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I. INTRODUCTION 

Carbamons and heteroatom-anions (amens formed at atoms other than carbon; henceforth, 

heteroamons) are among the most important mtermedlates m organic synthesis. Typically, the precursor 

conjugate acids are converted to their amens by treatment with different lands of bases such as all41 metals, 

hydndes, hydroxides, amides, ammes etc. Dependmg upon tbev stab&y, the anions are used in syntheses 

either by generation zn szlu or with pnor isolation as the salt. 

The electrochemical method offers the unique posslbtity of generahng at the cathode a wde variety 

of orgamc anions under very mild conditions and without the stoichlometnc addlhon of a chenucal base. The 

mam advantage of this approach 1s that it IS very easy to control both the solvent and the countenon which 

can be very useful because the nucleophlhc react~ty of anions depends strongly on these factors The 

cathodic generatIon of anions IS most useful for strongly nucleophlhc amens By contrast, thermodynamically 

stable and weakly nucleophdlc anions are useful m anodes processes for generatmg electrophdlc mtermediates 

(radicals and carbenes) Another posslbdrty IS to use weak nucleophdes as acceptors of highly reachve 

anodlcally generated electrophdes (cation raduzals and cations). 

There are two general ways to electrogenerate organic anions The first (which might be called direct 

gmerahonj is the reductive cleavage of a bond m compounds with potential leaving 

representatives of this process are the reducuon of halogen compound& and disulfides 2 

a) Cl&COOEt + 2e - CI,CCOOEt + Cl- 

b) RSSR + 2e - 2RS- 

scheme 1 

groups Typical 

Another way is by indirect generation of amens using electrogenerated bases (EGB) Typically, a 

“probase” is selected that can be reduced at the cathode producing the EGB, which IS an amon radical, amon 

or demon. The EGB in turn will deprotonate an appropnate startmg organic acid to produce the desired 

amon that takes part m subsequent chenucal reacmms 

Cathode 

Solution 

RH 
EGB 

- R- 
Electrophlle 

) Products 

Scheme 2 
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The use of BGB 1s a well-known process that has been m extstence for more than 20 years and has 

been used to promote many Important synthettc reactions, for example, alkylatton,3a Mhael addttmn3b~c 

or Wttttg-Home?d-f reacttons. There are several good revrews4 on thrs topic so m the present discussion 

we wdl examine only the more recent papers as well as works that have not been prevtously revrewed. Some 

mvestrgatrons in tlus area wrll be menttoned for comparison with the results of other methods 

A large part of our review wtll discuss the synthehc uttltty of aruons prepared by &L@ &ZW&UQ at 

a cathode by cleavage of an actsvated element-hydrogen bond of an organic acid. 

RH + le - R- + ‘EH, 

Scheme 3 

Although this method has been known for quote some time.5 only m the last few years has raptd progress been 

made Direct electrogeneratron of a vartety of organic anions from C-H, N-H, O-H, P-H and S-H acids has 

been demonstrated and used as a basis for a number of selectrve organic syntheses 

In addthon, we also will give examples that demonstrate the possibility of using in synthesis amomc 

mtermedrates that are generated from other lands of precursors such as orgamc halides, rmrdes or unsaturated 

substances 

Separate se-coons of the review are d&&e-d to the use of organic c&anions and heteroamons in 

syntheses under anodrc electrolysrs condthons as well as syntheses that use the anodrc and cathodrc reactions 

synchronously (“parred electrosynthesrs”) 

II. BRIEF DESCRIPTION OF EXPERIMENT AL METHODS 

It 1s not our mtentron to review the methods of electroorgamc chemrstry which are adequately treated 

m other places 6 Nevertheless, as m any specmhxed method of synthesis (photochemtcal, enxymattc, etc.), 

descrtptrve terms have been mtroduced m the electroorgamc hterature that may have little meamng to the 

neophyte Thus, we will provide a bnef drscussron of the salient expertmental methods A reader havmg 

even a passmg acquamtance with electroorgamc methods should pass over this sechon 

Electrolyses requue two electrodes (anode and cathode) m contact with a conductwe medium (solvent 

plus dtssolved salt, the suoportmg electrolyte) The cathode (where reduchon occurs) is attached to the 

negattve lead of a DC power supply and the anode (where oxtdatton occurs) to the posthve lead The 

electrode (anode or cathode) at which the desired reactton occurs IS called the workme electrok 

A number of very specml~zed electrolvsts & have been developed and some are commercially 

avarlable However, quite acceptable results can be obtamed with the ordinary glassware used in OrgmlC 
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obtamed compared to that theoretically expected on the basis of the amount of startmg matenal taken. 

occasionally, yields are reported as Current effiaency, 1.e , the amount of product obtamed compared to that 

theorehcally expected on the basis of the amount of charge passed Unless otherwlse specified, the yields 

reported m this rewew are matenal yields 

III. THE CATHODE AS EQUIVALENT TO A STRONG BASE 

IN ORGANIC SYNTEES IS. PROGRESS IN THE FUNCTIONALIZATION 

OF ORGANIC COMPOUNDS BY CATHODIC ELECTROLYSIS 

I Electrosynthests Based on Thtolate Antons 

Almost 20 years ago Iversen and Lund2 found that the two- electron reduction of dlsulfides on a 

mercury cathode resulted in formatlon of thlolate anions The amons were efticlently alkylated and acylated 

(Scheme 4) Later it was shown that thlolate amens can also be easily generated by direct reduction of thlols 

on solid electrodes5b 9 *-lo such as Pt, Fe, Nl, Cu, or glassy carbon (GC) The thlolate amons were 

electrogenerated in sztu and allowed to react with appropnate electrophks to prepare a variety of 

sulfides8*9c*10 m high yield (Scheme 4) 

Cathode R’S-H T, 

lBR’S-SR’ 

) R’S_ 

Hg 

Solutlon R’S_ + R”X - R’SR” + x- 

R’SSR’ (Ref 2) R-X Yield, 9( 

@F!S)Z PhCH.$I 63 

WeCOS), PhCH$l 77 

(PhS)z PhCHzCI 92 

(PhCH$)z I-PICI 76 

(PhC”& *c20 69 

@w4iJ-w)2 *cz0 69 

(O-02NCciJ-W MeCl 91 

@02NCsH4S)2 (E’O)ySO, 91 

WeC$Wz MeCl 86 

(MeflCSS)Z MeCl 81 

(Me$CSSh MeJKXXl 37 

(~tOOCG$L$), MeCl 89 

R’SH (Ref 10) RX Yield. % 

II-BUSH 

II-BUSH 

n-C&@” 

“G”17SH 

'W-49 

l+NCH&H.$H 

PhSH 
@Pyndyl>SH ClCl-$COOEt 97 

&Benzoxazolyl)-!ZH CICH.zCOOEt 97 

~-BUSH ClCl+CN 81 

~-BUSH ClC”.$XH 71 

~-BUSH mBuBr 86 

ClCl-$COOEt 95 

fI-BusC”zCHzCI 92 

CIClizCOOMe 94 

EtBr 85 

B~Cli&li=~ 97 

n-BuBr 72 

pWJC&bBr 84 

scheme 4 
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The use of aprohc solvents (M&N or DMF) promotes hrgh reacttvrty of the thtolate amons. Thrs is further 

enhanced by the use of tetraalkylammomum salts as supportmg electrolyte because large cabons do not tend 

to form ton parrs with the duolate amens and thus reduce their acnvity.*~9c~10 Therefore, under these 

condmons rt is possible to carry out the electrochemmal alkylahon of throls efficmntly at room temperature 

and m the absence of any added base. The data summarmed m Scheme 4 demonstrate that electrogenerated 

throlate anions are able to subshtute effechvely iodide, bronude and chlonde m organohahdes of various 

structures The fact that the concentratton of base remams low durmg the reactton suggests that the 

electrochemnzal method may be useful for the syntheses of base-sensmve sulfides 

Electrolysis of thlols m an undrvtded cell wtth a transmon-metal cathode and anode allows synthesis 

of throlates of transttion men&P Here, the undtvtded cell IS used to advantage because the desued end 

product mcorporates the electrolysrs products from both the anode and cathode. The throls are reduced on 

the cathode to thiolate amens whrle the anodrc process ts the dtssolutron of metal 

Cathode nRSH + ne -- nRS- + n/2& 

Anode M -ne - M”+ 

SoluIlon nRS- + Mn+ - (RS)nM 

!XW4% 

R = +Bu, t-Bu, II-C,H,~, ~IC,~&~, PhCH,, Ph 

M = Zn, Cd, Hg, Fe, NI, Co, Cu (n= 2), M = Ct (n = 3) 

2RSH = HS(C&)mSH (m = 2-6), M = Zn, Cd 

scheme 5 

In the same manner, by use of a sacnficral Mg anode, the magnestum salt of dodecyl duo1 was 

synthesrzed m a 0.1 M solutton of EtqNBr m MeCN. Subsequent treatment of the reacbon mrxture wrth 

tnmethylchlorosrlane gave tnmethylsrlyldodecylsulfide m good yreld.gc 

G,H25ShMg + 2Me,StCI a 
40“. lh 

2Cq2H&SIMe3 + MgCb 

Scheme 6 

EkArogenerated thiolate anions effictently inmate the addition of throls to acbvated olefms (Scheme 

7) l1 This mterestmg process is an example of a reacnon that 1s catalyzed by the cathode The cathod~cally 

generated throlate amon mutates the process by reactmg wrth olefin 1 to form carbamon 2 Specms 2 IS qmte 
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basic and IS protonated by the th101 startmg mater& with the formation of sulfide 3 and regenera0on of 

holate amon The amon enters the cycle agam by reactmg with 1 to form 2, etc. 

R” 0 

Cathode 
R’s - f?s 

K x 

FT” 

W2 

+e, -i/2& 

R’SH R’S R”’ 

R = n-C,H,,, n-&y,, CH,C&OH, Ph, R” = H, Me 
W’ = Me, OMe, OEt 

Scheme 7 

This reachon IS very convenient from a preparative pomt of view and may be camed out either in a 

dlvlded or undtvlded cell with a Pt or GC cathode and a Mg anode The yields of 3 for R’ = alkyl, 

HOCH2CH2, and Ph are quantitative even after passage of only 0 0008-O 062 F/mol 

The electrochemical method IS clearly a supenor method for preparahon of vltamm K-related thlo 

compounds 4 1 lc The reaction proceeds via electrocatalyuc addlhon of thlolate anions to the double bond of 

2-methyl-1,Cnaphthoqumone (as m scheme 7) followed by oxulauon of the mtermedlate product 4a wth illr 

Me 
RSH. +e, 0 02-O 05 Flmol 

0 02 M Et,NSr I MeCN 

PI 

R = C6H17, %d-$6s C16H33* 

CH&H20H, /I-@.J>C~H,, 4a 0 

scheme 8 
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Usually the chenucal verston of tis reaction proceeds very slowly even at tigh temperature and the 

yield of 4 1s 3040% because the mtermedlate 4a 1s oxldlzed by the 2-methyl-1,4-naphtboqumone startmg 

mater& (see ref. llc and papers cited therem) It 1s possible to mcrease the yield of 4 by mtroducmg an 

addltlonal oxldahon step ~th FeC13 or CuSO4 (see ref. 1 lc and papers c&d therein). In tbe electrochemuzal 

method, the use of MeCN as solvent and quatemary ammomum salt as electrolyte allows completion of the 

reaction at room temperature m less than 0 5 h Moreover, under the conditions of the electrolysis, 

mtermedlate 4a was efficiently oxldlzed to 4 by oxygen from the mr. 

Heterocychc duals that can form ambldentate amons react with olefins 1 (cf Scheme 7) with the 

formation of both S-alkylated and N-alkylated productsllb with the ratio of products dependmg on the 

structure of the tiol, the reactivity of the olefin and the cation of the supportmg electrolyte For example, 

electrolysis of 2-pyndylthlol unth ethyl acrylate m 0.1 M Bu@r/M&N gives S- and N-allcylated products 

m the 39 61 

0L 
N S- 

+e, -1/2H2 --J--w 

a N SCH,CHR”COR’” 

+ 

scheme 9 
bi&HWCOW 

Under the same conditions, the reachon with butyl vinyl sulfone gives a 77 23 product ratio. However, d 

the reactions are camed out m 0 1 M NaClOd/MeCN, S-alkylation increases and the ratio of S- to N-isomers 

IS 69 31 for ethyl acrylate and 92:8 for butyl vmyl sulfone 

Only N-alkylated products were isolated after electrolysis of 2-mercaptobenzoxazole with activated 

oletins and for 2-mercaptobenzunidaz,ole with octyl vmyl sulfone, both N- and N,N’-alkylated products were 

obtamed lib 

1 
SH- 

EtqNBr I MeCN 

D 
cH2=cHp?F17 

SH 0 w 
EtqNBr I MeCN 

k 

~i$CHR’COR’” 

S 

II II acjy17a~~8H17 
62% H 24% WW$W17 

0 
Scheme 10 
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Electrogenerated throlate amons effechvely promote addition of tluols to epoxrdes. 1 lb* l2 It has been 

found that additton of ahphahc and aromatic th~ols to propylene oxide 1s regtoselectrve while thts ~tum wuh 

styrene oxrde results m formatron of two tsomenc products. 

ie, RS/yPh + RSm 
OH Ph 

R = n-&H,, n-C,H,,, Ph 82-%5% ll-14% 

scbfme 11 

The advantage of the electrochemmal method IS mcely tllustrated by the reachons of the epoxrde, 

eprchlorohydnn.11b*12*13 By simple and logical mampulatron of the expenmental conditions, rt IS possible 

to synthesize three types of products 

For example, when an eqmmolar mrxture of throl and eprchlorohydnn, contauung 15-2096 MeCN and 

small amounts of Bu@lBr and water, was electrolyzed m an undrvrded cell, a catalyhc amount of electnclty 

was passed resultmg m the quanutatrve formatron of &chloro alcohol 5 

Cathode %/d 0- 

RS- - 

K x C&SR 

+e, -112I$ 

RSH Cl&S, 

5 

R = n-Eh, ~I+,H,~, ~I-C,~H~, 

Scheme 12 

When thus reachon mrxture was further electrolyxed m a drvrded cell, epoxysulfide 6 was formed 

This 1s an example of the cathodtc generatton of an alkoxtde followed by mtramolecular drsplacement of 

chlonde 
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CI&SR + e _,,m, _cI_ m ‘LSR Et4NEr I MeCN 

Scheme 13 

6 

Fmally, the electrocatalyW addlbon of a second molecule of th101 to epoxysulfide 6 resulted m 

formahon of dl(alkylthlo)-alcoho17. 

