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The most active compounds of this series are 80 to 5000 
times more potent than hydroxyurea, guanazole, and meso-
aj3-diphenylsuccinate, the other known inhibitors of this 
enzyme. Interference with the activity of ribonucleoside di­
phosphate reductase prevents the conversion of ribonucleo­
tides to deoxyribonucleotides and subsequently results in 
inhibition of the synthesis of DNA. From studies on the 
mechanism by which a-(N)-heterocyclic carboxaldehyde 
thiosemicarbazones inhibit the activity of ribonucleoside 
diphosphate reductase, it has been postulated that inhibi­
tion is due to either the coordination of iron by these com­
pounds in the metal-bound enzyme or that an iron chelate 
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formed in situ is the active inhibitory form.14 These postu­
lates are substantiated by the requirement for biological 
activity of an intact formyl thiosemicarbazone side chain a 
to the heteroaromatic N atom, suggesting the involvement 
of a conjugated N*-N*-S* tridentate ligand system.5 

Intensive studies of structure-activity relationships in this 
series, using two of the most potent inhibitors of ribonucleo-
side diphosphate reductase, 1-formylisoquinoline thiosemi­
carbazone (IQ-1) and 2-formylpyridine thiosemicarbazone 
(PT), have delineated7'14 (a) the bulk tolerance requirements 
of the enzyme for substituents at various positions of the 
heterocyclic ring and (b) those changes that favor optimum 
interaction between the enzyme and the inhibitor. Thus, 
introduction of a CH3 group in the 3, 4, or 5 position of 
PT and the 4 or 5 position of IQ-1 results in derivatives that 
are effectively bound to the enzyme and, therefore, are 
potent inhibitors of ribonucleoside diphosphate reductase 
activity.14 These studies suggested that an irreversible in­
hibitor of the enzyme might be synthesized by introducing 
on the heteroaromatic ring a suitable group that conceivably 
could produce alkylation at a polar region of the inhibitor-
binding site of the enzyme. Accordingly, several groups 
deemed potentially capable of alkylation of the enzyme 
were chosen to be introduced initially at the 5 position of 
the isoquinoline ring. 

Chemistry. The first series of compounds was synthe­
sized from l-methyl-5-aminoisoquinoline (1) to yield cor­
responding amides as outlined in Scheme I. The synthesis 

Scheme I 

NH2 

5 , R « S02CH3 

6 , R « COCsH« (m-S02F) 

7 , R - COC«H4 (p-S0 2 F) 

of 1 has been reported earlier.4 Acylation reactions with 1 
were carried out in THF using E t ^ as the acid acceptor. 
The majority of the acid chlorides chosen had a terminal 
S02F group, since compounds containing such groups have 
been shown to be irreversible enzyme inhibitors.15'16 5-
Substituted-1-methylisoquinolines (2,3, and 4) were then 
oxidized to the corresponding 1-carboxaldehydes (5, 6, and 
7) with equimolar quantities of Se02 in dioxane. The re­
sulting aldehydes were allowed to react with thiosemicarb-
azide to yield the desired thiosemicarbazones. 

Scheme II 

CH3 CH3 CH3 

12, R • S02CH3 17, S02F^8-
15, S02F* E-

13, R « C02C2H5 18, S02F-ffl-
16, S02F. g-

14 , R « C02CSH8 19 , S02F = g-

Since these compounds, which contained an amide bridge 
between the heterocyclic ring and the benzenesulfonyl 
fluoride moieties, were subsequently found to be generally 
ineffective in in vivo tests for antitumor activity, a second 
series of derivatives was made containing an ester linkage 
(Scheme II). The syntheses of these compounds followed 
the same sequence as with corresponding amides. The 
esterification reactions were first carried out in DMF due 
to the relatively low solubility of l-methyl-5-hydroxyiso-
quinoline ( l l ) 4 in THF. When NaH was employed as the 
acid acceptor, a mixture of two compounds was obtained 
in the esterification reactions with CIOCC6H4 (m- or p-
S02F) and ClOjSC^ (o-, m-, or p-S02F). The mixture was 
best separated by column chromatography using silica gel. 
The major portion (60-65%) of the mixture was the desired 
ester; the identity of the second compound was not investi­
gated further. These difficulties in the esterification reac­
tions were satisfactorily overcome using Et3N as the base; 
with this acceptor only the desired ester was isolated from 
the reaction mixture. The 1-methylisoquinoline esters were 
oxidized with Se02 to obtain corresponding 1-carboxalde­
hydes, which on reaction with thiosemicarbazide yielded 
the thiosemicarbazones. 

