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Anticancer Cyclometalated [Au™,(C*N~AC),,L]"" Compounds: Synthesis

and Cytotoxic Properties
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Abstract: A series of cyclometalated
gold (1) compounds [Au,,-
(CAN2C), L] (m=1-3; n=0-3;
HCANACH =2,6-diphenylpyridine)

was prepared by ligand substitution re-
action of L with N-donor or phosphine
ligands. The [Au,(CAN~C),L]"* com-
pounds are stable in solution in the
presence of glutathione. Crystal struc-
tures of the gold(mm) compounds con-
taining bridging bi- and tridentate
phosphino ligands reveal the presence
of weak intramolecular -7 stacking
between the [Au(C*NAC)]* units. Re-
sults of MTT assays demonstrated that
the [Au,(C*N~C),L]"* compounds
containing nontoxic N-donor auxiliary

revealed that the gold(i)-induced cyto-
toxicity occurs through an apoptotic
cell-death pathway. The cell-free inter-
action of 2a with double-stranded
DNA was also examined. Absorption
titration showed that 2a binds to calf-
thymus DNA (ctDNA) with a binding
constant of 4.5x10° dm*mol " at 298 K.
Evidence from gel-mobility-shift assays
and viscosity measurements supports
an intercalating binding mode for the
2a-DNA interaction. Cell-cycle analy-
sis revealed that 2a causes S-phase cell
arrest after incubation for 24 and
48 hours. The cytotoxicity of 3b-g
toward cancer cells (IC5,=0.04-4.3 um)
correlates to that of the metal-free

phosphine ligands (ICs,=0.1-38.0 um),
with  [Au(C*"N*C),(u-dppp)['*  (3d)
and dppp (dppp =1,2-bis(diphenylphos-
phino)propane) being the most cyto-
toxic gold(mm) and metal-free com-
pounds, respectively. Compound 3d
shows a cytotoxicity at least ten-fold
higher than the other gold(in) ana-
logues; in vitro cellular-uptake experi-
ments reveal similar absorptions for all
the gold(rr) compounds into nasophar-
yngeal carcinoma cells (SUNET1) (1.18-
3.81 ng/cell; c.f., 3d=2.04 ng/cell), sug-
gesting the presence of non-gold-medi-
ated cytotoxicity. Unlike 2a, both gold-
() compounds [Au(CAN~C)(PPh;)]*
(3a) (PPh;=triphenylphosphine) and

ligands (2) exert anticancer potency
comparable to that of cisplatin, with
ICs, values ranging from 1.5 to 84 pm.
The use of [Au(C*N”C)(1-methylimi-
dazole)]t (2a) as a model compound

Introduction

The success of cisplatin and its derivatives as anticancer
agents has stimulated the development of metal-based com-
pounds, including those of gold, for anticancer treatment.!"
In this context, extensive investigations on the biological
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[Au,(C"NAC),(u-dppp) [+ (3d) inter-
act only weakly with ctDNA and do

agents
not arrest the cell cycle.

DNA -

properties of gold(1) and gold(m) have been reported. The
development of gold(i1) compounds as potential anticancer
agents™? has been hampered by their poor stability in solu-
tion. To our knowledge, only very few cytotoxic gold (1)
compounds, such as [Au(bipy‘-H)(OH)][PF,] (bipy*-H=de-
protonated 6-(1,1-dimethylbenzyl)-2,2’-bipyridine),?*¢! [Au-
(dmamp)Cl,] (dmamp = 2-(dimethylaminomethyl)phenyl),?
and gold(m) tetraarylporphyrins,®! have shown significant
stability.

The stability of metal compounds is usually enhanced by
multidentate chelating ligands. Lippard and co-workers first
reported the use of the tridentate terpyridine ligand (terpy)
to generate a planar gold(ur) metallointercalator.! Messori,
Orioli, and Coronnello also reported a number of gold(1r)
compounds containing 6-(1,1-dimethylbenzyl)-2,2"-bipyridine
ligands.”?*) Guo and co-workers recently reported the syn-
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thesis of [Au(Quinpy)CI]Cl (HQuinpy = N-(8-quinolyl)pyri-
dine-2-carboxamide) and its derivatives.”!l These gold(tm)
compounds are cytotoxic and bind to DNA. In addition, Co-
ronnello, Messori, Fregona, and their co-workers showed re-
cently that gold(u)-induced cytotoxicity may proceed
through an induction of apoptosis.?*"