‘bSR + RSH $$f& RS SR 
4 

Scheme 14 

7 

Altemahvely, one can proceed directly to compound 6 m a one-pot reaction by starhng with an 

equmolar nuxture of thlol and eplchlorohydrm and electrolywng m a dwlded cell with bassage of 1 l-l 15 

F/mol electmzity The logtc of this procedure IS that add&on of thlol to eplchlorohydrm IS catalytic and 

reqmres very httle electrical charge, but reformmg the epoxlde rmg m 6 requires the stoichlometric passage 

of 1 F/m01 Slmdarly, 7 can be formed m good yield simply by startmg with a thlolkplchlorohydnn mole 

latlo of two 

Due to the very high reachvlty of cathodxally-generated thlolate amons m acetomtnle, It IS possible 

to achieve efficient dealkylation of quatemary ammonium salts14 (QAS) This reacfion proceeds by a 

nucleopkhc substitution mechamsm according to the followmg scheme 

Cathode 

20-82OCIMeCN 

R’= H, Me, n-Pr, Ph, R” = Me, Et, n-Bu 

scheme. 1s 
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The electrochemmal nucleophtic dealkylation of QAS 1s a convenient alternative to reported chemical 

methods, l5 that usually require sodium hydrogen tellunde, 15a alkah metal or copper salts of thiophenol15b~c 

under reflux m vanous solvents Therefore the selecttvity of the process IS not very high Only m the 

expensive and toxic solvent, hexamethylphoshoramle, did the reactton of the hthium salt of propyi thlolate 

with QAS proceed at relatively low temperature 15d 

The electrochemical version of dealkylatton of QAS proceeds 111 the preparatively convement solvent 

acetomtnle under mild condrttons and 1s more selective than the chemical alternatives. l4 For example, 

debenzylahon of tnethylbenzylammomum chlonde wnh electrogenerated thmphenolateamon proceeds at 23-25 

OC with a yield of benzyl phenyl sulfide of 98% and for dealkylahon with dodecanethiolate amon the reaction 

occurs rapidly at 42-45 OC It should be noted that a variety of ahphatlc, aromattc and heteroaromauc thiols 

can be used as dealkylatmg agents, not only the volatile and toxtc propylthiol or thlophenol 

2 Electrochemrcal Esten@xt~on. EthenJcatton and Transesten@atlon 

In 1957 Coetzee and Kolthoff showed that cathodic electrolysis of acetic acid m acetomtnle results in 

hydrogen evolution l6 Of course, the other product was the acetate amon Later on, tlus cathodic reduction 

was made the basis of an efficient method of estenticahon of carboxyhc acids under mild condmons (Scheme 

16) 8,17 The estentication proceeds smoothly at room temperature by the reaction of different kmds of 

alkylahng reagents with quaternary ammomum carboxylates formed in the cathode compartment 

RCOOH 

R = Me, 

R’= Me, 

+e, -112i-4 RX 
- RCOO-EtN+ -y-- RCOOR’ 
Et4NOTs I WF 

Pr, Ph, PhCHOH, ClC&, MeCH=CH, HC=C, 

Et, Bu, X = Cl, Br, I, OTs 

Scheme 16 

It has been shown17 that acids with groups such as chlorides,, olefins, or acetylenes could be ester&d 

without the simultaneous reduction of these groups 

In the same manner, ethenficatron of alcohols can be camed out under cathodic electrolysis 

conditions 8~ 18a It has been shown 18a that this process proceeds through mtermedlate formation of alkoxide 

ions at the cathode The reactivity of alkoxide Ions depends dramatically on the nature of the countenon. 
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ROH +e, -l/W, ) RO-Cl+ R’x . ROR’ 
QAS I DMF -x- 

R R’ X Curr effic ,% Ref. 

Me 

Et 

Ph 

Ph 

PM=H, Cl 72 4 18a 

PhCH, Cl 52 18a 

Me I 82 18a 

p-C,H,-NO, I, Br, Cl, F 72-95 (yeld) 8 

scheme 17 

For example, ethenfication of phenol with p-bromomtrobenzene m a DMF soluhon of EQNOTs produced 

ether in 75% yteld while with NaClO4 as supportmg electrolyte only a trace of product was formed * 

When electrolysis of alcohols and carboxyl~c acids was camed out m an undlvlded cell with sacnficlal 

anodes, cyclohexanolato, 1 ga catecholatol *b and carboxylatolgc denvahves of mam group and transition 

metals were obkuned in high yield. 

An mterestmg apphcation of electrogenerated amens is found in the area of C-l chemistry The 

electrolysis of methanol/Bu@BFq under 100 atm of carbon monoxide gave methyl formate as the mam 

product. l9 When this process was camed out m the presence of alkylammes, the corresponding formamldes 

were obtamed. It was suggested that m the first step methyl formate IS formed which then reacts with the 

alkylamme. l9 

cathode 

RR’NCHO 
6040% 

Scheme 18 
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The use of catalyhc amounts of tron(0) pentacarbonyl allows one to synthesue esters from alcohols 

and allcyl hahdea unth low pressure (one atmosphere) carbon monoxide 2o 

R’OOCR 
49-l 00% 

1 R’OOCFe(C0)4 

R 

Rx = PhCH.@, p-Me-C6H4CH$r. p-Br-C,H,C&Br. Mel 

R’OH = MeOH. EtOH, r-PrOH 

Scheme 19 

For comparison tt was shown that the yields of esters from the cathodtc method were higher than those from 

a chemical route m which alkoxtde tons were generated wrth sodmm hydnde *O 

The direct cathodic gene&ton of alkoxrde tons provtdes a way of accomphshmg the important 

synthetrc operatron of transestenficatron under very mild condthons * 1 *22 Electrolysts of a mixture of ester 

RCOOR’ and excess alcohol R”OH in acetomtrile results m transestenfied product RCOOR” *la 

Cathode 

R-O- 
RCOOR’ p RCOOR” + R’O- 

MeCN 

R = PhCH*, PhCH=CH, PM=(O), R’ = Me, PhC&, Wnenthyi, (-)-born)4 

(-)-2-methytbutyl. R” = PhCH2, (-)-menthyt, (-)-2- methylbutyl, I+bornyl 

Scheme 20 
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When R was benxyl or cmnamyl, mtraethylammomum perchlorate was used as the supporting 

electrolyte whrle for R = benzoyl, transesterrfication was performed wrth lithrum per&h~ate.~~~ In the last 

case, the labthty of the alkoxy group IS obvtously higher and the reactron proceeds even wrth the less m&.tve 

hthmm a&oxide. The maxrmum yreld of transester~fied product was found after passing 0.5 F/m01 current 

and when conversron of startmg matenal was not more than 50% because the reactron of esters wtth alkoxrde 

ions is reversible.21a However, in the case of methyl benzoates with a 5-fold excess of anunoalcohol, the 

tranesterrtied product was obtamed m 58-92% ymld after passing 1 2 F/mol 21b 

The cathodic electrolysis of ahphattc alcohols and esters of alkylphosphomc acids (alkylphosphonates), 

8, in acetomtnle wrth EtqNC104 as the supportmg electrolyte leads to ather mono- (9) or dnransesterrfied 

(10) alkylphosphonates depending on the charge pamed.22 The key step of this method IS the cathodic 

generation of alkoxrde ion that then takes part in a nucleophlhc subshtutron reachon at the phosphorous atom 

m phosphonate 8, leading to 9 and 10 

t 
wo, ,R”’ RO, ,R"' 

t 
R'0- R’O- ~ 

RO, ,R”’ 
P 

wo’ a0 - R”O- 
P 

PO’ “o -R”O- 
P 

R’o’ “0 

8 9 10 

No R’ R” R” Cathodea Charge, Yield (isolated), % 
Flmol 9 IO 

1 
2 
3 
4 
5 
6 

7 

8 

9 

10 

11 

12 

13 

Me Me GC 23 - 
Me Me GC 05 48 
Me Me GC 23 - 
Me Me GC 1 05 50 
Me Me Pt 23 - 
Me Me GC 1 00 45 

Me Me Pt 210 - 

Me Me GC 1 01 46 
Me Me Pt 22 - 
Et Me GC 150 65 
Me CH(OMe)2 GC 1 80 11 
Et CH.$H(OEt)2 GC 200 - 
Me Ph GC 200 - 

65 

61 
10 
68 
15 

63 

16 

65 

5 

5 

30 
60 

a) GC - glassy catin 

scheme 21 



Carbamons in electroorgamc synthesis 9641 

The yield and ratto of products 9 and 10 are largely functtons of the nature of the startmg phosphonate 

8 and the amount of current passed For example, dtmethyl methylphosphonate readily undergoes 

electrochemmal transestentlcahon wtth various alcohols Passing 0 5 F/mol leads to exclusive formatton of 

monosubsututed product 9 (Scheme 21, No. 2) whereas cu. 1 Flmol gtves a mutture of mono- and 

dtsubshtuted esters (No 4, 6) Dtsubstttuted ester 10 was the only electrolysts product found upon passage 

of >2 F/mol (No 1, 3, 5, 7, 9 and 13). 

Interest in the transestenficatton of esters of alkylphosphomc acids IS related to the possrbrhty of 

synthestzmg htgher esters from readtly available lower esters However, the known chemical vartar~t.s~~ of 

this reaction require heatmg and base catalysts Electrochemical transestenficatton proceeds under mild 

condthons without any base and can be considered to be a good altemauve to the chemical verstons of thus 

reachon 

3 Electrochemical Generaaon of N-Anrons and thew Use in Synthesis 

The first exampb& of the direct electrochemical generatton of N-anlons mvolved the reduction of 

succuumtde (which is a relauvely strong actd, pK, 9 6) m etther MeCN or DMF contauung Bu4NBF4 The 

electrolysts proceeds vta one-electron transfer, hydrogen evoluhon and formahon of the succunmtde anion 

whtch then can be alkylated by both n-BuBr and tetrabutylammomum cahon 

+e. -1/2l+ 
b 

Bu,NBF, 

eBuBr.-Br- 

-(Z)- 

DMF, 80% 

scheme 22 

Due to the low nucleophlhcrty of succunmtde amon, the reachon with QAS proceeds at a reasonable 

rate only in refluxmg DMF (b p 153 OC), while the more nucleophthc thtolate amons react with QAS m 

MeCN under much molder condttrons (see part III.1). 

Baizer and coworkers have used EGB for generatton of N-amens of less acrdtc amides and thar 

subsequent alkylatton gave the desired N,N-dn-&ylanndes m htgh yteld 24 
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0 $ 0 

Cl LA /H 
EGB 

v 
-w 

XY 

Cly)dN,Y 

I 

Scheme 23 

Later rt was foun&dv25a that electrochemical reductron of 2-pyrrohdmone results m formabon of the 

N-anion which was successfully used as an EGB to promote base-catalyzed reacttons 4c It was subsequently 

shown25b that cathodrc alkylatton of different lands of amides as well as carbamates and some N-heterocycles 

can be can-red out wrthout using any EGB Obvtously, m practice this method IS more convenient than 

Barxer’s method in which rsolahon of the products 1s comphcated by the presence of the PB in the reactton 

nuxtum. (Axobenxenes can be difficult to separate from the desired products). Another advantage of the 

drrect electrolysis IS that the reactron medium remams neutral because the highly basic electrogenerated N- 

amon reacts rapidly wrth electrophtle thus preventmg the buildup of strong bases m the reactron me&urn 

For example, &Warns, which are quite unstable under baste condrttons, can be N-alkylated in good yield 

by cathodrc electrolysrs 25b 

RMs 
+e. -l/W, 

Et,NOTs/DMF/Pt 
. . 

