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Abstract 

The synthesis is reported of the complexes [Rh- 
(CH3C02)2L]2 where L = misonidazole, desmethyl- 
misonidazole, 2-nitroimidazole-l-ethanol and l-(2- 
hydroxy 3-methoxypropyl)-2-methyl-5nitroimidazo- 
le (Roll-3696), and of the rhodium(H) butyrate 
analogues with the last two nitroimidazole ligands 
Crystals of [Rh(CHsC02)a(Roll-3696)]2 are tri- 
clinic Pi with a = 7.982(2), h = 8.121(3), c= 
13.327(3) A, cr = 77.23(2), /3 = 82.47(2), y = 
87.74(2)‘, 2 = 1. The structure was refined on 1833 
reflections to R = 0.031. The molecule has the stan- 
dard rhodium(I1) acetate dinuclear structure with 
Rh-Rh = 2.399 A, and with the ligand Roll-3696 
coordinated to rhodium in terminal positions via 
N3 of the imidazole ring @l-N = 2.248 A). The 
rhodium(I1) carboxylate complexes with misonida- 
zole, desmethylmisonidazole and Roll-3696 were 
examined for their ability to act as radiosensitizers 
of Chinese hamster mammalian cells in vitro. The 
rhodium(I1) butyrate complex is substantially more 
toxic than the corresponding acetate and showed 
no sensitization at non-toxic concentrations. How- 
ever, the acetates do sensitize and are up to 50X 
more efficient than the corresponding nitroimidazole 
ligand, when measured as the concentration required 
to give a similar increase in the radiation sensitivity 
of hypoxic cells. Some sensitization of aerobic cells 
is also observed but this is small compared to that 
seen under hypoxic conditions. The compounds 
containing the 2nitroimidazole ligands are more 
efficient sensitizers than the complex containing the 
5nitroimidazole. 

hypoxic cells in the tumour. In efforts to overcome 
this, attempts have been made in recent years to 
identify compounds which enhance the radiation 
sensitivity of hypoxic tumour cells, relative to that 
of aerobic cells. Nitroheterocycles, and especially 
nitroimidazoles, have been particularly favoured 
as radiosensitizers. Misonidazole, 1-(2-hydroxy-3- 
methoxypropyl)-2-nitroimidazole (Ia) was found 
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a: R = CHzCH(OH)CH20Me, misonidazole 
b: R = CH2CH(OH)CH2NH2, RSU 1111 
c: R = CH2CH(OH)CH2OH, desmethylmisonidazole 
d: R = CHzCHzOH, 2-nitroimidazole-l-ethanol 

to have some effectiveness as a clinical radiosensi- 
tizer [l, 21 but its use is limited by its neurotoxi- 
city. Attempts have been made to overcome this 
limitation by synthesising related compounds with 
good radiosensitizing properties but lower toxicity 
[3-71. 

Introduction 

A major limitation to radiotherapy for cancer 
treatment is the comparative radiation resistance of 

As an alternative approach, other workers have 
explored the radiosensitizing abilities of cis-Pt(NHs)2- 
Cla, its ‘second-generation’ analogues, and complexes 
of these with nitroimidazoles. Such studies have 
recently been reviewed [8]. We recently reported 
[9] that the adduct of a misonidazole analogue RSU 
1111 (Ib) with rhodium(I1) acetate was an effective 
radiosensitizer towards Chinese hamster V79 cells. 
This observation prompted us to study a wider range 
of rhodium(I1) carboxylate complexes with nitro- 
imidazoles and to determine by X-ray diffraction 
methods the way in which the nitroimidazole ligand 
binds to the rhodium. We report here the results of 
that work. 
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Experimental 

Preparations 
The nitroimidazoles (misonidazole, Ia; desmethyl- 

misonidazole, Ic; 2-nitroimidazole-1 -ethanol, Id, l- 
(2-hydroxy-3-methoxypropyl)-2-methyl-5-nitroimida- 
zole, II) were kindly supplied by Dr. C. E. Smithen, 
Roche Products Ltd., Welwyn Garden City, Herts, 
U.K. Rhodium(I1) acetate and butyrate were prepar- 
ed by standard literature methods [lo, 111. 

