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Abstract

Tyrosine kinase inhibitors (TKIs), which have revolutionized cancer therapy over the past 15
years, are limited in their clinical application due to serious side effects. Therefore, we converted
two approved TKIs (sunitinib and erlotinib) into 2-nitroimidazole-based hypoxia-activatable
prodrugs. Kinetics studies showed very different stabilities over 24 h; however, fast reductive
activation via £. colinitroreductase could be confirmed for both panels. The anticancer activity
and signaling inhibition of the compounds against various human cancer cell lines were evaluated
in cell culture. These data, together with molecular docking simulations, revealed distinct
differences in the impact of structural modifications on drug binding to the enzymes: whereas the
catalytic pocket of the epidermal growth factor receptor (EGFR) accepted all new erlotinib
derivatives, the vascular endothelial growth factor receptor (VEGFR)-inhibitory potential in the
case of the sunitinib prodrugs was dramatically diminished by derivatization. In line, hypoxia
dependency of ERK signaling inhibition was observed with the sunitinib prodrugs, while oxygen
levels had no impact on the activity of the erlotinib derivatives. Overall, proof of principle could
be shown for this concept, and the results obtained are an important basis for the future
development of tyrosine kinase inhibitor prodrugs.
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Introduction

The development of targeted therapies, including small molecule inhibitors and antibodies,
has led to a distinct improvement in the treatment of certain forms of cancer during the past
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one and a half decades. Due to the fact that over 70% of the known oncogenes and proto-
oncogenes involved in cancer encode tyrosine kinases (TKs), and the high drugability of this
enzyme class, TKs have become the favored therapeutic targets of the pharmaceutical
industry.[1] Currently, 25 small molecule tyrosine kinase inhibitors (TKIs), including dual
specificity inhibitors, have been approved by the Food and Drug Administration (FDA), half
of them in the past five years.[2] With nine drugs targeting the vascular endothelial growth
factor receptor (VEGFR) and six the epidermal growth factor receptor (EGFR), these two
TKs are among the most extensively used primary targets for kinase inhibition. However,
despite the remarkable success in cancer treatment and the belief that these targeted drugs
would be much better tolerated than conventional chemotherapeutics, clinical experience
revealed unexpected, serious toxic effects.[3] Various organs, such as heart, lungs, liver,
kidneys, thyroid and skin, as well as the gastrointestinal tract and nervous system are
affected. These side effects are mainly caused by down-stream inhibition of the vascular
endothelial growth factor (VEGF) or epidermal growth factor (EGF) signaling in healthy
tissues.[3] Thus, a strategy to decrease or circumvent adverse effects would be of high
interest, in order to maintain or even increase the upward trend of use and applicability of
these drugs.

Strategies to increase the tumor accumulation/specificity in the field of TKIs are so far
mainly based on nanoparticle formulations.[1b, 4] Other possibilities, such as the design of
inactive prodrugs which are specifically activated in the malignant tissue by exploiting
tumor-intrinsic conditions or processes, remain widely unexplored for TKIs.[5] One of these
conditions is hypoxia, which was shown to be chronically and/or transiently inherent in most
solid tumors. Due to its therapeutic importance, hypoxia evolved as a highly interesting
target for cancer therapy and several hypoxia-activatable cytotoxic compounds are already in
clinical development.[6] Notably, an important task for the successful application of such
prodrugs is the evaluation of tumor hypoxia in patients in order to determine the most
effective treatment and predict or monitor response to therapy.[7] To this aim, besides
invasive methods, such as pO5 histography or ex vivo immunohistochemical staining with
hypoxia markers (e.g., glucose transporter 1 (GLUT-1) or carbonic anhydrase 9 (CA-1X)),
non-invasive imaging technologies, including [18F]fluoromisonidazole ([18F]FMISO) and
copper diacetylbis(AM4-methylthiosemicarbazone) (Cu-ATSM) for positron emission
tomography (PET) have been approved.[7, 8] In addition, more recently, several highly
innovative approaches using imaging agents for in vivo biomarker detection, for example,
enhanced levels of reductive enzymes, have been published.[9] In the future, these new
methods could also be useful for verifying the presence and determining the amount of
suitable enzymes for prodrug activation.

For prodrug development, we chose the following two TKIs due to their connection to tumor
hypoxia: The VEGFR inhibitor sunitinib (Sutent®), which has been approved for the
treatment of gastrointestinal stromal tumors (GIST) after failure of imatinib treatment,
advanced renal cell carcinoma (RCC), and unresectable or metastatic pancreatic
neuroendocrine tumors (pNET); and the EGFR inhibitor erlotinib (Tarceva®), which has
been approved for the first-line treatment of locally advanced or metastatic non-small-cell
lung cancer (NSCLC) with EGFR-activating mutations, and metastatic pancreatic cancer in
combination with gemcitabine.[2b, 10] While it is well known that VEGF gene
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overexpression strongly correlates with hypoxia,[11] many tumors that overexpress EGFR,
such as NSCLC and pancreatic cancer, also show exceptionally low median tumor oxygen
partial pressures.[12]

The aim of this study was to explore the possibility of preparing hypoxia-selective prodrugs
of clinically approved VEGFR and EGFR inhibitors. As small structural modifications of
these drugs can lead to distinctly reduced kinase inhibition activities, the approved drugs
were used for the prodrug design without any additional chemical modifications. As
hypoxia-selective functional group, a self-immolative 2-nitroimidazole moiety was used.
The combined concepts of TK inhibition and activation by hypoxia should lead to a lower
level of the active compound in the non-malignant tissue, and, thus, should increase the
therapeutic efficacy while decreasing the adverse effects of the approved compounds.

Results and Discussion

Prodrug design

In general, the prodrug design requires inactivation of the drug by derivatizing a position
crucial for its anticancer activity. For a TKI, this is a part of its structure essential for binding
to the catalytic pocket of the target kinase. At the same time, the prodrug derivatization
should be reversible to ensure the release of the original drug in the tumor tissue. In the case
of erlotinib, a crucial nitrogen for prodrug design can be found at the aniline moiety which
points toward a hydrophobic region of the adenosine triphosphate (ATP)-binding pocket of
the EGFR (Figure 1A). Structure—activity relationship studies revealed that even methylation
of this amino function strongly decreases its inhibitory activity.[13] A suitable position for
sunitinib derivatization is the oxindole nitrogen, which forms a hydrogen bond to Glu917 in
the adenine pocket of the VEGFR (Figure 1B).[14]

As hypoxic trigger the 2-nitroimidazole-5-yl unit was chosen, which was introduced via a
carbamate linkage. This moiety has already been shown to undergo hypoxia-selective
biochemical reduction in vitro and in vivo and was used in several prodrug systems,
including the phosphoramidate mustard prodrug TH-302 (Evofosfamide), which is currently
in phase 11 clinical studies.[6b, 15] The underlying mechanism of the 2-nitroimidazole
activation is shown in Scheme 1A. It involves a one-electron reduction by intracellular
oxidoreductases, such as the nicotinamide adenine dinucleotide phosphate (NADPH)
cytochrome P450 reductase,[6a] to a nitro radical anion, which in the presence of oxygen
can efficiently be reoxidized to the parental prodrug. Under hypoxic conditions, however, it
is further reduced to the hydroxylamine species, which upon 1,6-elimination releases the
active compound. Furthermore, prodrug derivatives with an additional p-aminobenzyl self-
immolative linker unit were prepared to further increase the steric hindrance of binding the
catalytic pocket of the kinase.[16] For these prodrugs, the release of the active drug is
expected to be a two-step process: the first step includes the reductive activation of the 2-
nitroimidazole, followed by the spontaneous decomposition of the linker via 1,6-elimination
with subsequent release of the drug (Scheme 1B).
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Synthesis

As core unit for the conjugation of a 2-nitroimidazole moiety to the TKIs, 1-methyl-2-
nitro-1A-imidazole-5-methanol (8) was used. This moiety was synthesized by a modified
method from Matteucci et al.[17] in a six-step procedure starting from sarcosine methyl
ester hydrochloride (Scheme 2). In contrast with the original literature, methyl formate was
used instead of ethyl formate, resulting in changes of reaction conditions and times. This
modification was done to avoid transesterification reactions, leading to a product mixture of
methyl- and ethyl esters upon ring closure. The synthetic pathway involved A- and C-
formylation of the substrate, followed by ring formation with cyanamide to give the amino
ester 5. Treatment with NaNO, and HOACc yielded the nitro ester 6, which was converted
into the carboxylic acid 7 by basic hydrolysis. After activation of the acid via mixed acid
anhydride, mild reduction with NaBH, led to 8.