MS = Mesyi 

Scheme 24 

Voltammetrrc inveshgattons of the cathodtc behavtor of NH-contauung heterocychc 

compounds,2~~27aalrphatlc carboxamrdes 26bpd and denvatlves of urea2k showed that the reduction of these 
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compounds on transthon metal electrodes m aprotrc medii proceeds wa one-electron transfer and formanon 

of the N-amon This conclusron was supported by the subsequent alkylahon26bd of the N-amens as well as 

by the syntheses of a number of organometalhc compound@ when sacnficral anodes were used 

It should be noted that under cathodrc electrolysrs condrhons rt ts possrble to alkylate even ammes such 

as dtphenylamme or pqendu&~ whrch are very weak acrds and then reductron as well as that of ammoma 

obvrously proceeds vta N-amon formatton.** 

Accordmg to data from voltammetrrc measurements, 2,2’dtpyndylamme m 0 1 M Bu4NBF4 soluhon 

m MeCN IS reduced wtth cleavage of the N-H bond and formatton of the N-anion 27c On the basts of thus 

observahon a method of regroselecnve alkylatton of 2,2’drpyndylamme was developed 

R= Me, CH$H=CY, CHPh al-73% 

Scheme 25 

The alky1(2,2’-drpyndyl)ammes so obtamed were used as brdentate hgands for synthesis of complexes 

of blvalent metals 27c 

scheme 26 

It 1s known that chemtcal alkylatton of 2-ammopyndine and 2-alkylammopyndmes normally occurs 

at the mtrogen atom of the pyndme nng Only m the presence of strong bases, such as NaNH2, is tt possrble 

to achieve alkylatlon at the ammo group 29 Webb ef 01.3~ attempted to obtam methyl(2,2’drpyndyl)amme 

by the reactton of Me1 m the presence of NaH, but the destred product was obtamed only m very low yreld. 

The direct cathodic reductron of 2,2’-drpyndylamme (dpa) m an undrvrded cell wrth sacnkal anodes 

results m the preparahon of various metal complexes M(dpaX, (M = Cu, Ag, Tl, n= 1, M = Zn, Cd, n = 

2) in approxrmately 90% yreld 3l 
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4 Electrochemtcal Generanon of other Heteroafom Antons and thezr Use m Synfheas 

Generally spealong, the electrochenucal method allows one to generate any heteroatomcentered amon 

that is capable of existence m solution. Dependmg upon the nature of the avadable starhng mater&, any 

of the procedures that were mentioned m the Introduction (cj Schemes l-3) can be used for generation of 

these amons. 

P-Anions It 1s clear that the well known reduchve couplmg of haIodlphenylphosphmes3* proceeds 

via mtermedlate formauon of P-amons.33 This was made the basis of a very simple method for synthesis of 

different kmds of tertzuy phosphrnes startmg from chlorodlphenyl- or dlchlorophenylphosphines 34 The 

electrolysis was came-d out either m a DMF or N-methylpyrroltdone solution of BqNBF4 (0 02 M) and 

BqNI (0 02 M) m an undivided cell with a stamless steel cathode and Mg anode 

+2e 
Pt$P--cI _ pl$,P- Rx 

-Cl 
PbP-R 

25-90% 

2PbP-Cl 

Cl 
PhP’ 

‘Cl 

x(CH.L)& 
w 

+4e, -2Cl-, -2X- 
PbP-(CH,),-PPb 

40-85% 

Rx /R 
b 

+4e. -2Cl; -2X- PW\ 
R 

2065% 

RX = PhCH$, n-BuBr. /IC,H,~B~, EtOOCCH.$l. EtOOCqHBr 

Me 
WCH,),$ = Br(CY),Br. CWQ,Cl, Br(CH&Br 

Scheme L7 

The amon PhzP- can also be generated by the direct reduction of dlphenylphosphme Thus, 

electrolysis of this phesphme in MeCN m an undivided cell with a Pt cathode and sacnfiaal anode gives 

metal-phosptido complexes M(PPhZ) (M = Cu, Ag, Au) or M(PPb& (M = Co, Zn, Cd) in high yleld.35 

Electrolysts of a mixture of PbPH and bls(dlphenylphosphmo)methane (dppm) results m formation of 

Cu&‘Ph2)4(dppm)2 It should be noted that the mam advantages of the direct electrochemical preparation 

of such complexes are slmphcrty and high yield (>90%) compared with the chemical methods described 

prevlously 35 

The cathodic electrolysis of dlalkyl and diary1 phosphates 11 (for R = Et, the pKa m DMSO 1s 20 g39 

in the presence of all@ halides gwes phosphonates 12 m 55-65 96 Isolated yields 37s3g The reachon apparently 

proceeds through the mtermedlate formation of anion lla, which acts as a nucleophde on the alkyl halide 
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(ROhf-H 
+e. -1l2y 

0 
Et,NBr I MeCN 

* Wh;- + 

0 
(RohrR 

0 
11 lla 12 

R= Me, Et, Ph, R’ = 

X = Br, I 

CH, 

scheme 28 

In support of this scheme 1s the observation39 that the reduction of dlalkylphosph&s m QAS solution 

m MeCN on transItion metals occurs by a one-electron mechamsm with cleavage of the P-H bond and 

formation of the anion Electrolysis m an undivided cell with a NI cathode and sacnficlal anode allowed the 

preparation of NI, Co, Cr and TI denvatlves of phosphates 39 

Very mterestmg results were obtamed when alkylahon of dralkylphosphnes with alkyl halides was 

camed out m DMF 4o It has been found that this process 1s more effectrve m DMF contammg a small 

amount of water and the reaction was completed by passing 1 O-l 2 F/mole of electncity In dry DMF, 

alkylatxon of dlalkyl phosphates also took place, but two equrvalents of alkyl mdrde and 2 F/mole of electncity 

were requrred It was concluded that in the presence of water, OH- IS generated at the cathode, and thus 

strong base @Ka of H20 is 35 m DMF, 31 m DMSO) deprotonates the ddkylphosphites.40 

Compared to the preparatron of phosphonates by the Arbuzov reachon, the electrochemrcal method 

uses the more readily avatlable drallql phosphrtes 11 Instead of tertrary phosphates and the reactton condthons 

are quite mild The Mrchaeln-Becker reactron can also be used but the electmchenncal method eliminates 

the necessny’of prior preparation of the salt of 11 Hrlth sodium or sodium alkoxrde It should be noted that 

electrochemical alkylatton of 11 1s selectrve although amon lla 1s an ambtdentate amon, no Q-alkylated 

products were formed dunng electrolysis. Another advantage of the electrochemrcal method IS the posslbthty 

to prepare zn sztl( alkyl phosphonates with an activated o-H bond and use them rn a subsequent Homer 

reactton 38 This sequence allows the synthesis of olefins starting from dlalkyl phosphates, alkyl halides and 

ketones (see Sectron III.5) 

Se- and Te-Anions The electrochemmal reductron of diphenyl dtselemde and drtellunde (by analogy 

wtth the drsulfides2) results in the formahon of PhSe- and PhTe- whtch ~111 react with aromahc hahdes ArX 

by the electrochemmaIly induced S,,l aromattc nucleophtlrc substrtutron to give unsymmetrical diary1 

chalcogemdes 42-48 
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ArX + 

E = Se,Te, 

t 

PhE- 
sNR’ 

Bu4NBF, I MeCN I Graphite 
t ArEPh 

scheme 29 

It should be noted that ultrasound-enhanced reduchon of Se and Te powders wtth generatton of Se2- 

and Te2- followed by addthon of alkyl halides resulted m formatron of dmlkyl drchalcogemdes m high 

yields 46 Direct synthesis of dmryl drchalcogemdes was more effechve when sacnflcral Se and Te cathodes 

were used 48 

Electrogenerated Se- and Te-amens have been used prmcqally m electromduced SW1 reachons (for 

more mformatton see refs 42-48 and papers cited therem). However, by analogy wtth throlate amens, there 

are good prospects for the synthettc utdity of these amens by usmg them as typmal anionic nucleophrles 

Si- and Ge-Anions. Detatled mvesttgattons of the electrochemrcal reductron of halos&ne8g-53 m 

aprohc media showed52*53 that th IS process, at least in the case of tnarylhalosdanes, proceeds vzu 

mtermedlate formation of Sl-anions On this basis, a facile electrochemul method of forming SI-SI bonds 

was created that allows synthesis of both symmetnc and asymmetnc drsdanes as well as polysrlane~0~53 with 

current yrelds up to 100%. 

R@ZKtI + 2e 6 R$?‘SI- 
R”pSCI 

-Cl_ 
+ RJ?‘SISIR”~R”’ 

R R R’ R”’ Cum-d effictency, % Ref 

Ph Ph Me Me 95-l 00 50b. 53 
Ph Me Me Me 90 (yield) 64a 

F&A tip&+4 P&J+, P&Y, 100 02 50b, 53 53 

pF+J-& Me ti+!-t4 Me 50 53 

P-Y4 pFGY4 Me Me 46 53 

pMe-Cgl4 PnnW4 Me Me 61 53 

Me Me Me Me 95-100 50a. 53 

Scheme 30 
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Tn- and tettas~lanes are formed by ekctro~yas of drchlorosrlanes 

RR’SICC, 
+e 

I- RRSICI, 

F: 
Me&-:I-SIMe, 

R’ 

s JR’ 
R\ SI, ,R 

s; SI 
R’ ‘S; ‘R’ 

R” ‘R 

R(Ref54a) R Yield, % 

Me 
Me 

Ph 25 
Me 60 

I 

R (Ref 53) R’ CUIT eftic.%j 

Scheme 31 

1,1,3,3-Tetramethyl-1,3-dtsrlacyclobutane (yreld 34 %) and polycarbostlanes (40%) were obtamed as 

the pnnctpal products after electrolysts of (chloromethyl)drmethylchlorosllane while electrolysis of thts 

compound in the presence of dtmethyldrchlorosdane resulted m formatton of brs(dtmethylchlorosrlyl)methane 

m 60% yreld 54b 

Although cathodtc electrolysrs of tnmethylha_los&ne results m formatron of hexamethyldrsrlane,50~53 

the questton of the mtermedtacy of the anion, Me3Si, has not been answered However, electrolysts of 

mixtures of tnmethylchlorostlane (TMClS) and orgamc halides resulted m formatton of SI-C bonds wtth 

the products formed m good yields 55-58 

Rx + Me3SICI +e RSIMe3 

RWCCI, + 2Me,SiCI +e R’R”C(SiMe,), 

Rx Yield, % Ref 

PhCH,Br 89, 70 55,57a 

(1-naphthyl)-CH&I 81 55 

C&CH=CHCH$I 60 55 

PhCH=CHCH$I 70 56b 

fran.+PhCH=CHI 51 56b 

pMeC-C&l 53 56b 

Ph-Br 55 57a 

bbromopyndme 55 56b 

3-todobenzothlophene 62 56b 

R R” Yield, % Ref 

Cl Cl 68 57b 

Cl H 56 57b 

H H 88 57b 

Ph H 74 58 

‘+“3-%!+4 I-I 88 58 

n-Me-C&l, H 78 58 

~@=Y-‘4 H 87 58 

*-w4 H 91 58 

-W’sH 72 58 

Scheme 32 
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On the basts of the structures of the products and the relattve reductron potenhals, tt was supposed 

that thts process proceeds MU reductton of the organic habdes with formatton of carbantons, which m turn 

react with TMCIS by a nucleophdtc subsbtutton mechanism It 1s known that halostlanes are reduced m the 

range of -2 0 to -2 5 V vs SCE (determmatton of the reduction potentral of tnmethylhalostlanes at low 

concentratron is comphcated by the fast hydrolysis of these compounds with traces of water present m 

nominally anhydrous solvents).51*52 The reductton potenhals of some orgamc halides (-1 8 to -2.5 V vs 

SCE) are close to the reduchon potenhal of TMCIS Moreover, tt can be expected that many organic halides 

will be cathodtcally macttve on sohd electrodes such as Pt, GC or stamless steel (excluding, of course, 

polychloromethaneq5~ which can be reduced at less negattve potent&s) Usually preparattve electrolyses 

are camed out at relabvely high current density without control of the potenttal and m the presence of a large 

excess of silylatmg agent. Therefore the possibihty of the reduchon of TMClS dunng electrolysis with 

formation of St-anions can not be excluded 

Of course, for the purposes of orgamc synthesis tt 1s not so tmportant whether the carbamon or Sr- 

anion 1s formed Of much greater interest are the products that can be obtamed, then yields, and the general 

convenience of the method. In any case, the electrochemmal method of syntheses of organosthcon compounds 

has the notable advantages of mild condmons, no need for metal reducmg agents (see ref 54-58 and papers 

cited therein), and the electrosynthests can be camed out either m dtvtded50a*53~55~56 (electrolyte 

Bu4C104/1,Zdtmethoxyethaneor Et4NOTos/DMF) or undtvtded54,57*58 (E@IBF4/THF or LtC1041DMF) 

cells usmg Pt,55p56 Hg,5& Pb,53 stamless stee154,57p58 or GC54957 cathodes In the more convenient 

undivided electrolyses, sacnfictal Al, Mg or Zn anodes were used 

Electrochemtcal mvesttgatton of the mechanism of reduchon showed that the two-electron reduction 

of tnorganylhalogermanes proceeds wu the formation of Ge-amons which can be protonated or, in an aprottc 

medium, used m nucleophtltc subshtubon reacttons 52a 

R3GeX +2e# -x- 
* R,Ge- WeX 

w R,GeGeR, 

I Ph&eSIMe, 

R3 = Ph3, @CF3-C6H4)3, Ph,Me, (I-napMhyl)PhMe, (n-W3 
X = Br, Cl, F 

Scheme 33 
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In analogous fashion, electrochenucal reduction of tetrachlorogermane resulted in the generation of 

ClsGe-, whose omdation wave was detected by usmg a rotatmg ring-disk electrode 59y60 Tlus anion can 

elunmate chlonde ion to form dichlorogermylene, 59~60 which converts to germamum subchlomdes 

However, ClsGe- can also react with orgamc halides to form organotnchlorogermanes.~ 

cl&e - (Clfi)ll 

I RGeCI, 

R= Me, Ph, PhCH2, CH&H=CH2, MeC(O), X = Cl, Br. I 

Scheme 34 

These results hold considerable promise for future development of methods for the electrochemical 

synthesis of organogermamum compounds from readlly accessible germanium chlorides 

5 Electrogeneranon of Carbatuons and thew Use m Syntheses 

The electrochemical method opens up excellent synthetic opportumtles in carbamon chemistry, wluch 

plays such a central role m synthetic organic chemistry 

More than twenty years ago, it was shown that direct electrochemical reduction of phosphonium,5a 

sulfomum61 and ammonlum62 salts resulted m formation of the correspondmg yhdes which were then used 

m subsequent reactions Perhaps the electrogeneration of phosphomum yhdes was the most Important smce 

it permitted the Wltbg reachon to be performed under mild conditions without usmg any base. 

