passed was added to the anolyte and the resulting reac- 

tion mixture was allowed to stand for 19 h at 30°C. unless otherwise noted. Unreacted positive halogen 

reagents in the reaction mixture were quenched by shaking with a Na2S203 solution, and the CH2C12 phase 

was dried over MgS04 and subjected to GC analysis of products. 

Results and Discussion 

Voltammetry: Figure 1 shows current-potential curves of Cl-. Br- and Cl-+ Br-. Any additive proper- 

ty can not be observed in the current-potential curve of Cl-+ Br-. lt is also noted that the discharge potential 

of Br- shifts positively in the presence of Cl- which discharges at a much more positive potential. This fact 
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suggests an interacNon between Cl- and Br- before or after the discharge of Br-. For instance. it is likely that 

a mixed polyhaW(di, Br2W) km ls formed according to the following equations: 

2 Br- - 2e - BP2 (1) 

BL’2 + cl- - Br Cl- 2 (2) 

0.6 0.8 1 .o I.2 

Potential/V vs SCE - 

Fig. 1. Current-Potential Curves in 0.1 M BqNCl 04/CH2C1 2 

UV-Spectroscopy: It was found that X max of anodically-generated polybromide ions(Br2,,+, 3 in 

CH2C12 from Br- in the absence of Cl- was significantly affected by amcunts of charge passed. As shown in 

Fig. 2, abscrptlon bands were obsewed at272and230nmwhenamcuntssmaJlerthanZ!/9Fmol-1 andofl F 

mol-’ were passed. respectively. The former and latter bands are attrlbuted to Br9- and Br2.’ 7) At amounts 

2KlandlF moi-’ , Br2”+,- with different n-values may be formed. 

280 , 

260 

240 

2201 I 
0 0.5 1.0 1, 

Charge passed/F mol-1 

Fig. 2. Relation of A,, of Brpn+,- to Amounts of Charge Passed in 50 mM Bu4NBr 

The absorption band of positive halogen species anodically-generated in a mixed system of Br-+ 

Cl-/acetonitrile was observed at 269 nm independent of the amounts of charge passed smaller than 2 F 
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mol(Br2-’ .4) This fact indicates that only Br3- can be formed in acetonftrile regardless of the amounts of 

charge. 

0ntheotherhand.h max of the anodically-generated mixed positii halogen species in CH2Ct2 varied 

drastically with the amounts of charge as shown in Fig. 3. The mixed species ls speculated to be Br,Cly- 

(x+y=odd numbers). A species@72 nm) formed at a small amount of charge& 0.5 F mol-‘) may be Br3-(272 

nm). and one(242 nm) at a large amount(2 F mol-‘) may be BrC12-. Commercially supplied Bu4NBr3, 

Bu4NBr2CI and Bu4NBtC12 have the bands at 272’ *) 282 and 242’ *) nm, respectively. 

I 

270 - 

230 1 I 

0 0.5 1.0 1.5 2.0 

Charge passed/F mcl @r-)-l 

Fig. 3. Relation of Xoax of Br,Cly- to Amounts of Cherge Passed in Br-+ Cl- Mixed 

Systems: (a) 50 mM Bu4NBr + 50 mM Bu4NC1, (b) 50 mM Bu4NBr + 150 mM Bu4NCl. 

and 50 mM Bu4NBr + 400 mM Bu4NC1 

Chemical preparation of Br+-: Generally it is not easy to prepare BrxCly- by chemical methods1 ‘) 

Some(Br3- and Br2CI-) of them could be prepared by means of interconversion by the reaction with Br-(Eqs. 

3.4). However. the reaction with Cl- did not occur even when excess amounts of Cl- were used. 

BrC12- + Br- - Br2Cl- + Cl- (3) 

Br$l- + Br- - Br - 3 + cl- (4) 

On the other hand, Br2 and Br3- reacted with Cl’ to give products with X max [less than 282 nm 

(Br,Cl-) and 272 nm(Br3- itself), respectively] continuously changing with amounts of Cl- added, but only 10 

nm of variation in the h max could be observed even when more than a hundred equimolar Cl- were added. 

Hence, compared to the chemical method. the anodic one is not only more convenient but also can provide 

BrxCly- with more widely variable h,, If the value of X,, indicates the oxidizing power of BrxCly- reagents, 

the above fact should be practically important from an organic synthesis aspect. 

Structure of BrxCl$ -: The highest known polyhalide ions may consist of 17 halogen atoms.5*7) Al- 

though a number of studies have been made by means of vibratiin*22) and electronic’ ‘*’ 823) spectros- 

copies, nuclear quadrupole coupling constant measurement24*25) and conductometry,26) the structure of 

polyhalkte ions has not been made completely clear. A reasonable structure between cationic. anionic and 

atomic halogens was postulated for polyhalide ions consisting of 3 and 5 halogen at~n’rs.~~*~~) In this situa- 

tion, it seems to be diiiult to specify the structure of anodically-generated BrxCly-. Therefore. the oxidizing 

capacity and power of BrxCly-. which seem to be directly related to the values of x and y. will be discussed in 

detail below. 
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Ciy-: It was confirmed by iodometry that the total oxidbing capacity of an 

anodk soiuticn after eiectrolysfs was proportional to the amount of charge passed. regardless of the Ci7BF 

ratio in the original anodic sokiticn. in addkkm, the ccmmemiaify avaiiabie BuqN+ saits of Br3-, Br2Ci- and 

BrCi2- had an equai oxfdfzing capacity equivaient to in imaginary Br+. From these facts and Fff. 3, it may be 

suggested that the oxidhing capacky cf BrxCiy- is equivalent to 1/2(x+y-l)Br+. and the product of lR(x+y-1) 

and amount of BrxCiy- formed ia propcrtional to the amount of charge passed. 

