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A series of analogues of the previously described compound Af-[2-(2-methyl-5-nitroimidazol-
li/-yl)ethyl]-4-(2-nitroimidazol-li/-yl)butanamide (4), a novel hypoxic cell cytotoxin and 
radiosensitizer, have been prepared and evaluated for hypoxia-selective cytotoxicity and hypoxic 
cell radiosensitization in vitro. The new derivatives were designed to overcome the low aqueous 
solubility of 4 and its slow kinetics of killing under hypoxia. The nitroheterocycle unit had a 
significant effect on solubility, with 3-nitrotriazoles being about 6-fold more soluble than the 
corresponding 2-nitroimidazoles. Analogues with a range of neutral linker chains (polyhydroxy, 
alkanesulfonamide, and bisamide) showed only slightly improved solubility and were unable 
to be fully evaluated. However, a series of analogues with cationic amine linkers had adequate 
aqueous solubility (up to 280 mM). The amine analogues could not be prepared by direct 
reduction of precursor amides such as 4 and were most conveniently synthesized by aza-Wittig 
condensation of the appropriate azide and aldehyde components. The amine-linked compounds 
were more cytotoxic than 4, with the symmetrical bis(2-nitroimidazole) derivatives (13 and 
14) up to 9-fold more potent. They showed hypoxic selectivities comparable to that of 4 (ca. 
200-fold) but had much more rapid kinetics of killing under hypoxia, resulting in high hypoxic 
selectivity at early times in culture. The nature of the mechanism of cytotoxicity of these 
compounds remains unclear but appears not to be DNA cross-linking, with the compounds 
showing a lack of hypersensitivity toward repair-deficient UV4 cells. The enhanced solubility 
and hypoxia-selective cytotoxicity (at early times) of 13 compared with 4 represent significant 
potential advantages. 

There is increasing interest1-3 in the development of 
drugs (hypoxia-selective cytotoxins; HSCs) capable of 
selectively killing the hypoxic cells which are known to 
be present in many human tumors4 and which are 
considered to pose a problem for both the radiotherapy5 

and chemotherapy6 of cancer. One of the most thor
oughly investigated classes of HSCs are those based on 
2-nitroimidazoles; these compounds (originally devel
oped as radiosensitizers)7 undergo enzymic, oxygen-
inhibitable, reduction of the nitro group via the nitro 
radical anion, resulting in preferential metabolism in 
hypoxic cells to reactive metabolites.8,9 However, al
though possessing moderate hypoxic selectivity, these 
compounds as a class have relatively low cytotoxic 
potencies. Thus misonidazole (1) shows an hypoxic 
selectivity of ca. 20-fold in AA8 cells in culture1011 but 
has an IC50 under hypoxia in the millimolar range. 
Addition of a cationic side chain as in pimonidazole (2) 
provides higher potency,12 and more recent compounds 
of this class (e.g., 3; RB 6145) employ additional DNA-
alkylating functionalities in order to produce toxic 
bifunctional DNA cross-linking species following reduc
tion.13 These have proved to be both more cytotoxic and 
more hypoxia-selective,14,15 and the i?-enantiomer of 3 
is approaching clinical trial.16 
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1 R = OMe 
2 R • plperidine 
3 R - NH(CH2)2Br 

We have recently proposed an alternative approach 
in which the "naked" alkylating moiety in 3 is replaced 
by another bioreductive center capable of producing an 
alkylating species following reduction and studied a 
series of bis(nitroimidazoles).10,17 If reduction of both 
nitro groups provides a bifunctional cytotoxin with 
greater cytotoxicity than the monoreduced species, and 
reduction of each center is independently inhibited by 
oxygen, then such compounds would act as "bis-biore-
ductive" agents18 and enhanced hypoxic selectivity 
would be expected. These criteria appear to be met by 
the mixed bis(nitroimidazole) 4, comprising 2-nitro and 
5-nitro units linked by an alkyl carboxamide chain. This 
compound has greater hypoxic selectivity than the 
mononitroimidazoles 1—3 in AA8 cells (giving a dif
ferential potency of up to 200-fold)10,17 and is active 
against the KHT17 and MDAH-MCa-410 tumors in vivo 
in combination with radiation. The kinetics of activa
tion of 4 in culture are consistent with the formation of 
a bifunctional cytotoxic species but, unlike the active 
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intermediate from 3, this species does not act as a DNA 
cross-linking agent.10 

The above investigations identified two limitations of 
the lead compound (4). The dose range which could be 
evaluated in vivo was limited by its low aqueous 
solubility, and the full hypoxic selectivity of 4 in culture 
was seen only after exposure times of several hours 
(presumably because of slow reduction of the less 
electron affinic 5-nitroimidazole moiety). The corre
sponding bis(2-nitroimidazole) derivative (5) was too 
insoluble to evaluate. In the present work, we extend 
the study of bis(nitroheterocycles) as potential bis-
bioreductive HSCs by the synthesis and evaluation of 
analogues of 4 and 5 with varying linker chains and 
nitroheterocyclic units. The objectives of this study are 
to increase both aqueous solubility and the rate of 
activation under hypoxic conditions, while retaining the 
high hypoxia-selective cytotoxicity displayed by 4. 

Chemistry 

Compounds containing an isopropyl linker group were 
synthesized by alkylation of either 2-nitroimidazole or 
3-nitrotriazole with 3-(2-methyl-5-nitro-lff-imidazolyl)-
epoxypropane (25)19 to give the propanols 6 and 19, 
respectively (Scheme 1). Alkylation of 2-nitroimidazole 
with the protected bromoglucopyranose gave 26; depro-
tection, tosylation, and acetylation gave the mononi-
troimidazole 27. Alkylation of 2-nitroimidazole under 
basic conditions gave the triacetate 28, which was 
deprotected to give the bis(2-nitro-lif-imidazolyl)glu-
copyranose 7 (Scheme 2). 

Reaction of 2-(2-methyl-5-nitro-LH'-imidazolyl)ethyl-
amine17 (29) with 3-chloropropanesulfonyl chloride gave 
the chloropropanesulfonamide 30 (Scheme 3). However, 
attempts to alkylate 2-nitroimidazole with 30 under 
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0 (i) ClS02(CH2)3Cl/Et3N/CH2Cl2; (ii) 2-nitroimidazole/K2CC>3/ 
DMF; (iii) 0(C02tBu)2/K2C03/DMF; (iv) 5 M HC1. 
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basic conditions gave only the sultam 31, and it ap
peared necessary to protect the sulfonamide nitrogen. 
Although the tert-butyloxycarbonyl (BOC)-protected 
chloropropanesulfonamide 32 was not entirely stable to 
the reaction conditions, as evidenced by the formation 
of 31 and the sulfonamide 8, this route did provide the 
BOC-protected bis(nitroimidazoleSulfonamide 33. The 
BOC group was readily removed to give 8. Similarly, 
reaction of the BOC-protected chloride 32 with 3-nitro
triazole and subsequent deprotection gave 20. 

The most direct route to the alkylamino compounds 
appears to be reduction of the previously-reported 
alkanecarboxamides.17 However, while many reagents 
for such conversions exist, this route (e.g., 4 to 10; 
Scheme 4) was not successful. Reduction of 4 with 
borane dimethyl sulfide (BH3-DMS) in tetrahydrofuran 
(THF) gave only starting material. The use of a large 
excess of BH3-DMS or high reaction temperature gave 
complex mixtures in which 10 was present, but from 
which it could not be isolated. Utilization of Lewis acid 
catalysis with BF3-OEt2 and BH3-DMS20 also gave 
complex mixtures. Reaction of 4 with trimethyloxonium 
tetrafluoroborate, followed by sodium borohydride 
(NaBHi) reduction,21 or with Ia/NaBH4,

22 gave only 
starting material, and the reactive nitro functionalities 
in the molecule precluded the use of more forcing 
conditions. 
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Synthesis of 10 was achieved by a convergent syn
thesis, employing an aza-Wittig condensation23 (Scheme 
5). The known17 carboxylic acid 34 was reduced to the 
alcohol 35 and oxidized under Swern conditions to the 
aldehyde 36. The azide 38 (prepared from the known17 

mesylate 37) was treated with triethyl phosphite to give 
the iminophosphorane 39. This reacted with the alde
hyde 36 to give the crude imine 40, which was then 
reduced efficiently to 10. The one-pot three-reaction 
sequence provided the desired unsymmetrical amine 10 
from the azide 38 in 81% overall yield. 

Alkylation of the secondary amine 10 with formalde
hyde and sodium cyanoborohydride24 proceeded ef
ficiently to give the corresponding tertiary amine 11. 
Reaction of the tertiary amine 11 with Davis' reagent25 

in dichloromethane converted it selectively to the cor
responding aliphatic iV-oxide 12. The aza-Wittig method 
was also used to synthesize the lower homologue 9 
(Scheme 6). The known17 carboxylic acid 41 was 
reduced to the propanol 43, although this compound 
could be prepared in better yield by alkylation of 
2-nitroimidazole with a tert-butyldimethylsilyl (TB-
DMS)-protected bromopropanol under basic conditions, 
followed by deprotection of 42 with tetrabutylammo-
nium fluoride (TBAF). Swern oxidation of 43 gave only 
acryl aldehyde. This is consistent with the difficulties 
reported17 in the synthesis of the corresponding acid 41. 
Several other routes to the intermediate aldehyde 44 
were then explored. Alkylation of 2-nitroimidazole with 
2-(2-bromoethyl)-l,3-dioxolane gave 45, and subsequent 
deprotection under acidic conditions provided 44 in 60% 

Me 
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" (i) NaBr/DMF; (ii) NaI/Me2CO; (iii) K2CO3/DMF. 
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troimidazole/K2C03/DMF; (iv) HC1/THF; (v) HCHO/MeCN/ 
BaBH3CN; (vi) MeI/K2CC>3/DMF. 

yield. Alternatively, alkylation of 2-nitroimidazole with 
acrolein using KF on alumina26 as a catalyst gave 44 
directly in 67% yield. Preparation of 9 was also 
achieved by direct alkylation of 3-(2-nitro-lif-imida-
zolyDpropylamine (46) with the iodide 48 (derived from 
the bromide 47)27 (Scheme 7), although this method was 
low-yielding and unreliable. 

The symmetrical amine 13 was obtained by elabora
tion of the iV-trityl diol 50 (Scheme 8). The synthesis 
of this compound by condensation of 3-aminopropanol 
and 3-chloropropanol to give the iminodipropanol 49 
followed by selective tritylation of the amine has been 
reported,28 but with few details. The diol 49 was 
converted to the bis-mesylate 51, which was used to 
alkylate 2-nitroimidazole under basic conditions to give 
52. Deprotection of the amine with acid then gave 13. 

Alkylation of the secondary amine 13 with formalde
hyde and sodium cyanoborohydride24 proceeded ef
ficiently to give the corresponding tertiary amine 14. 
Alkylation of the secondary amine 13 with Mel gave the 
quaternary iodide 15. The reactive nature of the 
2-nitroimidazole units was emphasized by attempts to 
prepare the hydrochloride salt of 14. Treatment of the 
free base with only 2 - 3 equiv of HC1 in methanol gave 
a hygroscopic oil, which was shown by mass spectrom
etry to be a mixture of 14 and the mono- and dichloro-
substituted bis-imidazoles 53 and 54. 

53 R1 = NOz, R2 = CI 
54 R2 = R2 = CI 

The 4-(3-nitro-lif-triazolyl)butanoic acid (56) was 
prepared from the ester 55 by the method used for 
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preparat ion of the corresponding 2-nitroimidazolyl com
pound 34.1 7 Reaction of 2-(2-methyl-5-nitro-lH'-imida-
zolyl)ethylamine (29) wi th succinic anhydride gave the 
acid (57) (Scheme 9). iV-Methyl-2-(2-methyl-5-nitro-Lff-
imidazolyl)ethylamine (60) was synthesized by mono-
alkylation of the trifluoroacetamide 58 and subsequent 
deprotection of 59.29 The nitrotriazolylamine 62 was 
prepared by alkylation of 3-nitrotriazole with the known30 

iV-BOC-protected mesylate 61 and subsequent depro
tection (Scheme 9). 

On the basis of previous work,17 the various acids and 
amines were coupled together with diethyl phosphoro-
cyanidate (DEPC) in the presence of triethylamine 
(EtaN) to provide the required amides in good to 
excellent yields. 

Biological Studies 

The aerobic cytotoxicities of the compounds were 
determined (as IC50 values) in four cell lines (the 
Chinese hamster lines AA8 and UV4, the murine 
mammary carcinoma EMT6, and the human melanoma 
FME) using a growth-inhibition microassay which has 
been described previously.31 The UV4 cell line is a 
repair-defective mutant, hypersensitive to agents whose 
cytotoxicity is due to bulky DNA adducts or cross
links.32 The effect of oxygen on cytotoxicity was deter
mined by clonogenic assay of stirred plateau-phase AA8 
cultures, continually gassed with 5% CO2 in air or N2, 
as described previously.33'34 Drug cytotoxic potency in 
this assay was determined as CT10, the product of the 
drug concentration and duration of exposure required 
for 10% cell survival.10 As noted previously,10,17 there 
is a complex relationship between cell killing, drug 
concentration, and duration of exposure for compounds 
of this type. While CT10 was essentially constant under 
aerobic conditions, for some drugs it decreased progres
sively under hypoxia so that hypoxic selectivity was 

greater using low drug concentrations and long exposure 
times. Hypoxic selectivity was measured as CTio(air)/ 
CTio(N2), and the ranges of this ratio over the drug 
exposure period 1-8 h are shown in Table 2. 

Results and Discussion 

Physicochemical Properties. The structures and 
physicochemical properties of the bis(nitroheterocycles) 
(6—24) are shown in Table 1. Three nitroheterocycles 
(2-nit;roimidazole, 2-methyl-5-nitroimidazole, and 3-ni
trotriazole) were used as the bioreductive centers, all 
linked to the linker unit through the N-l position via 
an alkane chain. The E(l) values for these heterocycles 
were estimated from literature data for related com
pounds35-38 as -390, -490, and -330 mV, respectively 
(assuming complete electronic isolation by the linker 
chain). 