The nitroimidazole complexes of the rhodium(I1) 
carboxylates were prepared by refluxing equimolar 
amounts of the appropriate rhodium(I1) carboxylate 
and the nitroimidazole in ethanol for 30-60 min. 
The complexes, which precipitated in good yield 
(60-95%) either from the hot solution or on sub- 
sequent cooling, were filtered off, washed with 
ethanol and air-dried. Analytical results (Microanaly- 
tical Laboratory, Imperial College) and other details 
are listed in Table I. Attempts were also made to 
prepare adducts of rhodium(I1) butyrate with misoni- 
dazole and with desmethylmisonidazole. In both 
cases brown products were obtained but they were 
of insufficient purity for further studies. 

Physical Measurements 
Infrared spectra were obtained on a Perkin-Elmer 

597 Spectrometer using nujol mulls and KBr plates. 
Solid state electronic spectra were by the reflectance 
technique using a Beckman DK2 spectrometer. 

X-ray Study 

[RWzWMd-lz crystallizes as deep violet 
prisms. The crystal data are Cs4H3sN60r6Rh2, tri- 
clinic a = 7.982(2), b = 8.121(3), c = 13.327(3) A, a 
= 77.23(2), /I = 82.47(2), y = 87.74(2)“, U = 835 A3, 
space group Pi, Z = 1, M, = 872.4, 0, = 1.74 g cmp3, 
&u Ko = 89 cm-‘. Refined unit cell parameters were 
obtained by centering 12 reflections on a Nicolet 
R3m diffractometer. 1833 independent observed 
reflections [IF, I > 3u( IF, I), 6 < 55”] were measur- 
ed with Cu Ko radiation (graphite monochromator) 
using o-scans. The data were corrected for Lorentz 
and polarisation factors, and a numerical absorption 
correction was applied. 

The structure was solved by the heavy atom 
method, and the non-hydrogen atoms refined aniso- 
tropically. The position of the hydroxy hydrogen 
atom and the orientations of the methyl groups were 
determined from a AF map. The AF map also reveal- 
ed a residual peak of height = 1.7 e X3 at a distance 
of 1.2 A from C(7). Clearly this peak was too high 
to be accounted for by the C(7) hydrogen atom 
alone. The peak was in a tetrahedral position with 
respect to C(7), and it was interpreted as due to a 
combination of the C(7) hydrogen atom and a partial 
weight hydroxy oxygen atom, indicating a degree 
of inversion at the C(7) centre. The occupancy of this 
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oxygen atom was estimated at 0.2. This oxygen 
and the hydroxy hydrogen atom were refined iso- 
tropically. The remaining hydrogen atoms (with 
the exception of both partial weight C(7) hydro- 
gen atoms, which were omitted) were placed at 
idealised positions (C-H = 0.96 A), assigned isotropic 
thermal parameters, U(H) = 1.2 U,,(C), and allowed 
to ride on their parent carbon atoms. The methyl 
groups were refined as rigid bodies. Refinement was 
by block-cascade full matrix least-squares to R = 
0.031, R, = 0.031 [w-r = 02(F) + 0.00044 PI. It 
should be noted that the inclusion of the partial 
weight hydroxy oxygen atom in place of the C(7) 
hydrogen atom reduced R from 0.034 to 0.031. 
Computations were carried out on an Eclipse S140 
computer using the SHELXTL program system [ 121. 
Atomic scattering factors were from ref. [13] . The 
fractional atomic coordinates of the non-hydrogen 
atoms are listed in Table II. Table III lists the bond 
lengths and valence angles. 

