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AbrtrwCA~ofsuccinimideinetberacdonitrikorN,N~~~conCpiniaetetn-n-butykm- 
monium Huobo~~ shows a singk+ irrcvmibk reduction wave at a platimmn cathode by cyclic voltamwtry. 
Coulomeby demonstrates that a siagk ekctron is ban&red. Tbc react+n is e by the evolution of 
hyQosenstaratesnchthatthepassageofoneFaradsyofchargerrsultsmtbegeaaationofalmostexactly05 
mokofbydrogea.TheproductofthesereactioasistbesuccinimidcanionwhichisstaMeintbe~lysis 
soheioa, but nacts with tet~~~-n-butylamm~ ion dming vpc analysis or ia nmutinp N, Ndimethylfommmide to 
form N+butylsuc&dmide. 

Although studies of the ekctroreduction of phthahmide 
and N-substituted phthalimides have appeared,” suc- 
cinimide electrochemistry has received little attention. 
Tafel et al.’ reduced suc&imide in 50% sulfurk acid to 

mixtures of 2-pynolidone and pyrrolidine; the relative 
yields of these products depended upon the experimental 
conditions employed. However, all previous ekctro- 
chemical studies involving succinimide predate the ad- 
vent of modern electroanalytical t&niques and none 
was carried out in aprotic solvents. 

This study investigates the electrochemical reduction 
of succinimide to its anion in aprotic media. When the 
electrolysis mixtures. without work-up, were analyzed by 
vpc, N-alkyls ucci&nides were produced by reaction of 
quammary ammonium ions with the StlccmGk anion. 
These reactions, which occurred in the vpc apparatus, 
were studied in detail. 
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El&roo~l*al shrdiu. !%c&imide, in either 

a&o&rile (AN) or N,Ndimethylformamide (DMF) 
amtamkg tetra-n-butykmmonium &borate (TBAF). 
shows a sit&, irreversible reduction wave upon 
examination by cyclic voltammetry. Fw 1 shows cyclic 
voltammograms for suc&imide and the first reduction 
wave for phthalim& which were obtained with a pla- 
tinum cathode in DMF containing 0.2M TBAF. Cyclic 
voltammograms for succimmide showed no signs of 
reversibility even at more rapid scan rates (up to 500 V/s) 
and at lower temperatures (-20”). 

Fs 1. Cyctic w obtaimxl for 5.9mM suc&imide 
(A))pnd4mMphthalimide(B)inDMF~02MTBAP. 
Pktialmldi8cdectKNkan?awas0.053~alultbepotultialscan 

rate was 0.05 v/s. 
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Fm 2 shows a cyclic voltammogram obtained for . . . 
suammdc under cmditions which encompass the 
entire, acces.siMe potential range. In order to increase the 
probability of obsewing voltammetric peaks for the 
succimmide reduction products, the initial electrode 
potential was maintained at -2.OV vs !XE for several 
minutes before obtaimng the cyclic voltammogram. In 
addition to the cathodk reduction peak for succimmide 
near - 1.5 v, other noteworthy features are the presence 
of anodic peaks centered at -0.65 and at +1.6V. The 
largeranodicpeaL(at-065V)isprobablyduetothe 
oxidatknofHatoms,whichareadsorbedonthepk- 

tinu~ electrode surface during the suc&mide reductkn 
process, and the smalkr peak (at t 1.6 V) results from 
theanodicoxidationofthesuc&imideanioa,themain 
reduction product derived from succmimide under our 
conditions. 

A voltammogram obtained for phthalimide at a pla- 
tinumcathodeinDMFconsistedofthreeseparam 
reduction waves and was similar to voltammetric data 
reported for phthalimide at a mercury electrode.’ The 
6rst reduction wave for phthahmi& involves formation 
of the phthahmide aniorP’ and is irreversibk at room 
temperature. 