The solubilities of the compounds in the cell culture 
medium used for in vitro studies (a-MEM with 5% fetal 
calf serum) were determined by spectrophotometry. 
Compared with the alkanecarboxamide unit used previ
ously,17 alkanesulfonamide and the hydroxyl-containing 
linkers were unexpectedly less soluble (cf. 6 and 8 with 
3), precluding full evaluation of their cytotoxicity. The 
tertiary amide 18 was also less soluble than 3. Use of 
a glucopyranosyl linker for two 2-nitroimidazole units 
(compound 7) provided a 5-fold improvement in solubil
ity relative to the corresponding alkanecarboxamide 5. 
The oxamide-linked compound 16 was relatively in
soluble, but the related succinamide 17, where the two 
carboxamides are linearly separated, was much more 
soluble. In terms of high aqueous solubility, the most 
effective linkers were the alkylamines. Compounds 
9-15 all show solubilities of >30 mM, with 13 and 14 
being 280 and 240 mM, respectively, compared with 5.4 
mM for 4. 

Aqueous solubility also depended on the nature of the 
nitroheterocycles. Replacement of the 2-nitroimidazole 
in compounds 5 and 6 with a 3-nitrotriazole (compounds 
24 and 19, respectively) provided a 6-fold increase, and 
a similar trend was seen with the equivalent pair of 
sulfonamides 8 and 20 (although both 19 and 20 were 
still too insoluble to evaluate fully). Complex relation
ships between the solubilizing group, its position in the 
linking chain, and the adjacent heterocycle were ob
served for compounds 21-24, because of polar proximity 
effects, which reduced the solubility of 22 with respect 
to 23. This effect appeared to be more important for 
the interaction of polar groups with a 2-nitroimidazole 
unit (compound 23) than for the interaction with the 
3-nitrotriazole in 21. 

Aerobic Cytotoxicity. IC50 values for the com
pounds following 18 h exposures in air are given in 
Table 2. The amino-linked 2-nitro/5-nitro analogues 
9-11 show increased cytotoxicity (2-7-fold) relative to 
the carboxamide-linked parent compound 4, but the 
corresponding tertiary amine N-oxide 12 was much less 
potent than 11. The symmetrical amines 13 and 14 
were 6—9-fold more potent than 4, but the quaternary 
salt 15 only 2-fold. The increased cytotoxic potency of 
the amines relative to the analogues with neutral 
linkers parallels the increase in potency of pimonidazole 
(2) relative to misonidazole (1). The succinamide 17 and 
the tertiary amide 18 also showed only modest increases 
in toxicity over 4. Comparison of 10 and 11 with 13 
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Table 1. Structural and Physicochemical Data for Bis(nitroimidazoles) 

NO, 

N ^ X N ~ X 
N02 

B 

N < ^ N -

NO, 

Hay et al. 

side chain R2 mp (°C) formula anal. sola 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
B 
C 
A 
A 
A 
B 

misonidazole 
pimonidazole 
RB-6145 
(CH2)3CONH(CH2)2 
(CH2)3CONH(CH2)2 
CH2CH(OH)CH2 

CH2-glucopyranosyl 
(CH2)3S02NH(CH2)2 
(CH2)3NH(CH2)2 

(CH2)4NH(CH2)2 

(CH2)4N(Me)(CH2)2 

(CH2)4N(Me)(0)(CH2)2 

(CH2)3NH(CH2)3 

(CH2)3N(Me)(CH2)3 
(CH2)3N+(Me)2(CH2)3 
(CH2)3NHCOCONH(CH2)3 

(CH2)2NHCO(CH2)2CONH(CH2)2 

(CH2)3CON(Me)(CH2)2 

CH2CH(OH)CH2 

(CH2)3S02NH(CH2)2 

(CH2)3CONH(CH2)2 

(CH2)2NHCO(CH2)3 
(CH2)3NHCO(CH2)3 

(CH2)2NHCO(CH2)3 

B 
A 
B 
A 
B 
B 
B 
B 
B 
A 
A 
A 
A 
B 
B 
C 
B 
C 
C 
C 
C 

ref 17 
ref 17 
212-213 
141-143 
182-184 
gum 
162.5 
oil 
161-163 
120.5-123 
184 
202-204 
200-200.5 
oil 
112-114 
171-172 
147-149 
oil 
160-163 
oil 
115-117 

Ci0H12N6O6 

C1 2H1 4N608 

C2 iHi7N706S 
Ci2Hi7N704-2HCl 
Ci3Hi9N704-2HCl 
O 4 H 2 i N 7 0 4 

O 4H 2 iN 70 5 .2HCl 
O 2Hi 7N 70 4 .2HCl 
Ci3Hi9N704 .2HC104 

Ci3Hi9IN704 

Ci 4Hi 8N 80 6 

Ci6H22Ns06 
Ci4Hi9N706 

C9H11N7O6 
CnHieNsOeS 
CnHisNsOs 
C„H 1 4 N 8 0 6 

Ci2Hi6N806 

Ci2Hi6N806 

C,H,N 
C,H;N6 

C,H,N 
C,H,N,C1 
C,H,N;CF 
HRMS 
C,H 
C,H,N,C1 
H,N;Cd 

C,H,N,I 
C,H,N,C1 
C,H,N 
C,H,N 
C,H,N 
C,H,N 
HRMS 
C,H,N 
C,H 
C,H,N 

20 
4.2 
1.2 

11.2 
0.13 

>46 
>48 

33 
>47 
>48 
>45 

29 
0.3 

45 
15 

7.8 
1.0 

23 
2.3 

>47 
33 

" Solubility (mM) in culture medium (aMEM + 5% FCS) by spectrophotometry. * N out by 0.8%.c CI out by 0.5%. d C out by 0.6%. 

Table 2. In Vitro Aerobic Cytotoxicity and Hypoxia-Selectivity Data for Bis(nitroimidazoles) 

growth inhibition assay (aerobic) 

no. 

l c 

2 
3e 

4e 

6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

IC5o
a (mM): AA8 

12.0 ± 0 . 1 
3.03 ± 0.27 
0.15 ± 0 . 2 1 
7.14 ±0 .79 

>0.8f 
7.40 

>A0.2f 
4.74 ± 1.21 
2.00 ± 0.92 
1.00 ± 0.17 

20.5 ±0 .72 
1.18 ± 0 . 3 7 
0.81 ± 0.23 
3.65 ± 0.03 

>0.08 f 

6.60 ± 1.79 
4.80 ± 0.93 
2.3 ±0 .19 
1.14 
6.92 ± 0.34 
1.71 
5.28 ± 0.30 
6.42 ± 1.19 

UV4 

1.37 ± 0 . 1 2 
1.37 ± 0.08 
5.85 ± 0.90 
1.38 ±0 .19 

>0.85 
0.89 
f 
1.42 ± 0.34 
1.07 ± 0.52 
0.98 ± 0 . 1 7 
1.15 ±0 .39 
0.90 ± 0.31 
0.97 ± 0.07 
0.89 ± 0.04 
f 
1.00 ± 0.40 
1.05 ±0 .10 
1.16 ± 0 . 1 1 

<1.35^ 
1.19 ±0 .04 
1.17 
1.25 ± 0.23 
1.2 ± 0.23 

hypersensitivity factor6 

EMT6 

3.6 ± 0.88 
6.30 ± 2.45 
1.55 ± 0.13 
4.64 ± 1.27 

f 
<0.& 
>0.84 

4.73 
2.12 ± 0.88 
1.44 ± 0.19 
2.05 ± 0.08 
5.37 ± 1.21 
2.60 ± 0.71 

24.2 ± 5.35 

f 
7.09 
2.09 ± 0.01 
4.85 ± 0.08 

<1.35f 
10.7 ± 2 . 8 3 

1.76 
8.38 
4.94 ± 0.51 

FME 

1.94 ± 0 . 1 8 
4.07 ± 1.06 
1.0 
3.51 ± 0.80 

>1.11 
2.44 

>0.91 
3.61 
1.27 ± 0.44 
1.54 ± 0.28 
2.28 ± 1.14 
2.58 ± 0.76 
2.55 
4.85 ± 1.07 
f 
3.49 
2.83 ± 1.80 
3.63 ± 1.41 
1.19 
6.90 

>1.9 
5.94 
4.51 

clonogenic assay 

hypoxic CTi0
c (mM h) 

16.0-8.3 
3.5 
0.4-0.2 

12.0-0.4 
2.4 

57 

2.4-0.88 
2.4-1.4 
2.0-1.2 

69 
2.3-0.29 
0.7-0.25 

2 3 - 1 5 
>0.7f 
47 

7.2-4.8 
>47f 

17 
15 
17 

100 

(AA8) 

ratiod air/N2 

18-25 
40 
20 -40 

8-200 
>3* 
>1.5* 

14-38 
12-19 
8-30 

>1 
40-200 
40-130 
10-15 

>6* 
>18 

>6* 
>\g 

3.5-10 
>1.3* 

a IC50: the concentration of drug required to reduce cell numbers to 50% of controls in a growth inhibition assay (see text). Values are 
means for three to six separate determinations ± SEM. Where no SEM is provided, results are from a single determination. 
6 Hypersensitivity factor; HF = IC50 for AA8/IC50 for the indicated cell line.c Drug concentration x time, ^M h) to reduce cell survival to 
10% of control values under hypoxic conditions. d Ratio aerobic CTio/hypoxic CT10." Data from ref 17, with inclusion of additional 
independent determinations, f Inactive at the solubility limit. * No aerobic cytotoxicity at the solubility limit. 

and 14 suggests that increasing the reduction potential 
of the second bioreductive center by replacing the 
2-methyl-5-nitroimidazole moiety with another 2-ni-
troimidazole has little effect on cytotoxicity (although 
the linker chains are not identical). The 3-nitrotriazole 

compounds 19—24 were 1.1—6.6-fold more potent than 
4. Overall, significant increases in aerobic toxicity were 
limited to compounds with a protonable amino group 
in the linker and may be related either to an increased 
affinity for DNA or improved cell uptake. However, 
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Figure 1. Cytotoxic potency (CTio values) of bisnitroimida-
zoles 4 (circles) and 13 (squares) in aerobic (open symbols) and 
hypoxic (filled symbols) cultures of AA8 cells at a range of drug 
exposure times. The lower panel shows the hypoxic selectivity 
of these compounds as the ratio of potencies under aerobic and 
hypoxic conditions at each time. 

none of the bis(nitroheterocycles) were as cytotoxic 
under aerobic conditions as the alkylating derivative 3. 

The latter compound also showed significantly in
creased potency in the repair-deficient UV4 cell line, 
with a hypersensitivity factor [HF = IC5o(AA8)/IC5o-
(UV4)] of 5.9 in air and ca. 20 under hypoxia,10 consis
tent with its reported major mechanism of cytotoxicity 
being DNA alkylation under aerobic conditions and 
DNA cross-linking under hypoxia.13'14 All of the bis-
(nitroheterocycles) had aerobic HF values close to unity, 
similar to misonidazole (1), suggesting that they do not 
act as DNA alkylating agents, as shown previously10 for 
4 under both aerobic and hypoxic conditions. The 
murine breast carcinoma line EMT6 and the human 
melanoma line FME were generally more sensitive than 
AA8 to both the mono- and bisnitroheterocycles (Table 
2), being most pronounced for the quaternary am
monium salt (15) (29-fold more toxic to EMT6 than AA8 
cells). Reasons for these differences between cell lines 
are not known. 

Hypoxia-Selective Cytotoxicity. The cytotoxicities 
of the compounds were compared under aerobic and 
hypoxic conditions by clonogenic assay of stirred sus
pensions of AA8 cells (Table 2). For compounds with 
sufficient solubility, the kinetics of cell killing were 
assessed at several drug concentrations. Plots of CTio 
versus time are shown for two representative com
pounds (4 and 13) in Figure 1. In all cases CTio was 
essentially independent of time under aerobic condi

tions, but generally decreased with time under hypoxic 
conditions. The range of hypoxic CTio values obtained 
for each compound and the corresponding range of 
hypoxic selectivities (CTio air/CTio N2) are shown in 
Table 2. 

Four of the eight compounds containing 2-nitro- and 
5-nitroimidazole units and neutral linkers (6,8,17, and 
18) showed some selectivity for hypoxic cells, but the 
extent of the differential could not be determined 
because of solubility limitations. The readily soluble 
amines (9-11) had hypoxic cytotoxic potencies broadly 
similar to that of 4 but lower hypoxic selectivity at late 
times than 4 due to greater aerobic cytotoxicity. Com
pound 12, the iV-oxide of the tertiary amine 11, was of 
particular interest. Its low aerobic toxicity relative to 
11 suggested its potential as a "tris-bioreductive" agent, 
since reduction of tertiary amine iV-oxides is known to 
be inhibited by oxygen.18-39'40 However, it showed very 
low potency under hypoxia (CTio 69 mM h), suggesting 
that either the very polar AT-oxide slows uptake or is 
not efficiently metabolized by AA8 cells. 

In the bis(2-nitroimidazole) series, the glucopyranosyl-
linked analogue (7) also showed very low potency under 
hypoxic conditions, again possibly reflecting limitations 
on cellular uptake. The readily soluble derivative with 
a permanently-charged quaternary ammonium linker 
(15) also had very low hypoxic potency and modest 
hypoxic selectivity (10-15-fold). The soluble secondary 
and tertiary amine derivatives could be evaluated fully 
and had similar cytotoxic potencies, with the secondary 
amine (13) being slightly more hypoxia-selective than 
the tertiary amine (14). Most notable (illustrated for 
13 in Figure 1) was that the change in hypoxic potency 
(CTio) with time was less pronounced than for 4, with 
high hypoxic selectivity being achieved at early times. 
For example, after a 1 h exposure the hypoxic selectivity 
of 4 was only about 5-fold while 13 gave a differential 
of 40-fold, although at late times both compounds 
showed a similar ratio (ca. 200-fold). We have previ
ously shown that the time dependence of the hypoxic 
differential of 4 is not due to slow removal of residual 
oxygen from the culture system.10 However, in the case 
of 13 the small increase in apparent hypoxic potency 
with time is probably due to such an effect, since in an 
experiment in which the duration of gassing with 95% 
N2/5% CO2 was extended from 1 to 2 h before mixing 
drug and cells, the CTio value (2 mM drug concentra
tion) fell from 1.35 to 0.86 mM h. 