Irradiation Procedure 
Cells were harvested, diluted and allowed to attach 

to 5 cm glass petri dishes containing MEM + 10% 
fcs at 37 “C for 2 h before the medium was removed 
and replaced with 1 cm3 of phosphate buffered saline 
containing the test compound. Irradiations with 6oCo 
y-rays were carried out in Dural vessels containing 
four petri dishes. The vessels were rendered hypoxic 
by purging with N2 for 30 min, sealed and irradiated 
at room temperature at a dose rate of -3 Gy min-‘. 
After irradiation the drug solution was removed 
and the cells overlaid with fresh MEM t 10% fcs. 
Dishes were incubated at 37 “C in a humidified 
atmosphere of air t 5% CO2 for 7-9 days and colo- 
nies with 50 or more cells scored as indicating surviv- 
al of a single treated cell. 

Results and Discussion 

TABLE Il. Atom Coordinates (X104) and Temperature Fac- 
tors (A2 x 103) 

When reacted with rhodium(I1) acetate in ethanol 
all four of the nitroimidazoles used here gave reddish 
brown adducts of the type [Rh(CH3CO&L]a in 
good yield, and two of them, ligands Id and II, gave 
analogous complexes with rhodium butyrate (Table 
I). There was evidence for the formation of similar 
complexes of rhodium(I1) butyrate with misonida- 
zole and desmethylmisonidazole but they formed 
in an impure state and we have not characterized 
them further. 

Atom x Y Z u a ell 

Rh -70(l) 

N(l) 139(5) 
C(2) 871(6) 
N(3) -274(5) 

C(4) -1803(7) 

C(5) -1566(6) 
C(6) 1036(7) 
C(7) 939(7) 

0(7^) 1392 

O(7) -724(5) 
C(8) 2176(7) 
O(8) 3825(5) 

C(9) 5068(9) 

N(l0) -2840(6) 

(x10) -2441(6) 

(x11) -4268(6) 
C(12) 2699(7) 

C(13) 1476(6) 
O(l3) 1246(4) 

O(14) 1125(4) 

C(15) 2191(8) 

C(16) -2852(6) 

Wl6) -2161(4) 

Wl7) -2325(4) 
C(18) -4403(7) 

4090(l) 
-145(5) 
1113(6) 
2221(5) 
1646(6) 

213(6) 
-1697(6) 
-3025(6) 
-2308 
-3590(6) 
-4445(7) 
-3775(6) 
-5002(10) 

-772(6) 
-1616(5) 

-675(6) 
1202(7) 
2565(6) 
3973(4) 
2287(4) 
1136(7) 
3766(6) 
4924(4) 
3252(4) 
2984(8) 

846(l) 29(l) 
3535(3) 35(l) 
2768(4) 36(2) 
2376(3) 38(2) 
2898(4) 39(2) 
3587(4) 36(2) 
3987(4) 42(2) 
3341(5) 47(2) 
2306 64(6) 
3452(4) 44(2) 
3626(6) 60(3) 
3371(4) 80(2) 
3498(8) 99(4) 
4312(3) 46(2) 
5 124(3) 64(2) 
4072(4) 71(2) 
2339(5) 51(2) 
-804(4) 36(2) 

-1428(3) 37(l) 
164(3) 39(l) 

-1270(5) 50(2) 
-264(4) 35(2) 
-999(3) 420) 

602(3) 39(l) 
-470(5) 53(2) 

aEquivalent isotropic Ueq defined as one third of the trace 
of the orthogonalised U$ tensor. 

Mammalian Cells 
Asynchronous, exponentially growing cultures of 

Chinese hamster V79-379A cells were used in all 
experiments. Cells were grown in spinner culture in 
Eagles’ minimal essential medium (MEM) supplement- 
ed with 7.5% foetal calf serum (fcs). 

