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SPECTROSCOPIC STUDY OF THE INTERACTION OF 

MTOXANTRONE WITH COPPER(I),COPPER(II), 

AND NEOCUPROINE 

KEY WORDS: Mitoxantrone,copper( I) ,copper(II) ,neocuproine, 

bie( 2,9-dimethyl-l, 10-phenenthroline) copper 

complexe8,charge-trenafer complexes,visible 

spectroscopy,antitumor activity. 

Ragat Apek and Esme Tiitem 

Department o f  Chemistry, Faculty of Engineering, fstanbul 
Univerai ty,Avciler, 34850, istanbul ,TUR#EY, 

ABSTRACT 

Both reductive and oxidative mode of metabolism have 

been hypothesized for the antitumor agent mitoxentrone. 

ThlR work alms to better understand the redox properties 

of mitoxantrone in the presence of the physiological redox 

couple,copper(I)/copper(II),by means of polarograpy and 

spec t ropho t ome t ry.The fire t quasi-reversible one-elec t ron 

reduction of mitoxantrone to the semiquinone and the second 

reduction to the hydroquinone have been shown to be consid- 

erably affected by copper.Vlsible spectra of mitozemhmne- 

copper mixtures In nitrogen end oxygen purged solutions 

taken in a one-week period exhibit varying degrees of 

complexation and oxido-reduction. 

When copper( 11) ,neocuprolne and mitoxantrone are 

mixed in 8 certain ratio i n  pH 7.4 phosphate buffer solution, 
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1256 APAK AND TUTEM 

two new peaks at 584 and 632 nm emerge in the spectra 

indica t ing a t ernery charge transfer complex.The complex 

stoichiometry was established as Cu(I1) :neocuproine:mitown- 

trone a 2:4:1 by job's method of continuous variations.The 

ternary complex is aensitive to the relative concentrations 

of mitoxantrone and copper(II),an excess of the latter 

giving rise to complete redox products,This complex may be 

important in modelling the drug's oxidative mode of antitumor 

action. 

INTRODUCTION 

The antineoplastic activitiea of certain chemothers- 

peutic agents such as anthracycline antibiotics and other 

related quinonic compounds have previously been correlated 

with their in vivo reduction by cytochrome8,followed by 

genera tion of free ra dicalsl .Mitoxantrone, 1 , 4-dihydrorj-5,8- 
bis [ [2-[ ( 2-hydroxyethgl) amino] ethyl] amino] -9,lO-anthracenedione 

abbreviated as  Mx,waa designated 8 s  an anthrequinone deriv- 

ative which was expected to mimic anthracyc1ines.Its activity 

and potency are markedly enhanced by 1,4-hydroxylation, 

probably due to internal H-bonding contribution of the 

o(-hydroxyl groups bringing about the stabilization of the 

semi quinone st ructureL. 

As with anthracyclines.there is some doubt over the 

relevance of the redox properties of the substituted anthre- 

quinones wtth respect to cytotoxicity3.Reduced levela of 

cerdiotoxicity and in vivo lipid peroxidation were observed 

with mitoxsntrone compared to those of anthra~jclinea~. 

Mx shows a more negative reduction potential than daunorubicin 

both in one- and two-electron reductions.The quinone-semi- 

quinone couples at @I 7.0 for ametantrone(the dehydroqglated 
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MITOXANTRONE 1257 

anelouEe of Mx) and daunorubicin5 are -0.340 V and -0.305 V, 

respectively.For the quinone-hjdroquinone couples at pH 7.1. 

Mx and daunorubicin exhibit half-wave potentials(ElIp) of 

-0.775 V and -0.625 V vs. SCE,reapectively .Therefore mitoxan- 

trone's mode of action may be different from the one aecribed 

to most anthracyclines such as daunorubicin. 