The lack of hypersensitivity of UV4 cells to bis-
nitroimidazoles in the IC50 assays (Table 2) suggests 
that they do not act as DNA cross-linking agents under 
aerobic conditions, but that bifunctional activation 
under hypoxia might lead to such a lesion. The cyto
toxicity of 13 against UV4 cells was investigated under 
hypoxic as well as aerobic conditions using the clono
genic assay. For UV4 cells the CTio was 1.07 and 0.30 
mM h at 1 and 3 h, respectively, under hypoxic condi
tions, and approximately 24 mM-h under aerobic condi
tions, indicating a sensitivity indistinguishable to that 
of AA8 cells (Figure 1). 

Five compounds with a nitrotriazole unit replacing 
one of the nitroimidazole moieties were also examined 
in the clonogenic assay. The derivatives with a 5-ni
troimidazole unit (19 and 24) had very low cytotoxic 
potencies under hvDoxia (CTm > 47 mM h) and the 



1934 Journal of Medicinal Chemistry, 1995, Vol. 38, No. 11 Hay et al. 

2 25 " 
IS 

a 

CO 

1.0 I ' '— ' '— ' 
10 100 1000 

C o n c e n t r a t i o n (/U.M) 

Figure 2. Sensitization of hypoxic AA8 cells to ionizing 
radiation by compounds 2 (O) and 13 (•) at 37 °C. The 
sensitizer enhancement ratio is the ratio of radiation doses 
for 10% survival without and with compound, which was added 
to the cells 30 min before irradiation. 

hypoxic differential could not be determined because of 
solubility limitations. The three 2-nitroimidazole/ni-
trotriazole compounds had greater hypoxic potencies 
(CTio 15-17 mM h). The amide-linked 23 was suf
ficiently soluble to evaluate fully, but showed only 
modest hypoxic selectivity. 

Hypoxic Cell Radiosensitization. We have previ
ously shown17 that bis(nitroimidazoles) are hypoxic cell 
radiosensitizers but that they are not markedly more 
potent than related mononitroimidazoles. Although our 
primary intrerest in these compounds was as HSCs, the 
radiosensitizing potency of 13 was compared with the 
related cationic mononitroimidazole pimonidazole (2) in 
hypoxic AA8 cultures at 37 °C, with drug added 0.5 h 
before irradiation (Figure 2). The drug concentrations 
required to give a sensitizer enhancement ratio of 1.6 
(Ci.6) were 67 and approximately 170 JUM for 13 and 2, 
respectively, the latter being in good agreement with 
an earlier determination (Ci.6 = 80 fiM) in this cell 
line.12 Thus the bis(2-nitroimidazole) is little more than 
twice as potent as the corresponding mononitro com
pound, suggesting that there is no marked enhancement 
of radiosensitizing potency provided by covalent linkage 
of the electron affinic units. 

Conclusions 
Of a number of different linking groups joining the 

bioreductive units in the bis(nitroheterocycles), only the 
aminoalkyl provided compounds with sufficient aqueous 
solubility to evaluate fully in cell culture. For non-
charged linkers, polar proximity effects play a major role 
in determining solubility, which is therefore difficult to 
predict. It is likely that the increase in aerobic potencies 
of the aminoalkyl compounds (9—11,13, and 14) is due 
to increased cellular uptake and/or increased DNA 
affinity mediated by the cationic aminoalkyl linker. The 
reduced time dependency of cytotoxicity under hypoxia 
of 13 and 14 with respect to 4 is due to more efficient 
bioreductive activation of the more electron-affinic 
second 2-nitroimidazole center. 

The nature of the mechanism of cytotoxicity of these 
compounds remains unclear but appears not to be DNA 

cross-linking as originally conceived.17 Detailed studies 
of 4 using alkaline elution techniques have failed to 
identify DNA cross-links,10 and, after consideration of 
the metabolic reduction of metronidazole,41 a mecha
nism involving the bioreduction of both nitro groups to 
generate a locally doubly damaged site on DNA (e.g., a 
single strand break combined with a monoalkylation 
site) was proposed.10 It is not known whether com
pounds such as 13, with two 2-nitroimidazole bioreduc
tive units, produce lesions of a similar type; certainly, 
the low HF values in the UV4 cell line do not suggest 
DNA alkylation as a major mechanism. The use of 
nitrotriazoles of even higher reduction potential than 
2-nitroimidazole (compounds 21-24) was not successful 
in providing compounds with higher absolute cytotox
icity. 

The enhanced solubility and hypoxia-selective cyto
toxicity (at early times) of 13 compared with 4 represent 
significant potential advantages. Preliminary data 
show that 13 is active against the KHT tumor in vivo 
in combination with radiation, whether given before or 
after irradiation. A full in vivo evaluation of this 
compound as an HSC using both single dose and 
fractionated irradiation (to kill oxygenated cells) in two 
tumor models is in progress. 

Experimental Section 

Analyses indicated by symbols of the elements were within 
+0.4% of theoretical. Analyses were carried out in the 
Microchemical Laboratory, University of Otago, Dunedin, NZ. 
Melting points were determined on an Electrothermal 2300 
melting point apparatus. NMR spectra were obtained on a 
Bruker AC-200 or AM-400 spectrometer and are referenced 
to Me4Si for organic solvents or DSS (2,2-dimethyl-2-silapen-
tane-5-sulfonate) for aqueous solvents. Mass spectra were 
determined on a VG-70SE mass spectrometer using an ionizing 
potential of 70 eV at a nominal resolution of 1000. High-
resolution spectra were obtained at nominal resolutions of 
3000, 5000, or 10000 as appropriate. Spectra were obtained 
using the ionization mode specified, with PFK as the reference 
unless otherwise stated. Unless otherwise stated, reactions 
were worked up by drying organic fractions over Na2SC>4 and 
removing solvent under reduced pressure. Thin-layer chro
matography was carried out on aluminum-backed silica gel 
plates (Merck 60 F254). Column chromatography was carried 
out on silica gel (Merck 230-400 mesh). All compounds 
designated for biological testing were analyzed at >99% purity 
by reverse phase HPLC using a Philips PU4100 liquid chro-
matograph, a Phenomenex BondClone 10-C18 stainless steel 
column (300 mm x 3.9 mm i.d.), and a Philips PU4120 diode 
array detector. Chromatograms were run using various 
gradients of aqueous (1 M NaH2P04, 0.75 M heptanesulfonic 
acid, 0.5 M dibutylammonium phosphate, and MilliQ water 
in a 1:1:1:97 ratio) and organic (80% MeOH/MilliQ water) 
phases. 

l-(2-Nitro-lff-imidazolyl)-3-(2-methyl-5-nitro-lH-imi-
dazolyl)propan-2-ol (6). A stirred solution of 3-(2-methyl-
5-nitro-Lff-imidazolyl)-l,2-epoxypropane19 (25) (0.68 g, 3.69 
mmol), 2-nitroimidazole (0.44 g, 3.88 mmol), and Et3N (0.2 mL) 
in absolute EtOH (25 mL) was heated at reflux temperature 
for 5 h. The suspension was cooled to 20 °C, and the 
precipitate was collected and recrystallized from absolute 
EtOH to give l-(2-nitro-Lff-imidazoyl)-3-(2-methyl-5-nitro-lH'-
imidazolyl)propan-2-ol (6) (0.67 g, 61%): mp 212-213 °C; lH 
NMR (CD3CN) 6 7.91 (s, 1 H, H-4'), 7.32 (d, J = 1.0 Hz, 1 H, 
H-5'), 7.10 (d, J = 1.0 Hz, 1 H, H-4'), 4.62 (dd, J = 13.5, 3.1 
Hz, 1 H, H-l), 4.54 (dd, J = 14.0, 2.6 Hz, 1 H, H-3), 4.35 (dd, 
J = 13.5, 8.4 Hz, 1 H, H-l), 4.25-4.31 (m, 1 H, H-2), 4.19 (dd, 
J = 14.0, 9.1 Hz, 1 H, H-3), 3.72 (br s, 1 H, OH), 2.44 (s, 3 H, 
CH3);

 13C NMR (CD3CN) 6 152.4 (C-2"), 145.2 (C-2'), 138.7 (C-
5") 133.4 (C-4"), 127.9 (C-5T, 126.7 (C-4T, 68.6 (C-2), 52.7 
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(C-3), 49.3 (C-l), 14.6 (CH3). (#, assignment interchangeable). 
Anal. (Ci0Hi2N6O6) C, H, N. 

l-(3-Nitro-l,2,4-lff-triazolyl)-3-(2-methyl-5-nitro-lff-
imidazolyl)propan-2-ol (19). A stirred solution of 25 (0.85 
g, 4.6 mmol), 3-nitro-l,2,4-triazole (0.53 g, 4.6 mmol), and Et3N 
(0.2 mL) in absolute EtOH (25 mL) was heated at reflux 
temperature for 5 h. The solution was cooled to 20 °C, the 
solvent removed under reduced pressure, and the residue 
chromatographed on silica. Elution with a gradient (0-5%) 
MeOH/EtOAc gave l-(3-nitro-l,2,4-l#-triazolyl)-3-(2-methyl-
5-nitro-lH-imidazolyl)propan-2-ol (19) (0.62 g, 45%): mp 
(EtOAc) 171-172 °C; : H NMR [(CD3)2SO)] d 8.85 (s, 1 H, H-5'), 
8.04 (s, 1 H, H-4"), 5.71 (d, J = 4.5 Hz, 1 H, OH), 4.56 (dd, J 
= 13.9, 3.0 Hz, 2 H, H-l), 4.41 (dd, J = 13.9, 7.7 Hz, 1 H, H-3), 
4.25 (dd, J = 13.8, 9.5 Hz, 1 H, H-3), 4.19 (br s, 1 H, H-2), 
2.45 (s, 3 H, CH3);

 13C NMR 6 162.0 (C-3'),152.1 (C-2"), 147.6 
(C-5'), 138.5 (C-5"), 133.0 (C-4"), 67.8 (C-2), 54.0 (C-l), 48.8 
(C-3), 14.3 (CH3). Anal. (C9H11N7O5) C, H, N. 

2-Nitro- Iff- [6-(2-nitro- lff-imidazolyl)-/?-D-glucopyrano-
syl]-imidazole (7). A mixture of l-bromo-2,3,4,6-tetra-0-
acetyl-/?-D-glucopyranose (9.5 g, 23.1 mmol), 2-nitroimidazole 
(2.61 g, 23.1 mmol), and anhydrous K2C03 (3.82 g, 27.7 mmol) 
in dry DMF (20 mL) was stirred at 60-70 °C for 30 min. The 
mixture was poured into ice-water, extracted with EtOAc, and 
worked up. The residue was chromatographed on silica, 
eluting with 30% EtOAc/petroleum ether, to give crude 2-nitro-
lW-[2,3,4,6-tetra-0-acetyl-/S-D-glucopyranosyl]imidazole (26) as 
a pale yellow syrup, which was used directly (3.7 g, 36%): *H 
NMR (CDC13) 6 7.38 (d, J = 1.0 Hz, 1 H, imid-H), 7.20 (d, J = 
1 Hz, 1 H, imid-H), 6.43 (d, J = 9.0 Hz, 1 H, H-l), 5.42 (t, J = 
9.0 Hz, 1 H, H-2), 5.34 (t, J = 9.0 Hz, 1 H, H-3), 5.23 (dd, J = 
10.0, 9.0 Hz, 1 H, H-4), 4.30 (dd, J = 12.7, 5.2 Hz, 1 H, H-6), 
4.18 (dd, J = 12.7, 2.1 Hz, 1 H, H-6'), 4.05 (ddd, J = 10.0, 5.2, 
2.1 Hz, 1 H, H-5), 2.10, 2.07, 2.03, 1.92 (4 x s, 4 x 3 H, 4 x 
CH3). 

A solution of 26 (3.4 g, 7.68 mmol) in a mixture of Et3N (15 
mL), MeOH (45 mL), and water (15 mL) was stirred at 20 °C 
for 90 min. The solvent was evaporated and the residue 
dissolved in pyridine (15 mL). The stirred solution was treated 
dropwise at 0 °C with a solution of tosyl chloride (1.76 g, 9.22 
mmol) in CH2CI2 (10 mL) and the resulting mixture stirred 
for 90 min. Ac20 (15 mL) was added and the mixture stirred 
at 20 °C for 15 h. The reaction was then poured into ice-
water and extracted with EtOAc (3 x 100 mL). The combined 
organic fraction was washed with cold aqueous NaHC03 (100 
mL) and water (100 mL) and worked up to give crude 2-nitro-
lff-[6-tosyl-2,3,4-tri-0-acetyl-/3-D-glucopyranosyl]imidazole(27) 
as a sticky solid which was used directly (4.21 g, 98%): XH 
NMR (CDC13) 6 7.73 (d, J = 8.3 Hz, 2 H, ArH), 7.31 (d, J = 1 
Hz, 1 H, imid-H), 7.29 (d, J = 8.3 Hz, 2 H, ArH), 7.18 (d, J = 
1.0 Hz, 1 H, imid-H), 6.36 (d, J = 9.5 Hz, 1 H, H-l), 5.36 (t, J 
= 9.5 Hz, 1 H, H-2), 5.27 (t, J = 9.5 Hz, 1 H, H-3), 5.19 (t, J 
= 9.5 Hz, 1 H, H-4), 4.22 (dd, J = 11.6, 2.5 Hz, 1 H, H-6), 4.17 
(dd, J = 11.6, 4.7 Hz, 1 H, H-6') 4.03 (ddd, J = 9.5, 4.7, 2.5 
Hz, 1 H, H-5), 2.44 (s, 3 H, C6H4CH3), 2.03, 2.01, 1.89 (3 x s, 
3 x 3 H, 3 x CH3). 

