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of the animals to exhibit clonic seizures. 
Effects on the Uptake of Norepinephine and Serotonin 

by Crude Synaptosomes. Experiments were performed with 
crude preparations of synaptosomes from rat whole brain. The 
procedure of Thornberg and Moore6 was followed with minor 
modifications. Incubations were carried out for 5 or 15 min with 
L-[3H] norepinephrine (20 or 21.2 nM unless otherwise specified) 
or [3H]serotonin (9.2-14 nM unless otherwise specified). The test 
compounds were dissolved in ethanol; the final concentration of 
ethanol in the assay mixture was 1% (v/v). 

Effect on Apomorphine Inhibition of Tyrosine Hy­
droxylase in Synaptosomes. These experiments were conducted 
essentially according to the protocol described by Bronaugh and 
co-workers.6 Percent prevention of apomorphine (Apo) inhibition 
was calculated according to Christiansen and Squires8 as follows: 
(% of control act. with test compd and Apo -

% of control act. with Apo) / 
(% of control act. with test compd in the absence of Apo -

% of control act. with Apo) X 100 

(8) J. Christiansen and R. F. Squires, J. Pharm. Pharmacol., 26, 
742 (1974). 

Effects on Histamine-Activated Adenylate Cyclase 
Preparations. Guinea pig cerebrum or hippocampus particles 
were prepared, prelabeled with [2-3H]adenine, and activated with 
histamine (50 MM), 2-methylhistamine (200 yM), or 4-methyl-
histamine (100 or 200 ^M) essentially as described by Chasin et 
al.9 The test drugs were added at concentrations ranging from 
0.01 to 100 MM. Quantitation of cyclic AMP was based on the 
procedure of Krishna et al.10 The percent inhibition by test 
compounds was calculated after subtraction of the basal value 
for formation of cyclic AMP. 
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o-Nitrobenzyl and p-nitrobenzyl alcohols, halides, and N-substituted carbamates were prepared as potential bioreductive 
alkylating agents, and first half-wave reduction potentials of these compounds were measured by differential pulse 
polarography. The cytotoxicities of these agents were examined by determining the colony-forming ability of EMT6 
tumor cells following exposure to each agent at concentrations of 0.01 to 500 nM for 1 h at 37 °C under conditions 
of normal aeration and chronic hypoxia. The o-nitrobenzyl compounds were significantly more cytotoxic to hypoxic 
cells than to oxygenated cells. This selective cytotoxicity is hypothesized to result from alkylation following more 
efficacious bioreductive activation of these compounds by hypoxic cells. Nitrobenzyl compounds with such selective 
toxicity to hypoxic neoplastic cells may prove to be particularly valuable in combination therapy designed for the 
treatment of solid tumors. 

The cellular subpopulations in solid tumors are physi­
ologically more heterogeneous with respect to the degree 
of oxygenation and rate of proliferation than are the cel­
lular components of hematological or particularly well-
vascularized tumors. With respect to these considerations, 
a solid neoplastic mass may be envisioned to consist of at 
least four classes of malignant cells: cells which are 
well-oxygenated, relatively rapidly traversing the cell cycle 
and which may correspond in drug sensitivities to expo­
nentially growing cells in culture; nonproliferating oxy­
genated cells which may correspond in susceptibility to 
chemotherapeutic agents to plateau phase cells in culture; 
and cells in various degrees of hypoxia. The hypoxic cell 
population may be composed of cells with either relatively 
normal or prolonged cell cycle times or may be blocked in 
their progression through the cell cycle. The hypoxic cell 
compartment contains viable neoplastic stem cells which 
are capable of reentering the rapidly proliferating cellular 
pool of the tumor. It is well-established that hypoxic cells 
are relatively resistant to the cytotoxic effects of ionizing 
radiation, and, since hypoxic cells may be either noncycling 
or slowly progressing through the cell cycle, they are also 
presumed to be relatively resistant to cell cycle specific 
chemotherapy. Thus, the hypoxic cell population has the 
capacity to limit the curability of solid tumors, and, for 
this reason, agents directed specifically against hypoxic 
cells would appear to have considerable potential in cancer 

therapy in combination with other agents or t rea tment 
modalities designed to erradicate the other cellular classes 
that may be present.1 

The nitroheterocyclic radiosensitizers were first exam­
ined because of their ability to sensitize hypoxic cells to 
the lethal effects of ionizing radiation.2 These compounds 
also have been shown to be selectively cytotoxic to hypoxic 
cells;3-13 this differential toxicity appears to depend upon 
the preferential reductive activation of the nitro-

(1) K. A. Kennedy, B. A. Teicher, S. Rockwell, and A. C. Sartorelli, 
Biochem. Pharmacol., 29,1 (1980). 

