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The prevalence of drug-resistant bacteria in the clinic has propelled a concerted effort to find new classes
of antibiotics that will circumvent current modes of resistance. We have previously described a set of bis-
amidine antibiotics that contains a core composed of two indoles and a central linker. The first com-
pounds of the series, MBX 1066 and MBX 1090, have potent antibacterial properties against a wide
range of Gram-positive and Gram-negative bacteria. We have conducted a systematic exploration of
the amidine functionalities, the central linker, and substituents at the indole 3-position to determine
the factors involved in potent antibacterial activity. Some of the newly synthesized compounds have even
more potent and broad-spectrum activity than MBX 1066 and MBX 1090.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

It has become accepted doctrine in the past several years that
resistance to known antibiotic classes is a looming health care cri-
sis.1–5 The prevalence of drug-resistant bacterial strains such as
MRSA and VRE has been steadily increasing,6,7 and new strains
of Gram-negative bacteria that are resistant to virtually all antibi-
otics have been identified.4,8 Because of the limitations of known
drug classes for treating resistant bacterial strains, the identifica-
tion of new drug classes is imperative.9,10 Although recent efforts
to identify inhibitors of specific essential bacterial enzymes has
had limited success,11 phenotypic screening remains a viable
alternative.

We recently identified a set of potent antibacterial compounds
using a high-throughput cell-based screen that utilized the rescue
of macrophages from Bacillus anthracis-mediated cell death.12 The
most potent compounds identified in this screen had the common
structural feature of linked indole-based aromatic core structures
flanked by two cyclic amidine functionalities (see Fig. 1). Further
examination of these compounds demonstrated that in addition
to the potent antibacterial activity against B. anthracis, the com-
pounds were active against a wide range of both Gram-positive
and Gram-negative pathogens.12,13

Previous studies have shown that these compounds inhibit DNA
synthesis12 and new results suggest they accomplish this by bind-
ing to the minor groove of DNA.14 Subsequent testing of the four
compounds in a murine model of Staphylococcus aureus infection
showed promising activity for the two ‘head-to-head’ compounds,
MBX 1066 and MBX 1090;12 the two ‘head-to-tail’ compounds
MBX 1113 and MBX 1128, however, were less protective at similar
doses.15 Because the ‘head-to-head’ compounds were more potent
in the mouse assay, we decided to undertake a more rigorous study
of their structure and activity against a range of bacterial strains.
Described herein is the account of the modification of the central
linker region of MBX 1066/1090, the amidine functionality, and
substituents at the 3-position of the indole, and their effect on
the antibacterial potency of the resulting compounds.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bmc.2013.10.014&domain=pdf
http://dx.doi.org/10.1016/j.bmc.2013.10.014
mailto:jwilliams@microbiotix.com
http://dx.doi.org/10.1016/j.bmc.2013.10.014
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc
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Figure 1. Bisamidine antibiotics identified in HTS of macrophage rescue assay.
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2. Materials and methods

2.1. Chemistry

Upon initial discovery of MBX 1066 and MBX 1090, the first task
was to find a suitable gram-scale synthesis for the compounds so
that additional in vitro and in vivo assays could be performed. It
was immediately evident that the synthesis of the desired
bisamidines would require the construction of the corresponding
dinitriles. The requisite dinitrile (5) for the final synthesis of
phenyl-linked bisindole MBX 1066 (1) is shown in Scheme 1. We
were presented with a wide array of potential entries into the
triaryl system 5; because of the ubiquity of indoles in natural prod-
ucts and pharmaceutically interesting compounds, many different
strategies for synthesizing substituted indoles have been docu-
mented.16–18

Our initial attempt for the synthesis of 5 relied upon the ven-
erable Fisher indole synthesis (Scheme 1, Path A).19 Although the
requisite diacetylbenzene is available, and the nitrile-substituted
phenylhydrazine could be easily prepared, the cyclization
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reaction (via unisolated intermediate 6) produced a low yield
and an intractable mixture of isomers resulting from the two po-
tential isomers formed by each reaction. We quickly turned our
attention to reactions in which the regiochemistry was preselect-
ed by the choice of substrate. Attempts to use the Madelung syn-
thesis20,21 (Path B) with diamide 7 resulted only in liberation of
the corresponding aniline. The Castro indole synthesis22 (Path
C) was considered, but the construction of acetylenic substrate
8 could not be accomplished under Sonogashira conditions23,24

with the corresponding 4-bromo-3-nitrobenzonitrile. Although
we could use Suzuki coupling reactions25 (Path D) to join
two preformed indole moieties to 1,4-dibromobenzene,26,27 we
expected the yield would be low due to deboronylation of the
a-heteroatom boronic acid,28 and the requisite boronic acid
was expensive.

Finally, inspired by the work of Dann et al.,29,30 we employed
the Cadogan–Sundberg reaction31,32 (Path E) to simultaneously
form both indoles (Scheme 2). Thus, the bis(stilbene) intermediate
11 was constructed in an efficient manner from the piperidine-cat-
alyzed condensation of 4-cyano-2-nitrotoluene (12) and terephth-
aldehyde.29,33 By refluxing 11 in triethyl phosphite, 5 was
produced in good yield and large quantities without requiring
chromatography for purification. The dinitrile was then smoothly
converted to MBX 1066 by treatment of the dinitrile with catalytic
phosphorous pentasulfide in hot ethylenediamine.34

To synthesize the alkene-linked core for MBX 1090, (i.e., dinit-
rile 13; Scheme 3), we initially relied upon the literature synthe-
sis provided by Dann et al., who used a Wittig strategy to form
the critical double bond (Path A).30 However, we were unable
to reproduce these results, and phosphonium salt 15 could not
be isolated. We were successful, however, in synthesizing alde-
hyde 14 via a classical Reissert indole synthesis35 (see Scheme 4
below).36 Using this substrate, we saw the potential to directly
synthesize 13 using a McMurry-type reductive homocoupling
reaction (Path B).37

Thus, we first constructed the ketoester 16 from nitrotoluene
12 by base-catalyzed condensation with diethyl oxalate38

(Scheme 4). Reductive cyclization was accomplished by using zinc
in acetic acid to form indole-2-carboxylic acid ester 17. The ester
17 was first reduced to the alcohol 18 with lithium borohy-
dride,39 then oxidized to the aldehyde 14 with manganese diox-
ide.36 Importantly, we were able to convert the aldehyde 14
directly to dinitrile 13 in one step by treating the aldehyde with
low-valent titanium formed in situ from titanium trichloride and
lithium wire.40 To our delight, not only was the requisite dinitrile
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formed in good yield, but there was no evidence of the corre-
sponding Z-isomer in the reaction.1

As with the above example, the imidazoline functionalities
were installed efficiently by treating the dinitrile with phospho-
rous pentasulfide in hot ethylenediamine, to produce MBX 1090
(2) in good overall yield.34
1 Because 2 is symmetrical, there is no proton–proton coupling with which to
assign the configuration of the double bond. In the original synthesis of 2 (Ref. 30),
Dann et al. noted that the E-isomer of intermediate dinitrile 13 had a high melting
point (>360 �C) and fluoresced under sunlight, while the Z-isomer had a lower
melting point (287–290 �C) and did not similarly fluoresce. The intermediate 13
synthesized under McMurry coupling conditions had a high melting point (>300 �C)
and clearly fluoresced under UV light; it was thus assigned as the E-isomer.
The phenyl-linked dinitrile core 5 was found to be substantially
easier to produce than the corresponding ethylene-lined dinitrile
13. Additionally, the phenyl-linked bisamidine MBX 1066 (1) was
also found to be a more potent antibacterial than was MBX 1090
(2). Therefore, we used intermediate 5 to further explore the effect
of other basic and non-basic substituents on each end of the mol-
ecule. We began by exploring the cyclic amidine portion of the
molecule, and determining whether different ring sizes or ring
substituents could influence the antibacterial activity of the com-
pounds (Scheme 5). Using the same phosphorous pentasulfide-
catalyzed reaction that was used to synthesize the imidazoline
hit compounds,34 we treated the intermediate dinitrile 5 with dif-
ferent substituted 1,3-diaminopropanes to produce the disubsti-
tuted analogs 19a–e, and the tetrasubstituted analog 20.

Another important consideration with regard to the activity of
the compounds was whether the unsubstituted amidine would be-
have in the same manner as the imidazoline and tetrahydropyrim-
idine above. Our initial attempts to synthesize unsubstituted
amidine 24 via direct substitution of the corresponding imidate
21, formed by acid-mediated alcoholysis of nitrile 5, with either
aqueous or anhydrous ammonia were not successful. However,
the imidate 21 could be converted efficiently to the carboxamid-
razone 22 (Scheme 6). Although carboxamidoximes can sometimes
be directly converted to amidines by reductive deoxygenation,41

the low solubility of 22 hampered our efforts to do so. By acetylat-
ing 22 with acetic anhydride, however, we were able to provide a
substrate (23) that could be cleanly reduced42 to our desired ami-
dine 24 by catalytic hydrogenation.

In addition to imidate 21, we were also interested in other
amidine-like groups that would test whether the basicity of the
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amidines of MBX 1066 was critical to the antibacterial activity
(Scheme 7). Carboxamidrazone 25 was synthesized using imidate
21 after we determined that direct nucleophilic addition of hydra-
zine to nitrile 5 in various solvents did not provide the desired
material. Acid-catalyzed hydrolysis of nitrile 5 using a TFA/sulfuric
acid system43 produced diamide 26 in good yield. Finally, hydroge-
nation of both nitrile groups in 5 using Raney nickel44 produced the
diamine 27.

We next turned our attention to the linker portion of the mole-
cule. From our experiences with MBX 1066 and MBX 1090, we
knew that some amount of linker modification would be tolerated,
and we wanted to determine the limits of structural changes that
might be ultimately beneficial. We first used two additional com-
mercially available aromatic dialdehydes to construct MBX 1066
analogs with five-member linker moieties. In a manner directly
analogous to the synthesis above, furan-2,5-dicarboxaldehye and
thiophene-2,5-dicarboxaldehyde were both converted to the inter-
mediate nitrostyrenes 28a and 28b (Scheme 8). These nitrosty-
renes were treated with hot triethyl phosphite to effect the
Cadogan–Sundberg cyclization, and the intermediate nitriles (29a
and 29b) were converted to the corresponding bisamidine com-
pounds 30a and 30b.

To synthesize the corresponding pyridine-linked or pyrazine-
linked compounds would have required analogous dialdehydes
that are not commercially available. However, an alternative pro-
cedure using the versatile Suzuki coupling methodology25 did
prove to be a viable option (Scheme 9). Synthesis of bromopyridine
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Scheme 8. Synthesis of furan- and thiophene-linked MBX 1066 analogs. Reagents an
piperidine, sulfolane, 150 �C; (b) P(OEt)3 reflux; (c) ethylenediamine, P2S5, 120 �C.
31 was accomplished by coupling one equivalent of the commer-
cially available boronic acid 9 to 3-bromo-6-iodopyridine. A second
indole moiety was then installed using a similar process to provide
the dinitrile 32, which was subsequently converted to the imidaz-
oline 33 using the same procedure. A similar strategy was pursued
for the synthesis of pyrazine-linked compound 35. In this case,
however, we realized that isolating the intermediate indole-
substituted bromopyrazine was unnecessary; coupling two equiv-
alents of boronic acid 9 with 2,5-dibromopyrizine produced the
desired nitrile 34 in fair yield. Nitrile 34 was then converted to
35 in the same manner used previously.34

To determine whether the linker portion of the molecule must
include a p-system (aryl, heteroaryl, or vinylic), or could be a sim-
ple saturated linker; we next synthesized a series of compounds in
which the indole cores were attached by hydrocarbon chains of
varying length. We realized that the most efficient synthesis of
ethyl-linked compound 37 (Scheme 10) would use the previously
synthesized alkene-containing intermediate 13. Simple hydroge-
nation of the double bond produced the dinitrile 36, which was
then converted to bisamidine 37 with phosphorous pentasulfide
in 1,3-diaminopropane.34

The synthesis of propyl- and butyl-linked compounds (44a and
44b, respectively) necessitated a different synthetic plan, as no cor-
responding alkene-linked material was available (Scheme 11). We
viewed the Cadogan–Sundberg reaction as the most promising
route to these compounds, and thus constructed the corresponding
alkyl-linked bis(nitrostyrene) compounds 39a and 39b as key
intermediates from aldehyde 38, which were synthesized accord-
ing to literature precedent.45 A Wittig reaction using aldehyde 38
and the appropriate alkyl-bis(phosphonium) bromide then pro-
vided the desired intermediates 39a and 39b. Much to our surprise,
however, refluxing these intermediates with triethyl phosphite
provided mixtures highly enriched in N-ethoxyindoles32,46 (i.e.,
40a/41a and 40b/41b), with very little of the expected unsubstitut-
ed bisindoles being produced. Because of the difficulty in separat-
ing these mixtures, we next constructed the tetrahydropyrimidine
moieties using the previous conditions to form the bisamidines
42a/43a and 42b/43b. These bisamidines were then reduced with
Raney nickel in the presence of hydrogen gas to produce the
desired bisamidines 44a and 44b.

