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Synthesis and Antitumor Activity of Tropolone Derivatives. 
Containing Connecting Methylene Chains 

7.1 Bistropolones 
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Bistropolone derivatives (4-12) containing differing lengths of linkage between the two tropolone rings were prepared 
and examined for their antitumor activity in in vitro (KB cell) and in vivo (leukemia P388 in mice) systems. Parent 
compound 3, related compounds previously prepared, and the new compounds 4-12 were evaluated for inhibitory 
activity against ribonucleotide reductase by indirect means to measure their effects on the dNTP pool imbalance. 
Present structure-activity relationship results would suggest that potently active bistropolones in vivo inhibit 
intracellular ribonucleotide reductase through chelating with the two irons at the two active sites of the enzyme. 

We have previously reported the syntheses2 and anti­
tumor activities3 of monotropolone (2) and bistropolone 
(3) derivatives (Figure l4). These two types of compounds 
exhibit nearly equal potency in inhibitory activity against 
the growth of KB cells (in vitro system). However, the 
potency of bistropolone 3 is about 200 times of that of 
monotropolone 2 in the survival test of P388-induced mice 
(in vivo system) (Table I). The structure-activity rela­
tionships of mono- and bistropolones (2 and 3) provide 
evidence that the antitumor effects of this series are con­
sequences of their metal-chelating properties and that the 
bis-type structure is required for producing potent activ-
i t y _l ,5-9 

The mechanism of the antitumor action of this series 
of compounds has remained unknown. However, we1 have 
previously assumed that this series of compounds may 
inhibit intracellular metal-enzymes such as ribonucleotide 
reductase10 through their metal-chelating properties. This 
enzyme contains two nonheme irons and a tyrosyl free 
radical as part of its primary structure.11 Hydroxyurea, 
which has antitumor activity and which is a well-known 
inhibitor for the enzyme, interacts with this radical, 
thereby inhibiting the enzyme action.1112 The inactivation 
of the enzyme with hydroxyurea causes intracellular de-
oxyribonucleoside triphosphate pool imbalance (dNTP 
pool imbalance),13 depleting the intracellular pool of dATP 
and dGTP and increasing dTTP. Ganeshaguru et al.14 

have screened a number of potential chelators as inhibitors 
of ribonucleotide reductase by studying their effect on the 
dATP and dTTP concentrations in normal stimulated 
lymphocytes. They found that this method is more sat­
isfactory than direct ribonucleotide reductase assay for 
inhibitor studies and that tropolone (la) is a strong in­
hibitor for the enzyme. 

Based on this relevant background information, it can 
be inferred that the antitumor activity of this series of 
compounds is the consequence of their inhibitory activities 
against ribonucleotide reductase and that bistropolone 3 
simultaneously binds two irons at the two active sites of 
the enzyme, whereas monotropolone 2 binds only one iron 
at one active site of the enzyme. We assumed that these 
difference in the interaction mode with the enzyme be­
tween the mono- and bistropolones (2 and 3) must cause 
the remarkable difference in the potency of their in vivo 
antitumor activity. In order to examine the validity of the 
mechanism, we presently examined whether or not mono-
and bistropolone induce dNTP pool imbalance. Moreover, 
among the compounds previously prepared, several anti-
tumor-active and inactive compounds were selected as 
typical examples and examined for their abilities to induce 

1 Cancer Chemotherapy Center. 
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dNTP pool imbalance. We presently studied the rela­
tionship between their antitumor activity and the ability 
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to induce dNTP pool imbalance. 
We then turned our attention to a new series of bis-

tropolones (4-12) containing differing lengths of linkage 
between the two tropolone rings. The enzyme contains two 
active sites having iron(III) ions, although the distance 
between the two active sites is not clear. We thought that 
varying the distance between the two tropolone rings might 
have a pronounced effect on the inhibitory activity of the 
enzyme and on the antitumor activity. Therefore, we 
presently synthesized the new type of bistropolones (4-12) 
and examined their antitumor activities and abilities to 
induce dNTP pool imbalance. 

Chemistry 
6,6'-Diisopropyl-3,3'-bistropolone (4) was prepared ac­

cording to the method of Nozoe et al.15 (Scheme I), and 
other new compounds (5-12) were synthesized as shown 
in Schemes II-VI. 

(6) Yamato, M.; Hashigaki, K.; Kokubu, N.; Tashiro, T.; Tsuruo, 
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(14) Ganeshaguru, K.; Hoffbrand, A. V.; Grady, W. R.; Cerami, A. 
Effect of Various Iron Chelating Agents on DNA Synthesis in 
Human Cells. Biochem. Pharm. 1980, 29, 1275-1279. 
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Bis(2-hydroxy-6-isopropyltropon-3-yl)methane (5) was 
prepared from 3-formyl-6-isopropyltropolone16 (14) 
(Scheme II). Compound 14 was converted to diethyl 
acetal 15, which, on heating with hinokitiol (lb), gave 
bis(2-hydroxy-6-isopropyltropon-3-yl)methyl ethyl ether 
(16) accompanied with small amount of tris(2-hydroxy-6-
isopropyltropon-3-yl)methane (17). Reductive cleavage of 
the ethoxyl group of 16 with hydroiodic acid in the pres­
ence of red phosphorus gave 5. 

l,2-Bis(2-hydroxy-6-isopropyltropon-3-yl)ethane (6) was 
prepared by the self-coupling reaction of 7-(chloro-
methyl)-4-isopropyl-2-methoxytropone17 (19) (Scheme HI). 
Compound 19 was heated in the presence of activated 
nickel-zinc catalyst18 to give bis(4-isopropyl-2-methoxy-
tropon-7-yl)ethane (20). Hydrolysis of the methoxyl groups 
of 20 with potassium hydroxide gave 6. 