For conjugation reactions, alcohol 8 was activated with 4-nitrophenyl chloroformate to form
the 4-nitrophenyl carbonate 9. To obtain the self-immolative linker-containing trigger, a 4-
aminobenzyl moiety was introduced by condensation of 9 with 4-aminobenzyl alcohol in the
presence of HOBLt. Further activation of the formed alcohol 10 with bis(4-nitrophenyl)
carbonate gave the activated species 11 (Scheme 2).

To synthesize the sunitinib-based prodrugs, commercially available sunitinib was reacted
with the active ester 9 for 68 h in the presence of 4-(dimethylamino)pyridine (4-DMAP)
yielding 1a. The same conditions were applied to the linker-containing trigger 11 to form
prodrug 1b (Scheme 3).

Attempts to analogously synthesize the erlotinib-based prodrugs were not successful, as the
formed carbamates were not stable enough to isolate the desired products. Thus, a new
strategy, involving the alkylation of the NH moiety of erlotinib via an alkyl halide was
followed, in order to give a directly linked trigger-(linker)-drug unit. To this end, erlotinib
was reacted with the chloride, as well as the bromide derivative of 8, synthesized from the
alcohol via SOCI;, or SOBr,, respectively. However, all attempts (BuOK, DMF abs., with/
without Nal, 0°C—room temperature—80°C, 18-48 h) failed to give the desired
nitroimidazole-erlotinib prodrug. Interestingly, when using 4-nitrobenzyl bromide (in the
presence of BuOK) instead of the nitroimidazole bromide, the reaction yielded the desired
derivative 2a (Scheme 4). The synthetic route toward the linker-containing erlotinib prodrug
started with the reaction of erlotinib with boc-4-aminobenzyl bromide, followed by
deprotection of the amino function using concentrated HCI, giving 2b. Final condensation
with 9 in the presence of HOB yielded prodrug 2c (Scheme 4).

Chemical stability and reductive activation via nitroreductase

All synthesized prodrugs were tested for their stability in phos phate buffer (10 mm, pH 7.4)
at 37°C, monitored by reversed-phase HPLC chromatography. While the sunitinib-based
carbamate prodrugs 1a and 1b showed a fast hydrolysis with only 14% and 4% of intact
prodrug remaining after 24 h, respectively, the erlotinib-based prodrugs 2a, and 2c showed
much higher stability with 88% and 76% of remaining substance after the same time,
respectively (Supporting Information Figures S11-S15).
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To verify whether the prodrugs can be activated and fragmented to the originally active
drugs, oxygen-insensitive nitroreductase (NTR) from £. coli B was used. This reductase is
the most extensively used enzyme for antibody-directed and gene-directed enzyme prodrug
therapy (ADEPT and GDEPT) strategies and provides the great advantage that substrates are
reduced in a concerted two-electron reduction, bypassing the oxygen-sensitive prodrug
radical, which is readily reoxidized to the original prodrug in the presence of oxygen.[18]
Thus, the environmental oxygen levels have no impact on the experimental setting. The
activation of the prodrugs by NTR reduction was evaluated by incubating aqueous solutions
(2.5 uwm) of the compounds with NADH (50 pum) and NTR (1.33 ug mL™1) at 37°C. All
prodrugs were substrates for NTR and were readily reduced with half-lives of < 6 min and at
least 90% conversion of the parent compound after 15 min, showing proof of principle for
this strategy (Table 1). For the decay curves of the sunitinib prodrugs 1a and 1b, much faster
enzymatic activation relative to hydrolysis was observed (substrate remaining after 15 min:
0% for enzymatic activation vs. 78% for hydrolysis in the case of 1a, and 10% vs. 51% for
1b). As an example, the release of sunitinib from carbamate 1a as a function of time is
shown in Figure 2.

As desired, after activation, the prodrugs 1a, 1b, and 2a fragmented with release of the
unmodified, clinically approved TKI. However, this was not true for 2¢, where the final
product could be identified as the amine 2b, implying a stop of the 1,6-elimination process
at the amino position of the 4-aminobenzyl moiety. Notably, not all compounds reached
quantitative end points for their corresponding active drug (or amine in the case of 2c),
which is consistent with findings of other groups.[19] This was especially apparent for 1b
and 2a (58% and 44% respectively), where 4-nitro- or 4-aminobenzyl units were involved.

Establishment of appropriate cell line panels for sunitinib and erlotinib prodrug testing

To select appropriate cell line panels for the biological testing of our prodrug systems, a
collection of cell models was tested for their sensitivity toward sunitinib and erlotinib (Table
2). As sunitinib has been approved for the treatment of renal cell carcinoma, several cell
lines of this tumor type were included in this panel as well as several cell models with
different EGFR status (mutated vs. wild-type and overexpressed). Most of the tested cell
models proved to be sensitive toward sunitinib treatment with 1Csq values < 10 pum. The only
exception was Caki-2, which was sunitinib-resistant, while H1703 displayed the highest
sensitivity with an 1Csq value in the high nm range. The sunitinib sensitivity was in
agreement with data from western blot analysis performed in parallel (Figure 3), which
showed expression of VEGFR-1 in all cell models tested, again with the exception of
Caki-2, indicating that this cell line lacks proper target expression. In addition, H1703
displayed an overexpression of the sunitinib target PDGFRp, which together with the high
sunitinib sensitivity demonstrates the dependency of the cells on this signaling pathway.

With regard to erlotinib sensitivity, the data were in agreement with the expectations based
on previous reports.[5¢, 20] Thus, cell lines harboring an activating EGFR mutation
(HCC827 and PC-9) were, together with the EGFR-dependent Calu3 and the wild-type
EGFR-overexpressing A431 cell line, the only erlotinib-sensitive models (Table 2). All the
other cell lines had ICs( values above the solubility limit of erlotinib (25 pm). Interestingly,
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the western blots indicated that RU-MH expressed substantial levels of EGFR without being
sensitive to erlotinib. This might be based on rather high c-Met expression of this cell line
(data not shown), a known resistance factor toward erlotinib.[21]

Biological evaluation of the prodrugs in long- and short-term treatment

As a first approach, we analyzed the prodrug nature as well as the impact of oxygen levels
on the anticancer activity of our novel drugs in 72 h viability assays (Table 3 and Table 4).
As reference compounds, unmodified sunitinib and erlotinib were used. In addition, the
phosphoramidate mustard prodrug TH-302 (Evofosfamide), which is currently in phase 11l
clinical studies[6b, 15c] and also contains a 2-nitroimidazole-5-yl unit as hypoxic trigger,
was included as a positive control for activation under hypoxic conditions (Table 5). As
already expected from the low stability of our prodrugs in the reversed-phase HPLC
chromatography experiments described above, no significant difference in the activity was
found between hypoxic and normoxic conditions and 1a and 1b behaved widely similar to
sunitinib (Table 3). Also 2a and 2b, while being less active than erlotinib, followed the
pattern of the EGFR inhibitor, with highest activity in the erlotinib-hypersensitive HCC827
and PC-9 models (Table 4). In contrast, 2¢ did not show an EGFR-dependent activity pattern
with the lowest ICgq value in the erlotinib-nonresponsive MCF-7 and the highest ICsq values
in erlotinib-hypersensitive PC-9 and Calu3 cells. In line with these data, preliminary results
using HCC827/ER cells, which have been selected for erlotinib resistance (based on c-Met
overexpression), displayed significant sensitivity toward 2c but not 2a and 2b, which overall
suggests that this derivative has cytotoxic potential independent from EGFR inhibition (data
not shown).

Due to the low drug stability of 1a and 1b, the 72 h viability assays turned out to not be
suitable for proof of concept studies of our prodrugs. Therefore, short-term (4 h)
experiments with inhibition of the TK signaling (phosphorylation of ERK) as a read out
were performed. Figure 4A shows that indeed, especially in case of 1a, decreased inhibition
of ERK phosphorylation (relative to sunitinib) under normoxic conditions was observed. In
contrast, an activity similar to free sunitinib was found under hypoxia. With regard to the
erlotinib prodrugs, no difference between erlotinib and 2¢ (Figure 4B) or 2a (data not
shown) were found with respect to oxygen levels.

