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DNA-Directed Alkylating Agents. 6. Synthesis and Antitumor Activity of DNA
Minor Groove-Targeted Aniline Mustard Analogues of Pibenzimol (Hoechst
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A series of nitrogen mustard analogues of the DNA minor groove binding fluorophore pibenzimol
(Hoechst 33258) have been synthesized and evaluated for antitumor activity. Conventional
construction of the bisbenzimidazole ring system from the piperazinyl terminus, via two
consecutive Pinner-type reactions, gave low yields of products contaminated with the 2-methyl
analogue which proved difficult to separate. An alternative synthesis was developed, involving
construction of the bisbenzimidazole from the mustard terminus, via Cu?*-promoted oxidative
coupling of the mustard aldehydes with 3,4-diaminobenzonitrile to form the monobenzimid-
azoles, followed by a Pinner-type reaction and condensation with 4-(1-methyl-4-piperazinyl)-
o-phenylenediamine. This process gives higher yields and pure products. The mustard
analogues showed high hypersensitivity factors (ICso AA8/IC5, UV4), typical of DNA alkylating
agents. There was a large increase in cytotoxicity (85-fold) across the homologous series which
cannot be explained entirely by changes in mustard reactivity and may be related to altering
orientation of the mustard with respect to the DNA resulting in different patterns of alkylation.
Pibenzimol itself (which has been evaluated clinically as an anticancer drug) was inactive
against P388 in vivo using a single-dose protocol, but the short-chain mustard homologues

were highly effective, eliciting a proportion of long-term survivors.

Recent work on the targeting of nitrogen mustard
alkylating agents to DNA by the use of both DNA-
intercalating!~3 and DNA minor groove-binding*5 ligands
has shown that this strategy can greatly enhance both
the in vitro cytotoxicity and the in vivo antitumor
activity of the mustard moiety, when compared with
untargeted mustards of similar reactivity. Such target-
ing can also significantly alter the pattern of DNA
alkylation by the mustard. Simple nitrogen mustards
alkylate almost completely from the major groove at the
N7 of guanine, and the lethal interstrand cross-links
they form are almost exclusively between guanine N7
positions.® However, in a series of DNA-intercalator
targeted compounds (e.g., 1), there was a progressive
switch from alkylation at N7 of guanine in 5-GT
sequences to alkylation at N7 of adenine in 5-AC
sequences.” Even more drastic alterations in alkylation
pattern were observed with the minor groove-targeted
“split” mustard 2, based on the well-known?® series of
synthetic minor groove-binding bisquaternary ammo-
nium heterocycles. Alkylation by 2 occurred almost
exclusively at the N3 position of adenine in the minor
groove.®

Compounds which alkylate in the DNA minor groove
are very potent cytotoxins; typical examples are 2 (ICs
in P388 = 7 nM),® which compares well with other well-
known (albeit non-mustard) compounds such as CC-
1065 (ICs0 in L1210 = 3 nM).1° The only other example
of minor groove-targeted nitrogen mustards are a series
of compounds based on the antibiotic distamycin. Re-
cent reports®® indicate that they are also potent cyto-
toxins, with 8 in particular showing in vivo activity
against a number of solid tumor cell lines and promising
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results in clinical trial.l! This general class of com-
pounds are thus attractive synthetic targets.
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Another well-described series of synthetic minor
groove-binding agents is the bisbenzimidazoles. In
particular, compound 4 (pibenzimol, Hoechst 33258) has

© 1994 American Chemical Society



DNA-Directed Alkylating Agents

Scheme 1

cl
R(CHz)n—Q— N
—

MeN \) cl

. — 12:R=NO, [ MiR=CN
o 13iR- NH, 15 : R = C(=NH)OELHCI
lm
cl

|
N /—/
N K (CHz)n——< >— N
eN

7-9:n=0,12

Jseteas

MeN J 16

e (i) HYRh—Al,Os/Pt—C/EtOH/glacial AcOH; (ii) EtOH/HCl(g)/
(0—20 °C)/2 days; (iii) EtOH/glacial AcOH/3 h.

been widely studied for its sequence-specific interaction
with DNAI2-14 and has also undergone phase I clinical
evaluation as an anticancer agent;!® an analogue has
recently been reported to have topoisomerase I activ-
ity.16 We have been interested in using bisbenzimid-
azoles as DNA sequence-selective carriers of alkylating
functionality and report here the synthesis and biologi-
cal evaluation of a series of such compounds (6—11),
together with the corresponding reference compounds
(4, 5).

Chemistry

The first reported synthesis of the fluorophore
Hoechst 33258 (4) and a wide variety of congeners
(including 5) was more than 25 years ago.!” The
synthetic strategy employed construction of the bisbenz-
imidazole ring system from the piperazinyl terminus via
two consecutive Pinner-type reactions (cf. Scheme 1).
Despite many reported modifications to the preparation
of simple monomeric benzimidazoles, the paper of Loewe
et al.!” has remained the definitive synthetic route to
the dimeric bisbenzimidazoles, and we initially em-
ployed this method.

We therefore initially prepared the mustard-bearing
bisbenzimidazoles (6—9) by an analogous method
(Scheme 1). Pinner-type reaction of the imine ether
hydrochlorides (15) derived from the corresponding
nitriles (14) with phenylenediamine (13) (prepared
immediately prior to use by catalytic hydrogenation
(Pt—C/Rh—Al;03) of nitroaniline 12) afforded the de-
sired products (7—9), although in low yield (ca. 20%).
The crude products obtained by this method were
consistently contaminated with significant amounts of
the 2-methylbisbenzimidazole (16), presumably arising
from condensation of diamine 13 with the acetic acid
employed as solvent, and required extensive chroma-
tography to purify. Attempts to condense the butyro-
nitrile mustard (14: n = 3) directly with 13 produced
no detectable (by TLC) quantities of the desired bisbenz-
imidazole 10. Synthesis of the benzonitrile monomus-
tard derivative 19 required for preparation of 6 was
achieved according to the method shown in Scheme 2.
Direct nucleophilic aromatic substitution by methyl-
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aminoethanol on 4-fluorobenzonitrile gave the anilino
ethanol 18 which was converted to the corresponding
mustard 19 via mesylation and displacement by LiCl

Improved yields of pure bisbenzimidazoles (7—11)
were finally achieved using the alternative synthetic
strategy outlined in Scheme 3, where the bisbenzimid-
azole unit was built up from the mustard terminus. The
mustard-bearing alkyl aldehydes (21: n = 2, 3, 6) were
synthesized from the corresponding mustard acids (20:
n =2, 3, 6) in good overall yield by a reduction/selective
oxidation sequence (Scheme 3). Treatment of the acids
(20: n =2, 3, 6) with borane—dimethyl sulfide gave the
crude alcohols, which were in turn oxidized under Swern
conditions!® to yield the desired aldehydes (21: n = 2,
3, 6). A variety of alternative oxidation systems, includ-
ing pyridinium chlorochromate!® and tetrapropyl-
ammonium perruthenate,?® were attempted without
success. All attempts to prepare the acetaldehyde
analogue (21: n = 1) were unsuccessful, possibly due
to facile enolization of this compound.

