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ABSTRACT: Thiourea-modified 3-chloro-4-fluoroanilino-quinazoline derivatives have been
studied as potential receptor-targeted carrier ligands in linear gold(I) complexes. The
molecules mimic the epidermal growth factor receptor (EGFR) tyrosine kinase-targeted
inhibitor gefitinib. Thiourea groups were either directly attached to quinazoline-C6
(compounds 4, S, and 7) or linked to this position via a flexible ethylamino chain (compound
9). Compound 7 acts as a thiourea-S/quinazoline-NI mixed-donor ligand, giving the
unexpected dinuclear complex [{Au(u-7-SN)},]X, (X = CI5, SCN7) (12a,b) (X-ray
crystallography, electrospray mass spectrometry). Derivative 9 forms a stable linear complex,
[Au(PEt;)(9-S)](NO;) (13). The biological activity of the carrier ligands and corresponding
gold(I) complexes was studied in NCI-H460 and NCI-H197S lung cancer cells. Compound 9

partially overcomes resistance to gefitinib in NCI-H1975, a lung cancer cell line characterized
by a L8S8R/T790M mutation in EGFR (ICg, values of 1.7 and 30 uM, respectively). The corresponding gold complex (13)
maintains activity in the low-micromolar concentration range similar to the metal-free carrier. Compound 9 and the
corresponding [Au(PEt;)] complex, 13, inhibit EGFR kinase-mediated phosphorylation with sub-micromolar ICs, values similar
to those observed for gefitinib under the same assay conditions. Potential mechanisms of action and reactions in biological media
of this new type of hybrid agent, as well as shortcomings of the current design are discussed.

B INTRODUCTION

Gold(I)-based complexes display a wide range of biological
activities, which are thought to be mediated by the metal’s
reactions with (seleno)cysteine residues in proteolytic and
redox-active enzymes, in particular, thioredoxin reductase
(TrxR).! While these interactions are often nonspecific due
to relatively fast ligand exchange rates, fortuitous targeting of
specific cysteine residues by gold(I) complexes containing
sufficiently long-lived carrier ligands has also been reported.”
Several new lines of research suggest that gold(I) has a
significant potential as a component of therapies designed to
inhibit therapeutically relevant targets, such as zinc-finger
domains® and protein kinases.”

We were interested in the possibility of introducing reactive
gold(I)-based electrophilic groups into inhibitors of tyrosine
kinase (TKIs) with the goal of hijacking a thiophilic metal into
the active site of this therapeutically important enzyme.” One
potential binding mechanism of these agents with epidermal
growth factor receptor tyrosine kinase (EGFR-TK) would
involve reaction of gold(I) with the solvent-accessible cysteine
thiol residue (Cys-797) near the entrance to the enzyme’s
binding pocket.® Such a mechanism might potentially inhibit
binding of ATP and, consequently, kinase-mediated phosphor-
ylation more effectively than reversible binding of the TKI
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alone. The desired pharmacophore would combine the high
sulfur affinity of gold(I) with the selectivity and submicromolar
binding affinity of an EGFR-TK-targeted ligand.

Mutationally activated EGFR-TKs are considered a major
driver of cancer cell survival and aggressive tumor growth.S In
nonsmall cell lung cancer (NSCLC), expression levels of EGFR
are inversely correlated with survival of the disease.”® Somatic
(activating) EGFR mutations sensitize cancer cells to small-
molecule TKIs, which target the enzyme’s ATP binding site and
show potent antiproliferative properties.” Gefitinib (Chart 1) is
a quinazoline-based TKI indicated against cancers harboring
aberrant EGFR, in particular, lung carcinomas.’ Unfortunately,
the efficacy of this drug is limited by the emergence of acquired
resistance as a consequence of a secondary mutation within the
ATP binding pocket (T790M).'® One currently pursued
approach to combatting this form of resistance observed for
mutant EGFR and other clinically relevant kinases is to turn the
reversible TKIs into irreversible inhibitors, such as the recently
FDA-approved inhibitor afatinib (Chart 1)."" These molecules
contain strategically positioned reactive electrophilic groups
(usually Michael acceptors), which are able to form a covalent
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Chart 1. Structures of Gefitinib and Afatinib Showing
Relevant Atom Numbering for the Quinazoline Scaffold
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bond with accessible cysteine residues in the active sites of
targetable enzymes. Several irreversible TKls are currently
being evaluated in the clinic."”

Introduction of gold(I) as a cysteine-targeting moiety in
place of a Michael acceptor can be considered a new strategy of
improving the activity of TKIs against resistant disease. The
purpose of the current study was to assess if the gefitinib-type
quinazoline scaffold can be functionalized with a thiourea

moiety without compromising the binding affinity of the TKI,
and if the S-donor group can be modified with thiophilic
(pseudo)halide and phosphine substituted gold(I) electro-
philes. A new TKI derivative was identified that strongly binds
to the tyrosine kinase ATP-binding pocket and partially
overcomes resistance to gefitinib in NSCLC cell lines harboring
wild-type and mutated EGFR kinase domains. In the
corresponding gold(I) complex, the metal appears to have an
effect on both the biological activity and kinase binding affinity
of the inhibitor, but the linear thiourea—Au(I)—phosphine
coordination appears to be too labile for the desired targeted
application.

B RESULTS AND DISCUSSION

Synthetic Studies. To generate a gold-modified TKI, we
borrowed the N-heterocyclic quinazoline scaffold and the N-(3-
chloro-4-fluorophenyl) group from gefitinib (Chart 1), which
target the adenine binding site and an adjacent hydrophobic
pocket of EGFR-TK, respectively."”” The 6-position of the
quinazoline Cg ring was chosen as attachment point for a side
chain carrying a cysteine-affinic gold(I) moiety, similar to the
design of clinically relevant Michael acceptor-based irreversible
TKIs."" The goal of this design was to favor binding of the
metal with cysteine-797 proximal to the kinase’s catalytic cleft
without compromising the ligand’s interactions with the
binding pocket. The linkage between the electrophile and the
TKI would be achieved via formation of a strong Au(I)—S bond
with a thiourea residue, a thiol-like donor group previously