The tosylate 27 (3.89 g, 7.01 mmol) was treated with 
2-nitroimidazole (0.79 g, 7.01 mmol) and anhydrous K2C03 
(1.11 g, 8.06 mmol) in DMF (20 mL) at 100-110 °C for 4 h. 
The cooled mixture was poured into ice-water (500 mL), and 
the precipitate was collected and washed with water (3 x 100 
mL). Recrystallization from Me2CO/CH2Cl2 gave 2-nitro-l.H-
[6-(2-nitro-li7-imidazolyl)-2,3,4,-tri-0-acetyl-/3-D-glucopyrano-
syl]imidazole (28) (1.79 g, 51%): mp 234-236 °C dec; *H NMR 
[(CD3)2SO] <5 7.93 (d, J = 1.0 Hz, 1 H, imid-H), 7.44 (d, J = 1.0 
Hz, 1 H, imid-H), 7.28 (d, J = 1.0 Hz, 1 H, imid-H), 7.12 (d, J 
= 1.0 Hz, 1 H, imid-H), 6.49 (d, J = 9.0 Hz, 1 H, H-l), 5.53 (t, 
J = 9.0 Hz, 1 H, H-2), 5.48 (t, J = 9.0 Hz, 1 H, H-4), 5.19 (t, 
J = 9.0 Hz, 1 H, H-3), 4.78 (dd, J = 14.3, 1.7 Hz, 1 H, H-6), 
4.56 (dt, J = 9.0, 1.7 Hz, 1 H, H-5), 4.45 (dd, J = 14.3, 9.0 Hz, 
1 H, H-6'), 2.10, 1.99, 1.82 (3 x s, 3 x 3 H, 3 x CH3). Anal. 
(dsH^NgOn) C, H, N. 

A solution of 28 (1.29 g, 2.60 mmol) in MeOH (50 mL) and 
CH2CI2 (50 mL) was treated with a solution of NaOMe (0.4 g, 
7.2 mmol) in MeOH in (10 mL) and stirred at 20 °C for 30 
min. Amberlite resin IR-120(H) (5 mL) was added, and the 

mixture was stirred for 10 min and filtered. Evaporation of 
the filtrate gave 2-nitro-l#-[6-(2-nitro-lff-imidazolyl)-/?-D-
glucopyranosyl]imidazole (7) (0.95 g, 99%): mp [(CH3)2SO] 
141-143 °C; JH NMR [(CD3)2SO] <5 7.72 (d, J = 1.0 Hz, 1 H, 
imid-H), 7.50 (d, J = 1.0 Hz, 1 H, imid-H), 7.23 (d, J = 1.0 Hz, 
1 H, imid-H), 7.10 (d, J = 1.0 Hz, 1 H, imid-H), 5.80 (d, J = 
8.8 Hz, 1 H, H-l), 5.60 (br s, 2 H, OH), 5.47 (br s, 1 H, OH), 
4.99 (dd, J = 14.4, 2.5 Hz, 1 H, H-6), 4.41 (dd, J = 14.4, 8.8 
Hz, 1 H, H-6'), 3.87 (dt, J = 8.8, 2.5 Hz, 1 H, H-5), 3.53 (t, J 
= 8.8 Hz, 1 H, H-2), 3.47 (t, J = 8.8 Hz, 1 H, H-4), 3.21 (t, J 
= 8.8 Hz, 1 H, H-3). Anal. (C^HwNeOs) C, H, N. 

AT-[2-(2-Methyl-5-nitro-Lff-imidazolyl)ethyl]-3-(2-nitro-
Lff-imidazolyl)propanesu]fonamide (8). 3-Chloropropane-
sulfonyl chloride (0.93 mL, 6.66 mmol) was added dropwise to 
a stirred solution of 2-(2-methyl-5 lff-nitroimidazolyl)ethyl-
amine (29) (1.03 g, 6.05 mmol) and Et3N (0.93 mL, 6.66 mmol) 
in CH2C12 at 0 °C. The solution was stirred at 20 °C for 16 h, 
and the solvent was then removed under reduced pressure. 
Chromatography of the residue, eluting with a gradient (80— 
100%) of EtOAc/petroleum ether, gave AT-[2-(2-methyl-5 1H-
nitroimidazolyl)ethyl]-3-chloropropanesulfonamide (30) (1.85 
g, 98%): mp (EtOAc/petroleum ether) 125.5-126.5 °C; *H 
NMR (CDCI3) <5 7.84 (s, 1 H, H-4"), 6.00 (br s, 1 H, NH), 4.50 
(t, J = 5.8 Hz, 2 H, H-2'), 3.67 (t, J = 6.1 Hz, 2 H, H-3), 3.54 
(q, J = 6.1 Hz, 2 H, H-l'), 3.20 (t, J = 7.5 Hz, 2 H, H-l), 2.59 
(s, 3 H, CH3), 2.21-2.28 (m, 2 H, H-2); 13C NMR d 151.6 (C-
2"), 138.2 (C-5"), 133.0 (C-4"), 50.1 (C-2'), 47.3 (C-l'), 42.6 (C-
1, C-3), 26.7 (C-2), 14.4 (CH3); EIMS m/z 312 (3%), 310 (M+, 
10), 293 (9), 275 (5), 264 (100); HREIMS m/z calcd for 
C9Hi6N404S37CVC9Hi6N404S35Cl 312.0473/310.0502 (M+), found 
312.0516/310.0502. Anal. (C9H15CIN4O4S) C, H, N. 

A suspension of 30 (1.54 g, 5.0 mmol), di-iert-butyl dicar-
bonate (2.16 g, 9.9 mmol), and K2C03 (0.75 g, 5.5 mmol) in 
DMF (30 mL) was stirred at 20 °C for 18 h. The suspension 
was filtered, and the solvent was removed under reduced 
pressure. Chromatography of the residue, eluting with 50% 
EtOAc/petroleum ether, gave iV-[2-(2-methyl-5-nitro-l.H-imi-
dazolyl)ethyl-AT-(fert-butyloxycarbonyl)-3-chloropropanesulfona-
mide (32) (1.69 g, 83%): mp (EtOAc/petroleum ether) 135-
135.5 °C; *H NMR (CDC13) 6 7.97 (s, 1 H, H-4"), 4.56 (t, J = 
5.6 Hz, 2 H, H-2'), 4.09 (t, J = 5.6 Hz, 2 H, H-l'), 3.64 (t, J = 
6.0 Hz, 2 H, 3-H), 3.57 (t, J = 7.5 Hz, 2 H, H-l), 2.52 (s, 3 H, 
CH3), 2.19-2.26 (m, 2 H, H-2), 1.51 (s, 9 H, C(CH3)3);

 13C NMR 
6 151.1 (C02), 151.0 (C-2"), 139.0 (C-5"), 133.2 (C-4"), 86.2 
(C(CH3)3), 51.4 (C-2'), 46.1 (C-l'), 46.0 (C-l), 42.3 (C-3), 27.9 
(C(CH3)3), 26.4 (C-2), 14.2 (CH3). Anal. (Ci4H23ClN404S) C, 
H, N, CI. 

A suspension of 32 (1.13 g, 2.75 mmol), 2-nitroimidazole 
(0.47 g, 4.13 mmol), and K2C03 (0.46 g, 3.3 mmol) in DMF (30 
mL) was stirred at 100 °C for 4 h. The solvent was removed 
under reduced pressure and the residue chromatographed. 
Elution with a gradient (0-10%) of MeOH/EtOAc gave first 
Af-ferf-butyl-AT-[2-(2-methyl-5-nitro-Lff-imidazolyl)ethyl]-3-(2-
nitro-lH-imidazolyl)propanesulfonamide (33) (0.50 g, 37%) as 
an oil which was converted (see below) to 8 without further 
purification: XH NMR [(CD3)2SO] 6 8.00 (s, 1 H, H-4'"), 7.66 
(d, J = 1.0 Hz, 1 H, H-5'), 7.19 (d, J = 1.0 Hz, 1 H, H-4'), 4 .48-
4.51 (m, 2 H, H-2"), 4.45 (t, J = 7.0 Hz, 2 H, H-3), 3.98 (t, J = 
5.3 Hz, 2 H, H-l"), 3.53 (dd, J = 8.0, 7.6 Hz, 2 H, H-l), 2.39 (s, 
3 H, CH3), 2.11-2.19 (m, 2 H, H-2), 1.40 (s, 9 H, C(CH3)3);

 13C 
NMR <5 151.2 (C02), 150.6 (C-2'"), 144.5 (C-2'), 138.7 (C-5'"), 
132.9 (C-4'"), 127.9 (C-4'), 127.6 (C-5'), 84.6 (C(CH3)3), 50.1 (C-
2"), 47.2 (C-l), 46.1 (C-l"), 45.3 (C-3), 27.2 (C(CH3)3), 23.6 (C-
2), 13.6 (CH3). 

Further elution gave Af-[2-(2-methyl-5-nitro-lff-imidazolyl)-
ethyl]-3-propanesultam (31) (0.19 g, 25%): mp (MeOH/iPraO) 
132-132.5 °C; W NMR [(CD3)2SO] 6 8.03 (s, 1 H, H-4"), 4.43 
(t, J = 5.9 Hz, 2 H, H-2'), 3.32 (t, J = 6.0 Hz, 2 H, H-l'), 3.23 
(t, J = 6.7 Hz, 2 H, H-3), 3.14 (dd, J = 7.8, 7.4 Hz, 2 H, H-l), 
2.45 (s, 3 H, CH3), 2.16-2.23 (m, 2 H, H-2); 13C NMR 6 151.6 
(C-2"), 138.3 (C-5"), 133.2 (C-4"), 47.7 (C-2'), 45.7 (C-l'), 44.6 
(C-3), 44.5 (C-l), 18.8 (C-2), 13.8 (CH3); EIMS m/z 274 (M+, 
3), 257 (45), 228 (100); HREIMS m/z calcd for C9HHN4O4S 
274.0736 (M+), found 274.0741. Anal. (C9Hi4N404S) C, H, N, 
S. 

Further elution gave Af-[2-(2-methyl-5-nitro-Lff-imidazolyl)-
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ethyl]-3-(2-nitro-L¥-imidazolyl)propanesulfonamide (8) (0.21 
g, 20%): mp (MeOH) 218-222 °C dec; JH NMR [(CD3)2SO] 6 
8.03 (s, 1 H, H-4'"), 7.65 (d, J = 0.9 Hz, 1 H, H-5'), 7.45 (br t, 
J = 6.4 Hz, 1 H, NH), 7.19 (d, J = 0.9 Hz, 1 H, H-4'), 4.45 (t, 
J = 7.1 Hz, 2 H, H-3), 4.33 (t, J = 5.9 Hz, 2 H, H-2"), 3.30 (t, 
J = 6.2 Hz, 2 H, H-l"), 3.06 (dd, J = 7.9, 7.6 Hz, 2 H, H-l), 
2.47 (s, 3 H, CH3), 2.09-2.16 (m, 2 H, H-2); 13C NMR 6 151.6 
(C-2'"), 144.5 (C-2'), 138.3 (C-5'"), 133.7 (C-4'"), 127.9 (C-4')*, 
127.6 (C-5')*, 48.1 (C-2")*, 47.6 (C-3)*, 46.4 (C-l"), 41.5 (C-l), 
24.1 (C-2), 14.1 (CH3). (#, assignments interchangeable). 
Anal. (C12H12N706S) C, H, N, S. 

A solution of the AT-BOC-protected sulfonamide (33) (0.48 
g) in EtOAc (20 mL) and 5 N HC1 (2 mL) was stirred at 20 °C 
for 16 h to give 8 in quantitative yield, spectroscopically 
identical to the compound prepared above, giving an overall 
yield of 8 of 57%. 

4-(2-Nitro-lH-imidazolyl)butanal (36). Borane dimethyl 
sulfide complex (2.2 mL, 22.1 mmol) was added dropwise to a 
stirred solution of 4-(2-nitro-Lff-imidazolyl)butanoic acid (34)17 

(4.0 g, 20.1 mmol) in THF (100 mL) at 0 °C. The solution was 
stirred at 20 °C for 6 h, and then 5 M HC1 (20 mL) was added 
carefully and the mixture stirred at 20 °C for a further 16 h. 
The mixture was neutralized with 5 M NaOH and the solution 
partitioned between EtOAc and water. The organic phase was 
washed with water (100 mL) and brine (50 mL) and worked 
up, and the residue was chromatographed. Elution with 
EtOAc gave 4-(2-nitro-lH-imidazolyl)butanol (35) as a gum 
(2.67 g, 72%): XH NMR (CDC13) <5 7.15 (s, 1 H, H-5')#, 7.04 (s, 
1 H, H-4')*, 4.42 (t, J = 7.4 Hz, 2 H, H-4), 3.71 (t, J = 6.1 Hz, 
2 H, H-l), 2.67-2.75 (m, 3 H, H-3, OH), 2.34 (dd, J = 6.9, 6.6 
Hz, 2 H, H-2); 13C NMR 6 144.7 (C-2'), 128.3 (C-4'), 126.0 (C-
5'), 61.9 (C-l), 50.7 (C-4), 29.0 (C-2)*, 27.4 (C-3)# (#, assign
ments interchangeable); HRDCIMS mlz (NH3) calcd for 
C7H12N3O4 186.0879 (MH+), found 186.0881. 

DMSO (1.24 mL, 17.5 mmol) was added dropwise to a 
solution of oxalyl chloride (0.76 mL, 8.7 mmol) in CH2C12 (10 
mL) at - 7 8 °C under N2. The clear solution was stirred for 5 
min, and a solution of 35 (1.54 g, 8.3 mmol) in CH2C12 (5 mL) 
was added dropwise. The solution was stirred for 15 min, Et3N 
(5.8 mL, 41.6 mmol) was added dropwise, and the suspension 
was stirred for 15 min and allowed to warm to 20 °C. The 
suspension was chromatographed directly on silica, eluting 
with 80% EtOAc/petroleum ether, to give 4-(2-nitro-li7-imi-
dazolyDbutanal (36) as an oil (1.29 g, 85%): lH NMR (CDC13) 
<5 9.81 (s, 1 H, CHO), 7.16 (s, 1 H, H-5'), 7.12 (s, 1 H, H-4'), 
4.48 (t, J = 7.3 Hz, 2 H, H-4), 2.59 (t, J = 6.8 Hz, 2 H, H-2), 
2.16-2.23 (m, 2 H, H-3); 13C NMR 6 200.2 (CHO), 144.8 (C-
2'), 128.6 (C-4'), 125.9 (C-5'), 49.1 (C-4), 40.0 (C-2), 23.0 (C-3); 
EIMS mlz 183 (M+, 5), 137 (60); HREIMS mlz calcd for 
C7H9N3O3 183.0644 (M+), found 183.0646. 