The colours, solid state electronic spectra and 
v(C0) carboxylate frequencies of the rhodium com- 
pounds listed in Table I are consistent with the reten- 
tion of the dinuclear rhodium(H) carboxylate struc- 
ture and coordination of the nitroimidazole ligands 
to rhodium in the terminal positions [ 141. 

All four of the nitroimidazoles are potentially 
ambidentate ligands, being able to coordinate by the 
unsubstituted ring nitrogen or by an oxygen atom 
in the side chain on Nl . The colours of the complexes 
and, particularly, the positions of the lowest energy 
electronic band in the W-Vis spectra, conven- 
tionally termed band I [14], are in accord with the 
terminal group donor atom being a nitrogen atom. 
However, as colour is not an infallible guide to the 
nature of the terminal donor atom [15] and as it is 
important to determine unambiguously how the 
nitroimidazoles are bonded, so as to provide a firm 
basis for assessing the radiosensitization results, 
we have determined by X-ray diffraction methods 
the molecular structure of one of the complexes, 
[Rl-1(CH,CO~)~(Roll-3696)]~. 

The X-ray study (Fig. 1) confirms that the di- 
nuclear structure is retained by the rhodium(I1) 
acetate after reaction with the nitroimidazole and 
that ligand II (Roll-3696) binds to the rhodium via 
the unsubstituted ring nitrogen atom N(3). There is 



146 

TABLE III. Bond Lengths and Angles 

D. M. L. Goodgame et al. 

Bond lengths (A) 

Rh-N(3) 
Rh-O(17) 
Rh-O(l3’) 

N(l)-C(2) 
N(l)-C(6) 
C(2)-C(12) 

C(4)-C(5) 
C(6)-C(7) 
C(7)-O(7) 
C(8)-O(8) 
N(lO)-O(10) 
C(13)-O(13) 
C(13)-C(15) 
C(16)-O(16) 
C(16)-C(18) 

Bond angles (deg) 

N(3)-Rh-O(14) 
0(14)-Rh-O(17) 
0(14)-Rh-Rh’ 
N(3)-Rh-O(13’) 
0(17)-Rh-O(13’) 
N(3)-Rh-O(16’) 
0(17)-Rh-O(16’) 
0(13’)-Rh-O(16’) 
C(2)-N(l)-C(6) 
N(l)-C(2)-N(3) 
N(3)-C(2) -C(12) 
Rh-N(3)-C(4) 
N(3)-C(4)-C(5) 
N(l)-C(S)-N(10) 
N(l)-C(6)-C(7) 
C(6)-C(7)-O(7) 
0(7-)-C(7)-C(8) 
C(7)-C(S)-O(8) 
C(5)-N(lO)-O(10) 
O(lO)-N(lO)-O(11) 
0(13)-C(13)-C(15) 
C(13)-0(13)-Rh’ 
0(16)-C(16)-O(17) 
0(17)-C(16)-C(18) 
Rh-0(17)X(16) 

2.248(4) 
2.039(4) 
2.046(3) 
1.363(6) 
1.473(6) 
1.477(7) 
1.338(6) 
1.532(9) 
1.401(7) 
1.415(7) 
1.219(6) 
1.279(5) 
1.494(8) 
1.28!(5) 
1.496(8) 

88.9(l) 
89.1(l) 
87.9(l) 
95.3(l) 
91.3(l) 
95.5(l) 

175.7(l) 
87.4(l) 

123.7(4) 
111.5(4) 
124.4(4) 
121.7(3) 
109.2(4) 
124.4(4) 
109.9(5) 
109.8(S) 
106.6(3) 
108.0(5) 
118.8(j) 
124.4(5) 
117.2(5) 
118.9(3) 
125.0(5) 
118.6(4) 
119.5(3) 

Rh-O(14) 
Rh-Rh’ 
Rh-O(16’) 

N(l)-C(5) 
C(2)-N(3) 
N(3)-C(4) 
C(5)-N(lO) 
C(7)-0(7^) 

