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A series of bis(amidinobenzimidazo1es) and bis(amidinoindo1es) with varied linking chains connecting 
the aromatic groups and various modifications to the basic amidino groups have been prepared. 
The calf thymus (CT) DNA and nucleic acid homopolymer [poly(dA)-poly(dT), poly(dA-dT)-poly- 
(dA-dT), and poly(dG-dC)*poly(dG-dC)l binding properties of these compounds have been studied 
by thermal denaturation (AT,) and viscosity. The compounds show a greater affiiity for poly- 
(dA)*poly(dT) and poly(dA-dT)*poly(dA-dT) than for poly(dG-dC)*poly(dG-dC). Viscometric 
titrations indicate that the compounds do not bind by intercalation. Molecular modeling studies 
and the biophysical data suggest that the molecules bind to the minor groove of CT DNA and 
homopolymers. Analysis of the shape of the molecules is consistent with this mode of nucleic acid 
binding. Compounds with an even number of methylenes connecting the benzimidazole rings have 
a higher affinity for DNA than those with an odd number of methylenes. Molecular modeling 
calculations that determine the radius of curvature of four defined groups in the molecule show 
that the shape of the molecule, as a function of chain length, affects the strength of nucleic acid 
binding. Electronic effects from cationic substituents as well as hydrogen bonding from the imidazole 
nitrogens also contribute to the nucleic acid affinity. The bis(amidinoindo1es) show no structurally 
associated differential in nucleic acid base pair specificity or affinity. 

Nucleic acids are important chemotherapeutic targets 
in the treatment of diseases and neoplasms. Interference 
with gene function and prevention of transcription and 
translation can kill invading micro-organisms or tumor 
cells. Unfortunately, specificity of treatment is a problem 
since healthy host cells are also destroyed by nonspecific 
therapy. Development of sequence-selective DNA binding 
compounds could provide highly specific antitumor drugs, 
since the gene sequence of various oncogenes are known. 
If these sequences were specifically targeted, the healthy 
host cells could be spared. The current studies are directed 
at understanding the base pair binding specificity of DNA 
minor groove binding compounds. 

Drugs may bind to nucleic acids by either covalent1 or 
noncovalent mechanisms. Additionally, compounds may 
bind by stacking between the bases as does ethidium 
bromide (1) in a process termed intercalation,2 or by 
binding to one of the groo~es,3~~ or by a combination of 
these two mechanisms. Since the grooves contain base 
sequence recognition elements, it is groove binding which 
provides the optimal opportunity to enhance the affinity 
of a sequence specific drug to a desired sequence of nucleic 
acids. 

X-ray crystal structures of a series of minor groove 
binding amidino-substituted compounds, bound to the 
AT-rich region of a double-stranded dodecanucleotide have 
been determined.6g These compounds 4',6-diamidino- 
2-phenylindole (DAPI, 2), netropsin (4), Berenil (51, 
Hoechst 33258 (61, and pentamidine (7), bind in the minor 
groove and show higher affinity for AT-rich regions over 
GC base pairs because binding to the latter is sterically 
hindered by the presence of the bulky 2-amino group of 
the guanine residue that protrudes into the minor 
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groove.6l0 The binding of compounds to the minor groove 
of nucleic acids is also affected by the shape of the molecule. 
Molecules having the optimal shape and spacing of 
functional groups will bind optimally to the minor 
groove.11J2 Goodsell and Dickerson12 suggest that spacing 
positively charged groups 5.0 A apart provides the proper 
chain-repeat length while our previous workllJ3 suggests 
that a radius of curvature of 19 A for the molecule is also 
optimal. 

Crystal structures6 suggest that the indole nitrogen on 
2 forms a bifurcated hydrogen bond to two 02s &thymine 
on opposite strands of the DNA. There are van der Waals 
contacts with the floor of the groove and a general 
specificity for AT due to the narrowness of the groove 
which increases the van der Waals interaction with the 
aromatic systems. Compound 2 in this binding mode 
covers three base pairs and does not significantly alter the 
helical structure of the DNA. 

Interaction between the amide groups of 4 and the DNA 
bases is also seen in crystal structures.s Additionally, the 
N1 and N5 amides of 4 form bifurcated hydrogen bonds 
between the adenine N3 and the thymine 0 2  of consecutive 
base pairs on opposite strands." The N-methylpyrrole 
rings fit well into the minor groove, parallel to the groove 
walls. The DNA helix is not markedly affected by 
compound binding. The minor groove is widened slightly, 
and the helix axis is bent back, away from the drug, by 
only about 8'. 

Electrostatic calculations on nucleic acids suggest that 
the minor groove in AT-rich segments of nucleic acids 
have the highest negative electrostatic potential. It is not 
surprising that highly cationic molecules might show AT 
specificity irrespective of their hydrogen bonding capa- 
bilities.16 

The minor groove in AT-rich segments of nucleic acids 
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Figure 1. DNA binding molecules. 

is narrower than the minor groove in GC-rich sections. 
This narrow groove allows for optimal hydrophobic 
interaction between the drug and the walls of the groove. 
Hydrogen bonding with the bases on the floor of the groove 
appears to aid in drug positioning and contribute signif- 
icantly to affinity. In compound 4 base pair specificity is 
conferred by van der Waals contacts between the adenine 
C2 hydrogen and the pyrrole 3-CH.16 This close contact 
could not occur if the base was guanine and had an amino 
group at C2. The melting temperature of a complex 
between DNA and an analogue of 4 increased with the 
addition of methylpyrrole groups.16 Correspondingly, the 
Tm temperature of a complex between DNA and an 
analogue of 4 decreased when the number of basic groups 
on the analogue was decreased.l8J7 

The crystal structureg of the polynucleotide complex 
with 7 indicates that the basic nitrogen atoms on the 
amidino group interact with the floor of the minor groove. 
Similarly, in 4, the charged amidino and guanidino groups 
are not associated with the phosphate backbone but are 
centered in the bottom of the minor groove? 