Oxkiizing power of Br,Ciy-: Posii haiogan species are well known as convenient oxkiiiing reagents 

for oxidation of aicohois to the corresponding carbonyi compounds. Oxidizing powers of the same type of the 

reagents consfsting of different halogens are generally ordered as CI>BIA.~~~ in this work. the oxidizing 

power cf BrxCiy- was examined in the oxkfatkm of aicohofs as a test reaction. 

The oxidat&n was carded out by msans cf ex-ceil fndkect eiectroiysis in which 1 moie of the alcohols 

per 2 F of charge passed were reacted. Therefore. the yield of the carbonyi compounds formed should be a 

relative indication for the oxidizing power of BrxCiy- anodicaily-generated at different amounts of charge 

passed. 

As shown in Fig. 4. the yield of benzaidehydes in the oxidation of benzyi alcohols was significantly 

increased with an increase in the amount of charge passed, while product-selectivity for the benzaldehydes 

IOO- 

80 - 

60- 

I 

1.0 1.5 2.0 
Charge passed/F mol (Br-)-1 

Fig. 4. Yield and Selectivity for Benzaldehydes in the Oxidation of Benzyl 

Alcohols(-.- ; Benzyl Alcohol and -o_ ; p-Methylbenzyl Alcohol with 

Anodically-Generated BrxCly- at Cl-/Br-=1 
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was slightty dec#aWd withanlncreaselnthecharge. lheformerfactindkzttesthataBr,C$-generatedat 

akrgeramcuntdchargehasastmngsroxldiipower. Inctherwords,aBrxGly-wlthasmalier&axora 

largeryhcratiohasastronger~izingpower~khresulEsinahigheryisldandakwerproduct_seledhrity. 

Addition of ZB-lutidine as a base had no influence on the oxidizing power of BrxCiy-. while the de- 

pendence of the oxidiiing power on the amount of charge passed disappeared in the presence of K2C03 

No signiMnt influence d the concentrath d BrxCty- was obaen&. AsexpectedfromFii.3.theintt&lratk 

d Cl-/BF in the anodk sobtkn was also an important controMng factor d the ox&ii power as well as the 

amount d charge. 

As shown in Fig. 5. a similar dependence of the oxidizing power on the amount of charge was also 

observed in the oxkatkn d DL-Q-phenethyl alcohol and 2-methyky&hexand in the presence d PHuti- 

dine whkh was used to prevent the a-bromination of ketones formed. 

0.5 1.0 1.5 2.0 
Charge passed/F mol (Br-)-I 

Fig. 5. Yield of Ketones in the Oxidation of (a) DL-a-Phenethylalcohol and 

(b) P-Methylcyclohexanol 

Substrate-selectiiity COntrOl: It was found that substrate-selectMy in the oxidation of mixed starting 

substrates was effectively controlled by controlling the amount of charge passed for generating BrxCly-. As 

shown in Pg. 6. the higher selecttMties were obtained using BrxCly- with weaker oxidiiing powers generated 

at the smaller amounts of charge. 

Product-sekctii control: The oxidation of meso-hydrobemoin gives a mixture of benzil and benzoin 

in general. As shown in Fig. 7. not only their total yields but also sekctiiities were drastically varied with the 

amount d charge passed for generating BrxCly-. This fact indicates that anodkalty-generated BrxCly- can 

bs used as reagents for prcduct-sekctii controlled oxidation. 
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0.5 1.0 1.5 2.0 
Charge passed/F mol(Br-)-' 

Fig. 6. Substrate-Selective Oxidation of 1:1 Mixtures of (a) Cis-/Trans- 

2-methylcyclohexanol and (b) DL-a-Phenethyl/Benzyl Alcohols 
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Fig. 7. Product-Selective Oxidation of meso-Hydrobenzoin: (a) Formation 

Ratio of Benzil/Benzoin and (b) Total Yield. 

Artodio oxidation of mixtures of Br'- and Cl- in CH& provides mixed positive halogen species. which 

seemtobepolybromoohloricie tons@rxC$~ andtohave oxidiiingpowefspreoisely-controlled bytheernount 

of charge passed for generating them. Therefore, they can be used for well-controlled oxidation of alcohols. 

Furthermore. they can be also used to control substrate- and product-selectivities in the oxidatiin. 

In a further investigation in progress, it is being indicated that the polybromochloride ions can also be 

used as well-controlled brominating reagents for a variety of organic compounds. 
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