Molecular docking

To understand the biological results and investigate whether the sunitinib and erlotinib
derivatives 1a, 1b, and 2a—c are able to enter the VEGFR- and EGFR-binding pockets in
their prodrug form, molecular docking simulations were performed using AutoDock Vina.
PDB ID: 4AGD and PDB ID: 1M17 were used as models for VEGFR-2 and EGFR,
respectively.

Sunitinib, as previously mentioned and as shown by the 2D plot in Supporting Information
Figure S21, is located in the ATP-binding pocket of VEGFR-2, forming a hydrogen bond to
Glu917, as well as a hydrogen bond with Asn923 with a water molecule acting as bridge.
Our calculations showed that, in contrast to sunitinib, both 1a and 1b, did not fit into the
binding pocket in any of the possible poses (Figure 5 and Figure S21, representing the 3D
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and 2D plots of the best poses, respectively). This is in agreement with the experimental
results as, despite their instability, 1a and 1b have potential to act as sunitinib prodrugs.

Surprisingly, the erlotinib derivatives 2a—c retained the ability to enter the EGFR ATP-
binding pocket, regardless of their steric hindrance. The 2D schematic diagrams of protein-
ligand interactions in Figure 6 show that the nitrogen of the quinazoline core in 2a and 2c
still accepts the hydrogen bond from the Met769 amide nitrogen, as the unmodified erlotinib
does. Compound 2b can also be placed in the binding pocket with the other quinazoline
nitrogen atom retaining its hydrogen bond with the Thr766 side chain via a water molecule
bridging the gap in distance, as for erlotinib. 3D cartoons in Figure 7 emphasize the ability
of the quinazoline core of 2a—c to fit exactly in the catalytic cleft of EGFR. Interestingly,
compound 2c uses its nitroimidazole side chain as an arm to stabilize the interaction of the
quinazoline core inside the protein binding pocket (Figure 6C and 7A). Overall, these results
may explain the biological activity of compounds 2a—c as they are able to act as erlotinib-
type drugs rather than erlotinib prodrugs.

Conclusions

With the aim of generating prodrugs of targeted therapeutics, we synthesized a series of
potentially hypoxia-activatable 2-nitroimidazole derivatives of the TKIs sunitinib and
erlotinib. In cell-free experiments, these compounds were readily activated by NTR,
delivering proof of principle for this strategy. However, the sunitinib prodrugs 1a and 1b
were highly labile in aqueous solution, and the erlotinib derivative 2c revealed fragmentation
products other than the original drug. For biological testing, appropriate cell line panels were
established. However, 72 h drug treatment followed by cell viability analyses revealed no
difference in the activity between the prodrugs and their corresponding free drugs
independent of the oxygen level. The reasons are, on the one hand, the compound lability
(1a and 1b) and, on the other hand, preserved enzyme inhibition (2a—c), as suggested by
docking simulations. The latter disclosed distinct differences in the impact of structural
modifications on the drug interaction with the ATP-binding pocket of the respective
enzymes. Notably, 2c showed unexpected behavior with potent EGFR-independent activity,
indicating an additional mechanism of action, which will be the topic of further
investigations. Interestingly, 1a and 1b, however, despite their applicability-limiting
instability, still proved to be sunitinib prodrugs also in vitro. This was verified by short-term
incubation experiments, where some hypoxia dependency of ERK signaling inhibition was
observed especially in the case of the more stable 1a.

In general, TKIs are appealing drug candidates for prodrug design, as their adverse effects
lead to limitations in the clinical application. Furthermore, from the chemical point of view,
their mechanism of action involves selective enzyme binding, which can be prevented by
specific derivatization. However, in contrast to common cytotoxic drugs, such as
doxorubicin or paclitaxel, which comprise primary amino or hydroxy groups that can be
easily functionalized resulting in stable prodrugs, in the case of TKIs, derivatization is a very
complex issue. In the panel of clinically approved TKIs, hardly any chemically easily
accessible group can be found in a crucial position. Thus, based on the results of our study,
we conclude that a compromise has to be found between prodrug stability and the guarantee
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of release of the approved original drug. Moreover, careful considerations have to be made
regarding the design of such derivatives, because the very heterogeneous enzyme targets of
these drugs show distinct differences in enzyme tolerability for structural modifications on

the drugs. Thus, the development of an optimized prodrug requires the validation of a TKI

with a suitable crucial functionality meeting all of these requirements, which is currently in
progress in our group.

Experimental Section

Chemistry

All solvents and reagents were obtained from commercial suppliers and used without further
purification. Anhydrous solvents were bought over molecular sieves from Fisher Scientific
(Austria) GmbH. Erlotinib and sunitinib were purchased from LC Laboratories®, sarcosine
methyl ester hydrochloride from Alfa Aesar. Mass spectrometry was performed on a Bruker
HCT plus ESI-QIT spectrometer and high resolution spectra were obtained from a Bruker
maXis ESI-Qg-0aRTOF spectrometer. Expected and experimental isotope distributions were
compared. 1H and 13C NMR spectra were recorded in [Dg]DMSO with a Bruker Avance 11|
500 MHz spectrometer at 500.32 (*H) and 125.81 (}3C) MHz at 298 K, with chemical shifts
referenced to the solvent residual peak as an internal standard. NMR data are reported
indicating the chemical shift (&, (ppm)), the multiplicity (s, singlet; d, doublet; t, triplet; g,
quartet; m, multiplet, etc.), the coupling constant (J, (Hz)), and the integration. Assignments
of the IH and 13C shifts of 1a, 1b, and 2a—2c were carried out according to the atom
numberings shown in the Supporting Information Figures S1-S10. All final compounds
displayed = 95% purity as determined by elemental analysis performed by the
Microanalytical Laboratory of the University of Vienna. Stability and reductive activation
were determined by RP-HPLC on a Dionex UltiMate 3000 UHPLC system controlled by
Chromeleon 6.8 chromatography software. The experimental conditions were as follows:
stationary phase: ethylene bridged hybrid Cyg; column: Acquity UPLC BEH Cyg, 130 A, 1.7
pum, 3.0 mm x 50 mm (Waters Corp.); column temperature: 25°C; mobile phase: H,O/
MeCN (0.1% HCOOH), HPLC grade; flow rate: 0.6 mLmin~1, injection volume: 10 pL;
gradient: 5-95% MeCN in 6 min. Decomposition products were identified via HPLC-MS
on a 1260 Infinity Bio-Inert LC System from Agilent Technologies, controlled by an Agilent
OpenLAB CDS ChemStation software (Edition Rev. C.01.06), coupled to an amaZon SL
lon Trap mass spectrometer with HyStar 3.2 and Data Analysis 4.0 software package
(Bruker Daltonics).

Methyl N-formyl-N-methylglycinate (3)—This compound and all following synthetic
steps until compound 8 were synthesized by a modified procedure from Matteucci et al.,[17]
using methyl formate instead of ethyl formate. Sarcosine methyl ester hydrochloride (25 g,
180 mmol) in MeOH (100 mL) was treated with methyl formate (77.3 mL, 7.0 equiv) and
K,CO3 (49.8 g, 2.0 equiv) and stirred for 26 h. The formed precipitate was filtered off and
washed with MeOH. The filtrate was concentrated, diluted with H,O (65 mL) and extracted
with CH,Cl, (4x50 mL). The combined organic phases were dried over Nap,SQOy, filtered,
and concentrated to give 3 as a colorless oil (12.62 g, 54%): 1H NMR (500.32 MHz,
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[Dg]DMSO): two rotamers: §=2.76 (s, 3H), 2.97 (s, 3H), 3.67 (s, 3H), 3.70 (s, 3H), 4.07 (s,
2H), 4.22 (s, 2H), 8.02 (s, 1H), 8.10 ppm (s, 1H).

