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The mechanism for the electrooxidation
of procarbazine pharmaceutical preparation in
alkaline media and its mathematical description

The mechanism for the electrooxidation of procarbazine in alkaline media
has been proposed. The process is realized completely on the electrode surface
and is adsorption-controlled. The oscillatory behavior in this case is more prob-
able, than for neutral media and may be caused by influences of electrochemical
oxidation and salt dissolution from the electrode surface.
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Introduction

Procarbazine, i.e. N-isopropyl-a-
(2-methylhydrazino)-p-toluamide is one
of the drugs commonly used in chemo-
therapy at different types of cancer [1-2].

HEH]—IH—UOGH}—HH —HNH —CH,

The exact mechanism of action of the
pharmaceutical preparation is still not de-
termined. However, it is already known
that its interaction with various substances
(such as enzymes or compounds of transi-
tion metals) in the human organism leads
to the formation of toxins (aldehydes, hy-
drazine and metal complexes) [3]. There-

fore, search of sensitive, precision and
expeditious method for determining the
concentration of the compound is a really
actual task [4].

On the other hand, the use of electro-
chemical methods of analysis is one of
reliable modern approaches to pharma-
ceutical (and not only) analytics since it
has advantages over spectral and chro-
matographic methods such as sensitiv-
ity, accuracy, easy interpretation of the
analytical signal and speed of analysis [5-
10]. However in some cases there occur
problems of high anode voltage, the lack
of data on the most likely mechanism for
the electrooxidation of preparation and
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electrochemical instabilities characteristic
of the electrooxidation of small organic
molecules (including electropolymeriza-
tion of heterocyclic compounds) and hy-
drogen [11-16].

In the case of procarbazine the main
problem is the small amount of data on
the electrooxidation of said compound
[4, 17] and a lack of theoretical works on
the subject. In [4] an attempt to determine
based on a purely experimental data the
mechanism of the electrooxidation of
the preparation under neutral conditions
has been made. However the study was
hindered by the lack of a solid theoreti-
cal foundation which is provided only as

System and its model

According to [4] the procarbazine
electrooxidation consists in four steps:

1. Oxidation of procarbazine to an azo
derivative:
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2. Isomerization of the azo derivative
in a Schiff base:
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3. Hydrolysis of the Schiff base to form
an aldehyde:
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a result of construction and analysis of
mathematical model that can adequately
describe this process.

The aim of this work is the mechanis-
tic study of the procarbazine electrooxi-
dation in alkaline medium. Achievement
of this aim is based on achieving the fol-
lowing specific objectives: the construc-
tion of a mathematical model, the analysis
of the mathematical model, the study of
steady state stability conditions and elec-
trochemical instabilities (self-oscillatory
or monotonic) and the comparison of the
behavior of the system with the behavior
of ones similar to it [18-21].

4. Electrooxidation of the aldehyde to
form terephthalic acid N-isopropyl mono-
amide (in alkaline media a salt is formed):
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Since the electrochemical reactions
occur with elimination of proton in alka-
line medium, they must occur faster than
in neutral medium.
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The process takes place entirely at the
anode surface and it can shown that the
behavior of the system in this case is de-
scribed by the following system of equa-
tions:

do, 1

@ g

do 1

d_;:E(rQ_r3) (1)
do, 1

@ e

Results and discussion

In order to investigate the behav-
ior of the system with the procarbazine
electrooxidation in alkaline medium, the
system of differential equations (1) tak-
ing into account algebraic relations (2-5)
using a linear stability theory has been
analyzed. The functional Jacobi matrix,
whose elements are calculated for steady
state, is written as follows:

& 8 &i
8u 8n 8 (6)
83 &»n 83

wherein:

1 2F¢o
= — —k 0 +
8 G[ 1exp[ RT]
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wherein parameters 0 being the anode
filling degree with the azo compound, the
Schiff base and the aldehyde, G, H and ]
being their maximum surface concentra-
tions and parameters r being velocities of
corresponding reactions can be calculated
according to the following equations:

2F
rn=k(1-0,-0, —63)exp[ Rg‘)]
1’2 = k291 (2_5)
r,=k9,
F

1 2F@
813 :E[_kl exp[ R 0]+

2F¢@
+mk,(1—06, —0, —0 0
mk, ( 179 3)exp[ RT ]]
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| . 2F
2 —7[—]k493 exp[ R?O ]] (7-15)
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+ak,0, exp[

Self-oscillating instability of the sys-
tem is possible since necessary conditions
of Hopf bifurcation can be fulfilled in fact
in the main diagonal of Jacobian there
are positive elements responsible for the
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positive feedback. In addition to element

2F
ak,0, exp[ R?O ]exp(—a@s) responsi-

ble for self-oscillations when attracting

the adsorbed molecules of a salt dur-
ing its passing into a solution, members

2F¢,

Ik, (1-6,—0,—06 :
1-6, -6, 3)exp[ RT ] and
—mk,0, exp[ R;’io]exp(aeﬂ describing

self-oscillations caused by influence of
electrochemical processes on the struc-
ture of the electrical double layer (EDL)
may also have positive values. These fac-
tors are the cause of the self-oscillatory
behavior for other similar systems [19-
21], but it should be noted that if for al-
kaline medium both factors are possible
then for neutral medium, in which the salt
formation and passing of the acid anion in
the solution does not virtually take place,
only the latter factor is the cause of the
self-oscillatory behavior.

Steady state stability study on the ba-
sis of the Routh-Hurwitz criterion shows
that said reaction is controlled by a pro-
carbazine adsorption factor as well as the
state of the EDL during the reaction. If in
order to avoid cumbersome mathematical
expressions to enter new variables so that
the determinant of the Jacobian matrix is
written as follows:

Conclusion

In alkaline medium the procarbazine
electrooxidation to some extent is faster
than in neutral medium but appearance of
self-oscillations in it is more likely due to
the presence of a salt formation factor and
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then at the opening parenthesis the condi-
tion Det /<0 will be written as follows:
—x,—k, I -

k, —k, 0 (16)
H,
GHJ —K k,—6 —P

-®O(kk, - k0 -Kk,) -
-P(kk,+kk +TIk) <0  (17)
This inequality is guaranteed to be
satisfied if parameters @, x, II, 6 and K
describing the influence of electrochemi-
cal reactions on the EDL as well as the
interaction of adsorbed molecules in salt
formation and passing to the solution are
positive that is achieved by the absence or
weakness of influences of electrochemical
reactions on the structure of the EDL and
by the repulsive interaction of adsorbed
molecules. In this case the left-hand side
of the inequality reaches more negative
values. Since chemical and electrochemi-
cal reactions described above are faster
than the procarbazine adsorption onto
the anode surface the process is controlled
by the procarbazine adsorption
In case of equality of the influence of
destabilizing and stabilizing factors on the
stability of the steady state then monotonic
instability appears which is presented as
N-shaped segment in a voltammogram.
The condition of its appearance is de-
scribed as follows:
-®O(kk, - k,6- Kk,) -

“P(kk,+kk, +Tk)=0  (18)

dissolution of the salt of terephthalic acid
N-isopropyl monoamide. The reaction it-
self is controlled by the procarbazine ad-
sorption and the state of the EDL.
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MexaHu3M 31eKTPOXUMNYECKOro OKNC/IeHUS
thapMaleBTMHYECKOro Npenaparta
npokap6a3uH B weno4Hou cpege
M ee MaTeMaTU4eCcKoe onucaHue

Bbin npemnoXxeH MexaHM3M 3M1eKTPOOKUCIEHNS NPoKapba3nHa B LLIENOYHOM
cpege. lNpouecc peanmsyeTcs NOMHOCTBIO HA NOBEPXHOCTU 3MEKTPOAA U ABNAET-
€l aACOPOUMOHHO-KOHTPOMPYeMbIM. OCLMANATOPHOE NOBEAEHVE B 3TOM Cjlyyae
60ee NpeanoYTUTENbHO, YEM B HEMTPA/IbHOM Cpede v MOXET ObiTb BbI3BAHO
B/IUAHMAMM INIEKTPOXMMUYECKOTO OKWUCIIEHMA WM PACTBOPEHWEM COMM Ha MoBep-

XHOCTU 351eKTpoaa.
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Beepenue

ITpokap6asuH, TO ecTpb
N-usonponun-a-(2-MeTUITUAPA3UHO)-TI-
TONyaMIf, — OBHO M3 YacTO VCIIO/b3Yye-
MBIX JIEKAPCTBEHHBIX CPECTB B XMMIOTe-
pamyy Ipy pasIMIHBIX BUAAX paka [1-2].

