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A series of N’-substituted 7-aminoactinomycin D analogues with alkyl, aralkyl, and heteroaralkyl substituents was
synthesized and their biological properties were studied. All of these analogues proved to be 22- to 28-fold less toxic
than actinomycin D when tested against human lymphoblastic leukemia cells (CCRF-CEM) in vitro. Against the
P388 mouse leukemia in vivo, most of the analogues had activity comparable to actinomycin D and one was significantly
more active. The results show that substitutions of this kind do not interfere with the antitumor activity of actinomycin
D and may be useful for the design of modified actinomycin D analogues with greater selectivity.

Actinomycin D (AMD, 1b, Scheme I) is one of a group
of antibiotics containing two pentapeptide lactone rings
at positions 1 and 9 of the chromophore phenoxazinone
ring.}? It has been used clinically as a chemotherapeutic
agent for some time, with excellent results in the treatment
of Wilms’ tumor* and gestational choriocarcinoma.? In
addition, AMD is widely used in studies related to RNA
metabolism, due to its highly specific inhibition of
DNA-dependent RNA synthesis.5® It is known to bind
to double-helical DNA by intercalation of the chromophore
and through hydrogen bonding and hydrophobic inter-
actions of the peptide lactone moieties.*!! The nature of
the binding of AMD to DNA has been established by
several means (spectral shift,>1215 viscosity changes,®!®
thermal denaturation of DNA,!31® and others®16-8), and
its interaction specifically with the deoxyguanosine and
pdG-dC dinucleotide is indicated by X-ray crystallography,
spectrophotometry, and NMR studies.!®? As an extension
of these studies, the overall picture of the mechanism of
action of AMD is proposed as its binding to intracellular
DN:;& and thus inhibiting DNA-dependent RNA synthe-
SiS.Z‘24

Work has been done by a number of investigators on the
chemistry, biological activity, binding specificity, exper-
imental pharmacology, and clinical pharmacology!? of the
actinomycins, particularly in the laboratories of
Brockmann? and Katz?" (reviewed by Meienhofer and
Atherton® and by Hollstein?). These studies indicate that
the intact peptide lactones and the presence of the 2-
amino, 3-0x0, and 4- and 6-methyl groups of the chro-
mophore are necessary for optimal antibiotic activity.
More recent studies®*?! have cast some doubt about the
absolute requirement of the 2-amino group for biological
activity and DNA-binding properties. Bulky substituents
in the 7 position of the actinomycins have been claimed
to interfere seriously with the DNA-binding properties.®

In attempts to increase the activity of AMD against
human neoplasms and also to reduce its host toxicity,?
several analogues have been synthesized®®* and their
biological activity has been assayed.’?®® Recently, we
showed that 7-nitro-AMD (2b) and 7-amino-AMD (3b) had
DNA-binding properties comparable to AMD.1418 These
compounds were active against human lymphoblastic
leukemia cells (CCRF-CEM) in vitro, and their activity
against four transplantable mouse tumors (P388, 11210,
and P1534 leukemias and Ridgway osteogenic sarcoma)
in vivo was comparable to AMD.%** We also showed that
3b may be useful for chromosome banding studies because
of its fluorescence.®

In this report we describe the synthesis and antitumor
activity of several N"-substituted 7-aminoactinomycin D
analogues. The DNA-binding properties of these com-
pounds will be reported in a separate communication.*
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Chemistry. 7-Aminoactinomycin D (3b, Scheme I) was
prepared by a modification of our previously reported
procedure® to give this compound in better yield. The
substituted analogues listed in Table I were prepared from
3b by a simple two-step procedure without the isolation
of intermediates. A variety of aldehydes, RCHO, when
refluxed with 3b in dry benzene, in the presence of mo-
lecular sieves (4A), generated the intermediate imines (4,
Scheme II) which were reduced in situ by the addition of
dimethylamine—borane®*® to give the desired products in
good yields.®® This procedure worked well for aliphatic,
aromatic, and heteroaromatic aldehydes and was first
worked out on the model compound 3a. Model alkylated
compounds 5a, 8a, and 9a were prepared by this proce-
dure. All of the compounds reported here were charac-
terized by TLC, UV and NMR spectra, and elemental
analyses.

