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absorption9 at 1340 cm"' to 39. Anal. (C7H13NOS) C, H, N. The 
oily mixt eventually crystd with apparently complete conversion to 
39, mp -28-31°. 

2-(Tetrahydrothiopyran-4-ylamino)ethanol (40). A soln of 39 
(34.5 g, 0.217 mole) in MeOH (150 ml) at 0° was treated with 
NaBH4 (8.20 g, 0.217 mole) and worked up as in the prepn of 26 
(R = Me). Evapn of the Et,0 ext up to 100° (H50 aspirator) left a 
residue of cryst 40; yield 32.1 g (92%), mp 53-54°. Anal. 
(C7H15NOS)C,H,N. 

l-Thionia-4-azabicyclo[3.2.2]nonane Bromide Hydrobromide 
(42). A soln of 40 (26.5 g, 161 mmoles) and 48% HBr (11.) was 
distd slowly over a period of 18 hr until 925 ml of distillate was 
collected. The residue was refrigd, and the cryst 42 was collected, 
washed with EtOH, and dried in vacuo (P,05); wt 14.2 g, mp 254° 
dec. The above-described distn was repeated on the coned filtrate 
dissolved in 48% HBr (500 ml) to give addl 42 (11.0 g), mp 254° 
dec; total yield 51%. Anal. (C,HuBrNS-HBr) C, H, N, S. 

Br" Determination. Analysis of 42 andiV-(2-Bromoethyl)amine 
Hydrobromides. A soln of AgN03 (340 mg, 2.00 mmoles) in 2N 
HN03 (

5 m l) w a s a d d e d t 0 a S ° m o f 4 2 (305 mg, 1.00 mmoles) in 
2N HNO3 (10 ml). The mixt was swirled for 1 min. The AgBr was 
collected by filtration in the dark, washed with 2 N HN03 and then 
EtOH, and dried in vacuo (Ps05); yield 379 mg (2.02 Br" per mole). 

The utility of this detn for distinguishing ionic from covalent 
Br was demonstrated by reactions of 6g in = 2, X = S) with 2 AgNO, 
to give 1.01 AgBr, 2"» (R = Me) with 2 AgN03 to give 1.08 AgBr, 
and Ar,jV-bis(2-bromoethyr)ethylenediamine dihydrobromide83 

with AgN03 to give 2.03 AgBr. 
S-2-(Tetrahydro-2ff-thiopyran-4-ylamino)ethyl Sodium Hydro

gen Phosphorothioate (44). A stirred suspension of Na3PS03(2.36 
g, 13.1 mmoles) in H20 (26 ml) at 10° was treated in small portions 
with 41 (4.00 g, 13.1 mmoles), stirred 30 min, treated dropwise 
withTV^V-dimethylacetamide (DMAC) (13 ml) at 10°, stirred at 25° 
for 2 hr, and filtered. Dropwise addn of DMAC (39 ml) to the fil
trate at 0° gave a cryst product, which was washed successively with 
cold DMAC-HjO (2:1), DMAC, and Et,0, and dried in vacuo 
(P,Os); yield 3.33 g (91%), mp indef. Anal. (C,HlsNNa03PS2) C, H, 
N,P,S. 
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ported in which the importance of molecular asymmetry in 
a protective agent was evaluated. In one study, Doherty and 
Shapira4 reported that Ds-2-arninobutylisothiourea dihydro-
bromide is twice as protective against X-radiation in the 
mouse as the LS enantiomer. Foye2 points out that more in
formation on the comparative activity of the enantiomers 
of optically active radiation-protective agents would allow 
one to assess the importance of stereochemistry in radiation 
protection. 