2-(2-Methyl-5-nitro-Lff-imidazolyl)ethyl azide (38). A 
stirred solution of 2-(2-methyl-5-nitro-Lff-imidazolyl)ethyl meth-
anesulfonate (37)17 (24.67 g, 98.9 mmol) and NaN3 (6.56 g, 0.10 
mol) in DMF (100 mL) was heated at 100 °C for 4 h. The 
solvent was removed under reduced pressure and the residue 
partitioned between EtOAc/H20 (500 mL). The organic extract 
was washed with brine (100 mL) and worked up. The product 
crystallized from EtOAc/petroleum ether to give 2-(2-methyl-
5-nitro-Lff-imidazolyl)ethyl azide (38) (15.14 g, 78%): mp 5 6 -
58 °C; *H NMR (CDCI3) d 7.98 (s, 1 H, H-4'), 4.45 (dd, J = 5.7, 
5.3 Hz, 2 H, H-2), 3.79 (dd, J = 5.6, 5.3 Hz, 2 H, H-l), 2.44 (s, 
3 H, CHS); 13C NMR 6 151.3 (C-2'), 136.7 (C-5'), 133.4 (C-4'), 
50.8 (C-l), 45.5 (C-2), 14.5 (CH3); HREIMS mlz calcd for 
C6H8N602196.0709 (M+), found 196.0707. Anal. (C6H8N602) 
C, H. 

iV-[2-(2-Methyl-5-nitro-lff-imidazolyl)ethyl]-4-(2-nitro-
LH-imidazolyDbutylamine Dihydrochloride (10). A stirred 
solution of the azide 38 (1.44 g, 7.34 mmol) in CH2C12 (20 mL) 
was treated dropwise with triethyl phosphite (1.26 mL, 7.30 
mmol) at 20 °C, and the solution was stirred at 20 °C for 16 h. 
This solution was then added dropwise to a stirred solution of 
the aldehyde 36 (1.28 g, 7.0 mmol) in CH2C12 (20 mL) at 5 °C 
and stirred at 20 °C for 16 h. The solvent was removed under 
reduced pressure, the residue was dissolved in anhydrous 
MeOH, and sodium borohydride (0.29 g, 7.7 mmol) was added 
carefully. The solution was stirred at 20 °C for 16 h and the 
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solvent removed under reduced pressure. The residue was 
chromatographed on silica, eluting with a gradient (0-20%) 
of MeOH in EtOAc containing 1% triethylamine, to give the 
free amine (1.69 g, 81%), which was treated with HC1 in MeOH 
to give Ar-[2-(2-methyl-5-nitro-lH-imidazolyl)ethyl]-2V'-[4-(2-
nitro-l.ff-imidazolyl)]butyl]amine dihydrochloride (10): mp 
162.5 °C dec; *H NMR [(CD3)2SO] 6 7.99 (s, 1 H, H-4'"), 7.66 
(d, J = 0.8 Hz, 1 H, H-5'), 7.18 (d, J = 0.8 Hz, 1 H, H-4'), 4.70 
(br s, 1 H, NH), 4.27-4.38 (m, 4 H, H-4, H-2"), 2.79 (t, J = 6.1 
Hz, 2 H, H-l"), 2.48-2.52 (m, 2 H, H-l), 2.44 (s, 3 H, CH3), 
1.67-1.81 (m, 2 H, H-3), 1.25-1.40 (m, 2 H, H-2); 13C NMR 5 
151.4 (C-2'"), (C-2'), 138.3 (C-5'"), 132.8 (C-4'"), 127.7 (C-4')*, 
127.6 (C-5')*, 49.2, 48.4, 48.2, 45.7 (C-l, C-4, C-l", C-2"), 27.4 
(C-3), 26.0 (C-2), 14.0 (CH3) (#, assignments interchangable). 
Anal. (Ci3H19N704-2HCl) C, H, N. 

iV-Methyl-iV-[2-(2-methyl-5-nitro-lH-imidazolyl)ethyl]-
4-(2-nitro-l£T-imidazolyl)butylamine (11). Sodium cy-
anoborohydride (0.68 g, 10.8 mmol) was added to a stirred 
solution of 10 (2.81 g, 8.3 mmol) and formaldehyde (37%, 3.4 
mL, 41.6 mmmol) in CH3CN (50 mL), and the mixture was 
stirred at 20 °C for 30 min. Glacial AcOH was added to keep 
the pH close to 7, and the mixture was stirred at 20 °C for a 
further 5 h. The solvent was removed under reduced pressure, 
the residue was dissolved in water (30 mL), and the pH was 
adjusted to 10 with 2 M NaOH solution. The solution was 
extracted with CHC13 (4 x 50 mL), and workup of the combined 
organic extracts gave a residue which was chromatographed. 
Elution with a gradient (0-20%) of MeOH/EtOAc containing 
1% Et3N gave Ar-methyl-iV-[2-(2-methyl-5-nitro-lH-imidazolyl)-
ethyl]-4-(2-nitro-LH'-imidazolyl)butylamine (11) as an oil (1.51 
g, 52%): *H NMR [(CD3)2SO] d 7.96 (s, 1 H, H-5'"), 7.63 (d, J 
= 1.0 Hz, 1 H, H-5'), 7.18 (d, J = 1.0 Hz, 1 H, H-4'), 4.27-4.37 
(m, 4 H, H-4, H-2"), 2.58 (dd, J = 6.2, 6.1 Hz, 2 H, H-l"), 2.44 
(s, 3 H, CH3), 2.31 (dd, J = 8.1, 7.9 Hz, 2 H, H-l), 2.19 (s, 3 H, 
N-CH3), 1.55-1.70 (m, 2 H, H-3), 1.17-1.31 (m, 2 H, H-2); 13C 
NMR <5 151.3 (C-2'"), 144.5 (C-2'), 138.4 (C-5'"), 132.7 (C-4'"), 
127.8 (C-4')*, 127.6 (C-5')*, 56.6 (C-l")#, 56.2 (C-l)*, 49.1 (C-
2"), 43.9 (C-4), 42.0 (N-CH3), 27.2 (C-3), 23.7 (C-2), 13.8 (CH3) 
(#, assignments interchangeable); HRDCIMS (NH3) mlz calcd 
for C14H22N7O4 352.1733 (MH+), found 352.1729. 

iV-Methyl-A^-[2-(2-methyl-5-nitro-lH-imidazolyl)ethyl]-
4-(2-nitro-Lff-imidazolyl)butylamine N-Oxide Hydro
chloride (12). A solution of 2-(phenylsulfonyl)-3-phenylox-
aziridine26 (0.44 g, 1.7 mmol) in CH2C12 (10 mL) was added 
dropwise to a stirred solution of 11 (0.57 g, 1.62 mmol) in CH2-
Cl2 (20 mL) at 20 °C, and the solution was stirred for 2 h. The 
solvent was removed under reduced pressure, and the residue 
was chromatographed on neutral alumina, eluting with CHCI3, 
to give A^methyl-AT-[2-(2-methyl-5-nitro-lH-imidazolyl)ethyl]-
4-(2-nitro-Ly-imidazolyl)butylamine N-oxide (12) as a hygro
scopic oil (0.48 g, 81%): W NMR (CDCI3) 6 8.03 (s, 1 H, H-4'"), 
7.73 (d, J = 1.0 Hz, 1 H, H-5'), 7.19 (d, J = 1.0 Hz, 1 H, H-4'), 
4.77 (t, J = 6.9 Hz, 2 H, H-2"), 4.41 (t, J = 6.3 Hz, 2 H, H-4), 
3.14-3.57 (m, 4 H, H 1, H-l"), 2.93 (s, 3 H, NCH3), 2.54 (s, 3 
H, CH3), 1.70-1.85 (m, 4 H, H-2, H-3); 13C NMR d 151.5 (C-
2'"), 144.5 (C-2'), 138.4 (C-5'"), 133.0 (C-4'"), 127.8 (C-4'), 127.7 
(C-5'), 68.6 (C-l")*, 65.7 (C-l)*, 55.4 (NCH3), 49.0 (C-2"), 40.4 
(C-4), 27.1 (C-3), 19.5 (C-2), 13.9 (CH3) (#, assignments 
interchangeable); FABMS mlz 68 (MH+, 50%), 211 (50); 
HRFABMS mlz calcd for C U H ^ N T O S 369.1682 (MH+), found 
368.1687. The hydrochloride salt was crystallized from Me-
OH/iPr20: mp 161-163 °C; !H NMR [(CD3)2SO] 6 13.04 (br 
s, 1 H, HC1), 8.21 (s, 1 H, H-4'"), 7.78 (d, J = 1.0 Hz, 1 H, 
H-5'), 7.20 (d, J = 1.0 Hz, 1 H, H-4'), 4.86 (dd, J = 7.4,6.9 Hz, 
2 H, H-2"), 4.46 (t, J = 6.2 Hz, 2 H, H-4), 4.13 (dd, J = 7.4, 6.7 
Hz, 2 H, H-l), 3.73-3.80 (m, 2 H, H-l"), 3.50 (s, 3 H, NCH3), 
2.60 (s, 3 H, CH3), 1.83-1.90 (m, 4 H, H-2, H-3); 13C NMR 6 
151.3 (C-2'"), 144.5 (C-2'), 138.4 (C-5'"), 131.8 (C-4'"), 127.8 
(C-4', C-5'), 66.7 (C-l'), 63.2 (C-l), 52.4 (NCH3), 48.6 (C-2"), 
39.5 (C-4), 26.3 (C-3), 19.2 (C-2), 13.7 (CH3). Anal. 
(Ci4H21N7Os-2HCl) C, H; N: calcd, 22.3; found, 21.3; CI: calcd, 
16.1; found, 16.7. 

3-(2-Nitro-lff-imidazolyl)propanol (43). A mixture of (3-
bromopropoxy)-tert-butyldimethylsilane (7.05 g, 27.9 mmol), 
2-nitroimidazole (3.0 g, 26.5 mmol), and K2C03 (4.0 g, 29.2 
mmol) in DMF (50 mL) was stirred at 100 °C for 4 h. The 
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mixture was partitioned between EtO Ac and water (200 mL), 
and the organic fraction was washed with water (50 mL) and 
brine (50 mL) and worked up. The residue was chromato-
graphed, eluting with a gradient (20-40%) of EtO Ac/petroleum 
ether to give [3-(2-nitro-LH-imidazolyl)propoxy]-ter£-butyldi-
methylsilane (42) as an oil (7.14 g, 94%): W NMR (CDC13) <5 
7.12 (s, 1 H, H-5'), 7.10 (s, 1 H, H-4'), 4.53 (t, J = 6.8 Hz, 2 H, 
H-3), 3.59 (t, J = 5.6 Hz, 2 H, H-l), 1.95-2.08 (m, 2 H, H-2), 
0.89 (s, 9 H, SiC(CH3)3), 0.06 (s, 6 H, Si(CH3)2);

 13C NMR <3 
144.7 (C-2'), 128.1 (C-4'), 126.5 (C-5'), 58.7 (C-l), 47.1 (C-3), 
32.8 (C-2), 25.8 (SiC(CH3)3), 18.3 (SiC), -4.0 (Si(CH3)2); CIMS 
mlz (NH3) 286 (MH+, 100), 270 (5), 228 (30); HRCIMS (NH3) 
m/z calcd for Ci2H24N303Si 286.1587 (MH+), found 286.1595. 

Tetra-n-butylammonium fluoride (27 mL, 27 mmol) was 
added to a stirred solution of 42 (6.46 g, 22.6 mmol) in THF 
(100 mL) at 20 °C and the solution stirred for 1 h. The mixture 
was partitioned between EtOAc and water (200 mL), the 
aqueous fraction was extracted with EtOAc (4 x 100 mL), and 
the combined organic fraction was washed with brine (100 mL) 
and worked up to give 3-(2-nitro-Lff-imidazolyl)propanol (43) 
(2.95 g, 76%): mp (EtOAc) 100-100.5 °C; JH NMR (CDC13) 6 
7.17 (s, 1 H, H-5'), 7.14 (s, 1 H, H-4'), 4.59 (t, J = 6.8 Hz, 2 H, 
H-3), 3.68 (t, J = 5.7 Hz, 2 H, H-l), 2.03-2.16 (m, 2 H, H-2), 
1.79 (br s, 1 H, OH); 13C NMR <5144.8 (C-2'), 128.3 (C-4'),126.6 
(C-5'), 58.5 (C-l), 47.0 (C-3), 32.5 (C-2). Anal. (C6H9N303) C, 
H, N. 

Alternative Preparation of Propanol 43. Borane di
methyl sulfide complex (0.71 mL, 7.1 mmol) was added 
dropwise to a stirred solution of 3-(2-nitro-lH'-imidazolyl)-
propanoic acid (41)17 (1.2 g, 6.5 mmol) in THF (30 mL) at 0 
°C. The solution was stirred at 20 °C for 6 h, 5 M HC1 (5 mL) 
was added carefully, and the mixture was stirred at 20 °C for 
a further 16 h. The reaction was neutralized with 5 M NaOH, 
and the solution was partitioned between EtOAc and water 
(100 mL). The organic phase was washed with water (50 mL) 
and brine (50 mL) and worked up, and the residue was 
chromatographed, eluting with EtOAc to give 43 (0.24 g, 
22%): mp 99-100 °C; spectroscopically identical to the previ
ous sample. 

3-(2-Nitro-lff-imidazolyl)propanal (44). A stirred sus
pension of 2-nitroimidazole (1.0 g, 8.84 mmol), acrolein (3 mL, 
44 mmol), and KF/alumina27 (0.25 g) in acetonitrile (20 mL) 
was heated at reflux temperature for 5 h. The mixture was 
cooled to 20 °C and filtered, and the solvent was removed 
under reduced pressure. The residue was chromatographed, 
eluting with a gradient (50-80%) of EtOAc/petroleum ether 
to give 3-(2-nitro-lH-imidazolyl)propanal (44) as an oil (1.0 g, 
67%): m NMR (CDC13) d 9.72 (s, 1 H, CHO), 7.21 (s, 1 H, 
H-5'), 7.06 (s, 1 H, H-4'), 4.65 (t, J = 6.0 Hz, 2 H, H-3), 3.10 (t, 
J = 6.0 Hz, 2 H, H-2); 13C NMR d 198.3 (CHO), 144.5 (C-2'), 
128.1 (C-4'), 127.5 (C-5'), 43.6 (C-3)*, 42.9 (C-2)# (#, assign
ments interchangeable); EIMS mlz 169 (M+, 5), 123 (90), 97 
(60), 40 (100); HREIMS mlz calcd for CeHyNaOa 169.0487 (M+), 
found 169.0486. Anal. (C6H7N303) C, H, N. 