(2) G. E. Adams, Cancer: Compr. Treatise, 6, 181 (1977). 
(3) J. Denekamp and N. J. McNally, Br. J. Radiol., 51, 747 (1978). 
(4) J. L. Foster, P. J. Conroy, A. J. Searle, and R. L. Wilson, Br. 

J. Cancer, 33, 485 (1976). 
(5) C. R. Geard, S. F. Povlas, M. B. Astor, and E. J. Hall, Cancer 

Res., 38, 644 (1978). 
(6) K. C. George, D. G. Hirst, and N. J. McNally, Br. J. Cancer, 

35, 372 (1977). 
(7) J. K. Mohindra and A. M. Rauth, Cancer Res., 36, 930 (1976). 
(8) B. A. Moore, B. Palcic, and L. D. Skarsgard, Radiat. Res., 67, 

459 (1976). 
(9) R. Sridhar, C. Koch, and R. Sutherland, Int. J. Radiat. Oncol. 

Biol. Phys., 1, 1149 (1976). 
(10) I. J. Stratford, Br. J. Cancer, 38, 130 (1978). 
(11) I. J. Stratford and G. E. Adams, Br. J. Cancer, 35, 307 (1977). 
(12) R. M. Sutherland, Cancer Res., 34, 3501 (1974). 
(13) Y. C. Taylor and A. M. Rauth, Cancer Res., 38, 2745 (1978). 
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Table I. Physical Constants of o- and p-Nit robenzyl Alcohols, Halides, and Carbamates 

compd 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

R. 
H 
H 
H 
H 
H 
H 
CH2OH 
CH2Br 
CH2C1 
CH2OCONHCH3 
CH2OCONHC6H5 
CH2OCONHC2H4Cl 

misonidazole 
metronidazole 

R2 

CH2OH 
CH2Br 
CH2C1 
CH2OCONHCH3 
CH2OCONHC6H5 
CH2OCONHC2H4Cl 
H 
H 
H 
H 
H 
H 

,2 

mp, °C 

92-94 
97-99 
71-73 

120-122 
125-126 

69-71 
70-72 
44-46 
52-54 
70-72 

121-123 
66-68 

anal. 

C, H, N 
C, H, N, Br 
C, H, N, CI 
C, H, N 
C, H, N 
C, H, N, CI 
C, H, N 
C, H, N, Br 
C, H, N, CI 
C, H, N 
C, H, N 
C, H, N, CI 

Elh,V 

-0.84 
-0.75 
-0.72 
-0.82 
-0 .78 
-0.77 
-0.83 
-0.75 
-0.72 
-0.79 
-0.77 
-0.76 
-0.68 
-0.74 

aerobic 

2.6 
0.10 
0.14 
0.63 
0.22 

31 
3.0 
1.5 
1.2 
3.57 
6.8 

52 

ED50, Mg/m 

hypoxic 

0.77 
0.06 
0.07 
0.03 
0.08 

10 
1.5 
0.06 
0.1 
0.006 
0.22 
0.65 

iL 

ratio 
(aerobic/ 
hypoxic) 

3.3 
1.7 
2.0 

21 
2.7 
3.1 
2.0 

25 
12 

595 
31 
80 

heterocyclic drugs by enzyme systems selectively expressed 
under conditions of hypoxia.1314 The selective cytotoxicity 
of the electron-affinic radiosensitizers to hypoxic cells in 
the absence of radiation requires prolonged contact times 
(i.e., several hours) and relatively high drug concentrations 
(e.g., 1-5 mM misonidazole).8'15,16 Consequently, it may 
not be feasible to exploit effectively the preferential action 
of these agents on hypoxic cells in the treatment of human 
cancer.17,18 

The postulate by this laboratory that hypoxia results in 
environmental conditions conducive to reductive processes 
led us to develop a series of quinone bioreductive alkylating 
agents.19,20 The envisioned mechanism of activation in­
volved reduction of these agents to the hydroquinone level 
and spontaneous degradation of the hydroquinone to 
generate a reactive quinonemethide capable of alkylating 
cellular molecules. 