Sodium 3-methoxy-2-(N-methylformamido)-3-oxoprop-1-en-1-olate (4)—
Compound 3 (8.3 g, 63 mmol) in methyl formate (13.7 mL, 3.5 equiv) was added dropwise
to an ice cold mixture of NaOMe (3.76 g, 1.1 equiv) in dry THF (30 mL) over a period of
1.5 h. The mixture was allowed to slowly warm to ambient temperature. After 23 h, it was
treated with Et,0 (30 mL) and the resulting white powder (4) was filtered off and washed
with Et,0 (9.01 g, 79%): IH NMR (500.32 MHz, [Dg]DMSO0): &= 2.70 (s, 3H), 3.44 (s,
3H), 7.56 (s, 1H), 8.92 ppm (s, 1H).

2-Amino-1-methyl-1H-imidazole-5-carboxylic acid methyl ester (5)—A stirred
solution of 4 (10.39 g, 57.37 mmol) in MeOH (100 mL) and 30% HCI (14.3 mL, 2.35 equiv)
was heated at 110°C and stirred for 23 h. Then, the reaction mixture was cooled to ambient
temperature and filtered. The residue was washed with MeOH and the combined filtrates
concentrated to yield a brown oil, which was diluted with 10% HOAc (63.5 mL), NH,CN
(5.30 g, 2.2 equiv) and NaOAc (10.35 g, 2.2 equiv) and stirred for 3 h at 100°C. The reaction
mixture was cooled down, concentrated to half of its volume, and the solution was adjusted
to pH ~ 9 by the addition of a saturated K,CO3 solution. The resulting mixture was extracted
with EtOAc (8%100 mL), and the organic phases were concentrated in vacuo. The crude
product was purified by flash chromatography on silica gel, eluting with EtOAc/MeOH 9:1,
to give 5 as a white powder (2.46 g, 28%): 1H NMR (500.32 MHz, [Dg]DMSO): &= 3.53 (s,
3H), 3.69 (s, 3H), 6.20 (s, 2H), 7.30 ppm (s, 1H).

1-Methyl-2-nitro-1H-imidazole-5-carboxylic acid methyl ester (6)—Compound 5
(563 mg, 3.63 mmol) in HOAc (3.4 mL) was added dropwise to an ice-cold solution of
NaNO, (1.67 g, 6.65 equiv) in H,O (5 mL) over a period of 1 h. The temperature was slowly
raised to ambient temperature. After 22 h the solution was extracted with CH,Cl, (3x6 mL),
the combined organic phases were dried over NaySOy, filtered, and concentrated. The crude
product was purified by flash chromatography on silica gel, eluting with EtOAc/hexane 7:3,
to give 6 as light-yellow powder (390 mg, 58%): 1H NMR (500.32 MHz, [Dg]DMSO): & =
3.89 (s, 3H), 4.20 (s, 3H), 7.81 ppm (s, 1H).

1-Methyl-2-nitro-1H-imidazole-5-carboxylic acid (7)—To a stirred solution of 6 (390
mg, 2.11 mmol) in H,O (2 mL), NaOH (1 m, 6.5 mL) was added and the mixture was stirred
for 20 h at room temperature. The resulting solution was acidified with conc. HCI to pH 1
and extracted with EtOAc (5%6.5 mL). The combined organic phases were dried over
MgSO,, filtered, and concentrated to give 7 as a pale-yellow powder (1.1 g, 89%): 1H NMR
(500.32 MHz, [Dg]DMSO0): §=4.20 (s, 3H), 7.75 (s, 1H), 13.90 ppm (s, 1H).

1-Methyl-2-nitro-1H-imidazole-5-methanol (8)—To a stirred solution of 7 (1.08 g,
6.31 mmol) and EtsN (1.4 mL, 1.6 equiv) in dry THF (28 mL) isobutyl chloroformate (1.31
mL, 1.6 equiv) was added dropwise over a period of 10 min at —60°C. The reaction mixture
was stirred for 2 h and then treated with NaBH4 (1.25 g, 5.25 equiv) at —15°C. After 10 min,
H,0 (26 mL) was added over a period of 1 h while maintaining the temperature between
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-10°C and 0°C. After raising the temperature to 5°C, the solid was filtered off, washed with
THF, and the combined THF portions were concentrated. The crude product was diluted
with HCI (0.1 m, 35 mL), acidified to pH 3 with HCI (1 m) and extracted with EtOAc (9x17
mL). The combined organic phases were dried over Na,SOy, filtered, and concentrated in
vacuo to give 8 as light-yellow powder (886 mg, 89%): 1H NMR (500.32 MHz,
[Dg]DMSO0): 6=13.93 (s, 3H), 4.55 (s, 2H), 5.56 (s, 1H), 7.12 ppm (s, 1H); 13C NMR
(125.81 MHz, [Dg]DMSO): §=34.6, 53.5, 127.0, 139.1, 146.2 ppm; MS (ESI) m/z 180.18
[M+ Na]*.

(1-Methyl-2-nitro-1H-imidazol-5-yl)methyl (4-nitrophenyl) carbonate (9)—To an
ice-cold solution of 4-nitrophenyl chloroformate (770 mg, 3.82 mmol, 1.5 equiv) in dry THF
(30 mL), pyridine (308 pL, 1.5 equiv) was slowly added. After 30 min at 0°C, 8 (400 mg,
2.55 mmol, 1 equiv) dissolved in dry THF (10 mL) was added dropwise for 10 min. After
another 10 min at 0°C, the reaction mixture was allowed to warm to ambient temperature
and was stirred for 20 h. CH,Cl, (40 mL) was added and the mixture was washed with HCI
(1 m, 3x40 mL) and brine (30 mL). The combined organic layers were dried over MgSQOy,
filtered, and concentrated in vacuo. The crude product was purified by recrystallization from
EtOAc/hexane to give the product as beige crystals (486 mg, 59%): 1H NMR (500.32 MHz,
[Dg]DMSO): 6=3.99 (s, 3H), 5.47 (s, 2H), 7.37 (s, 1H), 7.60 (d, /=9 Hz, 2H), 8.34 ppm
(d, J=9 Hz, 2H); 13C NMR (125.81 MHz, [Dg]DMSO): & = 34.8, 59.9, 123.1, 125.9, 130.1,
131.9, 145.8, 146.8, 151.9, 155.6 ppm; MS (ESI) m/z 345.16 [M + Na]*.

(1-Methyl-2-nitro-1H-imidazol-5-yl)methyl (4-(hydroxymethyl)-
phenyl)carbamate (10)—To a mixture of HOBt-H,0 (203 mg, 1.50 mmol), molecular
sieve 4 A (250 mg), and 4-aminobenzyl alcohol (278 mg, 1.5 equiv) in dry DMF (5 mL), 9
(485 mg, 1 equiv) was added and the resulting reaction mixture was stirred for 18 h at room
temperature. The molecular sieve was filtered off and the solvent was removed. The crude
product was purified by flash chromatography on silica gel, eluting with EtOAc/Hexane 2:1,
to give 10 as a white powder (370 mg, 80%): *H NMR (500.32 MHz, [Dg]DMSO): & = 3.98
(s, 3H), 4.42 (d, J=6 Hz, 2H), 5.09 (t, /= 6 Hz, 1H), 5.29 (s, 2H), 7.23 (d, /= 8 Hz, 2H),
7.32 (s, 1H), 7.41 (d, /=8 Hz, 2H), 9.79 ppm (s, 1H).

(1-Methyl-2-nitro-1H-imidazol-5-yl) methyl (4-((((4-
nitrophenoxy)carbonyl)oxy)methyl)phenyl) carbamate (11)—A solution of 10 (206
mg, 0.673 mmol) and DIPEA (352.4 L, 3 equiv) in dry DMF (15 mL) was treated with
bis(4-nitrophenyl) carbonate (307 mg, 1.5 equiv), and the reaction mixture was stirred at
room temperature for 25 h. Then, EtOAc (170 mL) was added and the organic layer was
washed with KOH (0.01 m, 12x40 mL) and brine (1x40 mL), dried over MgSQy, filtered,
and concentrated in vacuo to give 11 as a beige solid (271 mg, 85%): 1H NMR (500.32
MHz, [Dg]DMSO): §=3.99 (s, 3H), 5.24 (s, 2H), 5.31 (s, 2H), 7.33 (s, 1H), 7.42 (d, /=9
Hz, 2H), 7.51 (d, J= 9 Hz, 2H), 7.58 (d, /=9 Hz, 2H), 8.33 (d, J= 9 Hz, 2H), 9.97 ppm (s,
1H).