The synthesis of l-formyl-5-bis(|3-chloroethyl)aminoiso-
quinoline thiosemicarbazone, a derivative containing a nitro­
gen mustard group potentially capable of alkylation of the 
target enzyme, is shown in Scheme III. Compound 1 was 
converted to the 5-chloro derivative (36) utilizing a Sand-
meyer reaction and then was oxidized with Se02 to give 1-
formyl-5-chloroisoquinoline (37).8 Direct nucleophilic dis­
placement of the 5-C1 in 36 with bis((3-chloroethyl)amine 
was not successful; however, after oxidation of 36 to 37 it 
was possible to achieve the nucleophilic substitution to 
give 38, which on reaction with thiosemicarbazide yielded 
the desired compound. The relevant data pertaining to the 
newly synthesized compounds are listed in Table I. 

Biological Results and Discussion. The effects of 5-sub-
stituted derivatives of IQ-1 on the survival time of mice bear­
ing Sarcoma 180 ascites cells are shown in Table II. The re­
sults indicate that although the 5-NH2 derivative of IQ-1 
exhibits biological potency in increasing the average survival 
time of tumor-bearing mice equal to the parent compound, 
its derivatives containing a group potentially able to alkylate, 
such as 8,9, or 10, showed essentially no tumor-inhibitory 
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the potency of each inhibitor to that of IQ-1 measured 
simultaneously. Compound 8 was about 25% as effective 
as IQ-1 as an inhibitor of the enzyme, whereas compounds 
9 and 10 were considerably less potent and required about 
42 and 140 times, respectively, the concentration of IQ-1 
to achieve the same degree of inhibition of reductase activ­
ity. The total loss of in vivo activity as antitumor agents of 
compounds possessing an amide linkage (8,9, or 10) could 
possibly be due to relatively poor transport through the 
cell membranes.17 The amide bridge would be expected to 
be hydrogen bonded with water and therefore be poorly 
transported through the lipid phase of cell membranes. This 
fact was also substantiated earlier in that acetylation of the 
5-NH2 derivative of IQ-1 to yield the 5-acetylamino deriv­
ative resulted in an inactive compound.4 

In view of these results, substituted esters of the 5-OH 
derivative of IQ-1 were synthesized, since these derivatives 
presumably would be better transported through cellular 
membranes. Interestingly, the esters in general were more 
lipid soluble than the amides. Compounds 28-35, there­
fore, were made and tested for biological activity. Although 
most of the esters were potent inhibitors of ribonucleoside 
diphosphate reductase activity (Table III), requiring concen­
trations of IQ'6M to 10~8Afdrug for 50% inhibition, only 
two compounds (29 and 30) containing a carboethoxy and 
a carbophenoxy group, respectively, were found to be very 
effective antineoplastic agents (Table II). These derivatives 
increased the average survival of mice to 30 and 31 days, re­
spectively, as compared to untreated tumor-bearing con-

Table I 
_ 

Compd 

2 
3 
4 
5 
6 
7 
8 
9 

10 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
39 

R 

CH3 

CH3 

CH3 

CHO 
CHO 
CHO 
CH=NNHCSNH2 

CH=NNHCSNH2 

CH=NNHCSNHj 
CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CHO 
CHO 
CHO 
CHO 
CHO 
CHO 
CHO 
CHO 
CH=NNHCSNH2 

CH=NNHCSNH2 

CH=NNHCSNH2 

CH=NNHCSNH2 

CH=NNHCSNH2 

CH=NNHCSNH2 

CH=NNHCSNH2 

CH=NNHCSNH2 

CH=NNHCSNH2 

R' 