I R (Ref 5a) RF0 Yield of 13. % 

H PhCHO 84 
Me PhCHO 95 
Ph PhCHO 72 
Ph n-PlCHO 95 
Ph cyclohexanone 75 
COOEt n-PlCHO 50 
COOEt PhCHO 75 

Scheme 35 



9650 M E NIYAZYMSETOV andD H EVANS 

W reaction was successfully repeated usmg an electrogenerated base (EGB).3d*f In an analogous 

fashion, an EGB was also used to promote the Homer reacfion,3esf*4as63 which proceeds vzu mtermediate 

generahon of phosphonate carbamons Electroreductive cleavage of the C-halogen bond m (Y- 

halophosphonates on a Hg cathode allows the generahon of phosphonate carbamons wlthout usmg any 

base 63@ The subsequent reachon of these amens with carbonyl compounds resulted m the formation of 

olefins ~th sahsfactory yields 

Actually, the Homer reaction can be camed out by the dmxt electrolysis of phosphonates on Pt or 

glassy carbon cathodes m a solution of Et4NBr m MeCN 65 The cleavage of the activated C-H bond of 

phosphonates 14 proceeds with selechve formation of the carbamon 14a which further reacts Hrlth the 

carbonyl compound with formahon of olefins 15 

-P RR’C=CR”R” 

15 

R (Ref 65) R R” R” Cathode Yield of15. % 

CooEt H 
COOEt H 
COOEt H 
COOEt H 

CN H 
CN NMe, 
CN NMe, 

(EtO)zwO) H 

Ph H 
Ph H 
Et H 

(W5 

Ph H 
Ph H 
Ph H 

Ph H 

Pt 68 
GC a4 
Pt 42 
Pt 50 

Pt 83 
Pt 61 

GC 60 

Pt 60 

Scheme 36 

As was menhoned above, the phosphonates can be syntbeslzed electrochemlcally37 (cf Scheme 28) 

Thus allows one to prepare olefins m a “one-pot” reachon from dmlkylphosptutes, orgamc hahdes and 

carbonyl compounds.38 Under the electrolysts condlhons, the phosphonates that are formed from 

dlalkylphosptite and orgamc hahdes react further with carbonyl compounds to form olefms in 48-5796 isolated 

yield 
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RCYX 
0W,VW AICHO 

+e 
b (EtO),P(O)ChR +e RCH=CHA~ 

CHO CHO 

The electrochemical method has proven to be very successful for promotion of Michael reactions. It 

has been shown1 that electroreduction of carbon tetrachloride on a mercury cathode results in formation of 

the trichloromethyl anion, which will react with activated olefins. In the presence of chloroform, this reaction 

is electrocatalytic and the current efficiency for product formation exceeded 100%. 

Cathode: 

X= COOEt, CN 
Scheme 38 

In the case of trichloroacetate and tribromoacetate, the intermediate carbanion formed by Michael 

addition to the olefin cyclizes with expulsion of halide to form cyclopropane derivatives in high yields.66*67 

-w EtOOC COOEt 

ao-100% 

R R’ 

EtOOC COOEt 

Y 
7241% 

X = Cl, Br; R = H. Me, Ph, p-Me-(&H,; R = HCO, MeC(O), COOEt, CN 

R”= p-Me-C6H4, Y = COOEt, CN; R” = H, Y, = 
CHz7 CY/\l 

scheme 39 
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This reacbon may be a good way to prepare cyclopropane carboxylates In l&e manner, It has been 

shownMg67 that the yields of gem-dlcarboxylates are hgher when the carbamon 1s generated by 

electroreduchon of dlhalomalonate than when prepared m a purely chemical way 

Relahvely strong C-H acids such as malonates, acetylacetonates and monomtroakanes were easily 

mtroduced mto Iikhael reactions by use of EGB.3bsc@ However, an obvious alternative route to the 

c&anions 1s by du-ect electrochermcal reduchon of the C-H acids Voltammetnc mveshgations showed69 

that the aforemenhoned compounds are reduced on transihon metal cathodes in MeCN ~th cleavage of a C-H 

bond The formahon of carbamons was confirmed by the synthesis of some metal de*vatives6gd*e and 

reachon with alkyl hahdes.6gasb The same behavior was observed for weaker C-H acids such as 

phenylacetylene70~71a (pK, = 23 3 m dlmethoxyethane),71acyclopentadlene (pK, = 15), mdene (18 5) and 

fluorene (22.9) 71b 

It has been shown71c that ekctroreduchon of o-carborane and 1-methyl-o-carborane (pK, = 23 3 and 

23 1 m dtmetboxyetbane respechvely) on hansihon metal cathodes m 0.1 M Et4NCYMeCN proceeds MU 

cleavage of a C-H bond and formahon of a carbamon which can subsequently be alkylated 

RC----CH 

\O/ 

+e. -1/2t-tr 

'&OHIO 

R = H. Me 

RC-C- 

\Q 

Cl-P), RC -C-Ph 

BIOHIO 
R=H - \o/ 

B,o'-ho 

93% (current efficiency) 

Scheme 40 

When the carbamons of dimethyl malonate, fluorene and mtromethane are formed by direct 

electrogenerahon m the presence of a Pd(O)-catalyst, they react ~th ally1 acetates to form tbe corresponding 

allyhc denvahves (see Scheme 41).n The nucleophdrcrty, as well as the regm- and stereoselechvlty of the 

carbamons in this reaChOn strongly depend upon the electrolysis condihons Reachon of the electrogenerated 

amon of dtmetbyl malonate wttb geranyl acetate 16a and neryl acetate 16b gave inner olefm (17 or 19). outer 

olefin (18) and some isomenzed product (19 or 17), the rahos among these being sensihve to the electrolyte 

Catbodm electrolysts of CH2XY m the presence of 1,2-, 1,3- and 1,4-dthaloalkanes results in the 

formahon of the correspondmg cychc denvahves (Scheme 42) 73 The reachon proceeds vru cathodic cleavage 



Carbamons m electroorganlc synthesis 9653 

19 

CH(C02Me)2 

Ally1 Satt SOktll Reaction Product drstnbuhon, % Total 

acetate 16 temp .oC 17 18 19 yield, % 

a NaCtO, DMF 55-W 77 22 1 48 

a Et,NCtO, DMF 5580 56 33 11 76 

a Bu,NC104 DMF SMO 63 20 9 57 

a Bu,NCt04 lHF renux 75 20 5 77 

a Et$ClO, DMF 55-60 87 12 1 27 

a Bu,NUO, lHF rt 83 13 4 91 

a Bu&tO, lHF rt 86 6 8 78 

b NaCIO, DMF 55-60 0 80 20 50 

b EtJ-JClO, DMF 55-60 5 64 31 75 

b Bu,NCtO, I-t-IF reaux 19 48 33 70 

b NaCIO, MF leflux 0 65 35 80 

b Bu,NCIO, THF rt 15 19 66 98 
b Bu$XlO, MF rt 20 13 67 75 

atalyst Pd(O)[Ph.& at r t bs(dlphenylphosphmo)ethane was used instead of Php 

Scheme 41 

of a C-H bond in CH2XY, substitution of the first hahde, cathodic cleavage of the second C-H bond and, 

finally, subshtution of the second halide. Other cychc compounds can be prepared from 1,1,2,2,-ethane- or 

ethykn~xylate esters and dikdoalkanes 74 
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CH,XY + Br(CWnBr 
+2e, -H, 

-2Br- ) P 
X G Wn-1 

Y 30-90% 

X = Y = COOEt CN, X = CN, Y = COOEf X = AC, Y = COOED, n = 2.3,4 

Me02C CO,Me 

X 
Me02C C&Me 

Me02C C&Me 

x 
Me02C C&Me 

+2e. -H, 

40-90% 

n = 1,2,3 

Scheme 42 

Ehmmation of halide ion from electrogenerated cr-halocarbamons results m formation of carbenes75 

such as CC12,76 ‘CBr2,77 CBrC1,77 CF2, 78 CFBr7g and C(CN)2*O which form cyclopropanes with 

various substrates contammg a double bond 

Y z 
/y 

X2Gz 
+2e, -X- -/ Y 

- xc 
x 

‘Z 
- :fY - -x- 

‘Z 
7% 

X = Cl, Br; Y = Z = Cl. Br, F. CN. Y = F, Z = Br 

Scheme 43 

The ekctweduchon of dlhalomethanes on an aluminum cathodes1 in the presence of AlC13 or 

reduchon of dlhalomethanes by electrogenerated solvated electronsg2 has been mterpreted m terms of the 

mtermedlate formatton of methylene, CH2 In tins connection, a very simple and convement method for 

cyclopropanahon has been reported recently 83 Electrolysis of dlhalomethanes in an undlvlded cell with a 

carbon fiber or steel cathode and a sacnfkxal Zn anode m the presence of akene results in the formation of 

the correspondmg cyclopropan~, mcludmg those derived from methylene (Scheme 44) Thus approach was 

suitable for cyclopropanahon of olefins even with 2,2_dlbromopropane and ar,cr-dlhalotoluenes It was 

proposed that cyclopropanahon proceeds VIU mtermediate formahon of a zinc carbenold 
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R?cx, + R’CH=CHR” 

Alkene (Ref 83) Dthalo 
compound 

Cyclopmpane, 
yield (isol ), % 

MeC+l=CHCl+OH Cl+Br, 58 

MeCH=CHCH20H Cl+Blcl 54 

MeCH=CHCH,OH cl-& 47 

MeCH=CHCH,OH Me.$Br2 51 

CHz=CHCHGH cHzBr2 42 

PhCH=CHCH@H CH.$U 59 

U$=CHCH20P h Cl+Br2 50 

- - 

i 

Alkene (Ref 83) hhalo Cyclopmpane, 
compound yield (isol ). 4 

2-Cyclohexewl-al CH$rCl 75 

Geranlol CH2Br2 70 

Cyclooctene Cbl2 75 

Cyclooctene Me2CBr2 46 

Cyclooctene PhCHBr2 27 

n+H&H=CH CH.$r2 66 

PhCH=CH, Cf?2l, 33 

Scheme 44 

Very mtereshng results were obtamed with CBr4 77 Reduction of this compound on a carbon 

(graphite) cathode in the presence of cyclohexene m MeCN contammg Bu#BFb resulted m formahon of only 

7,7-dlbromonorcarane (20) m 86% yield, while electrolysis m MeCN contammg PhCH2Et3NCl gave a 

nuxture of 20, 7-bromo-7-chloro- (21) and 7,7-dlchloronorcarane (22) m a ratio of 1916175 (total yield 

85%) Under the electrolysis condlttons, a number of reactions take place which are m&&d by the 

interaction of dlbromocarbene wtth chlonde ion 77 

CBr, s :CBr2 % cBr,CI 5 :CBrCI +cI-_ CBrCL, 5 :CCl, 

+2e -Br- 

I ! 

0 

CBr., Br 

Br 
a 

20 

! J 

Scheme 45 

Vanahon of the electrolyte allows one to obtam etther of the symmetrical dihahdes with a total yield 

of 86-90% It was found that electrolysis of CBq in a solution of Bu#TBF4 m Me.CN (or BuqNBr m 

CH2Cl2) contammg a small amount of CHC13 (which serves as a source of dtchlorocarbene and chlonde ion), 

resulted m formahon of a mixture contammg mamly (60%) 7-bromo-7-chloronorcarane 21. 