(1-Methyl-2-nitro-1H-imidazol-5-yl)methyl (2)-3-((4-((2-
(diethylamino)ethyl)carbamoyl)-3,5-dimethyl-1H-pyrrol-2-yl)methylene)-5-
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fluoro-2-oxoindoline-1-carboxylate (1 a)—Sunitinib (155 mg, 0.390 mmol) was added
to a solution of 9 (151 mg, 1.2 equiv) and 4-dimethylaminopyridine (57 mg, 1.2 equiv) in
dry THF (15 mL), which had been stirred for 5 min. The resulting reaction mixture was
stirred for 68 h in the dark. H,O (15 mL) was added and the mixture was stored at 4°C for
2.5 h. The precipitate was filtered off and washed with THF/H,0 1:1 and then with H,O to
give 1a as an orange powder (146 mg, 64%): 1H NMR (500.32 MHz, [Dg]DMSO): 6= 0.98
(t, J=7 Hz, 6H, H28, H29), 2.45 (s, 3H, H18), 2.48 (s, 3H, H19), 2.49-2.56 (m, 6H, H24,
H26, H27), 3.29 (dt, J= 6 Hz, /=6 Hz, 2H, H23), 4.06 (s, 3H, H40), 5.59 (s, 2H, H33), 7.06
(ddd, 3J=9 Hz, 3J4g = 9 Hz, /=3 Hz, 1H, H2), 7.41 (s, 1H, H35), 7.60 (t, /= 5 Hz, 1H,
H22), 7.75-7.77 (m, 2H, H3, H12), 7.93 (dd, 3J4g = 9 Hz, 4J= 3 Hz, 1H, H6), 12.73 ppm (s,
1H, H14); 13C NMR (125.81 MHz, [Dg]DMSO0): 6= 11.1 (C18), 12.3 (C28, C29), 13.9
(C19), 35.0 (C40), 37.5 (C23), 47.0 (C26, C27), 52.1 (C24), 58.0 (C33), 105.9 (C6, 2o =
26 Hz), 111.1 (C9, *Jcr = 3 Hz), 113.1 (C2, 2Jcg = 24 Hz), 116.2 (C3, 3Jcr = 9 Hz), 122.4
(C16), 126.3 (C13), 126.7 (C12), 128.1 (C5, 3Jcg = 10 Hz), 129.8 (C35), 131.6 (C4), 132.6
(C34), 133.8 (C17), 139.4 (C15), 146.8 (C37), 150.3 (C30), 160.1 (C1, LJcg = 239 Hz),
164.5 (C20), 166.7 ppm (C8); MS (ESI) mlz 582.42 [M+ H]*; Anal. calcd for
CgH32FN70g-0.1 HyO (M = 583.40 g mol~1): C 57.65, H 5.56, N 16.81, found: C 57.40, H
5.40, N, 16.73.

4-((((2-methyl-2-nitro-1H-imidazol-5-yl)methoxy)carbonyl)amino)benzyl (Z)-3-
((4-((2-(diethylamino)ethyl)carbamoyl)-3,5-dimethyl-1H-pyrrol-2-
yl)methylene)-5-fluoro-2-oxoindoline-1-carboxylate (1 b)—Sunitinib (191 mg,
0.479 mmol) was added to a solution of 11 (271 mg, 1.2 equiv) and 4-
dimethylaminopyridine (70.2 mg, 1.2 equiv) in dry THF (8 mL), which had been stirred for
5 min. The resulting reaction mixture was stirred for 69 h in the dark. H,O (8 mL) was
added and the mixture was stored at 4°C for 2 h. The precipitate was filtered off and washed
with THF/H,0 1:1 and then with H,O to give 1b as an orange powder (236 mg, 66%): 1H
NMR (500.32 MHz, [Dg]DMSO): 6= 0.98 (t, J= 7 Hz, 6H, H28, H29), 2.45 (s, 3H, H18),
2.48 (s, 3H, H19), 2.49-2.55 (m, 6H, H24, H26, H27), 3.29 (dt, /= 6 Hz, J= 6 Hz, 2H,
H23), 3.97 (s, 3H, H38), 5.30 (s, 2H, H36), 5.39 (s, 2H, H48), 7.04 (ddd, 3J= 9 Hz, 3J4r = 9
Hz, 4J=3 Hz, 1H, H2), 7.32 (s, 1H, H31), 7.47-7.52 (m, 4H, H43, H44, H46, H47), 7.60 (t,
J=5Hz, 1H, H22), 7.74 (dd, 3J= 9 Hz, *Jyr = 5 Hz, 1H, H3), 7.77 (s, 1H, H12), 7.92 (dd,
3Jyr = 9 Hz, 4J= 2 Hz, 1H, H6), 9.98 (s, 1H, H40), 12.73 ppm (s, 1H, H14); 13C NMR
(125.81 MHz, [Dg]DMSO): §=11.1 (C18), 12.4 (C28, C29), 13.8 (C19), 34.8 (C38), 37.5
(C23), 47.0 (C26, C27), 52.1 (C24), 55.7 (C36), 68.4 (C48), 105.9 (C6, 2JcF = 26 Hz), 111.3
(C9, *Jce = 3 Hz), 113.0 (C2, 2JcF = 24 Hz), 116.1 (C3, 3JcF = 8 Hz), 118.6 (C43, C47),
122.4 (C16), 126.3 (C13), 126.6 (C12), 128.0 (C5, 3Jcr = 10 Hz), 129.3 (C31), 129.9 (C44,
C46), 129.9 (C45 or C42), 131.8 (C4), 133.6 (C17), 133.7 (C30), 139.3 (C15), 139.4 (C42
or C45), 146.6 (C33), 150.8 (C50), 153.2 (C39), 160.0 (C1, L/r = 239 Hz), 164.6 (C20),
166.8 ppm (C8); MS (ESI) mlz 731.48 [M+ H]*; Anal. calcd for C3gH39FNgOg-0.75 H,0O
(M, = 744.25 gmol™1): C 58.10, H 5.48, N 15.06, found: C 58.38, H 5.43, N 14.70.

N-(3-ethynylphenyl)-6,7-bis(2-methoxyethoxy)-N-(4-nitrobenzyl)-quinazolin-4-

amine (2 a)—Erlotinib (200 mg, 0.508 mmol) was added to an ice-cold solution of BuOK
(63 mg, 1.1 equiv) in dry DMF (10 mL) and stirred for 10 min at 0°C. Then, 4-nitrobenzyl
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bromide (143 mg, 1.3 equiv) was added and the reaction mixture was allowed to slowly
warm to room temperature and stirred overnight. After 18 h, the solvent was evaporated, the
residue was diluted with H,O (10 mL) and extracted with EtOAc (2x15 mL). The combined
organic phases were dried over MgSQOy, filtered and concentrated. Purification of the crude
product was performed by flash chromatography on silica gel, eluting with EtOAc/MeOH
20:1, to give 2a as beige crystals (62 mg, 23%): 1H NMR (500.32 MHz, [Dg]DMSO): § =
3.25 (s, 3H, H29), 3.32 (s, 3H, H25), 3.39-3.41 (m, 2H, H27), 3.55-3.57 (m, 2H, H26),
3.70-3.72 (m, 2H, H23), 4.25 (s, 1H, H19), 4.25-4.27 (m, 2H, H22), 5.55 (s, 2H, H30), 6.46
(s, 1H, H6), 7.26 (s, 1H, H3), 7.28 (ddd, 3J= 8 Hz, 4J= 2 Hz, 4J= 1 Hz, 1H, H17), 7.31
(ddd, 3J=8 Hz, 4J=1 Hz, #J=1 Hz, 1H, H15), 7.38 (dd, /= 8 Hz, J= 8 Hz, 1H, H16), 7.40
(dd, 4J= 2 Hz, 4J=1 Hz, 1H, H13), 7.69 (d, /= 9 Hz, 2H, H32, H36), 8.15 (d, J= 9 Hz, 2H,
H33, H35), 8.66 ppm (s, 1H, H8); 13C NMR (125.81 MHz, [Dg]DMSO0): 6 = 55.4 (C30),
58.7 (C29), 58.8 (C25), 67.7 (C26), 68.5 (C22), 70.0 (C27), 70.4 (C23), 82.3 (C19), 83.1
(C18), 106.1 (C6), 108.6 (C3), 110.6 (C5), 123.7 (C14), 123.9 (C33, C35), 126.5 (C17),
128.4 (C13), 129.3 (C32, C36), 129.3 (C15), 130.7 (C16), 146.8 (C12), 146.9 (C31), 147.0
(C34), 147.1 (C1), 149.5 (C4), 153.2 (C8), 153.9 (C2), 159.7 ppm (C10); MS (ESI) mlz.
529.40 [M+ H]*, 551.35 [M+ Na]™; Anal. calcd for CogHogN4Og-0.1 HoO (M, = 530.36
gmol™1): C 65.67, H 5.36, N 10.56, found: C 65.42, H 5.20, N 10.42.