NHSO,CH3 

NHCOC6H4 (m-S02F) 
NHCOCsH^p-SO.F) 
NHS02CH3 

NHCOC6H4 (m-S02F) 
NHC0C6H4 (p-SO,F) 
NHS02CH3 

NHCOQR, (m-S02F) 
NHCOQH„ 0>SO2F) 
OS02CH3 

OC02C2Hs 

OC02C6H5 

OCOC6H4 (m-S02F) 
OCOC«H4 (p-S02F) 
OS02C6H4 (o-S02F) 
OS02C6H4 (m-S02F) 
0S02C6H4 (p-S02F) 
0S02CH3 

OC02C2H5 
OCOJCSHJ 

OCOC6H4 (m-S02F) 
OCOC6H4 (p-S02F) 
OS02C«H4 (o-S02F) 
OS02C6H4 (m-S02F) 
OS02C6H4 Q?-S02F) 
OS02CH3 

OC02C2H5 
OC02C6Hs 

OCOC6H4 (ra-S02F) 
OCOC6H4 (p-S02F) 
OS02C6H4 (o-S02F) 
OS02C6H4 (m-S02F) 
OS03C6H„ (p-S02F) 
N(CH2CH2C1)2 

Method 

A 
A 
A 
C 
C 

c 
D 
D 
D 
B 
B 
B 
B 
B 
B 
B 
B 

c 
C 
C 
C 
C 
C 
C 
C 
D 
D 
D 
D 
D 
D 
D 
D 

Crystn solvent 

C6H6 

CHC13 + C6H6 

CHC13 + C6H6 

EtOAc 
EtOAc 
THF-hexanes 
EtOH 

C6H6-hexanes 
Petr ether 
Petr ether 
C6H6-cyclohexane 
C6H«-cyclohexane 
THF-hexanes 
C6H6-cyclohexane 
C6H6-cyclohexane 
C6H6-hexanes 
Hexanes 
Hexanes 
Cyclohexane 
EtOAc 
THF-cyclohexane 
THF-cyclohexane 
THF-cyclohexane 
EtOH 
EtOH 

THF-C6H6 

DMF-H20 
DMF-EtOH 
THF-C6H6 

THF-EtOH 

Mp,°C 

171-173 
153-155 
247-248 
194-196 dec 
205-206 dec 
216-218 dec 
232-234 dec 
234-236 dec 
237-240 dec 

85 
65-66 
97-98 
98-100 

148-150 
153-154 
123-125 
148-150 
138-139 
88-89 

123-124 
112-114 
177-179 
169-170 
160-162 
150-152 
218-220 dec 
196-197 dec 
210-211 dec 
205-207 dec 
206-208 dec 
213-215 dec 
180-182 dec 
204-206 dec 
224-226 dec 

Yield 

72 
62 
60 
50 
73 
67 
85 
90 
90 
65 
76 
80 
58 
60 
70 
64 
70 
67 
66 
62 
53 
58 
76 
70 
78 
90 
84 
95 
86 
82 
80 
83 
82 
34 

Formula 

CnH1 2N202S 
C17H13FN203S 
C17H13FN203S 
CuH10N2O3S 
C1 7HuFN204S 
C17H„FN204S 
C12H13N5O2S2 
C18H14FNs03S2 

C18H14FN503S2 

C u H u N 0 3 S 
C13H13N03 

C17H13N03 

C17H12FN04S 
C17H12FN04S 
C16H12FN05S2 

C16H12FN05S2 

C16H12FN05S2 

C„H,N04S 
C 1 3 H u N0 4 

C1 7H„N04 

C17H10FNO,S 
Cl7H10FNO5S 
C16H10FNO6S2 

C16H10FNO6S2 

C16H10FNO6S2 

Ci2H12N403S2 

C,4H14N403S 
C18H14N403S 
C15H13FN404S2 

C18H13FN404S2 

C17H13FN40sS3 

C17H13FN4OsS3 

C,7H I3FN405S3 

CsH^l jNsS-HCl 

Analyses 

C,H, N 
C, H, N 
C,H, N 
C,H, N 
C,H, N 
C, H, N 
C, H, N, S 
C, H, N, S 
C, H, N, S 
C, H, N 
C, H, N 
C, H, N 
C, H, F 
C, H, F 
C, H, F 
C, H, F 
C,H, F 
C, H, N 
C, H,N 
C, H, N 
C,H, N 
C, H, N 
N 
N 
N 
C, H, N, S 
C, H, N, S 
C, H, N, S 
C, H, F ,N 
C, H, F, N 
C, H, F, N 
C, H, F, N 
C,H, F ,N 
C, H, N, S 