The number of electrons transferred during sue- 
cinimide reduction was deWmined by controlkd-poten- 
tial coulometry at - 1.9V vs !3CE. A voltammogram 
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E vs. SCE, V 

l?g. 2. Cydic voltammogram obtained for 1OmM soocinimide in AN ContaiaiDg 0.2M TBAF. Plafiwm disk 
electrodeanawaso.o53cm’,theirdtialpot*ltialwas-2ov,andthcpottntialscanratermso.fov/s. 

performed after the ekctroIysis resembled a blank vol- 
tammogram and did not show the chamcte&tic suc- 
cinimide reduction wave. Integration of the current-time 
curve yielded n = 0.97, where n is the number of Faradays 
of charge passed per mole. 

In a separate experiment the gas evolved from the 
cathode compartment during suc&mide reduction was 
collected and analyzed. The ele&ochemical cell was 
comrectedtoagasco&ctionapparatus,thedesignand 
&&ration of which were described previously? The gas 
was analyzed by vpc and shown to contain 96% 
hydrogen. Two independent gas collections yielded an 
average of 0.48-+0,03 moIes of hydrogen produced per 
Faraday of charge. EhXtrolysis of the soIvent-supporting 
electrolyte system in the absence of the substrate at an 
appliedpotentialof -21VresultedinessentiaUynogas 
evolution at the cathode. 

Acetonitrile is a very weak base,’ too weak to be 
protonatedbysuc&imideandtooweaktofunction 
withsuc&imideasaBr$nstedacid-basepair.AO.02M 
solution of succhGde in AN has a resistivity in excess 
of 2xl(Pllcm at room.@pemtme, andtheca&odic 
wave observed for soccmm& in AN is best attributable 
to electron transfer to the neutral sag molecule.* 

As wih be shown in detail salty, the products 
of the electrochemical reduction of stic&mide in AN 
are the suc&imide anion and hydrogen. All of our 
experimental observations are consistent with a 
mechanism in which electron transfer to the substrate 
andHatomtransfertotheelectrodcoccurinasiagle 
concerted step. Some of the driving force for this reac- 
tion may be provided by the adsorption of the H atoms 
on the electrode surface and their recombination to give 
hydrogengas.Inthisunme&nitisnoteworthythat 
neither N-methylsocGmide nor N-n-butyls@nimide 
is reducible under our electrochemical co&tons A 
less probable but not fully ehmkmted mechanism would 
beanEc~ssinw~chthcanionradicalsfo~~in 
the ~,~~ step are unstable and yield the 
~~~by~~l~sofH~s~~1 

Ld2). 

which combine on the platimun surface and evolve as 
hyQoeen gasp 

Prod& stuiia Bwawic 811 efbcient extmction 
method for product isolation was lack& efectrolyxed 
sohrtions were initiahy ana&4 by direct injection into 
vpc. Exhaustive, ~~~~~ten~ (-1.9V vs SCE) 
reduction of s DDE in AN any 0.2 M TBAF 
followed by vpc analysis, without workup, indicated the 
presence of N-n-butyhiuccimmide (63%) and tri-n- 
bu@lam& (63%); ah yields are absohrte, based upon 
mols of starting material. Simihu results were obtained 
with both AN and DMF as solvent and with TBAF or 
tetraethyhlmmonium &&orate (TEAF) as supportinq 
electrolyte. With TEAF as supporting electrolyte in 
eitherANorDMF,directinjectionvpcanalysisof 
solutions obtaioed from exhaustive reduction of suc- 
cir@de indicated the presence of N-ethylsoccinimide 
(55%). 

The forego&t nsults suggest the occurrence of elec- 
~~y-~d~ N-alky~on of succmbnide by 
~q~~~~~~t~~l~ 
~~~forsk~ti~~~~~~~ 
of such a conch&on. This laboratory has reported stu- 
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dies of the rates of reaction of benzyldimethylanilinium 
ion with etboxide ion in ~thanol’~ and with thiocyanate 
ion in a variety of solvents.” These 7eactions are rela- 
tively slow even at 50.8” despite the fact that thiocyanate 
ion is a highly e&tive micleophile and displacements on 
ben&SmethylaniGnium ion should be more facile than 
on either tetra-n-butylammonium ion or tetraethylam- 
monium ion. 