We have reported previously the synthesis and study of a
series of gold(i) porphyrins that exhibit potent in vitro and
in vivo anticancer properties toward hepatocellular carcino-
ma and nasopharyngeal carcinoma.’! As demonstrated by
DNA-microarray and proteomic analyses, the gold(mm) tet-
raarylporphyrins upregulated the transcription and transla-
tion of a number of apoptosis-related gene and protein ex-
pressions. To explore potential medicinal applications for
gold(m) compounds, we focused our attention on [Au,-
(CAN"C),,L]"t compounds (HC"N”CH =2,6-diphenylpyri-
dine, Scheme 1), which were first developed and reported
by us in 1998.°°1 We envisioned that the cationic [Au,,-
(CANAC),,L]"t compounds (for m=1, n=1, L=neutral
ligand) would be structurally analogous to the classical met-
allointercalating [Pt(terpy)L]* compounds.”! This class of
compounds should be highly robust in solution, because the
dianionic nature of the C*N”C ligand would stabilize the
electrophilic gold(ur), causing
its reduction to gold(mm) and
gold() at negative reduction
potential. It would also be fea-
sible to make structural modifi- ‘
cations to the [Au,,- O
(CAN”C), L]t compounds
through ligand-substitution re-
actions of L, which would be
very useful for studying the re-
lationship between structure
and cytotoxicity. By using ap-
propriate polydentate ligands,
polynuclear  gold(ii)
pounds comprising more than
one [Au(CANAC)]*  moiety
(m=2 or 3) could be obtained.
Furthermore, given the stability
of the gold(mm)-ligand bond, the
[Au(CA'NAC)]* moiety may
also serve as a biological carrier
through the ligation of cytotox-
ic agents, such as phosphine li-
gands.

Here we describe the synthe-
ses of a series of [Au,-
(CANAC), L] compounds
(L=chloride, N-donor, or phos-
phine ligand). By using [Au-
(CAN”C)(1-methylimidazole)]*
(2a) and [Au,(CAN~C),(p-1,2-
bis(diphenylphosphino)pro-
pane)]** (3d) as model com-
pounds, the mode of interaction

/
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Scheme 1. Possible  sites  for
(CAN~C),L]".

modification of [Au,,-

of [Au,,(CA"N~C),,L]"* with DNA and potential mechanisms
for induced cell death are examined.

Results and Discussion

The [Au,,(C*"N~C),,L]"t compounds studied are shown in
Scheme 2. The gold(mm) compounds, including new com-
pounds 2b, 2¢, 3d-h, 4a, 4b, and Sa-f, were prepared ac-
cording to literature methods and were characterized by
"H NMR and UV-visible spectroscopies, and fast atom-bom-
bardment (FAB) mass spectrometry (see Experimental Sec-

+ X +

[Au(CANAC)(PPh,)]" (3a)

[AU,(C"N"C),(u-im)]" (2¢)

CH?)h = 1,2-bis(diphenylphosphino)methane,
2+ e P [Au,(C*N"C),(n-dppm)]* (3b)
= 1,2-bis(diphenylphosphino)ethane,
[Au,(CN"C),(u-dppe)*" (3c)
= 1,2-bis(diphenylphosphino)propane,
[Au,(CANAC),(u-dppp)I** (3d)
= 1,2-bis(diphenylphosphino)butane,
[Au(C*N"C)y(u-dppb)]** (3e)
= 1,2-bis(diphenylphosphino)pentane,
m [AU,(CANC),(u-dpppe)]* (3f)

= 1,2-bis(diphenylphosphino)hexane,
[Au,(C"NC),(u-dpph)** (3g)

N Y
P P P

= bis(diphenylphosphinoethyl)phenylphosphine,
[Auy(CANAC)y(u-dpep)] (3h)

Scheme 2. The gold(1r) compounds investigated.
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tion).*” Displacement of the chloride group of 1 (R' modi-
fication, Scheme 1) is achieved by reaction with the appro-
priate N-donor (2) or phosphine (3) ligands. By using the bi-
dentate imidazolato (for 2c¢), 1,2-bis(diphenylphosphino)C,
(C, is a saturated hydrocarbon linker with n=1-6, for 3b—
g), and tridentate bis(diphenylphosphinoethyl)phenylphos-
phine (for 3h) ligands, we obtained multinuclear gold(1)
compounds containing more than one [Au(C*"N*C)]*
moiety. Compounds 4a and 4b are structural analogues of 1
and 2a, respectively, with a phenyl substitution at the R? po-
sition. Compounds 5a—f are gold(m) compounds containing
extended m-conjugated C*N*C motifs (R* and R* modifica-
tion on the C"N/C ligand).