Spectral Properties. NMR. The structures of the
model substituted compounds 5a, 8a, and 9a could be
easily verified by their NMR spectra (see the Experimental
Section). The 2-NH, protons in these compounds do not
differ appreciably in chemical shift from those of the
parent compound 3a.** The 7-NH, protons of 3a are
absent in these spectra and a single proton (7-NH-) ap-
pears upfield. The NMR spectra of compounds 5b-13b
are extremely complicated and are not reported here.

Visible Absorption. Comparison of the visible ab-
sorption spectra of the model substituted compounds to
those of the corresponding AMD analogues provides ev-
idence for the similarity of structures in both series. The
long wavelength absorption maximum for model com-
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Table II. In Vivo and in Vitro Antitumor Activity of
N’-Substituted 7-Aminoactinomycin D Analogues

_invivo (P388F  Gopp

optimal CEM),¢

dose, ID,,,

compd ug/kg %ILS® ng/mL
5b 800 +108 250
6b 500 +192 220
7b 225 +130 280
8b 500 +123 260
9b 15009 +73 270
10b 200 +90 260
11b 450 +145 260
12b 500 +100 260
13b 200 +90 260
7-amino-AMD (3b) 150 +164 85
AMD (1b) 75 +122 10

@ P388 leukemia (10° cells) was implanted ip in male
BDF, mice (seven per group). Compounds were admin-
istered in saline solution for four successive days starting
1 day after tumor implantation (qd 1-4). ® % ILS =100
X (T/C — 1) where T and C are median survival times of
treated and control animals. ¢ Human lymphoblastic
leukemia cells in suspension culture. ¢ Highest nontoxic
dose tested.

significantly superior than AMD in this tumor line.

Conclusions

In this report we have shown that AMD analogues with
bulky substituents in the 7 position possess antitumor
activity in most cases comparable to AMD and in some
cases better than AMD. We believe that AMD analogues
with broader selectivity and improved antitumor activity
can be developed through this approach. In separate
communications we will report data which show that these
same analogues bind efficiently to double-helical DNA 364
The mode of action of AMD and its analogues in biological
systems is still not fully understood, but cellular uptake
and retention, drug distribution, and metabolism are
important factors. The possibility that the antitumor
effectiveness of AMD and its analogues is also associated
with sites of action other than inhibition of RNA synthesis
cannot be ruled out.*

Experimental Section

Actinomycin D, batch no. 3008-30B, was kindly provided by
Lederle Laboratories Division, American Cyanamid Co.
Quantitative UV spectra were measured on a Cary Model 11
spectrophotometer, and NMR spectra were obtained on a Varian
T-60A instrument using Me,Si as internal standard. Specific
rotations were measured on a JASCO-5 ORD/CD spectropo-
larimeter. Thin-layer chromatography was performed on Analtech
prescored silica gel plates using MeOH-EtOAc (1:9) as the de-
veloping solvent, and column chromatography was done using
silica gel powder (Baker no. 3405, 60-200 mesh). Melting points
were measured on a Thomas Model 40 micro hot-stage and are
corrected. Microanalyses were performed by Galbraith Labo-
ratories, Knoxville, Tenn., and by Schwartzkopf Laboratories,
New York, N.Y. Where analyses are indicated only by a symbol
of the elements, analytical results obtained for those elements
were within £0.5% of the theoretical values.

7-Nitro-AMD (2b). This procedure is superior to that pre-
viously reported from this laboratory.* Actinomycin D (200 mg,
0.16 mmol) was placed in a polyethylene bottle (30-mL capacity)
and was treated with 3.73 mL of cold (0 °C) concentrated sulfuric
acid. The capped bottle was shaken in a cold room (4 °C) on a
linear vibrator for a few minutes to dissolve the AMD. The
solution was treated with 1.0 mL of the nitration mixture (0.1
mL of fuming nitric acid in 4 mL of concentrated sulfuric acid)
and then shaken for an additional 20 min. The reaction mixture
was poured onto a stirred mixture of 40 mL of CHCl; and 120
g of ice. The CHCI; layer was separated and washed with 8 X
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15 mL of saturated aqueous NaHCO; and then with 20 mL of
saturated NaCl. Evaporation of the solvent left a solid which was
chromatographed on silica gel using MeOH-EtOAc (1:9) as eluent.
The fractions showing the desired R; value (0.38) were combined
and evaporated to leave a solid which was recrystallized from
EtOAc-hexane to give 142 mg (70%) of pure 2b: mp 252-253
°C; UV (CHCI;) 314 nm (e 8060), 438 (23900), 445 (24 300). Anal.
(CeoHgsN13018) C, H, N.