Scheme 1. Synthesis of Quinazoline Derivatives®
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“Reagents and conditions: (a) 3-chloro-4-fluoroaniline, i-PrOH, rt, overnight; (b) Fe, AcOH, NaOAc, MeOH, reflux, 3 h; (c) RNCS, EtOH, rt, 3 h;
(d) paraformaldehyde, NaOMe, NaBH,, MeOH, reflux, 4 h; (e) MeNCS, DMAP, EtOH, reflux, 30 h; (f) tert-butylmethyl(2-oxoethyl)carbamate,
NaCNBH;, AcOH, MeOH, 1t, 2 h; (g) 4 M HC], reflux, 2 h; (h) MeNCS, EtOH, rt, 1 h.
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explored in biologically relevant carrier ligands of this
metal,"*71¢

We performed a docking study to examine the conforma-
tional space and receptor binding of thiourea-modified TKIs.
Structures of the gold-free ligands were geometry optimized
using DFT calculations and studied in complex with the EGFR
kinase domain (L8S8R/T790M mutant) (PDB-ID: 2JIV). In
these experiments we identified scaffolds that produce energeti-
cally favorable binding geometries in which the thiourea sulfur
of the TKI is positioned in close proximity to the sulfur atom of
cysteine-797 (see the Supporting Information). This orienta-
tion was considered compatible with electrophilic attack of the
metal in a corresponding gold(I)-modified TKI on the protein
thiol.

From the initial modeling studies, two promising structures,
4 and S, emerged (Scheme 1). The two derivatives (and all
other derivatives reported) were synthesized from common
intermediate 3, which was generated by installing a 3-chloro-4-
fluoroanilino group at the 4-position of the quinazoline ring in
precursor 1'7 and subsequent reduction of the 6-nitro group in
2 to a 6-amino group. Reaction of 3 with the appropriate
isothiocyanates'* afforded the N,N’-disubstituted thiourea
derivatives 4 and 5. Attempts to introduce gold(I) electrophiles
such as [AuX] (where X = CI~ or SCN™) into these structures
using the common precursor [AuX(tht)] (tht = tetrahydro-
thiophene),'® however, were unsuccessful (Scheme 2). Electro-
spray mass spectra (ES-MS) of these reaction mixtures showed
no sign of the desired ligand exchange to produce complexes
[AuX(4/5)], but were consistent with decomposition of 4 and

Scheme 2. Synthesis of Gold(I) Complexes®
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“Reagents and conditions: (a) [AuX(tht)], where X = CI~, 10a, or X =
SCN7, 10b, and tht = tetrahydrothiophene; CH,Cl,, rt, 30 min; (b)
[AuCI(PEt,)] (11), MeOH/THF, AgNO,, tt.
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S resulting in the analogous cyanamides (loss of H,S, based on
[M — 34 + H]" fragment ions, see the Supporting Information)
and gold(I) sulfide. Desulfuration of (aromatic) N,N’-
disubstituted thioureas has previously been observed in the
presence of heavy metals."

To circumvent the problem of ligand desulfuration, the
N,N,N'-trisubstituted derivative 7 was synthesized from the N°-
methylquinazoline derivative 6, which was generated from
intermediate 3 via reductive amination. In reactions with
[AuX(tht)], compound 7 showed greatly improved ligand
properties and was able to act a stable sulfur donor. X-ray
crystallographic and mass spectrometric analysis of the product
isolated from the reaction mixtures indicated that compound 7
does not act as a terminal S-donor ligand in the desired
complexes [AuX(7)]. Instead, 7 produces a dinuclear complex,
[{Au(7)},]X,, in which 7 acts as a bridging ligand (12a and
12b, Scheme 2). In the solid state structure of 12a, the Au(I)
centers are coordinated by a thiourea-S atom of one ligand and
endocyclic quinazoline-N' of another ligand. This produces an
unusual arrangement in which the aromatic moieties of the two
bridging ligands are mutually stacked at van der Waals distance
(Figure 1la). Proton NMR chemical shift anomalies in
conjunction with electrospray mass spectra recorded in
positive-ion mode (Figure 1b) confirm that the dinuclear
cationic structures persist in solution and are not solely a
consequence of packing effects in the solid state. Importantly,
no reversal of the dinuclear structure was observed when 12a
was incubated at physiologically relevant concentrations in
phosphate-buffered saline for several days (data not shown).
This observation suggests that 12a is not converted back to the
corresponding mononuclear complex, [AuCl(7)], in chloride-
rich media.

Attempts to install phosphine as a more inert ligand in place
of X via reaction of 7 with [AuCI(PEt,)]*° to avoid substitution
of the ligand trans to sulfur by quinazoline nitrogen were
unsuccessful (no substitution of chloride by thiourea was
observed). However, the latter reaction succeeded when the
trisubstituted thiourea moiety was incorporated into an
extended side chain at the 6-position of the quinazoline
scaffold. Introduction of the (2-methylamino)ethyl group
involved reductive amination®’ of 3 to give 8, which was
finally converted to thiourea 9 with isothiocyanate. While
compound 9 did not yield the desired gold-modified
mononuclear derivative when reacted with [AuX(tht)], it
produced the cationic complex [Au(PEt;)(9)](NO;) (13)
(Scheme 2), which proved to be stable with respect to
desulfuration and dinucleation (based on ES-MS and NMR
data, see the Supporting Information). Characteristic variations
in 'H NMR chemical shifts observed for complex 13 relative to
ligand 9 (see Experimental Section) confirm selective binding
of the {Au(PEt;)}* moiety to thiourea sulfur.