Cu?*-promoted oxidative coupling?! of the mustard
aldehydes 21 with 3,4-diaminobenzonitrile 2222 afforded
the mustard-bearing benzimidazoles 23 in fair yield.
Pinner-type reaction of the imine ether hydrochlorides
24 derived from the nitriles 23 with the freshly-prepared
diamine 26 cleanly yielded the target compounds 7—11.
This protocol represents a considerable improvement
over the classical procedure (Scheme 1), affording bis-
benzimidazoles of greater purity (free of 16) and in
higher yield.

The phenylenediamines 13 and 26 were freshly
prepared immediately prior to use via catalytic hydro-
genation (Pt—C/Rh—Al;03) of nitroanilines 12 and 25,
respectively. This mixed catalyst system was found to
be superior to conventional methods, affording rapid and
clean reduction.

Results and Discussion

Growth Inhibition. The structures of the com-
pounds are given in Table 1, and their DNA binding?3
and biological properties in Table 2. Reversible DNA
binding constants and binding site sizes to calf thymus
DNA were determined spectrophotometrically by Scat-
chard analysis, using analysis times sufficiently short
that covalent alkylation reactions did not interfere.23
The reversible binding of these compounds is somewhat
stronger than that of pibenzimol itself and decreases
slightly across the homologous series. The binding site
size remains essentially constant, suggesting similar
binding contacts across the series.

The compounds were evaluated for their growth
inhibitory properties against three mammalian tumor
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Table 1. Structures and Physicochemical Properties of Pibenzimol Mustards

Cl
N N —
L OO o OO
\ N N N
N N H Y N H cl
MeN__J H Me N
A B
no. form X mp (°C) formula analyses
4 A OH a
5 A NEt; >300 CgoHasN7#3HCI4H;0 C,HN
6 A N(Me)CH2CH:Cl >300 C2sH3oNCI-3HCI-3H;0 C,H,N
7 A N(CH:CH:Cl); >300 029H31N7012‘3HCI‘1.5H20 C, H, N, Cl
8 B CH, >300 C3oH33N-Cly3HC1 C,H,N
9 B (CHz)z >300 031H35N7012‘3HCI‘2H20 C, H, N
10 B (CHs)s >300 032H37N7012‘3HCI‘H20 C, H,N
11 B (CHg)s >300 CasH4aN7Clz:3HCI4H;0 C, H,N

e Purchased from Sigma Chemical Co., St. Louis, MO.

cell lines in vitro: wild-type P388 leukemia, AAS8
Chinese hamster fibroblasts, and the AA8-derived mu-
tant line UV4 (Table 2). The latter cell line is deficient
in aspects of the excision repair pathway for removing
DNA adducts?* and is hypersensitive to DNA-alkylating
agents, especially interstrand cross-linking agents. Pre-
vious work!2528 has shown that the ratio of ICsgs
determined in the wild-type AA8 and mutant UV4 lines
(the hypersensitivity factor HF) is a determinant of the
mode of cell killing by alkylating agents. Compounds
with HFs of ca. 1 are unlikely to kill cells via DNA
alkylation events. Compounds which show high HF
values are likely to form bulky adducts or cross-links,
with the latter being especially likely for compounds
showing the highest HF values (> ca. 25).26

In the present series, both of the nonalkylating
compounds (pibenzimol itself (4) and the N(Et), deriva-
tive (5)) were moderately cytotoxic against wild-type
P388 leukemia, with ICso values of ca. 1 uM. The
compounds were much less sensitive in the AAS8 cell line
(although a shorter exposure time was used; see the
Experimental Section). In other studies,?? pibenzimol
has shown a similar ICs value against L1210 leukemia,
but very low cytotoxicity in solid tumor lines. Both 4
and 5 had AA8/UV4 ICj ratios (HFs) of about unity,
as expected for compounds which do not act by DNA

alkylation. Some phase I-II clinical studies with
pibenzimol have been reported,®1® but the mode of
action is not known.

The half-mustard analogue 6 showed slightly in-
creased cytotoxicity against the wild-type P388 and AA8
lines but was much more effective against UV4, result-
ing in an HF of 14. This is strong evidence for the mode
of cytotoxicity being by the formation of DNA adducts.
The corresponding full mustard 7 had roughly similar
cytotoxicities against the wild-type lines but had an
increased HF of 24. This compound has the capability
of forming DNA cross-links, and the increased HF is
consistent with this possibility. Compounds 8—11 form
a series where the aniline mustard moiety is tethered
to the end of an increasingly long polymethylene chain.
While ICso values in both wild-type cell lines differ little
between 7 and 8, there is a large increase in cytotoxicity
(80-fold in P388, 5-fold in AA8) for the (CHgy)o-linked
compound 9. This is probably not due simply to
increasing lipophilicity, since the longer chain com-
pounds 10 and 11 are less cytotoxic.

Increasing the polymethylene chain has two effects.
One is to increase the o values of the para substituent
on the aniline mustard (7, Ph, o = —0.01; 8, PhCH;, ¢
= —0.09; 9—11, Ph(CHg),, 0 = ca. —0.17).28 Using a
previous equation (eq 7 of ref 26) relating the reactivity
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Table 2. Biological Data for the Pibenzimol Mustards of Table
1

growth inhibition:
DNA binding ICs0 (uM) P388 in vivo

no. M-1(10-K)»* n? P388(W)y AA8? HF¢ OD/ ILS®

4 1.82 24 1.2 20 NA?