Syntheses of l,w-bis(2-hydroxy-6-isopropyltropon-3-yl) 
analogues containing trimethylene, tetramethylene, or 
pentamethylene groups as a linkage did not succeed by the 
means presently attempted. Therefore, their isosteric 
analogues (7-9), in which the carbon atom of the linkage 
portion was replaced by an oxygen or sulfur atom, were 
synthesized. l,l'-Bis(2-hydroxy-6-isopropyltropon-3-yl)-
dimethyl ether (7) was prepared by heating of 7-(chloro-
methyl)-2-methoxytropone (19) with 7-(hydroxy-
methyl)-2-methoxytropone17 (18) in the presence of po­
tassium hydroxide and phase-transfer catalyst (TDA-1) 
followed by hydrolysis with hydrochloric acid (Scheme IV). 
l,2-Bis[(2-hydroxy-6-isopropyltropon-3-yl)thio]ethane (8) 
was prepared from 7-bromo-4-isopropyl-2-methoxy-
tropone19 (22) (Scheme V). Compound 22 was treated 

(16) Sebe, E.; Matsumoto, S. On 3-Formyltropolones and Their 
Allied Compounds. Sci. Repts. Tohoku Univ. I 1954, 38, 
308-316. 

(17) Teitei, T. Amino Acids of the Tropolone Series: The Synthesis 
of DL-a-Amino-/3-(2-hydroxy-5-methyl-3-oxocyclohepta-l,4,6-
trienyl)propanoic Acid. Aust. J. Chem. 1979, 32, 1631-1634. 

(18) Colon, I.; Keisey, R. D. Coupling of Aryl Chlorides by Nickel 
and Reducing Metals. </. Org. Chem. 1986, 51, 2627-2637. 
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Table I. Antitumor Activities and Abilities To Induce dNTP Pool Imbalance of Tropolone Derivatives and Others 

compd structure 

inhibn of FM3A dNTP pool 

antitumor act. 
P388 in mice, 

ip inhibn of KB 
cells growth ICjo, cells growth IC^, dose, doses,6 T/C, 

lM nM |«M imbalance" mg/kg % 

32 

33 

34 

• 

CHMe : 

OMe 

.OMe 

CHMs2 CHMe, 

OMe 

FeJ* 

complex 

CHMe2 CHMe, 

OMe 

complex 

CHMOj 

3.5 

1.6 

1.1 

114 

NT* 

NT 

<2.1 

1.1 

1.1 

0.4 

14.1 

0.3 

>199 

2.1 

41 

6.1 

9.0 

21 

6.0 

6.0 

41 

inactive' 

400 
200 

140 
140 

5 
2.5 
0.6 

173 
134 
127 

inactive 

5 
0.6 

180 
169 

inactive 

200 
100 

97 
92 

35 OMe <0.7 

NT 

0.01 

NT 

0.1 

41 

12.5 
6.3 
3.1 

164 
128 
111 

NT 

HOHsC, CHjOH 

>249 >249 9.0 inactive 

8 (+) Significant imbalance in the intracellular dNTP pool in FM3A cells was induced at the dose listed. (-) Significant imbalance in the 
intracellular dNTP pool in FM3A cells was not induced at the dose listed. ''The dose listed were given once a day for 1 and 5 days. cDose 
= 400 mg/kg. ''NT - not tested. 
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Table II. Antitumor Activities and Abilities To Induce dNTP Pool Imbalance of l,«-Bis(2-hydroxy-6-isopropyltropon-3-yl)alkanes 

OH 

CHMe2 CHMe2 

CH2OCH2, 

CHMe, 

S(CH2)„S 

CHMe2 

compd 

4-«,10-12 

inhibn of KB 
cells growth ICso, 

n fiM 

7 

inhibn of FM3A 
cells growth ICso, dNTP pool 

dose, MM imbalance" 

8,9 

antitumor act. 
P388 in mice, ip6 

doses, mg/kg T/C, % 

10 

11 

12 12 

9.5 

<0.9 

8.0 

6.2 

1.6 

1.6 

1.5 

4.3 

27.3 

3.7 

1.0 

1.2 

0.08 

4.8 

NTC 

0.9 

0.9 

1.3 

6.1 

7.9 

15.0 

3.5 

16.4 

NT 

7.3 

6.2 

20.2 

10.1 

100 
50 
25 
25 
12.5 
6.3 

100 
25 
6.3 

40 
20 
10 

400 
200 
100 
400 
200 
100 
400 
200 
100 
50 
25 

400 
200 
100 
400 
200 
100 

143 
171 
152 
123 
152 
137 
165 
150 
121 
156 
186 
164 
80 

171 
151 
169 
131 
93 
70 
80 

128 
137 
110 
110 
110 
107 
105 
107 
106 

"See Table I. *SeeTableI. c NT = not tested. 

with the dipotassium salt of 1,2-ethanedithiol at room 
temperature to give l,2-bis[(4-isopropyl-2-methoxy-
tropon-3-yl)thio]ethane (23). Hydrolysis of the methoxyl 
group of 23 with hydrochloric acid gave 8. Similarly, 
l,3-bis[(2-hydroxy-6-isopropyltropon-3-yl)thio]propane (9) 
was prepared from 22 with 1,3-propanedithiol. 