Alternative Preparation of 44. A mixture of 2-nitroimi
dazole (3.0 g, 26.5 mmol), 2-(2-bromoethyl)l,3-dioxolane (5.76 
g, 31.8 mmol), and K2C03 (3.67 g, 26.5 mmol) in DMF (50 mL) 
was stirred at 100 °C for 2 h. The solvent was removed under 
reduced pressure and the residue partitioned between EtOAc 
and water (200 mL). The organic fraction was washed with 
water (100 mL) and brine (100 mL) and worked up to give 
2-[2-(2-nitro-lH-imidazolyl)ethyl]-l,3-dioxolane (45) (5.48 g, 
97%): mp (EtOAc) 70-72 °C; XH NMR (CDCI3) d 7.15 (d, J = 
1.0 Hz, 1 H, H-5"), 7.12 (d, J = 1.0 Hz, 1 H, H-4"), 4.90 (t, J 
= 4.2 Hz, 1 H, H-2), 4.58 (t, J = 7.0 Hz, 2 H, H-2'), 3.92-4.00 
(m, 2 H, H-4)#, 3.82-3.90 (m, 2 H, H-5)#, 2.34 (dt, J = 7.0, 4.3 
Hz, 2 H, H-l'). (#, assignments interchangeable); 13C NMR 6 
145.0 (C-2"), 128.3 (C-4"), 126.3 (C-5"), 65.1 (C-4, C-5), 45.3 
(C-2'), 33.9 (C-l'); CIMS mlz (NH3) 214 (MH+, 100), 99 (30), 
73 (15); HRCIMS (NH3) mlz calcd for C8Hi2N304 214.0828 
(MH+), found 214.0822. Anal (CgHuNsOJ C, H, N. 

A suspension of 2-[2-(2-nitro-lH-imidazolyl)ethyl]-l,3-diox-
olane (45) (2.6 g, 12.2 mmol) in 20% aqueous H2S04 (60 mL) 
was stirred at 20 °C for 16 h. Na2C03 was added carefully 
until the pH was 6.0, the solution was extracted with EtOAc 
(3 x 100 mL), and the combined organic fraction was washed 

with brine (100 mL) and worked up to give 3-(2-nitro-lH-
imidazol-l#-yl)propanal (44) as an oil (1.26 g, 61%), spectro
scopically identical to an authentic sample. 

Ar-[2-(2-Methyl-5-nitro-Lff-imidazolyl)ethyl]-3-(2-nitro-
LH-imidazolyl)propylamine (9). A stirred solution of the 
above azide 38 (1.17 g, 6.0 mmol) in CH2C12 (20 mL) was 
treated dropwise with triethyl phosphite (1.02 mL, 6.0 mmol) 
at 20 °C, and the solution was stirred at 20 °C for 6 h. This 
solution was then added dropwise to a stirred solution of the 
above aldehyde 44 (0.96 g, 5.7 mmol) in CH2C12 (10 mL) at 5 
°C and stirred at 20 °C for 16 h. The solvent was removed 
under reduced pressure, the residue was dissolved in anhy
drous MeOH, and sodium borohydride (0.24 g, 6.2 mmol) was 
added carefully. The solution was stirred at 20 °C for 16 h, 
and the solvent was removed under reduced pressure. The 
residue was chromatographed, eluting with a gradient (0— 
20%) of MeOH/EtOAc to give iV-[2-(2-methyl-5-nitro-m-imi-
dazolyl)ethyl]-3-(2-nitro-l#-imidazolyl)propylamine (9) (0.68 
g, 37%). Treatment of this with HC1 in MeOH to gave the 
dihydrochloride salt as a foam: JH NMR [(CD3)2SO] d 8.38 (s, 
1 H, H-4'"), 7.87 (s, 1 H, H-5'), 7.22 (s, 1 H, H-4'), 6.85 (br s, 
1 H, NH), 4.72 (t, J = 6.5 Hz, 2 H, H-2"), 4.55 (t, J = 6.7 Hz, 
2 H, H-3), 3.55-3.40 (m, 2 H, H-l"), 2.90-2.98 (m, 2 H, H-l), 
2.65 (s, 3 H, CH3), 2.22-2.28 (m, 2 H, H-2); 13C NMR d 151.0 
(C-2'") 144.5 (C-2'), 138.2 (C-5'"), 129.8 (C-4'"), 127.8 (C-5'#), 
127.9 (C-4'*), 46.6 (C-2"), 45.4 (C-3), 44.0 (C-l"), 42.5 (C-l), 
25.9 (C-2), 13.7 (CH3) (#, assignments interchangeable). Anal. 
(Ci2Hi7Nv04.2HCl) C, H, N, CI. 

Alternative Preparation of 9 (Method of Scheme 7). 
A stirred suspension of the mesylate (37)17 (10.0 g, 40.1 mmol) 
and NaBr (20.8 g, 0.2 mol) in DMF (100 mL) was heated at 
100 °C for 4 h. The mixture was cooled to 20 °C, and the 
solvent was removed under reduced pressure. The residue was 
suspended in EtOH (200 mL) and filtered, the solvent was 
removed under reduced pressure, and the residue was chro
matographed. Elution with EtOAc gave an oil which crystal
lized from EtOAc/petroleum ether to give 2-(2-methyl-5-nitro-
ltf-imidazolyl)ethyl bromide (47) (5.86 g, 62%); mp (EtOAc/ 
petroleum ether) 80-81 °C (lit.27 mp 80-81 °C); XH NMR 
(CDCI3) d 7.99 (s, 1 H, H-4'), 4.69 (t, J = 6.2 Hz, 2 H, H-2), 
3.71 (t, J = 6.2 Hz, 2 H, H-l), 2.59 (s, 3 H, CH3);

 13C NMR 6 
151.1 (C-2'), 138.2 (C-5'), 133.5 (C-4'), 47.6 (C-2), 29.5 (C-l), 
14.8 (CH3). 

A stirred suspension of 47 (7.0 g, 0.03 mol) and Nal (22.4 g, 
0.15 mol) in acetone (150 mL) was heated at reflux tempera
ture for 4 h. The suspension was cooled to 20 °C and filtered 
and the solvent removed under reduced pressure. The residue 
was partitioned between EtOAc and water and the organic 
phase worked up. Recrystallization of the residue gave 2-(2-
methyl-5-nitro-lH-imidazolyl)ethyl iodide (48) as tan crystals 
(3.80 g, 45%): mp (EtOAc/petroleum ether) 107-108 °C; *H 
NMR (CDCI3) d 7.98 (s, 1 H, H-4'), 4.64 (t, J = 7.1 Hz, 2 H, 
H-2), 3.46 (t, J = 7.1 Hz, 2 H, H-l), 2.58 (s, 3 H, CH3);

 13C 
NMR 6 150.4 (C-2'), 138.2 (C-5'), 133.4 (C-4'), 47.9 (C-2), 14.8 
(CH3), -0 .1 (C-l). Anal. (C6H8IN302) C, H, N, I. 

A stirred mixture of 48 (1.73 g, 6.2 mmol), 3-(2-nitro-l#-
imidazolyl)propylamine (46)17 (1.0 g, 5.9 mmol), and K2C03 
(0.9 g, 6.5 mmol) in DMF (20 mL) was heated at 110 °C for 2 
h. The suspension was cooled to 20 °C and filtered and the 
solvent removed under reduced pressure. Chromatography of 
the residue, eluting with 5% MeOH/EtOAc, gave an orange 
oil which was dissolved in dilute aqueous HC1 (1 M, 20 mL). 
Solvent was removed under reduced pressure, and the residue 
was crystallized from MeOH to give the dihydrochloride salt 
of 9 (0.84 g, 40%): mp 198-198 °C; spectroscopically identical 
to the sample prepared above. 

Bis[3-(2-nitro-lff-imidazolyl)propyl]amine (13). MsCl 
(1.3 mL, 16.8 mmol) was added dropwise to a stirred solution 
of ^-(triphenylmethyD-S.S'-imJnodipropanol (50)28 (3.0 g, 8.0 
mmol) and Et3N (2.45 mL, 17.6 mmol) in CH2C12 (100 mL) at 
0 °C under N2. The solution was stirred at 20 °C for 1 h, 
diluted with CH2C12 (100 mL), washed with water (3 x 10 mL) 
and brine (100 mL), and worked up to give L/V-(triphenyl-
methyl)-3,3'-iminodipropyl]methane sulfonate (51) as a hy
groscopic solid (3.97 g, 95%): mp (benzene/petroleum ether) 
50-52 °C (lit.29 mp 51-51.5 °C); 2H NMR (CDC13) d 7.44-
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7.49 (m, 6 H, Hortho), 7.12-7.31 (m, 6 H, Hmeta, Hpara), 4.12 (t, 
J = 6.3 Hz, 4 H, H-3, H-3'), 2.88 (s, 6 H, 2 x CH3), 2.47-2.55 
(m, 4 H, H-l, H-l'), 1.85-1.99 (m, 4 H, H-2, H-2'); 13C NMR 6 
143.5 (Cipso), 129.2 (Cmeta), 127.7 (Cortho), 126.3 (Cpara), 79.1 
(Ph3C), 68.1 (C-l, C-l'), 48.8 (C-3, C-3'), 37.4 (S02CH3), 29.7 
(C-2, C-2'). 

A mixture of 51 (2.67 g, 5.1 mmol), 2-nitroimidazole (1.21 
g, 10.7 mmol), and K2C03 (1.55 g, 11.2 mmol) in DMF (30 mL) 
was stirred at 100 °C for 2 h. The mixture was partitioned 
between EtOAc and water (400 mL), the organic fraction 
extracted with water (3 x 100 mL) and brine (100 mL) and 
worked up, and the residue chromatographed, eluting with 
(50%) EtOAc/petroleum ether to give A^triphenylmethyDbis-
[3-(2-nitro-Lff-imidazolyl)propyl]amine (52) as an oil (2.56 g, 
89%): *H NMR (CDC13) 6 7.37-7.42 (m, 6 H, H„rtho), 7.16-
7.29 (m, 9 H, Hmeta, Hpara), 7.06 (s, 2 H, H-5", H-5'"), 6.93 (s, 2 
H, H-4", H-4'"), 4.23 (t, J = 7.4 Hz, 4 H, H-l, H-l'), 2.47-2.54 
(m, 4 H, H-3, H-3'), 1.87-2.02 (m, 4 H, H-2, H-2'); 13C NMR 6 
144.5 (C-2", C-2'"), 143.2 (Cip80), 128.8 (Cortho), 128.4 (C-4", 
C-4'"), 127.8 (Cmeta), 126.4 (Cpara), 125.7 (C-5", C-5'"), 79.0 
(Ph3C), 48.8 (C-3, C-3')*, 48.6 (C-l, C-l')*, 30.7 (C-2, C-2') (#, 
assignments interchangeable); DCIMS (NH3) mlz 566 (MH+, 
5%), 324 (30), 277 (100), 243 (80); HRDCIMS (NH3) mlz calcd 
for C3iH32N704 566.2516 (MH+), found 566.2499. 

A solution of 52 (2.23 g, 3.94 mmol) in THF (100 mL) and 1 
M HC1 (10 mL) was stirred at 20 °C for 2 h. The solvent was 
removed under reduced pressure and the residue dissolved in 
water (100 mL) and extracted with Et20 (4 x 50 mL). The 
aqueous fraction was evaporated to dryness under reduced 
pressure and the residue dissolved in 1 M HC1 (10 mL). The 
solution was evaporated to dryness under reduced pressure, 
and the residue was crystallized from methanol to give bis[3-
(2-nitro-li/-imidazolyl)propyl]amine (13) as the dihydrochlo-
ride salt (1.21 g, 85%): mp (MeOH) 120.5-123 °C; ^ NMR 
[(CH3)2SO] d 7.87 (s, 2 H, H-4", H-4'"), 7.77 (br s, 1 H, NH), 
7.21 (s, 2 H, H-5", H-5'"), 4.54 (t, J = 6.7 Hz, 4 H, H-3, H-3'), 
2.82-2.95 (m, 4 H, H-l, H-l'), 2.19-2.26 (m, 4 H, H-2, H-2'); 
13C NMR <5 144.5 (C-2", C-2'"), 127.8 (C-4", C-4'", C-5", C-5'"), 
46.6 (C-3, C-3'), 43.6 (C-l, C-l'), 26.0 (C-2, C-2'). Anal. 
(Ci2Hi7N704-2HCl) C, H, N, CI. 

