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Abstract The recognition of noncanonical DNA and RNA architectures
such as guanine quadruplexes by small molecule ligands has become a
promising strategy for anticancer and antiviral applications in recent
years, leading to an exponential increase in the number of quadruplex
ligands reported in the literature. There is consequently a need for
‘benchmark’ compounds which can be used as controls to facilitate
comparisons between novel and previously reported ligands. One can-
didate for this role is Phen-DC3, which binds with high affinity and se-
lectivity to guanine quadruplexes. To encourage its use in this role, an
alternate synthetic route for the production of Phen-DC3 that may be
more appropriate for implementation on a large scale is reported. This
pathway eliminates the need for several hazardous reagents and in-
creases the overall synthetic yield from 21% to a maximum of 43%.
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The selective recognition of biologically relevant oligo-
nucleotide architectures by small molecules has become an
attractive strategy in recent years for anticancer1 and anti-
viral2 applications. One such architecture, the guanine qua-
druplex (G4), has been observed to form in transiently sin-
gle-stranded guanine-rich DNA or RNA sequences through
the cation-stabilized π-π stacking of guanine tetrads, each
composed of four guanines interacting through Hoogsteen-
type hydrogen bonding (Figure 1, a).3 The prevalence of G4-
forming sequences in the promoter region of oncogenes as
well as in telomeric DNA supports the exploration of G4s as
targets for anticancer therapeutics. The stabilization of
these architectures by small-molecule ligands can down-
regulate oncogene expression,1b decrease telomerase activi-
ty (thus potentially limiting the infinite proliferative ability
of 85% of cancer cells where telomerase is active),1d,4 induce
cell death,1c and interfere with DNA damage repair mecha-
nisms in cancer cells, making radiation therapy more effec-

tive.5 The presence of G4-forming sequences in the ge-
nomes of viruses such as HIV suggests that ligand-induced
stabilization of DNA and/or RNA G4s may also prove useful
in antiviral therapeutics.6

Figure 1  (a) Guanine tetrads stack into a G4 (hybrid topology shown 
here) in the presence of cations.3 (b) Top view of the complex formed 
between Phen-DC3 (red, counterions omitted) and the C-MYC G4 
shows extensive π-π stacking between guanine tetrads (blue) and the 
ligand (PDB ID 2MGN).7,8

In recognition of this potential, the number of ligands
developed to selectively recognize DNA and RNA G4s is
growing rapidly. There is therefore a pressing need for
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‘benchmark’ ligands that can be used as controls in bio-
physical and biochemical studies to ensure that variations
in experimental conditions do not prevent reliable compar-
isons to literature results. Ideally, such a ligand would ex-
hibit both high affinity binding to G4 and excellent selectiv-
ity for G4 over duplex architectures, so that it can be widely
used. One ligand which fulfils these criteria is Phen-DC3, a
bisquinolinium compound developed by Teulade-Fichou
and coworkers.7

These features are imparted by the extensive overlap of
the ligand’s π system with that of the quadruplex’s terminal
guanine tetrads, as can be seen in the NMR structure of
Phen-DC3 bound to a G4 formed in the C-MYC oncogene
promoter region (Figure 1, b).8a The extensive literature
available on biophysical and cell-based studies of the inter-
actions of Phen-DC3 with G4s makes this ligand an attrac-
tive point of comparison for novel G4 ligands.6c,d,7,8a,9 Unfor-
tunately, the feasibility of this application is currently limit-
ed due to the significant expense of milligram quantities of
commercially available Phen-DC3.

We therefore decided that it was worth revisiting the
synthesis of the ligand in order to (i) improve the overall
yield of synthesis and (ii) where possible, avoid the use of
reagents that may preclude synthesis on a large scale due to
safety considerations. To this end, we describe in this letter
a four-to-five step alternate route for the synthesis of Phen-
DC3 that eliminates the need for three hazardous and/or
toxic reagents and increases the overall yield from 21% to
36–43%.

The original synthesis of Phen-DC3 (see first three steps
in Scheme 1, a) involved a four-step pathway starting from
commercially available neocuproine (2,9-dimethyl-1,10-
phenanthroline).7 While developing an alternate synthetic
route for the bisquinolinium compound (Scheme 2), we de-
cided to exclude selenium dioxide as an oxidizing agent due

to its toxicity and concerns that traces of selenium might
remain present but undetected in the aldehyde derivative 1,
where purity was to be primarily assessed by comparison
of experimental and literature NMR data. It is also worth
noting that the scope of the selenium dioxide mediated oxi-
dation is limited and does not proceed when electron-with-
drawing substituents are present at the 4 and 7 positions of
the phenanthroline unit.10 Attempts to obtain compound
3 directly from neocuproine via oxidation with CrO3or
KMnO4 resulted in the formation of byproducts such as 5,6-
dihydro-5,6-dioxo-1,10-phenanthroline-2,9-dicarboxylic acid
and failed to generate 3 in any significant yield.11 As an al-
ternative strategy, neocuproine and its 4,7-substituted de-
rivatives can also readily undergo radical chlorination to
compound 2 in the presence of N-chlorosuccinimide
(NCS).12 Early reports of this reaction involved the use of
carbon tetrachloride as a solvent, which was undesirable
given its detrimental environmental impact and known
health hazards.13 Fortunately, the reaction also proceeds in
commercially available chloroform or chloroform/dichloro-
methane mixtures. Although the use of free radical initia-
tors such as m-chloroperoxybenzoic acid12b and the in situ
generation of a more reactive halogenating agent by reac-
tion of NCS with triphenylphosphine12c were briefly investi-
gated, in our hands the NCS-promoted conversion into 2
proceeded equally well in the absence of such additives,
provided that the procedure was followed under inert at-
mosphere. Reactions run in the presence of air afforded
complex mixtures.12d The optimized reaction was conse-
quently run in chloroform with slight stoichiometric excess
of NCS under an argon gas atmosphere, giving a 68% yield of
compound 2 after purification by column chromatogra-
phy.14,15 Subsequent hydrolysis of 2 in sulfuric acid10 afforded
pure dicarboxylic acid 3 in quantitative yields (Scheme 1, b).16