Infac&itcanbedemonstratedwithcertaintythatthe 
product of the electrochemical reaction is a stable solu- 
tion of the succinimide anion and that the apparent 
alkylation reaction occurs not during the electrolysis but 
during vpc analysis. This con&ion is based on the 
following evidence: 

1. Anodic voltammetry, performed after exhaustive 
reduction of s &de indicated the presence of a 
product with Ep I + 1.6 V vs SCE. A nearly identical oxi- 
dation potential was obtained for a chemically prepared 
solution of tetraethylammonium succi&ide in AN con- 
taining TBAF. 

2. When a portion of the ekctrolyxed solution was 
acid&d with excess fh~oboric acid before vpc analysis, 
the so~roduct found was su&nimide. 

3. When excess n-butyl bromide was added to another 
aliquot of the elecbolyzed solution and permitted to 
react for 1 hr, vpc analysis indicated the presence of 
N-n-butylsuccinimide but no tri-n-butylamine. This 
re-sult was verified with a controlled-potential (- 1.8 V vs 
SCE) reduction of su&nimide in AN containing 0.2M 
TEAF and a Sfold excess of n-butyl bromide. Direct- 
injection vpc analysis indicated that N-n-butylsuc- 
cinimkk was formed in 90% yield, and acidification of the 
solution with 5uoboric acid before vpc analysis did not 
alter this result. 

4.When an aliquot of the electrolysis solution was 
diluted with water and titrated with O.OS00N HCI, the 
sir@e end point in the titration curve iadiaitcd the 
presence in the solution of a base, the succinimide anion, 
in a quantity equivalent to the amount of succinimide 
found in the same electrolysis solution by vpc after 
acMcation with fluoboric acid. 

Each of these experimental results shows that the 
succinimide anion is formed in good yield (86 + 4%) by 
electrochemical reduction of succinimide and, further, 
that this anion is stable in the electrolysis medium. 

Saveant and Binh” have reported the alkylation of the 
anion radicals formed in the ekctrochemical reductions 
of triphenylphosphine and triphenylphosphine oxide by 
tetraalkylammonium supporting electrolytes, and Abbot 
and Bellamy” have noted the ethylation of aliphatic 
ketones on electroreduction in tetraethylammonium 
*rate-liquid ammonia solutions. Because of these 
reports it seemed worthwhile to us to attempt experi- 
ments aimed at defining the conditions m&r which 
displacement reactions by the succinimide anion on 
tetra-n-alkylammonium ions become possible. 

A sotion of the su&nimide anion as the tetra-n- 
butyIammonium salt in either AN or DMF can be pre- 
pared by a non-ekctrochemical procedure as described 
in tbe Experimental. These chemically prepared solu- 
tions duplicate the chemistry shown by our electrolytic 
preparations. Direct injection into vpc indicates the 
presence of N-n-butylsuccinimide, hi-II-butyhunine and 
a small amount of succinimide; after acidification of the 
solution with fluoboric acid, vpc analysis gave tbe 
expected amount of suc&imide and only trace amounts 
of N-n-butylsuccinimide and tri-n-b-; addition 

of water and titration with 0.05OON HCI permits the 
quantitative determi&ion of the succinimide anion. 

When a DMF (b.p. 1530) solution of tetra-n-butylam- 
monium s &de was refluxed 2Ohr, acid&d with 
fh~oboric acid and analyzed by vpc. more than 8096 of 
the su&imide anion was alkylated by the quaternary 
ammonium cation to give N-n-butylsuccinimide and tri- 
n-butylamine. A similar experiment with AN (5.~. 820) 
did not result in the formation of N-n-buty&cinimide, 
probably because of the lower boii point of AN. 