Bistropolone analogues containing linkages longer than 
a hexamethylene group were prepared via the Grignard 
reaction, because the Grignard reagents of a l,w-dihalo-
alkane having groups larger than a tetramethylene group 
are easily prepared (Scheme VI).20 3-Formyl-6-iso-
propyltropolone (14) was treated with the Grignard reagent 
prepared from 1,4-dibromobutane to give l,6-bis(2-
hydroxy-6-isopropyltropon-3-yl)hexane-l,6-diol (28). The 
hydroxyl groups of 28 were reduced with hydroiodic acid 
in the presence of red phosphorus to give 10. Analogues 
(11 and 12) containing linkages of octamethylene and 
dodecamethylene groups were prepared by the same me­
thod. 

Antitumor Activity. All compounds, except iron 
complexes (32 and 33) of bistropolone 3, listed in Table 

(19) Seto, S. Synthetic Reaction of 2-Halotropolones. Sci. Repts. 
Tohoku Univ. 11953, 37, 297-303. 

(20) Nenitzescu, D. C; Necsoiu, I. The Synthesis of Cyclic Alcohols 
and defines by the Interaction of Dimagnesium Halides and 
Esters. J. Am. Chem. Soc. 1950, 72, 3483-3486. 

I have previously been evaluated for growth inhibition of 
KB cells (in vitro system)3 and for antitumor activity 
against leukemia P388 in mice (in vivo system).3 The 
iron(II) complex (32) of parent compound 3 showed potent 
activity equivalent to that of 3. On the other hand, the 
iron(III) complex (33) of 3 was found to be inactive in both 
systems. This was a very interesting finding, because ri­
bonucleotide reductase has two iron(III) ions at the two 
active sites. 

The compounds listed in Table II were presently eval­
uated in the in vitro and in vivo systems. All test com­
pounds (4-12) were found to be cytotoxic in the in vitro 
system, whereas the in vivo activities of these compounds 
varied in relation to the variation in length of the linkage 
between the two tropolone rings. Compounds 4 without 
linkage and 5-7 containing a short alkyl linkage showed 
potent antitumor activity at low dose. On the other hand, 
the potency of compounds 8-12, which have a linkage 
longer than a tetramethylene group, decreased with in­
creasing length of the linkage between the two tropolone 
rings. Thus, compounds 8-10 were active but their po­
tencies were approximately equal to that of monotropolone 
2. Compounds 11 and 12 did not retain the activity. 

Ability To Induce dNTP Pool Imbalance. Parent 
compound 3 and related compounds were evaluated in 
mouse mammary tumor FM3A cells (wild type F28-7) for 
inhibition of cell growth and dNTP pool imbalance. The 
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Figure 2. dNTP pool changes in FM3A (F28-7) cells treated with 
compound 3 or hydroxyurea. F28-7 cells at a density of 2 X 105 

cells/mL were treated with 3.7 yM of 3 (A) or 10 mM of hy­
droxyurea (B). At the indicated times, aliquots of 50 mL were 
removed and dNTP pools were measured as described in the 
Experimental Section. (•) dATP, (A) dGTP, (O) dCTP, (•) 
dTTP. 

IC50 and ICgo (M) were defined as the concentration of the 
test compounds required to reduce the growth rate of the 
control. The compounds were tested for ability to induce 
dNTP pool imbalance at the concentration of IC90. 

Their activities were compared with those of hydroxy­
urea. Cell culture, preparation of cell extracts, quantitative 
determination of deoxyribonucleoside triphosphate and 
cell extracts were used according to the previous work.21 

The IC50 values for bistropolone 3 and hydroxyurea were 
0.57 and 60 fiM, respectively. In terms of the trypan blue 
staining, their cell death began at 15 h of exposure to 3. 
At 36 h, about 30% of the cells were unstained (i.e. viable). 

FM3A cells were seeded into the culture medium at 5 
X 104 cells/mL, and when the cell density became 2 X 105 

cells/mL, 3 (3.7 ^M) or hydroxyurea (10 mM) was added 
to the culture. Figure 2 shows the cellular dNTP pool as 
a function of the time of treatment with 3 or hydroxyurea. 
These treatments resulted in significant changes in the 
intracellular dNTP pools. With 3, the dATP pool size at 
12 h was about 10% of the zero-time control, and the 
dGTP pool size became lower than the limit of measure­
ment within 4 h. A large increase in dTTP and a slight 
increase in dCTP were observed at 4 h. Figure 2 also shows 
the similarity in the pool changes between the treatments 
with 3 and hydroxyurea. Intracellular ribonucleoside 
triphosphate (rNTP) pools did not change with the 3 
treatment (data not shown). 