In previous studies, we examined the DNA binding 
activity" of a series of antimicrobial bisben~amidines~~J~ 
related to 7, which is used clinically to treat Pneumocystis 
carinii pneumonia. That work showed that the DNA 
affinity of 7 and its analogs, as measured by a thermal 
denaturation assay, could be correlated with the shape of 
the molecular mechanics models of the compounds. The 
molecules which most closely fit the curvature of the minor 
groove had the highest polynucleotide affinity. In the 
series of compounds related to 7, structures with an odd 
number of atoms connecting the benzamidine moieties 
were shown to have substantial curvature and high DNA 
affinity, while those with an even number of atoms 
connecting the benzamidines had a substantially lower 
affinity. The molecular modeling results showed that 
compounds with an odd number of atoms connecting the 
benzamidines had a radius of curvature closely approx- 
imating that of the nucleic acid minor groove while those 
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with an even number of atoms were essentially 1inear.l' 
The recent crystal structure of 7 bound to an oligonu- 
cleotides confirms this model and the molecular mechanics 
that led to it.20 

This paper continues the study of minor groove binding 
molecules and examines a series of bis(amidin0benzim- 
idazoles) and bis(amidinoindo1es). These compounds have 
the appropriate steric and electrostatic properties to show 
high-affinity binding to the minor groove of DNA. On the 
basis of our previous work1' and compounds such as 2 and 
6, this new series of curved, flexible, but predominantly 
planar molecules were predicted to have a high affinity 
for the minor groove of DNA.12 

Chemistry 
The synthesis of compounds 8,11,12,22,25,29-31,33, 

and 3g21 have been reported. Compounds 19,20,26, and 
34 were a gift of H. Lowe of Hoechst AG, Frankfurt, 
Germany. Compounds 13, 14, 21, 23, 27, and 32 were 
synthesized by reacting the appropriate substituted o- 
phenylenediamines with the appropriate diimidates as 
shown in Scheme I. Compound 15 was prepared by 
reduction of the corresponding dinitro derivative 14. 
Compounds 16 and 17 were obtained by reacting the 
diamine 16 with either 2-chloroethyl ether to give com- 
pound 16 or 2-bromoethanol for the synthesis of compound 
17. The bis[5-cyano-(2-imidazolinyl)-2-benzimidazolyl)] 
derivatives 9 and 28 were prepared from 1,2-bis(5-cyano- 
2-benzimidazoly1)methane (42) and 1,4-bis(5-cyano-2- 
benzimidazo1yl)butane (43), respectively. Both starting 
dinitriles were prepared according to Scheme I and 
converted to the corresponding bisimidates using standard 
Pinner conditions,22 and the imidates were reacted with 
ethylenediamine to give the desired products. The amino- 
methyl derivative 18 was prepared from the corresponding 
dinitrile 42 by reduction over PtOz. 

Compound 24 was synthesized by reacting 3,4-diamino- 
N-isopropylbenzamidine with 2,3-dimethylmaleic anhy- 
dride in polyphospharic acid (Scheme 11). The reaction 
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Scheme I1 
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and acetone. This reaction has been described in detail 
for the synthesis of Compound 3g21 and was carried out 
in an identical manner for the novel compounds reported 
here. The physical properties of all of the novel compounds 
are reported in Table 111. 

Results and Discussion 
Linking Groups. The results of thermal denaturation 

and viscosity experiments on the bis(amidin0benzimida- 
zoles) and bis(amidinoindo1es) are reported in Tables I 
and 11. The data in Table I indicate that the compounds 
containing linkers with an even number of carbon atoms 
have a higher affiinity for CT DNA and the homopolymer 
poly(dA).poly(dT) than the linkers with and odd number 
of carbons. The type of charged substituent, amidine, 
imidazoline, or other substituted amidine, is not a con- 
sistent factor in increasing the poly(dA)*poly(dT) affinity. 
In our previous study of analogues11 of 7, linkers with an 
odd number of atoms showed a higher affinity than linkers 
with an even number of atoms. In the previous series, the 
differences between the odd and even number of atoms 
was considerably attenuated as the chain length increased. 
This attenuation with length suggests that it requires less 
energy, overall, to perturb any of the longer compounds, 
which have more torsional degrees of freedom, into an 
effective binding shape. This same effect of length is seen 
in the bis(amidinobenzimidazo1e) series. With the longer 
chain lengths, one end of the molecule might also be 
expected to have less dependence upon the binding of the 
other end because it has more rotational freedom. The 
data for the poly(dG-dC)*poly(dG-d) ATmS in these series 
show the same pattern, but the results are not as clear 
because of the small magnitude of the AT,s for poly- 
(dG-dC)-poly(dG-dC) and the experimental error in the 
assay. The ATms for the bis(amidinoindo1es) show no 
correlation with chain length for any of the polymers. 

The radius of curvature data in Table I indicates that 
there is an optimal radius of curvature for strong poly- 
(dA).poly(dT) binding of the methylene-linked bisbenz- 
imidazoles. Compounds with a radius of curvature of 
around 20 A have the highest AT,. This corresponds well 
with the 19 A radius of curvature of the minor groove of 
poly(dA)*poly(dT). The radius of curvature in Table I1 
for all four methylene-linked bisindoles is the same 
irrespective of the chain length. These compounds cannot 
assume the proper shape necessary to achieve a high- 
affinity complex with the DNA. The compounds have 
similar low DNA affinity due to electrostatic interactions 
with the DNA groove, but no shape contribution that could 
promote high DNA affinity. 

Comparison of the unsaturated linkers in compounds 
22 and 23 indicates that in this case the N-isopropyla- 
midino group decreases AT affinity. This pattern is not 
seen consistently throughout the biabenzimidazole series. 
In the aromatic series, comparing 33 to 34, the isopropyl 
group affords increased AT and GC binding. More work 
is needed to fully understand the influence of bulky 
substituents on the amidine group. 

The homopolymer binding properties of the aromatic 
linked bisbenzimidazoles are more complicated. There 
appears to be no relationship between the radius of 
curvature and the AT,s for AT homopolymer among the 
compounds linked by aromatic groups. Compound 32, 
the rneta-compound, has a higher AT, than the related 
compound with a three-methylene linker, 25, although 
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conditions resulted in the cleavage of the isopropyl groups 
to give the unsubstituted amidines. Likewise, 1,4-bis(5- 
amidino-2-benzimidazolyl)-2,5-dimethylbenzene (36) was 
synthesized by reacting 3,4-diamino-N-isopropylbenza- 
midine with 2,Bdimethylphthalic acid. 

