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Gamma Radiolysis of Cu(II) Complex of Metronidazole
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Aqueous solutions of Cu(II)Metronidazole (Cu'"M) at neutral pH were 1rrad1ated with 6°Co y-rays under

different conditions of radloly51s

yields of chromophore loss of Cu'"M were also determined under different conditions.

The radiolytic formation of HNOg and Cu' was followed. The radiolytic

The OH radicals attack

the metal complex to glve the OH adducts of the ligand at Cg, C4, and Cs either directly or through the

formation of Cu(III) species.

metal complex is decomposed. The OH adducts also undergo electron transfer to Cu"
No denitration was observed due to the reaction of e.,~ with the metal complex. On the other hand,

complex.

The Cs-OH adduct, however, undergoes oxidative demtratlon and as a result the

ion to give reduced

the nitro group of the ligand in the complex undergoes successive 4-electron reduction to give hydroxylamino

derivative.

From the competition kinetics using ¢-butyl alcohol as the scavenger of OH in N2O saturated

solution of the metal complex, the rate constant for the reaction of OH with complex was evaluated to be ca.
2.1X10° dm3 mol-1s-! which is of the same order as that observed in the case of free metronidazole.

Metronidazole or flagyl, a nitroimidazole derivative
is used for a long time as an antibacterial drug.V
Several years back it was observed2-4) that these nitro-
imidazole derivatives could be fruitfully utilized in the
treatment of cancer cells by radiotherapy. But due to
their toxicity in the body tissues,5-7 their use in the
clinics is becoming limited. Because of the photo
toxicity, after prolonged treatment with these drugs
the patients show an increased susceptibility to skin
cancer.) At present, an alternative approach is to
find a radiosensitizer which contains a transition
metal ion having a high binding capability with the
cellular DNA.%10) Several groups have studied sensiti-
zation by complexes of Pt and related metals with
various radiosensitizers. Because of the interaction
with radiation, and DNA-binding properties of the
metals, the relative concentration of the complex at
the DNA target will be increased.? Also due to com-
plexation with the metals the photo-toxicity of these
nitroheterocyclic drugs would be decreased.!)

Several Cu'" and Cu' complexes are known to bind
with DNA.12-1  Hence complexation of metronida-
zole with Cu(II) would give a compound which might
be a better sensitizer in comparison with both the free
metal ion or metronidazole. However, before study-
ing its radiosensitizing behavior in vivo or in vitro, it
is necessary to study its radiation chemical behavior in
dilute aqueous solution. Here some aspects of its
radiation chemistry in dilute aqueous solution have
been described.

Experimental

Materials: Metronidazole (M) or flagyl (2-methyl-5-nitro-
1H-imidazole-1-ethanol) was procured from Sigma. All
other chemicals were of analytical reagent grade. 1:1
Complex of Cu(Il) and metronidazole (Cu™™) (molecular
formula: CuCioH15N307) was prepared!® by mixing equi-
molar amounts of methanolic solution of Cu'' acetate and
metronidazole at room temperature. The solution was evap-
orated to a smaller volume in a current of nitrogen and left
at 0°C for overnight when bluish crystals of Cu'"M sepa-

rated out. The precipitate was collected by filtration and
washed with little methanol and dried. Formation of the
complex was further checked by comparing its IR and UV
spectra with that reported in the literature.® Triply dis-
tilled water was always used for the preparation of solutions
for irradiation. Deaeration of solutions prior to irradiation
was carried out by saturating the solution with extra pure
argon. Pure N2O was used in the experiments.

Irradiation: Irradiation was carried out with 8Co y-rays.
The dose rate (12 Gy min~!) was determined with the help of
the Fricke dosimeter, taking G(Fe3%) as 15.6.

Analysis: Cu''M contents in the experimental samples
before and after irradiation were ascertained by measuring
the absorbances near the absorption maximum, 315 nm,
(e=~8714 dm3®mol-1cm-1) without further treatment except
appropriate dilution with doubly distilled water. The
amount of nitrous acid (HNOg) produced was determined by
spectrophotometry with sulphanilic acid and 1-naph-
thylamine reagents.! Cu' was determined spectrophoto-
metrically by measuring20 the absorbance of its neocuproin
complex at 457 nm. The presence of H20s, if any, in the
irradiated solutions was tested with titanium(III)sulphate2
reagent.