Thus, liquid-phase alkylations of anionic nucleophiles 
by quaternary ammonium ions are possible, but these 
reactions require conditions that are not common in 
electrochemical reactions and are not directly compar- 
abk to those that obtain in either the injection port or 
columns of a vpc apparatus. We have suggested that a 
DMF or AN solution of a quaternary ammonium salt 
injected into vpc under our analytical conditions (in- 
jection port at 225” and polyphenylether column at MY’) 
should result, to some extent, in reaction (3). To test this 
possibility a series of 0.1 M solutions 

RLN++X-+RXtR,N 

of tetra-n-butylammonium salts in DMF was analyzed by 
vpc. The results are shown in Table 1, where the percen- 
ta8e conversion to tri-n-butylamine indicates the extent 
to which reaction (3) occurs. It should be noted that the 
reaction occurs only with anions that are signScantly 
nuckophilic and that there is a qualitative parallelism 
between tbe 46 conversions observed and the nucko- 
philicities of the anions involved.” 
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c’hanicals. T?E DMF and AN employed were reagent-grade 
chemicals distilled from calcium hydride. !Succinimide was 
rca,gcot& material from Aldrich Chemical Company. It WBS 
dried over P& in uucno before USC. ‘I’c&aical-aradc Dhthsli- 
midc from E&&an Kodak was twice rccrystaU&i from water 
~~&~; T”AF and “F we.re employed as supportiag 

kctro&mlcsl studlcs. These qustcnUry am- 
monium salts were prepsred by methods which have been pre- 
vi&sIy dcscnbed.” Purilkd N2 (Airco, Inc.) wss employed to 
remove dholvui 02 ad to maintain an inert atmaspberc during 
ekctroche.mical experiments. The N2 was passed through a 
coluom of U-uxeh fkierite to remove residual water and was 
sauated with the appropriate solvent before passage into the 
ekctrochemical cell. 

AppamIlu and itMmmaUation. &ctrochemkal experiments 
were performed with a Princeton Applied Research Corporation 
(PAR) Model I70 Ektrcchemistry System. A divided cell, 
whichwasfittedwith’a2.3mmdiamPtdiscmicrocl~for 
voltammetric monitoriag of the reaction progress, was employed 
for ekctrolyses at Pt foil elect&es (2.3 x 2.3 cm). The Pt elec- 

Table I. Reaction of tetra-n-butylammoniu salts. 
R,N’X-, during vpc analysis 

Nucleophilic % Conversion to 
X c0mtanr R,N 

BF,- - 
CQ- co i 
Hso,- 1.9 

ir?- ii3 

::: 
7:; 
79:o 

- 95.4 

‘Wta were taken from Ref. 1141. 



thereferemxekctrode.TheSCEwaspkcedintoaialt&lge 
tubewhkhumtai&KClaqandwhichwastermi&dioa 
poroMcracked-gksstip.“lnesaltb?idgetllbewaspkcedioto 
tlNnfdectrode~mpartmnt,WhiChcontainedtqellp- 

propriote&3lVCOt~lyteSOlUdwhich~plsotammpted 

iaacrackalgksetip.Thetipoftherefereacaekctrodecom- 

AVarkn~Modd272Ogas&oma@mphwas 
employed for pmdoct analysis. llle instrument was equipped 
withatbamalcondu&ityd&toranda6’x$’stainksssted 
cdomo packed with 10% pdy-m-pbalylethfz (six riug) on E@-100 
mcshHPchromosorbW.Tbehijc&nportwasmaidai&at 
22L?,thed&ctoratnSO,aodthecohumltempwaseitbcr181P 
(for a&ses of suaimidc_ar~! N-alkylsucduimidea) or 1XP 
(for tli-ll-batylamiae de_). A P&n-Elmer 237B 
Grating lB Specbuphotometer was employed to reuxd IB 
spectra. 