Because the tetrahydropyrimidine analog 19a showed the most
potent antibacterial potency of the compounds we studied, we also
investigated whether the same modification (i.e., imidazoline to
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tetrahydropyrimidine) would have similar beneficial effects using
other core structures. The tetrahydropyrimidines 45, 46, 47, and
48 were successfully synthesized from their corresponding dinitr-
iles using the 1,3-diaminopropane/phosphorous pentasulfide
reagent conditions34 used to produce 19a (Scheme 12).

Lastly, we wanted to determine what effect substituents at the
3-position of the indole would have on the antibacterial properties
of the series. Indoles will undergo facile substitution at the 3-posi-
tion when exposed to a variety of electrophiles; we were particu-
larly interested in halogenation at that position, so we
constructed a series of compounds bearing 3-halo substituents
(Scheme 13). Although the dinitrile 5 underwent efficient haloge-
nation with N-bromosuccinimide at the 3-position of both indoles,
the subsequent formation of the tetrahydropyrimidine led to
dehalogenation; the dehalogenated compound 19a was the only
product obtained (reaction not shown). To avoid this complication,
we subsequently used 19a itself as a substrate for the halogena-
tion. Although the bisamidine compound 19a (as its TFA salt) is
substantially less soluble than the dinitrile 5, it did undergo halo-
genation with N-halosuccinimides in DMF at room temperature to
form the 3-chloro analog 50, and the 3-bromo analog 51 although
in moderate or low yields. The fluorination of 19a was also accom-
plished by using Selectfluor™ as a halogenating agent,47 to form
the 3-fluoro analog 49.
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2.2. Antibacterial activity assays (MIC)

CLSI protocols were used to determine the antibacterial activities
of bisamidine compounds against representative Gram-positive and
-negative pathogens.48 Ciprofloxacin was used as a positive control.
Each assay was performed at least 3 times and the average Mini-
mum Inhibitory Concentration (MIC) value (in lg/ml) was calcu-
lated as the lowest concentration that prevented bacterial growth.
Bacterial strains included: Staphylococcus aureus, ATCC 25923;
Methicillin-resistant S. aureus, clinical isolate 1094; Enterococcus
faecalis, ATCC 29212; Vancomycin-resistant E. faecalis, ATCC
51575; Bacillus anthracis, Sterne; Pseudomonas aeruginosa, PAO1,
ATCC BAA-47; P. aeruginosa PAO1 DmexAB-oprM (efflux pump
knockout); Escherichia coli, K12 lab strain; E. coli, K12 DTolC (efflux
pump knockout); Klebsiella pneumoniae, ATCC 13882; Haemophilus
influenzae, ATCC 10211; Acinetobacter baumannii, ATCC 19606.

3. Results and discussion

The bisamidines were tested for their antibacterial activity
against a range of both Gram-positive and Gram-negative bacterial
pathogens, and the results are reported in Tables 1–3. The MIC (in
lg/mL) is reported for twelve pathogens (8 species) that are repre-
sentative of clinically important bacteria, including drug-resistant
and efflux-deficient strains. The Gram-positive pathogens we
assayed include two strains of Staphylococcus aureus (methicillin-
sensitive and methicillin-resistant), two strains of Enterococcus
faecalis (vancomycin-sensitive and vancomycin-resistant), and
Bacillus anthracis Sterne (an attenuated lab strain). In addition,
we assayed the compounds against seven different Gram-negative
pathogens, including wild-type and efflux-deficient Pseudomonas
aeruginosa, wild-type and efflux-deficient Escherichia coli, and
ATCC strains of Klebsiella pneumoniae, Haemophilus influenzae, and
Acinetobacter baumannii. Again, these bacteria represent a substan-
tial cross-section of clinically important pathogens. The efflux-defi-
cient P. aeruginosa and E. coli strains are isogenic with their
corresponding efflux-capable strains; because these strains are
identical except for their ability to efflux exogenous substances, a
large difference between the antibacterial activity of the com-
pounds strongly suggests that efflux, and not other resistance
mechanisms, is the reason for low antibacterial activity against
the wild-type bacteria.

Several trends are evident in the resulting biological data
(Tables 1–3). As expected, the compounds are generally more
active against Gram-positive bacterial species than Gram-negative
species, although most of the compounds do inhibit P. aeruginosa
and E. coli growth in the low lg/mL range. The MIC values for A.
baumanii are particularly high, reflecting the intrinsic resistance
of the pathogen, and only a few compounds (19a, 30b, 46, and
49–51) inhibit this species at levels at or below 10 lg/mL.

Our initial explorations into the effect of the specific amidine
functionalities on the activity of the bisamidine antibiotics led us
to synthesize the tetrahydropyrimidine 19a. The antibacterial po-
tency of this compound against Gram-positive bacteria was very
similar to the imidazoline parent compound MBX 1066 (1, Table 1),
with MIC values for Gram-positive organisms improving by a factor
of about 2. Much to our surprise, however, the antibacterial activity
of 19a was much greater against several Gram-negative strains.
Thus, even though 1 is a moderate inhibitor of P. aeruginosa
(7.5 lg/mL) and E. coli (1.25 lg/mL), 19a is >20-fold more potent
against P. aeruginosa and almost 10 fold more potent against
E. coli. Further modification of the tetrahydropyrimidine ring (i.e.,
compounds 19b–e, 20), however, did not further improve activity.
Compound 19b was nearly as potent as 19a against most strains,
with the exception of H. influenzae and A. baumanii. The more highly
substituted analog, compound 20, was the least active, with MIC
values increasing by between 4 and >32-fold over those for 19a.

Interestingly, part of the improved activity seen against Gram-
negative bacteria seems to be related to the capacity of the bacte-
rial efflux systems to remove the compounds from intracellular
compartments. A large difference can be seen between the MIC va-
lue of MBX 1066 (1, Table 1) against efflux-competent and efflux-
deficient P. aeruginosa and E. coli strains. In this case the difference
is about sixfold for the former and about eightfold for the latter. In
sharp contrast, however, the potency of 19a against either strain is
completely unaffected by the presence or absence of the relevant
efflux systems. This difference strongly suggests that the bacterial
efflux pumps are unable to remove 19a, while 1 is still a substrate
for the transport process.

In contrast to the improvement of activity found by increasing
the ring size of the substituted amidine, removing the alkyl substi-
tuent had little effect on the potency of the compound. In most
cases, the MIC values of 24 were within twofold of the parent com-
pound, MBX 1066 (1). One notable exception was the very potent
inhibition of E. faecalis (0.04 lg/mL), the most potent inhibition
of any bacterial strain by any bisamidine antibiotic in the current
study. Interestingly, other modifications involving the amidine
moiety also resulted in lower antibacterial potency. Imidate 21
and carboxamidoxime 22 both had moderate potency against
Gram-positive pathogens, but were devoid of activity against the
Gram-negative strains (with the exception of the efflux-defective
E. coli strain). Carboxamidrazone 25 and aminomethyl compound
27 had moderate antibacterial activities against the assayed strains
when compared to 1, but the activity of the amide 26 was much
lower. This trend strongly suggests that the most potent com-
pounds require highly basic functionalities, such as amidines, on
the ends of the molecule to exert their antibacterial effect. The less
basic amine and amide functionalities of 27 and 26, respectively,
are not basic enough for the compounds to exert optimal bacterial
growth inhibition.

Next, we examined the role of the central linkers in the antibac-
terial properties of the bisamidines (Table 2). Given that our initial
compounds, MBX 1066 (1) and MBX 1090 (2) had two distinct linker
types (phenyl and ethylene, respectively), it was reasonable to sur-
mise that other linkers would be tolerated. Substituting other aro-
matic species such as furan (30a), thiophene (30b), pyridine (33),
or pyrazine (35) for the phenyl linker produced compounds with a
range of activities. The thiophene-linked compound 30b was nearly
as potent against most strains as MBX 1066, and was more potent
against A. baumanii. This is not surprising given the structural sim-
ilarities between phenyl rings and thiophenes. Interestingly, unlike
19a, thiophene 30b was subject to efflux, as determined by the
activity against efflux-efficient and efflux-deficient P. aeruginosa.



Table 1
Antibacterial properties of bisamidines with modification of the amidine moiety

N
HR N

H R
L

Compound L R MICa (lg/mL)

Staphylococcus
aureusb

Staphylococcus
aureus (MRSA)b

Enterococcus
faecalisb

Enterococcus
faecalis
(VRE)b

Bacillus
anthracisb

Pseudomonas
aeruginosa (efflux
+)b

Pseudomonas
aeruginosa (efflux
�)b

Escherichia
coli
(efflux +)b

Escherichia
coli
(efflux �)b

Klebsiella
pneumoniaeb

Haemophilus
influenzaeb

Acinetobacter
baumaniib

1 * * * N
H

N

0.16 0.16 0.16 0.16 0.31 7.5 1.25 1.25 0.16 0.31 0.63 >80

2
*

* * N
H

N

0.63 0.63 0.31 0.63 0.31 25 25 0.63 0.16 1.25 2.5 >80

19a * * * H
N

N

0.08 0.08 0.08 0.08 0.08 0.31 0.31 0.16 0.16 0.31 0.31 2.5

19b * * * H
N

N
Me 0.08 0.08 0.16 0.08 0.08 0.63 0.63 0.31 0.16 0.31 1.25 40

19c * * * H
N

N
OH 0.31 0.31 0.16 0.63 0.16 1.25 0.31 1.25 0.63 0.63 1.25 >80

19d * * * H
N

N
OMe 0.16 0.16 0.16 0.16 0.16 5 2.5 5 0.31 0.63 N.D.c >80

19e * * * H
N

N
F 0.08 0.16 0.16 0.08 0.08 1.25 0.31 0.63 0.31 0.31 N.D.c 40

20 * * * H
N

N

Me

Me
0.31 0.31 0.31 0.63 0.31 10 40 0.63 0.63 0.63 2.5 >80

21 * * * OEt

NH
0.63 5 2.5 10 2.5 >80 >80 N.D.c N.D.c >80 N.D.c N.D.c

22 * * * NH2

NOH
0.31 1.25 2.5 1.25 0.16 >80 >80 >80 0.63 >80 N.D.c N.D.c

24 * * * NH2

NH
0.16 0.31 0.04 0.16 0.08 10 N.D.c 0.63 0.16 0.63 N.D.c 40

25 * * * NH2

NNH2
0.63 1.25 0.63 0.63 0.31 10 N.D.c 2.5 0.63 1.25 N.D.c >80

26 * * * NH2

O
2.5 >80 10 >80 >80 >80 >80 >80 5 >80 N.D.c >80

27 * * * NH2 0.63 1.25 1.25 1.25 1.25 40 40 5 1.25 2.5 N.D.c >80

Ciprofloxacin 0.31 20 1.25 0.63 0.08 0.63 60.02 60.02 60.02 0.04 10 1.25

a Lowest concentration that prevented bacterial growth.
b Bacterial strains: Staphylococcus aureus, ATCC 25923; Methicillin-resistant S. aureus, clinical isolate 1094; Enterococcus faecalis, ATCC 29212; Vancomycin-resistant E. faecalis, ATCC 51575; Bacillus anthracis, Sterne; Pseudomonas

aeruginosa, PAO1, ATCC BAA-47; P. aeruginosa PAO1 DmexAB-oprM (efflux pump knockout); Escherichia coli, K12 lab strain; E. coli, K12 DTolC efflux knockout; Klebsiella pneumoniae, ATCC 13882; Haemophilus influenzae, ATCC
10211; Acinetobacter baumannii, ATCC 19606.