Results

Figure 1 shows the change in absorption spectrum
of Cu"M solution on irradiation. It is evident that in
the range 260 nm to 380 nm the nature of spectrum
remains unaltered on irradiation, while only the
absorbances decrease with the increase in the absorbed
dose. Further, the decrease in absorption is more
pronounced in N20 saturated solution when com-

pared with that in argon saturated solution. From
the molar extinction coefficient of the Cu'"M the
change in its concentration (for the chromophore loss)
was determined.

Figure 2 shows the the amount of Cu'™ loss as
determined from the loss of chromophoric group as a
function of absorbed dose in N2O saturated solutions.
Apart from the loss of the parent compound the
radiolytic products comprlse HNO; and Cu’. The
yields of HNOgz and Cu' against dose are also shown in
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Fig. 1. Change in absorption spectrum on irradia-

tion of (a) argon saturated and (b) N2O saturated
Cu"™ (104 mol dm-3) solution at neutral pH. A:
Unirradiated; B,C,D, and E: irradiated to doses of 24
Gy, 48 Gy, 72 Gy, and 96 Gy respectively.
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Fig. 2. Yield vs. dose plot for the decomposition of
Cu™ and for the formation of HNO; and Cu' in
the y-radiolysis of 5X10-4 moldm-3 Cu"M in N2O
saturated solution at neutral pH. (O), loss of
Cunl\/{; (A), formation of HNOg and (), formation
of Cu".

the same figure. It is evident from the figure that the
loss of chromophoric group in Cu'™ as well as the
formation of HNO; and Cu' are linear in the dose
range 60 to 300 Gy. Hence the G-values for the loss
of chromophore of Cu™, G(-Cu™) and those for
the formation of HNO; and Cu' were determined from
the slopes of the respective straight lines. The G-
values for the loss of chromophore as determined for
various initial concentration of Cu"'M under different
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Fig. 3. Change of G(-Cu™M) values with increase in
the initial concentration of the complex in the -
radiolysis of Cu™ under aerated (O); argon satu-
rated (@), and N2O saturated (A) solutions.

Table 1. G-Values of the Products Formed
in the Radiolysis of Cu™M (5X10-4 mol
dm~3) under Different Conditions

Condition G(-Cu™) G(Cu') G(HNOy)
Argon satd 2.0+0.1 2.710.05  0.9£0.05
N20 satd 3.240.1 4.8+0.1 2.410.1
Aerated 2.010.1 2.440.1 1.240.1
0.4 mol dm~3 ¢-Butyl 0.44+0.05 0.2+0.01 0.0

alcohol+Argon satd

conditions of radiolysis are shown in Fig.3. From
the Fig. 3 it is observed that under these conditions the
G(-Cu'™) at first increases with increase in the con-
centration of Cu'™ and then attains a steady state
when the solute concentration reaches about 5X10-4
moldm=3. The limiting G-values for the chromo-
phore loss in aerated and argon saturated solution is,
G(-Cu"M)=2.0£0.1 while that in N2O saturated solu-
tion is 3.2+0.1. The G-values for the formation of
HNO; and Cu' were also determined at the concentra-
tion, e.g., 5X10-4 mol dm-3 where the steady state is
reached and the results are tabulated in the Table 1.
It is evident from the table that under all the condi-
tions except in the presence of 0.4 moldm=-3 {-BuOH,
appreciable amounts of Cu' and HNO are formed as
the product of radiolysis. In the presence of t-BuOH,
the G(-Cu''M) is greatly decreased. Apart from this,
no HNOs is detected under this condition, indicating
that no denitration of Cu''M takes place in the pres-
ence of ¢-butyl alcohol.

Discussion

In y-irradiated aqueous solutions of Cu''M water-
borne free radicals??

HZO—_)H, OH, eaq— (1)

react with the solute giving rise to certain transient
species which undergo subsequent transformation to
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give rise to different products and as a result the
compound is decomposed. From Table 1, it is evi-
dent that in argon saturated solution, G(—Cu"M)~2.0,
which is much less in comparison to the total yield of
the active species (Geiq~+Gont+Gr=6.0). This indi-
cates that all the transient species do not undergo
reactions which lead to the degradation of the com-
pound. Further, when the concentration of Cu™ is
below 5X10-* moldm-3, the decomposition yield is
lower than the steady-state value (Fig 3). This is due
to the fact that at lower solute concentrations radical-
radical reactions predominate over the reactions of the
active species with the solute. The radiolytic behav-
ior of Cu""M in absence of any additive appears to be
quite complex. The role of individual active species
in the degradation of the molecule could be studied in
presence of suitable scavengers and hence attempts
have been made to study the radiolysis of Cu'"M in
presence of the scavengers for e,q~ and OH radical.