The lone asymmetric monoamidino compound in this 
series, (Bamidino-2-benzimidazolyl)(2-benzimidazolyl)- 
methane (10) was prepared accordingto themethod shown 
in Scheme 111. This synthesis involved the reaction of 
2-cyanoacetamide with o-phenylenidiamine to give 24cy- 
anomethy1)benzirnida~ole.~~ The nitrile group was hy- 
drolyzed to the acid and condensed with 3,4diaminoben- 
zamidine in polyphosphoric acid to give the product. 

The bisindoles 36-38, 40, and 41 were prepared from 
the corresponding dinitriles in the usual manner.21*22 The 
dinitriles were synthesized according to Scheme IV by the 
addition of 2 mol of 5-cyanoindole to the appropriate 
diiodoalkane or a,a-dibromoxylene in the presence of KOH 
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Table I: Nucleic Acid Binding and Radius of Curvature of Bis(amidinobenzimidao1es) 

.m>-x-(yJ. N N R 

I 
H 

I R 
H 

ATm, "C 

radius of alternating ATIGC viscosity 
no. R X curvature,A CTQ ATb AT GC ratio slope: CT 

1, ethidium bromide 
2, DAPI 
3, DIP1 
4, netropsin 
6, Hoechat 33258 
7, Pentamidine 
8 amidine 
9 imidazoline 

10 monoamidine 
11 amidine 
12 imidazoline 
13 H 
14 nitro 
16 amine 
16 morpholine 
17 imiinoethanol 
18 aminomethyl 

pyrimidine 

methylpyrimidine 
21 N-ieopropylamidine 
22 amidme 
23 N-isopropylamidine 
24 amidine 
21 amidine 
26 imidazoline 
27 amidine 
28 imidazoline 
29 amidine 
30 amidine 
31 amidine 
32 amidme 

19 1,4,5,6-tetrahydr0-2- 

20 1,4,5,6-tetrahydr0-1- 

53oc 

15 

18 
12od 

23 

22 

67 

39 

11 
28 
32 
10 

12.4 (0.6) 9.9 (1.3) 16.8 (1.0) 
21.5 (0.8) 38.8 (2.5) 40.5 (0.5)f 
22.4 (1.4) 45.3 (2.4) 42.7 (1.4) 
19.0 (1.8) 46.6 (0.1) 35.1 (3.8)f 
14.1 (1.1) 32.4 (0.4) 24.1 (0.8) 
10.7 (0.6) 22.9 (0.7) 20.2 (0.3) 
7.6 (1.3) 9.2 (0.5) 11.5 (0.3) 
6.9 (0.6) 13.5 (1.1) 10.7 (0.3) 
1.4 (0.4) 1.3 (0.7) 1.0 (0.2) 

18.5 (1.5) 42.4 (0.7) 37.2 (1.3) 
18.5 (0.2) 40.0 (0.9) 34.6 (1.7Yb 
4.3 (0.5) 2.1 (0.3) 0.1 (0.0) 
1.5 (0.1) 0.5 (0.3) 0.2 (0.1) 
1.6 (1.1) 3.0 (0.1) 0.6 (0.2) 
0.6 (0.5) 0.9 (0.0) 0.8 (0.0) 
2.0 (0.2) 4.5 (0.1) 1.4 (0.2) 

12.8 (0.7) 34.2 (0.3) 14.1 (4.4)eb 
19.7 (0.3) 45.1 (1.3) 39.5 (0.8)e 

13.3 (0.3) 30.7 (1.9) 28.9 (0.8) 

19.2 (0.4) 37.3 (0.2) 32.9 (1.3) 
21.8 (0.0) 46.1 (1.3) 42.4 (0.6)e 
22.8 (0.6) 31.6 (0.4) 22.5 (3.2Iab 
14.1 (0.3) 17.3 (1.1) 15.6 (0.7) 
10.6 (0.5) 30.6 (0.1) 20.1 (1.0) 
9.9 (0.2) 24.8 (2.5) 20.1 (0.3) 

15.9 (0.5) 33.5 (0.2) 31.3 (0.4) 
15.3 (0.2) 34.5 (0.3) 28.9 (0.0) 
10.1 (0.2) 24.7 (0.1) 18.3 (0.6)e 
13.5 (0.0) 34.0 (0.6) 28.0 (0.3) 
10.2 (0.0) 22.8 (0.4) 21.2 (0.4) 
12.9 (1.4) 34.6 (0.4) 23.9ea 
13.5 (0.8) 27.5 (0.1) 21.7 (2.2)e 
22.3 (0.1) 44.3 (0.7) 45.0 (0.4) 
15.6 (0.5) 29.0 (1.2) 26.5 11.7) 

5.3 (0.7) 
6.9 (0.7) 
9.4 (0.4) 
1.1 (0.0) 
2.5 (0.3) 
3.2 (0.5) 
3.5 (0.2) 
4.1 (0.5) 
0.2 (0.2) 
4.0 (0.5) 
3.0 (0.5) 
1.0 (0.2) 
2.6 (0.1) 
2.6 (0.0) 

-0.3 (0.1) 
0.7 (0.4) 
3.9 (0.2) 
2.7 (0.4) 

1.6 (0.2) 

3.3 (0.4) 
5.8 (0.2) 
5.5 (0.4) 
4.6 (0.3) 
3.3 (0.3) 
3.4 (0.9) 
3.3 (0.5) 
4.6 (0.1) 
3.8 (0.4) 
3.5 (0.8) 
3.2 (0.0) 
5.6 (0.4) 
3.1 (0.8) 
5.6 (0.4) 
3.7 (0.2) 

3 1.1 
6 0.4 
5 0.7 

32 
10 
6 0.2 
3 0.18 
3 

4 
12 

3 
4 

15 

18 

10 
7 -0.3 
5 
3 
6 O S #  
6 
9 
6 
5 
8 
7 
4 
7 
8 
7 

33 amidine 1;4-;he&lene 
34 N-isopropylamidine l,4-phenylene 23 
3S amidine 2,5-dimethyl-l,4-phenylene . .  . .  . .  