7-Amino-AMD (3b). This procedure is superior to that
previously reported from this laboratory.® A mixture of 2b (200
mg, 0.15 mmol), MeOH (150 mL), and PtO, (30 mg) was hy-
drogenated in a Parr apparatus at 40 psi for 3 h. The mixture
was filtered through Celite filter-aid, and the filter pad was washed
with MeOH (20 mL). Air was then bubbled through the filtrates
for 30 min to complete the oxidation to the phenoxazinone. The
resulting solution was evaporated and the residue was recrys-
tallized from hot EtOAc-hexane to give 154 mg (77%) of pure
3b as purple crystals: mp 252-253 °C; R; 0.51. Anal. (Cgy
HSTNISOIS) C» H» N.

General Procedure for the Alkylation of 7-Amino-AMD
(3b) and the Model Compound (3a). A typical procedure is
described for the preparation of 7-n-octylamino-AMD (9b). A
mixture of 3b (25.4 mg, 0.02 mmol), n-octanal (25.6 mg, 2 mmol),
benzene (5 mL), and molecular sieves (100 mg, 4 A) was refluxed
for 1 h to complete the formation of the intermediate imine. The
mixture was cooled to room temperature and dimethylamine—
borane (35 mg, 6 mmol) was added. After stirring for 30 min,
TLC indicated that the reaction was over. (This procedure may
have to be repeated if TLC shows any unreacted 3b.) The mixture
was diluted with CHCl; (20 mL) and filtered to remove the sieves,
and the solution was washed with saturated aqueous NaHCO;,
and then with saturated NaCl. The solvents were evaporated and
the residue was recrystallized from hot EtOAc~hexane to give the
product as pink crystals.

The experimental details and physicochemical properties for
compounds 5b-13b are listed in Table I. Model compounds 5a,
8a, and 9a were also prepared by the general procedure and
physical data for these compounds are listed below.

2-Amino-7-benzylamino-1,9-bis(N,N-diethylcarbamo-
y1)-4,6-dimethyl-3 H-phenoxazin-3-one (5a). The yield of this
compound was 76%: mp 140-150 °C; NMR (CDCly) 7 2.66 (s,
C¢Hj;), 3.41 (s, 8-H), 4.83 (s, 2-NH,), 5.48 (m, 3 H, C;H;CH, and
7-NH), 6.1-7.0 (m, 8 H, NCH,CHj), 7.68 (s, 6-CHy), 7.75 (s, 4-CHy),
8.9-9.2 (m, 12 H, NCHQCH{;)', NMR (MGQSO'ds) T 2.65 (S, CGH5),
3.65 (s, 8-H), 4.2 (s, 2-NH,), 5.5 (m, 3 H, C¢H,CH, and 7-NH),
6.4-6.8 (m, 8 H, NCH,CHy), 7.7 (s, 6-CH), 7.85 (s, 4-CHj), 8.8-9.2
(m, 12 H, NCH,CH,;); UV (CHCly) 512 nm (e 36 200).

2-Amino-7-p-carboxybenzylamino-1,9-bis( N, N-diethyl-
carbamoyl)-4,6-dimethyi-3 H-phenoxazin-3-one (8a). The
vield of this compound was 79%: mp 181 °C dec; NMR
(Me,SO-d;) + 2.05(d, 2 H, CsHy), 2.5 (d, 2 H, CH,), 3.65 (s, 8-H),
4.2 (s, 2-NH,), 5.3-5.6 (m, 3 H, C¢H,CH, and 7-NH), 6.1-7.0 (m,
8 H, NCH,CHj), 7.74 (s, 6-CHy), 7.85 (s, 4-CHj), 8.8-9.4 (m, 12
H, NCH,CH,); UV (CHCly) 510 nm (¢ 24320). Anal. (CyH3N5Og)
C, H,N.