6 

In E broad 8ense.quinonic antitumor agents may be visual- 

ized a e  cytotoxic compounds which may undergo extensive 

oxidation-reduction cycles catalyeed by phyeiological redox 

couples Fe(II)/(III) and Cu(I)/(II) .Such a hypotheels neces- 

sitates the reversibilitj of their electron transfer capa- 

bllitiee ,a phenomena correlated to antitumor activity . 
Hence we have dealt vdth the spectrophotometric and 

polarographic behaviour of k,in the presence of cuprous 

and cupric aalte,wlth a special emphasis to the revereibility 

of their electrode reactions.It is noteworthy that the 

electronic spectroscopy of Ix and its analogues has been 

relatively little InveatiKated until the end of the 1980s. 

7 8 

EXPERIMENTAL 

Materials and Methode 

Mitoxantrone hydrochloride was synthesized in the 

department laboratories according to the procedure of Murdock 

e t  al.9,and crjetallited from pure ethanol.Al1 other chemicals 

(Merck) were snalytloal grade and were used without further 

purification. 

Solutions Used 

~ . O X ~ O ' ~  I0 BIx aolutions were prepared by dissolring 

aolid Mx in deaerated distilled water,N2 was bubbled through, 

and the solutions were kept under N2 prior to spectrophoto- 

metric and polarographic meaearemente. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
4
6
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



1258 APAK AND TUTEM 

Copper(I1) and copper(1) solutione in LOXIO-~ M 

concentrations were prepared in the Mx solution from CuC12. 

2H20 and CuCl salts such that solid cupric chloride was 

added directly to the ?dx solution while the correaponding 

amount of cuprous chloride was dissolved in minimal volume 

of concentrated RC1,made alightly acidic with NaOH,and rapidly 

added to the Yx solution all operations being carried out 

under B p . A s  the solutions of Cu(1) malts and complexes are 

air sensitivelO,the solutions were nitrogeneted and kept in 

stoppered flasks.Nitrogen purging was repeated in each 

sampling before recording the spectra on day one,two and 

eight. 

2,9-Dimethyl-l,10-phenanthroline(wneocuproine1' further 

abbreviated as Nc) was prepared in ~ . O X I O - ~  M concentration 

in 96% ethanol. 

Apparatus 

The moleoular absdrption spectra were recorded with a 

Hitachi 220A UV-Visible spectrophotometer,and a Po 4 Radiometer 

polarographic cell with two electrode( calomel and droppiry 

mercury electrode) assembly was used for polarographic 

measurements. 

RESULTS AND DISCUSSION 

The pH of the freshly prepared Mx solution was 5.6, 

while the cupric and cuprous mixtures of Mx exhibited pH 

between 4.7 and 4.9.The spectra of the mixture solutions In 

nitrogenated media recorded on the first,second and eighth 

days are presented in Figures 1 and B.Thus,unltke Cu(I1)- 

ametantrone spectra which were recorded a few minutes after 

the reagents were mixed in Tarasiuk et al.*s work" the 
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MITOXANTRONE 1259 

400 500 6 00 100 6 00 
WAVELENGTH (nm) 

FIG.l: The spectra of Cu(I1)-mitoxantrone gquimolar mixtures 
at a f inal  ooncentration of 1.OxlO- H under nitrogen 
atmosphere on the lst.,2nb. and 8th. dajs. d D a y  1, 
b)Daj 2, c)Day 8. 

interacting constituents were given sufficient time to reach 

equilibrium.The spectrum of the copper-Mx mixture,i.e., 

initially prepared with Cu(1) ,obtained on the eighfh day 

(See Fig.2) show8 a striking similarity to that of Cu(I1)- 

emetantrone in the presence of an equirnolar concentration 

of NADHl1.Mx and its dehydroxylated analogue(having H-atoms 

inetead of the 1.4-dihydroxo substituentn),smetantrone(AMET), 

poeeess aimiler chromophores giving rise to the ~ s i b l e  band 

system due to the amino-ring charge-transfer transition . 
NADH acting 88 the electron donor might have reduced copper 

12 
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1260 APAK AND TUTEM 

400 5 00 600 700 800 
WAVELENGTH ( n m )  

FIG.2: The spectra of Cu( I)-mitoxantrone epimolar mixturea 
at a finel concentration of 1.0~10- M under nitrogen 
atmosphere on the lst.,2nd. and 8th. daye. a)Day 1, 
b ) D a j  2, c)Day 8. 

to form eseentielly a cuprous complex with MdET,rith the 

subsequent disappearance of the longest wavelength band of 

AMET and the merging of the t w o  visible band8 into a single 

b r o a d  band of smaller ravelengthll.Cuprous complexation with 

Mx of this work might have produced a similar change in the 

spectrum of the parent compound(Mx) as observed in Figure 2. 