X-ray crystallography: The molecular structures of 1 (Fig-
ure S1), 2b (Figure S2), 2¢ (Figure 1), 3d (Figure 2), 3h
(Figure 3), 4a (Figure S3), 5a (Figure S4), 5¢ (Figure S5), 5d
(Figure S6), Se (Figure S7), and 5f (Figure 4) were estab-
lished by X-ray crystallography. Crystallographic data-col-
lection parameters and selected bond angles and distances
for the gold(i) compounds are summarized in Tables 1 and
2, respectively. The Au-N(pyridyl) distances (1.94-2.06 A)
are comparable to the related distances (1.93-2.14 A) found
in [Au(terpy)CI** (terpy=272'2"-terpyridine),*! [Au(4-
MeOPh-terpy)CI>*  (4-MeOPh-terpy =4'-(4-methoxyphen-

R=Cl,n=0,
[Au(Ph-CANAC)CI] (4a)

Scheme 2. (Continued)
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R = 1-methylimidazole, n = 1,

| j [AU(Ph-CANAC)(meim-1)]" (4b)
sase
ﬁu
R R'=Cl,n=0,
_ e [AUNp-CANAC)CI] (5a)
| N R' = 1-methylimidazole, n = 1,
N [AU(NP-CANAC)(meim-1)]* (5b)
Seanpe il T
L [AU(Np-CANAC)(PPh,)]* (5¢)

=1, [Au(Np-C"N*C),(u-dppm)I** (5d)

1= 2, [Auy(Np-C"N"C),(-dppe)]*” (5e)

[Aus(Np-C"N"C)(u-dpep)I™ (5f)
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Figure 1. ORTEP drawing of the molecular cation of 2¢ made with ther-
mal ellipsoids at the 30 % probability level.

y1)-2,2,6' 2"-terpyridine),? and [Au(esal)]** (esal =N-ethyl-
salicylaldiminate).?®! The Au-C(phenyl) distances (2.06—
2.13 A) in these structures are comparable to the previously
reported [Au(CANAC)L]"* analogues (2.08-2.16 A)."! The
respective angles between the trans aryl carbon atoms in all
the X-ray crystal structures (156.8-163.8°) deviate signifi-
cantly from linearity. This is attributed to the phenyl sub-
stituents of the 2,6-diphenylpyridine ligand, which evidently
restrict the bite angle.

The crystal structure of the
molecular  cation of 2¢
(Figure 1) shows two [Au-
(CANAC)]* units that can ar-
range in C,, symmetry through
coordination of the N donors of
the  bidentate  imidazolato
ligand to gold(mm). In contrast,
the dppp ligand of 3d (dppp=
1,2-bis(diphenylphosphino)pro-
pane) can position two [Au-
(CANAO)]*  moieties into a
face-to-face configuration
(Figure 2). This configuration
suggests weak intramolecular
interactions between the two
staggered [Au(CAN”C)]* units
with an interplanar distance of
3.789 A. However, the intramo-
lecular metal---metal contact of
4.626 A between Aul-Au2 is
beyond the normal range of
1 3+ metal-metal interactions for d®-
metal ions.®!

Figure 3 depicts the configu-
ration of the molecular cation
of the trinuclear gold(u) com-
pounds, with bis(diphenylphos-
phinoethyl)phenylphosphine
(dpep) as the supporting ligand
(3h). Two of the three planar
[Au(CAN~C)]* moieties of 3h
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Figure 2. ORTEP drawing of the molecular cation of 3d made with ther-
mal ellipsoids at the 30 % probability level.