C(7)-C(8) 
0(8)-C(9) 
N(lO)-O(11) 
C(13)-O(14) 
0(13)-Rh’ 
C(16)-0(17) 
0(16)-Rh’ 

N(3)-Rh-O(17) 
N(3)-Rh-Rh’ 
0(17)-Rh-Rh’ 
0(14)-Rh-O(13’) 
Rh’-Rh-O(13’) 
0(14)-Rh-O(16’) 
Rh’-Rh-O(16’) 
C(2)-N(l)-C(5) 
C(5)-N(l)-C(6) 
N(l)-C(2)-C(12) 
Rh-N(3)-C(2) 
C(2)-N(3)-C(4) 
N(l)-C(5)-C(4) 
C(4)-C(5)-N(lO) 
C(6)-C(7)-O(7”) 
C(6)-C(7)-C(8) 
O(7)-C(7)-C(8) 
C(8)-0(8)-C(9) 
C(5)-N(lO)-O(11) 
0(13)-c(13)-0(14) 
0(14)-C(13)-C(15) 
Rh-0(14)-C(13) 
0(16)-C(16)-C(18) 
C(16)-0(16)-Rh’ 

2.032(3) 
2.399(l) 
2.033(4) 
1.376(6) 
1.330(6) 
1.368(6) 
1.440(6) 
1.380 
1.504(8) 
1.377(9) 
1.218(7) 
1.255(6) 
2.046(3) 
1.257(6) 

2.033(4) 

88.7(l) 
175.4(l) 
87.9(l) 

175.8(l) 
87.9(l) 
92.0(l) 
87.9(l) 

104.8(4) 
130.0(4) 
124.1(4) 
129.1(3) 
105.9(4) 
108.6(4) 
126.9(5) 
109.5(3) 
110.7(5) 
112.5(4) 
112.8(5) 
116.8(4) 
125.1(5) 
117.7(4) 
120.1(3) 
116.3(5) 
119.3(3) 

a crystallographic centre of symmetry at the centre 
of the Rh-Rh bond. 

The axial N-Rl-Rh-N’ chain is very nearly 
linear with NRhRh angles of 175.4(l)‘. The two 
groups of four equatorial oxygen atoms are nearly 
perfectly eclipsed with respect to each other, with 
a maximum ORhRhO torsion angle of lo. The atoms 
of the imidazole ring are coplanar, with a maximum 
deviation from their least squares plane of 0.009 PI 
(for N(1)). N(3) shows a degree of pyramidisation, 
being displaced by 0.16 w from the plane of its 
substituents. The plane of the imidazole bisects 
the 0(16’)RhO(14) and 0(17)Rh0(13’) angles 

causing a small splaying of these angles (92.0(l) and 
91.3(l)” respectively) and a corresponding contrac- 
tion of those for 0( 16’)RhO(13’) and 0( 14)RhO( 17) 
(87.4(l) and 89.1(l)’ respectively). The greater 
splaying of the 0(16’)RhO(14) angle can be account- 
ed for by the close approach of the methyl group 
C(12) to 0(14) and 0(16’), 3.31 and 3.33 A respec- 
tively. The nitro group is rotated by 26” from the 
plane of the imidazole ring. 

The four independent Rh-0 bonds do not differ 
significantly from each other and have an average 
length of 2.038 A (cf: 2.036 A in [15]). The Rh-Rh 
distance (2.399(l) A) is similar to that observed in 
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Fig. 1. Molecular structure of {Rh(CHJC02)2 [ 1-(2-hydroxy-3-methoxypropyl)-2-methyl-5-~tro~id~ole]~*. 

other rhodium carboxylate bridged systems [14] 
and the Rh-N bond lengths (2.248(4) A) are also 
unexceptional [14]. There is an intermolecular 
hydrogen bond between the major occupancy 
hydroxy hydrogen atom and one of the carboxylate 
oxygen atoms (0(7)***0(13’) 2.87 A, OH0 = 140’). 
There are also fairly short intermolecular contacts 
between the minor occupancy hydroxy oxygen atom 
O(7) and the carboxylate oxygen atoms 0(16’) 
and 0(13’), both 3.03 A. There are no other signifi- 
cant intermolecular contacts, the packing of the 
molecules being normal Van der Waals. 