5 6.24 2.8 1.2 10 1.5 20 50

6 0.5 575 14 30 86

7 7.52 2.6 0.8 1.68 24 30 106 (2)

8 6.73 3.0 0.85 150 59 133 71

9 6.30 2.8 0.01 0.33 47 39 52(1)
10 4.55 3.0 0.02 132 46 5.9 NA
11 3.89 2.4 0.06 04 20 8.9 23

e Intrinsic association constant for reversible binding of com-
pounds to calf thymus DNA at 20 °C in 0.01 ionic strength at pH
7.00 (data from ref 23). ¢ Binding site size expressed in nucleotide
residues (data from ref 23). ©¢ ICs: concentration of drug (nM)
to inhibit cell growth in culture to 50% of controls, using the
protocols detailed in refs 34 and 36). Values are means of three
determinations, and vary by <+10%. P388(W): wild-type P388
murine leukemia. AA8: Chinese hamster ovary derived cell line.
¢ HF: hypersensitivity factor = IC50(AA8)/1C50(UV4), where UV4
is a mutant AAS line lacking the ability to perform incision repair
(see text). fOD: optimal dose of drug, in milligrams/kilogram,
administered as a single dose intraperitoneally as a solution in
0.1 mL of 30% v/v EtOH/water on day 1, 24 h after intraperitoneal
inoculation of 108 tumor cells. # ILS: percentage increase in
lifespan of drug-treated tumor-bearing animals when treated at
the optimal dose. Values of ILS >20% are considered statistically
significant. # NA: compound inactive in all nontoxic doses. ¢ Figure
in parentheses is the average number of animals (out of a group
of 6) which were long-term survivors.

of substituted aniline mustards (their ability to alkylate
4-nitrobenzylpyridine) to substituent o values,?5 it can
be calculated that, purely on electronic grounds, com-
pound 8 will be ca. 1,5-fold more reactive than 7, and
compounds 9—-11 will be ca. 2.5-fold more reactive.
Such changes in mustard reactivity would be expected
(see eq 7 of ref 1) to provide increases of similar
magnitudes in the relative cytotoxicities of the com-
pounds for untargeted mustards, although in aniline
mustards targeted to DNA by intercalating chromo-
phores the effects of electronic factors are attenuated.!

The other effect of increasing the polymethylene chain
is altered positioning of the mustard moiety on the DNA.
Several studies of pibenzimol itselfl2-1¢ show that it
binds to DNA by lying snugly in the minor groove in
AT-rich regions. While the orientation of the drug with
respect to the helix direction can alter with DNA
sequence,l the positioning of the benzene ring with
respect to minor groove elements is essentially the same.
While the reported crystal structures would place the
mustard group of 7 some distance from the susceptible
adenine N3 site (although well-placed for phosphate
alkylation), later compounds in the series would have
a better positioning. The relative cytotoxicities of
compounds 7—11 do suggest a positive role for the DNA-
targeting chromophore. The increased HF of com-
pounds 8—10 is consistent with them forming a higher
proportion of cross-links than 7. The lower HF and
absolute cytotoxicity of 11 suggest there may be an
optimal chain length, beyond which entropic factors
become important. We have noted this phenomenon
previously in a series of acridine-targeted mustards.2

In Vivo Activity. The compounds were also evalu-
ated for their antitumor activity against P388 leukemia
(Table 2). Pibenzimol (4) is reported!® to have moderate
in vivo activity in L1210 leukemia on a repeated dose
schedule but was not active against P388 using the
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single-dose protocol (Table 2). However, the N(Et),
derivative 5 showed low but significant activity (ILS
50%). The monoalkylating half-mustard 6 was also
active, but the highest activity was shown by the
corresponding bis-mustard 7, with a single dose of 30
mg/kg resulting in some long-term survivors (Table 2).
The antitumor activity of the higher homologues de-
creased as their toxicity increased, but the CHy and
(CHg)e compounds (8 and 9) retained significant in vivo
activity.

Conclusions

The concept of targeting reactive moieties to DNA by
the use of either intercalating or minor groove-binding
carriers has given rise to a novel class of potent cytotoxic
agents. The present study has shown that mustard
analogues of the well-characterized reversible minor
groove-binding ligand pibenzimol have greatly increased
cytotoxicity and in vivo antitumor activity in antipro-
liferative assays, compared with pibenzimol itself. How-
ever, the very high reversible DNA binding of these
compounds (greater than that of pibenzimol) is of
concern, since it is likely to limit diffusion of the intact
molecule into solid tumors (pibenzimol itself is used as
a stain for outlining the vasculature). Further studies
of structure—activity relationships in this series, di-
rected toward evaluation of the role of the DNA binding
chromophore on the pattern of DNA alkylation of these
compounds, will address this issue.

Experimental Section

Chemistry. Elemental analyses were carried out in the
Microchemical Laboratory, University of Otago. Melting
points were determined on an Electrothermal apparatus using
the supplied, stem-corrected thermometer and are as read.
NMR spectra were obtained on either Bruker AM-400 or CW-
60 spectrometers (MesSi). Mass spectra were obtained on an
AET MS-30 spectrometer at nominal 5000 resolution. Fluo-
rescence spectra were obtained on a Hitachi F-2000 spectro-
fluorimeter.

Preparation of 2-[2-[4-(N,N-Bis(2-chloroethyl)amino)-
phenyl]-6-benzimidazolyl]l-6-(1-methyl-4-piperazinyl)-
benzimidazole (7) via the method of Scheme 1: Example
of General Procedure. Dry HCl gas was slowly bubbled into
a suspension of 4-(N,N-bis(2-chloroethyl)amino)benzonitrile
(14: n=0)®(0.73 g, 3 mmol) in dry EtOH (30 mL) maintained
at 0—5 °C, and addition of HCI was continued until the solution
became saturated. The mixture was brought to room tem-
perature and stirred for a further 48 h, and the resulting
suspension was then concentrated under reduced pressure to
give the crude imine ether hydrochloride (15; n = 0) which
was used without purification.

A solution of 2-(3-nitro-4-aminophenyl)-6-(1-methyl-4-pip-
erazinyl)benzimidazole!” (12) (1.06 g, 3 mmol) in EtOH/glacial
AcOH (1:1, 60 mL) was hydrogenated over Rh—Al,05/Pt—C
(0.05 g) at 60 psi Hy for 12 h. After this time the catalysts
were removed by filtration and the solution of crude diamine
13 was added immediately to the imine ether hydrochloride
(15: n = 0) prepared above. The slurry was refluxed under
N; for 3 h and concentrated under reduced pressure, and the
crude residue was basified with concentrated ammonia and
partitioned between EtOAc and water. The aqueous phase
was repeatedly extracted with portions of EtOAc, the combined
organic phases were dried (NazSQy,), filtered, and concentrated,
and the residue was chromatographed on Al;O3 (grade III).
Elution with EtOAc¢/MeOH (99:1) afforded 7 (0.30 g, 17% yield)
as a pale yellow foam. The trihydrochloride salt crystallized
from MeOH/EtOAc: mp >300 °C; 'H NMR (CD3;0D) ¢ 8.52
(d, Js6 = 1.4 Hz, 1 H, H-4), 8.25 (dd, Js7 = 8.6 Hz and Js6 =
1.4 Hz, 1 H, H-6), 8.11 (d, J2-3» = 9.1 Hz, 2 H, H-2”,H-6"),
8.03 (d, Js7 = 8.6 Hz, 1 H, H-7), 7.77 (d, Js,» = 9.1 Hz, 1 H,
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H-7"), 7.44 (dd, Jo = 9.1 Hz and Jy¢ = 2.0 Hz, 1 H, H-6"),
7.837(d, Jye = 2.0Hz,1H, H-4"), 7.10 (d, J23» = 9.1 Hz, 2 H,
H-3”,H-5"), 4.00 (br d, J = 11.5 Hz, 2 H, piperazinyl methyl-
ene), 3.96 (br t,J = 6.5 Hz, 4 H, NCH;CH;Cl), 3.80 (br t,J =
6.5 Hz, 4 H, NCH,CH:Cl), 3.70 (br d, J = 12.0 Hz, 2 H,
piperazinyl methylene), 3.30 (broad m, 4 H, piperazinyl
methylene), 3.01 (s, 3 H, NCHj); 13C NMR 6 154.09, 153.42,
151.08, 149.02, 136.20, 134.35, 133.73, 131.44, 127.63, 126.31,
121.36, 119.94, 116.02, 115.72, 114.14, 113.99, 109.92, 100.80,
54.59, 53.85, 48.34, 43.63, 41.46; fluorescence excitation Amax
(MeOH) 383 nm, emission Apax (MeOH) 510 nm. Anal. Table
1