It was conceivable that this principle could be extended 
by employing a nitroaromatic moiety containing a func­
tionality designed to be activated to a highly reactive al­
kylating species under the reducing conditions present in 
hypoxic neoplastic cells. Such agents should be selectively 
toxic to hypoxic cells, with the cytotoxicity to hypoxic 
neoplastic cells being significantly greater than the nitro-
heterocyclic radiosensitizing agents. To test this hypoth­
esis, o- and p-nitrobenzyl halides and carbamates were 
prepared and evaluated in vitro for cytotoxicity to hypoxic 
and oxygenated EMT6 mammary tumor cells. These 
relatively simple molecules are regarded as prototypes of 
nitroreductase-catalyzed bioreductive alkylating agents; 
thus, the necessary structural features for bioreductive 
activation and selective cytotoxicity to hypoxic cancer cells 

(14) 

(15) 
(16) 

(17) 
(18) 
(19) 

(20) 

A. J. Varghese, S. Gulyas, and J. K. Mohindra, Cancer Res., 
36, 3761 (1976). 
J. L. Foster, Int. J. Radiat. Oncol. Biol. Phys., 4, 153 (1978). 
T. W. Wong, G. F. Whitmore, and S. Gulyas, Radiat. Res., 75, 
541 (1978). 
J. M. Brown, Radiat. Res., 72, 469 (1977). 
J. Denekamp and S. R. Harris, Radiat. Res., 66, 66 (1976). 
A. J. Lin, L. A. Cosby, and A. C. Sartorelli, in "Cancer 
Chemotherapy", A. C. Sartorelli, Ed., American Chemical So­
ciety, Washington, D.C., 1976, p 71. 
A. J. Lin, L. A. Cosby, C. W. Shansky, and A. C. Sartorelli, J. 
Med. Chem., 15, 1247 (1972). 

can be incorporated into any chosen molecular nucleus. 
Chemistry. Nitrobenzyl carbamates were prepared by 

reaction of anhydrous o-nitrobenzyl alcohol (7) or p-
nitrobenzyl alcohol (1) at room temperature with methyl, 
phenyl, or chloroethyl isocyanate. 

The first half-wave reduction potentials of compounds 
1-12 were measured and are shown in Table I. The redox 
potentials of o- and p-nitrotoluene are -0.88 and -0.90 V, 
respectively, when measured in the buffer system used in 
this study. Substitution of electron-withdrawing sub-
stituents on the methyl group of nitrotoluene produced 
agents which are significantly more electron affinic than 
the parent compounds. The first half-wave potentials of 
the nitrobenzyl compounds investigated were similar to 
those of metronidazole, with misonidazole being slightly 
more electron affinic. 

Biology. The survival of EMT6 tumor cells treated in 
culture for 1 h with various concentrations of o- (7) and 
p-nitrobenzyl alcohol (1), o- (8) and p-nitrobenzyl bromide 
(2), o- (9) and p-nitrobenzyl chloride (3), o- (10) and p-
nitrobenzyl iV-methylcarbamate (4), o- (11) and p-nitro­
benzyl iV-phenylcarbamate (5), and o- (12) and p-nitro­
benzyl A/-(chloroethyl)carbamate (6) is shown in Figures 
1-6, respectively. These survival curves are plotted with 
the surviving fraction on a linear scale to emphasize the 
differential cytotoxicities of the ortho compounds to oxy­
genated and hypoxic cells at low drug concentrations. 
Inserts on the figures replot cellular survival using more 
traditional semilog plots for those cases in which the 
surviving fraction fell below 5%. The survival of chron­
ically hypoxic EMT6 cells (i.e., cells maintained under 95% 
N 2 /5% C02 for 4 h prior to the addition of the drug) 
exposed to the o-nitrobenzyl halides and carbamates for 
1 h was significantly lower than that of normally aerated 
cells treated with these agents under similar conditions. 
In contrast, the corresponding p-nitrobenzyl halides and 
carbamates and the o- and p-nitrobenzyl alcohols showed 
no significant difference in their cytotoxicity toward ae­
robic and hypoxic cells.21,22 Furthermore, nitrotoluenes, 