c Not determined.
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In contrast to the potency of thiophene-linked compound 30b, the
furan-linked bisamidine 30a had very little antibacterial potency,
and pyrazine-linked compound 36 had greatly attenuated activity.
Pyridine-linked compound 33 showed an intermediate level of anti-
bacterial activity, but was clearly more potent against Gram-posi-
tive bacteria than the Gram-negative strains we tested. We are
unable at this time to completely rationalize these findings; there
appears, however, to be a correlation between the DNA-binding
properties of these compounds, which is dependent on their struc-
ture, and antibacterial activity when efflux pumps have been inac-
tivated. For example, the furan-linked compound 30 exhibits low
affinity for DNA in a binding assay and has very little antibacterial
activity, while compounds 1 and 2 have a higher binding affinity
for DNA and are much more potent as antibacterial agents.14

Having determined that substituting the imidazoline tail units
with tetrahydropyrimidines was beneficial for antibacterial activ-
ity, we chose to synthesize tetrahydropyrimidine analogs of sev-
eral more compounds to determine whether the trend was
general, or specific to one core structure. By comparing the anti-
bacterial activity of five imidazoline-based compounds (i.e., 1, 2,
30b, 34, 36) to the corresponding tetrahydropyrimidine-based
compounds (i.e., 19a, 45, 46, 47, 48), we determined that there
was general improvement of antibacterial potency. Only imidazo-
line 2 showed a degree of mixed results; it was more potent than
the tetrahydropyrimidine 45 against four bacterial species. The dif-
ference was not large however, and the corresponding tetrahydro-
pyrimidine was much more potent against P. aeruginosa and
somewhat more potent against seven other strains. Given these
findings, subsequent compounds were synthesized using tetrahy-
dropyrimidine tail units.

The next series of compounds, containing saturated alkyl link-
ers (i.e., 37, 44a, 44b; Table 2), also showed a range of activity
based on their structure. Interestingly, compounds 37 and 44b,
which have even-numbered carbon linkers, were substantially
more potent than 44a, which has an odd number of carbons in
the linker; the cause of this difference might also be related to
the ability of the compounds to adopt a confirmation that favors
DNA binding. Because none of these compounds were as potent
as the corresponding phenyl-linked compound 19a, no attempt
was made to rigorously prove this hypothesis.

Lastly, compounds that are halogenated in the 3-position of
the indole all retained most of their antibacterial activity (Table 3).
The 3-chloro compound 50 was the most potent overall, although
the potency against H. influenzae was poor. Compound 50 was,
however, slightly more potent against S. aureus and A. baumanii.

All of the above bisamidine compounds can be converted to
their corresponding acid salt forms. In general, trifluoroacetic salts
are more soluble in DMSO and other organic solvents, while acetic
acid salts have higher aqueous solubility. Hydrochloric acid salts
tend to have lower solubility in either aqueous or organic solvent
systems. The solubility of the free bases varies greatly with the
structure of the molecule; those compounds that have aromatic
linkers have much lower solubility than those with more flexible
linkers. Regardless of the salt form, the biological activity of the
compounds is consistent for all compounds (data not shown) to
the limits of solubility. Because the salt form does not affect the
biological activity of the compounds, we have omitted the salts
from the schemes and tables. The experimental section does, how-
ever, reference the salt forms, if applicable.

4. Conclusion

Beginning from a high-throughput screen of antibacterial com-
pounds, we identified four related compounds that were potent
inhibitors of bacterial DNA replication. We devised scalable syn-
theses for two of the compounds and rigorously characterized their
antibacterial spectrum. We further explored the structure to deter-
mine important features with respect to antibacterial activity. Ba-
sic moieties, such as amidines, are required on each end of the
molecule, and tetrahydropyrimidines are preferred to imidazo-
lines. Altering the linker portion of the molecule produced widely
varying results; molecules containing phenyl, thiophene, or alkene
linkers were more potent, while molecules containing furan, pyra-
zine, and alkyl linkers were, on the whole, less potent. Finally,
addition of halogens at the 3-position of the indoles slightly de-
creased activity in the case of fluorine, chlorine, and bromine,
and more significantly in the case of iodine. Further investigation
of the compounds, including in vivo efficacy against a wider range
of pathogens, is underway.

5. Experimental

5.1. Biology

5.1.1. Determination of minimum inhibitory concentration
(MIC)

MICs were determined by the broth microdilution method out-
lined in the CLSI (formerly NCCLS) guidelines.48 Briefly, log-phase
bacterial cultures were grown in cation-adjusted Mueller–Hinton
broth (MHB). Diluted bacterial cultures from log-phase growth
were seeded into 96-well plates at a concentration of 1 � 105

CFU/mL, and plates were incubated at 37 �C for 16–20 h with shak-
ing (or, in the case of H. influenza, Haemophilus Test Medium and
37 �C, 5% CO2 was used). Test compound stock solutions in DMSO
were diluted into media, to achieve a final concentration of 1%
DMSO. Cell growth was determined by measuring optical density
(600 nm) in a microplate reader (Dynex Technologies, Chantilly,
VA). MIC values for antimicrobial compound-treated cultures were
calculated as the lowest concentration of drug at which growth
was not apparent, as measured by optical density at 600 nm.

5.2. Chemistry

5.2.1. General
Reagents and solvents were obtained from commercial sources

and used without additional purification. Evaporation of solvents
was accomplished under reduced pressure (40–60 mmHg), at less
than 40 �C, unless otherwise noted. Chromatography solvent sys-
tems are expressed in v/v ratios or as% vol. Melting points were ta-
ken on EZ-Melt automated melting point apparatus (Stanford
Research Systems, Inc.) in manual mode, and are uncorrected.
Thin-layer chromatography was performed on silica gel GHLF
plates from Analtech (Newark, DE), and the chromatograms were
visualized under UV light at 254 nm. 1H NMR spectra were ob-
tained at 300 MHz on a Bruker DPX300 spectrometer; chemical
shift values for 1H were determined relative to an internal tetra-
methylsilane standard (0.00 ppm). Mass spectrometry was per-
formed by CreaGen Biosciences (Woburn, MA). Analytical HPLC
was performed by Averica Discovery Services (Marlborough, MA).
All target compounds were found to be P95% pure by analytical
HPLC unless otherwise noted.
5.2.2. 1,4-Bis(4-cyano-2-nitrostyryl)benzene (11)
To a 3-L flask fitted with a reflux condenser charged with 4-cy-

ano-2-nitrotoluene (12; 200 g, 1.24 mol), terephthaldehyde
(83.0 g, 0.62 mol), and sulfolane (500 mL) was added piperidine
(53.0 g, 0.63 mol). The resulting mixture was heated at 150 �C for
1 h, forming an orange precipitate. The reaction was cooled to
20 �C, and diluted with CHCl3 (1 L). The mixture was stirred for
30 min at 20 �C, then the precipitate was filtered and rinsed with
additional CHCl3 (600 mL). The resulting solids were dried to



Table 2
Antibacterial properties of bisamidines with modified linkers and tetrahydropyrimidines

N
HR N

H R
L

Compound L R MICa (lg/mL)

Staphylococcus
aureusb

Staphylococcus
aureus

Enterococcus
faecalisb

Enterococcus
faecalis

Bacillus
anthracisb

Pseudomonas
aeruginosa

Pseudomonas
aeruginosa

Escherichia
coli

Escherichia
coli

Klebsiella
pneumoniaeb

Haemophilus
influenzaeb

Acinetobacter
baumaniib

(MRSA)b (VRE)b (efflux +)b (efflux �)b (efflux +)b (efflux �)b

1 * * * N
H

N

0.16 0.16 0.16 0.16 0.31 7.5 1.25 1.25 0.16 0.31 0.63 >80

19a * * * H
N

N

0.08 0.08 0.08 0.08 0.08 0.31 0.31 0.16 0.16 0.31 0.31 2.5

2
*

* * N
H

N

0.63 0.63 0.31 0.63 0.31 25 25 0.63 0.16 1.25 2.5 >80

45
*

* * H
N

N

0.31 0.31 1.25 1.25 0.16 2.5 2.5 1.25 0.16 0.63 5 20

30a ** O * N
H

N

40 40 >80 >80 5 >80 >80 20 0.63 >80 N.D.c >80

30b ** S * N
H

N

0.16 0.31 1.25 1.25 0.16 10 1.25 0.63 0.31 0.63 0.63 10

46 ** S * H
N

N

0.08 0.16 0.16 0.16 0.16 5 1.25 0.63 0.31 0.63 N.D.c 5

33 N* * * N
H

N

0.31 0.31 0.31 0.31 0.31 >80 >80 2.5 0.63 2.5 N.D.c >80

47 N* * * H
N

N

0.16 0.16 0.63 0.16 0.16 2.5 2.5 0.63 0.16 5 2.5 20

35
N

N

* * * N
H

N

5 5 20 10 2.5 >80 >80 20 0.63 10 N.D.c >80

48
N

N

* * * H
N

N

0.31 0.31 0.31 0.31 0.16 5 5 2.5 0.31 1.25 N.D.c >80

37
*

* * H
N

N

0.63 1.25 5 2.5 0.63 10 10 2.5 0.31 N.D.c N.D.c 80

44a ** * H
N

N

20 20 80 0.63 20 >80 >80 80 1.25 N.D.c N.D.c >80

44b
*

* * H
N

N

0.63 1.25 2.5 0.31 1.25 40 40 1.25 0.16 N.D.c N.D.c >80

Ciprofloxacin 0.31 20 1.25 0.63 0.08 0.63 60.02 60.02 60.02 0.04 10 1.25

a Lowest concentration that prevented bacterial growth.
b Bacterial strains: Staphylococcus aureus, ATCC 25923; Methicillin-resistant S. aureus, clinical isolate 1094; Enterococcus faecalis, ATCC 29212; Vancomycin-resistant E. faecalis, ATCC 51575; Bacillus anthracis, Sterne; Pseudomonas

aeruginosa, PAO1, ATCC BAA-47; P. aeruginosa PAO1 DmexAB-oprM (efflux pump knockout); Escherichia coli, K12 lab strain; E. coli, K12 DTolC efflux knockout; Klebsiella pneumoniae, ATCC 13882; Haemophilus influenzae, ATCC
10211; Acinetobacter baumannii, ATCC 19606.

c Not determined.
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constant weight to yield 207 g (79%) of product as an orange pow-
der: mp >300 �C; compound is too insoluble for TLC or NMR.

5.2.3. 1,4-Bis(6-cyanoindol-2-yl)benzene (5)
To a 3-L flask fitted with a reflux condenser charged with 1,4-

bis(4-cyano-2-nitrostyryl)benzene (11; 165 g, 0.39 mol) was
added triethyl phosphite (1.5 L). The mixture was heated to reflux
for 2 days, during which time the orange suspension turned to a
gold-yellow suspension. The reaction was cooled to 40–50 �C,
and chloroform (800 mL) was added. The suspension was stirred
for 30 min at 20 �C, then the solids were filtered and rinsed with
additional CHCl3 (400 mL). The resulting solids were dried to con-
stant weight to yield 93 g (66%) of product as gold-yellow powder:
mp >300 �C; Rf 0.52 (1:1 hexane/EtOAc); 1H NMR (DMSO-d6): d
12.24 (s, 2H), 8.06 (s, 4H), 7.88 (s, 2H), 7.73 (d, 2H), 7.35 (d, 2H),
7.18(s, 2H).