Further elution with EtOA¢/MeOH (19:1) yielded 2-(2-
methyl-6-benzimidazolyl)-6-(1-methyl-4-piperazinyl)benz-
imidazole (16) (0.31 g, 27% yield): mp (MeOH/EtOAc) >260
°C dec; 'H NMR ((CD3).S0/D;0) 6 8.62 (s, 1 H, H-4), 8.28 (d,
Je7 = 8.4 Hz, 1 H, H-6), 8.03 (d, Js7 = 8.4 Hz, 1 H, H-7), 7.74
(d, Jor = 9.1 Hz, 1 H, H-7"), 7.38 (dd, J¢ 7 = 9.1 Hz and Jy ¢
=1.7Hz, 1 H, H-6), 7.28 (d, Jys = 1.7 Hz, 1 H, H-4"), 3.94
(br 4, J = 11.9 Hz, 2 H, piperazinyl methylene), 3.61 (br d, J
= 10.8 Hz, 2 H, piperazinyl methylene), 3.27 (t, J = 11.9 Hz,
2 H, piperazinyl methylene), 3.20 (t, J = 114 Hz, 2 H,
piperazinyl methylene), 2.91 (s, 3 H, CHjy), 2.88 (s, 3 H, CHj);
13C NMR 6 154.25, 148.61, 146.95, 133.70, 133.04, 131.44,
126.09, 124.45, 119.95, 117.22, 114.69, 114.33, 113.55, 98.64,
51.94, 46.01, 41.76, 12.60. Anal. (CgH23N¢5H:0) C,H,N.

2-[2-[[4-(V,N-Bis(2-chloroethyl)amino)phenyllmethyl]-
6-benzimidazolyl]-6-(1-methyl-4-piperazinyl)benzimid-
azole (8). A similar reaction between 18 and the crude imine
ether hydrochloride (15: n = 1) (prepared from the nitrile 14:
n = 1)* followed by chromatography on Al,O; grade III (elution
with CH;Cl; followed by CH2Clo/MeOH (49:1)) afforded 8 (38%
yield): trihydrochloride salt; mp (MeOH/EtOAc) >300 °C; 'H
NMR (CD30OD) 6 8.60 (s, 1 H, H-4), 8.28 (dd, Js7 = 8.7 Hz and
Jss = 1.5 Hz, 1 H, H-6), 8.07 (d, Jg7 = 8.7 Hz, 1 H, H-7), 7.78
(d, Joor = 9.1 Hz, 1 H H-7"), 747 (dd, Jo.7 = 9.1 Hz and Jy ¢
=2.0Hz, 1 H, H-6"),7.39 (d, Jys = 2.0 Hz, 1 H, H-4"), 7.33 (d,
Jo 3- = 8.7 Hz, 2 H, H-2”, H-6"), 6.85 (d, J23- = 8.7 Hz, 2 H,
H-3”, H-5"), 4.53 (s, 2 H, ArCHAr), 4.00 (br d, J = 13.7 Hz,
2 H, piperazinyl methylene), 3.80 (broad t, J = 6.4 Hz, 4 H,
NCH;CH:Cl), 3.70 (broad t, J = 6.5 Hz, 6 H, NCH;CH,Cl and
piperazinyl methylene), 3.30 (m, 4 H, piperazinyl methylene),
3.01 (s, 3 H, NCHgy); 13C NMR 6 158.70, 151.18, 149.04, 147.78,
135.49, 134.37, 133.13, 131.80, 127.70, 126.56, 122.07, 121.81,
120.13, 116.81, 115.75, 115.33, 114.32, 100.90, 54.60, 54.38,
48.39, 43.61, 41.52, 32.99; fluorescence excitation Ama, (MeOH)
335 nm, emission Amax (MeOH) 462 nm, Anal. Table 1.

2-[2-[2-[4-(N,N-Bis(2-chloroethyl)amino)phenyl]ethyl]-
6-benzimidazolyl]-6-(1-methyl-4-piperazinyl)benzimid-
azole (9). A similar reaction between 13 and the crude imine
ether hydrochloride (15: n = 2) (prepared from the nitrile 14:
n = 2)% followed by chromatography on Al;O3 (grade III)
(elution with EtOAc followed by EtOAc¢/MeOH (33:1)) gave 9
(19% yield): trihydrochloride salt; mp (MeOH/EtOAc) >300
°C; 1H NMR (CDsOD) 6 8.60 (d, J4¢ = 1.7 Hz, 1 H, H-4), 8.28
(dd, Je7 = 8.7 Hz and J46 = 1.7 Hz, 1 H, H-6), 8.08 (d, Je.7 =
8.7Hz, 1 H, H-7), 7.79 (d, J¢,» = 9.1 Hz, 1 H, H-7), 7.48 (dd,
Js',7' =9.1Hz and J4',s' =21 HZ, 1 H, H-G’), 739 (d, J4',6' =21
Hz, 1 H, H-4"), 7.12 (d, Jy-3» = 8.7 Hz, 2 H, H-2" H-6"), 6.72
(d, Jo 3= 8.7 Hz, 2 H, H-3" ,H 5”), 4.01 (br d, J = 13.8 Hz, 2
H, piperazinyl methylene), 3.73 (br t, J = 7.3 Hz, 4 H, NCH;-
CH.Cl), 3.69 (br d, J = 12.6 Hz, 2 H, piperazinyl methylene),
3.62 (brt,J = 7.3 Hz, 4 H, NCH:CH:C)), 3.52 [t, J = 7.4 Hz,
2 H, ArCH;CH;C¢H/N(CH;CH;Cl):], 3.31 (broad m, 4H, pip-
erazinyl methylene), 3.21 [t, J = 7.3 Hz, 2 H ArCH,-
CH,CsH;N(CH2CH;Cl);), 3.01 (s, 3 H, NCHj); 13C NMR ¢
158.44, 150.90, 148.98, 146.60, 135.30, 134.30, 133.00, 130.47,
128.36, 127.76,126.25, 121.78, 120.02, 116.70, 115.78, 114.98,
113.93,101.00, 54.54, 54.28, 48.33, 43.77, 41.74, 33.06, 30.01;
fluorescence excitation Anex (MeOH) 331 nm, emission Amax
(MeOH) 449 nm. Anal. Table 1.