Falconi, et al.,5'1 have reported that rac-dithiothreitol 
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The optical isomers of dithiothreitol (DTT) (Cleland's reagent) and their oxidized forms were prepared 
from Lg-(+)- and Dg-(-)-tartaric acid by an improved procedure, and their toxicity and radiation-protec
tive activity were investigated in mice. The LDS0 (mg/kg) of Dg-DTT is 255 compared to 179 and 169 
for Lg-DTT and rac-DTT, respectively. The radiation-protective activity of Dg-DTT (60, 120, 150, and 
200 mg/kg) was determined in mice exposed to X-radiation (600, 625, 700, and 750 R). Administration 
of 200 mg/kg of Dg-DTT ip increased survival at the end of 30 days by 50% in mice exposed to 650 R. 
Comparable studies on Lg-DTT show that this enantiomer affords no protection. The oxidized forms of 
Dg- and Lg-DTT were less toxic (LDS0 = 435 and 410 mg/kg, respectively) and exhibited no protective 
activity (200 and 300 mg/kg against 625, 650, and 750 R). This work indicates that attention should be 
giyen to molecular asymmetry in designing more potent, selective, and less toxic radiation-protective 
agents, and in investigating their mechanisms of action. 
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(rac-DTT) affords protection in mice against X-radiation. 
rac-DTT seemed most interesting not for its radiation-
protective activity per se, which is moderate, but more be
cause it was reported7 to be effective in reducing mortality 
when given to mice as much as 24 hr after their exposure to 
X-radiation, and because its oxidized form, rac-trans-4,5-
dihydroxy-l,2-dithiane, was also found to possess similar 
protective and "recovery-enhancing" activity. These prop
erties, of potential interest from a mechanistic point of 
view, prompted us to consider the possibility of using 
optically active dithiothreitol as a system with which to 
explore further the effect of stereochemistry in radiation 
protection. Having synthesized8 (-)-l,4-dithio-Lg-threitol 
(Lg-DTT) from Lg-tartaric acid (natural tartaric acid of 
known absolute configuration9), we proceeded to prepare 
its enantiomer, Dg-DTT (dextrorotatory), from Dg-tartaric 
acid by a similar procedure and to determine the radiation-
protective activity of each of these two optical isomers, 
studying their oxidized (dithiane) analogs as well. In ad
dition, we sought to determine the toxicities of optically 
active and rac-dithiothreitol (available commercially as 
Cleland's Reagent). The latter enjoys popularity as a versa
tile and effective reagent for the reduction of disulfide 
bonds and the protection of thiol groups.* We report here 
the results of our studies. 

Experimental Section 

Chemistry. The synthesis of (-)-l ,4-dithio-Lg-threitol has been 
published.8 The series of compds leading to and including (+H.4-
dithio-Dg-threitol is derived from Dg-(-)-tartaric acid (unnatural 
enantiomer). The intermediates in this series were prepared by pro
cedures identical, with one exception (vide infra), with those of 
Carmack and Kelley.8 All members of this series exhibit chemical 
and spectral properties identical with those of the members of the 
series leading to and including (-)-l,4-dithio-Lg-threitQl.s In all cases, 
the optical rotatory properties of the former series of compds are 
identical in magnitude but opposite in sign to those of the latter 
series. An improved procedure for the prepn of the initial deriv of 
tartaric acid is presented here. The comparison between the data 
presented below on the enantiomers of this derivative is typical of 
the comparison observed between enantiomeric intermediates 
throughout the series. Optical rotations were measured with a 
Rudolph polarimeter, Model 80, in a 2-dm cell. 

Dimethyl 2,3-0-Isopropylidene-Lg-tartrate. A mixt of 50 g 
(0.344 mole) of Lg-tartaric acid (Matneson), 62 ml of dry MeOH, 
0.3 g of TsOH, and 80 g (0.770 mole) of 2,2-dimethoxypropane 
(Eastman) was warmed gently with stirring on a steam bath to 30° 
until it became homogeneous. The soln was stirred at room temp for 
24 hr. Volatile components were removed in vacuo. To the resulting 
oil was added 100 ml of dry PhH and 60 g (0.577 mole) of 2,2-di
methoxypropane. The soln was refluxed while the PhH-MeOH 
azeotrope was slowly removed at the head of a vacuum-jacketed, 
helix-packed distn column. In a typical run, 86.5 g of azeotrope 
(bp 58.0-58.5°) was collected over a 12-hr period. When the vapor 
temp dropped below 40°,! heating was stopped, 1.0 g of anhyd 
K2C03 was added to neutralize the catalyst, volatile components 
were removed, and the crude product was distd, yielding 65.4 g (90%) 
of a light yellow liquid, bp 90-98° (0.01 mm), d"A 1.1909, [a]38D 
-50.1° (neat liquid). 

Dimethyl 2,3-CMsopropylidene-Dg-tartrate. The above proce
dure using 50 g (0.344 mole) of Dg-tartaric acid (unnatural) 
(Aldrich) yielded 64.1 g (88%) of the desired product, bp 90-98° 
(0.01 mm), [a]28D +50.2° (neat liquid). 

