
Double fragmentation in cation radicals. An example in the
NADH analogues series

AgneÁ s Anne, Sylvie Fraoua, Jacques Moiroux* and Jean-Michel SaveÂant*

Laboratoire d'Electrochimie MoleÂ culaire de l'UniversiteÂ Denis Diderot, UniteÂ Mixte de Recherche UniversiteÂ , CNRS No. 7591, 2 Place
Jussieu, 75251 Paris Cedex 05, France

Received 5 November 1997; revised 8 January 1998; accepted 3 February 1998

ABSTRACT: The cation radical of 9-tert-butyl-N-methylacridan, generated electrochemically or photochemically,
offers, in the presence of strong bases, a remarkable example of a double fragmentation. Whereas in acidic or weakly
basic media thetert-butyl radical is cleaved with concomitant formation of the methylacridinium cation, the presence
of a strong base triggers the cleavage of both the methyl group borne by the nitrogen atom and thetert-butyl group on
C-9 leading to acridine, formaldehyde and thetert-butyl anion, even though methylacridinium cation is stable under
these conditions. The origin of this unprecedented behavior resides in the prior deprotonation of the methyl group
borne by the nitrogen atom which outruns the usual deprotonation at the 9-carbon because this is slowed by the steric
hindrance due to the presence of thetert-butyl group. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

The chemistry of cation radicals attracts sustained
attention in connection with their importance in organic
and biological processes. Anodic oxidations are also
currently analyzed in terms of cation radical chemis-
try.1ab The reactions of ion radicals fall into two
categories, one in which they react as radicals, the other
in which they react as Lewis and/or Brønsted acids
(cation radicals) or as Lewis and/or Brønsted bases (anion
radicals).1c Coupling of the unpaired electrons in the
encounter of two ion radicals leading to a dimer is one of
the most typical reactions of the first type. Concerning
cation radicals, such reactions are of crucial importance
in the dynamics of the first stages of electropolymeriza-
tions leading to conductive polymers.2 Reaction with a
nucleophile, yielding, after deprotonation, anodic sub-
stitution products is one of the reactions of the second
type.3 Deprotonation may also be the first step of cation
radical transformation4–6 leading to a radical that may be
further oxidized or undergo carbon–carbon or carbon–
heteroatom bond fission. Another possibility is that
carbon bond fragmentation occurs in the first stage of
the cation radical evolution as, for example, in the case of
tert-butylated analogues of NADH.7

In the same series of compounds we have found still
another type of transformation, namely the cleavage of

one carbon–nitrogen bond and of one carbon–carbon (or
carbon–oxygen) bond triggered by the initial deprotona-
tion of the cation radical.

NADH analogues belong to the general class of
dihydropyridines. An analysis of single and double
fragmentation reactions in cation radicals of dihydropyr-
idines may be important for a better understanding of the
mechanism of metabolisation of these compounds by
cytochrome P450 which opposes their use as calcium
antagonists.8

The compound we have investigated in this respect is
CH3AHt-Bu (Chart I).

RESULTS AND DISCUSSION

With the exception of CH3AHt-Bu, the electrochemically
generated cation radicals of all thetert-butyl derivatives
illustrated undergo a C—t-Bu cleavage, yielding thet-Bu

.

radical and the pyridinium cation, AH�, whatever the pH
of the solution.7a With CH3AHt-Bu, the formation oft-
Bu

.
and of the 10-methylacridinium cation, CH3AH�,

was also observed, albeit only in acidic media, namely
between pH 9.4 and 14.7. In the presence of bases of
higher pKa starting with collidine (2,4,6-trimethylpyr-
idine, pKa = 15.6), a different behavior was observed. It
has been shown earlier that the cation radicals of 9-
substituted acridans, CH3AHR (R = Ph, CH3, CH2Ph6b,c

and CN6d) do not undergo any C—C cleavage but rather
deprotonate in the presence of a base to yield the
corresponding radicals, CH3AR

.
, and, after a second
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electrontransfer,theCH3AR� cation.Thecationradicals
of all the AH2 derivativesillustratedalsodeprotonateat
C-9 in the presenceof a base.6b,c One would have
thereforeexpectedthatCH3AHt-Bu

.�woulddeprotonate,
yielding CH3At-Bu

.
and eventuallyCH3At-Bu�, when

the pH becomeshigh enoughfor this reactionto outrun
the extrusion of the t-Bu

.
radical. In fact, a different

behaviorwasobserved,namelytheformationof acridine
andformaldehydecorrespondingto thefollowing overall
reaction:

CH3AHt-Bu
.� can be generatedelectrochemicallyor

photochemically.Its UV–visible spectrumobtainedby
laser pulse photolysis in the presenceof an oxidative
quencher(CCl4) is as shown in Fig. 1. The initial
formation of the cation radical in electrochemical
experiments can be detected by means of cyclic
voltammetry where a one-electronreversiblewave is
observeduponraisingthescanrateevenin themostbasic
media(thescanraterequiredto observethereversibility

goes up to 500 V sÿ1 with the strongestbase).The
standard potential of the CH3AHt-Bu/CH3AHt-Bu

.�
couplederivedfrom theseexperimentsasthe mid-point
betweentheanodicandcathodicpeakpotentialsis 0.910
V vs SCE. These observationsprove that the cation
radical is indeedthe initial intermediateof the sequence
of reactionsleadingto the formationof acridine.

At low scanrates(v< 1 V sÿ1), in the presenceof a
strong base (pKa� 15.6), a two-electron irreversible
anodicwaveis observed(Fig. 2, full line) which shiftsin

the negativedirectionuponincreasingthe concentration
of base.The quasi-reversiblewaveappearinguponscan
reversal(re-reductionfollowed by re-oxidation) is the
sameas the wave obtainedwith a solution containing
only protonatedacridinebesidesthe supportingelectro-
lyte. Theseobservationscontrastwith thebehaviorthatis
found in the absenceof base(Fig. 2, dotted line). The
irreversibleanodicwaveis significantlysmaller.There-
reductionwaveis irreversibleandhasadifferentlocation
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andshape.It correspondsto thereductionof theCH3AH�

cation formed upon extrusion of t-Bu
.

radical as
discussedearlier:7a

CH3AHt-Bu��ÿ!CH3AH� � t-Bu�

Protonsare producedupon further oxidation of the
products.Sincethereis no basepresentin the solution
other than the starting molecule, CH3AHt-Bu, this is
partly protonatedand thus partly inactivated toward
oxidation, thus explaining why the anodic wave is
smallerin the absenceof basethanin the presenceof a
strongbase.In the presenceof a weak base,the same
cleavageof thecationradicaloccursbut thepeakheight
correspondsto two electronsper moleculeandthe peak
potentialdoesnot dependon theconcentrationof base.

Turning back to the caseof a strong base,strong
indicationsexist at this stagethat acridine is the main
reactionproductandthat the sequenceof reactionsthat
eventually lead to this product starts with the initial
formationof thecationradical,immediatelyfollowed by
astepin whichtheaddedbaseis involved.It is alsoworth
noting that the CH3AH� cationis stablein the presence
of the strongbasesusedhere.9 Therefore,the reaction
triggeredby the latter is not merely the conversioninto
acridine of the CH3AH� cation that would be formed
initially.

More informationon productdistributionwasgained
at the preparativescale.A potential-controlledelectro-
lysisof asolutioncontaining2.18mM CH3AHt-Bu,0.2M

2,4,6-trimethylpyridine and 0.1M Bu4NBF4 in acetoni-
trile wascarriedout at 1.0 V vs SCEat a platinumgrid
working electrode.Aliquots were assayedby meansof
cyclic voltammetryduringthecourseof theelectrolysis.
Electrolysiswasstoppedwhen the heightof the anodic
peakdueto the oxidationof the remainingCH3AHt-Bu
wasca10%of its originalvalue.Thenumberof electrons
exchangedwasfoundto be2.1,in agreementwith cyclic
voltammetry(Fig. 2). The resultingcompositionof the

electrolyzedsolution is reportedin Table 1 (under the
heading‘CV assay’).The speciesthat could be assayed
through their anodic or cathodic peaks under such
conditions are CH3AHt-Bu, N-methylacridane
(CH3AH2), acridine, N-methylacridone,CH3AH� and
the dimer (CH3AH)2 resulting from the one-electron
reductionof CH3AH�.10

High-performance liquid chromatography(HPLC)
was also usedto analyzethe electrolyzedsolution (see
Experimentalsection).Theyieldsthusfoundarereported
in Table 1 (under the heading ‘HPLC assay’). The
agreementbetweenthe CV and the HPLC assaysis
satisfactory.

The main product is acridine. However, a small
amountof CH3AH� is still found, indicating that the t-
Bu extrusionreactionthatoccursin theabsenceof base,
or presenceof weak bases,still competes,albeit to a
small extent.