2-[2-[4-N-methyl-N-(2-chloroethyl)amino)phenyl]-6-
benzimidazolyl]-6-(1-methyl-4-piperazinyl)benzimid-
azole (6). A solution of 4-fluorobenzonitrile (17) (5.35 g, 44.2
mmol) in DMSO (80 mL) containing excess methylamino-
ethanol was heated with stirring to 120 °C for 8 h. The
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solution was then cooled and concentrated under reduced
pressure. The crude residue was partitioned between Hy0/
EtOAc, and the organic phase was then washed with water
(x2), dried (NagS0Q,), filtered, concentrated, and filtered
through a short column of SiO; (CH;Cl; then EtOAc elution)
to give 4-(N-methyl-N-(2-hydroxyethyl)amino)benzonitrile (18)
(5.6 g, 72% yield) as a colorless liquid, which was used without
further purification. A solution of alcohol 18 (5.6 g, 31.8 mmol)
and EtsN (8.8 mL, 63.6 mmol) in dry CH;Cl; (50 mL) was
treated at 0 °C with MsCl (3.0 mL, 38.2 mmol). The mixture
was stirred for 20 min and partitioned between aqueous
NaHCOg3/EtOAc. The organic phase was then dried (Na;SO,),
filtered, and concentrated under reduced pressure to yield the
crude mesylate, which was treated with excess LiCl in DMF
(25 mL) at 140 °C for 5 min with rapid stirring. Excess DMF
was removed under reduced pressure, and the residue was
partitioned between H;O and EtOAc. Workup of the organic
layer, chromatography of the residue on SiO;, and elution with
petroleum ether/EtOAc (3:1) afforded pure 4-(N-methyl-N-(2-
chloroethyl)amino)benzonitrile (19) (3.6 g, 58% yield): mp
(petroleum ether/CH;Cly) 104.5—105.5 °C; 'H NMR (CDCl;) 8
7.48 (d, J23 = 9.1 Hz, 2 H, H-2, H-6), 6.67 (d, J23 = 9.1 Hz, 2
H, H-3, H-5), 3.74 (complex t, J = 7.3 Hz, 2 H, NCH,CH,Cl),
3.64 (complex t, J = 7.3 Hz, 2 H, NCH.CH.Cl), 3.09 (s, 3 H,
NCHSz); 13C NMR 4 150.95, 133.66, 120.30, 111.50, 98.50, 53.77,
40.16, 39.02. Anal (C10H;,CIN,) C, H, N.

The crude imino ether was prepared from 19 as above and
reacted with 13 as before. Chromatography on Al;O; (grade
ITT) (elution with EtOAc then EtOAc¢/1—3% MeOR) afforded 6
(0.57 g, 13% yield): trihydrochloride; mp (MeOH/EtOAc) >300
°C; IH NMR (CD3OD/D20) 6 8.16 (d, J46 = 1.6 Hz, 1 H, H-4),
8.00 (dd, Js,7 = 8.6 Hz and J4,s =1.6 HZ, 1 H, H-G), 7.87 (d,
Je7 = 8.6 Hz, 1 H, H-7), 7.82 (4, J2 5 = 9.0 Hz, 2 H, H-2”,
H-6"), 7.68 (d, J¢» = 8.9 Hz, 1 H, H-7"), 7.32 (dd, J¢+ = 8.9
Hz and Jy¢g = 2.1 Hz, 1 H, H-6"), 7.29 (d, Jys» = 2.1 Hz, 1 H,
H-4'), 6.80 (d, Jz 5+ = 9.0 Hz, 2 H, H-3", H-5"), 3.95 (broad d,
J =12.1 Hz, 2 H, piperazinyl methylene), 3.72—3.68 (m, 6 H,
NCH;CH:Cl and piperazinyl methylene), 3.31 (t,J = 12.4 Hz,
2 H, piperazinyl methylene), 3.24 (t, J = 11.8 Hz, 2 H,
piperazinyl methylene), 3.04 (s, 3 H, NCHj), 2.99 (s, 3 H,
NCH3y); 13C NMR 6 154.15, 153.42, 150.44, 148.16, 136.00,
134.08, 133.53,130.62, 127.41, 125.41, 120.26, 119.31, 115.88,
115.68, 113.17, 112.95, 108.54, 100.50, 54.45, 54.20, 48.06,
43.81, 42.00, 39.30; fluorescence excitation Amax (MeOH) 397
nm, emission Apay (MeOH) 511 nm. Anal. Table 1.

2-[2-[4-(Dimethylamino)phenyl]-6-benzimidazolyl]-6-
(1-methyl-4-piperazinyl)benzimidazole (5). A similar re-
action between 13 and the crude imine ether hydrochloride
prepared from 4-(diethylamino)benzonitrile,! followed by
chromatography on Al;O3 (grade III) (EtOAc then EtOAc/1—
3% MeOH), yielded 5 (0.33 g, 12% yield): trihydrochloride salt;
mp (MeOH/EtOAc) >300 °C; 'H NMR (CD;0D/D:0) 6 8.16 (s,
1 H, H-4),7.98 (d, J¢7 = 8.5 Hz, 1 H, H-6), 7.86 (d, Js7 = 8.5
Hz, 1 H, H-7), 7.81 (d, J>-3- = 8.8 Hz, 2 H, H-2” H-6"), 7.65
(d, Jo7 = 9.5 Hz, 1 H, H-7), 7.26 (br envelope, 2 H, H-4’ H-6"),
6.78 (d, Jov3- = 8.8 Hz, 2 H, H-3" H-5"), 3.93 (br d, J = 11.6
Hz, 2 H, piperazinyl methylene), 3.70 (brd,J = 11.9 Hz, 2 H,
piperazinyl methylene), 3.36 (q, J = 7.1 Hz, 4 H, NCH,CHjy),
3.28 (t, J = 12.7 Hz, 2 H, piperazinyl methylene), 3.22 (t, J =
13.3 Hz, 2 H, piperazinyl methylene), 3.03 (s, 3 H, NCH3), 1.16
(t, J = 7.1 Hz, 6 H, NCH;CH3); 3C NMR o 153.26, 152.76,
150.46, 147.90, 135.82, 133.86, 133.32, 130.89 (2 signals
superimposed), 127.10, 125.38, 119.94, 119.27, 115.65, 113.40,
112.79, 100.36, 54.41, 47.95, 46.19, 43.80, 12.75; fluorescence
excitation Amax (MeOH) 405 nm, emission Anex (MeOH) 519 nm.
Anal. Table 1.