Scheme III 

CH, 

NoN02 

N(CH 2 CH 2 CI) 2 

SeO, 

S 
II 

NH2NHCNH2 

CH-NNHCNH 2 

39 

^ N H I C H J C H J C D J 

N(CH2CH2CI)2 

activity. Compounds 9 and 10 were selected as prototypes 
for introducing a hydrophobic zone between the alkylating 
moiety and the parent ring structure. It was hypothesized 
that a hydrophobic bonding area might be available near 
the inhibitor binding site on the enzyme since insertion of 
hydrophobic groups such as CH3 resulted in potent inhib­
itors of the target enzyme ribonucleoside diphosphate re­
ductase.14 

The results of tests for inhibition of partially purified ribo­
nucleotide reductase from the Novikoff rat tumor are 
shown in Table III. Because some variation was observed in 
the degree of inhibition by IQ-1 of different batches of en­
zyme, the results are divided into three series to compare 
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Table II. Effect of 5-Substituted-l-formylisoquinolineThiosemicarbazones on the Survival Time of Mice Bearing S-180 Ascites Cells 

Compd 5-Substitution 
Max effective daily dose, 

mg/kg0 Av A wt, %b Av survival time, days + S.E. 

8 
9 

10 

28 
29 
30 
31 
32 
33 
34 
35 
39 

Control 
None (IQ-1) 
NH2 
NHSO,CH3 

NHC0C6H4 (m-S02F) 
N H C O C ^ (p-S02F) 
OH 
0S0 2CH 3 

0C02C2H5 

0C02C6H5 

OCOC6H4 (m-SOjF) 
OCOC6H4 (p-S02F) 
0S02C6H4 (0-SO2F) 
OS02C6H4 (w-S02F) 
OS02C6H4 (p-SO,F) 
N(CH2CH,C1)2 

20 
40 
60 
20 
60 

120 
20 
60 
60 
60 
80 
60 
40 
20 
10 

+12.8 
-5 .1 
-8 .5 
+5.5 
+5.1 
-3 .4 

+10.4 
+8.5 
-4 .2 
-1 .0 
+9.8 

+11.2 
+5.2 
+4.3 
+8.3 
+9.6 

13.9 ± 
37.2 ± 
37.3 ± 
14.2 ± 
14.4 ± 
11.8 ± 
35.4 ± 
15.5 ± 
30.0 ± 
31.2 ± 
17.4 ± 
14.6 ± 
11.8 ± 
12.4 + 
16.6 ± 
15.6 ± 

0.3 
5.5 (20)c 

3.2 (30) 
2.5 
3.7 
1.4 
3.1 (20) 
0.6 
4.9 (30) 
4.0(20) 
2.8 
1.3 
0.5 
3.0 
4.0 
0.4 

aAdministered daily for 6 consecutive days, beginning 24 hi after tumor transplantation; each value represents the results obtained with 5-
10 animals. b Average weight change from onset to termination of drug treatment. cThe number in parentheses indicates the per cent of 
tumor bearing animals that survived at least 50 days; these mice were calculated as 50-day survivors in determinations of average survival 
time. 

Table HI. Concentration of 5-Substituted-l-formylisoquinoline 
Thiosemicarbazone Required for 50% Inhibition of Ribonucleoside 
Diphosphate Reductase of the Novikoff Rat Tumor 

Compd 

Series A 
IQ-1 

8 
9 

10" 
28 
29 

Series B 
IQ-1 
IQ-l-5-ol 
31 

Series C 
IQ-1 
5-Amino-IQ-l 
30 
32 
33 
34 
35 
39 

5-Substitution 

H 
NHS02CH3 

NHCOC«H4 (ra-SOjF) 
NHCOC6H4 (p-SOjF) 
OS02CH3 

0C02C2H5 

H 
OH 
OCOC6H4 (m-S02F) 