tert-butyl (4-(((6,7-bis(2-methoxyethoxy)quinazolin-4-yl) (3-
ethynylphenyl)amino)methyl)phenyl) carbamate (12)—Erlotinib (500 mg, 1.27
mmol) was added to an ice-cold solution of BuOK (185 mg, 1.3 equiv) in dry DMF (25
mL) and stirred for 10 min at 0°C. Then, boc-4-aminobenzyl bromide (473 mg, 1.3 equiv)
was added and the reaction mixture was allowed to slowly warm to ambient temperature and
stirred overnight. After 20 h the solvent was evaporated, the residue was dissolved in EtOAc
(50 mL) and washed with H,O and brine (25 mL each). The organic phase was dried over
Na,SQy, filtered, and concentrated. Purification of the crude product was performed by flash
chromatography on silica gel, eluting with EtOAc/MeOH 20:1, to give 12 as pale-yellow
powder (263 mg, 35%): 1H NMR (500.32 MHz, [Dg]DMSO): & = 1.45 (s, 9H), 3.25 (s, 3H),
3.32 (s, 3H), 3.39-3.41 (m, 2H), 3.54-3.56 (m, 2H), 3.70-3.72 (m, 2H), 4.21 (s, 1H), 4.25-
4.27 (m, 2H), 5.35 (s, 2H), 6.46 (s, 1H), 7.17 (ddd, 3J=8 Hz, /=2 Hz, /=1 Hz, 1H), 7.24
(s, 1H), 7.26-7.36 (m, 7H), 8.68 (s, 1H), 9.26 ppm (s, 1H); MS (ESI) m/z 599.47 [M + H]*.

N-(4-aminobenzyl)-N-(3-ethynylphenyl)-6,7-bis(2-methoxyethoxy)quinazolin-4-
amine (2b)—A stirred solution of 12 (263 mg, 0.439 mmol) in MeOH (20 mL) was treated
with HCI conc. (183 pL, 2.2 mmol). After 20 h, the solvent was evaporated to yield the
product as a pale-yellow foam (240 mg, 96%). To remove the HCI salt, portions of the
product were diluted with NaHCO3 (0.25 m) and extracted with EtOAc. The combined
organic phases were dried over Na,SQy, filtered, and concentrated. Because some erlotinib
was found in the product, it was purified twice by flash chromatography on silica gel
(hexane/THF 1:2, followed by CH,CIl,/MeOH 20:1 + EtgN (0.1%)) to give pure 2b as a
beige solid: H NMR (500.32 MHz, [Dg]DMSO): 6= 3.24 (s, 3H, H29), 3.32 (s, 3H, H25),
3.39-3.41 (m, 2H, H27), 3.52-3.54 (m, 2H, H26), 3.70-3.72 (m, 2H, H23), 4.19 (s, 1H,
H19), 4.24-4.26 (m, 2H, H22), 4.94 (s, 2H, H37), 5.23 (s, 2H, H30), 6.43 (s, 1H, H6), 6.44
(d, /=8 Hz, 2H, H33, H35), 7.03 (d, J= 8 Hz, 2H, H32, H36), 7.13 (ddd, 3J= 8 Hz, 4/=2
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Hz, 4J=1Hz, 1H, H17), 7.20 (dd, 4J= 2 Hz, 4J= 1 Hz, 1H, H13), 7.22 (s, 1H, H3), 7.27
(ddd, 3J= 8 Hz, 4J= 1 Hz, 4J= 1 Hz, 1H, H15), 7.34 (dd, J= 8 Hz, J= 8 Hz, 1H, H16), 8.68
ppm (s, 1H, H8); 13C NMR (125.81 MHz, [Dg]DMSO): & = 55.4 (C30), 58.7 (C29), 58.7
(C25), 67.7 (C26), 68.5 (C22), 70.0 (C27), 70.4 (C23), 82.0 (C19), 83.2 (C18), 106.4 (C6),
108.5 (C3), 110.8 (C5), 114.2 (C33, C35), 123.4 (C14), 125.1 (C31), 126.7 (C17), 128.6
(C13), 128.9 (C15), 129.4 (C32, C36), 130.5 (C16), 146.9 (C1), 147.2 (C2), 148.1 (C34),
149.4 (C4), 153.3 (C8), 153.7 (C2), 160.1 ppm (C10); MS (ESI) mlz 499.36 [M + H]*,
521.40 [M+ Na]*, 537.38 [M+ K]*; Anal. calcd for CogH39N404-0.25 H,0 (M, = 503.08 g
mol~1): C 69.22, H 6.11, N 11.14, found: C 68.95, H 5.93, N 11.05.

(1-Methyl-2-nitro-1H-imidazol-5-yl)methyl (4-(((6,7-bis(2-
methoxyethoxy)quinazolin-4-yl) (3-ethynylphenyl)amino)methyl)phenyl)
carbamate (2 c)—Compound 2b (80 mg, 0.16 mmol, 1.1 equiv) was dissolved in dry
DMF (6.5 mL) and treated with 9 (47 mg, 0.15 mmol, 1 equiv) and HOBt-H,0 (22 mg, 1.1
equiv). The resulting reaction mixture was stirred overnight at room temperature. After 18 h,
it was diluted with brine (30 mL) and extracted with EtOAc (3%25 mL). The combined
organic phases were dried over MgSOy, filtered, and concentrated. The crude product was
purified by flash chromatography on silica gel, eluting with hexane/THF 1:2, to give 2c as a
pale-yellow powder (83 mg, 77%): 1H NMR (500.32 MHz, [Dg]DMSO): &= 3.24 (s, 3H,
H29), 3.31 (s, 3H, H25), 3.38-3.40 (m, 2H, H27), 3.53-3.55 (m, 2H, H26), 3.69-3.71 (m,
2H, H23), 3.95 (s, 3H, H48), 4.23 (s, 1H, H19), 4.24-4.26 (m, 2H, H22), 5.26 (s, 2H, H41),
5.35 (s, 2H, H30), 6.44 (s, 1H, H6), 7.18 (ddd, 3J= 8 Hz, 4J= 2 Hz, /=1 Hz, 1H, H17),
7.23 (s, 1H, H3), 7.26-7.36 (m, 8H, H13, H15, H16, H32, H33, H35, H36, H42), 8.66 (s,
1H, H8), 9.80 ppm (s, 1H, H37); 13C NMR (125.81 MHz, [Dg]DMSO): & = 34.7 (C48), 55.2
(C30), 55.6 (C41), 58.7 (C29), 58.7 (C25), 67.6 (C26), 68.5 (C22), 70.0 (C27), 70.4 (C23),
82.1 (C19), 83.2 (C18), 106.2 (C6), 108.5 (C3), 110.7 (C5), 118.6 (C33, C35), 123.5 (C14),
126.6 (C17), 128.4 (C13), 128.9 (C32, C36), 129.0 (C15), 129.3 (C42), 130.6 (C16), 132.7
(C31), 133.8 (C46), 138.0 (C34), 146.5 (C44), 147.0 (C1), 147.0 (C12), 149.4 (C4), 153.1
(C38), 153.3 (C8), 153.7 (C2), 160.0 ppm (C10); MS (ESI) mlz. 682.26 [M+ H]*; Anal.
calcd for Ca5H35N70g:0.5 EtOAC-0.5 Ho0 (M = 734.76 g mol~1): C 60.48, H 5.49, N
13.34, found: C 60.69, H 5.48, N 13.42.