Thus the above examples demonstrate that electrochemical genemhon of carbenes 1s a promlsmg 

method that can become a good alternative for the synthesis of cyclopropane denvatlves 
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The use of a sacnticral xmc anode was successful m promohng the Reformatsky reachon of a-halo 

esters with aldehydes or ketones.84185 One electrochemical versio@ of this reachon mvolves formation of 

the organoxmc Reformatsky reagent through a metal-exchange reaction between electrogenerated Nl(0) 

complexes of o-chloroacetates and xmc chloride. In another version 85 the Reformatsky reagent is formed 

by duect reaction of the cathodmally generated carbamon from ar-bromoacetates and anod~cally generated zmc 

c&on. The mtermedrate organozmc reagent further reacts wrth succuuc or glutanc anhydride wrth formatron 

of mtermediate 23 Altemahvely, the carbamon may react drrectly wrth the carbonyl compound wrth 

subsequent addnron of wnc catton and formation of 23 

OMF RF&O+ 

Bu,NBr zn2’ 

zinc anode 

R = R’= Me; R = H, R’= Me, Et, 

n-Pr, n-Bu, n-CeH,s, n = 1,2 

0 
23 

I 

yo, l-l+ 

R 
HOOC \w2)” 

COOEt 

Scheme 46 

The Reformat&y reachon is an important method for selechve syntheses of a wrde variety of organic 

compounds.86 The electrochenucal versions of tis reaction look very pronusmg due to the nuld reaction 

condihons, the fact that activated zmc 1s not nequtred, and the good yields that have been obtamed 

Electroreduchon of aromatrc imines m the presence of electrophrles results only m formahon of 

anunes.87 However, when tnmethylchlorosilane (TMClS) was also present, the couplmg product was 

obtamed m good yield. It was proposed that TMClS supports the reacnon through fOrmahOn of the 

intern&rate carbamon 24, which reacts v&h the electrophlle The amon 25 that IS formed IS subsequently 

trapped by TMClS and, followmg hydrolysis, hydroxyammes 26 were Isolated when the electrophlle was an 

aldehyde or ketone 

The electrolysis was camed out in a divided cell with a lead cathode m a SoluhOn of Et4NOTs in DMF 

with controlled current It was demonstrated that a wide variety of funcnonabxed ammes (27-30) mcludmg 

cychc compounds (31) can be prepared by the use of different starbng mater& and electrophdes. 
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P P - 
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NH 
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R = Ph. pMeOC$i.,. 
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‘C,H,OMe-p 
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l)+e. Me.$CI 

PP 
Ny3;;C02Me 2) ccogt 

h-6 
*I=4 

1” - P 1” Y 45 

C02Me 
Y 

31 C02Me 

n = 1 (20%). 2 (67%), 3 (61%) 

Scheme 47 

2,3-Epoxypropylallcylsulfoxldes and the analogous sulfones, upon treatment with NaOMe m MeOH, 

undergo isomenzation to the corresponding vmyl alcohols gg The electrochemzal approach permits this 

reaction to be carned out m the absence of added base under the condlhons of cathodic electrolysis llbss9 

It should be noted that the electrochemical method successfully 1somenze.s 2,3-epoxypropylalkylsulfides for 

whuzh a purely chenucal reactton has not yet been described Thus, electrolysis of the epoxysulfide 32a on 

a Pt or glassy carbon cathode m a solution of EQIUBr m MeCN results m formahon of mamly the 
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frurans-isomer of the corresponding allyhc alcohol The key step of tlus reachon 1s cleavage of the or-C-H bond 

followed by mtramolecular Interaction of the cr-carbamon 33a wth the epoxlde nng 

Cathode 

K 

+e, -l/24 

33a,b,c 

RLS-OH 

A” 

I 

35a,b,c 

H* (n = 0) 

34a,b,c 

a n =O, R= dh, CsHq7 (yield i’8-QOW, tmnslcls 4/l) 

b n = 1, R = n-Bu, CIHq7, C,,H,, (yield 8592%. translas 10013-5) 

c n =2, R= n-Bu, CeH17, C1uHzl (yield ~96%. trans) 

Scheme 48 

Epoxysulfoxldes 32b and epoxysulfones 32c are lsomenzed under the same condlhons 11b*8g 

However, ln tlus case the reachon is catalytic since the baslaty of alkoxlde amens 34b,c 1s high enough to 

deprotonate 32b,c and regenerate the ar-carbamons 33b,c It should be noted that the electrocataly~c 

lsomenzabon of epoxldes 32b,c IS stereoselechve even m the case of epoxysulfoxldes, whose chemical 

isomenzafion is not stereoselechve. 

Recently It was shown* that drrect electroreduchon of weak C-H acids such as tnphenylmethane 

@K, 30) leads to generation of the corresponding carbamon which is rather stronger as a base than as a 

nucleopue ms property of the amon was used with elegance to promote some useful base-catalyzed 

syntheses, mcludmg regloselectlve alkylation of an unsymmetrical cyclic ketone 

Scheme 49 
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It should be noted that when reaction of 2-methylcyclohexanone with benzyl bromide was promoted 

with a widely used EGB, the anion of 2-pyrroltdone,4v5ds25a the yield of product was only 3% 9o 

Alkyl esters or mtnles of phenylacettc acid usually have very low achvlty m the direct ~athodlc 

alkylation reactton with alkyl halides due to low acldlty of the WC-H bond 73 The efficiency of the reachon 

can be increased by enhancement of the acidity of the benzyhc hydrogens by conversion of these compounds 

to tncarbonylchromlum complexes 9la For example, electrochemical reductton of (methyl 

phenylacetate)tncarbonylchromlum on a Pt electrode m the presence of alkyl bromide followed by 

decomposlhon of the corresponding complexes by mdme results m formatton of mono- and dmlkylated or 

cychc products m overatl yields up to 80% 

@ 

CH,C02Me 

&CO), 

C2H5 

cfC02Me 

C2% 

Scheme 50 

On the other hand, the use of EGB was successful for denvahzmg the aforementtoned weak C-H acids 

For example, phenyl amon, electrogenerated from bromobenzene, promotes the reactton of compounds such 

as aceto- or propromtnle, and esters or mtnles of phenylacebc acid to produce coupling products with esters 

in 40-85% yield 91b 

It was found that altphahc monomtrocompounds are reduced on transttlon metal cathodes with cleavage 

of an a-C-H bond and generation of the carbamon 69d~72 However, electroreduchon of ethyl nttroacetate7a 

(36), which IS a very useful smng matenal for syntheses of many classes of compounds,92 1s accompamed 

by cleavage of the C-N bond with eltmmation of the mtro group as has been found for reductton of terttary 

mtro compounds93 and duutro compounds 93*94 This difficulty was easily overcome7a when 

electrogenerated superoxlde3c~4b~95~96 was used as an EGB for generahon of carbamon 36a By use of 

MeCN as solvent and tetraalkylammonrum cahons that do not tend to form ion patrs, very high nucleophlhc 

RaChvlty of anion 36a was reahzed (Scheme 51) Both mono- and dlalkylahon of 36 have been camed out 

with alkyl halides as well as Michael addthons with higher ytelds than purely chermcal versions of these 

reachons Moreover, monoalkylahon with an alkyl halide followed by a Mtchael addttton allows the 

preparahon of an unsymmetncally dlalkylated denvahve of 36 by an attracttve one-pot procedure 7a 

It should be noted that pure oxygen is usually used for generahon of superoxlde as an EGB so 

electrolyses are camed out under an oxygen atmosphere In the work c~ted,~~ the vlablhty of usmg oxygen 
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R R’ 

,,,+ 

NO2 02-S% Qo-91% R’ 

R = Me (X=1), CH,Ph (X=CI), CH,CH=CH, (X=Br). CH$2++202Et (X =Br.CI) 

R’ = Me (X = I), CH,CH2C02Et (X = Br, Cl), R” = CQEt, CN 

Scheme 51 

from arr was demonstrated whereby electrolyses were stmply camed out m soluttons exposed to the laboratory 

atmosphere 

We hope that thrs approach, requtnng as it does only a very simple cell and apparatus (see Section 

II of thts review and Expenmental sechon of ref 7a), wtll be very successful for organic synthesis, especrally 

for syntheses with mtro compounds. The followmg examples support thrs proponhon 

Levoglucosenone (1,6-anhydro-3,4dtdeoxy-&D-glycero-hex-3-enopytanos-2-ulose,) 37, 1s eastly 

obtamed by the pyrolysis of cellulose and serves as a useful chtral building block for synthestxmg natural and 

unnatural products due to its highly funchonabxed structure One very rmportant reactron of this substance 

is Michael reactron. However, the reachon is often accompanied by side reachons such as base-catalyzed 

ohgomerrzahon of 37 and the yield of desired products IS not always high For example, Mrchael addihon 

of 2-mtropropane to 37 m dry 1,4dtoxane usmg benxyltrrmethylammonmm hydroxide or trtethylamme as 

catalyst, gave the coupling product 38 m only 15 46 yield By using 2-mtropropane as solvent, the yteld could 

be increased to 67% The analogous chenucal addthon of ethyl mtroacetate to levoglucosenone, under Ophmd 

condrhons (M&N-tnethyiamme), gives the Mtchael adduct 39 m 38% yteld By contrast, the electrochemmal 

version of the Michael addihon of 2-mtropropane, ethyl mtroacetate and other mtro compounds to 



levoglucosenone, 

addttron products 
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performed in au-saturated soluhons of Bu4NBr m MeCN, resulted m formatton of the 

38-42 in 8596% isolated yields g7 

O2N 

No2 38 

Et0 

Scheme 52 

The aforemenuoned one-pot procedure7a was successfully used for syntheses of the ethyl 2-mtro-4- 
. 

pentenoate denvattve of levoglucosenone, 43. Monoalkylauon of 36 wrth ally1 bronude-was camed out on 

a Pt cathode m a soluhon of Bu4NBr m MeCN followed by the addthon of 37 and subsequent electrolysis to 

achieve Michael addthon and the production of 43 m 67% Isolated yteld 

6 Alkylatton by Methylene Chlonde under Cathodtc Electrolym Con&tons 

Methylene chlonde 1s widely used as a solvent for nucleophthc reachons and it is not part~ularly 

suscepttble to nucleophlbc attack It will react with typical nucleophtles at high temperatureg8 or pressure 99 

Strong nucleophthc reagents like sodmm thtophenolatelOg can react with methylene chlorrde at room 

temperature Also, methylene chlonde reacts under relattvely mud condtbons (refluxmg/40 OC, 4 days) with 

tetrabutylammonmm carboxylates resultmg m methylene dtesters lo1 Under phase-transfer condtbons, 

pyrrolyl anions react with methylene chlonde (reflux, 5 h) wtth formahon of 1, l’-methylenebispyrroles lo2 



9662 M E NIYAZYM~ITOV and D H EVANS 

Recently the question of the reachvlty of ammes toward methylene chlonde has been mtenslvely discussed lo3 

There are hterature data mdlcatmg that the reaction of ammes with methylene chlonde proceeds only at high 

pressure. lo49 lo5 However, rt was found 103 that secondary ammes react with methylene chlonde at room 

temperature and atmosphenc pressure (30% NaOH, 18 h) producing ammals Nevertheless, methylene 

chlonde 1s usually not very reactive under the condlhons employed for nucleophllic substitution reactions 

As shown m previous sections, the condlhons used for cathodic generation of anions (dlpolar aprotlc 

solvents, non 1on paumg electrolytes) result m highly reactive nucleophlles Tlus suggests that methylene 

chlonde may be quite reactive under these condlhons and would be a good startmg matenal for 

electrosynthesm. For example, it may be possible to prepare chloromethyl-, methyl- or methylene denvatives 

from methylene chlonde and compounds with achve element-hydrogen bonds 

Tlus expectation has been fulfilled and several examples follow Cathodic electrolysis of /I-dlcarbonyl 

compounds, contimng an activated C-H bond, in a solution of Bu4NBr m CH2Cl2, results m the formation 

of the corresponding chloromethyl denvahves m 40-60% isolated yield lo6 

0 0 0 0 0 0 

Et0 R 
R c’+2=‘2 ) 

-a- Et0 

R R 

R= Me, R’ = OEt, R = R’ = Me, R = CH$H,CN, R’ = OEt 

scheme 53 

In the case of electrogenerated thlolate anions, the intermediate chloromethyl compounds, which are 

formed by substitution of the first chloride, are very active and take part m a subsequent reachon with thlolate 

glvmg dlsubshtuted products, the thmacetals (44) 271091079108 In the same way, the reachon of 

electrogenerated alkoxlde amens gives acetals of formaldehyde It should be noted that passing 1 O-l 25 

F/m01 of electnclty resulted only m formahon of disubshtuted products 44 When 2 l-3 0 F/mole electnclty 

was consumed, nohceable amounts of methylated products 45 were obtamed,108 obviously due to further 

electrochemical reduchon of 44 

The results suggest that the electrochemical method IS a convenient way to prepare thloacetals and 

acetals by reachon of dlchloromethane with thiols and alcohols without usmg any base. For companson, In 

the reachon of tiols with dihalomethanes using a weak base (sodium carbonate) m acetone m the presence 

of plahnum(II)bzs(diphenylphosphmo)methane, methane thmacetals were formed only from duodomethane 

(yield up to 70%), while the reachon with dlbromomethane was Incomplete, and with dlchloromethane no 

reaction occurred lo9 
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I 

R Nz/Me 

45 

Scheme 54 

In the case of electrogenerated N- and P-amens, the mtermedrate chloromethyl adduct undergoes 

reductive dehalogenation rather than reactmg with another amon. To Illustrate, cathodic electrolysis of 

compounds contauung N-H bonds on a Pt cathode m a solution of Bu4NBr m CH2Cl2 gives the correspondmg 

N-methyl denvahves with yields up to 80% 27bJ Electrolysis of dmlkyl or diary1 phosptites under the same 

conditions results m formation of methyl phosphonates m satisfactory yields (51-7196) lo8 

R,,Z-H 
+e. -WI-$ 

CH&I,. -cl- 

R,ZH = PbNH. PhNHCN, CNHI CNH. QNQl 

(MeO),P(O)H, (EtOhP(O)H, (PhO)zP(O)H k 

Scheme 55 

Interestmgly, analogous behavior was displayed by phenylacetylene, which 1s a very weak C-H acid 

After electrolysis of this substance m methylene chloride, 1-phenyl-1-propyne was Isolated m 40% peld.lo8 

Thus, under cathodic electrolysis conditions, methylene chlonde is a very active alkylatmg reagent 