Alternative Preparation of 7 via the Method of Scheme
3: Example of a General Coupling Procedure. The
procedure followed was essentially that described by Weider-
hagen and Weedon.2! A solution of 4-(bis(2-chloroethyl)amino)-
benzaldehyde (21: n = 0)%2 (1.32 g, 5.4 mmol) in MeOH (25
mL) was added to a stirred solution of 2,3-diaminobenzo-
nitrile®? (22) (0.72 g, 5.4 mmol) in aqueous MeOH (25 mL),
immediately followed by a 0.05 M aqueous solution of cupric
acetate (1.1 equiv).?2! The suspension was brought briefly to
the boil and filtered hot, and the precipitate was washed with
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aqueous MeOH and redissolved in concentrated HCl. This
acid solution was treated with an aqueous 5% solution of Na,S
(1.5 equiv) and the precipitated CuS removed by filtration. The
filtrate was then basified with concentrated ammonia, diluted
with water, and repeatedly extracted with EtOAc. The
combined organic extracts were dried (NazS0O,), filtered, and
concentrated, and the residue was chromatographed on SiOs.
Elution with CH;ClyEtOAc (8:1) yielded 2-[4-(N,N-bis(2-
chloroethyl)amino)phenyl}-5-cyanobenzimidazole (23: n = 0)
(0.80 g, 40% yield): mp (EtOAc/petroleum ether) 80 °C dec;
IH NMR ((CD3);CO) 6 8.15 (d, Jo3 = 9.0 Hz, 2 H, H-2’, H-6"),
7.94 (d, Jss = 1.5 Hz, 1 H, H-4), 7.69 (d, Js7 = 8.5 Hz, 1 H,
H-7), 7.50 (dd, Js7 = 8.5 Hz and J4s = 1.5 Hz, 1 H, H-6), 6.99
(d, J23 = 9.0 Hz, 2 H, H-3’, H-5"), 3.94 (br t,J = 7.5 Hz, 4 H,
NCH,CH,Cl), 3.83 (br t, J = 7.5 Hz, 4 H, NCH;CH,Cl); 3C
NMR 8 155.98, 149.75, 143.08, 140.50, 129.62, 126.31, 120.58,
120.13, 118.40, 116.15, 112.93, 105.47, 53.52, 41.43. Anal.
(C1sH16CleNy) C, H, N, Cl.

Dry HCI gas was slowly bubbled into a suspension of the
nitrile (23: n = 0) in dry EtOH (10 mL/mmol of nitrile)
maintained at 0—5 °C, with addition of HCI being continued
until the solution became saturated. The mixture was brought
to room temperature, stirred for 48 h, and then concentrated
under reduced pressure to give the crude imine ether hydro-
chloride (24: n = 0) which was employed without further
purification.

A solution of 4-(1-methyl-4-piperazinyl)-1-nitroanilinel” (25)
(0.40 g, 1.7 mmol) in glacial AcOH (10 mL/mmol of nitro-
aniline) was hydrogenated over Rh—Al;05/Pt—C (0.02 g) at 60
psi of Hy for 12 h. After this time the catalysts were removed
by filtration and the resulting crude triamine 26 was added
immediately to the imine ether hydrochloride (24: n =0) (0.75
g, 1.7 mmol) prepared above, and the slurry was refluxed
under N; for 3 h. The reaction mixture was then concentrated
under reduced pressure and the crude residue was basified
with concentrated ammonia and then partitioned between
EtOAc and water. The aqueous phase was repeatedly ex-
tracted with portions of EtOAc, and the combined organic
phases were dried (Na;SOy), filtered, and concentrated. Chro-
matography of the residue as before afforded 7 (0.75 g, 74%
yield) (identical chromatographic behavior and NMR spectrum
to an authentic sample).

Alternative Preparation of 9 via the method of Scheme
3: Example of the General Procedure for the Synthesis
of Aldehydes (21). A solution of borane—dimethyl sulfide
(23 mmol of a 10 M solution in THF) was added slowly to a
stirred solution of 3-(4-(N,N-bis(2-chloroethyl)amino)phenyl)-
propanoic acid® (20: n =2) (5.5 g, 19 mmol) in THF (190 mL)
maintained at 0 °C under a Ny atmosphere. After the initial
effervescence the solution was stirred for a further 4 h before
being quenched with MeOH and concentrated under reduced
pressure. The product was partitioned between aqueous
NaHCO; and EtOAc, and the residue from the organic phase
was filtered through a short column of SiO; (EtOAc elution)
to give essentially pure 4-(4-(N,N-bis(2-chloroethyl)amino)-
phenylbutanol, which was used without further purification.

DMSO (1.15 equiv) was added to a stirred solution of oxalyl
chloride (1.1 equiv) in THF (5 mL/mmol of alcohol) maintained
at —78 °C under a N; atmosphere. Stirring was continued
for 10 min, after which a solution of the above crude alcohol
(1 equiv) in THF (5 mL/mmol of alcohol) was added. Stirring
was continued at —78 °C for a further 15 min before EtsN (5.0
equiv) was added and the mixture brought slowly to room
temperature. The reaction mixture was partitioned between
H20 and EtOAc, and the residue from the organic layer was
chromatographed on SiO; and eluted with petroleum ether/
EtOAc (8:1) to give pure 3-(4-(N,N-bis(2-chloroethyl)amino)-
phenyl)propanal (21: n = 2) as an unstable oil (3.4 g, 68%
overall yield): 'H NMR (CDClj) 6 9.80 (t, J12 = 1.6 Hz, 1 H,
CHO), 7.08 (d, J» 3 = 8.8 Hz, 2 H, H-2’, H-6"), 6.62 (d, Jo 3 =
8.8 Hz, 2 H, H-3’, H-5"), 3.69 (complex t,J = 6.5 Hz, 4 H, NCH;-
CH.Cl), 3.68 (complex t, J = 6.5 Hz, 4 H, NCH,CH,Cl), 2.87
(t, J2,3 =174Hz, 2 H, H-3), 2.72 (broad dt, J2,3 =74 HZ, and
Jiz = 1.6 Hz, 2 H, H-2), 2.12 (complex m, 4 H, H-2); 13C NMR
6 201.88, 144.56, 129.53, 129.36, 112.28, 53.54, 45.50, 40.48,
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27.04; HRMS (EI, 70 V) Caled for C,3H;7NO3zCl; 273.068 720;
found 273.068 81.

