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Figure 2. ICR spectrum of a mixture of l,3-[l-180,4,4-2H2]dioxolan-2-
one and pyridine-rf5. 

would lead to the same product ions m/z 98 and 100, each of 
which would now have both ions, m/z 46 (2a) and m/z 48 (2b), 
as precursors.10 

l,3-[l-180,4,4-2H2]Dioxolan-2-one was synthesized starting 
from ethyl diazoacetate as outlined in Scheme II, adapting a 
published procedure" to produce maximum incorporation of the 
18O label. The mass spectra of the doubly labeled ethylene glycol 
and the carbonate confirmed the incorporation (86%, 18O >95% 
2H) and location of the labels. 

The ICR spectrum6 of a mixture of l,3-[l-180,4,4-2H2]di-
oxolan-2-one (1.2 X 10"5 torr) and pyridine-*^8 (0.3 X 10~5 torr) 
is shown in Figure 2. Two product ions are observed at m/z 98 
and 100 as a result of the transfer of CH2

+- and CD2
+-7 to neutral 

pyridine-(/5. Double resonance reveals that each of the two product 
ions is formed from both precursor ions, namely, m/z 46 and 48. 
This result can be explained only by assuming that the primary 
fragment ions have undergone a rearrangement which, at one 
stage, has rendered the two methylene groups equivalent. Isomers 
1 and 2 are the only C2H4O

+- ions with equivalent methylene 
groups. Since 1 has been shown3 to ring open to 2 prior to the 
CH2

+- transfer reaction we can conclude that if the C2H4O
+-

isomer 3 is generated from ethylene carbonate9 it is not stable 
but undergoes an isomerization yielding, at least in part,12 isomer 
2 (Scheme I). This result is in agreement with the ab initio 
predictions1 of the stabilities of the three C2H4O

+- isomers involved. 
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(9) A referee has pointed out that the CH2CH2O
+- ion from ethylene 

carbonate may not even have a transitory existence, but that the cyclic ion 
1 may be formed directly, e.g., 

OCOOCH2CH2
+- — -OCOOCH2CH2

+ -CO2 

COOCH2CH2O
+- — -COOCH2CH2O

+ -CO2 

1 

On the available evidence, we cannot rule out this possibility. 
(10) A similar approach has been used (Gross, M. L. / . Am. Chem. Soc. 

1972, 94, 3744-3748) to establish that all three methylene groups in the 
C3H6

+- ion from tetrahydrofuran, which transfers CH2
+- to NH3, are identical. 

(11) Paulissen, R.; Reimlinger, H.; Hayez, E.; Hubert, A. J.; Teyssie, Ph. 
Tetrahedron Lett. 1973, 2233-2236. 

(12) Our results do not exclude the possibility that 3 may in part also 
isomerize to other more stable C2H4O

+- isomers, e.g., ionized acetaldehyde.5 

Using selective ion/molecule reactions13 we have, however, not been able to 
detect any evidence for the isomerization of 3 to CH2=CH—OH+- ions. 

(13) Bouma, W. J.; MacLeod, J. K.; Radom, L. Adv. Mass Spectrom. 
1980,«, 178-185. 
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Many heteroaromatic compounds containing a nitro group have 
antimicrobial properties.1 One representative of this important 
class of drugs is 2-methyl-5-nitroimidazole-l-ethanol (metroni­
dazole, 1), which is clinically effective against trichomoniasis, 
various forms of amoebiasis, and infections with anaerobic bac­
teria.2 Despite the pharmacological importance of the nitro­
imidazoles, the mechanism of their metabolism and the reason 
for their selective toxicity toward anaerobic microorganisms have 
not been determined. Even the chemical behavior of this class 
of compounds has not been investigated thoroughly. One widely 
cited mechanism of biological action involves their reduction to 
radical anions, nitrosoimidazoles or hydroxylaminoimidazoles, 
followed by interaction of these hypothetical reactive metabolites 
with cellular macromolecules such as DNA.3 We report here 
a series of reactions which emphasize for the first time the sus­
ceptibility of these simple nitro heteroaromatic compounds to 
nucleophilic substitution of the nitro group4,5 and suggest that this 
reaction may be the basis for their biological action. 
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Nitroimidazole 1 reacted readily with 2-aminoethanethiol, which 
may be considered analogous to the biologically important nu-
cleophile glutathione since both contain a primary sulfhydryl 
group.6 At an initial pH of 5.0, the reaction of compound 1 with 
excess thiol under N2 (H2O, 37 0C, 120 h or 100 0C, 1.5 h) 
produced 4-[(2-aminoethyl)thio]-2-methylimidazole-l-ethanol (2, 
98%)? At pH 9.5 (37 0C, 24 h) the reaction with excess thiol 
was significantly faster and slightly more complex, leading to 
compound 2 (45%) as well as to an isomeric thioimidazole, 5-
[(2-aminoethyl)thio]-2-methylimidazole-l-ethanol (3, 22%).7 At 