Biological Activity. Cell proliferation assays in two
NSCLC cell lines were performed to assess the cell growth
inhibitory effects of the newly synthesized TKI derivatives 7
and 9 alone and as ligands in complexes 12a, 12b, and 13. For
comparison the clinical drug gefitinib was included in the
screening. The cell line NCI-H460 is a model of large-cell lung
cancer and is characterized by wild-type EGFR-TK.® By
contrast, NCI-H1975 adenocarcinoma cells harbor a point
mutation (L8S8R) in exon 21 as well as a secondary mutation
(T790M) at the bottom of the hydrophobic ATP binding
pocket.® While the former somatic (activating) mutation
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Figure 1. (A) Structure of [{Au(7)},]Cl,-DMF (12a-DMF) in the solid state with selected atoms labeled. Counterions and crystal solvent have been
omitted for clarity. (B) Electrospray mass spectrum recorded in positive-ion mode of dinuclear complex 12a. Characteristic ions: m/z 420.3 [7 +
HJ%, 5183 [12a — Au + H]*, 616.3 [12a — 2Cl]*, 1035.5 [12a — Au]".

sensitizes cancer cells to EGFR-TKIs (including gefitinib), the
latter causes resistance to these therapies.®

The results of the cell proliferation assays are summarized in
Table 1. Both NCI-H460 (wild-type) and NCI-H197S

Table 1. Summary of Cytotoxicity Data (ICy, Values)®

compd  NCIH460 (EGFR,4yp)  NCIH1975 (EGERygssp mr00m)
7 36.0 + 44 SL7 £ 1.1
9 42 £ 04 1.7 £ 01
12a 19.1 + 2.0 39.7 £ 1.7
12b 20.1 + 0.2 319 + 04
13 19 £ 0.1 25 £ 0.1
gefitinib 142 £ 0.5 300 + 1.3

“ICsq values + SD (uM) were extracted from drug—response curves
for two experiments performed in triplicate for each concentration.
Cells were incubated for 72 h. The highest concentration of DMF after
serial dilution was less than 0.1 M.

(mutated) show the expected resistance to gefitinib with
inhibitory concentrations in the high micromolar range, in
agreement with previously reported data (typically, ICs, > 10
uM).?> NCI-H460 cells were found to be more sensitive to all of
the analogues tested than NCI-H1975, except for compound 9.
The new analogue 7 was the least active compound tested with
high-micromolar ICs, values in a range previously observed for
structurally related thiourea-modified TKIs.** By contrast,
extension of the side chain on carbon 6 of the quinazoline
ring to generate 9 led to a pronounced increase in potency, in
particular, in NCI-H1975, where a cytotoxic enhancement of
30-fold is observed. Most notably, compound 9 partially
overcomes the acquired resistance against gefitinib observed in
this cancer model. The low-micromolar inhibitory concen-
tration determined for compound 9 in resistant NCI-H1975
compares favorably with the high-nanomolar/low-micromolar
activity typically observed for gefitinib in sensitive NSCLC
models.® Modification of compounds 7 and 9 with {AuX} and
{Au(PEt;)}" groups, respectively, had a minor but significant
effect on the inhibitory concentrations, with compound 13
maintaining low-micromolar activity in both cell lines. In NCI-
H460, complex 13 shows enhanced activity compared to
compound 9 by approximately 2-fold.

Compound 9 alone showed significantly better activity than
gefitinib in a TKl-resistant cancer cell line. This observation
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suggests that the newly introduced thiourea-containing side
chain may enhance the binding affinity of the classical TKI
structure with the enzyme’s active site. In the lowest-energy
model generated for compound 9 in complex with EGFR-TK
(L8S8R/T790M mutant) the thiourea-modified side chain is
located in the hydrophilic region of the protein cleft produced
by the bilobal kinase fold (see the Supporting Information).**
This orientation positions the thiourea-NH group in close
hydrogen-bonding distance to residues Asn-842 and Asp-855,
which may promote strong binding to the EGFR-TK domain.
Derivative 9 showed promising activity in the cell proliferation
assay, but attachment of the gold electrophile in 13 did not
result in the desired enhancement in cell kill. One possible
explanation for this observation would be that the [Au(PEt;)]*
group, while not compromising the binding affinity of the TKI
moiety with the receptor, may be positioned unfavorably for
reaction with the sulfur atom of cysteine-797. It is also possible
that cytotoxic gold—phosphine species, generated from
complex 13 by premature intracellular cleavage of the Au(I)—
S-thiourea bond, may not significantly contribute to the cell kill
in the two cancer models, which may be dominated by TK
inhibition.

Reactivity of Compound 13 with Cysteine Thiol.
Unlike the initially designed complexes containing CI~ and
SCNT trans to thiourea sulfur, compound 13 is modified with a
strongly trans-labilizing phosphine ligand. We reasoned that
this feature should lead to selective cleavage of the Au(I)—
Sthiourea DONd in reactions with competing nucleophiles. One
potential consequence of this reactivity would be the transfer of
the [Au(PEt;)]" moiety from the EGFR-bound inhibitor 13 to
cysteine-797. To study the reactivity of the metal with this
target nucleophile, compound 13 was incubated with a
cysteine-containing peptide, and the reaction mixture was
analyzed by ES-MS. As a model, we chose the sequence
QLMPFGCL, which mimics residues 791—798 (including
cysteine-797) of the hinge region of EGFR-TK.** The reaction
produces an equilibrium mixture of 9, [Au(PEt;)]—peptide,
unmodified peptide, and unreacted complex 13 (Figure 3),
confirming that the thiourea and thiolate donors are competing
for gold(I) coordination. Thus, the results are in agreement
with ligand exchange trans to the phosphine ligand. The mass
spectrometric data are also consistent with binding of the
[Au(PEt;)]* moiety to the (deprotonated) cysteine-797 residue
(Figure 2). The same reactivity was observed when compound

DOI: 10.1021/ic502998a
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Figure 2. Positive-ion mode electrospray mass spectrum for the reaction of octapeptidle QLMPFGCL (S0 uM) with compound 13 (50 uM) in
aqueous phosphate buffer (0.01 M, pH 7.2). Spectra were acquired 30 min after mixing of the solutions and remained unchanged after extended
incubation periods. Characteristic ions m/z: 908.5 [QLMPFGCL + H]"* (see inset), 1222.6 [QLMPFGCL-Au(PEt;) — H]" (see inset), 390.2 [13 +

H]>, 4332 [(Et;P),Aul", 4632 [9 + H]", 777.3 [13]*.
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Figure 3. Dose—response curves for titrations of recombinant EGFR gsgr 7900 tyrosine kinase with inhibitors. Enzyme activity was determined
using an assay that measures conversion of ATP to ADP. Plotted data are averages of two determinations.

13 was reacted with N-acetylcysteine and glutathione (data not
shown). Thus, cleavage of the Au—Sy;oues bond by the latter
ubiquitous tripeptide has to be considered an undesired
competing mechanism in cells. The thiourea/thiolate ligand
exchange reactions occur instantaneously and too rapidly for a
comparative kinetic analysis.