Toxicology. Acute Toxicity. Adult male, Carworth Farms 
(CFJ mice (8 weeks old) were used for these experiments. The 
initial body weight ranged from 20 to 26 g. The mice were housed 
in an air-conditioned room (23.9-26.7°) and were fed Rockland 
mouse pellets and HaO ad libitum. The controls and treated mice 
for each experiment were selected from a single shipment so that 
their age and physical condn would be comparable. The compds 
used in these studies were dissolved in H,0 immediately before use. 
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Table I. Acute Toxicities in Mice 

Compound No. of mice LDS0 ± SE, mg/kg 

nzc-DTT 70 169.0 ±2.7 
Lg-DTT 36 179.0 ± 4.2 
IV-DTT 54 254.9 ± 8.5 
Oxidized Lg-DTT 24 410.0 ± 20.2 
Oxidized Dg-DTT 20 435.0 ±19.4 

Table II. Radiation-Protective Activity of Dg-DTT in Mice 

Dose of Time oi Dg-DTT 
3g-DTT, 
mg/kg 

60 
120 
150 
150 
200 
200 
200 
200 
200 

admin before 
X-ray, min 

10 
10 
10 
10 
10 
10 
10 
10 
10 

Dose of 
X-ray, R 

500 
600 
625 
650 
700 
750 
625 
625 
625 
650 
625 
600 
650 
700 
750 

Mortality 

4/10 
5/10 
9/10 

10/10 
10/10 
10/10 
9/10 
9/10 
6/10 
7/10 
4/10 
2/10 
5/10 
6/10 
6/10 

% 
mortality 

40 
50 
90 

100 
100 
100 
90 
90 
60 
70 
40 
20 
50 
60 
60 

The concn of chemical agent in soln was adjusted so that mice al
ways received vols equiv to 1% of their body wt ip. 

Various doses of the compds listed in Table I were administered 
ip to groups of 4-5 mice. The LDS() values were obtd by a log-probit 
analysis of the resulting mortality data using an IBM 7094 com
puter. rac-DTT was obtd commercially (Nutritional Biochemicals). 

Radiation Protection. X-Radiation was administered using a 
General Electric Maximar III unit operated at 250 KVP and 15 mA. 
Added filtration consisted of 0.25 mm of Cu and 1.0 mm of AL 
The focal skin distance was 56 cm, and the dose rate was 66.6 R/ 
min. The dose rate was checked before each series of exposures 
using a 250-R Victoreen ionization chamber that has been com
pared with a Bureau of Standards calibrated cobalt-60 source. Mice 
were housed 10 to a cage after radiation exposure. Radiation-pro
tective activity was based on a 30-day survival period. 

Results and Discussion 

Chemistry. The trans-ketalization of tartaric acid ester 
was improved by using benzene to remove, by azeotropic 
distillation, the MeOH formed in the reaction. The use of 
cyclohexane8 to remove MeOH is less satisfactory because 
cyclohexane is immiscible with the reactants. This improved 
procedure has been applied to the syntheses** of diethyl 
2,3-0-ethylidene-Lg-tartrate and diethyl 2,3-O-benzylidene-
Lg-tartrate, starting in both cases with diethyl Lg-tartrate8 

arid using acetal and PhCHO, respectively. 
Acute Toxicity. The results of acute toxicity studies are 

given in Table I. The oxidized forms of the optical isomers 
of dithiothreitol (4,5-dihydroxy-l,2-dithianes) exhibit the 
least toxicity of the 5 compounds. It is of interest that 
there is a significant difference between the toxicities of 
Lg-DTT and Dg-DTT, respectively. The toxicity of the com
mercially available rac-DTT most nearly resembles that of 
its more toxic enantiomeric component, Lg-DTT. When 
toxic doses of either Lg-DTT or Dg-DTT were administered, 
the resulting symptoms were the same. These consisted of 
hyperexcitability progressing to convulsions when lethal 
doses were administered. Symptoms appeared within 10 
min after administration of toxic doses of the compounds, 

#For a bibliography of uses, with references through 1970, cf. ref 
10. 

**M. Carmack and S. D. Harrison, Jr., unpublished work, Indiana 
University, Bloomington, Ind., 1970. 
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Table III. Radiation-Protective Activity of Lg-DTT in Mice 

Dose of Time of Lg-DTT 
Lg-DTT, 
mg/kg 

admin before 
X-ray, min 

Dose of 
X-ray, R Mortality 

% 
mortality 

120 
150 
150 
150 
150 

10 
10 
10 
10 
10 

625 
625 
650 
700 
750 

9/10 
9/10 

10/10 
10/10 
10/10 

90 
90 

100 
100 
100 

and death occurred within 1 hr after lethal doses. 
Radiation Protection. Tables II, III, and IV summarize 

the radiation-protective activity of Dg-DTT, Lg-DTT, and 
the dihydroxydithianes, respectively. Data on control mice 
are included in Table II. It is known, however, from previous 
determinations11 under the same conditions in a large num
ber of mice, that the LD50 is 542 ±18 R. 