Scheme 1  (a) The first three steps in the previously reported synthesis of bisquinolinium ligand Phen-DC3 (41% overall yield).7 (b) Synthesis of com-
pound 4 via chlorinated intermediate compound 2, with an overall yield of 58%.
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In a subsequent step of the original synthetic route, the
explosive nature of peptide coupling reagent 1-hydroxy-7-
azabenzotriazole (HOAt) represents a significant hazard
and may have posed an issue for implementing synthesis on
a large scale.17 The sale of HOAt has also been discontinued
by many commercial suppliers, possibly for this reason,
thus limiting its use even on a smaller scale. We therefore
proposed an alternative peptide coupling methodology in-
volving N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride (EDC·HCl) and 4-dimethylaminopyridine
(DMAP), which serves as both a base and an activator for
the carbodiimide coupling. Peptide coupling using EDC has
been reported to proceed in basic aqueous media,18 sug-
gesting that on a large scale anhydrous conditions may not
in fact be necessary. Using this methodology to couple 3
with commercially available 3-aminoquinoline, pure com-
pound 4 was isolated by filtration in yields similar to that
reported by Teulade-Fichou et al.7 At this stage, our alter-
nate synthetic route offers an improvement in yield from
the reported 41 to 58%.19

Finally, the use of methyl trifluoromethanesulfonate (tri-
flate) as methylating agent is admittedly ideal for the purposes
of generating Phen-DC3 as a triflate salt (Scheme 2, a). Unfor-
tunately, as a strong alkylating agent, methyl triflate is
highly carcinogenic, reacts in a highly exothermic manner
to the presence of amine reagents, must be handled under
anhydrous, inert atmospheric conditions, and degrades if
stored for long periods of time – all of which become disad-
vantages for large-scale synthesis.20 Adopting a different
methylating agent at this stage of the synthesis would evi-
dently require an additional step in which the quinolinium
counterions are exchanged for triflate anions (Scheme 2, b).

It should be noted, however, that the formulation of
Phen-DC3 as a triflate salt may not be required. The iodide
salts of the ligand and its derivatives have in fact been suffi-

cient for several studies on guanine quadruplex recogni-
tion.21 The use of the iodide salt for cell-based imaging cer-
tainly suggests that the triflate anion is not required for bi-
ological studies.21b As an alternative to methyl triflate, the
reduced reactivity of methyl iodide20 as alkylating agent
eliminates the issue of cross-reactivity that prevents the
use of solvents such as anhydrous DMF. In our hands, DMF
has proven to be much more effective in solubilizing com-
pound 4 than methyl triflate compatible DCE, leading to a
cleaner conversion into the methylated product. Conse-
quently, Phen-DC3 formulated as diiodide salt 5 can be iso-
lated cleanly by simple filtration with significantly im-
proved yields.22

Following this, we have explored two metathesis meth-
ods to exchange iodide for triflate counterions. The more
common approach involves isolating the desired product
from methanol after addition of stoichiometric quantities
of silver(I) triflate and removal of precipitated silver io-
dide.23,24 Although this method does afford pure product in
near-quantitative yields, it could be argued that the use of
an expensive and cytotoxic transition metal in the last step
of synthesis for a compound that may be used in cell-based
studies is not ideal.25a Silver(I) ions have also been reported
to disrupt the structure of guanine quadruplexes through
coordination to guanine residues.25b Should this pose a con-
cern, Phen-DC3 can also be obtained in good yield as a tri-
flate salt via metathesis with the more biocompatible and
affordable calcium(II) triflate.24,26 Quantitative 19F NMR
spectroscopy using trifluorotoluene as an internal standard
was used in both cases to confirm complete conversion into
the triflate salt.

In summary, we have developed an alternate pathway
through which Phen-DC3 can be produced as an iodide salt
in 43% yield, or as the commercially available triflate salt in
36–43% yield. This represents a significant improvement in

Scheme 2  Synthesis of Phen-DC3 via (a) the reported methylation of compound 4 using methyl triflate,7 and (b) the proposed alternate strategy 
involving the use of methyl iodide as methylating agent, which affords the diiodide salt in good yield, followed by metathesis in cases where exchange 
of counterions is necessary.
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comparison to the 21% overall yield reported in the previ-
ous synthesis of Phen-DC3.7 The alternate synthetic route,
which eliminates the need for three explosive, toxic, or car-
cinogenic reagents, should allow research laboratories to
more readily implement large-scale syntheses of Phen-
DC3, thereby enabling its widespread use as a benchmark
compound against which novel G4 ligands can be com-
pared.
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M.; Shen, H.-X. Anal. Chem. 2010, 82, 789.

(26) Adapted, from. Gries W.-K.; Günther, E.; Hünig, S. Liebigs Ann.
Chem. 1991, 1021.
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