TheHPLCanalysisof asolutionof 0.16mM CH3AHt-
Bu and0.2M 2,4,6-trimethylpyridine in acetonitrileafter
onelaserpulseirradiationwasalsocarriedout.As canbe

Figure 1. Absorption spectrum of CH3AHt-Bu
.�

in acetoni-
trile recorded 1 ms after the pulse. CH3AHt-Bu
(0.16 mM)� 0.1% CCl4; 120 mJ laser pulse at 308 nm

Table 1. Distribution of products in the electrochemical and
photochemical oxidation of CH3AHt-Bu in the presence of
2,4,6-trimethylpyridine

Controlled-potential
electrolysis Laserflash

photolysis:

Compound
CV assay

(%)
HPLC assay

(%)
HPLC assay

(%)

CH3AHt-Bu 11 8 93
CH3AH� 13 11 2
(CH3AH)2 0 0 0
CH3AH2 0 0 0
Acridine 75 73 3.5
N-Methylacridone 0 0 0

Figure 2. Cyclic voltammograms of CH3AHt-Bu (2 mM) in the
absence (dotted line) and presence (full line) of a strong base
(0.17 M 2,4,6-trimethylpyridine) in acetonitrile� 0.1 M

Bu4NBF4 at 20°C. Successive potential scans from 0 to
1.2 V, from 1.2 to ÿ1.2 V and from ÿ1.2 to 0 V at v = 0.2 V
sÿ1
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seenin Table1, acridineis againproduced,evenif the
conversionto productsis small in theseexperiments.

The formation of acridine implies the oxidative
extrusionof the methyl group from the nitrogenatom.
We therefore looked for formaldehyde among the
reactionproducts.The IR spectrumof the electrolyzed
solution is shownin Fig. 3. The two bandsat 3548and
3616cmÿ1 are absent in the spectrumof a solution
containing only CH3AHt-Bu, CH3AH�, acridine and
2,4,6-trimethylpyridine, introducedin acetonitrileat the
sameconcentrationsasthosegiven by the CV or HPLC
assays.The absorbanceat 1610cmÿ1 is also markedly
smaller. Addition of formaldehydebrings about the
appearanceof thetwo bandsat 3548and3616cmÿ1 and
a significant increasein the absorbanceat 1610cmÿ1.
Obviously H2CO is produced in the electrochemical
oxidation of CH3AHt-Bu in the presenceof 2,4,6-
trimethylpyridine.Plotsof the peakheightsat 3548and
3616cmÿ1 vs H2CO concentrationin the 0–2mM range
give two calibration curves showing that both peak
heightsareroughlyproportionalto theH2CO concentra-
tion over this range.Using the calibration curves,the
H2CO: acridineratio is 0.85� 0.05,a resultprovingthat
theobserveddemethylationeventuallyproducesH2CO.

TheCV oxidationwaveof CH3AHt-Bu in thepresence
of a strongbasepassesfrom a two-electronirreversible
behavior to a one-electronreversible behavior upon
raising the scanrate. We may usethis variation of the
peakheight to investigatethe kineticsof the reactionof
the cation radical with the base.The variationsof the
peakcurrentwith thescanrateandthebaseconcentration
are displayedin Fig. 4. They fit well with a ‘DISP1’
mechanism1c suchasthatdepictedin Scheme1 in which
it is assumedthat thereactionof thebasewith thecation
radical involves a deprotonationof the methyl group
borneby the nitrogen.The valuesof the deprotonation
rateconstantsthusobtainedaresummarizedin Table2.

The kinetics of the reaction of CH3AHt-Bu*� with
strongbasesmayalsobe followed by thedecreaseof its
UV–visible spectrumwith time after generationby a
laser pulse in the presenceof an oxidative quencher
(CCl4). At 660nm, CH3AHt-Bu*� absorbsappreciably
right after the pulse (see Fig. 1) and the absorbance
decreasesto zero with increasing time. First-order
kinetics areobeyed,the pseudofirst-orderrateconstant

Figure 3. IR spectrum of a solution containing initially
1.92 mM CH3AHt-Bu, 0.1 M Bu4NBF4 and 0.35 M 2,4,6-
trimethylpyridine in acetonitrile electrolyzed at a controlled
potential of 1.0 V vs SCE until the concentration of the
acridine produced is 1.1 mM. The arrows indicate two of the
bands that reveal the presence of formaldehyde and whose
heights can be used to determine the formaldehyde
concentration (see text)