Figure 3. ORTEP drawing of the molecular cation of 3h made with ther-
mal ellipsoids at the 30 % probability level.

are positioned in a face-to-face configuration. Similar to 3d,
there is a weak s stacking interaction (3.680 A) between
these two gold(i1) moieties. The remaining terminal [Au-
(CAN"C)]* moiety sits as a ‘flap’ on the other side of the
molecule along the phosphorus—carbon chain, creating a
Aul--Au2--Au3 angle of 99.8°. This angle deviates signifi-
cantly from linearity, compared with the M--M--M angles of
154-179° found in the reported tethered oligopyridine cyclo-
metalated platinum(1) systems.®

The structures of 5a, 5S¢, 5d, Se, and 5f containing ex-
tended m-conjugated CA"N”C motifs were also established
by X-ray crystallography. The crystal structure of Sa reveals
the presence of mn-stacking intermolecular interactions
(3.59 A) (Supporting Information). However, this intermo-
lecular m-stacking distance is larger than that found in 1
(2.84 A). The interplanar distances between the [Au(Np-
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Figure 4. ORTEP drawing of the molecular cation of 5f made with ther-
mal ellipsoids at the 30 % probability level.

CANAC)]* (in which Np-CAN~C=2,6-dinaphthylpyridine)
motifs of dinuclear gold(m1) compounds 5d and 5e are 3.34
and 3.19 A, respectively, indicative of m-stacking intramolec-
ular interactions for these two gold(i1) compounds. Similar
to the trinuclear gold(im) compound 3h, two of the three
planar [Au(CA"N”C)]* moieties of 5f are positioned in a
face-to-face configuration, whereas the remaining terminal
[Au(CAN”C)]* moiety sits as a ‘flap’ on the other side of
the molecule along the phosphorus—carbon chain (Figure 4).

Physical properties: Compounds 2a, 2b, 3a-h, 4b, and 5b-f
are slightly soluble in water, with solubilities of
~0.5mgmL™". Unlike the neutral phosphine ligands them-
selves, which are insoluble in water and poorly soluble in di-
methyl sulfoxide (DMSO), the gold(i) compounds 3a-h
possess positive charge(s), giving them better solubility in
polar solvents. The neutral compounds 1, 4a, and Sa, and
the cationic dinuclear gold(111) compound 2 ¢ are insoluble in
water, but could be dissolved in DMSO and DMF at
~1 mgmL~". All these gold(im) compounds exhibit a vibron-
ic-structure absorption band with peak maxima at 304-
318 nm in DMSO. As reported previously, these absorptions
are attributed to a metal-perturbed intraligand (IL) s—st*
transition within the C*NAC ligand.”! At a concentration of
50 um, all compounds exhibited excellent stability in organic
solvents, as no significant UV-visible spectral changes were
observed over a 24-h period at room temperature. Electro-
chemical properties of the gold(mm) compounds in DMF
were studied by cyclic voltammetry. Compared to KAuCl,
[Egoram) -golay=—0-4 V], the substantially more-cathodic po-
tentials of —1.43 to —1.83 V versus Cp,Fe*" required for the
gold(m) reduction in all the gold(i1) compounds is consis-
tent with stabilization of gold(i) by the dianionic C*N"C
ligand (Table S1). Thus, it is not surprising that these
gold(mm) compounds are not reduced easily under physiologi-
cal conditions. Treatment of the gold(1) compounds, such as
2a, with glutathione (GSH, 2 mm) in Tris-buffered saline

Chem. Eur. J. 2006, 12, 52535266
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Table 1. Crystal data and structure refinement for 1, 2b-(ClO,), 2¢-(ClO,)-C;H,;NO, 3d-(CF;SO;),-4 CH;CN, 3h-(CF;SO;);-CH;CN-H,0, 4a-CH;OH, 5a,
5¢-(CF;S0;)-CHCI;, 5d-(CF;S05),-H,0, 5e-(CF;S0;),2 Et,0, and 5 f-(CF;SO5);:6 CHCL;-H,O.