Dg-DTT (Table II) was found to protect mice against an 
otherwise lethal dose of X-radiation. Maximal protection 
was achieved by administration of doses of 200 mg/kg. Sig
nificant protection could be obtained with a dose of 150 
mg/kg against 625- or 650-R X-radiation seems to indicate 
the administration of 200 mg/kg. The data in Table III in
dicate that Lg-DTT provides no protection against any of 
the dose levels of radiation administered when compared 
with controls (Table II). Comparison of the radiation-pro
tective activity of Lg-DTT and Dg-DTT at a dose of 150 
mg/kg against 625 or 650 R X-radiation seems to indicate 
that the protective activity observed7 for rac-DTT is due 
primarily to the Dg enantiomer. 

Proof that the radiation-protective activity of rac-DTT is 
accounted for by the action of only 1 of the enantiomers 
present might be obtained directly. Falconi, et al.,1 studied 
rac-DTT at a dose of 120 mg/kg. Half that dose should pro
vide the protection attributable to one enantiomer. By ad
ministration of Dg-DTT in a dose of 60 mg/kg with expo
sure to 625 R (Table II), we hoped to compare our results 
with those of Falconi and coworkers. This low dose, how
ever, falls outside the dose range of protective activity 
(using mortality as the endpoint) of Dg-DTT. Yet we have 

X-radiation. The results are presented in Table IV. We ob
served no protection by either oxidized enantiomer. Our 
irradiation conditions were admittedly harsh in order to 
probe the limits of the protection obtainable from the oxi
dized forms of DTT and to eliminate the inconclusive re
sults frequently obtained in radiation protection experi
ments at lower radiation doses with small numbers of 
animals. 

As already mentioned, the most interesting data pre
sented by Falconi and coworkers concern the ability of 
both oxidized and reduced rac-DTT to enhance the recov
ery! t of irradiated mice when the compounds are admin
istered after irradiation.7 This recovery-enhancing ability 
of a compound is uncommon, and, as noted,ft is not 
within the scope of the accepted definition of a chemical 
radiation protector. A limited number of data on the ef
fects of Dg-DTT and both enantiomeric dithianes admin
istered after radiation are shown in Table V. It is clear that 
at radiation levels of 700 R or greater no significant recov
ery-enhancement effects were observed. It would be inter
esting and desirable to investigate the possible recovery-
enhancing effects of these and related compounds in more 
extended experiments. 

To indicate the relative effectiveness of Dg-DTT as a 
radiation-protective agent, its activity was compared with 
that of mercaptoethylamine (MEA). An attempt was also 
made to ascertain whether MEA and Dg-DTT have addi
tive protective effects. The results of these measurements 
are presented in Table VI. Comparison of the protective 
activity of MEA with the results for Dg-DTT (Table II) 
show that Dg-DTT is approximately equivalent in activity 
to MEA on a molar equivalent basis, or two-thirds as active 
on a weight basis. When attempts were made to combine 
MEA and Dg-DTT, it was found that the toxicity is addi
tive. It was necessary to reduce the dose of MEA to 150 
mg/kg plus 85 mg/kg of Dg-DTT. The protective activity of 
this combination is greater than when MEA is given alone 
at 150 mg/kg, confirming the ability of Dg-DTT to protect 
mice against lethal levels of X-radiation. 

The importance of molecular asymmetry at the chemical 

Table IV. Radiation-Protective Activity of Oxidized Forms of DTT in Mice 

Compound 

Oxidized 
Dg-DTT 

Oxidized 
Lg-DTT 

Dose of 
compound, 

mg/kg 

200 
300 
300 
150 
200 
300 
300 

Time of admin 
before X-

mm 

15 
15 
15 
15 
15 
15 
15 

•ray, Dose 
X-ray, 

750 
625 
650 
750 
750 
625 
650 

of 
R Mortality 

10/10 
10/10 
10/10 
10/10 
10/10 
9/10 

10/10 

% mortality 

100 
100 
100 
100 
100 
90 

100 

shown that by using pure Dg-DTT, one removes the toxicity 
attributable to Lg-DTT and can thus administer higher 
doses of Dg-DTT than of rac-DTT. This capability results in 
protective activity twice that obtained7 with rac-DTT 
against 625-R X-radiation. Further, against 750 R one can 
still achieve protection with Dg-DTT equal to the best ob
tained with rac-DTT against 625 R. 