Table 2. Rate constants of deprotonation of CH3AHt-Bu
.�

by
strong bases a

Baseb pKa,BH�c Logkd Logke
Log

(kH/kD)f

2,4,6-Trimethylpyridine 15.6 2.7 <4.5
Benzylamine 16.8 4.6 5.0 0.6
tert-Butylamine 18.1 4.7 5.1 0.6
Piperidine 18.9 >5.4 6.8

a In acetonitrileat 20°C
b 15< [B] < 150mM, in bufferedor unbufferedmedium.
c FromRefs7b and11.
d Cyclic voltammetricdetermination,uncertainty=�0.2.
e Laserflashphotolysisdetermination([CH3AHt-Bu] = 0.16mM, 0.1%
CCl4), uncertainty=�0.2.
f Cyclic voltammetricdetermination,uncertainty=�0.3.

Figure 4. Variation of the rate constant of the reaction
between CH3AHt-Bu

*� obtained from the oxidation of
CH3AHt-Bu (3 mM) and tert-butylamine (concentration
in mM) in acetonitrile� 0.5 M Et4NBF4. Scan rate, v, in V
sÿ1. [B] = 12.4 mM (*), 81.6 mM (~), 150 mM (&). The solid
line represents the theoretical variation of ip/ip

0 (ip is the peak
current and ip

0 the peak current for a one-electron reversible
transfer) for a DISP1 mechanism with k = 104.7 l molÿ1 sÿ1

(see text)

CH3AHt-Bu� CH3AHt-Bu�� � eÿ

CH3AHt-Bu�� � Bÿ!k �CH2AHt-Bu� BH�

�CH2AHt-Bu� CH3AHt-Bu��ÿ!
�CH2AHt-Bu� CH3AHt-Bu

Scheme 1
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beingproportionalto theconcentrationof thestrongbase
as already observedfor the deprotonationof cation
radicals of other NADH analogues,using the same
technique.6 Theresultingsecond-orderrateconstantsare
reportedin Table 2. The agreementbetweenthe rate
constantsderivedfrom cyclic voltammetryandlaserflash
photolysisis satisfactoryin the rangewhereeachof the
two techniquescouldbeused.

In order to prove that the basedoesdeprotonatethe
cationradicalat the methyl borneby the nitrogenatom,
as depicted in Scheme1, we investigatedthe kinetic
isotopeeffect resultingfrom the replacementof N-CH3

by N-CD3. As canbe seenin Table2, thereis indeeda
significant kinetic isotope effect, confirming that the
deprotonationof thecationradicalat themethylborneby
the nitrogen atom is the rate-determiningstep of the
reactioneventuallyleadingto acridineandformaldehyde.

The precedingobservationsthus lead to the reaction
mechanismdepictedin Scheme2. Insteadof thelaststep
of Scheme2, onecouldenvisagethat the9-tert-butyl-N-
hydroxymethylacridan would decomposeto CH2O and
acridanandthat the latterwould beoxidizedto acridine.
This pathwaywould, however,consumetwo additional
electrons,leadingto a total electronstoichiometryof 4.
The very fact that the electronstoichiometryis only 2
impliesthatthetert-butyl groupis expelledasananion.t-
Buÿ may reactwith anyprotondonorpresentto give 2-

methylpropaneor with theacetonitrilesolventto give 2-
imino-3,3-dimethylbutane or a polymer.As reportedin
the Experimental section, all attempts to identify 2-
methylpropaneor 2-imino-3,3-dimethylbutane (or 2-
keto-3,3-dimethylbutane after addition of water) by
means of gas-phasechromatography(GPC) and IR
absorptionspectroscopy,respectively,were unsuccess-
ful. Thecleavageof t-Buÿ probablyinitiatestheanionic
oligomerizationof solventmolecules,explainingwhy the
solution turns purple during the electrolysis in the
presenceof 2,4,6-trimethylpyridine(unbufferedmedium)
or orangein a bufferedmedium(2,4,6-trimethylpyridine
plusHClO4).