In the light of this structural result we conclude 
that the nitroimidazole ligands in the other complexes 
listed in Table I also bind to rhodium via the 
unsubstituted ring nitrogen atom. 

Enhancement ratios (ER) for radiosensitization 
of hypoxic V79 cells were determined using prev- 
iously-described protocols [16-181. At the maxi- 
mum drug concentrations tested, the rhodium(R) 
complexes reduced the plating efficiency of unirra- 
diated cells by no more than 20% after a one hour 
contact time in hypoxia at room temperature. This 
allows concentrations of up to 50 pmol of the rho- 
dium acetates to be used. In contrast, [Rh(CaH,- 
C02)2Roll-3696]2 was toxic below 0.5 pmol drnA3 
and no sensitization is observed for this compound 
at non toxic concentrations. Generally, radiation dose 
log-survival curves were obtained at a number of 
concentrations for each compound. Some represen- 
tative examples are shown in Fig. 2. At these concen- 
trations [Rh(CHsCOs)smisonidazole] s clearly 
increases the radiation response of hypoxic cells 
in vitro. ER values derived from the ratio of the 
slopes of the exponential portions of the survival 
curves obtained in the absence or presence of 10 or 
20 pmol dmw3 rhodium(R) complex are 1.5 and 
1.7 respectively. Figure 2 a!so shows that some sensi- 
tization of aerobic cells can be observed but it is 
small when compared to that occurring under 

I 1 I 

10 20 30 40 

Dose / Gy 

Fig. 2. Survival curves for V79 cells irradiated under aerobic 
(closed symbols) or hypoxic (open symbols) conditions in 
the presence of 10 pmol dmm3 (A) or 20 bmol dmv3 (o, 0) 
[ Rh(CH3C02)z misonidazole] 2. Squares, no Rh(II) complex 
present. 

hypoxic conditions. ER values for certain concentra- 
tions were derived from single survival points (usually 
between 2 X IO” and 10-l) obtained by appropriate 
choice of radiation dose and by assuming an unchang- 
ed extrapolation number. Figure 3 shows the concen- 
tration dependence for the ER values determined 
for each compound. The ratios for hypoxic cells 
irradiated in the presence of misonidazole or Roll- 
3696 are indicated by the dashed lines. It is quite 
apparent that substantially lower concentrations of 
the rhodium(R) complexes are required to sensitize 
hypoxic cells compared to the nitroimidazoles, miso- 
nidazole and Roll-3696. A measure of sensitizing 
efficiency for any particular compound is given by 
the term Cra6, which is the concentration required 
to give an ER of 1.6. The lower the value of Cr.a, the 
higher the sensitizing efficiency. Values of Cr.e 
determined for the rhodium complexes are given 
in Table IV together with literature values for the 
nitroimidazoles alone and rhodium(II) acetate. 
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25 
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Fig. 3. Dependence of enhancement ratio (ER) for irradiated 
hypoxic cells in the presence of various concentrations of 
[Rh(CH3C02)2L]2; where L = misonidazole, o; L = des- 
methylmisonidazole, o; L = Roll-3696, n . Dashed lines are 
taken from some of our previously published data [16] 
comparing the sensitizing efficiency of the free ligands, 
misonidazole and Roll-3696. 