CH, i
HeE IH—U@—CH;—HH—HH —@H,
CH,

TounblI MexaHU3M QapMaleBTIde-
CKOTO JIeJICTBUA TIperapaTa Bce ellle He
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ompenened. OFHAKO YK€ M3BECTHO, UTO
€ro B3aMMOJIEIICTBIE C PA3TUYHBIMU Be-
mectBaMu (Hampyumep, SH3UMaMU  VJIN
COENMHEHVISIMI TIEPEXOJHBIX METAJIIOB) B
OpraHu3Me YelioBeKa IPUBOANUT K 06pa3o-
BaHWIO TOKCHHOB (@/Ib/IErnIOB, IMIpasHa
U MeTa/inyeckux Komiiekcos) [3]. IToce-
MY IONCK YYBCTBUTEIBHOTO, TOYHOLO I
OBICTPOJIEICTBEHHOTO METOJIa OIIpefiere-
HUSI KOHIIEHTPALMU 3TOTO COENMHEHVIs
[eICTBUTE/IBHO aKTyaIbHasI 3azayda [4].



MexaHn3M 31eKTPOXMMUYECKOr0 OKUCIEHMS
(hapmaLieBTYECKOrO Mpenaparta npokapbasuH
B LLEIOYHOM Cpefe 1 ee MaTeMaT4eckoe onucaHme

C 1pyroii CTOpOHBI, MCIIONb30BaHIE
IMEKTPOXNMUYECKIX METOJIOB aHAMN3a —
OIIVH U3 HaJIE&KHBIX COBPEMEHHDIX ITOJIXO0-
IoB K (apMalieBTUUECKON (1 He TOTBKO)
aHAMUTHKe, 100 MMeeT IPeuMyLIecTBa
nepes CIEKTPaabHbBIMU U XPOMAaTOrpa-
¢buyeckMu MeTOfaMyl — YYBCTBUTETIb-
HOCTb, TOYHOCTb, JIETKasi MHTEPIPETALNs
AHAJIMTUYECKOTO CUTHaIa U CKOPOCTb
aHammsa [5-10]. OpHakKO B HEKOTOPBIX
CIy4asx MOSIB/IAIOTCA MPOO/IEMBI BBICO-
KOTO aHOJJHOTO IIepeHaIIpsDKeHIsI, OTCYT-
CTBUsI JJAHHBIX O Hanboree BEPOSTHOM
MeXaHU3Me 3/IeKTPOOKUCIEHNsI TIperna-
para, a TakXKe 97eKTPOXMMIYECKUX Hey-
CTOYMBOCTEN, XapaKTEPHBIX /IS 3/IeK-
TPOOKMC/IEHUSI Ma/bIX OPTaHNIECKUX
MOJIEKY/ (BK/IIOYas 9/MeKTPOIOIMMEPH-
3al[MI0 TETEPOLMKINIECKUX COEeIHE-
HUI) U Bofopopa [11-16].

B crygae mpoxap6asyHa OCHOBHOII
po6IeMoit SBJsIETCS] HEOOBIOE KO-
9YeCTBO [JAHHBIX 00 3/IEeKTPOOKUCTEHUN
JaHHOTO coefuHeHuA [4, 17] u orcyr-

Cucrema u ee Mogenb

CornacHo [4], a71eKTpOoOKUC/IeHNe Ipo-
KapOasyHa COCTOUT 13 YeThIPEX ITAIOB:

1. Okucrenne npoxkap6asuta fo aszo-
IIPOU3BOJHOTO:
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2. Visomepusanuss  a30CO€TMHEHNS
B ocHoBaHue [lIndda (rugpason):
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CTBUE TEOpPEeTHYECKUX PpaboT IO TeMe.
bouta cosepiiena mombITKa yCTaHOBMTD
Ha OCHOBE 4JCTO 3KCIIEPUMMEHTAIbHBIX
TAHHBIX MEXaHU3M 3/IEKTPOOKUCIEHNA
mpernapara B HeiiTpanbHoit cpesie [4]. Op-
HaKO MICCTIEOBAHMIO MEIIAI0 OTCYTCTBUE
TBEPHOrO TEOPeTUIeCKOro (yHAaMeHTa,
KOTOpBIII JJaeTCs TOTbKO BCIEACTBME TIO-
CTPOEHNMs M aHaIM3a MaTeMaTN4ecKol
MOJIe/, CIIOCOOHOI aleKBATHO OIMMCATh
JAHHbI IIPOLIeCC.

Ilenbio maHHOI pabOTHI ABISIETCS Me-
XaHUCTNYECKOe MCCIeNOBaHMe 3TIeKTPO-
OKMC/IEHNUSI TPOKap6Oas3yHa B IIETIOYHOI
cpepe. JlocTI>KeHMe 3TOM Le/n 3VDKAETCA
Ha JOCTVDKEHUM CIIefyIOINX crenudu-
YeCKIX IiejIeil: IOCTpOeHMe MaTeMaTye-
CKOJI MOfie/y, aHajIM3a MaTeMaTN4ecKol
MOJIe/IN, UCCIENOBAHMS YCIOBUIL YCTO-
YYBOCTY CTAllIOHAPHOTO COCTOSIHUA U
9NEKTPOXUMUYECKUX HEYCTONYMBOCTEN
(aBTOKONIEOATEIBHOI, ML MOHOTOHHOIA),
CpaBHEHMs NOBeJleHN:A IAaHHO CUCTEMBI
C IIoBefIeHMeM eif Tofmo6HbIX [18-21].
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OCHOBaHUA

Mndda

3. Imgponus
c obpa3oBaHMeM ajIbJernyia:
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4. ONeKTPOOKNCIIeHNe anblernia ¢
obpazoBanmeM N-M30IPONMIMOHOAMU-
Ia TepedTaneBoil KMC/IOTHI (B Ie/IOYHON
cpenie 06pasyeTcs comb):

= - ;
a=0 WH gy
l:l:T n=li|a
=
T -
£ | £ F | F3
—0— G-p-0

Tak Kak 3/MeKTPOXMMMYECKUE peak-
UM IPOUCXOJAT C OTILIEIIEHUEM IIPO-
TOHA, B ILEJIOYHON Cpefie OHM [OJDKHBI
IpOTEKaTh ObICTpee, YeM B HENTPATbHOIL.

ITponecc MOMHOCTDIO MPOUCXOAUT HA
IIOBEPXHOCTH aHOMla M MOXKHO ITOKa3aTb,
YTO IOBEJEeHMEe CUCTEMBI B JAHHOM CIIy-
Yae OIMCHIBAETCA CUCTEMON CTIeyIOIX
YPaBHEHMIL:

PesynbTarbl 1 06CyaeHus

[l TOro YTOOBI MCC/IENOBATh IIOBE-
TeHUe CUCTEMBI C 3/IEKTPOOKMUCIEHNEM
npokap6asyHa B LIeIOYHON cpefie, Ipo-
aHaMM3upyeM cructeMy muddepeHIyab-
HbIX ypaBHeHMit (1), ¢ yueToM anrebpan-
yeckux oTHoueHuit (2) — (5) ¢ moMoIbIo
JIVHENHON Teopum ycToitunBocT. OyH-
KIMOHa/IbHasA MaTpuia Skobu, snemeH-
TbI KOTOPOJA BBIYMC/IEHDI [/IA CTalIOHAP-
HOT'O COCTOSIHMA, 3aIMChIBAETCA KaK:

& & 8n
8u En 8 (6)
831 &»n &
e
1 2F@
& :5{_](1 eXp[R_Y"()]+
2F@
ik (1—0,—0,—0 0k
+jk,( 1 2 3)exp[ RT ] 2]
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o, 1
W