(21) B. A. Teicher and A. C. Sartorelli, "Abstracts of Papers", 178th 
National Meeting of the American Chemical Society, Wash­
ington, D.C., Sept. 1979, American Chemical Society, Wash­
ington, D.C., 1979, Abstr. MEDI 67. 
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^CH20H 

DRUG CONCENTRATION (pM) 

Figure 1. Survival of aerobic (•) and hypoxic (O) EMT6 cells 
treated for 1 h with various concentrations of p-nitrobenzyl alcohol 
(1) (top) or o-nitrobenzyl alcohol (7) (bottom) in cell culture. 

benzyl halides, and benzyl carbamates were not selectively 
cytotoxic to chronically hypoxic cells. 

As can be seen from the EDso values shown in Table I, 
the ratios of the drug concentrations needed to achieve 
50% kill of EMT6 cells under oxygenated and hypoxic 
conditions was 3.3 and 2.0 for the p- (1) and o-nitrobenzyl 
alcohols (7), respectively. For other para-substituted 
compounds, the ratio varied between 1.7 and 3.1, with the 
exception of p-nitrobenzyl iV-methylcarbamate (4) for 
which the ratio of drug concentrations needed to obtain 
a 50% survival of EMT6 cells under aerobic and hypoxic 
conditions was 21. With ortho-substituted compounds, this 
ratio varied between 12 and 80, with the exception of o-
nitrobenzyl iV-methylcarbamate (10), for which the ratio 
of drug concentrations needed to obtain a 50% kill of 
EMT6 cells under aerobic and hypoxic conditions was 595. 
Figures 1-6 demonstrate that the nitrobenzyl halides were, 
in general, more cytotoxic than the corresponding nitro-

(22) B. A. Teicher, S. Rockwell, and A. C. Sartorelli, Cancer Clin. 
Trials, in press (1980). 

DRUG CONCENTRATION (nM) 

0.1 I 10 100 

DRUG CONCENTRATION (^.M) 

Figure 2. Survival of aerobic (•) and hypoxic (O) EMT6 cells 
treated for 1 h with various concentrations of p-nitrobenzyl 
bromide (2) (top) or o-nitrobenzyl bromide (8) (bottom) in cell 
culture. 

benzyl carbamates, especially at concentrations above 10 
MM. The greatest differential kill at any given concen­
tration was obtained with o-nitrobenzyl chloride; at con­
centrations of 10 and 50 /iM, this compound killed 100 
times more hypoxic cells than aerobic cells (Figure 3). 

The electron-affinic nitroimidazole radiosensitizers have 
been shown by a variety of laboratories to have a selective 
action on hypoxic cells in the absence of irradiation; 
however, this cytotoxicity requires prolonged exposure and 
relatively high concentrations.15 The severity of the hy­
poxia determines the degree of susceptibility of cells to 
misonidazole-induced cytotoxicity7 and appears to be a 
reflection of differences in the capacities of oxygenated and 
hypoxic cells to metabolize this agent. Thus, relatively 
large amounts of N-hydroxy and amine metabolites of 
misonidazole are produced by hypoxic cells, indicating that 
reduction of the nitro group occurs,7,13,16 while few me­
tabolites are found in cells maintained under aerobic 
conditions.13 

Our data suggest that the presence of a nitro group is 
necessary and the ortho orientation of the nitro moiety and 
the halomethylene or carbamylmethylene group of the 
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Figure 3. Survival of aerobic (•) and hypoxic (O) EMT6 cells 
treated for 1 h with various concentrations of p-nitrobenzyl 
chloride (3) (top) or o-nitrobenzyl chloride (9) (bottom) in cell 
culture. 