In accord with the euggestione of Kolodziejczyk end Garnier- 

Suillerot13 for copper-AMET complexation, the most probable 

sites of Mx f o r  copper coordination are the four nitrogen 

atoms of the aminoethanolamine side chains. 
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MITOXANTRONE 1261 

In order to observe the effect of atmospheric exposition 

on the mixturesethe solutions were separated into two portions 

a t  the end of the second day measurements.Nitrogen was bubbled 

through portion A aolutions,and these were kept under nitrogen. 

Portion B solutions were not deaerated.0n the eighth day 

the shoulder at 562 nm had disappeared f o r  all solutions 

and the follovdng spectral changes were observed: 

Portion A: For Cu(I1) ,the peaks( on day one at 658 and 608 nm) 

had shifted to 652 and 601 nm,respectively.For Cu(I),the 658 nm 

peak had transfonned into a shoulderewhile the 658 nm peak 

had been converted into a broad band at 597 m. 

Portion B: For Cu(II),the peak at 658 nm had transformed 

into a shoulder at 656 nm,end the 608 nm peak had shifted to 

597 m. 

For pI3 between 5.6 and 7.0.the character of the mitown- 

trone spectrum is virtually the same,bnt optical absorbance8 

are slightly decreased.Below pH 3.9, sharp decreases occur in 

extinction.Above pH 7.0,the 658 nm peak transforms into a 

shoulder,whils the extinction of the 608 nm peak decreases. 

Starting from pH 8.0,the 608 nm peak and 562 nm shoulder 

merge into a single broad band. 

NIX solutions decompose when exposed to air at high pH 

which might be analogic to the observation that quinonic 

antitumor antibiotics are more susceptible to oxidation in 

their anionic forms . 14 

Polarographic data show that the first wave of pure 

mitoxantrone solutiona appearinE at a half-wave potentiel of 

El,* I -0.105 V may correspond to a quasi-reversible one- 

electron reduction to the semiquinone,but becomes drawn-out 

on standing of the Yx eolutions.This wave is ehifted to 
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1262 APAK AND TUTEM 

-0.03 V with both Cu(I1) and Cu(I),correaponding to a quad- 

reversible one-electron reduction with the former.and assuming 

a drawn-out shape with the 1atter.The second wave o f  Mx at 

I -0.79 V is considered as a reversible one-electron El /2 
reduction to the hydroquinone;both the reversibility of the 

electrode reaction and the half-wave potential are relatively 

independent of the changes in the medium.The reversible 

process is retained with Cu(I1)-Mx mixtures,but assumes a 

quasi-reversible character with Cu(1)-Mx at - -0.73 V. 

Polarographic data confirm spectroscopic findings concerning 

the higher degree of interaction of Mr with Cu(1) than with 

Cu(I1). 

The initial one-electron reduction potential of Ix ie 

i n  the range of moat biological redox systems such as the 

cytochrome eneymes15,but the reduction procese has been 

found t o  be quasi-reversible and too dependent on the change8 

of rnedia.Similar results were obtained by Li et ~ 1 : ~  where 

the one-electron reduction of Mx by cyclic voltammetry in 

dimethylformamide medium was shown to be quasi-reversible 

in nature,the cathodic wave of this reduction being sensitive 

to the identity of subatituents in the alkylamino-side chains 

of the lylx structure.Although the second reduction step of 

Mx to the hydroquinone is reversible,its potential is highly 

unfavourable to account for 0 bioreductive mode of metabolism 

of the drug. 