H 
NH3 

OC02C6H5 

OCOC6H4 (p-SOiF) 
0S02C«H4 (o-SO,F) 
OS02C6H4 (m-SOjF) 
OS02C6H4 (p-S02F) 
N(CH2CH3C1)2 

ID 5 0 ,M 

1.7 X 10"8 

6.7 X 10"8 

7.2 X 10"7 

2.4 X 10"6 

1.8 X 10"7 

7 X 10"8 

7 X l t r 8 

1.6 X10"7 

7 X 10"7 

4.3X10"8 

4.3X1CT8 

1.5 X 10r6 

3.7 X10"6 

5.5 XIO"6 

6.6 X lO"6 

6.9 X 10"6 

1.8 X10"7 

Ratio 
ID5„/iD5„ 

(IQ-1) 

1.0 
3.9 

42 
140 

10.6 
4.1 

1.0 
2.3 

10 

1.0 
1.0 

35 
86 

128 
153 
160 

4.2 

"Only one experiment. 

trols, which lived only an average of 13.9 days. Further 
biochemical studies are in progress with compounds 29 and 
30 to determine whether these agents produce irreversible 
binding of the enzyme. The ineffectiveness of compounds 
containing the S02F moiety in inhibiting tumor growth 
could not be explained at this time. However, poor trans­
port of these compounds may again be an important factor 
in their biological inactivity. These esters (28, 31, and 32) 
in general were similar to their corresponding amide deriv­
atives (8,9, and 10) as inhibitors of the activity of ribo­
nucleoside diphosphate reductase. Another approach that 
was tried was the introduction of a group with high chemi­
cal reactivity {i.e., bis(j3-chloroethyl)amino) (39). Again, 
the compound had no appreciable tumor-inhibitory effect, 
although it inhibited the enzyme effectively in vitro re­
quiring only 1.65 X 10"7.M for 50% inhibition. This sug­
gests a high probability of nonselective reaction of the 
nitrogen mustard group with diverse nucleophilic centers 
available in vivo, thus limiting the availability of this drug 
for the target enzyme. 

Experimental Section* 

Antitumor Activity. Experiments were performed on CD-I 
mice. Transplantation of Sarcoma 180 ascites cells was carried out 
using a donor mouse bearing a 7-day tumor growth. The experi­
mental details were described earlier.4 Mice were weighed during 
the course of the experiments and the percentage change in body 
weight from onset to termination of therapy was used as an indica­
tion of drug toxicity. Determination of the sensitivity of ascitic 
neoplasms to these agents was based on the prolongation of survival 
time afforded by the drug treatment. 

Enzyme Inhibition. The ribonucleoside diphosphate reductase 
was partially purified as described18 from rat Novikoff ascites tumor 
cells. Several batches of enzyme were used. Reduction of [32P]CDP 
(0.17 mAf, 1.6 X 106 cpm/Mmole) was assayed as described,14'18 ex­
cept that 4 X \Q-*M Fe(NH4),(S04)2 was used instead of FeCl3. 
Dithiothreitol or dithioerythritol (6.2 mAf) was the reducing sub­
strate. The enzyme was added to the ice-cold mixture of substrates 
and inhibitors, immediately warmed to 37°, and incubated 30 min. 
Inhibitors were dissolved in DMSO; the maximum concentration of 
DMSO in the incubation mixture was 1% and was not inhibitory. 
Each inhibitor was tested at four concentrations in at least two 
separate experiments; IQ-1 was included as a standard inhibitor in 
each experiment. 

Method A. To a soln of 1 (0.79 g, 5 mmoles) in 50 ml of THF, 
0.7 ml of Et3N was added and cooled in an ice bath. Five mmoles of 
the appropriate acid chloride dissolved in 10 ml of THF was added 
slowly with stirring. The reaction mixt was stirred at room temp for 
8-12 hr and filtered, solvent removed by evapn in vacuo, and then 
the residue crystd from a proper solvent. 

Method B. Compd 11 (5 mmoles) was suspended in 50 ml of 
THF, and 0.7 ml of Et3N was added. The mixt was cooled, and a 
soln of appropriate acid chloride (5 mmoles) in 5 ml of THF was 
added slowly with stirring. The mixt was then heated at 55-60° for 
2 hr; the compd slowly went into soln, and a ppt of Et3N-HCl 
formed. After the reaction was completed, the insoluble ppt was 
filtered, the filtrate was evapd to dryness in vacuo, and the residue 
was crystd from a proper solvent. 