I7ie mapaMeTpsl O — cTeleHN 3amoHeHNs
[IOBEPXHOCTI AHOJA [1A30COENIHEHUEM,
ocuoBauneM llndda u anpperngom, G,
H u ] - ux MakcuMasbHble IIOBEPXHOCT-
Hble KOHIIHTpauuy, a IapaMeTpel 7 —
CKOPOCTV COOTBETCTBYIOLIMX PeaKIuiL,
KOTOpbIE MOTYT OBITb BBIYNMCIIEHBI COITIA-
CHO C/IERYIOLIVM YPaBHEHVSIM:

2F¢
— k(-6 -6, -0 0
n i€ 179 3)exp[ RT ]
rZ = kzel
r,=k§, (2-5)
2F
r, =k,0, exp[ R(tpo ]exp(—a63)

1 2F@
= — —k 0 +
8n G[ 1eXP[ RT]

2F@
+1lk,(1—0, —0,—0 0
i ( 1 2 3)exp[ RT ]

1 2Fo
=—|—k O+
813 G[ lexp[ RT]
2Fg,
RT

+mk,(1-6, -6, —63)exp[
1 1
g21=E(k2) gzzzﬁ(_kz) g,=0

1 2F¢
8 :7[k3 —Ik,9, exp[ RTO ]]
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1 2F¢@
833 :7 —k, exp RTO exp(—a0,)
Fo
—mk,0, e 0 lexp(—aB,) +
493 €Xp RT xp( 5)
2F¢
+ak,0 0 —ab
ak,0, exp RT exp(—a0,)
ABTOKONIE€OaTEIbHASA HeyCTOIYN-

BOCTb J/IS IAaHHOM CHCTeMbl BO3MOXKHa,
MOCKO/IbKY MOTYT BBIIONHATbCA HEO00-
xopumble ycnoBus Oudypkanyu Xomda
- Befb B IVIABHOJI AMAroHamy sikoO6maHa
UMEIOTCS  TIOJIOXKUTENbHbIE 37IEMEHTBI,
OTBETCTBEHHbIE 32  IIOJIOKUTENbHYIO
obpatHy0 CBs3b. IIOMIMO OTBETCTBEH-
HOTO 3J/IeMEHTa, 3a aBTOKO/IeOaHMA Npu
OPUTSDKEHUM  afCOpPOMPOBAHHBIX  MO-
JIEKYZT CONM TIpU TIepexofie ee B PacTBOP

2F
ak,0, exp

exp(—ab TIOJIOXK M -
RT p(=ab,)
Te/lbHble 3HAYEeHMS TaKke MOTYT MMeTb
2F@
wiensl [k, (1—0,—0,—0,)exp| —2| u
1 1 2 3) €Xp RT
2Fo
—mk,0, exp : exp(—ab;) | OIIVICHI-
RT
Baiolle aBTOKO/MeOaHMs, MPUYIMHOIN

KOTOPBIX SIBJISAIOTCS BIUSHUS 9TIEKTPO-
XUMWYECKMX IPOLECCOB HAa CTPYKTYPY
mBoitHOrO 3nmekTpudeckoro cmost (IIC).
I1n PaKkTOpBl SABAAOTCI TPUINHON aB-
TOKO/1e6aTe/IbHOTO MOBENeHMs A/ ApPY-
X HofoOHbIX cucteM [19-21], omHako
CTOUT 3aMETUTb, YTO €C/IU JIsI IETOYHOI
cpefbl BO3MOXKHBI 00a hakTopa; [y1st Hell-
TPAa/IbHOIL, B KOTOPOI COMe0bpasoBaHms
U TIepexofia aHMOHA KUCIOThI B PACTBOP
MPAaKTUYECKN HE TPOUCXONUT, IPUINHON
ABTOKO7I€0ATe/IbHOTO MOBENEHMS CYXKUT
JIVLIb TIOCTIERHIIT GaKTOP.
ViccnenoBanue yCTONYMBOCTH CTALM-
OHApPHOTO COCTOSIHMA TI0 Kpurepuio Pa-
yca — IypBuiia mokasbiBaeT, 4TO JaHHas
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peakius KOHTpomupyercs (akTopom
agcopOuyy mpokapbasyHa, a Takxe co-
croaaueM [19C Bo Bpems peaxuyuu. Ecnin
BBECTH, C IIe/IbI0 M30eKaTh TPOMO3IKIX
MaTeMaTU4ecKVX BbIPayKeHWIT, HOBBIE ITe-
peMeHHbIe TaKUM 00pasoM, UTO OIpefie-
JIUTeNTb MaTpULbI SIKOOK 3aIMIIeTCsT KakK:

x—k, -1 —@
1 16
ol k0| (6
K k-6 —P

TO IIpM OTKPBITUM CKOOOK ycnoBue Det
J < 0 3ammIeTcs Kak:
-O(kk, - k0 - Kk,) -
-P(kk,+kk, +TIk) <0  (17)
9TO HepaBeHCTBO TapaHTUPOBAHHO
YIOB/IETBOPsAETCH, eciu napameTpsl O, k,
I1, 6 u K onmceiBamolye BAUSIHNE 37I€K-
TpoXUMM4ecKux peaknuii Ha [J9C, a Tax-
JKe B3aMMOfEIICTBIE afCcOpOMPOBAHHBIX
MOJIEKYII IIpM coe00pa3oBaHN 1 Iiepe-
XOfle B pacTBOp, MEIOT MONOKNUTeTbHbIe
3HAYeHM, YTO JOCTUTAETCSA OTCYTCTBUEM
Wi CnaboCThI0 BIVAHUIL 9IEKTPOXU-
MUYecKuX peakumit Ha cTpykTypy H9C,
a TaKKe OTTAJKMBAIOUINM B3aMMOJeli-
CTBUEM afiCOPOMPOBAHHBIX MOJEKyI. B
TaKOM C/Ty4ae BbIpakeH!e B JIeBOIt YacTu
HepaBeHCTBa [oCTuraet 6omee OTpuiia-
TeJIbHbIX 3HaueHMil. IlockombKy Xumm-
YyecKue U 37eKTPOXMMUYeCK/e peaKInim,
OIJICaHHBIE BbIIIE, OBICTpee afxcopoOLMU
npokap6asyHa Ha IIOBEPXHOCTb AHOfA,
TO Iponecc OymeT KOHTPONMPOBATHCA
ayicop61ment mpokapbasuHa.

B cnydae paBeHCTBa BIMAHMA JecTa-
OVIMBUPYIOIMX ¥ CTaOUIM3UPYIOIINX
(akTOpOB Ha YCTONYMBOCTb CTaIlMO-
HApHOTO COCTOSIHMA TIOSBMIAETCA MO-
HOTOHHAsl HEYCTOIYMBOCTb, KOTOpast
nposBisieTcss N-0OpasHBIM OTPe3KOM Ha
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BOJIbTaMII€EpOrpaMMe. YcnoBue ee mosiB-
JICHUA OIINMCBIBAETCA KaK:

BbiBoabI

B mienodHoON cpefie 3NMEKTPOOKMUCIIE-
Hlle TIpoKapbasyHa IPOXOAUT B HEKOTO-
poit Mepe ObICTpee, YeM B HENTPAIbHOIL,
OHAKO B Hell 6oree BepOATHO IOsBIIE-
HIIe aBTOKO/Ie6a T, BBUAY IPUCYTCTBIS

Tkau B. B., ge Onueeiipa C. C., ge Onuseiipa C. K. B.,
Oxanu P., Enetny 0. B. , T1. L. AroguHew,

~®(k k, - k6 Kk,) -

“P(kk,+kk, +Tk)=0  (18)

(bakTopa comeobpa3oBaHUA U PacTBO-
penusa comu N-M30IpONMMIMOHOAMUJA
tepedranesBoit kucnorsl. CaMa peakuns
IIpY 9TOM KOHTPOMUPYETCs aficopOLumeit
mpokap6asuna n cocrostiuem [J3C.
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