Inhibition of EGFR Tyrosine Kinase. Because compounds
9 and 13 contain the 3-chloro-4-fluoroanilino-quinazoline
scaffold of gefitinib, our analogues can be expected to act as
ATP-competitive inhibitors. To confirm that both compounds
are able to inhibit ATP-to-ADP conversion by EGFR-TK
(L8S8R/T790M double mutant) and to test if gold(I) in the
latter complex has an effect on kinase activity, we used an assay
based on bioluminescent detection of ATP. The assay was
performed in a modified buffer free of BSA and DTT to
minimize unwanted side reactions of compound 13 with the
reactive thiol groups in these molecules. Compounds 9, 13, and
the clinical drug gefitinib inhibit tyrosine kinase-mediated
protein phosphorylation at similar submicromolar levels, which
was quantified by monitoring conversion of ATP into ADP
(Figure 3). Unlike the covalent inhibitor afatinib, which shows
a 100-fold lower ICy, than gefitinib in kinase activity assays
performed with EGFR—TKL%8R/T790M,25 compound 13 did not
show the desired enhancement. Although this observation per
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se does not rule out an irreversible binding mechanism, the
instability of compound 13 and the fact that it is not
significantly more cytotoxic than gefitinib and compound 9 in
NCI-H1975 harboring the EGFRygsgp 790 Mmutation dis-
couraged us from performing additional experiments to further
characterize the mode of inhibition. (For comparison, we also
tested the complex [AuCI(PEt;)] (11), a potential decom-
position product of compound 13 in assay buffer. This
compound quenches enzyme activity at much higher micro-
molar concentrations and does not produce the sigmoidal dose
response of 9 and 13, which would be expected for selective
kinase inhibition; see Supporting Information.) The observa-
tion that the gold(I) moiety in compound 13 shows no major
effect on inhibitory concentrations may indicate a lack of
reactivity with the targeted cysteine-797 or loss of the metal in
nonspecific reactions with the protein. The results of this assay
demonstrate that compound 13 targets the ATP binding pocket
of EGFR-TK to produce kinase inhibition similar to gefitinib
and compound 9 but does not result in the level of
enhancement observed for the Michael-acceptor-based phar-
macophores.

DOI: 10.1021/ic502998a
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B CONCLUSIONS

While several peptide and intercalator-containing conjugates
have been designed to improve the uptake and organelle
selectivity of gold-based cytotoxic agents,”* >* introduction of
gold(I) moieties as reactive electrophiles into clinically relevant
molecularly targeted therapies is an entirely new concept.
“Molecularly targeted therapies” are defined as small-molecule
inhibitors of aberrant kinase signaling (“nibs”) and monoclonal
antibodies targeted at growth receptors (“mabs”).*® The
current approach also differs from that pioneered by Meggers
et al., which uses rigid, inert transition metal-based scaffolds to
target protein kinases.>"

One potential mechanism of action of compound 13 would
involve transfer of the [Au(PEt;)]" moiety to cysteine-797 of
the EGFR-TK. While this reaction would not produce a
permanent cross-link between the TKI and the enzyme, unlike
those observed with the Michael acceptor-modified agents, it
would lead to a bulky adduct in the enzyme active site. This
form of modification may help block access of ATP to the
catalytic pocket to help overcome resistance mediated by the
reduced TKI binding affinity in mutated kinase domains. The
ability of compound 9 to act as a targeted carrier of
[Au(PEt;)]* depends on the stability of the mixed thiourea—
phosphine coordination in compound 13 in the presence of
competing nucleophiles in circulation and in the cytosol.
Thiourea as a donor was chosen for its relative ease of synthesis
and for its thiol-like properties and ability to mimic and
compete with thiolate sulfur in gold(I) coordination'®** The
results of the mass spectrometry study confirm that thiourea,
indeed, is able to compete with thiolate sulfur, but appears to
be too labile as a ligand trans to phosphine for the desired
targeted application. A major concern of such an entity would
be its high reactivity with ubiquitous thiols in circulation and
cells (e.g, human serum albumin, glutathione), which would
cause systemic instability and undesired off-target effects. Thus,
alternative, sterically hindered ligands able to slow ligand
exchange remain to be tested as part of a proof-of-concept
study and a broader effort to establish structure—activity
relationships.

Another (undesired) mechanism by which complex 13
disassembles into a gold—phosphine species and analogue 9 in
the presence of reactive bioligands prior to reaching the enzyme
active site has also to be considered. Gold(I)—phosphines
directly target the mitochondria to trigger oxidative stress,
which leads to apoptosis.>> Aberrant EGFR expression is
associated with defective mitochondrial apoptotic signaling,
which renders affected cancer cells insensitive to conventional
chemotherapy.>*** A dual mechanism promoted by the
individual components that involves inhibition of EGFR
signaling and cell death triggered by mitochondrial toxicity
may help overcome tumor resistance.

In conclusion, using simple ligand substitution chemistry,
which has been previously developed to generate mixed
thiourea—(pseudo)halido and thiourea—phosphine gold(I)
complexes,'* we were able to introduce a TKI derived from
gefitinib as terminal ligand. This was possible after innocuous
modification of the cancer drug with a sulfur-donor group. If
ligand exchange reactions in these complexes can be controlled
more efliciently, such molecules may provide a therapeutically
useful strategy for targeting the human kinome with the goal of
overcoming tumor resistance to first-line therapies.

3321

B EXPERIMENTAL SECTION

General Supplies and Procedures. Hydrogen tetrachloroaurate
trihydrate was purchased from Alfa Aesar. The
tetrahydrothionphenegold(I) complexes 10a and 10b,'*
chlorotriethylphosphinegold(I) 11,° compound 1, and tert-
butylmethyl(2-oxoethyl)carbamate®" were synthesized using published
procedures. Gefitinib was purchased from Sigma. For the preparation
of biological buffers, biochemical grade chemicals (Fisher/Acros) were
used. HPLC-grade solvents were used for all HPLC and mass
spectrometry experiments. The synthetic octapeptide, QLMPFGCL,
was purchased from Thermo Scientific Pierce Protein Research
(Rockford, IL). All other reagents and chemicals were acquired from
common vendors and used without further purification. Reactions
involving gold were performed and solutions stored in the dark. 'H
NMR spectra of the target compounds and intermediates were
recorded on Bruker Advance 300 and DRX-500 instruments. Proton-
decoupled *C NMR spectra were recorded on a Bruker DRX-500
instrument operating 125.8 MHz. (Signal multiplicities in peak listings
reflect *C—"F and *C—'P coupling. [J(*C—"F) and J("*C—*'P)
values are not reported.) Chemical shifts (§) are reported in parts per
million (ppm) relative to tetramethylsilane (TMS).