Method C. The 5-substituted derivative of 1-methylisoquinoline 
(3 mmoles), prepared according to either method A or B, was dis­
solved in 25 ml of dioxane. Freshly sublimed Se02 (3 mmoles) was 
added, and the mixt was heated at 100° for 2 hr. The reaction mixt 
was then cooled and filtered through Celite, the filtrate evapd to 
dryness in vacuo, and the residue extd with cold dil HC1. The acid 
extracts were neutralized to pH 3.0 with NaHC03, whereupon some 
impurities pptd out which were removed by filtration. The clear 

^Melting points were taken on a Thomas-Hoover capillary melt­
ing point apparatus and are uncorrected. The ir absorption spectra 
were determined with a Perkin-Elmer Model 257 spectrophotometer 
and were consistent with the proposed structures. Elemental 
analyses were performed by the Schwarzkopf Microanalytical 
Laboratory, Woodside, N. Y. Where analyses are indicated only by 
symbols of the elements, the analytical results for those elements 
were within ±0.4% of the theoretical values. 
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soln was then neutralized to pH 7.0, yielding a ppt of the desired 
carboxaldehyde which was filtered, washed with H20, dried, and re-
crystd from an appropriate solvent. 

Method D. The thiosemicarbazones were prepd by treating a 
soln of desired carboxaldehyde in EtOH with an aqueous soln of 
thiosemicarbazide acidified with a few drops of dil AcOH. In some 
cases final compounds were sufficiently pure and were not recrystd. 

1 -Formyl-5-bis(0-chloroethyl)aminoisoquinoIine Thiosemi-
carbazone (39). Compd 37 (0.192 g, 1 mmole) was added to a 
mixt of0.18gofNH(CH2CH2Cl)2-HCland 0.28 ml of Et3N in 25 
ml of C6H6. The mixt was refluxed for 18 hr and then filtered to re­
move Et3N-HCl. The solvent was evapd in vacuo, and the residue 
was treated with a soln of thiosemicarbazide in EtOH acidified with 
coned HC1. The thiosemicarbazone derivative was isolated as the HC1 
salt. 
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nitrosourea derivative; and (d) a selected group of BCAPAA 
esters and amides of nonsteroidal alcohols and amines. The 
latter were prepared in order to determine whether active, 
nontoxic compounds in this category were feasible. Bio­
logical test results of these compounds as well as new re­
sults on previously reported compounds7 are presented. 

Chemistry. The BCAPAA esters 3 and 4 and the 
BCAPAA amides 5a and 6 were prepared by direct acyla-
tion of the appropriate hydroxy or amino compound with 
p-[jV,Af-bis(2-chloroethyl)amino]phenylacetyl chloride (5b). 
In a like manner the acylation of cholesterol (lb) and es­
trone (2b) withp-[AyV-bis(2-chloroethyl)arnino]phenyl-
butryl chloride (5c) gave the BCAPBA ester lc and 2c, re­
spectively. It was not possible to prepare the bis-BCAPAA 
ester of 3a,12a-dihydroxycholanic acid (7a) in pure form 
by direct acylation. The steroid acid (7b) was first con­
verted to its benzyl ester (7c) which was then smoothly 
acylated with 5b to give 7d. Reductive debenzylation of 
7d using palladium hydroxide on carbon catalyst gave the 
bis-BCAPAA free acid (7a). The coupling of BCAPAA with 
estra-l,3,5(10)-3-ol-17|3-ylarnine (2e) and tert-buty\ glycin-
ate in the presence of DCC afforded the amides 2d and 5d, 
respectively. Treatment of 5d with refluxing CF3CO2H gave 
the glycinamide 5e. The structure assignments were based 
on the elemental analysis, the ir spectra, which showed 
typical ester or amide peaks, and the nmr spectra, which 
showed resonances at 5 3.61-3.67 and 6.10-7.40 ppm char-
aracteristic of the chloroethyl and aromatic protons of the 
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