^epartement de chimie, Universite de Montreal, Montreal, Quebec, 
Canada H3C 3Vl. 

(1) Grunberg, E.; Titsworth, E. Annu. Rev. Microbiol. 1973, 27, 317. 
(2) Goldman, P. IV. Engl. J. Med. 1980, 303, 1212. 
(3) Ings, R. M. J.; McFadzean, J. A.; Ormerod, W. E. Biochem. Phar­

macol. 1974, 23, 1421. Mason, R. P.; Holtzman, J. L. Biochemistry 1975, 
14, 1626. Lindmark, D. G.; Miiller, M. Antimicrob. Agents Chemother. 1976, 
10, 476. LaRusso, N. F.: Tomasz, M.; Miiller, M.; Lipman, R. MoI. Phar­
macol. 1977, 13, 872. Knight, R. C; Skolimowski, I. M.; Edwards, D. I. 
Biochem. Pharmacol. 1978, 27, 2089. Koch, R. L.; Chrystal, E. J. T.; 
Beaulieu, B. B., Jr.; Goldman, P. Ibid. 1979, 28, 3611. 

(4) For a review of related reactions, see: Beck, J. R. Tetrahedron 1978, 
34, 2057. 

(5) For three reports of nitrite displacement from activated derivatives of 
furan and thiophene, see: Lieb, F.; Eiter, K. Liebigs Ann. Chem. 1972, 761, 
130. Dell'Erba, C; Spinelli, D.; Leandri, G. Gazz. CMm. Ital. 1969, 99, 535. 
Dell'Erba, C; Guanti, G. Ibid. 1970, 100, 223. 

(6) (a) Willson and Searle observed that cysteine and nitroimidazole 1 
react under certain conditions, but they did not identify the products of this 
reaction. See: Willson, R. L.; Searle, A. J. F. Nature (London) 1975, 255, 
498. (b) Under other conditions, however, Boyland and Speyer report that 
compound 1 does not react with glutathione. See: Boyland, E.; Speyer, B. 
E. Biochem. J. 1970, 119, 463. (c) For a review of the chemistry of gluta­
thione, see: Kosower, N. S.; Kosower, E. M. Int. Rev. Cytol. 1978, 54, 109. 

(7) The assigned structure was consistent with the elemental analysis and 
the IR, NMR, and mass spectra of this new substance. 
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this higher pH, nitroimidazole 1 is also consumed by direct hy­
drolysis, which accounts for the reduced yield of thioimidazoles.8,9 

Assignment of structures 2 and 3 to the products is consistent with 
several observations. Reduction of both compounds in the presence 
of Raney nickel produced 2-methylimidazole-l-ethanol (4)10'11 

and confirmed that the compounds were thioimidazoles. In ad­
dition, their 1H NMR spectra showed subtle differences char­
acteristic of isomeric imidazoles.8 H4 in compound 3 was more 
shielded in D2O than H5 in compound 2 (6 7.08 vs. 7.17) but less 
shielded in CDCl3 (<5 7.01 vs. 6.88). Also characteristic was the 
fact that exchange of H5 in thioimidazole 2 with deuterium (1 
N NaOD, 100 0C, 20 h) was much more rapid than exchange 
of H4 in thioimidazole 3.8 