Similarly, the other compounds listed in Tables I and 
II were evaluated for this ability to induce dNTP pool 
imbalance. As shown in the tables, all compounds having 
potent cytotoxicity in the in vitro system induced dNTP 
pool imbalance in a manner similar to that with 3 and 
hydroxyurea. However, compounds without cytotoxicity 
did not induce dNTP pool imbalance even at a high con­
centration. 

Discussion 
We have previously assumed that antitumor activities 

of this series of compounds are consequences of their in­
hibitory activities of ribonucleotide reductase through their 
metal-chelating property. If they readily inhibit the en­
zyme, dNTP pool imbalance should be induced. In order 

(21) Tanaka, K.; Yoshioka, A.; Tanaka, S.; Wataya, Y. An Improved 
Method for the Quantitative Determination of Deoxyribo­
nucleoside Triphosphates in cell Extracts. Anal. Biochem. 
1984, 139, 35-41. 

to verify this assumption, we presently selected several 
antitumor-active and inactive compounds among the 
compounds previously prepared as typical examples and 
examined their ability to induce dNTP pool imbalance 
(Table I). We have previously synthesized several binary 
non-troponoid derivatives including 351,9 and 37.5 They 
have been designed to have an acidic hydroxyl and pro­
ton-acceptable groups situated in the near position which 
permit chelation with a metal. Among them, only com­
pound 35 has potent activity equivalent to that of parent 
compound 3 in the in vivo system, and the structure-ac­
tivity relationship for 35 follows the same pattern as in the 
tropolone series.1,9 However, all other binary non-tropo­
noid compounds including 37 are inactive in the vitro 
system as well as in vivo,5 although they have chelating 
properties. In the present dNTP pool screening, the an­
titumor-active compound 35 induced dNTP pool imba­
lance, while the inactive compound 37 did not induce the 
imbalance. Moreover, bismethoxytropone 31,8 which, of 
course, has neither chelating properties nor antitumor 
activity, did not induce dNTP pool imbalance. The 
present result that there is complete correlation between 
cytotoxicity and ability to induce dNTP pool imbalance 
provides evidence that the target enzyme of this series is 
ribonucleotide reductase. 

Bistropolones having various lengths of linkage listed 
in Table II were synthesized to determine whether or not 
the distance between the two tropolone rings has an effect 
on the cytotoxicity or on the ability to induce dNTP pool 
imbalance or on the in vivo antitumor activity. In the in 
vitro assays, such as cytotoxicity and dNTP pool imba­
lance, a significant difference between those compounds 
was not observed. However, their in vivo antitumor ac­
tivities varied with the length of the linkage. Thus, com­
pounds 4-6 having a short linkage exhibited potent activity 
equivalent to that of parent compound 3. Compounds 
8-10 having a moderate length of linkage exhibited weak 
activity equivalent to that of monotropolone 2. Com­
pounds 11 and 12 having a linkage longer than an octa-
methylene group did not retain the activity. These results 
demonstrated that the distance between the two tropolone 
rings is an important factor for the in vivo antitumor ac­
tivity. 

From present findings, we assume as follows: Parent 
compound 3 and other potently active bistropolones in vivo 
easily bind the two irons at the two active sites of the 
ribonucleotide reductase which causes complete or irre­
versible inhibition of the enzyme action. Monotropolones 
1 and 2 bind one iron at one active site of the enzyme, 
which causes partial or reversible inhibition of the enzyme 
action. The weak activity or inactivity of bistropolones 
containing long linkages may be due to the fact that their 
structures are not proper for efficient binding to the two 
irons of the enzyme. Without other factors associated with 
drug delivery, it is difficult to correlate the in vivo anti­
tumor activity with inhibitory activity against ribo­
nucleotide reductase. However, it is likely that the dif­
ference in the mode of interaction with the enzyme re­
sulted in the difference in the in vivo antitumor activity. 

Experimental Section 
Chemistry. Melting points were determined on a Yanagimoto 

micromelting apparatus and are uncorrected. *H NMR spectra 
were run on a Hitachi R-24 60-MHz spectrometer, with Me4Si 
as an internal standard. MS spectra were recorded on Shimadzu 
LKB-9000 or VG-70SE spectrometer. IR spectra were taken on 
a Nippon Bunko A-102 spectrometer. The elemental analyses 
(C, H, and S) were within ±0.4% of the theoretical values. The 
extracted solution were dried over anhydrous MgSCv Column 
chromatographic separations were performed by flash technique 
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on 230-400-mesh silica gel (Merck Silica gel 60). 
l,l-Bis(2-hydroxy-6-isopropyltropon-3-yl)-l-ethoxy-