nitroaromatic compounds tested is optimal for selective 
toxicity to hypoxic tumor cells. Mechanisms of cytotoxicity 
involving the quenching of a nitro radical anion formed 
by one-electron reduction by molecular oxygen with the 
subsequent formation of toxic species, such as superoxide 
anion, hydroxyl radical, and hydrogen peroxide, would 
appear to be nonoperative in hypoxic cells because of the 
absence of molecular oxygen. The formation of other 
products of nitro reduction, such as nitroso and the hy-
droxylamine intermediates, may account for some of the 
toxicity of these agents toward hypoxic cells. It is also 
possible that the greater toxicity of ortho-substituted de­
rivatives to hypoxic EMT6 tumor cells is the result of the 
formation of a reactive methide-containing species fol­
lowing bioreduction. A mechanism consistent with this 
possibility is shown in Figure 7. Complete reduction of 
the nitro substituent of the o-nitrobenzyl halides and 
carbamates can be envisioned to result in an amino group 
adjacent to a methylene moiety bearing a good leaving 

0.1 1 10 100 1000 

DRUG CONCENTRATION (/iM) 

Figure 4. Survival of aerobic (•) and hypoxic (O) EMT6 cells 
treated for 1 h with various concentrations of p-nitrobenzyl 
iV-methylcarbamate (4) (top) or o-nitrobenzyl 7V-methylcarbamate 
(10) (bottom) in cell culture. 

group. The participation of the amino function in forming 
the postulated reactive methide intermediate may be 
necessary to overcome the energy barrier associated with 
the aromaticity of the benzene ring. Intramolecular re­
arrangement is hypothesized to lead to an anilinium ion 
and the reactive methide group; upon reaction of the 
methide with any available cellular nucleophile, the aro­
maticity of the system is restored. The greater toxicity 
of o-nitrobenzyl halides and carbamates to hypoxic cells 
than to their oxygenated counterparts may be due to an 
influence of the ortho substituent on the reductive process. 

The o-nitrobenzyl halides and carbamates are consid­
erably more cytotoxic to hypoxic cells than are the nitro-
imidazoles, misonidazole and metronidazole. One log of 
cell kill was achieved with the o-nitrobenzyl halides and 
carbamates when cells were exposed to a concentration of 
10 nM drug for 1 h, whereas, in contrast, to produce a 
comparable degree of kill of hypoxic cells, concentrations 
of 1-5 mM of misonidazole and incubation times of 2-5 
h must be employed.10'11,16 Moreover, the selective cyto­
toxicity of o-nitrobenzyl halides and carbamates for hy­
poxic cells was evident at concentrations as low as 0.01 nM. 

Although the simple aerobic/hypoxic cell in vitro 
screening methodology used in these studies has several 
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DRUG CONCENTRATION iftM) 

Figure 5. Survival of aerobic (•) and hypoxic (O) EMT6 cells 
treated for 1 h with various concentrations of p-nitrobenzyl 
iV-phenylcarbamate (5) (top) or o-nitrobenzyl iV-phenylcarbamate 
(11) (bottom) in cell culture. 

major limitations, it provides a relatively rapid means of 
selecting agents with the potential to accomplish selective 
hypoxic cell kill. One property of major importance for 
hypoxic cell directed chemotherapeutic agents not detected 
by this methodology is the ability of the drug to penetrate 
to poorly vascularized regions of the tumor to reach target 
hypoxic cells in therapeutically useful concentrations. The 
ability to diffuse to hypoxic cells has clearly been dem­
onstrated for the nitroimidazole radiosensitizers2 and for 
mitomycin C, a naturally occurring bioreductive alkylating 
agent.23 In contrast, molecular oxygen is rapidly metab­
olized and has a relatively short diffusion distance in tis­
sue.24 It is probable that additional nitroaromatic agents 
can be developed which retain the features necessary for 
specificity against hypoxic cells through selective metabolic 
reduction by this population of neoplastic cells but which 
do not possess the undesirable cytotoxicity of the existing 

N02 ^ H 

A x H 2 O C N ^ 
(TT 0 C H 2 C H 2 C I 

01 1 10 100 

DRUG CONCENTRATION (*iM) 

Figure 6. Survival of aerobic (•) and hypoxic (O) EMT6 cells 
treated for 1 h with various concentrations of p-nitrobenzyl 
iV-(chloroethyl)carbamate (6) (top) or o-nitrobenzyl iV-(chloro-
ethyDcarbamate (12) (bottom) in cell culture. 