0 CT is sonicated calf thymus DNA. * AT is sonicated poly(dA).poly(dT) homopolymer. From a molecular model. Crystal structure bound 
to DNA show water mediated minor groove binding (ref 5). d From an X-ray crystal structure; molecular model is 42.1 A. e Biphasic. ATm 
determined in the same manner as for monophasic compounds. f Not consistently biphasic. 8 One determination only. h High standard deviation 
due to biphasic nature. 

Table 11: Nucleic Acid Binding of Bis(amidinoindo1es) 
t NH, NH2 t 

no. X 

AT,, "Cb 

radius of 
m a t u r e ,  A CT 

ATIGC viscosity 
AT AT GC ratio slope: CT 

alternating 

36 -(CHz)a- 14 13.7 (0.3) 19.2 (1.0) 20.3 (0.8) 6.5 (0.2) 3.1 0.1' 
37 -(CHz)4- 9 12.1 (0.3) 18.2 (0.5) 16.3 (l.6)d 7.3 (0.6) 2.2 
38 -(CH&- 15 10.2 (0.0) 15.3 (0.8) 12.9 (1.3) 5.0 (0.0) 2.6 
39 -(CHz)e.- 10 10.5 (0.8) 17.7 (0.6) 13.4 (2.3) 5.9 (0.1) 2.3 
40 1,3-phenylenedimethylene 20 8.1 (0.5) 8.1 (0.3) 9.2 (1.6) 4.0 (0.1) 2.3 
41 1,dphenylenedimethylehylene 9 9.3 (0.8) 10.8 (0.0) 11.9 (0.4) 5.4 (0.6) 2.2 

See corresponding footnotes of Table I. See footnote g of Table I. See footnote f of Table I. 

the radius of curvature is shorter than optimal. It is 
possible that the bulky aromatic group of 32 provides added 
DNA affinity in comparison to the methylenes of 25. 

For the aromatic compounds, other structural factors 
may be influencing the nucleic acid binding in addition 
to the radius of curvature. For example, an optimal 

distance of 5.0 A between charged groups12 has been 
suggested as an important structural factor for DNA minor 
groove binding. The distance between the imidazole 
nitrogen atoms is 5.3 A in compound 32, close to the 
suggested optimum. Compounds 33 and 35 linked in the 
para-position have equal AT,s, suggesting that the methyl 
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Table 111. Physical Properties of Novel Compounds 
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compd mp, "C % yield recryat solv formula analyak 

13 >300 63 EtOH C~&,NI.~HCI C,H,N 
21 >300 28 1 N HC1 C&ar4HCl*lH20 C,KN 
23 292 7 1 N HC1 C&&J**4HC1-4H20 C , H J  
27 >300 5 EtOH/H20,21 C&nN.y4HCEPHzO C J W  
32 >300 20 1 N HCl CnHi&s.4HC1-4.4H20 C3 ,N 
36 265 19 EtOH CziHnNs.2HC1-1.06HzO C , H J  
37 273 34 EtOH C&&*2HC1.0.8HaO C , H J  
38 298 36 EtOH C&uNs.BHCl.l.BHzO C,H,N 
40 265 22 HCl(lO%) C~H&s.2HC1-2H20 C,H,N 
41 262 23 EtOH C&&Ja*2HC1.2.75H20 C J W  

groups on the aromatic ring system do not contact the 
floor of the minor groove. The explanation for the 
enhanced affinity of compound 34 is not clear. 

Viscosity. The results of viscometric titrations1lt% 
using calf thymus DNA and selected compounds are shown 
in Table I. DAPI (2) and compound 6 gave no change in 
viscosity slope, indicating that the complexes between the 
drugs and DNA show no increase in helix chain length. 
This result is consistent for a minor groove binding 
mechanism. In a similar manner, pentamidine (7) and 
compounds 8,22,25, and 36 also showed no change in calf 
thymus DNA viscosity, indicating a nonintercalating mode 
of binding and no increase in the DNA length. Interca- 
lating molecules such as ethidium bromide (1) show 
viscometric titration slopes approximating unity. Com- 
pounds 2 and, by analogy, 3 bind to AT base pairs in the 
minor groove but may intercalate into GC base pairs. Given 
the 50/50 ratio of AT to GC base pairs in calf thymus 
DNA, slopes between 1 and 0 might reasonably be expected 
for these compounds. While these experiments alone do 
not prove a minor groove binding mechanism, by analogy 
with other similar compounds (4, 5, and 7) for which 
polynucleotide-bound crystal structures have been re- 
ported, we conclude that these compounds bind in the 
minor groove.416J*9 

Side Chains. Comparison of compounds 11 with 12, 
25 with 26, and 27 with 28, shows that substituting an 
imidazoline for an amidine has little effect on the DNA 
affinity. Substituting a bulky N-isopropyl group gives 
mixed results as discussed above. The six-membered ring 
analogue 19 of the imidazoline 12 shows the same DNA 
affinity, while methylation of this ring system (20) 
decreases affinity. These results are consistent with 
previous w0rk.l' The series of nonbasic analogs of 11, 
compounds 13-17, show little or no DNA affinity. The 
aminomethyl compound 18 is probably protonated at  
neutral pH, and therefore has two charges when bound to 
DNA, still shows substantially reduced DNA affinity in 
comparison to 11. The biphasic ATm curve gives a high 
standard deviation for compound 18. This compound also 
shows the greatest difference between the poly(dA)-poly- 
(dT) and the poly(dA-dT).poly(dA-dT) results. 

The monoamidine 10 has a considerably lower DNA 
affinity than either 8 or 9, which are bisamidines. This 
result indicates that the presence of a charged group on 
both ends of these compounds is important for positioning 
the compound in the groove to maximize van der Waals 
interactions. 
Base Pair Specificity. There is an extremely high 

correlation between the AT,s for the poly(dA).poly(dT) 
and the poly(dA-dT)-poly(dA-dT) homopolymers for the 
bis(amidinobenzimidazo1es). The major outlier for this 
correlation is compound 18, which shows a much lower 
than expected affinity for poly(dA-dT)-poly(dA-dT). 