We propose that in base these thioimidazoles are formed by 
the concurrent normal and abnormal substitution reactions de­
scribed in Scheme I.12,13 This sequence accounts for the ac­
celerating effect of base and implicates the known radical anion 
5 of metronidazole14 and the reasonable Meisenheimer complexes 
6 and 7.15 We attribute the different distribution of products 
at lower pH to the altered position of equilibrium between com­
pound 1 and its conjugate acid, which might react differently with 
nucleophiles.16 Indirect evidence for the elimination of nitrite 
was provided by the isolation of 2,2'-dithiobis[(ethanamine)] (10, 
78%), presumably formed when nitrous acid is reduced to am-
mpnia by excess 2-aminoethanethiol (eq 1). In fact, when typical 
reaction mixtures were made basic and steam distilled into aqueous 
hydrogen chloride, ammonium chloride could be isolated in 81% 
yield. More direct evidence for the elimination of nitrite came 

(8) Takeuchi, Y.; Yeh, H. J. C; Kirk, K. L.; Cohen, L. A. J. Org. Chem. 
1978, 43, 3565. Takeuchi, Y.; Kirk, K. L.; Cohen, L. A. Ibid. 1978, 43, 3570. 

(9) Goldman, P.; Wuest, J. D., unpublished results. 
(10) Schlein, H. N.; Israel, M.; Chatterjee, S.; Modest, E. J. Chem. Ind. 

1964, 418. 
(11) Kochergin, P. M.; Tsyganova, A. M.; Blinova, L. S.; Shlikhunova, V. 

S. Khim. Geterosikl. Soedin., Akad. Nauk Law. SSSR 1965, 875. 
(12) Bunnett, J. F.; Zahler, R. E. Chem. Rev. 1951, 49, 273. 
(13) A hetaryne mechanism can be excluded, since the reaction of isomeric 

nitroimidazole 13 with 2-aminoethanethiol in base produced a very different 
ratio of compounds 2 and 3. See: Kauffmann, T. Angew. Chem. 1965, 77, 
557. 

(14) Perez-Reyes, E.; Kalyanaraman, B.; Mason, R. P. MoI. Pharm. 1980, 
17, 239. 

(15) For references, see: Crampton, M. R. Adv. Phys. Org. Chem. 1969, 
7, 211. Strauss, M. J. Chem. Rev. 1970, 70, 667. Doddi, G.; Stegel, F.; 
Tanasi, M. T. / . Org. Chem. 1978, 43, 4303. 

(16) Abramovitch, R. A.; Helmer, F.; Liveris, M. J. Org. Chem. 1969, 34, 
1730. 

from the following experiment. When an aqueous, equimolar 
mixture of nitroimidazole 1 and 2-aminoethanethiol was heated 
(100 0C, 2 h), treated with excess o-phenylenediamine, and 
acidified with aqueous hydrogen chloride, benzotriazole was 
formed by diazotization in 33% yield. This low yield was not 
surprising since the reactions of equimolar mixtures of nitro­
imidazole 1 and 2-aminoethanethiol in either acid or base gave 
diminished yields of thioimidazoles (31% at pH 5.0, 41% at pH 
8.8). This suggests that substitution of the nitro group and re­
duction of nitrite occur at similar rates. 

Nitrous acid liberated in this way does not appear to be re­
sponsible for the lethal effect of metronidazole (1) on Bacillus 
fragilis and Clostridium perfringens since nitrite and isoamyl 
nitrite were significantly less toxic on a molar basis than nitro­
imidazole I.17 We cannot exclude the possibility that compound 
1 serves as a carrier of masked nitrite which is released at sensitive 
sites when the nitroimidazole reacts with a suitable nucleophile. 