Falconi, et al.,1 reported the oxidized form of rac-DTT to 
be more protective against 625 R of X-radiation than rac-
DTT itself when the former was given in larger doses. We 
investigated the radiation-protective activity of both oxi
dized Lg-DTT and oxidized Dg-DTT against 625-750 R of 

foundation of many biological effects is well known.13 Our 
results provide further4 evidence for the importance of 
stereochemistry as a variable affecting chemical radiation 

f tChemical protection is usually taken to mean a reduction in the 
detrimental effects of radiation by a compound administered prior to 
exposure.2 '12 The term "restoration" has been used12 to refer to the 
alleviation of radiation lesions by compounds given after radiation 
exposure. With respect to mortality as an endpoint, Falconi, et al.,1 

used the term "recovery" to describe an increase in survival rate of 
mice exposed to a lethal level of radiation. To be consistent with the 
terminology used by Falconi, et al, we shall use the term "recovery-
enhancing" to describe that property of a compound whereby, when 
the compound is administered subsequent to radiation exposure, 
survival rate is increased. 
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Table V. Effects of Dg-DTT and Enantiomeric Dithianes Administered after Irradiation 

Compound 

Dg-DTT 

Oxidized 
Lg-DTT 

Oxidized 
Dg-DTT 

Dose of 
compound, 

mg/kg 

200 
200 
200 
200 
300 

300 

Time of admin 
after X-ray, 

min 

10 
10 
10 
10 
10 

10 

Dose of 
X-ray, R 

600 
625 
700 
750 
625 

625 

Table VL Radiation-Protective Activity of MEA Alone and in Combination with Dg-DTT in 

Dose of 
MEA, mg/kg 

200 
200 
150 
150 

Dose of 
Dg-DTT, mg/kg 

0 
0 
0 

85 

Time of admin 
before X-ray, 

min 

10 
10 
10 
10 

Dose of 
X-ray, R 

650 
750 
750 
750 

Mortality 

8/10 
7/10 

10/10 
10/10 
8/10 

8/10 

Mice 

Mortality 

2/10 
4/10 
7/10 
5/10 

% mortality 

80 
70 

100 
100 
80 

80 

% mortality 

20 
40 
70 
50 

protection. The mechanism of action of dithiothreitol as a 
radiation-protective agent has not been delineated. On con
sidering the various mechanisms of action that have been 
proposed for radiation-protective thiols2 and in attempting 
to rationalize the difference in the protective activity of 
Lg-DTT and Dg-DTT, one can at this point reach no final 
conclusion as to why one enantiomer exhibits a protective 
capability while the other does not. 

It is possible that Lg-DTT has restricted access to the 
primary loci of action at which Dg-DTT affords its radiation 
protection. A restriction could be imposed upon the Lg-
DTT molecule in one of several ways. Pharmacological 
inactivation of Lg-DTT could occur in the form of stereo
selective nonspecific binding to plasma proteins or to cell-
membrane or intracellular constituents. Lg-DTT would thus 
be unavailable to afford protection while Dg-DTT, of oppo
site configuration and failing to meet a stereochemical re
quirement for binding, would remain active. In their study 
of protection by optically active 2-aminobutylisothiourea 
dihydrobromide, Doherty and Shapira,4 using labeled enan-
tiomers to determine intracellular distribution, found signi
ficant differences in binding in the cellular fractions be
tween the enantiomers. 

An appropriate restriction on Lg-DTT would arise in the 
ability of Dg-DTT (failure of Lg-DTT) to meet a stereo
chemical requirement for transfer across a critical barrier in 
allowing the molecule to reach a locus of action for afford
ing protection. One should not exclude the possible se
questration of Lg-DTT by processes, other than binding, 
that are stereoselective. Involvement of Lg-DTT in a mam
malian metabolic pathway with the exclusion of its enan
tiomer would be an example. We note that the least pro
tective enantiomer of dithiothreitol, Lg-DTT, has the same 

absolute configuration as Lg-threitol, the mammalian me
tabolism of which has been discussed.14 The natural con
figuration of Lg-DTT would be expected to influence its 
pharmacological behavior in vivo. The pharmacodynamics 
of racemic and optically active dithiothreitol have not, 
however, been investigated. Definition of the precise role 
played by stereochemistry in influencing the radiation-
protective activity of optically active dithiothreitol must 
await further studies of this multifaceted problem. Our aim 
here is to call attention to the use that might be made of 
molecular asymmetry in designing more potent, selective, 
and less toxic radiation-protective agents and in investigat
ing their mechanisms of action. 
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