JV-Methylbis[3-(2-nitro-lJH'-imidazolyl)propyl]amine 
Perchlorate (14). NaBH3CN (0.48 g, 7.6 mmol) was added 
to a stirred solution of 13 (1.89 g, 5.85 mmol) and formaldehyde 
(37%, 2.2 mL, 29.2 mmol) in MeCN (80 mL) at 20 °C. The 
mixture was stirred for 10 min, the pH adjusted to 7 with 
glacial AcOH, and the suspension was stirred at 20 °C for 4 
h, with glacial AcOH being added as required to keep the pH 
at 7. The solvent was removed under reduced pressure, the 
residue dissolved in water (50 mL), the pH adjusted to 10, and 
the aqueous phase extracted with CHC13 (3 x 50 mL). Workup 
of the combined organic extracts gave a residue which was 
chromatographed, eluting with a gradient (0-15%) of MeOH/ 
EtOAc, to give N-methylbis[3-(2-nitro-LH'-imidazolyl)propyl]-
amine (14) as an oil (1.08 g, 64%): JH NMR [(CD3)2SO] 6 7.67 
(d, J = 0.9 Hz, 2 H, H-4", H-4'"), 7.18 (d, J = 0.9 Hz, 2 H, 
H-5", H-5'"), 4.40 (dd, J = 7.4, 7.2 Hz, 4 H, H-3, H-3'), 2.30 (t, 
J = 6.8 Hz, 4 H, H-l, H-l'), 2.11 (s, 3 H, NCH3), 1.90-1.93 
(m, 4 H, H-2, H-2'); 13C NMR 6 144.6 (C-2", C-2'"), 127.7 (C-
4", C-4'", C-5", C-5"'), 53.7 (C-l, C-l'), 47.7 (C-3, C-3'), 41.0 
(NCH3), 27.2 (C-2, C-2'); DCIMS (NH3) mlz 338 (MH+, 100), 
291 (90); HRDCIMS (NH3)m/z calcd for Ci3H20N7O4 338.1577 
(MH+), found 338.1569. A solution of 14 (1.0 g) in water (20 
mL) was treated with HCIO4 and crystallized from water to 
give the perchlorate salt: mp 184 °C dec; JH NMR f(CD3)2SO] 
6 9.39 (br s, 1 H, NH), 7.73 (d, J = 1.0 Hz, 2 H, H-5", H-5'"), 
7.22 (d, J = 1.0 Hz, 2 H, H-4", H-4'"), 4.46 (t, J = 7.0 Hz, 4 H, 
H-3, H-3'), 3.17-3.24 (m, 2 H, H-l, H-l'), 3.07-3.15 (m, 2 H, 
H-l, H-l'), 2.78 (d, J = 4.6 Hz, 3 H, NCH3), 2.15-2.27 (m, 4 
H, H-2, h 2'); 13C NMR d 144.5 (C-2", C-2'"), 127.9 (C-4", 
C-4'")*, 127.7 (C-5", C-5'")*, 52.1 (C-3, C-3'), 46.5 (C-l, C-l'), 
39.3 (NCH3), 24.3 (C-2, C-2') (#, assignments interchangeable). 
Anal. (Ci3Hi9N704.HC104) H, N; C: calcd, 35.7; found, 35.1; 
CI: calcd, 8.1; found, 8.7. 

iV^V-Dimethylbis[3-(2-nitro-lff-imidazolyl)propyl]am-
monium Iodide (15). Iodomethane (0.9 mL, 14.4 mmol) was 
added to a stirred suspension of 13 (4.3 g, 13.3 mmol) and K2-

C0 3 (2.2 g, 16 mmol) in DMF (40 mL) at 20 °C. The mixture 
was stirred at 20 °C for 6 h, the solvent was removed under 
reduced pressure, and the residue was partitioned between 
CHC13 and water (400 mL). The aqueous phase was extracted 
with CHCI3 (3 x 80 mL), and the combined organic fraction 
was worked up. The residue was chromatographed on neutral 
alumina, eluting with CHCI3, to give AT,iV-dimethylbis[3-(2-
nitro-Lff-imidazolyl)propyl]ammonium iodide (15): (2.71 g, 
54%): mp (CHCI3) 202-204 °C; XH NMR [(CD3)2SO] d 7.70 
(d, J = 1.0 Hz, 2 H, H-5", H-5'"), 7.24 (d, J = 1.0 Hz, 2 H, 
H-4", H-4'"), 4.44 (t, J = 7.0 Hz, 4 H, H-3, H-3'), 3.35-3.39 
(m, 4 H, H-l, H-l'), 3.02 (s, 6 H, N(CH3)2, 2.20-2.29 (m, 4 H, 
H-2, H-2'); 13C NMR 6 144.5 (C-2", C-2'"), 127.9 (C-4, C-4'"), 
127.5 (C-5", C-5'"), 60.0 (C-l, C-l'), 50.25 (N(CH3)2), 46.3 (C-
3, C-3'), 23.0 (C-2, C-2'). Anal. (Ci4H22IN704) C, H, N, I. 

4-(3-Nitro-l/f-l,2,4-triazolyl)butanoic Acid (56). A stirred 
suspension of S-nitro-lif-l^^-triazole (3.0 g, 26.3 mmol), 
methyl 4-bromobutanoate (5.71 g, 31.6 mmol), and K2C03 (4.0 
g, 28.9 mmol) in DMF (70 mL) was heated at 110 °C for 4 h. 
The suspension was cooled to 20 °C, the solvent was removed 
under reduced pressure, and the residue was partitioned 
between CH2C12 (150 mL) and water (150 mL). Workup and 
chromatography of the organic fraction, eluting with a gradient 
(60-80%) of EtOAc/hexane, gave crude methyl 4-(3-nitro-Lff-
1,2,4-triazolyDbutanoate (55) as an oil: :H NMR [(CD3)2SO] 
6 8.85 (s, 1 H, H-5'), 3.70 (t, J = 6.9 Hz, 2 H, H-4), 3.56 (s, 3 
H, OCH3), 2.38 (t, J = 1A Hz, 2 H, H-2), 2.08 (quintet, J =1.1 
Hz, 2 H, H-3); 13C NMR d 172.4 (C02), 162.1 (C-3'), 146.7 (C-
5'), 51.4 (OCH3), 49.6 (C-4), 30.0 (C-2), 24.3 (C-3). The ester 
55 was dissolved in concentrated HC1 (100 mL) and stirred at 
20 °C for 18 h, after which the solvent was removed under 
reduced pressure. The residue was dissolved in 2 M KOH (50 
mL) and washed with CH2C12 (2 x 50 mL), and the aqueous 
fraction was then acidified with concentrated HC1 and ex
tracted with CH2CI2. The residue was crystallized to give 4-(3-
nitro-l#-l,2,4-triazolyl)butanoic acid (56) (4.08 g, 77%): mp 
(MeOH/EtOAc) 92-93 °C; *H NMR [(CD3)2SO] 6 8.87 (s, 1 H, 
H-5'), 4.36 (t, J = 7.0 Hz, 2 H, H-4), 2.31 (t, J = 7.3 Hz, 2 H, 
H-2), 2.08 (quintet, J = 7.1 H, 2 H, H-3); 13C NMR <5 173.5 
(COOH), 162.0 (C-3'), 146.6 (C-5'), 49.8 (C-4), 30.2 (C-2), 24.3 
(C-3). Anal. (C6H8N404) C, H, N. 

AT-[2-(2-Methyl-5-nitro-l.H-imidazolyl)ethyl]succina-
midic Acid (57). A solution of 29 (0.88 g, 5.17 mmol) in CH2-
CI2 (5 mL) was added dropwise to a solution of succinic 
anhydride (0.52 g, 5.17 mmol) in CH2C12 (30 mL) at 0 °C. The 
resulting suspension was stirred at 20 °C for 18 h, and the 
precipitate was collected and recrystallized to give N-[2-(2-
methyl-5-nitro-l_ff-imidazolyl)ethyl]succinamidic acid (57) (1.26 
g, 90%): mp (MeOH/iPr20) 157-157.5 °C; *H NMR d [(CD3)2-
SO] <5 8.08 (br t, J = 6.0 Hz, 1 H, NH), 8.02 (s, 1 H, H-4"), 
4.30 (t, J = 5.9 Hz, 2 H, H-2'), 3.41 (q, J = 6.0 Hz, 2 H, H-l'), 
2.40 (s, 3 H, CH3), 2.36 (dd, J = 7.0, 6.4 Hz, 2 H, H-2), 2.24 
(dd, J = 7.0, 6.4 Hz, 2 H, H-3); 13C NMR <5 173.6 (CO2H), 171.4 
(CONH), 151.3 (C-2"), 138.4 (C-5"), 133.1 (C-4"), 45.3 (C-2'), 
37.9, (C-l'), 29.7 (C-l), 28.8 (C-2), 13.7 (CH3). Anal. 
(Ci0Hi4N4Os) C, H, N. 

2V-Methyl-2-(2-methyl-5-iiitro-l.H-imidazolyl)ethyl-
amine (60). Trifluoroacetic anhydride (2.5 mL, 17.8 mmol) 
was added dropwise to a stirred solution of 29 (2.76 g, 16.2 
mmol) and Et3N (2.7 mL, 19.5 mmol) in CH2C12 (30 mL) at 0 
°C, and the solution was stirred at 20° C for 28 h. The 
suspension was filtered, the solvent was removed under 
reduced pressure, and the residue was chromatographed. 
Elution with EtOAc gave Ar-[2-(2-methyl-5-nitro-Lff-imida-
zolyl)ethyl]trifluoroacetamide (58) (3.45 g, 80%): mp (EtOAc) 
144 °C; XH NMR [(CD3)2SO] 6 9.63 (br s, 1 H, NH), 8.04 (s, 1 
H, H-4'), 4.43 (dd, J = 6.0, 5.6 Hz, 2 H, H-2), 3.62 (dt, J = 6.0, 
5.9 Hz, 2 H, H-l), 2.40(8, 3 H, CH3);

 13C NMR d 157.0 (q, J = 
36 Hz, CO), 151.3 (C-2'), 138.6 (C-5'), 133.2 (C-4'), 115.7 (q, J 
= 290 Hz, CF3), 44.6 (C-2), 38.2 (C-l), 13.6 (CH3). Anal. 
(C8H9F3N403) C, H, N. 

A solution of 58 (2.0 g, 7.5 mmol) in dry THF (10 mL) was 
added dropwise to a slurry of NaH (0.43 g, 9.0 mmol; pre-
washed with petroleum ether) in THF (10 mL) at 0 °C. The 
mixture was stirred at 0 °C until a red solution formed, then 
CH3I (2.4 mL, 38 mmol) was added, and the solution was 
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stirred at 20 °C for 6 h. The mixture was filtered, the solvent 
removed under reduced pressure, and the residue chromato-
graphed. Elution with a gradient (50-100%) of EtOAc/ 
petroleum ether gave iV-[2-(2-methyl-5-nitroimidazol-LH'-yl)-
ethyl]-iV-methyltrifluoroacetamide (59) (1.71 g, 84%): mp 
(EtOAc/petroleum ether) 95 °C; *H NMR (CDC13) <5 7.99 (s, 1 
H, H-4'), 4.53 (dd, J = 7.1, 6.4 Hz, 2 H, H-2), 3.77 (dd, J = 7.1, 
6.8 Hz, 2 H, H-l), 3.15 (q, J = 1.4 Hz, 3 H, NCH3), 2.53 (s, 3 
H, CH3);

 13C NMR 6 157.9 (q, J = 38 Hz, CO), 151.0 (C-2'), 
138.4 (C-5'), 133.5 (C-4'), 116.1 (q, J = 287 Hz, CF3), 49.6 (C-
2), 42.5 (C-l), 36.3 (q, J = 4 Hz, NCH3), 13.9 (CH3). Anal. 
(C9HnF3N403) C, H, N. 

A solution of 59 (0.46 g, 1.64 mmol) and K2C03 (0.34 g, 2.46 
mmol) in aqeous MeOH (20 mL) was stirred at 20 °C for 4 h. 
The solvent was removed under reduced pressure and the 
residue partitioned between CHCI3 and water. The residue 
from the organic fraction was dissolved in MeOH/HCl (10 mL; 
1:1) and kept at 20 °C for 1 h. Removal of solvent under 
reduced pressure and crystallization of the residue gave 
A^methyl-2-(2-methyl-5-nitro-lH-imidazolyl)ethylamine (60) 
as the dihydrochloride salt (0.2 g, 56%): mp (MeOH) 230-
232 °C; JH NMR [(CD3)2SO] <5 9.57 (br s, 2 H, NH. HC1), 8.37 
(s, 1 H, H-4'), 4.69 (t, J = 6.3 Hz, 2 H, H-2), 3.31-3.37 (m, 2 
H, H-l), 2.64 (s, 3 H, CH3), 2.54 (t, J = 5.2 Hz, 3 H, NCH3); 
13C NMR 6 151.1 (C-2'), 138.4 (C-5'), 130.1 (C-4'), 46.9 (C-2), 
42.7 (C-l), 32.6 (NCH3), 13.7 (CH3). Anal. (C7H11CI2N4O2) C, 
N, CI; H: calcd, 4.36; found, 5.52. 

2-(3-Nitro-Lff-l,2,4-triazolyl)ethylamine (62). A solu
tion of N-(teri-butyloxycarbonyl)-2-(methylsulfonyl)ethylamine 
(61)30 (6.40 g, 28.9 mmol) in DMF (10 mL) was added slowly 
to a stirred suspension of 3-nitro-l,2,4-triazole (3.00 g, 26.3 
mmol) and K2C03 (4.00 g, 28.9 mmol) in DMF (200 mL) at 
110 °C. The suspension was stirred at 110 °C for 4 h and then 
cooled to 20 °C, and the solvent was removed under reduced 
pressure. The residue was partitioned between EtOAc (300 
mL) and water (300 mL), and the aqueous layer was extracted 
with EtOAc (2 x 50 mL). The combined organic extracts were 
washed with brine (50 mL) and worked up. The residue was 
dissolved in MeOH (80 mL) and 5 M HC1 (20 mL) and stirred 
at 20 °C for 2 h. Removal of solvent gave 2-(3-nitro-LH'-l,2,4-
triazolyl)ethylamine (62) as the hydrochloride salt (3.41 g, 
69%): mp (MeOH) 215-215.5 °C; JH NMR [(CD3)2SO]) d 8.99 
(s, 1 H, H-5'), 8.50 (br s, 2 H, NH. HC1), 4.71 (t, J = 5.9 Hz, 
2 H, H-l), 3.37 (br s, 2 H, H-2); 13C NMR 6 162.1 (C-3'), 147.5 
(C-5'), 47.8 (C-2), 37.9 (C-l). Anal. (C4H8C1N502) C, H, N, CI. 