1 2b-(ClO,) 2¢-(Cl1O,)- 3d-(CF;SO3), 3h-(CF;S05); 4a-CH;OH
C;H,NO 4CH,CN CH;CN-H,O
formula C;;H;,CINAu C,,H|(CIN,O,Au  C3H,sCIN,O4Au,s CgHygFN,OgP,S,Auy CeggHyggFoN3;OoP3S;Au; CosH sNClAu-
C;H,NO CgH )N, C,H;N-H,O CH,O
M, 461.68 604.78 1092.09 1727.24 2319.48 569.80
cryst. system monoclinic triclinic monoclinic monoclinic triclinic orthorhombic
space group C2lc P1 P2,/n P2,/c Pl Fddd
a[A] 10.595(2) 8.911(2) 13.453(3) 21.760(5) 13.082(3) 11.820(2)
b [A] 13.995(3) 10.632(2) 18.847(4) 17.740(4) 14.668(3) 15.064(3)
c[A] 9.293(2) 12.072(2) 15.143(3) 17.959(4) 25.067(5) 46.414(9)
a [°] 90.00 106.60(3) 90.00 90.00 96.84(3) 90.00
A 1°] 101.26(3) 93.25(3) 109.85(3) 90.17(3) 92.35(3) 90.00
v [°] 90.00 112.84(3) 90.00 90.00 109.43(3) 90.00
vV [AY 1351.4(5) 991.8(3) 3611.4(13) 6933(3) 4487.1(16) 8264.0(3)
V4 4 2 4 4 2 16
F(000) 864 580 2088 3400 2256 4352
Peatea [Mg m~7] 2.269 2.025 2.009 1.655 1.715 1.825
u [mm™] 11.070 7.585 8.243 4.406 5.093 7.263
index ranges —-12<h<12  -9<h<9 —-16<h<16 —26<h<26 —-15<h<15 —14<h<9
—-16<k<16 —12<k<12 —22<k<22 —-21<k<21 -17<k<17 —-11<k<18
-10<1<9 -14<i<14 —-18<1<18 -21<1<21 -30<1<29 —53<1<53
reflns collected 4595 7053 25187 50377 31154 6720
independent reflns 1162 3361 6389 12724 15316 1714
data/restraints/parameters 1162/0/93 3361/58/267 6389/0/478 12724/0/850 15316/93/1059 1714/0/117
final R indices [/>20(])] R1=0.033 R1=0.042 R1=0.043 R1=0.037 R1=0.049 R1=0.041
wR2=0.079 wR2=0.096 wR2=0.102 wR2=0.076 wR2=0.124 wR2=0.099
goodness-of-fit on F* 1.162 0.964 0.895 0.829 0.918 0.962
largest diff. peak/hole [eA~®]  0.740/—1.803  2.083/—2.082 1.534/-2.498 1.300/—1.444 1.405/-2.058 1.225/-1.915
Sa 5¢-(CF;S0;)-CHCl;  5d-(CF;S0;),-H,0 5e-(CF;S0;),2Et,0 5£-(CF;S0;),6 CHCl;-H,O
formula CysHsCINAu  CyH,F;NO;PSAu- C;;Hs,FN,O¢P,S,Auy  CigHs FgN,OP,S,Au,  C,HygFoN3OgP3S;Aus
CHCl, H,O0 CgH,,0, C¢H;Cl,,0
M, 561.80 1056.05 1753.21 1897.46 3294.99
cryst. system orthorhombic triclinic monoclinic monoclinic triclinic
space group Pbca Pl P2)/c C2/c Pl
a[A] 15.303(3) 9.662(2) 24.771(5) 40.037(8) 16.044(3)
b [A] 9.699(2) 13.853(3) 14.959(3) 14.516(3) 17.338(4)
c[A] 25.666(5) 15.567(3) 18.165(4) 42.375(9) 25.463(5)
a[°] 90.00 93.08(3) 90.00 90.00 97.52(3)
BI° 90.00 90.22(3) 100.78(3) 104.76(3) 102.51(3)
v [°] 90.00 101.28(3) 90.00 90.00 109.12(3)
VA% 3809.4(13) 2040.2(7) 6614(2) 23815(9) 6375(2)
V4 8 2 4 12 2
F(000) 2144 1038 3440 11304 3224
Pecatea Mg m~7) 1.959 1.719 1.761 1.588 1.717
u [mm™] 7.874 3.949 4.619 3.856 3.978
index ranges —-15<h<15 —11<h<8 —29<h<29 —45<h<45 —-17<h<17
-9<k<9 —-16<k<15 —-18<k<18 —-17<k<17 —-20<k<20
-29<1<29 —-18<1<18 -21<1<21 -50<1<50 —29<1<30
reflns collected 11847 10158 45673 58958 38602
independent reflns 2198 6662 11809 19276 19309
data/restraints/parameters 2198/0/63 6662/22/537 11.809/19/863 19276/275/1290 19309/297/1328
final R indices [I>20([)] R1=0.062 R1=0.037 R1=0.035 R1=0.051 R1=0.065
wR2=0.187 wR2=0.086 wR2=0.077 wR2=0.122 wR2=0.171
goodness-of-fit on F? 0.935 0.986 0.775 0.852 0.919
largest diff. peak/hole [eA™®]  0.998/—1.382  1.074/—1.492 1.208/—-0.925 2.515/—0.904 1.285/—-1.491