Q 
CH/-X Nuc / - ^CH 2 Nuc 

Figure 7. Proposed mechanism for bioreductive activation of 
o-nitrobenzyl compounds. Nuc represents any available biological 
nucleophile. 

compounds to oxygenated normal cells of tissues. Such 
drugs would be expected to be of major value in combi­
nation with other chemotherapeutic agents in the treat­
ment of solid tumors. 

Experimental Section 
Biological Methods. The techniques used for propagating 

and handling of EMT6 tumor cells and for measuring the survival 
of treated cells in culture have been detailed previously.25"26 Cells 

(23) S. Rockwell and K. A. Kennedy, Int. J. Rad. Oncol. Biol. 
Phys., 5, 1673 (1979). 

(24) P. Vaupel, Microvasc. Res., 13, 399 (1977). 

(25) S. Rockwell, Lab. Anim. Sci., 27, 831 (1977). 
(26) S. Rockwell and K. A. Kennedy, Int. J. Radiat. Oncol. Biol. 

Phys., in press (1980). 
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were grown as monolayers in 25-cm2 plastic culture flasks 
(Corning) in Waymouth's medium supplemented with 15% fetal 
calf serum. To produce chronic hypoxia, flasks were fitted with 
sterile rubber sleeve serum stoppers and exposed to an atmosphere 
of 95% nitrogen/5% C02 for 4 h at 37 °C before drug treatment. 
Parallel flasks were maintained in 95% air/5% C02. Drugs were 
added to each flask in 25 ixL of acetone without breaking the 
hypoxia, and cells were exposed to each agent for 1 h under 
conditions of chronic hypoxia or normal aeration. At the end of 
this period, the medium was removed and the cells were washed 
with 3 mL of sterile phosphate-buffered saline, suspended by-
treatment with 0.05% trypsin, and plated and cultured in replicate 
dishes in Waymouth's medium plus 15% fetal calf serum under 
95% air/5% C02; after 8 to 10 days, cell survival was measured 
by colony formation. No difference existed between the survival 
of untreated or vehicle only treated cells maintained under either 
the aerobic or hypoxic conditions employed; the plating efficiency 
for these control cultures was 65-80% depending upon the in­
dividual experiment. Cells exposed to hypoxic conditions ap­
peared to continue traversing the cell cycle during the course of 
these experiments, since no decrease in the rate of [3H]thymidine 
incorporation into acid-insoluble material or in mitotic index was 
observed after 4 h of incubation in the hypoxic atmosphere (data 
not shown). Each drug was tested in at least three separate 
experiments, and the bars on the figures represent the standard 
error of the mean. Using a two between group analysis of variance 
(i.e., factorial design: two factors), the aerobic/hypoxic differential 
exhibited by the o-nitrobenzyl compounds was significant at the 
p < 0.001 level.27 The factors in this test were aerobic vs. hypoxic 

(27) H. Grimm, Int. Encycl. Pharmacol. Ther., 2, 675 (1968). 

Current interest in nicotine receptors in the central 
nervous system has created a need for radiolabeled nicotine 
with high specific activity.2"4 Commercially available 
(-)-nicotine-f is randomly labeled and varies in both 
quality and specific activity from batch to batch, while 
(-)-nicotine-14C is of very low specific activity. We now 
report the synthesis and some preliminary binding data 
of 4,4-ditritio-(-)-nicotine (5). The distinct advantages of 
5 synthesized by our method over commercially available 
radiolabeled (-)-nicotine are higher specific activity, good 
stability, and location of the tri t ium atoms at a specific 
carbon (4). 

Chemistry. A prerequisite of the synthesis of (-)-
nicotine (1) tritiated at a definite position was the acces­
sibility of a stable intermediate which could be readily 
hydrogenated (tritiated). 4,4-Dibromocotinine (3), first 

(1) Merck Sharp & Dohme, West Point, PA. 
(2) Abood, L.; Lowy, K.; Tomelsko, A.; Booth, H. J. Neurosci. Res. 

