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Abstract: Pharmacological inactivation of antitumor drugs
toward healthy cells is a critical factor in prodrug development.
Typically, pharmaceutical chemists graft temporary moieties to
existing antitumor drugs to reduce their pharmacological
activity. Here, we report a platform able to generate the
cytotoxic agent by intramolecular cyclization. Using phenan-
thridines as cytotoxic model compounds, we designed ring-
opened biaryl precursors that generated the phenanthridines
through bioorthogonal irreversible imination. This reaction
was triggered by reactive oxygen species, commonly over-
produced in cancer cells, able to convert a vinyl boronate ester
function into a ketone that subsequently reacted with a pendant
aniline. An inactive precursor was shown to engender a cyto-
toxic phenanthridine against KB cancer cells. Moreover, the
kinetic of cyclization of this prodrug was extremely rapid
inside living cells of KB cancer spheroids so as to circumvent
drug action.

In cancer chemotherapy, the prodrug strategy has risen as the
cytotoxic drugs available in clinic often present similar
toxicity towards both cancer and normal cells. Activity-
masked pharmaceuticals activated through enzymatic or
chemical reactions by cancer cells were then developed.[1–5]

Masked drugs are therefore liberated at the tumor site as
a result of modified cancer cell metabolism such as enzymes
overexpression, high level of reactive oxygen species (ROS)
or hypoxia. The typical prodrug approach consists in branch-
ing an organic promoiety to these molecules in order to mask
their original activity.[1–6] One major drawback in this prodrug
strategy is often the poor ability of the promoiety (regardless
of its size) to clearly impair the pharmacological activity of
the expected masked drug (e.g. the prodrug can nearly bind as
tight as the free drug to the biological target).[7–10]

The enediynes are natural products that cyclize sponta-
neously into cytotoxic antibiotics.[11–14] Moreover, this scaffold
is the sole described as able to afford cytotoxic agents after

internal cyclization. Conjugation of these molecules to anti-
bodies lead to the development of the antibody-drug con-
jugates Mylotarg and Besponsa used in clinic to treat
cancer.[15] Furthermore, precursors of coumarins relying on
an intramolecular cyclization to eventually generate the
fluorophore were also studied.[16–18] Herein, we intend to
adapt this feature by establishing chemist-made precursors of
antitumor agents operating analogously (Scheme 1 a): 1) no
branched organic promoiety is used but masked reactive
functions are rather inserted; 2) the proposed prodrug is not
a drug linked to a hindered moiety but a synthetic precursor
of the drug that will need an in-cell cyclization step to produce
the final drug. The prodrug is made of a relatively flexible
precursor of the final drug, to strongly reduce the possibility
of prodrug potency in respect to the free drug. In this
approach, the prodrug displays lower molecular mass in
comparison to classic prodrugs, a favorable characteristic for
both crossing biological membranes and complying with the
Lipinski�s rule of 5.

The phenanthridines present large and planar structures
which are frequently encountered features of cytotoxic
agents. Moreover, phenanthridines are not used in clinic
due to their general toxicity,[19–21] and are therefore candidates
of choice to explore this strategy. In this context, we prepared
ring-opened precursors of phenanthridine designed to target
the tumor microenvironment (Scheme 1b). The prodrugs of
phenanthridine contain one masked function, selectively
activated into reactive function able to generate the drug by
cyclization. The final step of formation of the phenanthridines
would be then possible under physiological condition via
spontaneous intramolecular cyclization due to entropic favor-
ability as the driving force. Starting from a biaryl precursor,
we envisioned a cyclization by imination that would generate
the nitrogen-containing central ring of the aromatic phen-
anthridine. The reactive oxygen species (ROS) overproduc-
tion in cancer cells is a common way of anticancer prodrug
activation. Indeed, boronic acid precursors are oxidized into
corresponding alcohols in the presence of high concentration
of hydrogen peroxide or peroxynitrite in cancer cells.[10, 22,23] A
masked ketone was introduced into our scaffold using a vinyl
boronic acid function. In the presence of ROS, the vinyl
boronic acid is transformed into an enol moiety tautomerizing
into its keto equivalent. The latter group can react with
a pendant amine function to build up an imine bond finally
shaping the phenanthridine scaffold (Scheme 1b).