5.2.4. 1,4-Bis[6-(4,5-dihydro-1H-imidazol-2-yl)indol-2-yl]
benzene (1; MBX 1066; as trifluoroacetic acid salt)

To a suspension of 1,4-bis(6-cyanoindole-2-yl)benzene (5;
1.79 g, 5.0 mmol) in ethylenediamine (25 mL) was added phospho-
rous pentasulfide (360 mg, 1.6 mmol). The suspension was heated
in a sealed vessel to 130 �C (oil bath) for 16 h, then cooled to room
temperature and poured into water (300 mL). The resulting yellow
suspension was stirred for 30 min, then filtered. The solids were
rinsed with water (200 mL), then dried under vacuum to yield a yel-
low powder. The powder was dissolved in trifluoroacetic acid
(100 mL) and MeOH (100 mL) with heating. The dark yellow solu-
tion was dissolved rapidly with Et2O (500 mL). The resulting solids
were filtered, rinsed with Et2O (100 mL), and dried to provide 3.13 g
(97%) of product as a yellow powder: mp >300 �C; Rf 0.04 (80:18:2
CHCl3:MeOH:aq MeNH2); 1H NMR (DMSO-d6) d 12.40 (s, 2H), 10.42
(s, 2H), 8.13 (s, 4H), 8.07 (s, 2H), 7.80 (d, 2H), 7.58 (d, 2H), 7.23 (s,
2H), 4.03 (s, 8H); m/z expected 444.2, found 445.6 (M+H)+.

5.2.5. Ethyl 3-(4-cyano-2-nitrophenyl)-2-oxopropionate (16)
Sodium metal (6.0 g, 260 mmol) was dissolved completely in

absolute ethanol (300 mL), then 4-cyano-2-nitrotoluene (12;
15.0 g, 93 mmol) and diethyl oxalate (100 mL, 740 mmol) were
added. The resulting dark solution was stirred at room temperature
for 16 h. The ethanol was then removed under vacuum, and the
residual dark oil was dissolved in EtOAc (300 mL). The dark solu-
tion was washed with 0.5 M aqueous HCl (400 mL) and brine
(100 mL), then dried over MgSO4, filtered, and evaporated. The
residual diethyl oxalate was then distilled (kugelrohr; 10 mmHg,
120 �C), and the remaining syrup adsorbed onto silica gel
(800 mL unpacked) by evaporation from CH2Cl2. The product was
eluted with CHCl3 (3 L) until no more product was obtained. The
filtrate was then evaporated and the crude material recrystallized
from boiling CHCl3/hexane to provide 22.05 g (91%) of product as
a pale yellow solid as a mixture of enol and keto tautomers: mp
142–144 �C; Rf 0.24 (2:1 hexane/EtOAc); 1H NMR (DMSO-d6) d
11.0–10.6 (s, br, 0.7H), 8.64 (d, 0.3H), 8.50 (d, 0.7H), 8.38 (d,
0.7H), 8.24 (dd, 0.3H), 8.15 (dd, 0.7H), 7.75 (d, 0.3H), 6.60 (s,
0.7H), 4.70 (s, 0.6H), 4.34–4.27 (overlapping q, 2H), 1.34–1.28
(overlapping t, 3H).

5.2.6. Ethyl 6-cyanoindole-2-carboxylate (17)
To a solution of ethyl 3-(4-cyano-2-nitrophenyl)-2-oxopropan-

oate (16; 21.90 g, 89 mmol) in glacial acetic acid (350 mL and
water (50 mL) was added zinc dust (100 g, 1.5 mol). The mixture
was stirred for 25 min, and the clumps of Zn metal were broken
up as the reaction proceeded. The hot AcOH solution was filtered
through Celite, and the solids were rinsed with hot glacial acetic
acid (100 mL). The filtrate was evaporated to �250 mL total vol-
ume and diluted with water (500 mL). The resulting solids were
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filtered, rinsed with water (100 mL), and dried, then recrystallized
from CHCl3/hexane to provide 13.27 g (70%) of product as a pale
yellow solid: mp 175–176 �C; Rf 0.56 (2:1 hexane/EtOAc); 1H
NMR (DMSO-d6) d 12.44 (s, 1H), 7.90 (s, 1H), 7.86 (d, 1H), 7.41
(dd, 1H), 7.27 (d, 1H), 4.38 (q, 2H), 1.36 (t, 3H).

5.2.7. 2-Hydroxymethylindole-2-carbonitrile (18)
To a solution of ethyl 6-cyanoindole-2-carboxylate (17; 14.0 g,

65 mmol) in THF (300 mL) was added a solution of lithium borohy-
dride in THF (2.0 M, 75 mL, 150 mmol). The resulting solution was
heated to reflux for 16 h, then cooled to room temperature. Con-
centrated aqueous HCl was added in �1 mL portions until no more
vigorous reaction occurs upon addition, and pH was �7 (paper).
The reaction was diluted with brine (300 mL), and extracted with
EtOAc (200 mL � 2). The combined organic extracts were dried
over MgSO4, filtered, and evaporated to provide a tacky yellow so-
lid. The solid was recrystallized from boiling CHCl3/MeOH to pro-
vide 6.75 g (60%) of product as a pale yellow, crystalline solid:
mp 177–179 �C; Rf 0.42 (10% MeOH/CHCl3); 1H NMR (DMSO-d6)
d 11.63 (s, 1H), 7.79 (d, 1H), 7.64 (d, 1H), 7.29 (dd, 1H), 6.44 (s,
1H), 5.45 (s, 1H), 4.67 (d, 2H).

5.2.8. 6-Cyanoindole-2-carboxaldhyde (14)
To a solution of 2-hydroxymethylindole-2-carbonitrile (18;

2.10 g, 12.2 mmol) in acetone (50 mL) was added manganese diox-
ide (3.15 g, 36 mmol). The resulting suspension was stirred for 16 h
at room temperature, then additional manganese dioxide (1.05 g,
12 mmol) was added, and the reaction stirred an additional 24 h.
The mixture was then filtered through Celite to remove the
remaining solids, and the solids were washed with acetone
(20 mL). The filtrate was evaporated and the resulting crude mate-
rial was adsorbed onto silica gel (�100 mL unpacked) by evapora-
tion from CH2Cl2. The product was eluted with EtOAc (250 mL)
until no more product was obtained. The filtrate was then evapo-
rated and the crude material recrystallized from boiling CH2Cl2/
hexane to provide 1.14 g (55%) of olive-colored powder: Rf 0.45
(2:1 hexane/EtOAc); 1H NMR (DMSO-d6) d 12.50 (s, 1H), 9.97 (s,
1H), 7.96–7.91 (m, 2H), 7.52–7.42 (m, 2H).

5.2.9. (E)-1,2-Bis(6-cyanoindol-2-yl)ethylene (13)
To a suspension of titanium(III) chloride (4.58 g, 29.7 mmol) in

dry DME (75 mL) was added lithium wire (630 mg, 90.8 mmol),
broken into small pieces. The suspension was heated to reflux
(120 �C oil bath) with very vigorous stirring for 2 h. The reaction
was cooled to just below the boiling point, then 6-cyanoindole-
2-carboxaldhyde (14, 1.00 g, 5.9 mmol) was added in one portion.
The reaction was heated to reflux (120 �C oil bath) for 10 min, until
TLC showed complete consumption of starting material. The reac-
tion was then cooled to room temperature and poured into ice
water (800 mL), and stirred until any residual Li metal was con-
sumed. To the aqueous suspension was added EtOAc (800 mL)
and Celite (250 mL). The mixture was filtered through Celite, and
the remaining solids were washed with EtOAc (200 mL). The or-
ganic layer was separated, dried over MgSO4, filtered, and evapo-
rated to yield a yellow-orange solid. The solid was dissolved in
CH2Cl2 and adsorbed onto silica gel (200 mL) by evaporation.
The product was eluted through additional silica gel (200 mL) with
EtOAc until no more product was obtained. The filtrate was evap-
orated to yield 0.80 g (88%) of dark yellow powder: mp >300 �C; Rf

0.29 (2:1 hexane/EtOAc); 1H NMR (DMSO-d6) d 12.08 (s, 2H), 7.83
(s, 2H), 7.70 (d, 2H), 7.40 (s, 2H) 7.34 (d, 2H), 6.80 (s, 2H).

5.2.10. (E)-1,2-Bis[6-(4,5-dihydro-1H-imidazol-2-yl)indol-2-yl]
ethylene (2; MBX 1090; as trifluoroacetic acid salt)

To a solution of (E)-1,2-bis(6-cyanoindol-2-yl)ethylene (13;
616 mg, 2.0 mmol) in ethylenediamine (10 mL) was added
phosphorous pentasulfide (120 mg, 0.54 mmol). The resulting
red-orange solution was heated to 130 �C in a sealed tube for 2 h,
then cooled to room temperature and poured into water
(200 mL). The suspension was stirred vigorously for 15 min, then
refrigerated overnight. The resulting solids were filtered, rinsed
with cold water (50 mL), and dried to provide an orange-brown
solid. The solid was dissolved in trifluoroacetic acid (10 mL), and
MeOH (10 mL). Et2O (150 mL) was added, and the mixture was al-
lowed to stand 2 h. The solids were filtered, rinsed with Et2O
(100 mL), and dried to provide 739 mg (60%) of yellow-orange
powder: mp >300 �C; Rf 0.14 (80:18:2 CHCl3:MeOH:aq MeNH2);
1H NMR (DMSO-d6) d 12.54 (s, 2H), 10.40 (s, 4H), 8.01 (s, 2H),
7.76 (d, 2H), 7.55 (d, 2H), 7.47 (s, 2H), 6.83 (s, 2H), 4.03 (s, 8H);
m/z expected 394.2, found 395.6 (M+H)+.

5.2.11. 1,4-Bis[6-(3,4,5,6-tetrahydropyrimidin-2-yl)indol-2-yl]
benzene (19a; as trifluoroacetic acid salt)

To a suspension of 1,4-bis(6-cyanoindole-2-yl)benzene (5;
717 mg, 2.0 mmol) in 1,3-diaminopropane (25 mL) was added
phosphorous pentasulfide (120 mg, 0.54 mmol). The suspension
was heated in a sealed vessel to 120 �C (oil bath) for 2.5 h, then
cooled to room temperature and poured into water (200 mL). The
resulting yellow suspension was stirred for 30 min, then filtered.
The solids were rinsed with water (100 mL), then dried under vac-
uum to yield a yellow powder. The powder was dissolved in triflu-
oroacetic acid (10 mL) and MeOH (10 mL) with heating. The yellow
solution was diluted rapidly with Et2O (150 mL). The resulting sol-
ids were filtered, rinsed with Et2O (50 mL), and dried to provide
1.27 g (98%) of product as a yellow powder: mp >300 �C; 1H NMR
(DMSO-d6) d 12.30 (s, 2H), 9.85 (s, 4H), 8.10 (s, 4H), 7.81 (s, 2H),
7.76 (d, 2H), 7.35 (d, 2H), 7.18 (s, 2H), 3.53 (s, 8H), 2.02 (s, 4H);
m/z expected 472.2, found 237.4 (M+2H+)/2.