Depending upon the structure of the startmg materials,, chloromethyl, methylene and methyl denvahves can 

be prepared The mam advantage of this method 1s the surpnsmgly mild reachon condlhons that are possible 

even with thu weak alkylatmg reagent We believe that electrochemical alkylation W&I methylene chlonde 
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can be expanded to any kmd of compound which has an activated element-hydrogen bond and that it can 

become a good alternauve to existmg chemical methods of methylahon, chloromethylatron or synthesis of 

acetals or thioacetals 

IV. SYNTHETIC UTILITY OF HETEROATOM ANIONS AND 

CARBANIONS UNDER ANODIC ELECTROLYSIS CONDITIONS 

1 Electmdanve Coupltng Reacnons of Anions. 

One of the most well known and synthetmally rmportant electrochenncal reactions, based on the 

utrhxatton of orgamc anions, is the Kolbe synthesis which allows one to obtam the couplmg product of alkyl 

radicals by electrooxtdahve decarboxylatton of alkanoates This topic has been extensively reviewed (for a 

recent review see Ref. 11Oa) Another well utthxed reaction of radicals is the oxidattve addmon of anions to 

double bonds. Thrs topm has been thoroughly reviewed by Schiifer.llobsc 

Antic one-electron oxulauon of organic anions results m the generahon of radmals which can 

combme to form dtmenc products (see also Ref. 1 lob-e) Thus, for example electrochemmal oxidation of 

throlate anions produces disulfidesl 1 1 and drmertc products are also formed upon anodic oxidation of N- 

anions of ammes,l l2 amides1 l3 and tm1des.l l4 Dimenxatron of the tnchlorogermamum radical, generated 

by the electrooxldatlon of the correspondmg anion, results m hexachlorogermane whose subsequent 

dtsproporhonatron gives tetrachlorogermane and dlchlorogermylene 59a 

Electrochemmal ox&non of 0-amons from aldoxrmes and ketoxrmes proceeds via formatton of 

unstable mtrosodimers.115 But m the case of dtalkyl- and dmrylglyoximes (1,2dloxrmes), the oxidation 

produces cyclic products, furoxans, m up to 96% yield llk 1 l7 The key step of the reachon is oxldahon of 

the anion to form the rmmoxy radical Under the electrolysis condmons (Et or graphite anode, NaOH 

electrolyte in MeOH or H20 or LlOMe m MeOH), this radical undergoes further oxldahon to an 

oxatmmonmm cation, which reacts with the second oxrme group to form the furoxan 1 16v117 In pnnciple, 

furoxans can be prepared by electrcoxldation of the umonmed form of g1yoxrmes.l 17-l l9 However, in this 

case the yield of prodt~cts~~~ is lower and any furoxan with an easily oxidized substttutent, such as a 

dmlkylammo group, does not survtve 1 l7 

Voltammetnc mvestrgattons and controlled potential coulometry showed120 that the electrochemical 

ox&&on of the anion of dibenxoylmethane proceeded WI one-electron transfer and generation of radical 46 

which can take part m two competitive reachons’ hydrogen abstrachon from the solvent to form 

dknzoylmethane 47 and dimenzation to give 48 The relative importance of the two reactions depends upon 

the concentration of the amon At low concentrations the mam reachon is hydrogen abstraction while 

dtmenzahon IS dommant at the higher concentrahons 
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Electrooxldafion of the s&urn salts of alkyl malonates121 and malonomtnle122 m nonaqueous media 

yields the correspondmg chmenc products In an analogous fashion, anod~c oxu%on of the hthmm 

enolates123 of esters produced succmlc esters 56 when the electrolysrs was conducted in THF at low 

temperature in an undlvlded cell with Pt anode and mercury pool cathode When Hh4PA, m an amount 

equmolar with the enolate, was added to the THF, the yields of chmer were increased It should be noted 

that this method allows the preparation of unsymmetncally subshtuted succmate esters by the cooxidafion of 

two different hthlum enolates 123 

R 

Et0 

+49 EtoH OEt 

50 35-100% 

Me Me 0 

Et0 I?? OEt 

0 C&k 
40% 

R = H, R’ = Et. Bu, r-Pr, Ph, R = Me, R’ = Me, RR’ = -(U-i&- 

Scheme 57 

The electrochem& oxldahon of anions of 1.3-d~ulphones~~~a results m formatton of the rachcal 

dunenzahon product while oxldahon of cr-sulfonyl carbanlons124b 51 proceeds MU couplmg of the 

electrogenerated radical with startmg carbamon and mtermedtate formatlon of dlmenc product 52, the 

subsequent transformation of which leads to the isolated cychc product 53 
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The electrochemmd ox&&on of the sodium salt of 2-mtropropane III MeOH produces the 

corresponding wc-dl~tro compound125 but m tbe case of anions of pnmary mtroalkanes, the coupling 

products are unstable and ehmmate HNO2 gwing the mtroolefin In turn, the mtroolefm undergoes further 

conversion to wxazole under the electrolysis conditions 126 Control of the product composition can be 

achieved by mampulation of the electrolysis conditions at low temperature, the mam product of the 

electrolysis IS the mtroolefin, at higher temperatures the lsoxazole 1s the maJor product 

64-70% 

R 
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R 

NO -HNo, H 2 NO 2 

R 54 
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Scheme 59 



Carbamons m electroorgamc synthesis 9667 

Thus, the electrochemmal oxidation of salts of prtmary mtro compounds may be of some mterest for 

the one-pot synthesis of tsoxazoles, heterocychc compounds which are important for thm chemical, 

pharmaceutical, agncultural and other apphcauons 127 

2 Electromduced Homolyttc Aromattc Substmnon Electrooxtdmon of Weak Aluontc Nucleophdes to 

Generate Electmphdx Infemedtates 

Reactions of radicals with aromatic substances would appear at first sight to be of no interest to 

synthesis because of the low selechvity that ~111 arise from the mtermediate cyclohexadienyl radicals which 

can disproportionate, dimenxe or be oxidzed to subsututed product. 12* Under electrochemical conditions, 

it is possible that selectivny can be achieved by favoring further anodic oxidation of the cyclohexadienyl 

radical Another reaction which accompanies homolyuc aromatic subsutuuon is side-chain attack in the 

reactions of alkylbenxenes It is known that the amount of side-chain attack is greater with more nucleophihc 

radicals 1213 Therefore, it can be expected that side-chain attack using electrophihc radmk ~111 be 

sigmficantly suppressfzd or eliminated 

Radicals contammg electron-withdrawmg subsututents at the radical center, such as carbonyl, mtnle, 

alkoxycarbonyl or mtro, possess electrophihc properties 129-131 and they are easily generated by the 

electrochenncal method Because the precursors of the radicals are organic anions which are nucleophlles, 

and the radmals formed by one-electron transfer are electrophihc, we have here an example of electrochemicaI 

“umpolung” 12gc of reactivity Of course, electrooxidahon of thermodynammally stable and less reactive 

anions, those anions contauung two or three electron-withdrawmg groups at the carbamomc center, will lead 

to generation of radical mtermediates that are very strong electrophiles It should be noted that these anions 

can be prepared simply by treatment of the corresponding organic acids with an ordmary base m sttu or with 

prior isolation of the salts When anodic electrolysis of malonate anions,132 as well as the anions of 

acetylacetone133 and mtromethane 134 IS conducted m the presence of aromatic substances, the correspondmg 

substituted aryl dertvauves are formed It was assumed that this reaction mvolves the anodic generation of 

the radicals which then react with the aromatic substances by the mechanism of homolyuc aromahc 

substitution Under the electrolysis condmons, the formation of side-chain products was not observed but 

dimenzahon and tnmenzation of anions did occur The yield of aryl denvauves was higher with compounds 

having high electron density on the aromatic nng which clearly is related to the electrophilic properties of the 

radicals 

Since the mtro group is one of the strongest electron-withdrawmg groups, it can be expected that dt- 

and truutromethyl radicals should have strong electrophihc properties Detailed investigations of the anodic 

behavior of the anions of polymtromethanes, which are weak nucleophiles, showed135 that the reachon 

proceeds vru one-electron transfer Due to their electrophthc properties, the polymtromethyl radicals thus 

formed give no drmenc products135b but react with aromatic substances136 exclusively on the aromatic nng 
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by way of a u-complex mtermedlate (cyclohexadlenyl radical). Subsequent oxidation of this intermediate at 

the anode followed by deprotonahon gives the fmal product, the arylpolyn&oakanes The yields based on 

aromatic substrates were 85-95% 136c The reaction IS accompanied by formahon of the uniomzed 

polymtromethane since reachon of the radicals urlth solvent (hydrogen abstmchon) and protonabon of the 

startmg amon occur However, m the case of trmltromethane, which IS a strong acid @K, = 0), the addition 

of a weak base ~11 deprotonate the neutral trmltromethane so formed, allowing the remtroducbon of the amon 

mto the reachon 136c 

Re(NO& -e D Rt(NO,), phx * 

R = H, Ph, Cl, CN, NO*, X = H, Me, OMe, Cl, NO2 

Scheme 60 

The electroph& properties of polymtromethyl radtcals were confirmed by the method of competmg 

reachons: the rekthve rates of the reachon of dl- and trmitromethyl radicals w1tJ1 aromahc substances 

increased with mcreasmg electronic density in the aromahc rmg.136b 

It should be noted that the electrochemical approach provides a short synthehc path to 

arylpolymtromethanes, which can serve as useful reagents m the chemistry of mtro and related 

compounds 137-139 The chenucal synthesis of such compounds mcludes several steps using toxic N2O4 and 

the overall yields are low 140 

Due to thar strong electrophdlc proper&s, polymtromethyl radicals can react as normal electrophks 

m reachons with compounds contrumng heteroatoms with unshared electron pan’s So, for example, 

electrolysis of the amens of tn- and dmltromethane m the presence of pyndme or dlmethylsultide results m 

the formahon of the corresponding dmltromethyhdes 141 The reachon was not ophmlzed and the yields of 

the ylldes were 12-2096 

a 
N 

(0: 

NO2 

- -iI 

rj_E’ 

‘NO2 

R@N02)2 -B RC(N02)* 

Me,+ - ,N02 

R = H, NO2 s-c 
MezS Me’ ‘NO2 

Scheme 61 



Carbamons in electroorgamc syntheses 

Electrochemtcal oxrdatmn of the amons of mtro denvatrves of imidaxole, pymxole, tnaxole and 

tetrazole m MeCN proceeds vra one-electron transfer and generatton of nttroaxolyl radtcals,142 whtch, as 

9669 

explamed above, can be expected to have electrophthc proper&s. Therr prmcipal reactron 1s abstractron of 

hydrogen from solvent No dtmertzatron products were observed. However, electrolyms m the presence of 

aromahc substances results m formatton of the corresponding aryl denvatrves Anodic electrolysts of the 

tetramethylammonmm salt of 3-mtro-I ,2,4-tnaxole in the presence of benzene m MeCN results m formatron 

of the N-phenyl denvattves m 20% yield 142b However, addthonal umontzed mtrotruvole was present and 

when the electrolysrs was camed out m an undivided cell the rsolated yield of product was 67% The 

improvement m yield 1s undoubtedly due to regeneratton of the amon of tutrotnazole at the cathode 

HS -S’ 
1 

NO2 

c 

-6 

T 

/N 

H 
A 

I I 

Scheme 62 

Electrochemmal oxtdatron of (RO)2P(O)Na m the presence of thtophene, furan, qumolme and 

naphthalene in MeCN results m formatron of the correspondmg arylphosphonates (RO)2P(0)Ar.143 It has 

been found144 that this reactton proceeds by generatron of the dmlkylphosphonyl radical which enters mto 

the homolyhc aromatrc subshtutron reactton 

Dmttromethyhdes have a carbamomc structure145 and can be oxtdrzed at relahvely high poknttals 