Effect of Dinitrogen Monoxide: When the radioly-
sis 1s carried out in dinitrogen monoxide saturated
solution, the e,q~, is converted to equivalent amount of
OH radicals?® [G(OH)=5.4].

e+ N0 —> OH +OH-+N; @)

A small amount of H atoms (Gy=0.6) also remains
unscavenged in the system. Hence the loss of Cu'"™™
as well as the formation of Cu' and HNO; might have
arisen from the reaction of the H atom and OH with
Cu™. However, when N3O saturated solution of
5X10~4 mol dm-3 Cu™M is radiolysed in the presence
of 0.4 moldm-3 t-BuOH, a good scavenger of OH
radicals,2¥) neither appreciable loss of Cu'M nor the
formation of HNO; was detected. Also, the yield of
Cu' was negligible.

Hence, the products arising from the radiolysis of
5X10-* moldm=-3 in N2O saturated solution is mainly

H N)CU
=

[ '\:_/|<0H

O,N rij CH,4
CH,CH,0H

1

OH i
bis H
H N/'Cu N"CU

“ 1_0_["__,_ | /”\ veeeenao(3)
OZN 'l‘l/I\CHE) OZN * N CH3

|
CH,CH,OH CH,CH,OH

his
(Cu M) 2

N/,.Cun

OH. .;‘\
>[N CH,

O,N |
CH,CH,0H

3
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due to the reactions of OH with Cu”™. Under this
condition, apart from the loss of Cu'"M, the products
comprise HNOz and Cu'. No hydrogen peroxide,
however, could be detected in the system. The reac-
tion of OH radicals with aromatic and heterocyclic
compounds generally proceeds by the addition of OH
to the unsaturated carbon atoms.?5-28) In a similar
way, the OH radical might add to the unsaturated
carbon atoms of the metronidazole molecule in Cu"'M
producing radicals 1, 2, and 3.

The Cs-OH adduct 3 bearing the hydroxyl and nitro
groups at the same ring carbon undergoes HNO:
elimination?’2230) to give radical 4. In the case of
Cu'™M, the OH radical also might react with the metal
ion giving Cu'" species 5, which undergoes electron
transfer from 7-electron system of imidazole ring to
Cu'™ producing a cation radical, 6. This cation radi-
cal, however, would undergo immediate solvolysis to
give radicals 1, 2, and 3.

H Acul
- HNO, ]/\—N
0 ,i’, CHy - (4)
CH,CH,0H
4
H cu™
I OH ~
CuM —— l /ﬁl\
N CHy ...
O,N | 3 (5)
CH,CH,0H
5
H _ N/'Cun
5 E—( +J\
OZN ,i] CH3 ...... (6)
CH,CH,OH
6
H,0
6 (1) + (2) + 3)eeeee (]

From a comparison of the relative yields of HNO2
in the radiolysis of Cu™M with that formed in free
metronidazole under similar condition one might
have an idea about the site of attack of OH radicals in
the complex. When free metronidazole (5X10-4
mol dm=-3) is radiolysed in NzO saturated solution,
G(HNOg) was found to be only ~1.6. But in the case
of Cu'™, the same quantity is increased to 2.4 (Table
1). Now, due to the presence of nitro group at Cs
position as well as due to the co-ordination of N3 with
Cu", the Cs position of the imidazole ring will be
more electron deficient compared to that in uncom-
plexed metronidazole. Hence addition of OH radical
to this position leading to the formation of 3 would be
less favored and as a consequence the yield of HNO2
due to denitration of 3 would be less in comparison
with that in free ligand. But the results show a
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reverse trend. The increased yield of HNO; in the
presence of Cu(Il) complex may, however, be
explained by assuming that at least a part of the OH
radicals attack the metal ion to give Cu'™ species
which gives cation radical 6. Due to the electron
deficient nature of the Cs position, attack by H20 (or
OH-) will be favorable in 6, and hence the relative
yield of 3 as well as that of HNOz would be increased.

The reduction of the metal center in the complex
has also been determined under this condition and G-
value for the reduction of the metal, G(Cu") was found
to be =4.8, which is slightly less than the total yield of
OH radical [G(OH)=5.4]. Pulse radiolysis studies
with the imidazoles showed that the decay of the OH
adduct of free imidazoles was found to be second
order.2528) But when they are complexed with metal
ions, the decay of the OH adduct follows first order
rate law.28) This has been ascribed to the intramolec-
ular electron transfer from the transient OH adducts
to the metal center of the complexes.?83132) By anal-
ogy, it can be said that the radicals 1, and 4 would
reduce the metal center and give rise to products
(reactions 8 and 9).