Electrospray mass spectra (ES-MS) were recorded on an Agilent
1100LC/MSD trap instrument. Ion evaporation was assisted by a flow
of N, drying gas (300—350 °C) at a pressure of 40—50 psi and a flow
rate of 11 L/min. Mass spectra were typically recorded with a capillary
voltage of 2800 V over a mass-to-charge (m/z) scan range of 200—
2200. The purity and stability of the target compounds was analyzed
by reverse-phase high-performance liquid chromatography (HPLC)
using the LC module of the Agilent Technologies 1100 LC/MSD trap
system equipped with a multiwavelength diode-array detector.
Separations were accomplished with a 4.6 mm X 150 mm reverse-
phase Agilent ZORBAX SB-C18 (S ym) analytical column at 25 °C.
Separations were accomplished with the following solvent system:
solvent A—optima water/0.1% formic acid; solvent B—methanol/0.1%
formic acid; solvent C—acetonitrile/0.1% formic acid. Separations
were performed at a flow rate of 0.5 mL/min and a gradient of 50% A/
50% B to 5% A/95% B over 20 min (for 7), and at a flow rate of 0.5
mL/min and a gradient of 95% A/5% C to 5% A/95% C over 20 min
(for 9). HPLC traces were recorded over a wavelength range of 363—
463 nm. Mass spectra of reactions mixtures containing octapeptide and
compound 13 were recorded in positive-ion mode for samples directly
infused into the electrospray source in 50% solvent A/50% solvent B
at a flow rate of 200 xL/min. High-resolution mass spectrometry
(HRMS) was performed on a Thermo Scientific LTQ_Orbitrap XL
equipped with an electrospray source with a capillary voltage of 5000
V over an m/z scan range of 200—2200. Samples were introduced into
the electrospray source by direct injection utilizing 50% solvent A with
50% solvent B at a flow rate of 100 yL/min. Spectra were recorded in
positive-ion mode.

Single crystals of 7 were grown from a saturated solution in
methanol, while crystals of 12 were grown by slow diffusion of diethyl
ether into a concentrated DMF solution. HPLC peaks were integrated
with MestReNova 8.1. For all organic ligands studied in cancer cells,
an analytical purity of >95% was confirmed by reversed-phase HPLC.
The purity of compounds 12 and 13 was determined by CHN
elemental analysis (Intertek Pharmaceutical Services, Whitehouse, NJ).
Single-crystal X-ray data acquired for compounds 7 and 12a and
experimental details of the structure solution and refinement have
been deposited with the Cambridge Crystallographic Data Centre
(Cambridge, U.K.) under deposition codes CCDC-976611 and
CCDC-976612, respectively.

Computational Studies. The inhibitor structures were built in
GaussView 4.0 (Semichem Inc, Shawnee Mission, KS, 2009).
Structures were optimized at the rb3lyp level of theory using the 6-
311%* basis set in Gaussian 03 (Gaussian, Inc., Pittsburgh PA,
2003).**¥” Prior to docking studies, structures were checked in
AutoDockTools 1.5.4 (The Scripps Research Institute, La Jolla, CA)
for possible bond torsion errors, and appropriate Gasteiger charges
were calculated and assigned as necessary. The crystal structure of
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EGFR (L858R/T790M mutant) from the Brookhaven Protein Data
Bank (PDB ID: 2JIV) was used as the receptor for docking studies,
and the active site coordination ranges were defined using the grid box
in AutoDockTools. The inhibitor structures were then docked into the
active site using AutoDock Vina.*® Conformational searches were
performed with an exhaustiveness setting of ‘9’. Results were evaluated
based on relative docking energies.

Synthesis of N-(3-Chloro-4-fluorophenyl)-7-ethoxy-6-nitroquina-
zolin-4-amine (2). A mixture of 1 (4.55 g, 18.0 mmol) in 40 mL of
dichloromethane (DCM) and 3-chloro-4-fluoroaniline (2.61 g, 18.0
mmol) in 80 mL of isopropanol was stirred at room temperature
overnight. The solid was collected and washed with a small amount of
DCM to give 6.67 g (93%) of 2 as a bright yellow powder. 'H NMR
(300 MHz, DMSO-dg) 6 11.69 (bs, 1H), 9.59 (s, 1H), 8.93 (s, 1H),
8.07 (dd, J = 6.8, 2.6 Hz, 1H), 7.77 (ddd, ] = 9.0, 4.4, 2.6 Hz, 1H), 7.63
(s, 1H), 7.54 (t, ] = 9.1 Hz, 1H), 7.27 (q, ] = 8.8 Hz, 1H), 4.39 (q, ] =
6.9 Hz, 2H), 1.44 (t, ] = 6.9 Hz, 3H); >°C NMR (126 MHz, DMSO-
dy) 8 159.45, 15629, 155.51, 154.99, 154.34, 139.92, 134.79, 126.18,
124.92, 123.34, 119.75, 117.54, 107.29, 105.92, 99.98, 66.76, 14.50;
MS (ES) m/z 363.1 [M + H]".