Stability measurements in aqueous buffer

Compounds 1a, 1b and 2a—c were dissolved in sodium phosphate buffer (10 mm, pH 7.4,
37°C) containing 1% DMSO at a concentration of 2.5 um and incubated at 37°C. Aliquots
were withdrawn at different time points (0-24 h, every 30 min) and subjected to RP-HPLC
analysis. The HPLC chromatogram peak areas at 420 nm (for 1a, 1b) and 340 nm (for 2a—c)
were used to calculate the concentration of the remaining prodrug.

E. coli nitroreductase assay

Recombinant £. colinitroreductase and B-nicotinamide adenine dinucleotide (B-NADH,
reduced form, dipotassium salt) were purchased from Sigma—Aldrich. The following
protocol was applied to the test compounds: compound stock solution (15 pL, 250 um) in
DMSO was added to sodium phosphate buffer (410 pL, 10 mm, pH 7, preheated to 37°C)
and NADH (75 uL of 1 mm) in sodium phosphate buffer. The reaction was initiated by
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addition of £, colinitroreductase (1 mL, 2 ug mL~1 in sodium phosphate buffer; final
concentrations: drug: 2.5 um; NADH: 50 pm). Aliquots were collected and the reactions were
followed by RP-HPLC as a function of time. The HPLC chromatogram peak areas at 420
nm (for 1a, 1b) and 340 nm (for 2 a—c) were used to determine both the disappearance of the
starting material as well as the appearance of the reaction products. Unknown peaks were
identified using mass spectrometry. Between the time points, all solutions were incubated at
37°C. Reference solutions containing compound stock solution (15 pL) in DMSO, buffer
solution (1.410 mL), and NADH solution (75 pL) were prepared and analyzed under the
same conditions and at the same time points in order to distinguish between nitroreductase-
based activation and enzyme-free hydrolysis. Solutions of sunitinib, erlotinib, and 2b,
prepared as described for the reference measurements, served as standards for the
quantification of reaction products.

Biological evaluation

Chemicals for cell culture tests—Erlotinib hydrochloride and sunitinib malate (from
LC Laboratories) and all other investigated compounds were dissolved in DMSO. These
stock solutions were further diluted in culture media at the indicated concentrations. The
final DMSO concentrations were always less than 1%.

Cell culture—The following human cell models were used in this study: the breast
carcinoma MCF-7, the colon carcinomas SW480 and HCT1186, the renal cell carcinomas
Caki-1, Caki-2 and RU-MH, the squamous cell carcinomas H1703 and H520, the
epidermoid carcinoma A431, as well as the non-small-cell lung cancer (NSCLC) lines
HCC827, PC-9 and Calu3 (sources and used medium are summarized in Table 6). Unless
otherwise indicated, the cells were cultivated in humidified incubators (37°C, 21% O, 5%
COy) in full culture medium, containing fetal calf serum (10%, PAA, Linz Austria). Cell
cultures were periodically checked for Mycoplasma contamination.

Cytotoxicity assay—Cells were plated (2x102 cells/well) in 96-well plates and allowed to
recover for 24 h. Subsequently, the dissolved drugs were added. After 72 h drug exposure,
the proportion of viable cells was determined by MTT assay following the manufacturer’s
recommendations (EZ4U, Biomedica, Vienna, Austria). Cytotoxicity was expressed as 1Csq
values calculated from full dose-response curves using Graph Pad Prism software.

Hypoxic conditions—Cells were plated in 96- or 6-well plates in a hypoxia chamber (c-
chamber equipped with a ProOxC210,/CO, Controller from Biospherix NY, USA) at 1%
0,/5% CO>, level for the indicated time points (72 h and 4 h for MTT assays and protein
isolation, respectively) before analysis/harvesting. Normoxic sample plates were always
prepared in parallel.

Western blot analysis—To assess the impact of our new drugs on the RTK signaling,
cells were treated with the test drugs for 4 h. Then, they were harvested, total protein
extracts isolated and resolved by SDS-PAGE, and transferred onto a polyvinylidene
difluoride membrane for western blotting as previously described.[5c] The antibodies, their
source and dilutions are shown in Table 7. Additionally, horseradish-peroxidase-labeled
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secondary antibodies from Santa Cruz Biotechnology were used at working dilutions of 1:10
000.

Molecular docking

Molecular docking was performed by the software AutoDock Vina 1.1.2 for Linux[22] using
50 as exhaustiveness value. The Protein Data Bank files PDB ID: 1M17 and PDB ID: 4AGD
were used as models for EGFR in complex with erlotinib and VEGFR-2 in complex with
sunitinib, respectively. In order to be used for docking studies, the structures of compounds
1a, 1b, and 2a—c were fully optimized by DFT calculations implemented in the Gaussian 09
program package,[23] using the B3LYP functional,[24] and the 6-31G(d) basis set.[25]
AutoDock Tools 1.5.6 (cross platform) software was used to add and merge non-polar
hydrogens to the receptors and to assign the rotatable bonds to the ligands.[26] The
rotational bonds of the proteins were regarded as being rigid. A grid box large enough to
allow possible ligand-receptor complexes within the binding pocket of the protein was
created (Supporting Information Figure S20). In particular, the grid size for the EGFR
receptor was set to 30x20x20 points with grid spacing of 1.000 A and a grid center of
21.857, 0.260 and 52.761 (center of mass of erlotinib in 1M17), while the grid size for
VEGFR-2 receptor was set to 30x30x20 points with grid spacing of 1.000 A and a grid
center of 49.976, —2.120 and —14.836 (center of mass of sunitinib in 4AGD). Validation of
AutoDock Vina was performed, running docking calculations on the VEGFR-2 and EGFR
receptors and the inhibitors sunitinib and erlotinib as they were in the original PDB (PDB
ID: 4AGD and PDB ID: 1M17, respectively). Docking scores of the docked erlotinib and
sunitinib, as well as of the docked compounds 1a, 1b, and 2a—c, are reported in Table S1. 2D
interactions models were generated using LigPlot + software.[27] Docking results were
visualized using Chimera[28] and PyMOL[29] software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) Chemical structure of erlotinib and its schematic binding mode to the EGFR. B)

Chemical structure of sunitinib and its schematic binding mode to the VEGFR-2. Hydrogen
bonds are indicated by black arrows, nitrogen atoms suitable for derivatization are outlined
in red circles. Adapted from Wu et al.[14a]
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Figure 2.
Release of sunitinib from prodrug 1a (2.5 pm) upon incubation with NADH (50 pwm) and
NTR (1.33 ugmL™1) at 37°C. Reactions were followed by HPLC.
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Figure 3.
RTK expression levels of various cancer cell lines. EGFR, PDGFR, and VEGFR-1

expression of the indicated cell lines were measured in membrane-enriched fractions by
western blot. B-Actin expression served as loading control.
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Figure 4.

In%ibitory effects of the novel prodrugs in comparison with the respective free TKI on RTK
signaling. A) Sunitinib-sensitive A431 and B) erlotinib-hypersensitive PC-9 cells were
grown in medium with fetal calf serum (FCS) and treated with the indicated drug for 4 h.
They were then harvested and lysed, and the impact on ERK phosphorylation as a read out
for RTK signaling was analyzed by western blotting. Sun = sunitinib, Erlo = erlotinib, N =
normoxia, H = hypoxia.
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Figure 5.

3D structures of A) sunitinib and compound 1a, and B) sunitinib and 1b in complex with
VEGFR-2. The structure of the VEGFR-2—-sunitinib complex was obtained from PDB ID:
4AGD. The protein is depicted in ribbon representation colored in green and was rendered as
a surface representation. Pictures were generated using Chimera. Compounds are shown in
capped stick representation and colored as follows: A) sunitinib in gold, 1a in dark grey; B)
sunitinib in gold, 1b in red/salmon. For both derivatives, the oxindole core is clearly outside
the protein binding pocket.
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Figure 6.
Schematic 2D diagrams of protein—ligand interactions for EGFR in complex with A)

erlotinib (PDB ID: 1M17), B) 2a, C) 2c, and D) 2b. Hydrogen bonds are indicated by
dashed lines, while hydrophobic contacts are represented by an arc with spokes radiating
toward the ligand atoms they contact. The contacted atoms are shown with spokes radiating
back.
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Figure 7.