5.2.12. 1,4-Bis[6-(5-methyl-3,4,5,6-tetrahydropyrimidin-2-yl)
indol-2-yl]benzene (19b; as trifluoroacetic acid salt)

To a suspension of 1,4-bis(6-cyanoindole-2-yl)benzene (5;
200 mg, 0.56 mmol) in 2-methyl-1,3-diaminopropane (1 mL) was
added phosphorous pentasulfide (70 mg, 0.32 mmol). The suspen-
sion was heated in a sealed vessel to 120 �C (oil bath) for 3 h, then
cooled to room temperature and poured into cold water (5 mL).
The resulting yellow suspension was stirred for 30 min, then fil-
tered. The solids were rinsed with water (1 mL), and EtOAc
(1 mL) then dried under vacuum to yield a yellow powder. The
powder was subjected to preparative HPLC purification with a gra-
dient of 0–50% CH3CN/H2O, each containing 0.2% TFA. Product-
containing fractions were pooled and allowed to stand 4 days, after
which time the product had precipitated. The yellow solid was fil-
tered any dried to provide 140 mg (34%) of product as a yellow,
microcrystalline solid: mp >300 �C; 1H NMR (DMSO-d6) d 12.26
(s, 2H), 9.88 (s, 4H), 8.20 (s, 4H), 7.81 (s, 2 h), 7.76 (d, 2H), 7.35
(d, 2H), 7.20 (s, 2H), 3.58 (m, 4H), 3.15 (m, 4H), 2.18 (m, 2H),
1.07 (d, 6H); m/z expected 500.3, found 251.6 (M+2H+)/2.

5.2.13. 1,4-Bis[6-(5-hydroxy-3,4,5,6-tetrahydropyrimidin-2-yl)
indol-2-yl]benzene (19c; as trifluoroacetic acid salt)

To a suspension of 1,4-bis(6-cyanoindole-2-yl)benzene (5;
360 mg, 1.0 mmol) in 1,3-diamino-2-propanol (5 mL) was added
phosphorous pentasulfide (60 mg, 0.27 mmol). The suspension
was heated in a sealed vessel to 120 �C (oil bath) for 24 h, then
cooled to room temperature and poured into water (100 mL). The
resulting yellow suspension was stirred for 30 min, then filtered.
The solids were rinsed with water (20 mL), then dried under vac-
uum to yield a yellow powder. The powder was dissolved in triflu-
oroacetic acid (5 mL) and MeOH (5 mL) with heating. The yellow
solution was diluted rapidly with Et2O (100 mL). The resulting sol-
ids were filtered, rinsed with Et2O (20 mL), and dried to provide
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652 mg (89%) of product as a yellow powder: mp >300 �C; 1H NMR
(DMSO-d6) d 12.28 (s, 2H), 9.80 (s, 4H), 8.10 (s, 4H), 7.81 (s, 2H),
7.78 (d, 2H), 7.35 (d, 2H), 7.20 (s, 2H), 5.62 (s, 2H), 4.28 (s, 2H),
3.59 (d, 4H), 3.40 (d, 4H); m/z expected 504.2, found 253.3
(M+2H+)/2.

5.2.14. 1,4-Bis[6-(5-methoxy-3,4,5,6-tetrahydropyrimidin-2-yl)
indol-2-yl]benzene (19d; as trifluoroacetic acid salt)

To a suspension of 1,4-bis(6-cyanoindole-2-yl)benzene (5;
110 mg, 0.31 mmol) in 1,3-diamino-2-methoxypropane (1.0 g)
was added phosphorous pentasulfide (64 mg, 0.29 mmol). The sus-
pension was heated in a sealed vessel to 130 �C (oil bath) for 4 h,
then cooled to room temperature. Water (10 mL) was added, then
the suspension was stirred for 16 h and filtered. The solid was
rinsed with water (20 mL), then dried under vacuum to provide
164 mg (100%) of product as yellow powder: mp >300 �C; 1H
NMR (DMSO+1% TFA-d) d 12.25 (br s, 2H), 9.81 (br s, 4H), 8.08 (s,
4H), 7.79 (s, 2H), 7.76 (d, 2H), 7.33 (dd, 2H), 7.18 (s, 1H), 4.00
(m, 2H), 3.61 (m, 8H), 3.38 (s, 6H); m/z expected 532.3, found
267.7 (M+2H+)/2.

5.2.15. 1,4-Bis[6-(5-fluoro-3,4,5,6-tetrahydropyrimidin-2-yl)
indol-2-yl]benzene (19e; as trifluoroacetic acid salt)

To a suspension of 1,4-bis(6-cyanoindole-2-yl)benzene (5;
100 mg, 0.28 mmol) and 1,3-diamino-2-fluoropropane (240 mg)
in triethylamine (1.5 mL) was added phosphorous pentasulfide
(80 mg, 0.36 mmol). The suspension was heated in a sealed vessel
to 130 �C (oil bath) for 1 h, then cooled to room temperature.
Water (10 mL) was added, and the resulting yellow suspension
was stirred for 30 min, then filtered and evaporated. The resulting
solid was subjected to preparative HPLC purification with a gradi-
ent of 10–100% CH3CN/H2O, each containing 0.2% TFA. Product-
containing fractions were pooled, and the CH3CN removed under
vacuum. The remaining aqueous solution was lyophilized to pro-
vide 36 mg (16%) of product as yellow powder: mp >300 �C; 1H
NMR (DMSO-d6) d 12.30 (br s, 2H), 10.04 (br s, 4H), 8.10 (s,
4H), 7.83 (s, 2H), 7.79 (d, 2H), 7.37 (d, 2H), 7.21 (s, 2H), 5.48 (d,
2H), 3.83–3.67 (m, 8H); m/z expected 508.2, found 255.4
(M+2H+)/2.

5.2.16. 1,4-Bis[6-(5,5-dimethyl-3,4,5,6-tetrahydropyrimidin-2-yl)
indol-2-yl]benzene (20; as trifluoroacetic acid salt)

To a suspension of 1,4-bis(6-cyanoindole-2-yl)benzene (5;
360 mg, 1.0 mmol) in 2,2-dimethyl-1,3-diaminopropane (5 mL)
was added phosphorous pentasulfide (60 mg, 0.27 mmol). The sus-
pension was heated in a sealed vessel to 120 �C (oil bath) for 4 h,
then cooled to room temperature and poured into water
(100 mL). The resulting yellow suspension was stirred for 30 min,
then filtered. The solids were rinsed with water (20 mL), then dried
under vacuum to yield a yellow-brown powder. The powder was
dissolved in trifluoroacetic acid (5 mL) and MeOH (5 mL) with
heating. The yellow solution was diluted rapidly with Et2O
(100 mL). The resulting solids were filtered, rinsed with Et2O
(20 mL), and dried to provide 644 mg (85%) of product as a orange
powder: mp >300 �C; 1H NMR (DMSO-d6) d 12.26 (s, 2H), 9.94 (s,
4H), 8.10 (s, 4H), 7.82 (s, 2H), 7.78 (d, 2H), 7.37 (d, 2H), 7.20 (s,
2H), 3.25 (s, 8H), 1.08 (s, 12H); m/z expected 528.3, found 265.6
(M+2H+)/2.

5.2.17. 1,4-Bis{6-[ethoxy(imino)methyl]indol-2-yl}benzene (21;
as hydrochloric acid salt)

1,4-Bis(6-cyanoindole-2-yl)benzene (5; 210 mg, 0.5860 mmol)
was suspended in dry ethanol (200 mL) and treated with HCl gas
at 0 �C for 30 min. The resulting mixture was heated to 50 �C (oil
bath) in a sealed tube 4 days. The ethanol and HCl were then evap-
orated in vacuo to provide 306 mg (100%) of product as a dark
green solid (79% purity by analytical HPLC): mp >300 �C; 1H NMR
(DMSO-d6) d 12.54 (s, 2H), 11.64 (s, 2H), 10.87 (s, 2H), 8.23 (s,
2H), 8.15 (s, 4H), 7.77 (d, 4H), 7.25 (s, 2H), 4.65 (q, 4H), 1.54 (t,
6H); m/z expected 450.2, found 451.5 (M+H)+.

5.2.18. 1,4-Bis[6-(N0-hydroxycarbamimidoyl)indol-2-yl]benzene
(22)

To a suspension of 1,4-bis{6-[ethoxy(imino)methyl]indol-2-
yl}benzene (21; 160 mg, 0.31 mmol) in EtOH (20 mL) was added
a solution of hydroxylamine hydrochloride (200 mg, 2.9 mmol)
and sodium hydroxide, (1.0 M aqueous; 3.5 mL, 3.5 mmol) in EtOH,
2 mL). The reaction mixture was stirred at room temperature for
3 days, then poured into cold water (100 mL). The mixture was
stirred for 30 min, then the solids were filtered, rinsed with water
(20 mL), and dried to provide 123 mg (95%) of product as a brown
powder (94% purity by analytical HPLC): mp >300 �C; 1H NMR
(DMSO-d6) d 11.67 (s, 2H), 9.50 (s, 2H), 7.98 (s, 4H), 7.71 (s, 2H),
7.50 (s, br, 2H), 7.38 (s, br, 2H), 7.00 (s, 2H), 5.77 (s, 4H); m/z ex-
pected 424.2, found 425.6 (M+H)+.

5.2.19. 1,4-Bis[6-(N0-acetoxycarbamimidoyl)indol-2-yl]benzene
(23)

To a solution of 1,4-bis[6-(N0-hydroxycarbamimidoyl)indol-2-
yl]benzene (22; 191 mg, 0.45 mmol) in acetic acid (4.0 mL) was
added acetic anhydride (160 lL, 1.7 mmol). The mixture was stir-
red at room temperature for 20 h, then the solvent was removed
under reduced pressure to provide 282 mg (100%) of product as a
yellow solid: mp >300 �C; 1H NMR (DMSO-d6) d 11.96 (s, 2H),
11.80 (s, 2H), 8.01 (s, 4H), 7.80 (s, 2H), 7.59 (d, 2H), 7.38 (d, 2H),
7.06 (s, 2H), 6.75 (s, 4H), 2.16 (s, 6H), 1.91 (s, 6H).

5.2.20. 1,4-Bis[6-(carbamimidoyl)indol-2-yl]benzene (24; as
hydrochloric acid salt)

To a suspension of 1,4-bis[6-(N0-acetoxycarbamimidoyl)indol-
2-yl]benzene (23; 78 mg, 0.15 mmol) in a 3:1 solution of EtOH/ace-
tic acid (8 mL), was added 5% palladium on carbon (10 mg). The
mixture was hydrogenated at 45 psi in a Parr apparatus for 3 days.
The resulting solution was filtered through Celite and rinsed with
EtOH (10 mL). To the filtrate was added aqueous HCl (1.0 M,
1.0 mL, 1.0 mmol). The filtrate was then evaporated under vacuum
to provide 71 mg (100%) of product as a yellow powder: mp
>300 �C; 1H NMR (DMSO-d6) d 12.37 (s, 2H), 9.27 (s, 4H), 8.85 (s,
4H), 8.12 (s, 4H), 7.94 (s, 2H), 7.77 (d, 2H), 7.45 (d, 2H), 7.21 (s,
2H); m/z expected 392.2, found 393.6 (M+H)+.

5.2.21. 1,4-Bis[6-(carbamohydrazonoyl)indol-2-yl]benzene (25;
as hydrochloric acid salt)

To a solution of 1,4-bis{6-[ethoxy(imino)methyl]indol-2-
yl}benzene hydrochloride (21; 160 mg, 0.31 mmol) in absolute
ethanol (20 mL) was added hydrazine (195 lL, 0.61 mmol). The
reaction mixture was allowed to stand at room temperature for
4 days, then ether (20 mL) was added to reaction mixture. The
resulting brown solid was filtered and washed with water to afford
115 mg (89%) of product as a brown solid (88% purity by analytical
HPLC): mp >300 �C; 1H NMR (DMSO-d6) d 12.38 (s, 2H), 10.90 (s,
2H), 9.38 (s, 2H), 8.73 (s, 2H), 8.12 (s, 4H), 7.84 (s, 2H), 7.75 (d,
2H), 7.35 (d, 2H), 7.181 (s, 2H), 5.28 (s, br, 4H); m/z expected
422.2, found 423.5 (M+H)+.