Omitting compound 18 results in an r2 of 0.96 for the 
remaining compounds. The elevated poly(dA-dT)*poly- 
(dA-dT) ATm for 1 is as expected. Compound 1 binds to 
DNA by an intercalation mechanism unlike all of the other 
compounds in Tables I and 11, which we suggest bind in 
the minor groove. The higher affinity for alternating AT 
homopolymer could be due to an increased area of overlap 
between the intercalating compound and the aromatic 
rings of the intercalation site that would occur only on the 
alternating polymer. 

The AT/GC AT, ratios in Table I indicate that the 
bisbenzimidazoles show a strong AT specificity over 
alternating GC sites. Although the affinity of some of the 
bis(amidinobenzimidazo1es) approaches that of 4 for the 
AT homopolymers, none of the compounds are as AT 
specific as 4. In the bis(amidinobenzimidazo1e) case, the 
lower specificity is due to higher GC binding when 
compared to compound 4. The higher GC affinity may 
occur because the bisbenzimidazoles have less bulky and 
more flexible methylene linkers in comparison to theamide 
linkers of 4. Rotations about the linking chain could allow 
parts of the compound to rotate into a conformation that 
allowed binding to GC-rich sites. 

The bis(amidinoindo1es) in Table I1 have a significantly 
lower affinity for DNA and the nucleic acid homopolymers 
than the bis(amidinobenzimidao1es) in Table I. Addi- 
tionally the compounds do not show the pattern of 
structurally related changes in affinity seen with the 
compounds in Table I. The compounds in Table I1 also 
show a marked lack of base pair specificity in comparison 
to the bis(amidinobenzimidazo1es) in Table I. This lower 
specificity is due to a combination of lower AT binding 
and higher GC binding. The DNA binding properties of 
the compounds in Table I1 resemble those of 1, an 
intercalator rather than a groove-binding molecule. The 
viscometric titration with compound 36 indicates that the 
smallest of these compounds does not bind by intercalation. 
The longer compounds would not be expected to inter- 
calate because they would be too long to fit into an 
intercalation site. 

The lack of base pair specificity for the bis(amidinoin- 
doles) could be explained by the lack of additional 
hydrogen bond forming ligands on the bis(amidinoindo1es). 
The lack of these extra ligands could allow only the amidino 
group to interact with the minor groove. 

In conclusion, these studies present a series of bisa- 
midines with a novel structural motif that still retains the 
properties of high DNA affinity and significant specificity 
for AT-rich nucleic acid homopolymers. The biophysical 
and molecular modeling data suggest that the compounds 
bind to nucleic acids in the minor groove. Increasing the 
bulk of the substituents on the amidine groups appears 
to improve the AT specificity of the compounds. Chemical 
modification of the correct linking chain to decrease the 
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flexibility of the molecule affords compounds with an 
extremely high affinity for AT homopolymers. Molecular 
modeling studies and geometric measures of the shapes of 
the molecules can be used within this class as tools to 
design molecules with high affinity. 

Experimental Section 
All starting materials for the synthesis were purchased from 

either Aldrich Chemical Co.,Fieher Scientific Co., Fluka Chemical 
Corp., or K & K Laboratories and were used without further 
purification. Ammonia and hydrochloric acid were purchased 
from Matheson Division of Searle Medical Products. All melting 
points were obtained on a Thomas Hoover melting point 
apparatus and are uncorrected. 'H-NMFt spectra were obtained 
on either a Varian 390 90-MHz spectrometer or a Bruker 300 
MHz spectrometer. Infrared spectra were obtained on a Perkin- 
Elmer Model 1320 spectrophotometer. Thin-layer chromatog- 
raphy (TLC) was performed on 100 pm thick silica gel with 
fluorescent indicator purchased from Eastman Kodak Comp. 
Column chromatography was performed using 60 mesh silica gel 
(Aldrich). Elemental analyses were performed by Atlantic 
Microlab, Norcross, GA, and are within 0.4% of the theoretical 
value. 
4-Acetamidobenzonitrile. 4-Aminobenzonitrile (104 g, 0.88 

mol) was added slowly to acetic anhydride (500 mL), and the 
temperature was maintained between 35 and 45 "C. After the 
addition was complete, the suspension was chilled on an ice bath 
and poured into a 1-L bath of ice/HsO. The solid was collected 
by fiitration and washed with H a  until the washings were neutral. 
The solid was dried in the oven to afford 132 g (94%) of the 
desired product as a white powder, mp 203-204.5 "C (lit.% mp 
205 "C). 
4-Amino-3-nitrobenzonitrile. Potassium nitrate (52 g, 0.51 

mol) was dissolved in concentrated H B 0 4  (250 mL) and cooled 
to below 0 "C. 4-Acetamidobenzonitrile (40 g, 0.25 mol) was 
added slowly, the temperature being kept below 0 "C. The 
suspension was stirred at this temperature for an additional 3.5 
h and then poured into 1 L of ice. The yellow precipitate was 
filtered and washed with a small amount of HzO. This solid was 
suspended in 2 N H~SOd(500 mL) and heated under reflux for 
3 h. The suspension was cooled to room temperature and the 
solid was collected by filtration, washing with a small amount of 
cold H2O to yield 35.95 g (88%) of the desired product as a bright 
yellow powder, mp 160-161 "C. 
4-Amino-3-nitrobenzamidine. A dried sample of 4-amino- 

3-nitrobenzonitrile (5.0 g, 0.031 mol) was suspended in dry dioxane 
(75 mL) and dry MeOH (2.5 mL) and was chilled to 0-5 OC. The 
suspension was saturated with HCl(g), the low temperature being 
maintained. The flask was stoppered, and the contents were 
stirred at  room temperature until an IR spectra indicated the 
dieappearance of the nitrile peak. At this point, the Suspension 
was chilled and the solid was collected by filtration under N2 and 
washed with anhydrous EhO. The yellow solid was suspended 
in absolute EtOH saturated with NHs (125 mL), and the flask 
was stoppered and heated (oil bath temperature 80 "C) for 6 h. 
The solution was cooled on an ice bath, and the resulting 
precipitate was collected by filtration and washed with EhO to 
afford 5.7 g (73%) of a yellow solid as the product, mp ,300 "C. 
3,4-Diaminobenzamidine. A solution of 4-amin&nitroben- 