(1 2-l 98 V vs Ag/Ag+ m MeCN) 146a Anodrc oxldatton in the presence of benzene and tts dertvabves 

gives the correspondmg duutromethylaryl compounds. 75* 146b On the basis of voltammetnc mvesttgattons 

and the rdenhty of electrolysrs products, tt was proposed that oxrdatron of dmrtrometbyhdes proceeds via 

formatton of an unstable c&ton-radical which decomposes by cleavage of the heteroatom-carbon bond fomung 

electrophthc duntrocarbene 75v 146c,d Like other electrophthc cat-berms, dmttrocarbene reacts with aromahc 

substances exclusively on the aromahc nng with formahon of the products of msertton mto a C-H bond NO 

cyclopropanatron products were observed It should be noted that the reactron proceeds even m the case of 

aromahc substances with strong electron-wrthdrawmg groups such as CN and No;! The carbene mechanism 

accounts for products whrch are formed m low yields dunng electrolyns of dmuromethyhdes in the presence 

of cyclohexane, cyclohexene, pyrtdme and fluonde ion 75,146b 
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X~WWzH (Wd2H 

lpm o/f 
R&-C(N02h b _R2z’ i-‘““““o\ F-vH+ b FW’QW 

(0: 14-c(N02)2 

OQxy 

R2Z = Me2S, Ph& C S,Pty$e, X= H, Me, Cl, CN, N& 

Scheme 63 

3 AmOns ar Acceptors of Anod~cally-Generated Electrophrhc Intemedmtes 

A wde vanety of orgamc substances such as aromahc compounds, condensed aromahc compounds, 

aromatx and nonaromahc heterocycles, ammes, olefins, ttuols, sulfides, alcohols etc., under amdlc 

electrolysis condlhons m nonaqueous media, can be oxldlzed to cahon-radical or cahon mtermedlates Due 

to the strong electroptuhc character of these mtermedlates, they are able to couple wltb nucleoplules, 

especmlly amon~c nucleophfles, that are present m the soluhon. Well known examples of this type of r@hOn 

are anodic alkoxylahon, acyloxylahon, cyanahon and thiocyanahon and these reactlOnS have been recently 

rewewed 147 

Tlus approach opens excellent possibbllihes for the syntbehc uhhty of tbermodynanucally stable organic 

amens whtch are usually very weak nucleoplules Due to the lugh oxidahon potenhals of these anions, the 

eleCtrOlysls proceeds by selechve oxidahon of the organic substrate rather than the amon However, the 

cahon-radicals or cahons so formed can react wltb unoxldlzed anions at the Surface of electrode or m the bulk 

of soluhon 

Aromahc compounds with electron-donahng subshtutents or condensed aromahc substances are 

oxldtzed at relahvely low potenhals and can serve as a good source for electrogenerated electrophdlc 

mtermedmtes For example, elechuoxuiahon of 1,4_dlmetboxybenzene proceeds wa one-electron transfer and 

formahon of a relahvely stable cahon radical, which has been detected by the electrogenerati 

chenulummescence method and by nngdlsc voltammehy 148 In the presence of the anion of 3-m&o-1,2,4- 

trmzole, wluch IS oxldued at a higher potenhal (El/2 = 1.77 V vs Ag/Ag+ m MeCN14&) than 1,4- 

dlmetboxybenzene (El/2 = 1 0 V vs Ag/Ag+ m MeCN 148), the cahon-radical of the aromahc substance 1s 

not detected but complete two-electron oxldahon occurs forming the aryl denvahve of mtrotnazole 14g The 
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cation radical that 1s generated at the anode IS thought to react ~th tbe amon of mtrotnazole to produce a 

cyclohexadlenyl radical that m turn undergoes oxldaaon and deprotonauon The reachon was camed out m 

an undlvlded cell and the product was obtamed m 75-85 96 isolated yields 149 The undlvlded cell again allows 

for cathodic regeneration of the anion from the neutral mtrotnaaole that 1s produced from the protons 

generated at the anode 

Me0 

Me0 

Scheme 64 

Under the same condlhons, the amon of 3-mtro-1,2,4-trmzole reacts with the electrogenerated cation 

radical of naphthalene at the a-position of the aromatic system.14gb The formation of a-tnmtrometbyl- and 

admWomethylnaphthtienes was observed when naphthalene was omd& m the present of the salts of 

dmltromethane and tnmtromethane. 13&z Intereshng results were obtamed with anthracene and the anion of 

2-nitropropane 13&z. The electrochemical oxidation of anthracene m MeCN in the presence of a suspension 

of the sodium salt of 2-mtropropane, resulted m a high yield (95%) of anthraqutnone. An unstable mtromc 

ester is an mtermedlate in 

compounds and oxlmes 

this reaction These compounds are known150 to decompose to carbonyl 

Scheme 65 
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The electrochemtcal oxtdatron of sulfidesl36Cl4lb m the presence of the amon of truutromethane and 

Oxtdatton of trtmethylamme15 l m the presence of the amon of duutromethane resulted m formatton of the 

correspondmg polymtromethyl denvahves. These reacuons proceed through 

cauomc mtermedtates which subsequently react wrth the amons. 

unermedrate formatton of 

-e 
R2S - 

-R 
RS+ 

mQ33 
- RSC(NO):, 

R= Me, Ph 

-2e, -H+ 
Me,N - Me,Nb-$ 

H&W2 
- Me,NCH,C(NO&H 

Scheme 66 

Thermodynamically stable anions, whch have relattvely high ox&&on potenttals, are very good 

acceptors of electrogenerated halogens 152 It has been found that polymtrocarbamons, the oxidation potenttals 

of whtch are higher than the oxrdahon potenttal of chlonde amon (EI~ = 0 8 V vs Ag/Ag+ m MeCN), are 

chlormated UI quantitative yrelds m both aqueous and nonaqueous me&a on FT, graphrte, ruthemum dtoxrde 

or htamum anodes. the formahon of chlonnated products of carbamons wrth oxidatron potenhals lower than 

chlonde can be achieved m hrgh yreld with ruthemum dtoxrde or htanmm anodes, high concentrahons of 

chlonde and hrgh current densihes. H2 

Anode 

1ncl, 
RhWz - 

R= H, Me, Ph, CN, NO2 

Scheme 67 

RC(NO&I 
8599% 

It should be noted that electrochermcal chlonnahon allows selechve preparatton of either monochloro 

or dtchloro denvahves of these strongly acidic organic acids Electrolysis of a soluhon of 0 2 M EbNCl in 

MeCN m the presence of the anion of duutromethane ~th charge consumphon of 1 F/mol results m the 

exclusive formahon of monochlormated product m 99% yield when under the same condihons 5 F/m01 

charge was passed or the electrolysis was carned out m a soluhon of 3-5 M NaCl in H20 contammg 0 5 g/l 

NaHC03, the dlchlonnated product was formed m SO-9396 yield. For comparison It should be noted that 

the known chemical chlonnahon of the anion of dmltromethanel53 results m formahon of 

dlchloroduutromethane in 70% yield and chlorodmltromethane can be prepared m 56% yield (total yield 39%) 

only by dechlonnahon of dlchloroduutromethane 



Carbamons m electroorgamc synthesis 9673 

V. SYNCHRONOUS UTILIZATION OF ANODIC AND CATHODIC 

REACTIONS IN SYNTHES IS. PAIRED ELECTROSYNTHESIS 

The performance of any electrochenucal synthesis involves the simultaneous occurrence of both 

reduction and oxldauon reachons. By usmg a diaphragm, these reactions can be separated and synthesis of 

useful products IS possible with either cathodic or anodic electrolysis. However, m this case the reachon 

product m the counter electrode compartment IS wasted. Therefore, the synchronous utihxation of anodlc and 

cathodic reactions for synthesis of two useful products would be very mterestmg and might mstlgate the wider 

use of electrosynthesls m the field of orgamc synthesis. tizer, who first formulated and demonstrated 

approaches to solve this problem, introduced the term “Pared Electrosynthens” m the sense that both cathodic 

and anod~c reactions are used m formation of final products 154 Paled electrosynthesls can be camed out 

with either divided or undivided cells 

As a rule, paued electrosynthesls with undlvlded cells leads to one product as a result of mterachon 

of cathodlcally and anod~cally generated mtermedlates Some examples of this type of paired electrosynthesis 

were included m previous sections of this review The use of sacnficial anodes (for reviews on sacntkal 

anodes m electrosynthesls see Ref 155) allows the preparation of metal-organic compounds (Section lII.1, 

Ref 9, IH.2, Ref 18; IH.3, Refs 26, 31, HI.4, Refs 35, 39, HI.5, Refs 69d,e) by cathodic generahon of 

organic anions and anodlc generation of metal cations Clearly, the metal-orgamc compounds formed in this 

way can take part m subsequent reactions such as addlhon of thlols to activated olefins (Section III.1, Ref 

11) and epichlorohydrm (IlI.1, Refs 1 lb, 12, 13), formation of organoslllcon compounds (TlI.4, Refs 54, 

57, 58,) cyclopropanabon of olefins (III.5, Ref 83) and the Reformatsky reaction (III.5, Refs 84, 85) 

Electrosynthesis of N-aryl denvahves of 3-mtro-1,2,4-tnazole (Sections IV.2, IV.3, Refs 142b, 149) IS an 

example of a paired electrosynthesis where the heterocychc amon IS generated on the cathode and the 

heterocychc radical or the cation-radical of an aromatic substance IS generated at the anode The further 

reaction of these mtermedlates results m formation of the final product 

The synchronous cathodic generation of orgaruc amens and anod~c generation of halogens opens up 

excellent synthetic possiblhhes It has been found that electrooxldahon of malonates m an un&vlded cell m 

the presence of iodide Ions results m increased yields of dlmenc products 156 This approach was used as 

a basis for creation of pared electrosynthesls of tetraethyl ethane-1,1,2,2-tetracarboxylate and dlethyl adipate 

(startmg from dlethyl malonate and ethyl acrylate) m 95 96 chromatographlc yields (Scheme 68).154a* 157 The 

reachon was carned out m an undlvlded cell with graphite anode and lead cathode m a soluhon of Bu4NI m 

MeCN. The mam llmitahon of th:s method IS the requred separation of the products after electrolysis as they 

are formed in the same vessel. 

The electrolysis of tnalkylboranes R3B m an undivided cell m MeCN contaming tetraalkylammomum 

bromide or iodide afforded ahphahc mtnles RCH2CN in good yields 15* The cathodic reaction IS cleavage 
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Anode 

solution 

21- - 2e - r, 

2CH,=CHCO,R +2e [RO~CCH(C~~CHCO~R]” 

57 

57 + 2C&(C4R), - RO&(CH&CO,R + 2CH(CO,R), 

PCH(CO,R), + 1, - (RO,C),CHCH(CO,R), 

scheme 68 

of a C-H bond of acetonitnle generatmg NCCH2- whtle halogen formed at the anode reacts wrth R3B to 

produce RHal, the reachon of which wrth the carbamon forms RCH2CN 

Detarled mvestrgatrons of the mdrrect oxrdahon of malonates m the presence of halide Ions m an 

undrvrded cell showed that the yields and structures of products are strongly dependent on the experrmental 

condrhons By changmg the amount of charge passed, the solvent, temperature and the halide Ion, esters of 

ethane-159~ 160 and ethylenektmcarboxylrcl~ acrds, as well as hnear and cychc tnme&o of malonates can 

bePreW=d 

Me&C CO,Me 

X 
Me&C C02Me 

92-Q4% 

R&C “zR C&R 

* R02C 
C&R “zR 

QO-95% 

1 Fhnol, -20-o “c 2 2 Flmol. XI-IO OC WJ, ,WP 

Net I MeOH 

2Flmd. 50% 

UBr I MecN 

Fb R02C?02R 

-e - 

8040% 

MBr / MeOH 

Me&C C@Me 
60% 

R = Me, Et, M = LI, Na, K 

Scheme 69 

In the case of malonodiitnle, the drmenc product was not obtauted due to its further oligomenxatron 

under the electrolysrs condrnons However, electrolyns of this substance m the presence of carbonyl 

compounds results m the formahon of 3,3-drsubshtuted 1,1,2,2-tetracyanocyclopropanes161 (58). Undivided 

electrolysrs of alkyhdenemalonates (59) in MeOH m the presence of halide ions results in the formatron of 

2-alkyl-3,3_drmethoxyalkane-l , l-dmarboxylates lG2a (59a) and 3,4-dnubstrtuted cyclobutane-1,1,2,2- 
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tetmcarboxylates (59b),le2b wtule under condlhons of cathodic generation of methoxlde mn and anodlc 

form&on of bromoketones, ketones 60-62 have been converted mto methyl carboxylates 6Oa and 61a and cr- 

hydroxyketals 62~1.~~~ The formation of 61a IS an example of an electrochenwally-induced Favor&u 

rearrangement. 

CN 

( 5, 

R’ -a I 1 2 F/mol 
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CN 0 NaBr I EtOH, 20 OC 

R R’ 
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scheme 70 
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An undlvlded electrolyns m wtuch the anodlc reachon 1s ox&&on of halide ions, was successfully 

used for formahon of hetero atom-hetero atom bonds Thus, electrolysis of a nuxture of succmmude or 

phtbahnude and a dlsulfide m MeCN contammg sodium bromide or i&de, leads to the correspondmg 

sulfenmudes m tigh yields 164 A possible mechanism of tlus reaction 1s given m Scheme 71 

Anode 

\ “s~2~Br / ’ 

bNH = +H, @;H, R’ = Ph, PhCH2, cyc/o-C6H,, 

Scheme 71 

In an analogous fashion, electrolysis of a nuxture of dlalkyl (or dmryl) phosphates and dlsulfides m 

the presence of sodium bronude or ammes m the presence of sodium iodide, results m formation of 

phosphorotiolates l65 (RO)zP(O)SR’ or phosphoramldatesl66 (R0)2P(O)NR’R” m good yields. (Y- 

Ammoalkanoates RCH(NH2)COOR’ and dlsulfides R”SSR” have been converted to sulfenimmes167 

R(R(‘OOC)C=NSR” by electrolysis m a two-phase system compnsmg CH2C12 and aqueous MgBr2. 