(TBS)/DMSO (9:1) solution caused no significant UV-visi-
ble spectral changes over a 24-h period (Figure S8). ESI-MS
analysis of the solution revealed the presence of only the
molecular ion of [Au(CANAC)(meim-1)]* (meim-1=1-
methylimidazole), (m/z =508, Figure S9) with no evidence
of demetalation. These findings indicate that 2a did not un-
dergo demetalation upon treatment with GSH. In addition,

Chem. Eur. J. 2006, 12, 5253 -5266
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there were no changes in UV-visible, *’P NMR, or '"H NMR
spectra (Figure S10) observed for 3d (as an example of a
phosphine-containing gold(i1) compound) upon standing in
DMSO or TBS for 24 h. This observation demonstrates that
these gold(mm) compounds are stable in solution.
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Table 2. Selected bond lengths [A] and angles [°] for 1, 2b-(ClO,), 2¢-(ClO,)-C;H,NO, 3d-(CF;SO;),-4 CH,CN, 3h-(CF,SO,),-CH;CN-H,0, 4a-CH,OH,
5a, 5¢-(CF;S0;)-CHCl;, 5d-(CF;S05),-H,0, 5e-(CF;S0;),2 Et,0, and 5 f-(CF;SO;);-6 CHCl;-H,O.

1 2b-(C1O,)

Aul-N1 1.984(8) Aul-N1 1.980(8)

Aul—C1 2.094(7) Aul—C1 2.073(9)

Aul-C1#1 2.094(7) Aul-C13 2.081(9)

Aul—Cll 2.282(2) Aul-N2 2.043(7)

N1-Aul-Cl 81.7(2) N1-Aul-Cl 82.6(4)

N1-Aul-Cl#1 81.7(2) N1-Aul-C13 81.2(4)

C1-Aul-C1#1 163.3(4) C1-Aul-C13 163.8(4)

N1-Aul-Cll 180.0(1) N1-Aul-N2 178.2(3)

Cl-Aul-Cll 98.3(2) C1-Aul-N2 98.8(3)

C1#1-Aul-CI1 98.3(2) C13-Aul-N2 97.4(3)

2¢-(ClO,)-C;H,NO 3d-(CF;S0;),-4 CH,CN 3h-(CF;S0,),-CH,CN-H,0

Aul-N3 1.953(8) Aul-N1 2.028(5) Aul-N1 2.047(8) C18-Au2-C30 159.9(4)

Aul—-C4 2.085(9) Aul—Cl1 2.119(6) Aul—C1 2.092(9) N2-Au2-P2 173.1(3)

Aul-Cl16 2.077(10) Aul-C13 2.100(6) Aul-C13 2.098(8) C18-Au2-P2 101.3(3)

Aul-N1 2.016(8) Aul-P1 2.296(15) Aul-P1 2.274(3) C30-Au2-P2 98.6(3)

Au2—-N4 1.957(8) Au2-N2 2.015(5) Au2-N2 2.042(9) N3-Au3-C35 81.3(4)

Au2-C21 2.080(9) Au2—C18 2.117(6) Au2—C18 2.110(10) N3-Au3-C47 78.6(4)

Au2—C33 2.090(10) Au2—C30 2.105(6) Au2—C30 2.110(8) C35-Au3-C47 159.4(4)

Au2-N2 1.991(9) Au2-P2 2.283(16) Au2-P2 2.288(3) N3-Au3-P3 176.0(3)

Au3-N3 2.032(8) C35-Au3-P3 99.2(3)

N3-Aul-C4 81.8(4) N1-Aul-Cl 80.2(2) Au3—C35 2.087(12) C47-Au3-P3 101.2(3)

N3-Aul-C16 81.9(4) N1-Aul-C13 80.3(2) Au3—C47 2.095(11)

C4-Aul-C16 163.6(4) C1-Aul-C13 159.9(2) Au3-P3 2.288(3)

N3-Aul-N1 178.5(3) N1-Aul-P1 174.41(15)

C4-Aul-N1 97.5(4) C1-Aul-P1 103.17(17) N1-Aul-Cl1 80.4(3)

C16-Aul-N1 98.9(4) C13-Aul-P1 96.65(17) N1-Aul-C13 80.5(4)