Mx has been shown to exhibit a reduction potential more 

negative than that of 5-iminodaunorublcin at -0.67 V17, the 

latter of whioh has been proven not to undergo i n  riro 

metabolic reduction . 18 
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MITOXANTRONE 1263 

When NIX is treated with horseradieh peroxidase and 

hydrowin peroxide,the characteristic absorption of Mx at 

658 and 608 nm decreasestfurther reaction results in the 

appearance of a new absorption band with a madmum of 586 nm19, 

which may be attributed to the formation of cyclic primary 

metabolite of Idx2',the structural formula of which is e h o m  

in Figure 3.The eneymatic conversion of Mx to the primary 

metabolite is irreveraible,but the latter may continue to 

undergo peroxldase action in the presence of hydrogen peroxide, 

end the reuulting oxidized iminoquinone may be reduced by 

biologically important reducing agents such as aaoorbic acid, 

cysteine and glutathione2', the letter processee being fully 

revereible(See F i m r e  3).As ehown by Fisher et a1.21 the 

Px-derived air-stable free radical generated by the horsem dish 

peroxidase catalyzed H202 oxidation of Mx is capable of cross- 

linking with plasmid DNA.The most probable source of the 

electrophilic cation radicall9 is the one-electron oxidation 

of the aromatic nitrogen atoms of the Mx side ohain22.Hence 

oxidative mode of metaboliam for the anticancer drug Mx is 

more likely and ehould be investigated in detail. 

Aa shown with AMET,copper is coordinated to AMET through 

the N-atoms of the side chains" to form a complex which l a  

not stable in the presence of cytochrme c reductase.However, 

Tarasiuk et do not expect this complexation to give 

rise to a significant change in the redox properties of the 

parent drug as this type of complexation does not block the 

quinone function of AKET.This reasoning bears the assumption 

that Mx and AMET owe their redox properties to their enzymatic 

reduction to the semiquinone radical end the hydroquinone. 

On the other hand,if the oxldative mode of action prevails, 
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1264 APAK AND TUTEM 

1 

2 3 

FIG.3: Horeersdish peroxidsee-catalyzed oxidation of mitoxan- 
trone. l:Mitoxantrone, 2:Oxidized iminoquinone form of 
mitoxantrone, 3: Cyclic primerg metabolite of mitoxen- 
t rone . 

the nitroKen atoms of the alkvlamino-aide chains are very 

important in the production of the cyclic metabolite,end 

their blockage by copper ion8 dramatically ohangee the redox 

behaviour of  the parent drug,as shown in this work. 

Ternary complexee of Cu(I1) with d,&*-diimines and 

oxygen-donor ligands have attracted attention because of 

their extraordinary stability and their ability to aerve ae 

model compounda for metal-enzyme-substrate complexes 23,24 

With neocuproine( 2,g-dimethyl-1 ,lO-phenanthroline) as the 

diimine and acetylacetonate,acetate,oxalate,melonete or 

succinate aa the oxygen-donor ligand(L) ,Cu(I) has been ahown 

to form a ternary complex of the form [CU(NC)L]~~. 

When Cu(II),Nc and Mx are mlxed in a certain ratio in 

pH 7.4 phoephate buffer solution,two new peaks at 504 and 

632 nm emerge in the spectra indicating a ternary charge 

trenefer comp1ex.A aimilar ternary complex does not f o m  
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MlTOX ANTRONE 1265 

with Cu(1) .job ' a  method o f  continuoue ver ia t ione  a t  632 nm 

by mixin8 ~ . O X ~ O - ~  M equimolsr so lu t ions  i n  appropr ia te  

proportions yielded a mole r a t i o  of CPI ( I I ) :MX aa  2:l us ing  

B f ixed  Cu(1I):Nc r a t i o  of lr3.When Cu:Mx m e  kept conetant 

a t  2:l , job 's  method y ie lded  a Cu:Nc r a t i o  1:2,Thua t h e  

empir ical  formula for the  te rnary  complex wss eatabl iehed a8 

Cu2 (Nc)$¶x .The te rnary  complex ie q u i t e  a t a b l e  i n  aqueous I1 

eolut ion,but  dose not form i n  t h e  presence of e i t h e r  Cu(I1) 

o r  Yx excess.The spectra  of probable binary mixtures and of 

the te rnary  complex a r e  shown i n  Figure 4.Exceseive Cu(I1) 

i n  t h e  presence of Nc gives  r iee  t o  a complete oxidat ion 

of Mx which may be followed by t h e  dieappearance of Mx bands . 
The probable product8 of t h i s  l a t t e r  redox process a r e  