zamidine (5.69 g, 0.0225 mol) in MeOH (150 mL) and 10% Pd-C 
(0.57 g) was hydrogenated until the required quantity of H2 was 
taken up. The solution was filtered through Celite to remove the 
catalyst and the MeOH was removed under reduced pressure. 
The resulting solid was triturated with a small amount of MeOH 
and collected by fiitration to afford 3.97 g (95%) of the desired 
product, mp 237-239 OC. 
3,4-Diaminobenzonitrile. A solution of 4-amine3-nitroben- 

zonitrile (10 g, 0.06 mol) in EtOH (200 mL) and 0.5 g of 10% 
Pd-C was hydrogenated at room temperature until the required 
H2 was utilized. The catalyst was removed by fiitration, and the 
EtOH was removed under reduced pressure. The resulting solid 
was recrystallized from 25 % EtOH to afford 7.7 g (96 % ) of 3,4- 
diaminobenzonitrile as a brown solid, mp 144-146 "C. 
Bis[S-(2-imidazoliny~)-2-benzimidaaolyl]methane (9). A 

solution of malononitrile (2.5 g, 37.8 mmol) in benzene (50 mL) 
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and EtOH (6.2 mL) was chilled at  a temperature of 5 "C in a 
three-neck flask fitted with a thermometer and a drying tube. 
The solution was saturated with HC1 while the temperature was 
kept below 15 "C. The flask was stoppered, and the contents 
were stirred at  room temperature until IR spectra showed that 
the nitrile stretch was gone. EbO was added, and the reaction 
was chilled on an ice bath. The solid was collected by filtration 
under Nz and washed well with EhO to afford 8.4 g (96%) of the 
diimidate. This compound was used immediately. 

This diimidate (4.4 g, 19 mmol) and 3,4-diaminobenzonitrile 
(5.0 g, 37.5 mmol) were suspended in glacial AcOH (15 mL) and 
immediately heated to reflux. After 1.5 h, the solution was cooled 
to room temperature and the AcOH was removed in uacuo. The 
resulting oil was suspended in Ha0 (25 mL) and basified to a pH 
of 8 with concentrated NI.40H. The solid was collected by 
fiitration, suspended in EtOH, and acidified with HC1-saturated 
EtOH to a pH of 2. The solid was collected by filtration and 
washed with Et20 to  afford 4.64 g (97%) of bis(5-cyano-2- 
benzimidazolyl)methane, mp 310-312 "C. 
Bis(5-cyano-2-benzimidazolyl)methane (2.5 g, 9.5 mmol) was 

suspended in benzene (150 mL) and MeOH (50 mL) in a three- 
neck flask as described above. The suspension was chilled on an 
ice bath to a temperature of 10 OC and was saturated with HC1. 
The flask was stoppered, and the contents were stirred a t  room 
temperature until the nitrile stretch was gone from the IR. The 
solution was chilled and the solid collected by filtration and 
washed with EhO. The solid was dissolved in absolute EtOH 
(150 mL), ethylenediamine (3.43 mL, 57 mmol) was added, and 
the solution was heated to reflux for 1 h. The mixture was cooled 
toroomtemperature,and theoilwasstirredinH20. Theresulting 
solid was collected by filtration and acidified with HC1/EtOH 
until pH 2. The solid was collected by filtration and dried under 
high vacuum to afford 2.9 g (62 5% of the desired product: mp 
280 OC dec; NMR (300 MHz, DMSO-de) 3.5 (br s, 1 H, NH 
benzimidazole), 3.97 (s,8H, CHpCHa), 4.64 (e, 2H, CHa), 7.78 (d 

C, H, N. 
6-Amidinobie(2-benzimidazoly1)methane (10). A mixture 

of 2-cyanoacetamide (33.6 g, 0.4 mol) and o-phenylenediamine 
(21.6 g, 0.2 mol) was heated to 200 "C for 45 min. The mixture 
melted at  an oil bath temperature of 150 "C, and the progress 
of the reaction was monitored by following the gas evolution. 
The reaction was cooled, and the resulting brown solid was washed 
with EhO and then recrystallized from Ha0 to afford 18.8 g (60 % ) 
of 2-(cyanomethyl)benzimidazole, mp 202-207 OC (lit." mp 210- 
211 "C). 

A solution of 2-(cyanomethy1)benzimidazole (10.0 g, 0.064 mol) 
in 18 N H B 0 4  was heated under reflux for 2 h. The solution was 
allowed to cool to room temperature, and the precipitate was 
collected by filtration. The solid was dissolved in H20 (200 mL) 
and filtered, and the fiitrate was basified with concentrated N)4- 
OH. The mixture was fiitered again, and the filtrate was acidified 
with acetic acid. The resulting solid wan collected by filtration 
and dried to yield 8.7 g (77 % of 2-benzimidazolylacetic acid, mp 
121 OC. 

A solution of 2-benzimidazolylacetic acid (1.76 g, 0.01 mol) 
and 3,4-diaminobenzamidine (2.23 g,O.Ol mol) in polyphosphoric 
acid (30 g) was heated to 160 "C for 2.5 h. The hot solution was 
poured into H20 (125 mL), and the solution was basified with 
NaOH. An oil separated from the aqueous solution, and the oil 
solidified upon standing. The solid was collected by filtration, 
dissolved in hot MeOH, and filtered and the filtrate was acidified 
with HC1-saturated EtOH. The filtrate volume was reduced, 
and the resulting solid was collected and dried to afford 480 mg 
(12%) of compound 10 mp 285-295 "C; NMR (90 MHz, DMSO- 
de) 5.2 (e, 2H, CHd, 7.45-8.0 (m, 6H, 4 unsubst Ar-H, 2 subst 
Ar-H), 8.25 (d, lH,  Ar-H), 9.0-9.8 (br 8, 2H, NH-imidazoline). 