TABLE IV. Radiosensitizing Efficiencies of the Complexes, 
PWCHK02)2Ll2 

Compound Cr.e (mol dme3 ) 

Rhodium complexes 

L = Misonidazole 
L = desmethylmisonidazole 
L = Ro 1 l-3696 

1.2 x lo+ 
1.0 x 1o-s 
2.5 x lo-’ 

Ligands alone 

Misonidazole 
Desmethyhnisonidazole 
Roll-3696 
Rhodium(U) acetate 

(0.3-1.0) x 1O-3 [16,21] 
0.9 x lO-3 (161 
1.0 x lO-3 [ 16) 
1.0 x lo4 1201 

For the complexes [Rh(CH3CO2)2L] 2 sensitizing 
efficiency is greater for L= misonidazole and des- 
methylmisonidazole compared to that observed for 
L = Roll-3696. A similar difference is seen for sensi- 
tization by the ligands alone, which is attributable to 
the difference in one-electron red-ox potential be- 
tween the 2- and 5nitroimidazoles [16]. The sub- 
stantial increase in sensitizing efficiency obtained 
with the rhodium complexes may be due to an in- 
crease in red-ox potential of the complex relative 
to that of the ligand alone. This red-ox change would 
be likely to occur because of co-ordination of the 
metal center directly to the aromatic nucleus via 
N(3). Such an increase in Ted-OX potential, E,l, has 
recently been measured for cis-dichlorobis( l-(2- 
hydroxyethyl)-2-methyl-5-nitroimidazole-N3)-plati- 
num(II), (&-Flap) 1193. FOT metronidazole alone 

the value of E, ' is -476 mV [16, 191 compared 
to -375 mV for &-Flap [19]. HOWVeT, in our 
hands, co-ordination of metronidazole to platinum 
does not lead to an increase in sensitizing efficiency 
relative to the ligand alone [9]. Therefore, we cannot 
assume a red-ox change to be the explanation for the 
sensitizing properties of the rhodium complexes. 

We have recently reported radiosensitization by a 
range of rhodium(H) CaTbOXylateS [20]. It was 
strongly suggested that sensitization by these com- 
pounds was due, at least in part, to their ability to 
react with and deplete intracellular thiols. Such an 
effect can lead to a small amount of sensitization 
under aerobic conditions and this is observed in the 
present work. Further, combination experiments 
with rhodium(II) acetate plus misonidazole resulted 
in a higher level of sensitization than could be achiev- 
ed with either compound individually; e.g. 100 
umol dmm3 rhodium(II) acetate plus 50 pmol dmM3 
misonidazole gave an ER of 1.8 [20]. HOWeVeT, 
in the work reported here, a concentration of only 
20 pmol dmw3 [ Rh(CH3C02)2misonidazole] 2 gives 
this level of ER. This suggests the complex to be 
operating more efficiently than the combination 
of misonidazole with rhodium(II) acetate. 

The observations we have made demonstrate the 
value of exploring a wider range of metal complexes 
as radiosensitizers, either, as in the present work, in 
combination with known organic radiosensitizers, or 
as metal complexes possessing radiosensitizing ability 
in their own right. The potential of such systems is 
considerable, because of the number of factors that 
can be exploited to generate, and to modify, radio- 
sensitizing activity. Such factors include: variation in 
the identity of the metal, its formal oxidation state 
when administered, the accessibility of alternative 
oxidation states in vivo, and the influence of the 
nature of the accompanying ligand set on the ques- 
tion of biological transport. The large range of redox 
potentials available to metal complexes is a partic- 
ularly attractive factor in this context. 

Acknowledgements 

We thank the S.E.R.C. for the X-ray diffracto- 
meter and for a Research Studentship (to A.M.Z.S.), 
Johnson Matthey P.L.C. for a loan of rhodium tri- 
chloride, and Roche Products Ltd. for the gift of the 
nitroimidazoles. The technical assistance of Miriam 
Stephens is gratefully acknowledged. 