To test our hypothesis, we first prepared a model pre-
cursor displaying a scaffold simplified to the maximum as
a global proof of concept of our strategy. A convergent
synthetic pathway involving an aniline part and a vinyl
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boronate moiety was developed to prepare precursor
ProPhen (Scheme 2). This compound was obtained after
thorough modulation of the two aryl building-blocks. N-Boc
aniline (2a) was treated with t-BuLi leading to an ortho-

lithiated intermediate which was directly
reacted with trimethyltin chloride to afford
stannane 3a in 51 % yield. Vinyl boronate
6a was then prepared in a two-step proce-
dure: (i) starting from iodoacetophenone
4a, a-boryl alcohol 5 a was obtained in
excellent yield using the protocol developed
by Hanna et al.[24] involving bis(pinacola-
to)diboron, 1,3-bis(cyclohexyl)imidazolium
tetrafluoroborate (ICyBF4), t-BuONa and
CuCl; (ii) Subsequent dehydration in pres-
ence of p-toluenesulfonic acid (PTSA) for
2 hours afforded alkene 6 a in quantitative
yield. Formation of biaryl 7a was achieved
via a Stille coupling reaction using Pd-
(PPh3)4 and CuCN in toluene heated under
reflux. Moreover, we observed a total selec-
tivity for the Stille reaction and no traces of
Suzuki homocoupling reaction. Eventually,
removal of the Boc protecting group
afforded the precursor ProPhen in 45%
yield over two steps. In order to study the
cyclization of precursor ProPhen, the cor-
responding product 6-methylphenanthri-
dine Phen of this reaction was prepared
through an original synthetic pathway
allowing the facile access to phenanthri-
dines (Scheme 3). Starting from anilinos-
tannane 3a and iodoacetophenone 4b, we
performed four reactions in one-pot: Stille
coupling, N-Boc deprotection, cyclization
by imination and consecutive aromatiza-
tion. Using this method, we generated
variously substituted 6-methylphenanthri-
dines with a view to select the most potent
antitumor phenanthridine.

The ability of precursor ProPhen to
cyclize was first monitored by 1H NMR spectroscopy in
a mixture of CD3CN and deuterated PBS buffer (pH 8) using
hydrogen peroxide as oxidizing agent triggering the 6-
methylphenanthridine Phen formation. By comparing both

Scheme 1. Generation of anticancer agents from ring-opened precursors through bioorthog-
onal cyclization. a) Ring-opened antitumor prodrug displaying a spatial structure markedly
distinct from the drug is designed to cyclize in cancer cells to finally produce the antitumor
drug. Interaction of such prodrug with the biological target is extremely unlikely. b) Vinyl-
boronate precursors expected as pharmacologically inactive will be transformed into the
enol intermediate. Subsequent tautomerization will afford the stable unmasked ketone
which will undergo spontaneous internal cyclization by imination to form non hydrolysable
phenanthridine motifs.

Scheme 2. Synthetic pathway to precursors ProPhen and ProToxPhen.
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1H NMR spectra of precursor ProPhen and 6-methylphenan-
thridine Phen, in particular the disappearance of the gem-
hydrogens signal over time, we observed the direct conversion
of precursor ProPhen into Phen (Figure S1). Thus, we
launched the accurate determination of the kinetic constants
of both oxidation and cyclization reactions and, advanta-
geously, phenanthridine Phen is fluorescent as opposed to its
precursor ProPhen (Figure S3). We then devised a stopped-
flow fluorescence spectrometry experiment to analyze the
kinetics of Phen formation initiated by hydrogen peroxide
addition to precursor ProPhen. We recorded the temporal
evolution of the fluorescence signal from a 0.5 mM solution of
precursor in PBS:DMSO 99:1 v:v (pH 7.4) at 25 8C with
various H2O2 concentrations to rely on a global fit to extract
the kinetic constants (Figure S4). Analysis of the experimen-
tal data takes into account that phenanthridine Phen gen-
eration involves a cascade of reactions as described above
(Schemes 1b and S3). As we monitor the steps occurring
beyond the millisecond, we reduced the preceding reactive
Scheme from three to two steps considering that tautomeri-
zation reactions typically occur at the sub-millisecond time
scale.[25] In the corresponding reduced Scheme, the rate
constant k1 was associated to oxidation of the C�B bond
whereas k2 refers to the cyclization step (see Scheme S4).
Satisfactory fits (see Supporting Information; Figures S4a–c
and S5) yielded k1� 130 M�1 s�1. This value indicates a rate of
oxidation by hydrogen peroxide of the vinyl boronate ester
motif enhanced by a factor 102 in comparison with the
intensively studied benzene boronate esters (1–2 M�1 s�1).[26]