1 f-Bis( 6-nitro-2-benzimidazoly1)ethane (14). Succinoni- 
trile (10.0 g, 0.125 mol) was dissolved by dry benzene (400 mL) 
and dry EtOH (21 mL). The solution was saturated with HCl 
gas at  temperatures between 0 and 5 "C for 1.6 h. The solution 
was kept cold for an additional 1.5 h, and the white precipitate 
that formed was collected by fiitration under N2 and washed 
with anhydrous EhO to afford 30 g (98%) of the imidate 
hydrochloride of succinonitrile. A suspension of the imidate (25 

of d, 4H,Ar-H), 8.32 (8,2H, Ar-H). Anal. (C~lH&48*2HC1*2HzO) 

Anal. (Cla1&3HCl) C, H, N. 
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g, 0.102 mol) and 1,2-diamino-4-nitrobenzene (31.26 g, 0.204 mol) 
in glacial acetic acid was heated under reflux for 10 h. The 
resulting solid was collected by fiitration, stirred with 5% "4- 
OH, fiitered, and washed with H a  until the filtrate was neutral. 
Recrystallization from EtOH/HZO (2:l) acidified with concen- 
trated HC1 afforded 39 g (45%) of the desired compound mp 
290 OC dec; NMR (90 MHz, DMSO-do) 3.58, (s,4H, CHzCHz), 

1~-Bis(S-amino-2-benzimidazolyl)ethane (16). A solution 
of 14 (4.0 g, 11 mmol) in 70% aqueous TFA (100 mL) was 
hydrogenated over 10% Pd-C (0.8 g) at 30 psi for 1 h. The 
catalyst was removed by fiitration and washed with 70% aqueous 
TFA (50 mL). The solvents were removed in uacuo, and the 
residue was dissolved in HzO and basified (pH 8) with NE40H. 
The precipitate was collected by fiitration and washed with H20. 
Recrystallization from EtOH/HzO (51) acidified with concen- 
trated HC1 yielded 3.75 g (90%) of 16 mp >300 'C; NMR (90 
MHz,DMSO-de) 3.25 (S,~H,CHZCHZ),~.~~(~~S,~H,NH~),~.~~ 

(CisHisNdHCU C, H, N, C1. 
l,2-Bis(8-morpholino-2-benzimidazolyl)ethane (16). Bis- 

(2-Chloroethyl) ether (3 mL) was added to a solution of 1,2-bis- 
(5-amino-2-benzimid~lyl)e~e (3.5 g, 12 mmol) and TEA (7 
mL) in EtOH (50 mL). The mixture was heated under reflux for 
2 weeks, cooled to room temperature, and concentrated to dryness. 
The residue was dissolved in HsO and basified with NKOH (pH 
10). The precipitate was collected by fitration and washed with 
Ha0 until the fiitrate was neutral. The solid dissolved in EtOH 
and acidified with concentrated HCl. The EtOH was removed 
under reduced pressure, and the residue was recrystallized from 
MeOH to afford 2.8 g (46%) of the desired product: mp 273 OC; 
NMR (90 MHz, DMSO-de) 3.4 (br s,8H, NCHd, 3.95 (m 12H, 
ArCHzCHb, CHzOCHd, 7.5-7.9 (m 6H, Ar-H), 9.6 (br s,6H, 

1,2-Bis[S-[ (2-hydroxyethyl)amino]-2-benzimidazolyl]e- 
thane (17). 2-Bromoethanol (1.71 g, 13.7 mmol) and TEA (2 
mL) were added to a solution of 1,2-bie(5-amino-2-benzimida- 
zoly1)ethane (2.0 g, 6.85 mmol) in EtOH (30 mL). The mixture 
was heated under reflux for 3 d, cooled to room temperature, and 
concentrated to dryness. The residue was washed with HzO, 
suspended in EtOH, and acidified with concentrated HC1. The 
precipitate was colleded by fiitration and dried under vacuum 
to yield 2.7 g (87%) of 1 7  mp >300 OC; NMR (90 MHz, DMSO- 
de) 3.0-3.4 (m lOH, NCHZCHZOH), 3.65 (m, 4H, ArCHzCHb), 
5.4-6.3 (br s,4H, NH), 6.5 (m, 4H, Ar-H), 7.2 (d, 2H, Ar-H). Anal. 

1,2-Bi~~6-(aminornethyl)-2-benzimidazolyl]ethane (18). 
The imidate of succinonitrile was made as described. A solution 
of 3,4-diaminobenzonitrile (1.7 g, 13 mmol) and the succinonitrile 
imidate (1.5g, 6.5 mmol) in glacial acetic acid (25 mL) was heated 
under reflux for 8.5 h. The reaction was cooled to room 
temperature and the volume reduced to one-third. Water was 
added, and the mixture was basified with NKOH. The 
precipitate was collected by fiitration, dissolved in MeOH, and 
decolorizedwith c h a r d .  The charcoal was removed by fiitration 
and washed with aqueous acetic acid. The solvent was removed 
under reduced pressure, and the solid was suspended in MeOH, 
acidified with concentrated HC1, and hydrogenated over PtOz at 
room temperature for 6.5 h. The catalyst was removed by 
filtration and the solvent removed in uacuo. The residue was 
decolorized with charcoal in a mixture of EtOH/10% HCl(1:l). 
The charcoal was removed by fiitration, and the solvehts were 
removed under reduced pressure to afford 2.4 g (92%) of the 
desired product: mp >300 OC; NMR (90 MHz, DMSO-de) 4.3 (8, 
4H, ArCHzCHk), 4.73 (s,4H, "&I+), 8.00 (m, 4H, Ar-H), 

B 3 y 4 - B ~ ( 6 - a m i d i n o - 2 - b e n ~ ~ l y l ) b u ~ n e  (24). A mix- 
ture of dimethylmaleic anhydride (1.4 g, 11 mmol) and 3,4- 
diamino-N-isopropyl b e d d i n e  (5.1 g, 22 mmol) in polyphos- 
phoric acid (80 g) was heated to 90-100 OC until the foaming 
stopped (approximately 30 min). The solution was then gradually 
warmed to 200 O C  and was maintained a t  this temperature for 
1.5h. Themixturewaspouredintoice/HzO (250mL) andfiitered, 
and the fiitrate was basified to pH 8-9. The resulting precipitate 
was filtered, dissolved in 2 N HCl(200 mL), and decolorized with 

7.74 (d, 2H, Ar-H), 8.12 (d, 2H, Ar-H), 8-45 (8,2H, Ar-H). Anal. 
(Cl6&ZN6O4) C, H, N. 

(d, 2H, Ar-H), 6.68 (8, 2H, Ar-H), 7.22 (d, 2H, Ar-H). Anal. 