5.2.22. 1,4-Bis[6-(carbamoyl)indol-2-yl]benzene (26)
A solution of 1,4,-bis(6-cyanoindol-2-yl)benzene (5; 169 mg,

0.47 mmol) in 4:1 TFA/H2SO4 (2.5 mL) was stirred at room temper-
ature for 17 h. The resulting mixture was then poured into cold
water (50 mL). The resulting solids were filtered, rinsed with water
(10 mL), and dried to provide 163 mg (88%) of product as a brown
powder (87% purity by analytical HPLC): mp >300 �C; 1H NMR
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(DMSO-d6) d 11.85 (s, 2H), 8.03 (s, 4H), 8.0–7.9 (s, br, 2H), 7.96 (s,
2H), 7.57 (s, 4H), 7.25–7.15 (s, br, 2H), 7.06 (s, 2H); m/z expected
394.1, found 395.1 (M+H)+.

5.2.23. 1,4-Bis[6-(aminomethyl)indol-2-yl]benzene (27; as
trifluoroacetic acid salt)

To a solution of 1,4,-bis(6-cyanoindol-2-yl)benzene (5; 300 mg,
0.84 mmol) in EtOH (50 mL) and EtOAc (25 mL) was added Raney
nickel (�4 mL of aqueous slurry). The mixture was hydrogenated
at 40 psi in a Parr apparatus for 3 days. The resulting yellow
suspension was carefully decanted, and the solvent was removed
under vacuum. The crude material was subjected to C18-reverse
phase flash chromatography with a gradient of 30–100% CH3CN/
H2O, each containing 0.2% TFA. Product-containing fractions were
pooled and evaporated to provide 150 mg (30%) of product as a
red solid: mp >300 �C; 1H NMR (DMSO-d6) d 11.78 (s, br, 2H),
8.21 (s, br, 6H), 8.07 (s, 4H), 7.59 (d, 2H), 7.52 (s, 2H), 7.11 (d,
2H), 7.02 (s, 2H), 4.13 (dd, 4H); m/z expected 366.2, found 350.8
(M�NH2)�.

5.2.24. 2,5-Bis(4-cyano-2-nitrostyryl)furan (28a)
Furan-2,5-dicarboxaldehyde (197 mg, 1.6 mmol) and 4-cyano-

2-nitrotoluene (12; 600 mg, 3.7 mmol) were dissolved in sulfolane
(1 mL) to which was added piperidine (200 lL, 2.0 mmol). The
mixture was heated to 150 �C in a sealed tube for 30 min, produc-
ing a dark suspension. The reaction was cooled to room tempera-
ture, and MeOH (5 mL) and Et2O (5 mL) were added. The solids
were triturated, filtered, rinsed with Et2O, and dried to yield
417 mg (64%) of product as a brown powder. Material is too insol-
uble for 1H NMR evaluation.

5.2.25. 2,5-Bis(4-cyano-2-nitrostyryl)thiophene (28b)
Thiophene-2,5-dicarboxaldehyde (700 mg, 5.0 mmol) and 4-cy-

ano-2-nitrotoluene (12; 1.65 g, 5.0 mmol) were dissolved in sulfo-
lane (2 mL) to which was added piperidine (250 lL, 2.5 mmol). The
mixture was heated to 150 �C in a sealed tube for 30 min, produc-
ing a dark suspension. The reaction was cooled, and MeOH (50 mL)
was added. The solids were triturated with 1:1 MeOH/Et2O
(50 mL), filtered, rinsed with Et2O, and dried to yield 1.76 g (82%)
of product as a brown powder. Material is too insoluble for 1H
NMR evaluation.

5.2.26. 2,5-Bis(6-cyanoindol-2-yl)furan (29a)
2,5-Bis(4-cyano-2-nitrostyryl)furan (28a; 390 mg, 0.95 mmol)

was suspended in triethyl phosphite (15 mL) and heated to gentle
reflux (170 �C oil bath) for 16 h. The excess phosphite was removed
under vacuum, and the resulting dark residue was adsorbed onto
silica gel (100 mL) by evaporation from CH2Cl2. The product was
placed onto additional clean silica gel (100 mL), and eluted from
the silica gel with 8:1 acetone/EtOAc until no more product was
obtained. The filtrate was evaporated, and the residue was recrys-
tallized from boiling CH3CN/acetone to yield 121 mg (37%) of prod-
uct as an orange-brown solid: mp >300 �C; Rf 0.43 (1:1 hexane/
EtOAc) 1H NMR (DMSO-d6) d 12.24 (s, 2H), 7.88 (s, 2 h), 7.75 (d,
2H), 7.38 (s, 2H), 7.21 (d, 2H), 7.05 (s, 2H).

5.2.27. 2,5-Bis(6-cyanoindol-2-yl)thiophene (29b)
2,5-Bis(4-cyano-2-nitrostyryl)thiophene (28b; 1.76 g,

4.1 mmol) was suspended in triethyl phosphite (50 mL) and
heated to gentle reflux (170 �C oil bath) for 16 h. The excess phos-
phite was removed under vacuum, and the resulting dark residue
was adsorbed onto silica gel (200 mL) by evaporation from CH2-

Cl2. The product was placed onto additional clean silica gel
(100 mL), and eluted from the silica gel with 4:1 acetone/EtOAc
until no more product was obtained. The filtrate was evaporated,
and the residue was recrystallized from boiling CH3CN/acetone to
yield 397 mg (26%) of product as an orange-brown solid: mp
>300 �C; Rf 0.42 (1:1 hexane/EtOAc); 1H NMR (DMSO-d6) d
12.28 (s, 2H), 7.84 (s, 2 h), 7.71 (d, 2H), 7.70 (s, 2H), 7.36 (d,
2H), 6.93 (s, 2H).

5.2.28. 2,5-Bis[6-(4,5-dihydro-1H-imidazol-2-yl)indol-2-yl]
furan (30a; as trifluoroacetic acid salt)

To a solution of 2,5-bis(6-cyanoindol-2-yl)furan (29a; 96 mg,
0.28 mmol) in ethylenediamine (2 mL) was added phosphorous
pentasulfide (12 mg, 0.05 mmol). The mixture was heated in a
sealed tube at 120 �C for 3 h, then cooled to room temperature
and poured into water (50 mL). The resulting solid was rinsed with
water (50 mL) and dried under vacuum. The solids thus obtained
were complete dissolved in trifluoroacetic acid (2 mL) with gentle
warming. The yellow solution was diluted with MeOH (2 mL), then
poured into Et2O (40 mL). The resulting yellow precipitate was fil-
tered and dried under vacuum to constant weight to provide
163 mg (95%) of product as a yellow powder: mp dec >220 �C; Rf

0.13 (80:18:2 CHCl3:MeOH:aq MeNH2); 1H NMR (DMSO-d6) d
12.43 (s, 2H), 10.43 (s, 4H), 8.06 (s, 2H), 7.82 (d, 2H), 7.59 (d,
2H), 7.28 (s, 2H), 7.09 (s, 2H), 4.03 (s, 8H); m/z expected 434.2,
found 435.0 (M+H)+.

5.2.29. 2,5-Bis[6-(4,5-dihydro-1H-imidazol-2-yl)indol-2-yl]
thiophene (30b; as trifluoroacetic acid salt)

To a solution of 2,5-bis(6-cyanoindol-2-yl)thiophene (29b;
100 mg, 0.27 mmol) in ethylenediamine (2 mL) was added phos-
phorous pentasulfide (12 mg, 0.05 mmol). The mixture was heated
in a sealed tube at 120 �C for 4 h, then cooled to room temperature
and poured into water (50 mL). The resulting solid was rinsed with
water (50 mL) and dried under vacuum. The solids thus obtained
were complete dissolved in trifluoroacetic acid (2.5 mL) with gen-
tle warming. The yellow solution was diluted with MeOH (2.5 mL),
then poured into Et2O (40 mL). The resulting yellow precipitate
was filtered and dried under vacuum to constant weight to provide
173 mg (95%) of product as a yellow-orange powder: mp >300 �C
1H NMR (DMSO-d6) d 12.48 (s, 2H), 10.42 (s, 4H), 8.04 (s, 2H),
7.78 (d, 2H), 7.77 (s, 2H), 7.57 (d, 2H), 6.96 (s, 2H), 4.03 (s, 8H);
m/z expected 450.2, found 226.5 (M+2H+)/2.

5.2.30. N-Boc-2-(5-bromopyridin-2-yl)indole-6-carbonitrile (31)
To a solution of N-Boc-6-cyanoindole-2-boronic acid (9; 25.0 g,

87.4 mmol) and 2-iodo-5-bromopyridine (24.73 g, 87.4 mmol) in
toluene (850 mL) and ethanol (80 mL) were added an aqueous
solution of sodium carbonate (2.0 M, 87.5 mL, 175 mmol), and
tetrakis(triphenylphosphine)palladium (2.52 g, 2.2 mmol. The
resulting mixture was refluxed for 5 h under an argon atmo-
sphere, then cooled to room temperature and diluted with water
(250 mL). The organic layer was separated and the aqueous layer
was extracted with EtOAc (250 mL). The combined organic ex-
tracts were washed with aqueous sodium carbonate (125 mL),
water (250 mL � 2), and brine (250 mL), then dried over sodium
sulfate, and filtered. The filtrate was evaporated to provide a res-
idue which was subjected to flash chromatography on silica gel
with 5% EtOAc/hexane. Product-containing fractions were pooled
and evaporated to provide 20.7 g (62%) of product as a white so-
lid: Rf 0.41 (3:1 hexane/EtOAc); 1H NMR (DMSO-d6) d 8.73 (s, 1H),
8.50 (s, 1H), 7.92 (dd, 1H), 7.64 (d, 1H), 7.49 (d, 1H), 7.42 (d, 1H),
6.80 (s, 1H), 1.38 (s, 9H).

5.2.31. 2,5-Bis(N-Boc-6-cyanoindol-2-yl)pyridine (32)
To solution of N-Boc-2-(5-bromopyridin-2-yl)indole-6-carboni-

trile (31; 269 mg, 0.68 mmol) and N-Boc-6-cyanoindole-2-boronic
acid (9; 387 mg, 1.35 mmol) dissolved in toluene (14 mL) were
added tetrakis(triphenylphosphine)palladium (0) (79 mg,
0.07 mmol) and aqueous sodium carbonate (1.0 M, 4.0 mL,
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4.0 mmol). The resulting mixture was heated to 80 �C for 7 h, then
cooled to room temperature and poured into EtOAc (10 mL) and
water (5 mL). The organic layer was separated, and the aqueous
layer was extracted with EtOAc (2 � 10 mL). The combined organic
extracts were evaporated, and the residue was subjected to flash
chromatography on silica gel with 0–75% EtOAc/hexane.
Product-containing fractions were pooled and evaporated to
provide 146 mg (38%) of product as a pale yellow solid: Rf 0.23
(1:1 hexane/EtOAc); 1H NMR (CDCl3) d 8.77 (s, 1H), 8.56 (s, 1H),
8.51 (s, 1H), 7.89 (dd, 1H), 7.70–7.62 (m, 3H), 7.56–7.51 (m, 2H),
6.88 (s, 1H), 6.74 (s, 1H), 1.48 (s, 9H), 1.43 (s, 9H).