Then, we extracted k2> 102 s�1 which represent a time of
assembly (t2 = 1/k2) below 10 ms.

Having identified a fast cyclizing scaffold for spontaneous
phenanthridine generation, we next examined the feasibility
of using such reaction to generate a cytotoxic phenanthridine
within tumor tissue. Beforehand, several 6-methylphenan-
thridines were tested against KB cancer cells (epidermal
carcinoma) and polyalkoxyphenanthridine ToxPhen (Table 1
and S1) was selected as the most cytotoxic of this 6-methyl
series (IC50� 0.7 mM, Table S1). The prodrug ProToxPhen of
phenanthridine ToxPhen was then prepared (Scheme 2)
following the same synthetic pathway devised for unsubsti-
tuted precursor ProPhen. The antitumoral activity of the
precursors and their corresponding phenanthridines was then
evaluated on KB spheroids, a model of in vivo tumors.[27] Both
precursors were inactive against KB cells whereas only drug
ToxPhen was cytotoxic whether it be in 2D or 3D cultures
(Table 1).

Modification of cell and nuclear morphologies induced by
our lead compound ToxPhen was then observed by fluores-

cence microscopy.[28, 29] We transfected U2OS cells with H2B-
mCherry, a nuclear fluorescent protein marker and further
monitored the shape evolution of the nucleus and whole-cell
in presence of ToxPhen at different time intervals
(Scheme S6). ToxPhen induced several morphological modi-
fications: cell shrinkage, loss of cell-cell contact and nuclear
fragmentation which are typical features of apoptosis.

We observed that biaryl prodrug ProToxPhen activity was
significantly decreased by a factor superior to 700 (IC50>

500 mM: considered as completely inactive in comparison to
the corresponding drug ToxPhen). Such difference of phar-
macological activity was expected as ProToxPhen displays
a non-planar structure over the completely planar phen-
anthridine ToxPhen. The dihedral angle of ProToxPhen was
then calculated from MM2 energy minimization which
afforded 408 (Scheme S5). These data are in agreement with
the reported optimal dihedral angle (ca. 438) obtained on the
elementary biphenyl from MP2 calculations.[30] Such twist
engenders a significant variation in the 3D structure of the
biaryl in comparison to the phenanthridine scaffold.

The faculty of prodrug ProToxPhen to generate the active
ToxPhen in a biological context was further evaluated.
Interestingly, ToxPhen exhibits suitable fluorescent proper-
ties for imaging in living cells (Figure S7). First, we observed
that the ester function of ProToxPhen was rapidly hydrolyzed
in aqueous media and its boronic acid counterpart was stable
in plasma for at least 72 h at 37 8C (See §.7 in Supplementary
Information). We further ascertained the quantitative yield of
cyclization of ProToxPhen into ToxPhen within KB cells by
addition of 50 equivalents of hydrogen peroxide (Figure S8).
As no cross reactions were detected in the presence of cells,
this ligation by imination can be considered as bioorthogonal
in cellulo. Indeed, bioorthogonal reactions are defined by
their ability to occur in living systems without hampering the
existing biochemical reactions.[31–33] We then achieved the
accurate determination of the prodrug conversion kinetics

Scheme 3. Synthetic pathway to phenanthridines Phen and ToxPhen.

Table 1: Cytotoxic activity of phenanthridines and biaryl precursors.