References 

1 R. H. Thomlmson, S. Dische, A. J Gray and L. M. 
Errington, Clin. Radiol., 27, 167 (1976). 



Nitroimidazole Adducts of Rh(II) 149 

5 

6 

7 

8 
9 

10 

11 

12 

D. V. Ash, M. J. Peckham and G. G. Steel,&. J. Cancer, 
40, 883 (1979). 
G. E. Adams, I. Ahmed, E. M. Fielden, P. O’Neill and I. J. 
Stratford, Cancer Clin. Trials, 3, 37 (1980). 
3. M. Brown and W. W. Lee, in L. W. Brady (ed.), ‘Radia- 
tion Sensitizers: Their Use in the Clinical Management 
of Cancer’, Masson, New York, 1980, pp. 2-13. 
C. E. Smithen, E. D. Clarke, .I. A. Dale, R. S. Jacobs, P. 
Wardman, M. E. Watts and M. Woodcock, in L. W. Brady 
(ed.), ‘Radiation Sensitizers: Their Use in the Clinical 
Management of Cancer’, Masson, New York, 1980, pp. 
22-32. 
M. Sakaguchi, M. W. Webb and K. C. Agrawal, J. Med. 
Chem., 25, 1339 (1982). 
S. M. Jarvis, J. D. Chapman, J. Ngan-Lee, K. A. Rutledge, 
P. J. Barr and A. R. P. Paterson, Cancer Rer. 42, 4358 
(1982). 
E. B. Douple, Platinum Met. Rev., 29, 118 (1985). 
R. Chibber, I. J. Stratford, I. Ahmed, A. B. Robbins, D. 
Goodgame and B. Lee, Int. J. Radiat. Biol. Phys., IO, 
1213 (1984). 
G. A. Rempel, P. Legzdins, H. Smith and G. Wiikinson, 
Inorg. Synth., 13, 90 (1972). 
R. S. drago, S. P. Tanner, R. M. Richmann and J. R. 
Lana. J. Am. Chem. Sot., 101. 2897 (1979). 
G. M. Sheldrick, ‘SHELXTL (Revision 4.1)‘, an 
integrated system for solving, refining and displaying 

13 

14 

15 

16 

17 

18 

19 

20 

21 

crystal structures from diffraction data, University of 
Gottingen, F.R.G., 1983. 
‘International Tables for X-ray Crystallography’, Vol. 
IV, Kynoch Press, Birmingham, 1974, pp. 99,149. 
E. B. Boyer and S. D. Robinson, Coord. Chem. Rev., 
50, 109 (1983). 
N. Barba Behrens, G. M. Carrera, D. M. L. Goodgame, A. 
S. Lawrence and D. J. Williams, Inorg. Chim. Acta, 102, 
173 (1985). 
G. E. Adams, I. R. Flockhart, C. E. Smithen, I. J. Strat- 
ford, P. Wardman and M. E. Watts, Radiat. Rer, 67, 9 
(1976). 
G. E. Adams, E. D. Clarke, I. R. Flockhart, R. S. Jacobs, 
D. S. Sehmi, I. 3. Stratford, P. Wardman, M. E. Watts, 
J. Parrick, R. C. Wallace and C. E. Smithen, Int. J. 
Radiat. Biol., 35, 133 (1979). 
I. J. Stratford, G. E. Adams, C. Hardy, S. Hoe, P. O’NeiIl 
and P. W. Sheldon, Int. J. Radiat. Biol.. 46, 731 (1984). 
J. Butler, B. M. Hoey and A. J. Swallow, Radiat. Res., 
102. 1 (1985). 
R. Chibber, I. J. Stratford, P. O’Neill, P. W. Sheldon, I. 
Ahmed and B. Lee. Int. J. Radiat. Biol.. 48. 513 (1985). 
M. E. Watts, R. F: Anderson, R. S. Jacobs; K. B: Patel, 
P. Wardman, M. Woodcock, C. E. Smithen, M. Moazzam, 
J. Parrick and R. G. Wallace, in L. W. Brady (ed.), ‘Radia- 
tion Sensitizers: Their Use in the Clinical Management of 
Cancer’, Masson, New York, 1980, pp. 175-185. 