NH, NH+). Anal. (C&&eOr2.2HCl) C, H, N, C1. 

(C&I&IeOp3.7HCEHzO) C, H, N. C1. 

8.3 (8,2H, Ar-H). Anal. (Cl&JV&.lHCl) C, H, N, C1. 
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activated charcoal while being heated a t  100 OC. The charcoal 
was removed by fiitration, and the fiitrate was basified to pH 8. 
The resulting solid was collected by fiitration, acidified with 2 
N HC1, and recrystallized from B O  to afford 500 mg (16%) of 
the desired product: mp >300 OC; NMR (90 MHz; "FA-d) 2.78 
(8, 6H, CHs), 8.14 (m, 4H, Ar-H), 8.245 (d, 2H, Ar-H). Anal. 

lY4-Bis[6-( 2-imidazolinyl)-2-ben~~zolyl]butane (28). 
This compound was synthesized as described for bis[&(2- 
imidazolinyl)-2-benzimidazolyl]methane. The diimidate made 
from 1,4-dicyanobutane (94%) was condensed with 3,4-diami- 
nobenzonitrile under the same conditions to afford 49% of the 
intermediate 1,4-bis(5-cyano-2-benzimidazolyl)butane, mp 335 
OC dec. The diimidate of this compound was made and reacted 
with ethylenediamine to yield 60% of the desired product: mp 

C H Z C H ~ ,  3.17 (s,4H, Ar-CHd, 4.0 (8, 4H, imidazole-CHd, 4.5 
(br s,2H, NH), 7.92 (d of d, 4H, Ar-H), 8.30 (s,2H, Ar-H), 10.9 

Ly4-Bis( S-amidino-2-benzimidazolyl)-2,6-dimet hylben- 
zene (36). Amixtureof2,5-dimethylphWcacid (1.7g,9mmol) 
and 3,4-diamino-N-isopropylbenzamidine (4.0 g, 17 mmol) in 
polyphosphoric acid (150 g) was heated a t  110 O C  for 45 min and 
then gradually warmed to 200 "C for 2 h. The mixture was poured 
into ice/HzO (500 mL), and the resulting solid was collected by 
fiitration and suspended in 10% NaHCOa. The solid was 
collected by fiitration and recrystallized in aqueous EtOH/HCl 
(pH 2) to yield 3.0 g (59%) of the desired product: mp 294 OC; 
NMR (90 MHz, DMSO-&) 2.77 (a, 6H, CHd, 7.93 (m, 6H, 

Calf Thymus DNA and Deoxyribonucleic Acid Ho- 
mopolymer Experiments. The methods used for the calf 
thymus DNA and homopolymer ATms, and the viscometric 
titrations reported in Tables I and 11, are essentially those 
described by Cory.*11 A few compoundsin Table I show biphasic 
T, behavior. The ATm for these compounds were determined 
in the same manner as for the other compounds. However, if the 
ATm occurs within the flat part of the biphasic curve, larger errors 
in ATm are seen than in the usual experimenta. These biphasic 
resultaarenotedinTable1. TypicalT,valueaforthecalfthymus 
DNA and homopolymers under these experimental conditions 
are as follows: calf thymus DNA = 56.6 f 0.8 OC, poly(dA).poly- 

Molecular Modeling. Molecular mechanics models of the 
compounds for which radius of curvature data appears in Tables 
I and I1 were generated as reported by Coryll using version 3.0 
of MacroModel.n The molecules were minimized with the 
imidazole of the benzimidazole ring system unprotonated. 
Torsional searches of the terminal linking chain atoms followed 
by minimization of the connecting chain were performed to ensure 
that the structures were at a global minimum. A FORTRAN 77 
program implementing the previously described algorithm to 
calculate the radius of curvatwell was run on a DEC/VAX 
computer under the VMS operating system. This program 
operated directly upon the MacroModelstructure fide. The radius 
of curvature measurements, presented in Tables I and 11, are 
done with four atoms. The four atoms used in the calculation 
are highlighted with a dot ( 9 )  in the structures heading Tables 
I and II. The atoms, for the radius of curvature measurement, 
were chosen to be insensitive to small differences in torsion angles, 
to bisect the molecule, and give the best representation of the 
overall shape of the molecule. 

A preliminary series of calculations was necessary to provide 
parametersformolecularmechanicaint.heamidinobenzimidazole 
series. 5-Amidinio-2-methylbenz+nidazole and its tautomer 
6-amidinio-2-methylbenzimidazole were built in theMacroMode1 
program and the geometry was 9ptimized using Gaussian 88" 
with the 6-31G basis set. This basis~set was chosen to give the 
best compromise between accuracy and computational time. The 
optimized geometry was then used as input for a G80/UCSP 
calculation of potential fit charges. These calculations were done 
using the STO-3G basis set. These charges were them added to 
the AMBER force field of MacroModel as a template. 

Additional computations were done on the benzimidazole 

(C&de*3HCl.l.GHzO) C, H, N. 

314-321 OC; NMR (300 MHz, DMSO-& 2.05 (8,4H, CHzCHr 

(8,4H, NHz+). Anal. (CdlsNB.3HCl) C, H, N. 

bemimidade-H), 8.33 (8,2H, Ar-H), 9.27 (d, 6H, Am-H). Anal. 
( C & ~ ~ ~ H C E ~ . ~ H Z O . ~ . ~ E ~ O H )  C, H, N. 

(dT) = 40.9 f 0.5 OC, poly(dG-C).poly(dG-C) = 83.2 f 1.2 OC, 
pOly(dA-dT)*poly(dA-dT) = 36.8 f 1.0. 
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system to determine the effect of the proximity of the amidine 
to the imidazole NH. The amidinobenzimidazole tautomer with 
the amidino group closest to the NH has the highest energy 
(distant homer, Hartree-Fock energy -564.63570, close homer 
-564.63158, difference in relative energy 2.59 kcal), a result 
consistent with increased energy due to through-space charge 
repulsion between protons on the amidinium group and the proton 
of the NH group. This in U ~ C U O  calculation probably does not 
reflect the electrostatic forces involved with binding to the 
strongly electronegative potential found in the minor groove to 
DNA and homopolymer. 
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