Synthesis of N*-(3-Chloro-4-fluorophenyl)-7-ethoxyquinazoline-
4,6-diamine (3). A mixture of 2 (2 g, S mmol), iron (1.68 g, 30.1
mmol), acetic acid (1.8 g, 30.1 mmol), and sodium acetate (0.41 g, 5.0
mmol) in 80 mL of methanol was refluxed for 3 h. To this mixture
were added 3 mL of conc. ammonia. The mixture was filtered while
hot, the solid was washed with hot methanol, and the solvent was
removed from the filtrate by rotary evaporation. The resulting solid
was extracted four times with hot acetone. After the acetone was
removed from the extracts, water was added to the residue, and the
slurry was stirred for 30 min. The yellow precipitate was filtered,
washed with water, and dried in a vacuum at 60 °C to yield 1.42 g
(85%) of 3. "H NMR (300 MHz, DMSO-d) 6 9.38 (s, 1H), 8.38 (s,
1H), 8.25—8.11 (m, 1H), 7.90—7.73 (m, 1H), 7.38 (m, 2H), 7.08 (s,
1H), 5.33 (s, 2H), 422 (q, ] = 7.2 Hz, 2H), 1.45 (t, ] = 7.0 Hz, 3H);
3C NMR (126 MHz, DMSO-d,) & 154.90, 153.51, 151.83, 151.58,
150.12, 144.70, 138.42, 137.46, 122.34, 121.34, 118.58, 116.38, 110.19,
10624, 100.75, 63.77, 14.34; MS (ES) m/z 333.1 [M + H]".

Synthesis of 1-(4-((3-Chloro-4-fluorophenyl)amino)-7-ethoxyqui-
nazolin-6-yl)-3-methylthiourea (4). A mixture of 0.1 g (0.3 mmol) of
3 and 0.033 g (0.45 mmol) of methylisothiocyanate was stirred in 3
mL of ethanol at room temperature for 3 h. The solution was
concentrated to half its volume and stored in the refrigerator
overnight. The precipitate formed was collected, washed with ethanol
to yield 47 mg (39%) of 4. "H NMR (500 MHz, DMSO-dg) § 9.71 (s,
1H), 9.08 (s, 1H), 8.61 (s, 1H), 8.57 (s, 1H), 8.20 (dd, ] = 6.8, 2.6 Hz,
1H), 7.84 (ddd, ] = 9.2, 4.3, 2.7 Hz, 2H), 7.43 (t, ] = 9.1 Hz, 1H), 7.26
(s, IH), 424 (q, ] = 7.0 Hz, 2H), 2.94 (d, ] = 4.3 Hz, 3H), 141 (t, ] =
6.9 Hz, 3H); ®C NMR (126 MHz, DMSO-d¢) & 182.39, 157.41,
157.17, 154.69, 154.52, 152.59, 150.42, 137.22, 128.17, 123.57, 122.48,
121.31, 11926, 117.07, 109.16, 108.22, 64.79, 31.94, 14.83; MS (ES)
m/z 406.1 [M + H]".

Synthesis of 1-(4-((3-Chloro-4-fluorophenyl)amino)-7-ethoxyqui-
nazolin-6-yl)-3-phenylthiourea (5). This analogue was synthesized
using the same procedure and stoichiometric amounts described for
compound 4. Yield 35 mg (25%). '"H NMR (300 MHz, DMSO-d;) &
9.95 (s, 1H), 9.74 (s, 1H), 9.36 (s, 1H), 8.72 (s, 1H), 8.57 (s, 1H),
8.19 (dd, J = 6.9, 2.7 Hz, 1H), 7.83 (ddd, ] = 9.4, 4.4, 2.7 Hz, 1H),
7.56—7.30 (m, SH), 7.27 (s, LH), 7.16 (t, ] = 7.3 Hz, 1H), 426 (q, ] =
6.9 Hz, 2H), 1.43 (t, ] = 6.8 Hz, 3H); '*C NMR (126 MHz, DMSO-
ds) 6 180.38, 156.97, 156.69, 154.19, 154.17, 153.99, 152.06, 149.99,
139.17, 136.66, 128.41, 128.06, 124.72, 124.06, 123.12, 122.01, 121.16,
118.70, 116.50, 108.48, 107.54, 64.31, 14.32; MS (ES) m/z 4682 [M
+ H]*".

Synthesis of N*-(3-Chloro-4-fluorophenyl)-7-ethoxy-N6-methyl-
quinazoline-4,6-diamine (6). To a solution of sodium methoxide in
30 mL of methanol (prepared from 0.35 g/15 mmol of sodium metal)
were added 1 g (3 mmol) of 3 and 045 g (15 mmol) of
paraformaldehyde. The reaction mixture was refluxed for 2 h and
subsequently cooled to 0 °C. After 0.57 g (1S mmol) of sodium
tetrahydroborate were added in small portions, the orange mixture
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turned light yellow, and heating at reflux was continued for another 2
h. Solvent was removed by rotary evaporation, and the residue was
washed with water. The solid was then dissolved in a minimum
amount of methanol/DCM (1:1), and the solution was passed through
a Celite pad to remove a minor amount of a black solid. Solvent was
removed to give 0.7 g (67%) of 6 as a light yellow powder. 'H NMR
(300 MHz, DMSO-dg) 6 9.31 (s, 1H), 8.37 (s, 1H), 8.16 (dd, J = 6.9,
2.7 Hz, 1H), 7.84 (ddd, ] = 9.1, 4.4, 2.6 Hz, 1H), 7.42 (t, ] = 9.1 Hz,
1H), 7.13 (s, 1H), 7.05 (s, 1H), 5.71 (q, ] = 5.1 Hz, 1H), 423 (q, ] =
6.9 Hz, 2H), 2.92 (d, ] = 4.9 Hz, 3H), 1.45 (t, ] = 6.9 Hz, 3H); *C
NMR (75 MHz, DMSO-d;) § 154.77, 154.31, 151.69, 151.10, 149.94,
144.41, 139.89, 137.29, 122.83, 121.79, 118.67, 116.42, 110.15, 105.56,
95.67, 63.86, 30.03, 14.33; MS (ES) m/z 347.1 [M + H]*.