Cul(Wc)i and the  two e l e c t r o n  oxidiced iminoquinone form of Mx. 

Tlre ternary charge-tranafer complex may be v i s u a l i z e d  

26 

ee en internediary s tone  of t h e  complete oxidat ion of MI which 

is brought about by an  exoees of  bin-(neocuproine) copper(I1) 

chloride.The redox chemistry of copper involves  r a t e  enhancement 

i n  some cases  by an inner-sphere mechanism v i a  che la t ion  a t  

neighboring n i t rogen  centers27 ,which may account for t h e  

g r e a t l y  increaeed oxidat ion r a t e  of Mx with Cu(Xc)F r a t h e r  

than Cu2+ alona.&xrther,the empir ical  formula of t h e  ternarJr 

complex preceding the  f u l l  oxidat ion of Yx euggeete a hexa- 

coordinate  copper r a t h e r  than t h e  te t ra-ooordinate  copper(1) 

i n  t h e  Cu(Mc): cat ion:  a change i n  t h e  coordinat ion number 

of copper usua l ly  aacompaniea t h e  Cu(II)\- co(1) 

chemistry . 
mdox 

28 

The te rnary  charge t r a n s f e r  complex may be important i n  

modelling the drug's oxidat ive mode of anti tumor a c t i o n  by 
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1266 APAK AND TUTEM 

400 500 600  700 
WAVELENGTH f nm 1 

FIG.4: Spectra of binary and ternary mixtwee of Cu(I1)- 
neocuproine-aitoxantrone. 
a) 10 ml of 2.0~10- I mitoxantronei6 ml of 96%. ethanol 

+4 ml of dietilltd water. 
b) 10 m l  of 2.0~10' IYI mitoxantroae+6 nil ef 2 . O d d  ld 

neocuproine in 96% ethanoli4 ml of distilled netqr. 
a) 10 ml of the mixture eol#tion C O n t 8 b b g  2.OxlO- I 

mitoxantrone and 4.0~10' M CuC12+6 m l  of 96% 
ethanol+4 m l  of distilled water. 

a) Ternary complex eo4ution:lO m l  of the mixture olutian 
aontaining 2.0fl.O' M3mitexantrone and 4.0~10" M 
C n C l  +6 ml of 2.0~10- 
+ 4  m f  of distilled water. M neocuproine in 96% ethanol 
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MITOXANTRONE 1267 

review of the relevant cancer chemotherapy literature due to 

the following: 

1) 

(Nc) rather than phananthroline( phen) itself ,the oxidizing 

power of the CU(II)-NC complex is dramatically enhancet3,e.g. , 

By chelating copper with the 2,9-dimethyl-l,lO-phenanthroline 

the standard potentials of the CU(NC)~ 2+ /+ 2+/+ and Cu( phen) 

couples are 0.603 and 0.035 V,re~pectively*~. 

ii) The ability of the prlmary metabolite(one-electron oxidized 

cyclic form) of Kx te undergo reversible charge-tranafer 

interactions and redox reactions may play a vital role in the 

drug's mode of action . 
iii) b charge-tranEfer mntplex in the excited state may effec- 

tfvely supreas certain tumors . 
fv) 
formation of free radical~~~,and Hx is a potent entitumor 

a8ent4 which may undergo enzymatic oxidative ectivation.The 

advantages of these two agents may be efficiently combined 

in a Mx-to-Cu charge-transfer complex which may fonn and 

diasociate reversibly. 

20 

30 

Cu-aeocaproLnea are capable of DHA cleavage through the 
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