ProccdYns.EkctrolytesolnswerefreshlyprqanxLAbkok 
voltammogramwas~withtbePtdiscekctmdeinorderto 
observe the approximate decomposition poteotial of the support- 
~ekctroiyte.Next,abk&&ctrolysiswascarrkdoutusiog 
tbCPtsbeetcatbodeaadallapplkdpotentialwhicb~slightlY 
moreaegativethanthatempkyalforanachmlexperiment; 
bknk &&dyses were cootioned until the current Arcaycd 
esseatkUytozero.AO.S-mlaliquotfromawxeoMedsuc- 
cidmidc standard solo (O.lOm) was added to the catkdyte to 
produce a soln suit&k for volhmmti investi&m. Vdtam- 
moglamswereiBwmpe&alandwereperfomK!datpotential 
scan rates ral&lg from o.oz!O to saIV/s; with scan rates fastu 
than 0.2Ov/s, osc&gmphic recor&g was employed. An ad- 
diGoaalaliqlbotoftheswGimidcstandardwasaddedtothe 
catkxksoln+andafhmlvdEpmmooram wasreco&d.Basul 
open @ectioo of this vdtamaqmm, apot&alwass&.ctal 
for krgMcale ekctldysis which was cannxlk with respect to 

tianytozero.bfagn&stirringwasanployeddlniugekctrolysis. 
TbequantalrofchargetmasuidlniogmdMrdyskqrimeot 
wasdetanu&byiute&onofthecorra&timecurvewitha 
compeasptipe-. 

Tdm-n-bi@bmmmm svccinimiQ Tetra-pbutylam_ 
lmmium bromide (6.4Sg; 0.@2mok). dissolved in water, was 
treatalportimlwise,withmagnetkstir&withexcesssilver 
oxide (3.5g; 0.01oumok). Stiring was cootinlMl lhr afta tbc 
additko.Atthispointatestoftbes~liquidforbromidc 
ionwasD@iv~ThemixturewasfilterultblolIghCdlite.!&5 
cbimidc (20g; 0.02 mok) was added to the fihrate, and the 
tutratewastakentodryllessattbcwaterpomp.TbecqstGne 
sal&witknltfurthL7puli&at&wasmadeuptolalmlwith 
freshlydis+lAN~~D?fPtogivea0.2Msolutkooftdra-o- 
butylammonnrm~ 

Tdmeth~suc&im&Asolnofthissaltwas 
prqmredfromtbeavaikbk1096aqueoustctmeth~ 
hydroxide @astmao Kodak). An exsctiy esuivaknt amount of . . . lBccmm&waaaddcdtotbe3oln;thesolnwnatakaltoQyntM 
iLilmbrpump;thesaltwasmadelIptothe~vohlme 
with solvent. 

IdartiJEatkn and dstmniMlkfI ojpmdmcts. Pruhxts were 
aoalyzedbyvpc,dtherbydirectiojection,oraftexacir&&m 
withexcess&bolicacid$oraftertreatm& with n-BnBr. 

p0kntswereobtaidpareb;tk~ofathin6lmof 
materklootoaNaClpkteheldoeartheexitportoftbevpc.IB 
spectraobta&dwithsuchsampkswerecomparedwithlntbeb 
tic refereoce spectra for positive i&&c&m. N+butyklr- 
cioim&was~bytr&iugsuxidc acidwithn-butyL 
amim accord& to the method of Hoey pad Lcstq” b.p. 
132-135” at 25mm. The same method was used to prepare 
N-methylsucdnimk from sucdnk acid and 4096 aqucoos 
methylamine; mp. w from accto#-bupae. N-Ethylsuc- 
ciniolidewasprqaralbyther&ionofpotassiumsuccinimide 
with EtBr in AN; b.p. 117-118” at Umm. Stm&xl sotna were 
preparedfromauthedkc&micalsamtusaltodetermioethe 
ykhtsofreactimproductsbycompa&m ofvpcpeplr~. 
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