3D structures of A) erlotinib and compound 2c, and B) erlotinib, 2a and 2b in complex with
EGFR. The structure of the EGFR—erlotinib complex was obtained from PDB ID: 1M17.
The protein is depicted in ribbon representation colored in green and was rendered as a
surface representation. Compounds are shown in capped stick representation and colored as
follows: A) erlotinib in gold, 2c in sky blue; B) erlotinib in gold, 2a in sky blue and 2b in
magenta. The pictures were generated using Chimera.
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Scheme 1.
Postulated schematic pathway of TKI release for A) two-part compounds upon trigger

reduction, and B) three-part compounds upon trigger reduction and linker decomposition.
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Scheme 2.

Synthetic route of 1-methyl-2-nitro-1AH-imidazole-5-methanol (8), and the conjugation
substrates 9 and 11. Reagents and conditions. a) HCO,Me, K,CO3, MeOH; b) HCO,Me,
NaOMe, THF abs.; ¢) 1. HCI, MeOH, 2. NH,CN, NaOAc; d) NaNO,, HOAc, H,0; e)
NaOH (1 m), Ho0; f) 1. isobutyl chloroformate, EtsN, THF abs., 2. NaBHy4, H»0; g) 4-
nitrophenyl chloroformate, pyridine, THF abs.; h) 4-aminobenzyl alcohol, HOBt-H,O, DMF
abs.; j) bis(4-nitrophenyl) carbonate, DIPEA, DMF abs.
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Scheme 3.
Synthesis of sunitinib prodrugs 1a and 1b. Reagents and conditions. 9 or 11, 4-DMAP, THF
abs., 68 h.
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Synthesis of erlotinib prodrugs 2a and 2c. Reagents and conditions. a) 4-nitrobenzyl

bromide, BuOK, DMF abs.; b) Boc-4-aminobenzyl bromide, BuOK, DMF abs.; ¢) HCI
conc., MeOH; d) 9, HOBt-H,0, DMF abs.
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Table 1
Stability and NTR activation of compounds 1a, 1b, and 2a-2c.

Compd  sapility [96](8] NTR activation[b]
zl/ [min]  Amount of substrate  Product and amount

2 after 15 min [%] after 25 min
la 14 <1 0 sunitinib, 93%
1b 4 <6 10 sunitinib, 58%
2a 88 <6 10 erlotinib, 44%
2b 90 - 100 -
2c 76 <6 0 2b, 90%

[a]Aqueous stability of compound solutions (2.5 uM) after 24 h in phosphate buffer (10 mM, pH 7.4, 37°C), determined by HPLC.

[b]Reduction and subsequent fragmentation of compounds (2.5 uM) in phosphate-buffered solutions by incubation with NADH (50 pM) and NTR

(1.33 ug mL'l) at 37°C, calculated from the HPLC chromatogram peak areas as a function of time.
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1C5q values of sunitinib and erlotinib against the indicated cell lines after 72 h of treatment.

al.

Table 2

Cell line IC [uM][&
Sunitinib Erlotinib

RU-MH 6.6+1.3 23.0+2.6
Caki-1 6.8+0.2 n.t.
Caki-2 >10 n.t.
HCT116 46+03 >25

H1703 05+0.0 n.t.
A431 73+04 7617
HCC827 52+05 0.3+0.2
H520 42+04 >25
SW480 n.t >25
MCF-7 n.t >25

Calu3 96+0.1 20+05
PC-9 n.t 14+08

JETA

Values are the mean + SD of 7= 3 experiments performed in triplicate; n.t.: not tested.
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Table 3

ICsq values of sunitinib, 1a, and 1b against the indicated cell lines under normoxia vs. hypoxia after 72 h of
treatment.

Cell line Sunitinib la 1b
1Cso [um](A fold diff. ICs [um](al fold diff. 1Cs [um](a fold diff.
N H N H N H

A431 59+14 42%06 1.4 68+03 44x01 15 6.7+05 45%05 15
Caki-1 68+02 7614 0.9 6.6+04 6.6+05 1.0 55+14 5612 1.0
HCC827 52+05 34=x0.1 1.4 55+10 35+03 1.6 55+17 39%12 1.4
HCT116 22+15 2012 11 2117 22%13 1.0 19+13 21+13 0.9
H1703 05+0.0 05+0.0 1.0 05+0.0 0500 1.0 05+00 0500 1.0

[a]

Values are the mean + SD of 7= 3 experiments performed in triplicate; N: normoxia, H: hypoxia.
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Table 4

ICsq values of 2a, 2b, and 2c against the indicated cell lines under normoxia vs. hypoxia after 72 h of

treatment.
Cell line 2a 2b 2c
ICs [uM][a] fold diff. ICs [pM][a] fold diff. ICs [pM][a] fold diff.
N H N H N H
A431 150+ 35 16.7+2.8 11 > 25 > 25 1.0 38+25 25x14 15
HCC827 27+14 1.9+0.9 14 27+09 1.8+0.3 15 26+10 21+11 1.2
PC-9 75+1.0 7.0+0.9 11 6.8+21 3.2+0.1 2.1 6.0+28 3.0+08 2.0
Calu3 155+13 155+34 1.0 > 25 14.9 >17 58+3.7 50x38 1.2
SW480 >25 >25 1.0 >25 >25 1.0 24+15 18%11 1.3
MCF-7 9.0+1.0 124+238 0.8 >25 >25 1.0 06+00 0.7+01 0.9
[a]VaIues are the mean + SD of 7= 3 experiments performed in triplicate; N: normoxia, H: hypoxia.
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Table 5

ICsq values of erlotinib and TH-302 against the indicated cell lines under normoxia vs. hypoxia after 72 h of
treatment.

Cell line Erlotinib TH-302
ICs [um](al fold diff. ICs [um](8l fold diff.
N H N H
A431 76+1.7 9.9+29 0.8 224+26 54+34 4.1
HCC827 0.3+0.2 0.3+0.2 1.0 > 10 74+0.0 >14
PC-9 14+038 1.3+09 11 10.0+0.0 59+41 1.7
Calu3 20+05 1.3+04 15 17575 63+£37 2.8
SW480 >25 >25 1.0 206+59 83%29 25
MCF-7 >25 > 25 1.0 22525 22+04 10.2
[a]VaIues are the mean + SD of /7= 3 experiments performed in triplicate; N: normoxia, H: hypoxia.
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Table 6

v Detailed information on the cell lines used./#/

gl Cell line  Histology Characteristics Growth medium  Source

8 A431 Epidermoid carcinoma EGFR wild-type overexpression, erlotinib- RPMI-1640 ATCC

1= sensitive

g Caki-1 Renal cell carcinoma McCoy’s ATCC

@) Caki-2 Renal cell carcinoma McCoy’s ATCC

El Calu3 NSCLC EGFR-dependent, erlotinib-sensitive MNP ATCC

g_ HCC827 NSCLC Erlotinib-sensitive due to EGFR mutation RPMI-1640 ATCC

@ (delE746-A750)

;; MCF-7 Mammary tumor, adenocarcinoma DMEM ATCC

= PC-9 NSCLC Erlotinib-sensitive due to EGFR mutation RPMI-1640 CEMM-—Kilian Huber
C_—:: (delE746-A750)

% RU-MH  Renal cell carcinoma RPMI-1640 Established at the ICR
_Y) HCT116  Colorectal carcinoma EGFR wild-type McCoy’s ATCC

S

% SW480 Colorectal carcinoma EGFR wild-type MEME ATCC

S_ H1703 Squamous cell lung carcinoma RPMI-1640 ATCC
=)

73 H520 Squamous cell lung carcinoma RPMI-1640 ATCC

[a]Abbreviations: ATCC, American Type Culture Collection; DMEM, Dulbecco’s modified Eagle’s medium; ICR, Institute of Cancer Research
Vienna; MNP, minimal essential medium with non-essential amino acids and pyruvate.
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Table 7
Antibodies used.

Primary antibody Specification Dilution  Source

B-actin Monoclonal mouse  1:5000 Sigma-Aldrich
EGFR Monoclonal rabbit ~ 1:1000 Cell Signaling
VEGFR-1 Polyclonal rabbit 1:1000 Cell Signaling
PDGFRB Monoclonal rabbit ~ 1:1000 Cell Signaling
ERK1/2 (p44/42 MAPK)  Polyclonal rabbit 1:1000 Cell Signaling
PERK (Thr202/Tyr204) Polyclonal rabbit 1:1000 Cell Signaling
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