Compounds KB cell viability: 2D [mM] KB spheroid viability: 3D[a]

>500 inactive at 500 mM

ProToxPhen

0.7 active at 5 mM

ToxPhen

[a] Scale bar: 250 mm.
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within KB spheroids. KB cells were incubated for three days
in a 150 mM solution of ProToxPhen in DMEM:DMSO 99:1
v:v in order to form observable spheroids. The spheroids were
washed with PBS and deposited on a 35 mm glass circular
round microscope slide. The prodrug oxidation was then
triggered by peroxynitrite, a powerful oxidant of the C�B
bond having a physiological half-life ten times higher than
that of hydrogen peroxide.[10] To initiate the reaction, a 2 mM
solution of peroxynitrite generator 3-morpholinosydnoni-
mine (SIN-1)[34] leading to peroxynitrite production rate of
ca. 30 mMmin�1 in PBS was added onto the ProToxPhen-
containing cells. This continual flux mimics the tumor micro-
environment where peroxynitrite production is estimated at
ca. 50 mMmin�1 essentially supplied by tumor cells and tumor-
associated macrophages.[35,36] Considering the rapid decom-
position of peroxinitrite in cells (ca. 1.5 s�1),[34] we calculated
a steady-state peroxynitrite concentration of ca. 0.3 mM in our
experiment. Moreover, peroxynitrite was shown to rapidly
diffuse through cell membranes (< 10 ms).[37] Using a home-
made epi-fluorescence microscope, we observed ToxPhen
fluorescence emission in real time at 440 nm upon illumina-
tion at 365 nm (see the Supporting Information and Figure 1).

We first noticed a fast activation-cyclization process into
the spheroids going to completion in ca. 5 s. We observed the
same cyclization behavior among several cell populations and
different spheroids. No cyclization was observed outside the
living cells showing the absence of prodrug leakage over the
time scale of our experiments. The kinetics of ToxPhen
formation within KB cells was analyzed as above. Satisfactory
fits (Figure S9) yielded k2> 102 s�1 in agreement with the
value found in vitro. Next, we derived the rate constant of
oxidation k1 = 1.8 104 M�1 s�1 which is 102 times faster than the
reaction with hydrogen peroxide. A sluggish decrease in
fluorescence was subsequently observed as expected from
unbalancing production of ToxPhen with its diffusion out of
the cells (Figures 1 and S10).

An effective ProToxPhen concentration of 10 mM at the
tumor would generate an equal steady-state concentration of
ToxPhen at the tumor site in light of the prompt activation-

cyclization of the prodrug. This point is fundamental since too
long a prodrug conversion would lead diffusion to cause
a drop of the drug concentrations at the tumor and its
presence far away from the tumor site. Furthermore, the
selectivity towards the tumor microenvironment is expected
as the production rate of peroxynitrite in healthy cells (ca.
0.1 mMmin�1)[35] is 102 times slower than the flux found in the
pathological condition.

In conclusion, we have described a methodology for the
preparation of inactive antitumor prodrugs. These prodrugs
were built as ring-opened precursors of the drugs that will
cyclize within tumors upon cancer cell-specific stimuli in
contrast to the conventional grafting of a bulky temporary
moiety hardly inactivating the drug. Using a phenanthridine
as drug model and a biaryl precursor able to spontaneously
cyclize within tumor spheroid, we demonstrated the feasibil-
ity of this strategy. In spite of the presence of a poorly
nucleophilic aniline, a fast cyclization of our precursors was
measured by virtue of both the geometry of their biaryl
scaffolds and the final formation of a six-membered aromatic
nucleus. Common imines are rapidly hydrolyzed under
physiological conditions and, oxime and hydrazone bonds
were introduced to prohibit the reversibility of the former link
but these reactions display sluggish kinetics. In this work, the
generated imine is inserted in an aromatic ring conferring
high stability toward hydrolysis of the newly formed bond.
The radically different structures geometry of the prodrug
toward that of the drug induced a vast change of cytotoxic
activity. New bioorthogonal reactions are constantly inves-
tigated in order to either improve existing reactions (i.e. rate
constant modifications) or solely access to more complex
applications. Thus, this system based on fast cyclization by
biorthogonal imination could be expanded to other platforms
integrating other types of 1) chemical switch to trigger the
reaction and 2) in vivo-compatible synthetic steps. The design
of such programed “cycl�in-cell” precursors may find appli-
cations in the development of new tools for imaging aside
from prodrugs involved in several pathologies.
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