2-Amino-7-octylamino-1,9-bis(N,N-diethylcarbamoyl)-
4,6-dimethyl-3H-phenoxazin-3-one (9a). The yield of this
compound was 78%: mp 134-135 °C; NMR (CDCl,) r 3.4 (s, 8-H),
4.8 (s, 2-NH,), 6.15-7.05 (m, 11 H, 7-NH, 7-NCH,, and NCH,CH,),
7.78 (s, 6 H, 6-CH, and 4-CH,), 8.5-9.1 [m, 27 H, CHy(CH,); and
NCHQCHs]; UV (CHClg) 524 nm (6 35 100). Anal. (032H47N504)

’ s N,

Acknowledgment. We are indebted to Dr. Herbert
Lazarus, The Sidney Farber Cancer Institute, for the in
vitro bicassay data and to Dr. William Ensminger and Ms.
Michelle Gorman, also from this institute, for the in vivo
antitumor data. Dr. Bireswar Chakravorty of the Eye
Research Institute, Retina Foundation, Boston, Mass.,
kindly allowed us the use of a JASCO-5 spectropolarimeter.
We thank Dr. Edward J. Modest of this institute for his
contributions to this work. This investigation was sup-
ported by Grant No. CA 17409 awarded by the National
Cancer Institute, Department of Health, Education and
Welfare.



7- Aminoactinomycin D Analogues

References and Notes

(oY)
(2
(3)
4)
)
(6)
(M
(8
9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)

(17)
(18)

(19)
(20)
(21)
(22)
(23)
(29)
(25)
(26)

(27
(28)

(29)
(30)

(81)

H. Brockmann and H. Lackner, Naturwissenschaften, 57,
384 (1964).

J. Meienhofer, J. Am. Chem. Soc., 92, 3771 (1970).

E. Frei, III, Cancer Chemother. Rep., 58, 49 (1974).

S. Farber, J. Am. Med. Assoc., 198, 826 (1966).

J. L. Lewis, Jr., Cancer, 30, 1517 (1972).

W. Kersten, H. Kersten, and W. Szybalski, Biochemistry,
5, 236 (1966).

J. E. Kay and H. L. Cooper, Biochem. Biophys. Res.
Commun., 35, 526 (1969).

I. H. Goldberg, M. Rabinowitz, and E. Reich, Science, 136,
315 (1962).

W. Muller and D. M. Crothers, JJ. Mol. Biol., 35, 251 (1968).
H. M. Sobell and 8. C. Jain, J. Mol. Biol., 68, 21 (1972).
H. M. Sobell, Prog. Nucleic Acid Res., 13, 153 (1963).

1. H. Goldberg and E. Reich, Fed. Proc., Fed. Am. Soc. Exp.
Biol., 23, 958 (1964).

G. E. Gill, M. M. Jotz, S. G. Young, E. J. Modest, and S.
K. Sengupta, J. Histochem. Cytochem., 23, 793 (1975).
E. J. Modest and S. K. Sengupta, Cancer Chemother. Rep.,
58, 35 (1974).

M. Gellert, M. Smith, C. E. Neville, and G. Felsenfeld, JJ.
Mol. Biol., 11, 445 (1965).

S. K. Sengupta and D. Schaer, Biochim. Biophys. Acta, in
press.

M. J. Waring, J. Mol. Biol., 54, 247 (1970).

H. Ziffer, K. Yamamoka, and A. B. Mauger, Biochemistry,
7, 996 (1968).

H. M. Sobell, S. C. Jain, T. D. Sakore, G. Ponticello, and
C. E. Nordman, Cold Spring Harbor Symp. Quant. Biol.,
36, 263 (1971).