The toxicities and mutagenicities of 2-, 4-, and 5-nitroimidazoles 
increase in the order 4-nitro « 5-nitro < 2-nitro.18 In a series 
of reactions analyzed by UV spectroscopy or direct isolation of 
products, we compared the rates at which excess 2-amino­
ethanethiol reacts under N2 (H2O, 37 0C) with three representative 
nitroimidazoles: 2-nitroimidazole-l-(2-methoxymethyl)ethanol 
(11, misonidazole), compound 1, and the isomeric compound 
2-methyl-4-nitroimidazole-l-ethanol (13). At pH 9.5 the rates 
of reaction increase in the order of increasing toxicity.19 At pH 
4.8 the results are similar, and the reaction of nitroimidazole 11 
with excess thiol (N2, H2O, 100 0C, 1.5 h) yielded 2-[(2-
aminoethyl)thio]imidazole-l-(2-methoxymethyl)ethanol (12, 
89%) ? Under these conditions, however, compound 13 could be 
recovered unchanged. More vigorous conditions (H2O, 160 0C, 
17 h) were required to form the expected product of substitution, 
thioimidazole 3 (64%). We suggest that nitroimidazole 1 is more 
reactive than isomer 13 because polarization of the carbon-ni­
trogen double bond makes Meisenheimer complex 14 more stable 
than structure 15. 

(17) Beaulieu, B. B., Jr.; McLafferty, M. A.; Goldman, P., unpublished 
results. 

(18) Adams, G. E.; Clarke, E. D.; Jacobs, R. J.; Stratford, I. J.; Wallace, 
R. G.; Wardman, P.; Watts, M. E. Biochem. Biophys. Res. Commun. 1976, 
72, 824. Chin, J. B.; Sheinin, D. M. K.; Rauth, A. M. Mutation Res. 1978, 
58, 1. 

(19) Some direct hydrolysis occurs under these conditions, so the rates are 
not a simple measure of reactivity toward thiol. 
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When either bacteria or xanthine oxidase are incubated with 
metronidazole (1) under anaerobic conditions, extensive frag­
mentation of the imidazole ring occurs.20 This fragmentation 
probably does not involve thioimidazoles as intermediates, since 
compound 2 is inert to aqueous acid and base and even to aqueous 
mercuric chloride.21 However, preliminary experiments with 
water and hydrazine9 suggest that adducts formed when metro­
nidazole reacts with other nucleophiles may be less resistant to 
fragmentation. Decomposition of these adducts may lead to many 
of the ultimate metabolites, while conversion of other important 
cellular nucleophiles to inert imidazoles may account for the 
biological activity of nitroimidazoles. 
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There have been several ESR investigations of silver atoms 
isolated in rare-gas matrices at low temperatures.2"5 Kasai and 
McLeod2 found that EPR spectra in Ne, Ar, Kr, and Xe consist 
of two doublets of almost equal intensity from the two isotopes 
of silver with hyperfine interactions (hfi) up to 6% larger than 
the values found in the gas phase.6 These workers also found 
that silver atoms react with ethylene and acetylene in rare-gas 
matrices to give a variety of metal atom-organic ligand complexes 
and pseudocomplexes.3,4 For instance, Ag atoms and C2H4 give 

(1) Issued as NRCC 19652. 
(2) P. H. Kasai and D. McLeod, / . Chem. Phys., 55, 1566 (1971). 
(3) P. H. Kasai and D. McLeod, Jr., J. Am. Chem. Soc, 97, 6602 (1975); 

100, 625 (1978). 
(4) P. H. Kasai, D. McLeod, Jr., and T. Watanabe, J. Am. Chem. Soc, 

102, 179 (1980). 
(5) G. Ozin, / . Am. Chem. Soc, 102, 3301 (1980). 
(6) Y. Ting and H. Lew, Phys. Rev., 105, 581 (1957). 
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Figure I. EPR spectrum of C6D6 containing 107Ag at 103 K. The arrows 
indicate the resonance positions of Ag3. 