methane (16). A mixture of 3-formyl-6-isopropyltropolone16 (14; 
2.27 g, 11.8 mmol), triethyl orthoformate (2.05 g, 17.7 mmol), 
NH4C1 (0.06 g, 1.1 mmol), and absolute EtOH (30 mL) was heated 
to reflux for 30 min. The solvent was evaporated off, and the 
residue was dissolved in dry toluene (30 mL), to which hinokitiol 
(7; 1.95 g, 11.9 mmol) and potassium tert-butoxide (0.12 g, 1.1 
mmol) were added. The solution was heated to reflux for 6 h. 
After removal of the solvent, the residue was made acidic with 
10% HC1 solution and extracted with AcOEt The organic extract 
was washed with water and concentrated. The residue was 
chromatographed on silica gel (hexane-AcOEt, 3:1 v/v) to give 
16 (2.03 g, 49%): mp 140-143 °C; IR (Nujol) 3170 cm'1; lH NMR 
(CCU) 8 1.24 (t, 3 H, J = 7 Hz), 1.27 (d, 12 H, J = 7 Hz), 2.65-3.10 
(m, 2 H), 3.61 (q, 2 H, J = 7 Hz), 6.27 (s, 2 H), 6.82 (dd, 2 H, J 
= 10,1.6 Hz), 7.15 (d, 2 H, J = 1.6 Hz), 7.62 (d, 2 H, J = 10 Hz), 
9.25 (br, 2 H); MS m/z 384 (M+). Anal. Calcd for C ^ z A : C, 
H. A second elution with hexane-AcOEt (1:1 v/v) gave tris(2-
hydroxy-6-isopropyltropon-3-yl)methane (17; 280 mg, 5%): mp 
265-268 °C; IR (Nujol) 3150 cm"1; XH NMR (CDC13) 8 1.25 (d, 
J = l Hz, 18 H), 2.50-3.15 (m, 3 H), 6.60-7.35 (m, 9 H); MS m/z 
502 (M+). Anal. Calcd for C a ^ O g : C, H. 

Bis(2-hydroxy-6-isopropyltropon-3-yl)methane (5). A 
mixture of 8 (1.2 g, 3.1 mmol), 54% HI (10 mL), red phosphorus 
(0.01 g, 0.3 mmol), and AcOH (20 mL) was stirred at 50 °C for 
20 min. The mixture was made basic with cooling in ice bath and 
extracted with AcOEt. The organic extract was washed with 
saturated Na2S203 solution and water. After removal of the 
solvent, the residue was chromatographed on silica gel (hexane-
AcOEt, 3:1 v/v) to give 9 (0.31 g, 29%): mp 97-99 °C; IR (Nujol) 
3180 cm"1; *H NMR (CC14) 8 1.23 (d, 12 H, J = 7 Hz), 2.61-3.05 
(m, 2 H), 4.16 (s, 2 H), 6.78 (dd, 2 H, J = 10,1.6 Hz), 7.09 (d, 2 
H, J = 1.6 Hz), 7.88 (d, 2 H, J = 10 Hz), 9.04 (br, 2 H); MS m/z 
340 (M+). Anal. Calcd for C21Ha404: C, H. 

l,2-Bis(4-isopropyl-2-methoxytropon-7-yl)ethane (20). A 
mixture of zinc powder (1.17 g, 17 mmol), NaBr (0.13 g, 1.3 mmol), 
PPh3 (1.17 g, 4.5 mmol), anhydrous NiCl2 (0.058 g, 0.45 mmol), 
and degassed dry JV^-dimethylformamide (DMF) (5.4 mL) was 
stirred at 100 °C and changed to reddish brown.18 A solution of 
7-chloromethyl-4-isopropyl-2-methoxytropone (11; 2.02 g, 8.8 
mmol) in degassed dry DMF was added dropwise to the cooled 
mixture. The reaction mixture was stirred at 70 °C for 1 h and 
diluted with CHC13. The CHC13 solution was washed with water 
and concentrated. The residue was chromatographed on silica 
gel with AcOEt to give 20 (0.40 g, 23%): mp 114-117 °C; 'H NMR 
(CDCI3) 8 1.21 (d, 12 H, J = 7 Hz), 2.41-3.02 (m, 2 H), 3.00 (s, 
4 H), 3.88 (s, 6 H), 6.58 (dd, 2 H, J = 10,1.6 Hz), 6.61 (d, J = 
1.6 Hz), 7.34 (d, 2 H, J = 10 Hz); MS m/z 382 (M+). Anal. Calcd 
forC24H3o04: C, H. 

l,2-Bis(2-hydroxy-6-isopropyltropon-3-yl)ethane (6). A 
mixture of 20 (200 mg, 0.52 mmol), 10% aqueous KOH (20 mL), 
and MeOH (20 mL) was heated to reflux for 3 h, made acidic with 
10% HC1 solution, and extracted with AcOEt The organic extract 
was washed with water and concentrated. The residue was 
crystallized from AcOEt-EtaO to give 6 (53 mg, 25%): mp 152-155 
°C; IR 3150 cm"1; lH NMR (CDC13) 8 1.25 (d, 12 H, J = 7 Hz), 
2.33-3.08 (m, 2 H), 3.10 (s, 4 H), 6.01 (dd, 2 H, J = 10,1.6 Hz), 
7.29 (d, 2 H, J = 1.6 Hz), 7.40 (d, 2 H, J = 10 Hz), 9.03 (br, 2 H); 
MS m/z 354 (M+). Anal. Calcd for C^H^O*: C, H. 