T. R. Krugh, Proc. Natl. Acad. Sci. US.A., 69, 1911 (1972).
D. J. Patel, Biochemistry, 13, 1476 (1974).

T. R. Krugh, E. S. Mooberry, and Y. C. Chiao, Biochemistry,
16, 740 (1977).

I. H. Goldberg, M. Rabinowitz, and E. Reich, Proc. Natl.
Acad. Sci. U.S.A., 48, 2094 (1962).

I. H. Goldberg, M. Rabinowitz, and E. Reich, Proc. Natl.
Acad. Sci. U.S.A., 49, 226 (1963).

M. H. N. Tattersall, J. E. Sodergren, S. K. Sengupta, D. H.
Trites, E. J. Modest, and E. Frei, I1I, Clin. Pharmacol. Ther.,
17, 701 (1975).

H. Brockmann, Ann. N.Y. Acad. Sci., 89, 323 (1960).

E. Katz and H. Weissbach, J. Biol. Chem., 237, 882 (1962).
J. Meienhofer and E. Atherton in “Structure-Activity
Relationships among the Semisynthetic Antibiotics”, D.
Perlman, Ed., Academic Press, New York, N.Y., 1977, p 427.
U. Hollstein, Chem. Rev., 74, 625 (1974).

C. W. Mosher, K. F. Kuhlmann, D. G. Kleid, and D. W.
Henry, J. Med. Chem., 20, 1055 (1977).

S. Moore, M. Kondo, M. Copeland, J. Meienhofer, and R.
K. Johnson, J. Med. Chem., 18, 1098 (1975).

Journal of Medicinal Chemistry, 1978, Vol. 21, No. 9 961

(82)
(83)

(84
(35)

(36)
(87
(38)
(89

(40)

(41)

(42
(43)
(44)

(45)
(46)

H. Brockmann, Cancer Chemother. Rep., 58, 9 (1974).
A. Goldin and R. K. Johnson, Cancer Chemother. Rep., 58,
63 (1974).

S. K. Sengupta, S. K. Tinter, H. Lazarus, B. L. Brown, and
E. J. Modest, J. Med. Chem., 18, 1175 (1975).

E. J. Modest and S. K. Sengupta in “Chromosome Iden-
tification Technique and Applications in Biology and
Medicine”, T. Caspersson and L. Zech, Ed., Academic Press,
New York, N.Y., 1973, pp 327-333.

M. S. Madhavarao, W. R. Beltz, M. Chaykovsky, and S. K.
Sengupta, Abstracts of Papers, XIIth International Cancer
Congress, Buenos Aires, Argentina, Oct 5-11, 1978,

H. N6th and H. Beyer, Chem. Ber., 93, 928 (1960).

M. Chaykovsky, E. J. Modest, and S. K. Sengupta, J.
Heterocycl, Chem., 14, 661 (1977).

We have shown recently®® that certain aldehydes can react
with la under extensive reflux to form oxazolo derivatives
with the general structure below. No evidence for the
formation of similar derivatives was found in the present
work, under the reaction conditions used.

CONEY,  CONEf,
H
N
o
o 0
CH CHg

S. K. Sengupta, S. K. Tinter, and E. J. Modest, J. Het-
erocycl. Chem., 15, 129 (1978).

A hydrogen-bonded resonance structure for 5b-13b is in-
dicated below, on the basis of a similar hydrogen-bonded
structure for actinomycins which has been suggested by
Miiller and Crothers® and discussed by Mosher® et al. Bulky
substituents on the 2-nitrogen might be expected to interfere
markedly with the hydrogen bonding between the 2-amine
hydrogen and the carbonyl group linking the 8 peptide to
the chromophore, thus affecting the conformation and the
spatial configuration of the peptide lactones.?

Plal @
| l

e ey

g lf
N
N AN
7) P .
RCH,HN 0 0
+

CH3z CHz

G. E. Foley nd H. Lazarus, Biochem. Pharmacol., 16, 659
(1967).

A. Goldin and R. K. Johnson, Cancer Chemother. Rep., 58,
63 (1974).

J. M. Venditti and B. J. Abbott, Lloydia, 30, 332 (1967).
S. K. Sengupta and W. R. Beltz, unpublished results.

R. M. Fico, T. K. Chen, and E. S. Cannellakis, Science, 198,
53 (1977).