Reaction between diamine 22 and aldehyde (21: n = 2) as
above, followed by chromatography on SiO; and elution with
CH;ClyEtOAc (9:1), gave the nitrile (23: n = 2) (1.6 g, 32%
yield), mp (EtOAc/petroleum ether) 50 °C dec; 'H NMR ((CD3)e-
C0O) 3 7.95 (d, Jss = 1.5 Hz, 1 H, H-4), 7.66 (d, Js7 = 8.4 Hz,
1 H, H-7), 7.50 (dd, Js7 = 8.4 Hz and J46 = 1.5 Hz, 1 H, H-6),
7.12 (d, J2 3 = 8.7 Hz, 2 H, H-2’, H-6"), 6.70 (d, J2 3 = 8.7 Hz,
2 H, H-3", H-5"), 3.73 (m, 8 H, NCH,CH.Cl), 3.22 (br t,J = 7.9
Hz, 2 H, benzylic methylene), 3.10 (br t, J = 7.9 Hz, 2 H,
benzylic methylene); 13C NMR & 158.95, 145.86, 142.30, 140.28,
130.44, 130.26, 125.97, 120.69, 120.57, 116.08, 113.08, 105.27,
53.82, 41.58, 33.42, 31.96. Anal. (CzHzCl:Ns) C, H, N.
Conversion of 23 (n = 2) to the imino ether 24 (n = 2), and
condensation of this with the crude triamine 26 was carried
out as described above to give 9 (1.4 g, 65% yield) (identical
chromatographic behavior and NMR spectrum to an authentic
sample).

2-[2-[3-[4-(V,N-Bis(2-chloroethyl) amino)phenyl]propyl]-
6-benzimidazolyl]-6-(1-methyl-4-piperazinyl)benzimid-
azole (10). A similar reaction of 4-(4-(N,N-bis(2-chloroethyl)-
amino)phenyl)butanoic acid®® (20: n = 3) (4.75 g, 15.6 mmol)
according to the above protocol gave 4-(4-(N,N-bis(2-chloro-
ethylDamino)phenyDbutanal (21: n = 3) as a pale yellow oil
(3.3 g, 73% overall yield): 'H NMR (CDCly) 8 9.75 (t, J12 =
1.6 Hz, 1 H, CHO), 7.06 (d, J23 = 8.6 H z, 2 H, H-2" H-6"),
6.63 (d, J» 3 = 8.6 Hz, 2 H, H-3" H-5'),3.71 (t,J = 7.4 Hz,4 H,
NCH;CH,Cl), 3.63 (t, J = 7.4 Hz, 4 H, NCH,CH.Cl), 2.56 (t,
J3,4 =74 HZ, 2 H, H—4), 2.45 (dt, J2,3 =173 HZ, and Jl,z =1.6
Hz, 2 H, H-2), 1.90 (quintet, J = 7.4 Hz, 2 H, H-3); 13C NMR
6 202.52, 144.41, 130.28, 129.62, 112.21, 53.51, 43.10, 40.59,
33.82, 23.85; HRMS (EI, 70 eV) caled for C,;H;oNO3Cl,
287.084 37, found 287.084 27.

Reaction of 21 (n = 3) and diamine 22 as above, followed
by chromatography on SiO; and elution with CH,Cly/EtOAc
(5:1), gave the nitrile 23 (n = 3) as an oil (2.1 g, 46% yield):
H NMR ((CD3)2CO) 6 7.94 (dd, J = 0.8, 0.6 Hz, 1 H, H-4),
7.66 (dd, Js7 = 8.3, 0.6 Hz, 1 H, H-7), 7.49 (dd, Js7 = 8.3 Hz
and Jy6 = 1.6 Hz, 1 H, H-6), 7.10 (d, J2 3 = 8.8 Hz, 2 H, H-2',
H-6"),6.71 (d, J>5 = 8.8 Hz, 2 H, H-3’, H-5), 3.79—3.69 (m, 8
H, NCH,CH.Cl), 2.97 (t,J = 7.4 Hz, 2 H, ArCH;CH,CH,CsH,-
NRy), 2.64 (t, J = 7.4 Hz, 2 H, ArCH;CH;CH:Cc¢HsNRy), 2.15
(quintet, J = 7.4 Hz, 2 H, ArCH;CH;CH;C:H,NRy); 13C NMR
6 159.39, 145.63, 142.28, 140.41, 131.12, 130.23, 125.91,
120.63, 120.58, 116.05, 113.11, 105.20, 53.90, 41.63, 34.77,
30.40, 29.06. Anal. (CsH2:Cl:N4#H:0) C, H, N. Conversion
of 23 (n = 3) to the imino ether 24 (n = 3) and condensation
of this with 26 was carried out as above. Chromatography of
the product on Al;O3 (grade V) and elution with EtOAc
followed by EtOAc/MeOH (66:1) gave 10 as an orange oil (1.2
g, 41% yield): trihydrochloride salt; mp (MeOH/EtOAc) >300
°C; 1H NMR (CDsOD) 6 8.50 (s, 1 H, H 4), 8.26 (dd, J¢7 = 8.7
Hz and J46 = 1.7 Hz, 1 H, H-6), 7.97 (d, Js7 = 8.7 Hz, 1 H,
H-7),7.83(d, Js7=9.1Hz,1H,H-7"),7.48 (dd, J¢» = 9.1 Hz
andJye =2.2 Hz, 1 H, H-6"), 7.44 (d, J+,¢ = 2.2 Hz, 1 H, H-4"),
7.09 (d, Jor3- = 8.6 Hz, 2 H, H-2"”, H-6"), 6.52 (d, Jo3 = 8.6
Hz, 2 H, H-3”, H-5"), 4.02 (broad d, J = 12.9 Hz, 2 H,
piperazinyl methylene), 3.72 (br d, J = 11.4 Hz, 2 H, piper-
azinyl methylene), 3.54 (t, J = 6.0 Hz, 4 H, NCH;CH,Cl), 3.46
(t, J = 6.0 Hz, 4 H, NCH,CH,Cl), 3.40-3.27 (m, 6 H,
piperazinyl methylenes and ArCH,CH;CH;C¢HsNR3), 3.03 (s,
3 H,NCHs), 2.79 (t, J = 6.7 Hz, 2 H, ArCH;CH,CH,;CsHsNRy),
2.41 (quintet, J = 6.3 Hz, 2 H, ArCH,CH.CH;CsH,NRy); 13C
NMR 6 159.12, 150.93, 148.70, 145.18, 135.06, 134.19, 132.70,
130.87, 130.67, 127.59, 126.06, 121.48, 120.06, 116.46, 114.52,
113.80, 100.88, 54.59, 54.51, 48.27, 43.77, 41.73, 34.97, 28.91,
27.53; fluorescence excitation Amsx (MeOH) 332 nm, emission
Amex (MeOH) 453 nm. Anal. Table 1.