Bis[(4-isopropyl-2-methoxytropon-7-yl)methyl] Ether (21). 
A mixture of 7-(hydroxymethyl)-4-isopropyl-2-methoxytropone17 

(18; 9.60 g, 46.1 mmol), powder KOH (5.18 g, 92.3 mmol), tris-
(3,6-dioxaheptyl)amine (TDA-1; 310 11L), and dry CH2C12 (110 
mL) was stirred at room temperature for 6 h and washed with 
water. The solvent was evaporated. The resulting precipitates 
were recrystallized from AcOEt-EtOH to give 21 (1.70 g, 53%): 
mp 120-123 °C; lH NMR (CDC13) 8 1.32 (d, 12 H, J = 7 Hz), 
2.50-3.15 (m, 2 H), 3.99 (s, 6 H), 4.63 (s, 4 H), 6.78 (d, 2 H, J = 
1.6 Hz), 6.91 (dd, 2 H, J = 10,1.6 Hz), 7.68 (d, 2 H, J = 10 Hz); 
MS m/z 354 (M+). Anal. Calcd for C22H3oOs: C, H. 

Bis[(2-hydroxy-6-isopropyltropon-3-yl)methyl] Ether (7). 
A mixture of 21 (1.7 g, 4.3 mmol), THF (10 mL), and 10% HC1 
(15 mL) was heated to reflux for 1 h and extracted with AcOEt. 
The organic extract was washed with water and concentrated. The 
residue was chromatographed on silica gel (hexane-AcOEt, 1:1 

v/v) to give 7 (1.25 g, 80%): mp 160-162 °C; IR (Nujol) 3220 
cm"1; *H NMR (CDC13) 8 1.24 (d, 12 H, J = 7 Hz), 2.68-3.14 (m, 
2 H), 4.82 (s, 4 H), 7.01 (dd, 2 H, J = 10,1.6 Hz), 7.34 (d, 2 H, 
J = 1.6 Hz), 7.87 (d, 2 H, J = 10 Hz), 8.00 (br, 2 H). Anal. Calcd 
for CaaHaeOs: C, H. 

l,2-Bis[(4-isopropyl-2-methoxytropon-7-yl)thio]ethane 
(23). Potassium tert-butoxide (2.16 g, 19.5 mmol) was added to 
a solution of ethanedithiol (970 nL, 1.67 mmol) in absolute MeOH 
(10 mL) at 0 °C for 30 min. The reaction mixture was added 
dropwise to a solution of 7-bromo-2-methoxy-4-isopropyltropone19 

(22; 6 g, 2.34 mmol). The resultant mixture was stirred at room 
temperature for 6 h and diluted with CH2C12. The CH2C12 solution 
was washed with water and concentrated. The residue was 
chromatographed on silica gel with AcOEt to give 23 (2.7 g, 52%): 
viscous oil; 'H NMR (CDC13) 8 1.26 (d, 12 H, J = 7 Hz), 2.80-3.30 
(m, 2 H), 3.14 (s, 6 H), 6.81 (dd, 2 H, J = 10,1.6 Hz), 6.86 (d, 2 
H, J - 1.6 Hz), 7.34 (d, 2 H, J = 10 Hz); FAB-MS (positive ion 
mode) m/z 447 (M+ + 1). 

l,3-Bis[(4-isopropyl-2-methoxytropon-7-yl)thio]propane 
(24) was prepared in a similar manner that described for the 
synthesis of 23: viscous oil; yield 54%; XH NMR (CDC13) 8 1.24 
(d, 12 H, J = 7 Hz), 1.65-2.30 (m, 2 H), 2.60-3.15 (m, 6 H), 3.95 
(s, 6 H), 6.78 (dd, 2 H, J = 10,1.6 Hz), 6.82 (d, 2 H, J - 1.6 Hz), 
7.24 (d, 2 H, J = 10 Hz); FAB-MS (positive ion mode) m/z 461 
(M+ + 1). 

l,2-Bis[(2-hydroxy-6-isopropyltropon-3-yl)thio]ethane(8). 
A mixture of 23 (1.30 g, 2.91 mmol), 10% HC1 (15 mL), and THF 
(10 mL) was heated to reflux for 30 min and extracted with 
CH2C12. The CH2C12 extract was washed with water and con­
centrated. The resulting precipitates were recrystallized from 
AcOEt-EtOH to give 8 (280 mg, 23%): mp 148-150 °C; IR (Nujol) 
3210 cm"1; XH NMR (CDC13) 8 1.30 (d, 12 H, J = 7 Hz), 2.65-3.10 
(m, 2 H), 3.27 (s, 4 H), 6.98 (dd, 2 H, J = 10,1.6 Hz), 7.38 (d, 2 
H, J = 1.6 Hz), 7.53 (d, 2 H, J = 10 Hz); FAB-MS (positive ion 
mode) m/z 419 (M+ + 1). Anal. Calcd for C a a H ^ S j : C, H, 
S. 

l^-Bis[(2-hydroxy-6-isopropyltropon-3-yl)thio]propane 
(9) was prepared in the similar manner described for the synthesis 
of 8: mp 145-147 °C; yield 40%; IR (Nujol) 3200 cm"1; *H NMR 
(CDCy 8 1.31 (d, 12 H, J = 7 Hz), 1.60-2.54 (m, 2 H), 2.56-3.30 
(m, 6 H), 7.05 (dd, 2 H, J = 10,1.6 Hz), 7.39 (d, 2 H, J = 1.6 Hz), 
8.02 (d, 2 H, J = 10 Hz); FAB-MS (positive ion mode) m/z 433 
(M+ + 1). Anal. Calcd for ^ H a A S * C, H, S. 