N4-Au2-C21 82.3(4) N2-Au2-C18 80.6(2) C1-Aul-C13 159.8(4)

N4-Au2-C33 80.9(4) N2-Au2-C30 80.2(2) N1-Aul-P1 169.3(2)

C21-Au2-C33 163.2(5) C18-Au2-C30 159.4(3) C1-Aul-P1 100.7(3)

N4-Au2-N2 179.5(3) N2-Au2-P2 174.03(15) C13-Aul-P1 99.3(3)

C21-Au2-N2 97.4(4) C18-Au2-P2 102.15(18) N2-Au2-C18 78.8(4)

C33-Au2-N2 99.4(4) C30-Au2-P2 97.67(18) N2-Au2-C30 81.8(4)

4a-CH;OH" 5a 5¢-(CF;S0;)-CHCl,

Aul-N1 1.979(8) Aul-N1 1.941(11) Aul-N1 2.040(4)

Aul—C1 2.111(16) Aul-C2 2.063(9) Aul—C1 2.088(6)

Aul-C1#2 2.111(16) Aul-C18 2.086(7) Aul-C17 2.096(5)

Aul-CI1 2.287(3) Aul—Cll 2.269(6) Aul-P1 2.297(14)

N1-Aul-Cl 78.4(4) N1-Aul-C2 81.1(6) N1-Aul-C1 80.95(19)

N1-Aul-C1#2 78.4(4) N1-Aul-C18 82.4(5) N1-Aul-C17 80.26(19)

Cl-Aul-C1#2 156.8(8) C2-Aul-C18 163.5(5) C1-Aul-C17 161.2(2)

N1-Aul-Cll 180.0(0) N1-Aul-Cll 179.7(4) N1-Aul-P1 176.33(12)

C1-Aul-Cll 101.6(4) C2-Aul-Cl1 98.7(4) Cl1-Aul-P1 95.38(15)

C1#2-Aul-Cl1 101.6(4) C18-Aul-Cll 97.8(4) C17-Aul-P1 103.41(15)

5d-(CF;S0;),:H,0 5e-(CF;S0,),2E,0 5-(CF;S05);6 CHCl;-H,0

Aul-N1 2.060(5) Aul-N1 2.029(8) Aul-N1 2.042(11) C26-Au2-C42 160.7(5)

Aul-C1 2.126(6) Aul—C1 2.088(9) Aul-C1 2.116(12) N2-Au2-P2 172.7(3)

Aul—C17 2.127(6) Aul—C17 2.093(10) Aul—C17 2.079(13) C26-Au2-P2 97.1(4)

Aul-P1 2.303(19) Aul-P1 2.287(2) Aul-P1 2.293(4) C42-Au2-P2 101.7(4)

Au2-N2 2.044(5) Au2-N2 2.033(9) Au2-N2 2.059(11) N3-Au3-C51 80.9(5)

Au2—-C42 2.114(6) Au2—C42 2.080(13) Au2—-C42 2.115(14) C51-Au3-C67 162.5(6)

Au2-C26 2.114(6) Au2-C26 2.129(10) Au2-C26 2.070(15) N3-Au3-C67 82.4(5)

Au2-P2 2.297(18) Au2-P2 2.292(3) Au2-P2 2.288(3) N3-Au3-P3 171.1(3)
Au3-N3 2.016(11) C51-Au3-P3 101.9(4)

N1-Aul-C1 80.0(2) N1-Aul-C1 80.1(4) Au3—C51 2.100(13) C67-Au3-P3 95.4(4)

N1-Aul-C17 79.4(2) N1-Aul-C17 80.7(4) Au3—C67 2.094(15)

C1-Aul-C17 159.4(3) C1-Aul-C17 160.6(4) Au3-P3 2.289(4)

N1-Aul-P1 176.94(14) N1-Aul-P1 176.6(2)

C1-Aul-P1 102.7(2) C1-Aul-P1 100.7(3) N1-Aul-C1 80.9(5)

C17-Aul-P1 97.9(2) C17-Aul-P1 98.6(3) N1-Aul-C17 80.3(5)

N2-Au2-C26 80.6(2) N2-Au2-C26 80.6(4) Cl1-Aul-C17 160.1(5)
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Table 2. (Continued)