2-[2-[6-[4-(N,N-Bis(2-chloroethyl)amino)phenyllhexyl]-
6-benzimidazolyl]-6-(1-methyl-4-piperazinyl)benzimid-
azole (11). A similar reaction of 7-(4-(N,N-bis(2-chloroethyl)-
amino)phenyDheptanoic acid 20 (n = 6) (1.50 g, 4.34 mmol)
gave 7-(4-(N,N-bis(2-chloroethyl)amino)phenyl)heptanal (21:
n = 6) as an unstable colorless gum (1.34 g, 96% overall
yield): H NMR (60 MHz) (CDCl3) 6 9.8 (t, J12 = 1.7 Hz, 1 H,
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CHO), 6.9 (d, Jo = 8.9 Hz, 2H, H-2’, H-6"), 6.4 (d, J23 = 8.9
Hz, 2 H, H-3’, H-5"), 3.6 (broad s, 8 H, NCH,CH:Cl), 2.7—2.2
(broad m, 4 H, H-2, H-7), 1.8—0.9 (broad m, 8 H, H-3, H-4,
H-5, H-6). HRMS (EI, 70 eV) caled for CyusNO3Cl; 329.131 32;
found 329.131 76. Reaction of 21 (n = 6) and diamine 22 as
above, followed by chromatography on SiO; and elution with
CH,Cly/EtOAc (5:1), afforded the nitrile 28 (n = 6) (0.65 g, 40%
yield) as an oil: 'H NMR ((CD3):CO) 6 7.94 (d, J46 = 1.5 Hz,
1H, H-4),7.67(d, Js7 = 8.3 Hz, 1 H, H-7), 7.50 (dd, Js7 = 8.3
Hz and Ju6 = 1.5 Hz, 1 H, H-6), 7.05 (d, J»3 = 8.7 Hz, 2 H,
H-2’, H-6"), 6.70 (4, J33 = 8.7 Hz, 2 H, H-3', H-5"), 3.78-3.68
(m, 8 H, NCH:CH:Cl), 2.97 (t, J = 7.5 Hz, 2 H, ArCH,-
(CHz2)sCeHsNR3), 2.49 (t, J = 7.4 Hz, 2 H, Ar(CHy)sCH2CsHy-
NRz), 1.88 (quintet, J=175 HZ, 2 H, AICH20H2(CH2)4CGH4-
NRz), 1.57 (quintet, J =175 HZ, 2 H, AI(CH2)4CH20H206H4-
NR;y), 1.49—1.34 (m, 4 H, ArCH;CH:CH,CH,CH,CH;CcH;NR5);
13C NMR 6 159.41, 145.46, 142.12, 140.12, 132.21, 130.24,
126.02, 120.59, 120.54, 116.04, 113.12, 105.35, 53.96, 41.65,
35.33, 32.37, 30.41, 29.76, 29.58, 29.57, 28.44; HRMS (EI, 70
eV) caled for C24HgsN435C1; 442.169 103; found 442.167 64.

Conversion of 23 (n = 6) to the imino ether 24 (n = 6) and
condensation of this with 26 was carried out as above.
Chromatography of the product on Al,O; (grade V) and elution
with EtOAc followed by EtOAc/MeOH (66:1) gave 11 (0.20 g,
23% yield): trihydrochloride salt; mp (MeOH/EtOAc) >300 °C;
H NMR (CDs0D) 6 8.48 (4, J+6 = 1.6 Hz, 1 H, H-4), 8.17 (dd,
Js7 = 8.7 Hz and Jus = 1.6 Hz, 1 H, H-6), 8.00 (d, Js7 = 8.7
Hz,1H, H-7),7.71 (4, Jo.7 = 9.0 Hz, 1 H, H-7"), 7.36 (dd, Je' 7
=9.0Hz and Jys = 1.9 Hz, 1 H, H-6"), 7.32 (d, Jy ¢ = 1.9 Hz,
1 H, H-4"), 7.03 (d, Js-53» = 8.5 Hz, 2 H, H-2”, H-6"), 6.75 (d,
Jo3- = 8.5 Hz, 2 H, H-3", H-5"), 3.89 (d, J = 124 Hz, 2 H,
piperazinyl methylene), 3.66 (t,JJ = 6.5 Hz, 4 H, NCH,CH:C)),
3.59 (d, J = 11.4 Hz, 2H, piperazinyl methylene), 3.52 (t, J =
6.5 Hz, 4 H, NCH,CH.Cl), 3.28—3.10 (complex m, 6 H,
piperazinyl methylenes and ArCHy(CHz)sCsH:NRy), 2.90 (s, 3
H, NCHj), 2.45 (t, J = 7.5 Hz, 2 H, Ar(CH);CH,CsH:NRy),
1.89 (quintet, J = 7.5 Hz, 2 H, ArCH,CH»(CH;)sCsH,NR2), 1.51
(quintet, J = 7.1 Hz, 2 H, Ar(CH;),CH,CH;CsH,NR5), 1.39—
1.30 (m, 4 H, ArCH,CH,CH,CH;CH;CH2:Cc¢HNR>); 1*C NMR
6 159.16, 150.86, 148.90, 143.13, 136.04, 135.20, 134.18,
132.84, 130.73, 127.63, 126.31, 121.71, 120.02, 116.75, 115.78
(two signals superimposed), 114.99, 100.97, 55.71, 54.51, 48.31,
43.79, 41.05, 35.54, 32.17, 29.71, 29.39, 27.91, 27.70; fluores-
cence excitation Ama (MeOH) 328 nm, emission Ag.x (MeOH)
467 nm. Anal. Table 1.

Measurement of Selective Cytotoxicity by Growth
Inhibition Assay. Cell lines were maintained in exponential
growth phase by subculturing in RPMI 1640 (P388) or Alpha
MEM (AAS8, UV4) containing 10% fetal calf serum, as previ-
ously described.?53¢ 1Cs values were determined using log-
phase cultures in 96-well microculture plates and are calcu-
lated as the nominal drug concentration required to reduce
the cell density to 50% of control values, using eight control
cultures on each microplate. For P388 cultures, drug was
present throughout the growth period (72h), and final cell
densities were determined using a minor modification of the
MTT method of Mossman.?® For AA8 and UV4 cultures, drug
exposure was terminated after 18h by washing three times
with fresh medium. Cultures were then grown for a further
72 h before determining cell density by staining with meth-
ylene blue.3¢
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