5.2.32. 2,5-Bis[6-(4,5-dihydro-1H-imidazol-2-yl)indol-2-yl]
pyridine (33; as acetic acid salt)

To a solution of 2,5-bis(N-Boc-6-cyanoindol-2-yl)pyridine (32;
116 mg, 0.21 mmol) in ethylenediamine (2.0 mL) was added phos-
phorous pentasulfide (46 mg, 0.21 mmol). The reaction mixture
was heated to 120 �C in a sealed tube for 3 h, the cooled to room
temperature and poured into water (10 mL). The mixture was stir-
red for 30 min, then the solids were filtered, washed with water
(5 mL), and dried to provide a yellow solid. The solid was dissolved
in water (100 mL) and acetic acid (10 mL). The yellow solution was
lyophilized to provide 90 mg (68%) of product as a yellow powder:
mp >300 �C; 1H NMR (DMSO-d6) d 9.20 (d, 1H), 8.38 (d, 1H), 8.16
(d, 1H), 7.98 (s, 1H), 7.93 (s, 1H), 7.63–7.51 (m, 4H), 7.27 (s, 1H),
7.18 (s, 1H), 3.67 (s, 4H), 3.66 (s, 4H), 1.88 (s, 9H); m/z expected
445.2, found 224.1 (M+2H+)/2.

5.2.33. 2,5-Bis(N-Boc-6-cyanoindol-2-yl)pyrazine (34)
To a solution of N-Boc-6-cyanoindole-2-boronic acid (9; 0.31 g,

1.08 mmol), in 1,2-DME (12 mL) were added 2,5-dibromopyrazine
(0.10 g, 0.42 mmol), Pd(Ph3P)4 (243 mg, 0.21 mmol), Na2CO3

(268 mg, 2.53 mmol), and water (3 mL). The mixture was stirred
and heated to 78 �C for 6 h, the cooled to 5 �C overnight, and fil-
tered. The resulting solid was rinsed with water (10 mL) and dried
to provide 0.24 g (100%) as pale yellow solid: Rf 0.17 (3:1 hexane/
EtOAc). This crude material was used for the next step without fur-
ther purification.

5.2.34. 2,5-Bis[6-(imidazolin-2-yl)indol-2-yl]pyrazine (35; as
acetic acid salt)

To a solution of 2,5-Bis(N-Boc-6-cyanoindol-2-yl)pyrazine (34;
116 mg, 0.21 mmol) in ethylenediamine (2 mL) was added phos-
phorous pentasulfide (28 mg, 0.13 mmol). The mixture was heated
in a sealed tube at 130 �C for 4 h, then cooled to room temperature
and water (5 mL) was added. The suspension was filtered. The solid
was rinsed with water (20 mL) and dried in vacuum to provide
90 mg yellow powder. The powder was suspended in water
(14 mL) and acetic acid (40 lL) was added. After stirring for 24 h,
the cloudy solution was filtered through a 0.45 lm pore sized PTFE
membrane. The filtrate was lyophilized to provide 38 mg (32%) of
product as a yellow powder: mp >300 �C 1H NMR (DMSO-d6) d
12.14 (br s, 2H), 9.34 (s, 2H), 7.99 (s, 2H), 7.65 (d, 2H), 7.55 (d,
2H), 7.44 (s, 2H), 3.65 (s, 8H), 1.88 (s, 6H, AcOH); m/z expected
446.2, found 224.5 (M+2H+)/2.

5.2.35. 1,2-Bis(6-cyanoindol-2-yl)ethane (36)
To a solution of (E)-1,2-bis(6-cyanoindol-2-yl)ethylene (13;

200 mg, 0.65 mmol) in EtOH (40 mL) was added 5% palladium on
carbon (300 mg). The mixture was hydrogenated at 30 psi in a Parr
apparatus for 7 h. The mixture was filtered through Celite, and the
solids rinsed with additional EtOH (10 mL). The filtrate was evap-
orated to dryness to provide 205 mg (100%) of crude product which
was used without further purification: 1H NMR (DMSO-d6) d 11.67
(br, 2H); 7.77 (s, 2H); 7.55 (d, 2H); 7.26 (d, 2H); 6.37 (s, 2H); 3.24
(s, 4H).
5.2.36. 1,2-Bis[6-(3,4,5,6-tetrahydropyrimidin-2-yl)indol-2-yl]
ethane (37; as trifluoroacetic acid salt)

To a solution of 1,2-bis(6-cyanoindol-2-yl)ethane (36; 205 mg,
0.65 mmol) in 1,3-diaminopropane (3 mL) was added phosphorous
pentasulfide (164 mg, 0.74 mmol). The mixture was heated to
120 �C in a sealed tube for 2 h, then cooled to room temperature
and poured into cold water (5 mL). The mixture was centrifuged,
and the aqueous layer decanted. The solids were resuspended
and centrifuged again. After decanting the liquid, the resulting
red-brown solid was subjected to preparative HPLC purification
with a gradient of 20–100% CH3CN/H2O, each containing 0.2%
TFA. Product-containing fractions were pooled, and the CH3CN re-
moved under vacuum. The remaining aqueous solution was lyoph-
ilized to provide 21 mg (5%) of product as a yellow powder: 1H
NMR (DMSO-d6) d 11.75 (br, 1H), 9.72 (br, 4H), 7.70 (s, 2H), 7.60
(d, 2H), 7.25 (d, 2H), 6.36 (s, 2H), 3.49 (t, 8H), 3.27 (s, 4H); 1.99
(quint, 4H); m/z expected 424.2, found 213.7 (M+2H+)/2.

5.2.37. 1,7-Bis-(4-cyano-2-nitrophenyl)-1,6-heptadiene (39a)
To a solution of of pentamethylene bis(triphenylphosphonium)

bromide (1.18 g, 1.56 mmol) in dry THF (20 mL) cooled to 0 �C was
added a solution of sodium hexamethyldisilazide in THF (2.0 M,
1.56 mL 3.12 mmol), dropwise over 10 min. The solution was stir-
red at 0 �C for 35 min, then cooled to �78 �C. A solution of 2-nitro-
4-cyano-benzaldehyde45 (38; 0.55 g, 3.12 mmol) in dry THF
(5.0 mL) was added dropwise over 5 min. The resulting brown
solution was stirred at �78 �C for 30 min, then warmed to room
temperature and stirred an additional 16 h. The reaction mixture
was poured into an aqueous solution of citric acid (10%, 30 mL)
and product was extracted with dichloromethane (2 � 30 mL).
The combined organic extracts were filtered through a pad of silica
gel, and rinsed with CH2Cl2 (20 mL). The filtrate was evaporated
and the residue subjected to flash chromatography on silica gel
with 1:1 hexane/EtOAc. Product-containing fractions were pooled
and evaporated to provide 0.33 g (60%) of product as yellow solid:
Rf 0.70 (1:1 hexane/EtOAc); 1H NMR (CDCl3) d 8.27–8.15 (m, 2H),
7.85–7.42 (m, 4H), 6.95–6.63 (m, 2H), 6.44–6.21 (m, 1H), 6.00–
5.80 (m, 1H), 2.48–2.00 (m, 4H), 1.79–1.58 (m, 2H).

5.2.38. 1,8-Bis-(4-cyano-2-nitrophenyl)-1,7-octadiene (39b)
To a solution of hexamethylene bis(triphenylphosphonium)

bromide (4.0 g, 5.22 mmol) in dry THF (50 mL) cooled to 0 �C was
added a solution of sodium hexamethyldisilazide in THF (2.0 M,
5.23 mL, 10.5 mmol), dropwise over 10 min. The solution was
stirred at 0 �C for 35 min, then cooled to �78 �C. A solution of 2-ni-
tro-4-cyano-benzaldehyde45 (38; 1.84 g, 10.45 mmol) in dry THF
(10 mL) was added dropwise over 5 min. The resulting brown
solution was stirred at �78 �C for 30 min, then warmed to room
temperature and stirred an additional 16 h. The reaction mixture
was poured into an aqueous solution of citric acid (10%, 30 mL)
and product was extracted with dichloromethane (2 � 50 mL).
The combined organic extracts were filtered through a pad of silica
gel, and rinsed with CH2Cl2 (50 mL). The filtrate was evaporated
and the residue subjected to flash chromatography on silica gel
with 1% MeOH/CHCl3. Product-containing fractions were pooled
and evaporated to provide 1.55 g (55%) of product as yellow solid:
Rf 0.71 (1% MeOH/CHCl3); 1H NMR (CDCl3) d 8.28 (s, 1H), 8.17 (s,
1H), 7.85-7.69 (m, 3H), 7.52–7.45 (m, 1H), 6.90–6.66 (m, 2H),
6.46–6.29 (m, 1H), 6.00–5.85 (m, 1H), 2.35–1.92 (m, 4H), 1.60–
1.35 (m, 4H).

5.2.39. 1-(6-Cyanoindol-2-yl)-3-(N-ethoxy-6-cyanoindol-2-yl)
propane (40a) and 1,3-bis(N-ethoxy-6-cyanoindol-2-yl)propane
(41a)

A solution of 1,7-bis-(4-cyano-2-nitrophenyl)-1,6-heptadiene
(39a; 84 mg, 0.22 mmol) in triethyl phosphite (3 mL) was heated
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at 160 �C for 18 h in a sealed tube, then cooled to room tempera-
ture. The solvent was evaporated, and the residue was subjected
to flash chromatography on silica gel with 4:1 toluene/EtOAc.
Product-containing fractions were pooled and evaporated to pro-
vide 21 mg (20%) of 40a and 24 mg (21%) of 41a as yellow solids:
40a: Rf 0.70 (1:1 hexane/EtOAc); 1H NMR (CDCl3) d 8.50 (s, br,
1H), 7.64–7.50 (m, 4H), 7.31–7.14 (m, 2H), 6.38 (s, 1H), 6.22 (s,
1H), 4.20 (q, 2H), 2.88 (m, 4H), 2.21 (m, 2H), 1.35 (t, 3H). 41a: Rf

0.60 (1:1 hexane/EtOAc); 1H NMR (CDCl3) d 7.60 (s, 2H), 7.47 (d,
2H), 7.23 (dd, 2H), 6.16 (s, 2H), 4.15 (q, 4H), 2.86 (t, 4H), 2.16
(quint, 2H), 1.37 (t, 6H).

5.2.40. 1-(6-Cyanoindol-2-yl)-4-(N-ethoxy-6-cyanoindol-2-yl)
butane (40b) and 1,4-bis(N-ethoxy-6-cyanoindol-2-yl)butane
(41b)

A solution of 1,8-bis-(4-cyano-2-nitrophenyl)-1,6-octadiene
(39b; 310 mg, 0.77 mmol) in triethyl phosphite (4 mL)was heated
at 160 �C for 18 h in a sealed tube, then cooled to room tempera-
ture. The solvent was evaporated, and the residue was subjected
to flash chromatography on silica gel with hexane (1 CV) then tol-
uene (1 CV), then 1% MeOH/CHCl3. Product-containing fractions
were pooled and evaporated to provide 77 mg (22%) of 41b and
51 mg (16%) of 40b as yellow solids: 40b: Rf 0.60 (1% MeOH/CH2-

Cl2); 1H NMR (CD3OD) d 7.77 (s, 1H), 7.65 (s, 1H), 7.60–7.53 (m,
2H), 7.31–7.22 (m, 2H), 6.33 (s, 1H), 6.24 (s, 1H), 4.27 (q, 2H),
2.91 (t, 4H), 1.90 (quint, 4H), 1.38 (t, 3H). 41b: Rf 0.70 (1%
MeOH/CH2Cl2); 1H NMR (CDCl3) d 7.63 (s, 2H), 7.49 (d, 2H), 7.25
(dd, 2H), 6.15 (s, 2H), 4.20 (q, 4H), 2.90 (m, 4H), 1.91 (m, 4H),
1.42 (t, 6H).