- :I:TtJ<:0H ~ \43/L<:

CH CH OH

CH LCH, OH
H cul
a—N"
—
el L
0,N fil CH3 oN L.N CHy
CH, CH, OH i ,CH,OH
HO CuI
-nt N
L .
XY N CH,
CH,CH,OH
7
CuI
N
4 ;L ——2—-. Products -.--(9)
H CH20H

However, the 4-hydroxy adduct 2, where the
unpaired electron is 8 to the hydroxyl group,? does
not reduce Cu(II) due to the presence of electron
withdrawing NOz group at Cs-position of the imida-
zolering. On the contrary, it undergoes H* catalysed
OH- elimination and consequently gets reduced by
Cu' formed in reactions (8) and (9) (cf. Ref. 25).

As the yield of G(Cu') is not reduced much in
comparison with the total yield of G(OH), the contri-
bution of radical 2 should be very small. Itshould be
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mentioned here that the decomposition of Cu'™™ is
measured by the loss of chromophore at 315 nm. The
product 7 should have similar absorption behavior
as that of parent compound and so could not be
accounted by the method. The chromophore loss
would be only due to denitrated product formed in
reaction (9).

Hence from the aforementioned discussion, the
G(-Cu"M) should be ~G(HNOg). However, the
yield of HNO; is less than G(-Cu'™™). It is to be
noted here that no hydrogen peroxide could be
detected in the system. It is well known3® that the
highly reducing HNO; can decompose H2O2. Then
considering the- reaction of HNOs and H:O3, the
G(HNO) should correspond to ~G(-Cu""M)—G(H:z02)
=3.2—0.7=2.5 and the observed yield of HNOs, G(HNO)
=~2.4 is in good agreement with that expected.

Effect of t-Butyl Alcohol: In order to asses the role
of e~ 1n the radiolysis of Cu™, the system was
studied in the presence of 0.4 moldm-3 ¢-butyl alco-
hol, where OH radicals are expected to be scavenged
by it.

OH + (CHs)sCOH — H0 + CHz(CHs):COH  (11)

The yields of chromophore loss as well as that of Cu'
formation were shown in Table 1. No HNO: and
H:0: were, however, detected under this condition.
Very small amount of Cu' has been observed (Table 1)
indicating that e~ does not react with the central
metal ion directly.

It has been reported earlier?® that metal complexes
containing nitro benzoate ligand can trap hydrated
electron (e.q~) through the electron-deficient nitro
group in preference to the metal ion. Like wise it
may be argued that the nitroimidazole ligand is
reduced by e~ forming nitro anion radical 8 which
protonates to give 9 (reactions 12 and 13).

el + CUM —s l e (12)
e % CH3

CH ,CH, OH

8 [fNo2 1m c]
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The co-ordinated ligand radical of the complex 9
would undergo intramolecular electron transfer3® to
metal ion.

[Cu"ImNOzH]— [Cu'ImNO,]+ H* (14)

But the yield of Cu'=0.2 only. Attention should also
be drawn to that no H202 or HNOs is detected in the
system. The molecular H2O: might react with
HNO; and/or Cu'. From a comparison of the yield
of HNO; observed in dearated solution, it appears that
no HNOg is formed when the radiolysis is carried out
in the presence of +-BuOH. If it is formed due to the
reactions of e,q~ with the ligand, the yield of HNOg, in
fact, would have been larger than that which is
observed in dearated solution. Hence it might be
argued that HzO: has disappeared through reaction
with Cu'.

H:0:+ Cu'— OH + Cu" + OH- (15).

Hence the yield of Cu' arising from the electron
transfer in 9 should correspond to G(Cu')essat
G(H202)=0.2+0.7=0.9. The rest of the radicals 9
(equivalent to a G-value =2.7—0.9=1.6), may have
disappeared through bimolecular disproportiona-
tion_34,35)

2 Cu"ImNOzH — Cu"ImNO;+ Cu"ImNO + H:0 (16)

The Cu(I)ImNO undergoes further reduction to
Cu(IDImNHOH (discussed latter).

It has been reported earlier3 that reduction of Nj-
substituted nitroimidazoles takes place by successive 4-
electron processes to hydroxylamino derivatives or by
successive 6-electron processes to amino derivative.