EPR spectra which were attributed to isolated Ag atoms, a 
pseudocomplex, Ag-C2H4, with a Ag hfi ~6% smaller than that 
of the free atom, and a complex, Ag(C2H4)2, with a small Ag hfi 
of ~ 16.4 G. Ag atoms and C2H2 behaved somewhat differently, 
and EPR spectra have been assigned to the pseudocomplexes 
Ag-C2H2, Ag-(C2H2)2, Ag-(C2H2)„>3, and the vinyl radical 
AgCH=CH. Recently, Ozin5 using high concentrations of silver 
in Ar and Kr (1:102-1:103) and photoaggregation of matrices dilute 
in silver (1:103-1:104) obtained spectra which were weak in Ag 
atoms and strong in an isotropic feature centered at g ~ 2. Ozin 
concluded that the latter spectrum was a composite of two spectra, 
one consisting of sharp lines which were attributed to a range of 
silver aggregates with molecular cluster properties and a broader 
conduction EPR spectrum which was assigned to small silver 
microcrystallites. 

We wish to report here the first positive EPR identification of 
a neutral silver cluster (Ag3) which has been produced at 77 K 
by cocondensation of 107Ag atoms and C6D6 on the cold surface 
of a rotating cryostat.7,8 Isotopically pure silver (98.22% 107Ag 
from Oak Ridge National Laboratory, TN) was chosen for these 
experiments because of the anticipated complexity of the spectrum 
from natural silver. The EPR spectrum obtained from this ex­
periment is shown in Figure 1. It is dominated by two doublets 
with large isotropic hyperfine splitting constants {awl

l = 608.2 
G, gi«, = 2.0004; a107

,! = 562.45 G, giso = 1.9926) which are 
associated with isolated atoms and the pseudocomplex Ag-C6D6.

9 

A more complex spectrum, again essentially isotropic, consists 
of four ~40-G doublets (arrows in Figure 1). The separation 
of the central pair of doublets is precisely that expected for a 
second-order splitting10 associated with equal (~295 G) isotropic 
hyperfine interactions from two nuclear spins of magnitude '/2. 
We assign the spectrum to the cluster of three silver atoms Ag3 
in which the equivalent terminal nuclei show equal, larger hy­
perfine interactions. 

An exact least-squares solution of an isotropic spin Hamiltonian 
for Ag3 using all eight lines of the observed spectrum led to the 
following best-fit parameters: «107(2) = 295.0 ± 0.3 G, «107(1) 
= 38.5 ± 0.3 G, and #iso = 1.9622 ± 0.0001. Closer inspection 
of the spectrum at high resolution suggested the presence of 
residual g anisotropy from an orthorhombic tensor with principal 
values ~ 1.960, 1.962, and 1.966. There was, however, no sug­
gestion of 107Ag hyperfine anisotropy. 

Using the appropriate one-electron parameter for 107Ag,11 the 
isotropic hyperfine interactions in Ag3 may be converted to spin 
populations of 44% for each of the terminal Ag(5s) and 6% for 
the central Ag(5s) atomic orbital. The composition of the sem-
ioccupied orbital (SOMO) OfAg3 is thus strikingly similar to those 
of the alkali-atom clusters Na3

12 and K3.
13 In all three cases, 

the unpaired electron is more or less localized in valence s atomic 

(7) J. E. Bennett and A. Thomas, Proc R. Soc. A, 280, 123 (1964). 
(8) J. E. Bennett, B. Mile, A. Thomas, and B. Ward, Adv. Phys. Org. 

Chem., 8, 1 (1970). 
(9) A. Buck, B. Mile, and J. A. Howard, unpublished results. 
(10) R. W. Fessenden, J. Chem. Phys., 37, 747 (1962). 
(11) J. R. Morton and K. F. Preston, / . Magn. Reson., 30, 577 (1978). 
(12) D. M. Lindsay, D. R. Herschbach, and A. L. Kwiram, MoI. Phys., 

32, 1199 (1976). 
(13) G. M. Thompson and D. M. Lindsay, J. Chem. Phys., 74, 959 (1981). 
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