Synthesis of 1-(4-((3-Chloro-4-fluorophenyl)amino)-7-ethoxyqui-
nazolin-6-yl)-1,3-dimethylthiourea (7). A mixture of 2.5 g (7.2
mmol) of 6, 1.05 g (14.4 mmol) of methylisothiocyanate, and 1.76 g
(144 mmol) of 4-dimethylaminopyridine (DMAP) in 20 mL of
ethanol was stirred at reflux for 30 h. Additional methylisothiocyanate
was added after 6, 18, and 24 h (2 equiv each time). Ethanol was
removed and the resulting dark oil was applied to a triethylamine-
treated silica gel column. DCM/methanol (50:1) was used to remove
nonpolar impurities, and the same solvent at a 30:1 ratio was used to
elute the product. The product fractions were combined, and solvent
was removed by rotary evaporation. The residue was recrystallized
from ethyl acetate to give 1.05 g (35%) of 7 as orange crystalline solid;
"H NMR (500 MHz, DMSO-d) 6 9.72 (s, 1H), 8.61 (s, 1H), 8.48 (s,
1H), 8.23 (dd, J = 6.9, 2.7 Hz, 1H), 7.85 (ddd, J = 9.2, 4.3, 2.7 Hz,
1H), 7.44 (t, ] = 9.1 Hz, 1H), 7.33 (s, 1H), 7.18 (s, 1H), 424 (q, ] =
6.9 Hz, 2H), 3.47 (s, 3H), 2.85 (d, ] = 4.2 Hz, 3H), 1.36 (t, ] = 6.9 Hz,
3H); BC NMR (126 MHz, DMSO-d) § 183.41, 158.43, 157.37,
155.44, 154.59, 152.66, 151.97, 137.07, 133.10, 124.53, 123.48, 122.35,
119.33, 117.13, 109.82, 109.68, 64.81, 56.49, 19.02, 14.81; HRMS m/z
[M + H]* caled for C,gH,,CIFNOS: 420.1061, found: 420.1032.

Synthesis of N*-(3-Chloro-4-fluorophenyl)-7-ethoxy-N°-(2-
(methylamino)ethyl)quinazoline-4,6-diamine (8). A mixture con-
taining 2.0 g (6.0 mmol) of 3, 0.68 g (18 mmol) of NaCNBHj, and 2.1
g (12 mmol) of tert-butylmethyl(2-oxoethyl)carbamate in 40 mL of
methanol was prepared. Sufficient glacial acetic acid (~1.5 g) was
added until the solid was completely dissolved. A yellow precipitate
formed after the reaction was stirred for 12 h at room temperature.
Solvent was removed and the resulting oil was redissolved in DCM,
washed with saturated NaHCOj; and brine, and dried over Na,SO,.
DCM was removed and the residue was heated at reflux in 50 mL of 4
M HCl for 2 h to remove the Boc protecting group. Acid was removed
by rotary evaporation, and the resulting oil was allowed to solidify by
stirring in ethanol at room temperature overnight. The solid was
collected, washed with small amounts of ethanol, and partitioned
between DCM and 1 M NaOH solution. The organic layer was
recovered, washed with brine, and dried over Na,SO,. After the
solvent was removed 1.0 g (51%) of 8 was obtained as a white solid.
'"H NMR (300 MHz, DMSO-dy) 6 9.31 (s, 1H), 8.37 (s, 1H), 8.15
(dd, J = 6.9,2.6 Hz, 1H), 7.83 (ddd, ] = 9.1, 4.4, 2.7 Hz, 1H), 7.42 (t,]
=9.1 Hz, 1H), 7.24 (s, 1H), 7.07 (s, 1H), 5.45 (t, ] = 5.4 Hz, 1H), 4.24
(q,J = 6.9 Hz, 2H), 3.32 (q, ] = 5.8 Hz, 2H), 2.84 (t, ] = 6.0 Hz, 2H),
2.35 (s, 3H), 1.4 (t, ] = 6.9 Hz, 3H); 3C NMR (126 MHz, DMSO-
dg) 6 154.82, 153.70, 151.77, 151.56, 150.16, 144.52, 138.77, 137.20,
122,93, 121.87, 118.63, 116.38, 110.04, 105.82, 96.42, 63.93, 49.75,
4219, 35.81, 14.31; MS (ES) m/z 3902 [M + H]".

Synthesis of 1-(2-((4-((3-Chloro-4-fluorophenyl)amino)-7-ethox-
yquinazolin-6-yllamino)ethyl)-1,3-dimethylthiourea (9). A mixture
of 0.14 g (1.92 mmol) of methylisothiocyanate and 0.5 g (1.28 mmol)
of 8 in 10 mL of ethanol was stirred at room temperature for 1 h to
produce a white solid precipitate, which was collected, washed with
cold ethanol, and dried to yield 0.53 g (90%) of 9. 'H NMR (500
MHz, DMSO-d;) 6 9.24 (s, 1H), 8.39 (s, 1H), 8.18 (dd, ] = 6.9, 2.7
Hz, 1H), 7.85 (ddd, ] = 9.1, 4.0, 2.7 Hz, 1H), 7.51 (q, ] = 4.2 Hz, 1H),
7.43 (t, ] = 9.1 Hz, 1H), 7.25 (s, 1H), 7.06 (s, 1H), 5.85 (t, ] = 5.3 Hz,
1H), 4.22 (q, 2H), 4.16 (t, ] = 6.4 Hz, 2H), 3.47 (q, J = 6.0 Hz, 2H),
3.10 (s, 3H), 2.94 (d, ] = 4.1 Hz, 3H), 145 (t, ] = 6.9 Hz, 3H); °C
NMR (126 MHz, DMSO-d) & 182.50, 155.32, 154.22, 152.29, 152.17,

DOI: 10.1021/ic502998a
Inorg. Chem. 2015, 54, 33163324


http://dx.doi.org/10.1021/ic502998a

Inorganic Chemistry

150.70, 145.11, 139.13, 137.76, 123.26, 122.19, 119.22, 116.99, 110.57,
106.31, 96.57, 64.51, 51.89, 41.95, 37.90, 33.19, 14.97; HRMS m/z [M
+ HJ* caled for C,;H,;CIFN,OS: 463.1483, found: 463.1464.