The next questionto be addressedis why deprotona-
tion of CH3AHt-Bu*� involvesthe methyl borneby the
nitrogenatomratherthanthehydrogenborneby C-9asit
doeswith CH3AH2

*�, CH3AHPh*�, CH3AH CH3
*� and

CH3AH CH2Ph*�. It has already been noted that the
intrinsic barrier for the deprotonationof thesecation
radicalsat the C-9 position increasesin the indicated
orderasa consequenceof sterichindranceaccordingto
the representationgiven in Scheme36e (for clarity, the
lateralbenzeneringsof CH3AHR andthesubstituentson
pyridinehavebeenomitted).Thestericeffectarisesatthe
level of the successorcomplexand causesthe intrinsic
barrier to increasewhile the precursorcomplexand the
transition state remain approximatelyunchanged.One

Scheme 2
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maythereforesuggestthat,with a tert-butyl groupin the
9-position, steric hindrance is large enough for the
competingN-CH3 deprotonationto becomethepreferred
pathway, thus triggering the sequenceof reactions
depictedin Scheme2. It is interestingin this connection
that deprotonationat the N-CH3 group has previously
beenobservedin the caseof CH3AH2 in photochemical
experiments.Thesentitizerbeinga ketoneor a quinone,
thephotogeneratedbasiccenter,viz. theanionicoxygen
of theketyl radical,is thuslocatedmuchcloserto theN-
CH3 groupandthanto C-9in theradicalion pairresulting
from thephotoelectrontransferreaction.12

CONCLUSIONS

The cation radical of CH3AHt-Bu can be generated
electrochemically or photochemically. In acidic or
weakly basicmediait undergoesthe elimination of the
tert-butyl radical, forming the CH3AH� cation. In the
presenceof strongbases,it offersa remarkableexample
of adoublefragmentationinvolving theextrusionof both
themethylgroupborneby thenitrogenatomandthetert-
butyl grouponC-9leadingto acridine,formaldehydeand
the tert-butyl anion. The origin of this unprecedented
behaviorresidesin theprior deprotonationof themethyl
groupborneby thenitrogenatomwhichoutrunstheusual
deprotonationat C-9 which is slowed by the steric
hindrancecausedby thepresenceof the tert-butyl group.

EXPERIMENTAL

Chemicals. Thevariousmethylacridanederivativeswere
preparedaccordingto previouslydescribedprocedures,
CH3AHt-Bu,7cCD3AHt-Bu,6d (CH3AH)2,

10 CH3AH�

andCH3AH2.
13 All otherchemicalswereobtainedfrom

Aldrich and were of the highestpurity available.They
wereusedasreceived.

Instruments and procedures. They were the sameas
describedpreviously for cyclic voltammetry, electro-
lysis10andlaserflashphotolysis.6dTheopticalpathlength
for UV–visible spectrophotometricdetectionwas2 mm.

HPLC assayswere performedas follows. Aliquots
(20ml) of the reaction mixture were injected on to a
reversed-phaseHypersilC18; ODS2column.Themobile
phaseswere(A) 80:20methanol–water� 10mM Na2H-
PO4 and(B) methanol.Thegradientconsistedof a 5 min
isocraticstepwith 100%A, followedby a7 min isocratic
stepwith 100%B anda5 min linearstepreturningto the
initial conditions.The flow-ratewas1.0ml minÿ1. The
chromatographicpeakswere identified by UV spectro-
photometryat 290 and/or 342nm by comparisonwith
authenticsamples.Quantitationof acridine(tr = 5.4min),
AHCH3

� (tr = 6.4 min) and unreacted t-BuAHCH3

(tr = 14.9 min) was derived from integrated peak vs
concentrationcalibrationcurves.

In IR absorptionmeasurementsthe cell thickness,
betweenCaF2 windows,was0.5mm. Calibrationcurves
showedthat the peak heightsat 3548 and 3616cmÿ1

wereproportionalto the formaldehydeconcentrationin
the range0–2mM. Searchingevidencefor the possible
production of 2-imino-3,3-dimethylbutane, we pro-
ceededas follows. Water (2 mM) was added to the
electrolyzedsolution to hydrolyze the imine to 2-keto-
3,3-dimethylbutane,which exhibits characteristic IR
absorption bands at 3000, 1700, 1450, 1350 and
1140cmÿ1. We did not detectthe appearanceof any of
thosebands.

In orderto obtainevidencefor thepossibleproduction
of 2-methylpropane,theelectrolysiswascarriedout in a
cell sealedwith septa.Both theelectrolyzedsolutionand
thegasphaseaboveit wereanalyzedby meansof GPC.A
PorapakQ column80–100meshof 2 m length(Alltech),
wasusedin anovenat70°C with heliumunderapressure
of 4 bar as the carrier gas and a thermal conductivity
detector. The retention times of 2-methylpropane,n-
butane and acetonitrile were 12.5, 15 and 21min,
respectively. Injections of 10ml of the solution and
500ml of thegasphasegaveno peaksat 12.5or 15 min.
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