1978, 3, 327. 
(3) Segal, M.; Dudae, Y.; Amsterdam, A. Brain Res. 1978,148,105. 
(4) Schechter, N.; Handy, I. C; Pezzemetti, L.; Schmidt, J. Tox­

icology 1978, 16, 245. 

surviving cell fractions and drug concentration. 
Chemical Methods. All melting points were measured on a 

calibrated Thomas-Hoover capillary melting point apparatus. 
Analyses were performed by the Baron Consulting Co., Orange, 
CT. Analytical results were within ±0.4% of theoretical values. 
NMR data were obtained using a Varian T-60A spectrometer with 
Me4Si as an internal standard. o-Nitrobenzyl and p-nitrobenzyl 
alcohols, bromides, and chlorides were obtained from commercial 
sources and recrystallized from ethanol prior to use in tissue 
culture. 

General Procedure for the Preparation of N-Substituted 
Carbamates. o-Nitrobenzyl alcohol (7) or p-nitrobenzyl alcohol 
(1) (0.01 mol) was dissolved in a slight molar excess of methyl, 
phenyl, or chloroethyl isocyanate. Two or three drops of 
anhydrous pyridine or triethylamine were added to catalyze the 
reaction, and solutions were warmed for about 5 min. The reaction 
mixtures were then cooled in a beaker of ice to effect crystalli­
zation. All of the carbamates were purified for use in tissue culture 
by recrystallization from ethanol. 

Polarography. First half-wave reduction potentials were 
measured in 0.05 M potassium phosphate buffer prepared in 
water-ethanol (1:1, v/v), pH 7.0, by differential pulse polarography 
(PAR 174A polarographic analyzer). The values were obtained 
in volts vs. a saturated calomel reference electrode using 0.1 M 
potassium chloride as the supporting electrolyte. 
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reported by Pinner5 in 1893 and isolated by Bowman and 
McKennis6 as the crystalline HBr-Br2 complex 2 in an 
improved procedure, appeared to be such a compound. 
Conversion of 2 to 3 (Scheme I) in two stages, although 
more time-consuming than previously reported proce­
dures,7 was effected in superior yield ( ~ 9 0 % ) . 

In "pilot runs", hydrogenolysis of 3 to cotinine (5-oxo-
nicotine)7 and reduction of cotinine to (-)-nicotine (1) was 
accomplished with H2 (Pd-CaC0 3 ) in E tOH and LiAlH4, 
respectively. The resultant 1 could be isolated as the 
di-^-tartrate8 and was identical with authentic 1. Fur­
thermore, LiAlH4, reduction of 4,4-dideuteriocotinine,7 

prepared from cotinine and D 2 0 as described by Glenn and 

(5) Pinner, A. Arch. Pharm. 1893, 231, 378; Ber. Dtsch. Chem. 
Ges. 1893, 26, 292. 

(6) Bowman, E. R.; McKennis, Jr., H. Biochem. Prep. 1963,10, 36. 
(7) Compound 3 was believed to be the 2,4-dibromo derivative 

until 1965 when Duffield, A. M.; Budzikiewicz, H.; Djerassi, C. 
J. Am. Chem. Soc. 1965, 87, 2926, correctly assigned both 
bromine atoms to position 4. 

(8) Aceto, M. D.; Martin, B. R.; Uwaydah, I. M.; May, E. L.; 
Harris, L. S.; Izazola-Conde, C; Dewey, W. L.; Bradshaw, T. 
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Synthesis and Preliminary Binding Studies of 4,4-Ditritio-(-)-nicotine of High 
Specific Activity 
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4,4-Ditritio-(-)-nicotine (5) of high specific activity (4.7 Ci/mmol) has been synthesized from (-)-nicotine via the 
readily prepared 4,4-dibromocotinine (3). Scatchard analysis of the binding of 5 to the crude mitochondrial fraction 
of whole rat brain revealed a K"a of 4.7 X 106 M~' and 13 fmol of binding sites/mg of protein. 
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