AT-[2-(2-Methyl-5-nitro-Lff-imidazolyl)ethyl]-3-(3-nitro-
li/-l,2,4-triazolyl)propanesulfonamide (20). A suspension 
of 32 (2.0 g, 6.4 mmol), 3-nitro-l,2,4-triazole (0.81 g, 7.1 mmol), 
and K2C03 (0.93 g, 6.7 mmol) in DMF (50 mL) was heated at 
110 °C for 4 h. The solvent was removed under reduced 
pressure and the residue chromatographed, eluting with a 
gradient (0-10%) of MeOH/EtOAc, to give 2V-[2-(2-methyl-5-
nitro-Lff-imidazolyl)ethyl]-3-(3-nitro-lH-l,2,4-triazolyl)pro-
panesulfonamide (20) (0.72 g, 38%): mp (MeOH/iPr20) 147-
149 °C; XH NMR [(CD3)2SO] 6 8.83 (s, 1 H, H-5'), 8.04 (s, 1 H, 
H-4'"), 7.50 (t, J = 6.3 Hz, 1 H, S02NH), 4.42 (t, J = 7.0 Hz, 
2 H, H-3), 4.33 (t, J = 5.9 Hz, 2 H, H-2"), 3.31 (t, J = 6.2 Hz, 
2 H, H-l"), 3.06-3.10 (m, 2 H, H-l), 2.47 (s, 3 H, CH3), 2.14-
2.22 (m, 2 H, H-2); 13C NMR 6 162.1 (C-3'), 151.6 (C-2"'), 146.8 
(C-5'), 138.3 (C-5'"), 133.1 (C-4'"), 48.6 (C-2"), 47.8 (C-3), 46.4 
(C-l"), 41.5 (C-l), 23.5 (C-2), 14.1 (CH3). Anal. (CnHi6N806S) 
C, H, N, S. 

iV^V'-Bis[3-(2-nitro-lHr-imidazolyl)propyl]oxainide (16). 
A suspension of 46 (0.92 g, 5.4 mmol) in CH2C12 (70 mL) and 
K2CO3 (0.74 g, 5.4 mmol) was treated dropwise with oxalyl 
chloride (0.24 g, 2.8 mmol) at 0 °C, and the mixture was stirred 
for 2 h. The mixture was partitioned between CH2C12 and 
water, the organic fraction was worked up, and the residue 
was triturated with MeOH to give N,iV'-bis[3-(2-nitro-Lff-
imidazolyl)propyl]oxamide (16) (0.38 g, 36%): mp (MeOH) 
200-200.5 °C; *H NMR [(CD3)2SO] <5 8.89 (br s, 2 H, 2 CONH), 
7.73 (s, 2 H, H-5'), 7.18 (d, J = 0.9 Hz, 2 H, H-4'), 4.0 (t, J = 
7.0 Hz, 4 H, H-3), 3.18 (q, J = 6.4 Hz, 4 H, H-l), 1.97-2.04 
(m, 4 H, H-2); 13C NMR & 160.0 (2CONH), 144.5 (2C-2'), 127.7 
(2C-4'), 127.6 (2C-5'), 47.2 (2C-3), 35.9 (2C-1), 29.2 (2C-2). Anal. 
(Ci4H18N806) C, H, N. 

iV-[3-(2-Nitro-Lff-imidazolyl)propyI]-iV'-[2-(2-methyl-5-
nitro-lff-imidazolyl)ethyl]succinamide (17). Example of 
General Method. Diethyl phosphorocyanidate (0.88 mL, 5.81 
mmol) was added dropwise to a mixture of the acid 57 (1.21 g, 
4.47 mmol), the amine 46 (0.76 g, 4.47 mmol), and Et3N (1.90 
mL, 13.4 mmol) in DMF (30 mL) at 0 °C. The solution was 
stirred at 20 °C for 18 h, solvent was removed under reduced 
pressure, and the residue was chromatographed. Elution with 
a gradient (0-20%) of MeOH/EtOAc gave AT-[3-(2-nitro-lH-
imidazolyl)propyl]-Af'-[2-(2-methyl-5-nitro-lff-imidazolyl)ethyl]-
succinamide (17) (1.59 g, 84%): mp (MeOH/iPr20) 126-127 
°C; m NMR [(CD3)2SO] <5 8.11 (t, J = 6.0 Hz, 1 H, NH), 8.00 
(s, 1 H, H-4""), 7.95 (t, J = 5.6 Hz, 1 H, NH), 7.70 (d, J = 0.8 
Hz, 1 H, H-5"), 7.18 (d, J = 0.8 Hz, 1 H, H-4"), 4.37 (t, J = 7.0 
Hz, 2 H, H-3'), 4.30 (t, J = 5.9 Hz, 2 H, H-2'"), 3.41 (q, J = 6.0 
Hz, 2 H, H-l'"), 3.05 (q, J = 6.0 Hz, 2 H, H-l'), 2.39 (s, 3 H, 
CH3), 2.25 (s, 4 H, H-2, H-3), 1.90 (quintet, J = 6.8 Hz, 2 H, 
H-2'); 13C NMR d 171.9 (CONH), 171.3 (CONH), 151.4 (C-2""), 
144.6 (C-2"), 138.5 (C-5""), 133.1 (C-4""), 127.9 (C-5"), 127.7 
(C-4"), 47.2 (C-3'), 45.4 (C-2'"), 37.9 (C-l'), 35.4 (C-l'"), 30.4 
(C-2, C-3), 29.8, (C-2'), 13.7 (CH3); HRDCIMS (NH3) mlz calcd 
for C16H22N806 423.1741 (MH+), found 423.1742. Anal. 
(C16H22N806) C, H, N. 

Similar reaction of acid 34 and amine 60 gave N-methyl-
AT-[2-(2-methyl-5-nitro-Lff-imidazolyl)ethyl]-4-(2-nitro-lH-imi-
dazolyDbutanamide (18) (0.80 g, 88%): mp (MeOH/iPr20) 
112—114 °C; as a mixture of two rotamers. Major rotamer: 
m NMR [(CD3)2SO] <5 8.00 (s, 1 H, H-4'"), 7.63 (s, 1 H, H-5'), 
7.18 (3, 1 H, H-4') 4.39 (t, J = 6.1 Hz, 2 H, H-2"), 4.35 (dd, J 
= 7.2, 7.0 Hz, 2 H, H-4), 3.60 (t, J = 6.1 Hz, 2 H, H-l"), 2.89 
(s, 3 H, NCH3 2.39 (s, 3 H, CH3), 2.31 (dd, J = 7.1, 7.0 Hz, 2 
H, H-2), 1.91-1.98 (m, 2 H, H-3); 13C NMR 6 171.5 (CO), 151.1 
(C-2'"), 144.6 (C-2'), 138.6 (C-5'"), 133.0 (C-4'"), 127.8 (C-4'), 
127.6 (C-5'), 48.9 (C-2"), 46.6 (C-4), 43.3 (C-l"), 35.5 (NCH3), 
29.0 (C-2), 24.9 (C-3), 13.5 (CH3). Minor rotamer: XH NMR 
[(CD3)2SO] <5 8.03 (s, 1 H, H-4'"), 7.61 (s, 1 H, H-5'), 7.17 (s, 1 
H, H-4'), 4.46 (t, J = 6.4 Hz, 2 H, H-2"), 3.67 (t, J = 6.5 Hz, 2 
H, H-l"), 2.78 (s, 3 H, N-CH3), 2.40 (s, 3 H, CH3), 2.14 (dd, J 
= 7.2, 7.0 Hz, 2 H, H-2), 1.91-1.98 (m, 2 H, H-3); 13C NMR 6 
170.6 (CO), 151.1 (C-2'"), 144.6 (C-2'), 138.4 (C-5'"), 133.0 (C-
4'"), 127.8 (C-4'), 127.6 (C-5'), 48.2 (C-2"), 46.6 (C-4'), 43.7 (C-
1"), 33.4 (NCH3) 28.0 (C-2), 25.2 (C-3), 13.5 (CH3). Anal. 
(CWH19N7O5) C, H, N. 

Similar reaction of acid 34 and amine 62 gave iV-[2-(3-nitro-
lH-l,2,4-triazolyl)ethyl]-4-(2-nitro-li?-imidazolyl)butana-
mide (21) (0.59 g, 91%): mp 105-107 °C; W NMR [(CD3)2SO] 
6 8.82 (s, 1 H, H-5'"), 8.00 (br t, J = 5.7 Hz, 1 H, NH), 7.63 (d, 
J = 0.8 Hz, 1 H, H-5'), 7.18 (d, J = 0.8 Hz, 1 H, H-4'), 4 .35-
4.39 (m, 4 H, H-2", H-4), 3.49 (q, J = 5.8 Hz, 2 H, H-l"), 2.06-
2.10 (m, 2 H, H-2), 1.95-2.01 (m, 2 H, H-3); 13C NMR d 171.5 
(CONH), 162.0 (C-3'"), 147.0 (C-5'"), 144.5 (C-2'), 127.7 (C-4', 
C-5'), 50.2 (C-4), 48.8 (C-2"), 38.1 (C-l"), 31.7 (C-3), 25.6 (C-
2); HRMS (FAB) mlz calcd for CiiHi4N805 339.1165 (MH+), 
found 339.1168. 

Similar reaction of acid 56 and 2-(2-nitro-li?-imidazolyl)-
ethylamine (63)17 gave iV-[2-(2-nitro-l//-imidazolyl)ethyl]-4-
(3-nitro-lH-l,2,4-triazolyl)butanamide (22) (1.03 g, 79%): mp 
(MeOH/iPr20) 160-163 °C; *H NMR [(CD3)2SO] 6 8.84 (s, 1 
H, H-5'), 7.96 (t, J = 5.8 Hz, 1 H, NH), 7.53 (d, J = 0.8 Hz, 1 
H, H-5"'), 7.15 (d, J = 0.8 Hz, 1 H, H-4'"), 4.43 (dd, J = 5.9, 
5.4 Hz, 2 H, H-2"), 4.28 (dd, J = 6.7, 6.4 Hz, 2 H, H-4), 3.47 
(q, J = 5.9 Hz, 2 H, H-l"), 1.95-2.06 (m, 4 H, H-2, H-3); 13C 
NMR <5 171.3 (CONH), 162.0 (C-3'), 146.6 (C-5'), 144.7 (C-2'"), 
128.3 (C-5'"), 127.6 (C-4'"), 49.9 (C-4), 49.1 (C-2"), 39.0 (C-
1"), 31.4 (C-2), 24.7 (C-3). Anal. (CiiH14N805) C, H, N. 

Similar reaction of acid 56 and amine 46 gave iV-[3-(2-nitro-
lW-imidazolyl)propyl]-4-(3-nitro-li?-l,2,4-triazolyl)butana-
mide (23) as an oil (2.71 g, 90%): !H NMR [(CD3)2SO]) 6 8.86 
(s, 1 H, H-5'), 7.95 (t, J = 5.4 Hz, 1 H, NH), 7.70 (s, 1 H, H-5'"), 
7.19 (s, 1 H, H-4'"), 4.38 (t, J = 7.0 Hz, 2 H, H-3"), 4.34 (t, J 
= 6.7 Hz, 2 H, H-4), 3.08 (dt, J = 6.4, 6.0 Hz, 2 H, H-l"), 2.07-
2.14 (m, 4 H, H-2, H-2"), 1.92 (quintet, J = 6.8 H, 2 H, H-3); 
13C NMR d 170.9 (CONH), 162.0 (C-3'), 146.7 (C-5'), 144.5 (C-
2'"), 127.7 (C-4'", C-5'"), 50.0 (C-4), 47.3 (C-3"), 35.4 (C-l"), 
31.6 (C-2), 29.7 (C-2"), 24.8 (C-3). Anal. (Ci2H16N806) C, H. 

A similar reaction of acid 56 and amine 29 gave iV-[2-(2-
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methyl-5-nitro- Lff-imidazolyl)ethyl]-4-( 3-nitro- Iff-1,2,4-tria-
zolyDbutanamide (24) (1.98 g, 83%): mp (MeOH/iPr 20) 1 1 5 -
117 °C; *H NMR t(CD3)2SO] 6 8.84 (s, 1 H, H-5'), 8.07 (t, J = 
6.0 Hz, 1 H, NH), 8.01 (s, 1 H, H-4"'), 4 .26-4 .32 (m, 4 H, H-4, 
H-2"), 3.40 (q, J = 6.0 Hz, 2 H, H- l " ) , 2.39 (s, 3 H, CH3), 1 .94-
2.07 (m, 4 H, H-2, H-3); 13C NMR 6 171.4 (CONH), 162.1 (C-
3'), 151.3 (C-2'"), 146.7 (C-5'), 138.5 (C-5'"), 133.1 (C-4'"), 49.9 
(C-4), 45.4 (C-2"), 37.8 (C-l"), 31.4 (C-2), 24.8 (C-3), 13.8 (CH3). 
Anal. (C12H16N805) C, H, N. 

B i o l o g i c a l A s s a y s . Methods for growth of the AA8, UV4, 
EMT6, and FME cell lines and determinat ion of growth 
inhibition under aerobic conditions us ing 96-well plates have 
been described previously.17 Briefly, exponential-phase cul
tures (50 nh) were exposed to drugs for 18 h, and subsequent 
growth was determined 3 days la ter by s ta in ing with meth
ylene blue. The IC50 was defined as the d rug concentration 
required to reduce cell densi ty to 50% of t he mean value for 
eight control cultures on the same 96-well plate. In all studies, 
drug solutions were prepared in a M E M culture medium 
containing 5% fetal calf serum, and final concentrations were 
determined by spectrophotometry a t 320 nm. In all cases t he 
pH was determined after equilibration u n d e r 5% CO2 at 37 
°C and adjusted to 7.4 if necessary. Cytotoxicity under aerobic 
and hypoxic conditions was compared using well s t irred, 
continuously gassed single cell suspensions ( (1 -2) x 106 AA8 
or UV4 cells/mL), with removal of samples for clonogenic assay 
a t intervals , as described in detail elsewhere.4 2 Cell suspen
sions and drug solutions in cul ture medium were equil ibrated 
separate ly for 1 h unde r the appropr ia te gas phase before 
mixing. The concentration x t ime to reduce plat ing efficiency 
to 10% of control values (CT10) was determined a t each drug 
concentration, and the hypoxic selectivity calculated as the 
rat io of aerobic CTio/hypoxic CT10 at the same t ime. 

Radiosensit izat ion was assessed by i r radia t ing (cobalt 60) 
single cell suspensions of hypoxic AA8 cells a t 37 °C as detailed 
previously.43 Cul tures were i r radia ted 0.5 h after addition of 
drug. Control exper iments showed t h a t t he drugs were not 
cytotoxic in the absence of i r radiat ion under these conditions. 
At each drug concentrat ion the radia t ion survival curve was 
fitted to the l inear—quadratic model (In surviving fraction = 
-CLD - /JD2, where D is the radia t ion dose) to interpolate the 
dose for 10% survival CD10), and the sensit izer enhancement 
rat io (SER = D10 without drug/Dio with drug) was determined. 
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