Synthesis of [{Au(7)},]Cl, (12a). A mixture of 0.10 g (0.24 mmol)
of compound 7 and 76 mg (0.24 mmol) of
chlorotetrahydrothiophenegold(I) (10a) in S mL of DCM and 1
mL of methanol and was stirred at room temperature for 30 min.
When the solution was concentrated to a volume of ~1 mlL,
compound 12a precipitated as an off-white solid, which was collected,
washed with DCM, and dried in a vacuum at 60 °C. Yield: 0.116 g
(75%). "H NMR (500 MHz, DMSO-dg) 6 9.77 (s, 1H), 8.89 (s, 1H),
8.63 (s, 1H), 8.54 (s, 1H), 8.23—8.15 (m, 1H), 7.86—7.78 (m, 1H),
746 (t, ] = 9.1 Hz, 1H), 7.33 (s, 1H), 4.25 (s, 2H), 3.53 (s, 3H), 3.17
(s, 3H), 1.45—1.30 (m, 3H); *C NMR (126 MHz, DMSO-d,)
175.87, 157.60, 157.44, 155.79, 154.75, 152.81, 152.02, 136.88, 133.21,
124.09, 123.79, 122.59, 119.37, 117.19, 109.68, 65.09, 55.37, 34.21,
14.88; HRMS m/z [M]* caled for CsgH;3Au,CLF,N;,0,S,:
616.0648, found: 616.0611; anal. caled for CsgHygAu,CLF,N;40,S,-
CH,Cl,: C 33.20, H 2.71, N 10.19, found: C 33.49, H 2.65, N 10.13.
(The analogous thiocyanate salt 12b showed the same mass
spectroscopic and NMR features.)

Synthesis of [Au(9)PEt;](NO3) (13). To 0.153 g (0.34 mmol) of 9 in
a mixture of 10 mL of THF and S mL of methanol 0.122 g (0.34
mmol) of chlorotriethylphosphinegold(I) was added. The mixture was
stirred for 5 min, and 56 uL of a 1 g/mL aqueous solution of AgNO;
were added to exchange chloride with nitrate counterions. Precipitated
AgCl was filtered off and the filtrate was concentrated and added to 20
mL of diethyl ether. Compound 13 precipitates as a yellow solid,
which was washed with diethyl ether and dried in a vacuum. Yield:
0.126 g (46%). "H NMR (500 MHz, DMSO-dy) 6 9.32 (s, 1H), 8.41
(s, 1H), 827 (q, ] = 42 Hz, 1H), 8.15 (dd, J = 6.8, 2.6 Hz, 1H), 7.83
(ddd, J = 9.1, 4.0, 2.7 Hz, 1H), 7.44 (td, ] = 9.1, 0.8 Hz, 1H), 7.29 (s,
1H), 7.10 (s, 1H), 5.77 (t, ] = 5.35 Hz, 1H), 4.24 (q, ] = 6.9 Hz, 2H),
4.19 (t, ] = 5.6 Hz, 2H), 3.57 (q, ] = 6.1 Hz, 2H), 3.21 (s, 3H), 3.10 (d,
J = 4.0 Hz, 3H), 1.89 (dq, ] = 10.6, 7.6 Hz, 6H), 1.45 (t, ] = 6.9 Hz,
3H), 1.05 (dt, J = 19.3, 7.7 Hz, 9H); *C NMR (126 MHz, DMSO-d;)
5 17545, 154.87, 153.77, 151.84, 151.76, 150.27, 144.14, 138.31,
137.01, 122.84, 121.78, 118.70, 116.49, 109.91, 105.65, 96.57, 64.05,
52.18, 40.8, 33.57, 16.78, 14.37, 8.94, 8.83; HRMS m/z [M]" calcd for
C,,HyAuCIEN,OPS: 777.1982, found: 777.1957; anal. caled for
Cy,HyAuCIEN,O,PS: C 38.65, H 4.68, N 11.67, found: C 38.13, H
4.25, N 10.79.

Cell Proliferation Assay. The human nonsmall cell lung cancer
cell lines, NCI-H460 (large cell) and NCI-H1975 (adenocarcinoma),
were obtained from the American Type Culture Collection (Rockville,
MD, USA). Both cell lines were cultured in RPMI-1640 media
(HyClone) supplemented with 10% fetal bovine serum (FBS), 10%
penstrep (P&S), 10% L-glutamine, and 1.5 g/L NaHCOj;. Cells were
incubated at a constant temperature at 37 °C in a humidified
atmosphere containing 5% CO, and were subcultured every 2—3 days
in order to maintain cells in logarithmic growth. The cytotoxicity
studies were carried out according to a standard protocol using the
Celltiter 96 aqueous nonradioactive cell proliferation assay kit
(Promega, Madison, WI). Stock solutions (10 mM) of all drugs
were prepared in DMF and serially diluted with media to a final
concentration of less than 0.1 #M prior to incubation with cancer cells.
ICs, values were calculated from dose—response curves using
sigmoidal curve fits in GraphPad Prism, version 5.00 (GraphPad
Software Inc., La Jolla, CA).

Enzyme Inhibition Assay. Compounds were tested against
epidermal growth factor receptor tyrosine kinase, EGFRygssr T790m/
using the ADP-Glo Kinase assay platform (Promega, Madison, WI).
Reactions were performed on white 96-well plates (BD Biosciences,
San Jose, CA). Stock solutions (1 mM) were prepared in DMF, and
serial dilutions were carried out in a modified 1X kinase reaction
buffer, which was free of bovine serum albumin (BSA) and
dithiothreitol (DTT) (40 mM Tris-HCl, pH 7.5; 20 mM MgCl,; 2
mM MnCl,; 0.05 mM Na,S,0,). To estimate the amount of ADP
generated by EGFR-TK and to determine the optimal amount of
enzyme in assay reactions, standard curves of luminescence intensity vs
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% ATP-to-ADP conversion for [ATP] up to 100 uM were plotted,
which show the expected linearity over the entire concentration range
(data not shown). Reactions contained 44 ng of EGFR in 10 uL of
buffer, 10 uL of 250 uM ATP/0.2 ug/uL poly(Glu,Tyr,), and S uL of
inhibitor in 1X reaction buffer (total volume 25 uL, final [ATP] = 100
uM). Mixtures were incubated for 60 min and subsequently
terminated by adding 25 uL of ADP-Glo reagent (Promega).
Termination reactions were allowed to incubate for 40 min, and 50
UL of kinase detection reagent (Promega) was added. The plates were
then analyzed for luminescence with a Synergy H1 Hybrid Reader
(BioTek, Vinooski, VT) after 30 min of incubation. ICs, values were
calculated from sigmoidal curve fits of the luminescence data using
GraphPad Prism for an average from two determinations.
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