5.2.41. 1,3-Bis[6-(3,4,5,6-tetrahydropyrimidin-2-yl)indol-2-yl]
propane (44a)

To a solution of 1-(6-cyanoindol-2-yl)-3-(N-ethoxy-6-cyano-
indol-2-yl)propane (40a; 21 mg, 0.06 mmol) and 1,3-bis(N-eth-
oxy-6-cyanoindol-2-yl)propane (41a; 16 mg, 0.04 mmol) in 1.3-
diaminopropane (1.5 mL) was added phosphorous pentasulfide
(25 mg, 0.11 mmol). The mixture was heated to 145 �C in a sealed
tube for 3 h, then cooled to room temperature. The mixture was
poured into cold water (3 mL), then centrifuged for 15 min. The
aqueous supernatant was carefully decanted, the solids resus-
pended, and the process repeated two more times. The remaining
solids were dissolved in MeOH (3 mL), to which was added Raney
nickel (�1 mL of aqueous slurry). The mixture was hydrogenated
at atmospheric pressure and 55 �C for 3 h. The suspension was fil-
tered through Celite, and rinsed with MeOH (10 mL). The filtrate
was evaporated to provide 7.5 mg (42%) of the product as a yel-
low solid: mp >300 �C; 1H NMR (CD3OD) d 7.68 (s, 2H), 7.56 (d,
2H), 7.27 (d, 2H), 6.33 (s, 2H), 3.55 (t, 8H), 2.89 (t, 4H), 2.21 (m,
2H), 2.06 (quint, 4H); m/z expected 438.3, found 220.6
(M+2H+)/2.

5.2.42. 1,4-Bis[6-(3,4,5,6-tetrahydropyrimidin-2-yl)indol-2-yl]
butane (44b)

To a solution of 1-(6-cyanoindol-2-yl)-3-(N-ethoxy-6-cyano-
indol-2-yl)propane (40b; 51 mg, 0.10 mmol) and 1,3-bis(N-eth-
oxy-6-cyanoindol-2-yl)propane (41b; 77 mg, 0.14 mmol) in
1.3-diaminopropane (2.0 mL) was added phosphorous pentasul-
fide (100 mg, 0.45 mmol). The mixture was heated to 140 �C in
a sealed tube for 3.5 h, then cooled to room temperature. The
mixture was poured into cold water (3 mL), then centrifuged
for 15 min. The aqueous supernatant was carefully decanted,
the solids resuspended, and the process repeated two more times.
The remaining solids were dissolved in MeOH (8 mL), to which
was added Raney nickel (�3 mL of aqueous slurry). The mixture
was hydrogenated at atmospheric pressure and 55 �C for 15 h.
The suspension was filtered through Celite, and rinsed with
MeOH (25 mL). The filtrate was evaporated to provide 90 mg
(90%) of the product as a yellow solid: mp >300 �C; 1H NMR (CD3-

OD) d 7.66 (s, 2H), 7.57 (d, 2H), 7.25 (d, 2H), 6.29 (s, 2H), 3.58 (t,
8H), 2.83 (t, 4H), 2.20 (quint, 4H), 1.86 (quint, 4H); m/z expected
452.3, found 227.7 (M+2H+)/2.

5.2.43. (E)-1,2-Bis[6-(3,4,5,6-tetrahydropyrimidin-2-yl)indol-2-yl]
ethylene (45; as trifluoroacetic acid salt)

To a solution of (E)-1,2-bis(6-cyanoindol-2-yl)ethylene (13;
100 mg, 0.32 mmol) in 1,3-diaminopropane (1.0 mL) was added
phosphorous pentasulfide (20 mg, 0.09 mmol). The mixture was
heated to 110 �C for 30 min in a microwave reaction station, then
allowed to cool to room temperature. The mixture was poured into
cold water (1 mL), then centrifuged for 15 min. The aqueous super-
natant was carefully decanted, the solids resuspended, and the
process repeated two more times. The remaining solids were sub-
jected to preparative HPLC purification with a gradient of 10–100%
CH3CN/H2O over 10 min; each solvent contained 0.2% TFA. Prod-
uct-containing fractions were pooled, and the CH3CN removed un-
der vacuum. The remaining aqueous solution was lyophilized to
provide 49 mg (23%) of product as a brown solid: mp >300 �C; 1H
NMR (DMSO-d6) d 7.74 (s, 2H); 7.69 (d, 2H); 7.30 (dd, 2H); 7.29
(s, 2H); 6.73 (s, 2H); 3.62 (t, 8H); 2.15 (quint, 4H); m/z expected
422.2, 212.3 (M+2H+)/2.

5.2.44. 2,5-Bis[6-(3,4,5,6-tetrahydropyrimidin-2-yl)indol-2-yl]
thiophene (46; as acetic acid salt)

To a suspension of 2,5-bis(6-cyanoindol-2-yl)thiophene (29b;
0.57 g, 1.6 mmol) in 1,3-diaminopropane (10 mL) was added phos-
phorous pentasulfide (120 mg, 0.54 mmol). The mixture was
heated in a sealed tube at 120 �C for 2 h. then cooled to room tem-
perature. The mixture was poured into cold water (200 mL), then
centrifuged for 15 min. The aqueous supernatant was carefully
decanted, the solids resuspended, and the process repeated two
more times. The remaining solids were dissolved with boiling
AcOH (5.0 mL) and MeOH (5.0 mL). The liquid was filtered, then
poured into Et2O (150 mL). The resulting suspension was stirred
30 min, then filtered, rinsed with Et2O (40 mL), and dried to pro-
vide 0.38 g (34%) of product as a yellow powder: mp >300 �C; 1H
NMR (DMSO-d6/D2O) d 7.89 (s, 2H), 7.71 (d, 4H), 7.34 (d, 2H),
6.90 (s, 2H), 3.51 (s, br, 8H), 1.98 (s, 4H), 1.77 (s, 12H); m/z ex-
pected 478.2, found 240.6 (M+2H+)/2.

5.2.45. 2,5-Bis[6-(3,4,5,6-tetrahydropyrimidin-2-yl)indol-2-yl]
pyridine (47; as acetic acid salt)

To a suspension of 2,5-bis(N-Boc-6-cyanoindol-2-yl)pyridine
(32; 130 mg, 0.26 mmol) in 1,3-diaminopropane (10 mL) was
added phosphorous pentasulfide (45 mg, 0.20 mmol). The sus-
pension was heated in a sealed vessel to 120 �C (oil bath) for
2 h, then cooled to room temperature and poured into water
(200 mL). The resulting yellow suspension was stirred for
30 min, then filtered. The solids were rinsed with water
(100 mL), then dried under vacuum to yield a yellow powder.
The powder was dissolved in acetic acid (8 mL) and MeOH
(4 mL) with heating. The yellow solution was diluted rapidly with
Et2O (100 mL). The resulting solids were filtered, rinsed with Et2O
(50 mL), and dried to provide 219 mg g (85%) of product as a yel-
low powder: mp >300 �C; 1H NMR (DMSO-d6/D2O) d 9.26 (s, 1H),
8.45 (d, 1H), 8.22 (d, 1H), 7.91 (d, 2H), 7.81 (t, 2H), 7.38–7.29 (m,
4H), 3.53 (s, br, 8H), 2.01 (s, br, 4H), 1.80 (s, 12H); m/z expected
473.2, found 238.2 (M+2H+)/2.

5.2.46. 2,5-Bis[6-(3,4,5,6-tetrahydropyrimidin-2-yl]pyrazine
(48; as acetic acid salt)

To a solution of 2,5-Bis(N-Boc-6-cyanoindol-2-yl)pyrazine (34;
116 mg, 0.21 mmol) in 1,3-diaminopropane (2 mL) was added
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phosphorous pentasulfide (28 mg, 0.13 mmol). The mixture was
heated in a sealed tube at 130 �C for 4 h, then cooled to room tem-
perature and water (5 mL) was added. The suspension was filtered
and the solids rinsed with water (20 mL) and dried in vacuum to
provide a yellow powder. The powder was suspended in water
(14 mL) and acetic acid (40 lL) was added. After stirring for 24 h,
the cloudy solution was filtered through a 0.45 lm pore sized PTFE
membrane. The filtrate was lyophilized to provide 46 mg (37%) of
product as a yellow powder: mp >300 �C 1H NMR (MeOd-d4) d
9.24 (s, 2H),7.89 (s, 2H), 7.83 (d, 2H), 7.39 (s, 2H), 7.35 (d, 2H),
3.62 (t, 8H), 2.14 (pent, 4H), 1.90 (s, 6H); m/z expected 474.2, found
238.5 (M+2H+)/2.

5.2.47. 2,5-Bis[3-fluoro-6-(3,4,5,6-tetrahydropyrimidin-2-yl)
indol-2-yl]benzene (49; as trifluoroacetic acid salt)

To a stirred slurry of 2,5-bis[6-(3,4,5,6-tetrahydropyrimidin-2-
yl)indol-2-yl]benzene (19a; 200 mg, 0.42 mmol) in DMF (2 mL)
was added Selectfluor� (300 mg, 0.85 mmol). The slurry was stirred
at room temperature for 1.5 h, then added to cold brine (5 mL). The
suspension was allowed to stand for 20 min, and was then centri-
fuged for 15 min. The aqueous supernatant was carefully decanted,
the solids resuspended, and the process repeated two more times.
The remaining solids were subjected to preparative HPLC purifica-
tion with a gradient of 30–90% CH3CN/H2O, each containing 0.2%
TFA. Product-containing fractions were pooled, and the CH3CN re-
moved under vacuum. The remaining aqueous solution was lyoph-
ilized to provide 24 mg (8%) of product as a yellow-green powder:
mp >300 �C; 1H NMR (DMSO-d6) d 12.35 (s, br, 2H), 10.00 (s, br,
4H), 8.38 (s, 4H), 7.87 (s, 2H), 7.85 (d, 2H), 7.46 (d, 2H), 3.90 (br,
8H), 2.08 (br, 4H); m/z expected 508.3, found 255.6 (M+2H+)/2.

5.2.48. 2,5-Bis[3-chloro-6-(3,4,5,6-tetrahydropyrimidin-2-yl)
indol-2-yl]benzene (50; as trifluoroacetic acid salt)

To a stirred slurry of 2,5-bis[6-(3,4,5,6-tetrahydropyrimidin-2-
yl)indol-2-yl]benzene (19a [as TFA salt]; 100 mg, 0.14 mmol) in
DMF (2 mL) was added N-chlorosuccinimide (42 mg, 0.31 mmol).
The slurry was stirred at room temperature for 29 h, then added
to cold water (2 mL). The suspension was allowed to stand for
20 min, and was then centrifuged for 15 min. The aqueous super-
natant was carefully decanted, the solids resuspended, and the
process repeated two more times. The remaining solids were
dried under vacuum to provide 66 mg (60%) of product as a yel-
low powder: mp >300 �C; 1H NMR (DMSO-d6) d 12.60 (s, br,
2H), 9.93 (s, br, 4H), 8.23 (s, 4H), 7.86 (s, 2H), 7.78 (d, 2H), 7.49
(d, 2H), 3.54 (t, 8H), 2.02 (t, 4H); m/z expected 540.2, found
271.5 (M+2H+)/2.

5.2.49. 2,5-Bis[3-bromo-6-(3,4,5,6-tetrahydropyrimidin-2-yl)
indol-2-yl]benzene (51; as trifluoroacetic acid salt)

To a stirred slurry of 2,5-bis[6-(3,4,5,6-tetrahydropyrimidin-2-
yl)indol-2-yl]benzene (19a [as TFA salt]; 100 mg, 0.14 mmol) in
DMF (2 mL) was added N-bromosuccinimide (56 mg, 0.31 mmol).
The slurry was stirred at room temperature for 5 h, then added
to cold water (2 mL). The suspension was allowed to stand for
20 min, and was then centrifuged for 15 min. The aqueous super-
natant was carefully decanted, the solids resuspended, and the
process repeated two more times. The remaining solids were dried
under vacuum to provide 85 mg (69%) of product as a yellow pow-
der: mp >300 �C; 1H NMR (CD3OD) d 8.15 (s, 4H), 7.89 (s, 2H), 7.75
(d, 2H), 7.48 (d, 2H), 3.66 (t, 8H), 2.17 (t, 4H); m/z expected 628.1,
found 316.4 (M+2H+)/2.
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