Here the ratio of the G(9) undergoing disproportiona-

tion to G(-Cu"M) is 1.6/0.4=4. It thus appears that
similar to that observed in free metronidazole, the
reduction of its Cu" complex also takes place through
successive 4-electron processes to give hydroxylamino
derivative.

e + - +
Cu"ImNO; 2_2%2; Cu"ImNO X2, Cu™ImNHOH
1 e ? (17)

In the light of above discussion, the results obtained
in argon saturated solution could be explained satis-
factorily. Neglecting the small contribution of the H
atoms the reactive species present under this condition
are e~ (G=2.7) and OH (G=2.7) radicals. Consider-
ing that the OH and e~ would react in a similar
manner as that observed in N2O saturated solution
and in the presence of t-butyl alcohol respectively, the
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G(-Cu"M) under this condition, should correspond to
G(-Cu"M) Argon=1/2G(-Cu""M)n,0+G(-Cu""M)..puons
=1.6+0.4=2.0 and the observed value agrees quite
well. Similarly, the G(Cu")aron should be equal to 1/2
G(Cu")n0+G(Cu")puontGry0,=2.4+0.2+0.7=3.3 and
G(HNOg)argon should correspond to 1/2 G(HNOg)n,0
=1.2 and the observed results are not far from these.

Effect of Dissolved Oxygen: The G-values observed
in aerated solution (Table 1) is found to be almost
identical with those observed in argon saturated solu-
tion. In presence of dissolved oxygen, the e,;~ and H
atoms would react?? with molecular oxygen to give
Oz~ and HOa.

O2+ €5~ —> Oz~ (18)

H+ 02— HO: (19).

The Oz~ and HO; would give rise to H2Oz according
to equations (20) and (21).

2HO2;—> H:02+ O2 (20)
20~ +2H*—H:0:+ Oq (21)

The OH radicals react with Cu"M in a similar
manner as that described earlier. However, the
G(-Cu"M) is somewhat higher than that is expected
from the reactions of OH only. Here also no H202
was detected. The yield of HNOs is well accounted
by the reactions of OH with Cu™ 1i.e., G(HNOg)ur
=1/2G(HNOg)n,0. The disappearance of H20z could
not be accounted by the reactions of HoOz with Cu'.
However, the results could be explained if one
assumes that the Oz~ and/or HO2 do not give rise to
H2O: but react with the ligand through electron
transfer at the nitro group forming nitro anion radical
8 which subsequently undergoes similar reactions as
was observed in deaerated solutions.

Competition Kinetics with ¢-Butyl Alcohol in Di-
nitrogen Monoxide Saturated Solution: It has already
been shown that in N2O saturated solution the loss of
Cu™ is due to the reactions of OH with the complex.
If an OH scavenger, ¢-butyl alcohol is present in the
system, then a competition ensues between the sca-
venger and Cu'"M for the OH radicals.

Cu"M+OH—1+2+3 (3)
(CH3)sCOH + OH — CH2(CHs):COH+H:0  (11)

Then considering the reactions (3) and (11), it can be
shown that
G(-Cu"M)o —14 ku

G(-Cu"M) k3

[(CH3)sCOH]
[Cu"™M]

(22)

where G(-Cu'"™)q is the yield of chromophore loss in
the absence of ¢-butyl alcohol and G(-Cu''M) is the
yield in the presence of alcohol, [(CHs3)sCOH] and
[Cu™] represents the concentration of ¢t-butyl alco-
hol and complex respectively, k3 and k11 are the reac-
tion rate constants for the reactions (3) and (11) respec-
tively. What transpires from equation (22) is that the
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Fig. 4. Kinetic plot for the reaction of OH with
(CHa)sCOH and Cu™M in N3O saturated solution.
(Cu"™)=5X10-4 mol dm-3).

plot of G(-Cu"M)o/G(-Cu'"M) against [(CH3)sCOH]/
[Cu"M] should yield a straight line. The observed
results have been shown (Fig. 4) to yield a straight line
as expected from which the k11/ks value is found to be
0.1208. Taking the value?® of k1;=2.5X108 dm3 mol-!
s~1, the rate constant for the reaction of OH with the
Cu"-Metronidazole, ks, was evaluated to be =~2.1X10°
dm3mol-1s-1. This rate constant value for the reac-
tion of OH with the complex is, however, of the same
order as that observed? in the case of free metro-
nidazole.

Conclusions

From these experimental results it was observed that
like free metronidazole, the Cu(Il) complex of the
compound also reacts with OH very rapidly and oxid-
ative denitration takes place followed by intramolecu-
lar electron transfer from the ligand radical to central
metal ion. No denitration is observed when exq~
reacts with the complex compound. On the other
hand, successive 4-electron reduction takes place due
to the reactions of eyq~.

Further work on the isolation and analysis of the
ligand degradation products will be the subject matter
of future studies.
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