Undivided electrolyns of thlols m the presence of halide ions 1s a facile general method for the 

synthesis of abphak, aromatic and heteroaromatx dlsulfides m prachcally quantltahve yields (Scheme 

724 16* The electrolysis can be camed out m a dilute soluhon of sodium bromide or chlonde m MeOH, 

but It is preferable to use a two-phase system of benzene/H20 which results 111 mcreased current efficiency, 

espectily m the case of heteroaromatic thlols The reason for this improvement 1s that park4 reduction of 

the dlsulfides on the cathode 1s ehmmated Moreover, the two-phase electrolyte 1s convenient preparatn!ely 

isolation of product requires only separauon of the organic layer and removal of the solvent under vacuum 

It should be noted that the mam disadvantage of other electrochemical methods for the p-bon of 

dlsulfides 1s that they do not provide uniformly high yields of dlsulfides for different tblols as startmg 

mater& 1 1 1 1 1@ In addihon, these procedures are not as preparatively convenient because they require the 

use of concentrated salts of perchlonc acids m MeCN170 or MeONa m MeOH,ll 1 carrying out the 

electrolysis with umtrolled potentla116g~ 171 or using modified electrodes 172 
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a) W 
Cathode Anode Cathode Anode 

8899% 

R = alkyl, atyi, heteroatyi, R’ = aryi, R” = alkyi I- 
R’SSR” 3796% 

Scheme 72 

When electrolysis IS conducted m divided cells, paired electrosynthesis can a&eve the parallel 

for-matron of two useful products A way of explortmg 011s approach is to take the product formed m one 

compartment (e g. the anode compartment) and add rt to the other compartment (cathode) where it can react 

to produce the rdentrcal product bang formed m the cathode reachon. For example, m the cathodic 

compartment sulfur dioxide can be reductrvely alkylated by propyl bromide to dtpropyl sulfone. At the same 

hme, m the anodic compartment propyl alcohol wtll be converted to propyl bromtde, which then can be used 

m the cathodic compartment as the allcylatmg reagent 173 

The preparatton of unsymmetncally subshtuted dtsultides IS an example where two acttve reagents are 

formed and tbetr post-electrolysis mrxmg results m formatron of the final product (Scheme 72b) Generatton 

of thtolate anions from throls or dtsulfides takes place m the cathode compartment whrle at the anode, 

sulphenyl halides are formed from throls and anodnzally generated halogen Mrxmg of the cathodic and anodtc 

soluhons atIer electrolysis produces unsymmetrical dtsulfides 16* 

Another reason for using dtvtded paued electrosynthests IS to a&eve srmultaneous synthesis of two 

different desired products, one m the cathodrc and one m the anodrc compartment. For example, 2- 

mercaptobenxoxaxole has been cathodmally alkylated by p-chlorobenxyf chlonde forming the correspondmg 

sulfide m 97% isolated yield while m the anodlc compartment 2-mercaptobenzoxazole was converted to 

dlsulfide 111 71% isolated yield 168 

Thus, the examples cited above demonstrate that a number of interestmg syntheses can be carrted out 

by patred electrosynthests One of the advantages of undrvtded electrolysts 1s the srmphcrty of the cell and 

the fact that electrolysis can be carned out under controlled-current condihons. Divided cells wrth a very 

simple design have also made dlvlded parred electrosynthesls quite attractive owmg to the expanded range of 

syntheses that 1s possible 
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VI. A GUIDE TO CHOICE OF TEE PREFERRED 

TYPE OF ELECTROLYSIS, CATHODIC OR ANODIC. 

As we can see from previous sechons of this review, the hterature contams numerous examples of the 

electrosynthehc uhhty of carbamons and heteroatom-amens Different types of amens have been used both 

m cathodic and aruxhc syntheses as well as m undlvlded electrolyses However, there are no guldelmes for 

choosing the type of electrolysis that ti be most effective for selechve electroorgamc synthesis usmg a given 

kmd of carbamon or heteroatom-amon. In this section, we wdl show that clasnfication of orgamc amens 

accordmg to their nucleophlhc properhes can be used successfully to guide the choice of the type of 

electrolyns. 

1 The Oxhtton Potential as a Cntenon for Esttmattng Nucleophtkc Reacttvtty of Hetero- and Carbantons 

The reactiwty of different types of nucleophdes is known to depend strongly on both the solvent and 

the counter ion The advantages of the electrochemical method of producmg nucleophdes mclude the fact that 

stoictiometnc quantities of strong chemical bases are not needed and the reactive amens can be generated m 

almost any solvent with free choice of counter ion It has long been recognlzed174 that nucleophlhc~ty 1s 

hkely to be related to the oxldahon potenhal of the nucleopwe urlth high (posihve) oudahon potenhals 

assocmted with low reachvlty The relevant oxldahon potenhal1s the reverstble potenti of the reachon 

A- * A +e- (1) However, direct expenmenti determmahon of the 

reveruble potent& of these one-electron OXldahOn reachons is dBicult for most nucleoplules used in organic 

chermstry. Therefore, It would be useful to Idenhfy an easdy measurable quanhty that 1s related m a simple 

manner to the reversible potenhal of reac&on (1) Recently It has been shown that the observed potenhal for 

the overall merslble oxidahon of A- 1s well-correlated wrth nucleophdlaty. 

For example, it was foundI that the hterature values of the nucleophdlclty parameter N showed a 

good correlahon (r = 0.983) with yreverslble oxldahon half-wave potenhals El/2 measured for twelve 

anlonlc nucleophks m acetomtnle at a plahnum electrode The correlahon spanned a very wide range of 

potenhal(2.22 V) and nucleophklty (N = 1 S-10) and mcluded nucleophks whose charge was centered at 

several different kmds of atoms Thus the lrreverslble oxldahon potenhals @tamed from hydrodynamic 

voltammetry as a half-wave potent& or from cychc voltammetry as an anodlc peak potenhal or half-peak 

potent@ can be used for eshmatmg the nucleophdlc reachvity of amomc nucleophdes the more easily the 

amon is oxldlzed, the more nucleophlhc It 1s 

Not only do the oxidahon potenhals for a senes of nucleophlles m the same solvent correlate well with 

nucleophticlty, It is also true that the oxidahon potenhak of a smgle nucleophlle measured m vanous solvents 

with various electrolytes, also show the same trend, I e , the condlhons for greatest reachvity are those that 

cause the nucleophde to be most easily oxidized 176 These correlations Included anionic nucleophlles with 
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different reamon centers as well as different types of reacuons. SN2 and SNAr reactions as Well as addition 

to Michael acceptors. 

Solvent plays an important role m detemumng both the oxulauon potenhal and nucleophtictty, hence 

the observed correlaaon of the two Thus, solvents that stab&e amens by strong solvabon cause the 

oxidation potential of the nucleophlle to be more posluve and the nucieop~hc~ty to be suppressed The role 

of the electrolyte is less clear; one should simply note that when ion pan-mg occurs between the nucleophlle 

and the c&on of the electrolyte, the ox&bon potential is shifted m the poslhve due&on and the anion 1s 

less reactive as a nucleoplule 

Thus It 1s usually found that those solvents that solvate amens poorly (acetomtrile, DMF, etc ) are also 

those in which amo~c nucleophlles are most reactive Slmtily, the identity of the electrolyte cation is 

relatively ummportant m strongly lomwng solvents but can become crucial in solvents hke acetomtnle where 

reactions may proceed at less than one-tenth the rate in the presence of hthlum counter ions as opposed to 

tetraalkylammomum cations 

In view of the fact that simple voltammetnc mstrumentation 1s widely av;ulable, the measurement of 

oxldaUon potential holds considerable promise as a rapid means of estabhshmg the reachon condlhons that 

should give greatest reactlvlty of amomc nucle-ophlles 

2 Nucleophdiary as an Organmng Pnmple for Choice of Cathodic or Am&c Electrolysts Ustng Hetero- 

and Carbantons 

Now that we have established that a correlation exists between oxldahon potential and nucleoptilicity, 

It 1s useful to consider how this mformahon can lllummate the problem of findmg the most useful type of 

electrochenucal procedure mvolvmg hetero- and carbamons The various synthetic apphcations that have been 

ated m earher sections of this review make It clear that amens can be successfully used under conditions of 

cathodic or anodic electrolysis but it remams to be determined how one would choose the type of reaction to 

carry out 

The relahonshlp between nucleophlhc reachvlty and oxldahon potential is pictonally presented m 

Scheme 73 where the mverse correlation of nucleophlhclty and potential IS represented by the opposing 

honzontal scales Wlthm the graph, approumate ranges of oxidation potential for various classes of amens 

are shown It should be emphaszed that the boundanes of the region of a given class are not exactly defined 

and there will be examples m each class that fall outslde the boundanes 

At the left side of the dragram one finds, for example, thiolate anions which have very low oxidation 

potenuals and are known to be among the most nucleophlhc amens The anions of allphatlc, aromatic and 

heteroaromatlc tluols are oxldlzed m the range of -0 58 to +0 10 V (vs Ag/Ag+)175v177 which corresponds 

to a nucleophlbclty (N) of 7-10 (esfimated from the regression equation from Ref 175). The least 

nucleophlhc of the sulfur-based anions is NCS which has an oxidation potenual of +0.20 V and N = 6 6 
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Nucleophlllclty (N) 

Cathcdlc electrclysls t Cathcdlc cr An&c I 
I Anodlc Electrolysis 

1 I 

1 RC&- mC(O)kC- RR’CNG- RC(NO&- C(NO&- 1 

PbP- 

Ph@- 

(RO),P(O,_ 1 1 Anions of nltroazoles 
I I 

C13Gew Anons of azoles 
I I 

RSe- RS- 
I I 

I I I: I I ,I I I . 

-1 0 0 10 20 
Omdabon Potenbal (Eli2 or E,,), V (vs Ag/Ag’), Pt-electrode / 0 1 M AI&NCIO.I 1 MeCN 

Scheme 73 

Among N-amons, the lowest oxidation potent& are observed wth anudes For example, the 

oxidation potential of the amon of 2,2’-dlpyndylamme 1s -0 4 V 27c The amens of acetamldes,26d 

succimmld~c and azoles178 are less nucleophlhc and have more poslhve oxidation potentials The weakest 

N-nucleophdes are the anions of denvatives (especlaJly mtro denvabves) of the mtrogen-contammg 

heterocycles such as mazoles and tetrazoles. 142ap I78 The oxidahon potent& of 5-mtro-1 ,2,3-mazole,142a 

tetra~&?-~~ and 5-mtrotetrazole14~ are 1.87,l 47 and 2 3 V which correspond to N = 0.02, 1 61 and -1 68 

respec~vely 

The nucleoph&ity and oxidation potentials of c&anions that can be used m electrosynthesls also 

show great varrabtity For example, the anions of cyclopentadlenes and fluorenes17g are oxidized in the 

range of -0 8 to -1.1 V while the anions of polymtroalkanes135b are oxldlzed between + 1 0 and + 1 5 V 

The left-hand side of the diagram (good nucleophlles, easily oxidized) is designated as a region that 

is conducive to successful electrosynthesls by cathodic electrolysis It will be recognized that tis designation 

is fully consistent with the examples given earlier m the review Thus, to use thlolates or R2N- anions 

successfully in electrosynthesls, it is best to generate them by cathodic electrolysis of RSH or R2NH and 

allow the anions so formed to react, for example, with alkyl hahdes or Michael acceptors The advantages 

of the electrochemical approach are mamly that no strong chemical bases are needed and the anions can be 

generated in a state of high reactivity by simple control of solvent and electrolyte 

The middle region of the diagram IS labeled as a region where either cathodic or anodlc electrolysis 

may be most advantageous Here are included a variety of anions such as RO-, carboxamlde anions and 

monomtroalkane anions that also undergo useful reactions when generated at the cathode 

On the far nght are found anions that are poor nuclcophdes and are quite difficult to oxidize There 
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is little point in employing cathodic electrogeneration of these anions because their reactivity is often too low 

to be useful and, in any case, they can be easily prepared with quite weak chemical bases. 

However, it is possible to reverse the role of the anion in this region. Instead of forming the anion 

as the product of a cathodic reaction, the anion can serve as a reactant from which an electrophilic radical 

or carbene can be generated by anodic electrolysis. It is obvious that the radicals produced from anions that 

are very difficult to oxidize will themselves be strongly electrophilic and because of this trait, the radicals can 

be trapped by suitable nucleophiles. Examples have been given in Section IV.2. 

Another way to use weakly nucleophilic anions that are extremely difficult to oxidize is to generate 

an electrophilic cation or cation radical by anodic oxidation of a precursor that is more easily oxidized than 

the anion itself. Though a weak nucleophile, the anion will nonetheless react effectively with the 

electrogenerated cation and through subsequent reactions, desirable final products can be obtained. Examples 

of this strategy have been described in Section IV.3. 

Thus, the classification of anions according to their nucleophilic properties (Scheme 73) can be a useful 

guide to choosing the type of electrolysis to use. Furthermore, the nucleophilicity can be conveniently 

estimated by the simple measurement of oxidation potential of the anion. Naturally, the boundaries between 

regions where cathodic, cathodic or anodic, and anodic electrolyses are preferred are indistinct and somewhat 

arbitrary. Nevertheless, the diagram embodies a valid generalization and can be useful for planning 

electroorganic syntheses. 

VII. CONCLUSIONS 

Carbanions and heteroanions have been widely used in electroorganic synthesis. Cathodic electrolysis 

of C-H, S-H, O-H, N-H acids etc. (or other precursors) results in generation of the anions in situ. The anions 

will undergo subsequent reactions with added electrophiles to produce useful products. Those anions that are 

difficult to oxidize are best used as starting materials in anodic electrolyses. The anodic reaction produces 

electrophilic radicals or carbenes that undergo further reaction to produce the desired product. A variant of 

this method, used with anions that are very difficult to oxidize, involves anodic oxidation of a precursor to 

form an electrophilic cation or cation mdical that subsequently reacts with the weakly nucleophilic anion. 

The oxidation potential of anionic nucleophiles is a useful measure of their nucleophilicity which, in 

turn, provides a guide to the type of electrolysis that can most profitably be developed. In general, strongly 

nucleophilic anions are conducive to electrogeneration by cathodic electrolysis while weak anionic nucleophiles 

are best used in anodic electrolysis. 
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