l,6-Bis(2-hydroxy-6-isopropyltropon-3-yl)hexane~l,6-diol 
(28). Magnesium turning (5.9 g, 243 mmol) and dry THF (30 mL) 
were stirred under an Ar atmosphere. 1,4-Dibromobutane (7.3 
mL, 60.9 mmol) was added dropwise at 0 °C, and the mixture 
was heated to reflux for 1 h. The resulting supernatant was added 
to a solution of 3-formyl-6-isopropyltropolone (14; 3.9 g, 20.3 mmol) 
in dry THF (20 mL). The reaction mixture was stirred at room 
temperature for 10 min, made acidic with 10% HC1 solution, and 
extracted with AcOEt The organic extract was washed with water 
and concentrated. The residue was chromatographed on silica 
gel (hexane-AcOEt, 1:1 v/v) to give 28 (1.6 g, 35%): mp 92-93 
°C; IR (Nujol) 3390 cm"1; *H NMR (CDC13) 8 1.24 (d, 12 H, J = 
7 Hz), 1.57 (s, 8 H), 2.43-2.97 (m, 2 H), 4.83-5.07 (m, 2 H), 5.60 
(br, 4 H), 6.90 (dd, 2 H, J = 10,1.6 Hz), 7.23 (d, 2 H, J = 1.6 Hz), 
7.60 (d, 2 H, J = 10 Hz); MS m/z 443 (M+), 407 (M+ - 36). Anal. 
Calcd for Cae^Og: C, H. 

Compounds 29 and 30 were prepared in the similar manner. 
l,8-Bis(2-hydroxy-6-isopropyltropon-3-yl)octane-l,8-diol 

(29): viscous oil; yield 39%; IR (neat) 3410 cm"1; JH NMR (CDCls) 
8 1.30 (d, 12 H, J = 7 Hz), 1.35 (s, 12 H), 2.68-3.14 (m, 2 H), 
4.87-5.07 (m, 2 H), 6.07 (br, 4 H), 7.00 (dd, 2 H, J = 10,1.6 Hz), 
7.25 (d, 2 H, J = 1.6 Hz), 7.60 (d, 2 H, J = 10 Hz); MS m/z 434 
(M+ - 36). 

l,12-Bis(2-hydroxy-6-isopropyltropon-3-yl)dodecane-
1,12-diol (30): viscous oil; yield 29%; IR (neat) 3410 cm-1; XH 
NMR (CDCI3) 8 1.25 (s, 20 H), 1.26 (d, 12 H, J = 7 Hz), 2.58-3.11 
(m, 2 H), 4.91-5.12 (m, 2 H), 6.14 (br, 4 H), 7.00 (dd, 2 H, J -
10,1.6 Hz), 7.30 (d, 2 H , J = 1.6 Hz), 7.68 (d, 2 H, J = 10 Hz); 
MS m/z 490 (M+ - 36). 

l,6-Bis(2-hydroxy-6-isopropyltropon-3-yl)hexane (10). Red 
phosphorus (0.16 g, 0.5 mmol) and 54% HI (6 mL) were added 
to a solution of 28 (2.20 g, 5.04 mmol) in AcOH (30 mL). The 
mixture was stirred at 50 °C for 30 min, made basic with saturated 
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K2C03 solution, and extracted with AcOEt. The organic extract 
was washed with saturated Na2S203 solution and water, and then 
the solvent was evaporated. The residue was chromatographed 
on silica gel (hexane-AcOEt, 1:1 v/v) to give 10 (0.73 g, 35%): 
mp 90-92 °C; IR (Nujol) 3170 cm"1; XH NMR (CDC13) 6 1.31 (d, 
12 H, J = 7 Hz), 1.62 (s, 8 H), 2.69-3.28 (m, 6 H), 6.98 (dd, 2 H, 
J = 10,1.6 Hz), 7.40 (d, 2 H, J = 1.6 Hz), 7.56 (d, 2 H, J = 10 
Hz), 9.14 (br, 2 H); MS m/z 410 (M+). Anal Calcd for (C^sfid 
C, H. 

Compounds 11 and 12 were prepared in the similar manner. 
l,8-Big(2-hydroxy-6-isopropyltropon-3-yl)octane (11): mp 

69-72 °C; yield 58%; IR (Nujol) 3180 cm"1; lH NMR (CDC13) 6 
1.36 (s, 12 H), 1.38 (d, 12 H, J = 7 Hz), 2.75-3.21 (m, 6 H), 6.95 
(dd, 2 H, J = 10,1.6 Hz), 7.37 (d, 2 H, J = 1.6 Hz), 7.44 (d, 2 H, 
J = 10 Hz), 9.01 (br, 2 H); MS m/z 438 (M+). Anal. Calcd for 
CisUsgO^. C, H. 

l,12-Bis(2-hydroxy-6-isopropyltropon-3-yl)dodecane(12): 
mp 35-37 °C; yield 46%; IR (Nujol) 3190 cm"1; XH NMR (CDC13) 
« 1.23 (d, 12 H, J = 7 Hz), 1.28 (s, 20 H), 2.65-3.10 (m, 6 H), 6.88 
(dd, 2 H , J = 10,1.6 Hz), 7.30 (d, 2 H, J = 1.6 Hz), 7.47 (d, 2 H, 
J = 10 Hz), 9.01 (br, 2 H); MS m/z 494 (M+). Anal. Calcd for 
C32H46O4: C, H. 

a,a-Bis(2-hydroxy-6-isopropyltropon-3-yl)-4-methoxy-
toluene-Fe(II) Complex (32). A solution of FeSCy7H20 (800 
mg, 2.9 mmol) in degassed water (5 mL) was added dropwise to 
a solution of 3 (200 mg, 0.45 mmol) in degassed CHC13 (5 mL). 
The mixture was stirred for 20 min at room temperature under 
an Ar atmosphere. The CHC13 solution was separated, washed 
with water, and concentrated. The resulting precipitate was 
filtered and dried in vacuo at 50 °C to give a quantitative yield 
of 32 as an ocher precipitate: mp 165-168 °C. 

a,a-Bis(2-hydroxy-6-isopropyltropon-3-yl)-4-metb.oxy-
toluene-Fe(III) Complex (33). A solution of FeCl3-6H20 (240 
mg, 0.89 mmol) in MeOH (15 mL) was added dropwise to a 
solution of 3 (600 mg, 1.34 mmol) in CHC13 (10 mL) and MeOH 
(10 mL). The mixture was stirred for 5 min at room temperature. 
After removal of the solvent, the residue was dissolved in CHC13. 
The CHCI3 solution was washed with water and concentrated to 
give a quantitative yield of 33 as a reddish brown precipitate: mp 
>300 °C. 

Pharmacology. Materials. The compounds listed in Tables 
I and II were synthesized as previously described.1"3,8 Mouse 
mammary tumor FM3A cells (wild type, F28-7) were generously 
given by Dr. T. Seno (Saitama Cancer Center Research Institute, 
Japan). 

Antitumor Activity in Vitro and in Vivo. Assays of anti­
tumor activity were carried out as previously described.3 

Assay for Ability To Induce dNTP Pool Imbalance. Cell 
Culture. FM3A cells were grown in ES medium containing 2% 
heat-inactivated fetal bovine serum at 37 °C under 5% C02.22 

The cell cultures were maintained by twice weekly passage into 
fresh media. Cell numbers were measured using a micro cell 

(22) Ayusawa, D.; Koyama, H.; Iwata, K.; Seno, T. Selection of 
Mammalian Thymidine Auxotrophic Cell Mutants Defective 
in Thymidylate Synthase by their Reduced Sensitivity to 
Methotrexate. Somat. Cell. Genet. 1981, 7, 523-534. 

counter CC-108 (Toa Medical Electric Co.). For growth-inhibition 
studies, cells were seeded at about 5 X 104 cells/mL and treated 
with various concentrations of the drugs. Cell numbers were 
determined 48 h after the start of incubation. IC50 value refers 
to the concentration of drug necessary to reduce the growth rate 
of cells by 50% of the control. Cell viability during treatment 
with test compound was determined by staining with trypan blue. 

Preparation of Cell Extract. Test compound or hydroxyurea 
was added to an exponentially growing number of cells in sus­
pension culture at the concentration of drug necessary to reduce 
the growth rate of cells by 90% of the control, respectively. The 
drug addition was done when the cell density reached 2.5 X 10s 

cells/mL. The volume of the cell suspension being examined was 
1000 mL. At a desired time, an aliquot of 50 mL was removed 
from the culture bottle and was centrifuged at lOOg and at 4 °C 
for 4 min. The cells thus collected were washed twice with 25 
mL of ice-cold phosphate-buffered saline (containing 0.1% glu­
cose) and were suspended at 4 °C in ca. 100 jiL of the phos­
phate-buffered saline. After the cell number was determined, the 
suspension was transferred to a 1.5-mL microtest tube 3810 
(Eppendorf), and cold 100% trichloroacetic acid was added to 
the suspension to give a final concentration of 0.3 M. The mixture 
was vortexed and kept for 30 min at 4 °C. After centrifugation, 
the acid supernatant was separated and added to 1.1 volume of 
cold Freon-Amine solution (0.5 M trioctylamine in 1,1,2-tri-
chlorotrifluoroethane). The aqueous upper layer containing 
nucleotides was separated and analyzed by an HPLC procedure 
for determination of dNTP. The subsequent procedure for the 
preparation of cell extracts was described previously.21 

Quantitative Determination of Deoxyribonucleoside 
Triphosphates in Cell Extract. To 80 ML of cell extract in a 
1.5 mL microtest tube were added 20 nL of 20 mM deoxyguanosine 
and 20 nL of 0.2 M NaI04. After vortexing and centrifugation 
(15600g at 4 °C for 10 s), the suspension was incubated at 37 °C 
for 2 min. The tube was placed on ice, and then 2 yL of 1 M 
rhamnose and 3011L of 4 M CH3NH2 (neutralized to pH 6.5 with 
H3PO4) were added to the reaction mixture. The suspension was 
well mixed and centrifuged at 15600# at 4 °C for 10 s. After 
incubation at 37 °C for 30 min, the sample was cooled on ice. 

Chromatography on Partisil-10 SAX (4.6 X 250 mm, Whatman) 
was done as previously described.21 HPLC analysis was performed 
using a Waters 6000A pump with a Waters 440 absorbance de­
tector (using AjjMn,,,) and a Hewlett-Packard 3390A integrator. 
Ribonucleoside triphosphate (rNTP) pools were determined by 
the method previously described.21 
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