FULL PAPER

5d-(CF,S0,),H,0 5e-(CF,S0,),2Et,0

5f-(CF,S0,)y6 CHCL-H,0

N2-Au2-C42 80.2(2) N2-Au2-C42 80.3(5)
C26-Au2-C42 160.7(3) C26-Au2-C42 160.4(5)
N2-Au2-P2 175.93(13) N2-Au2-P2 175.9(3)
C26-Au2-P2 95.60(19) C26-Au2-P2 97.7(3)
C42-Au2-P2 103.58(19) C42-Au2-P2 101.5(4)

N1-Aul-P1 174.9(3)
Cl-Aul-P1 99.3(4)
C17-Aul-P1 100.0(4)
N2-Au2-C26 79.8(6)
N2-Au2-C42 81.9(5)

[a] Symmetry operation #1: —x+1, y, —z+0.5 [b] Symmetry operation #2: —x+0.75, —y+0.75, z.

Cytotoxicity of the [Au,,(C*N*C),,L]"" compounds contain-
ing nontoxic N-donor auxiliary ligands: The cytotoxicities of
the gold(m) compounds toward several human cancer cell
lines, including nasopharyngeal carcinoma (SUNE], and its
cisplatin variant CNE1), hepatocellular carcinoma (HepG2),
and cervical epithelioid carcinoma (HeLa) were determined
by using a well-established MTT assay.”) The results are
listed in Table 3. Modification of 1 at position R!
(Scheme 1) by using various N-donor ligands gave com-
pounds 2a-c, the ICs, values of which spanned the range
1.5-84 um. The cytotoxicities of some of these compounds
were found to be similar to that of cisplatin (1.0-11 um) and
the classical metallointercalator [Pt(terpy)Cl|Cl (11-23 um).
In contrast to similar reported compounds, these gold(1)
compounds possess slightly lower cytotoxic activities than
the gold(m) tetraarylporphyrins® and [Au(terpy)CI]CL,
but exhibit cytotoxicities similar to other classes of gold(r)
cyclometalated compounds, such as [Au™(bipy*-H)(OH)]-
[PF] (bipy‘-H=deprotonated 1,1-dimethylbenzyl-2,2-bipyr-
idine)”! and [Au"(dmamp)Cl,] (dmamp =2-(dimethylami-
nomethyl)phenyl).”™ As a control, the cytotoxicities of the
metal-free N-donor ligands (1-methylimidazole, pyridine,
and imidazole) were also examined. Their ICy, values were
found to be >100 um (data not shown), suggesting that
these ligands are relatively nontoxic. Because structural
modification at R' by using these nontoxic N-donor ligands

Table 3. Cytotoxicities (ICs), 72 h) of the gold(m1) compounds toward selected human cancer cell lines.

has little influence on cytotoxicity, it is, therefore, the [Au-
(CANAC)]* moiety that is instrumental for the observed cy-
totoxicity.

Cisplatin chemotherapy is currently the last-line treatment
for several types of cancer, including nasopharyngeal carci-
noma (NPC). However, resistance to cisplatin is frequently
encountered.!” Thus, new anticancer agents that are active
against cisplatin-resistant cell lines are required. As shown
in Table 3, the gold(mm) compounds are equally cytotoxic
toward the cisplatin-sensitive and -resistant NPC (SUNEL1
and CNE], respectively). The resistance factor, ICy, (CNE1/
SUNEL1), for cisplatin is 3.3, whereas the corresponding
values for the gold(u) compounds are close to unity
(Table 3). The lack of cross resistance suggests that the
gold(mm) compounds and cisplatin may induce cytotoxicity
through different mechanisms, or the gold(ir) compounds
may bypass the cellular-sequestration mechanism for cyto-
toxic agents (e.g., they are stable in elevated levels of
GSH).

We also examined the cytotoxicity of the gold(i) com-
pounds with R* (4) or R?® and R* (5) modifications (see
Scheme 1). Both 4b (ICsysuneiy=2.4 uM; ICsocngn=2.3 uM)
and 5b (ICsysune1="7.8 um; I1Csycngry=8.5 um) with 1-meth-
ylimidazole as auxiliary ligands exhibit cytotoxic activities
similar to that of 2a (c.f., ICsosunen=12 uM; ICsycneny=
6.7 um). It appears that extension of the planar CAN"C
ligand by modifying the R*>-R*
positions does not play an im-
portant role in the overall [Au-

ICs [um] IC5, ratio (CANAC)]T cytotoxicity.
Compound HeLal HepG2!"! SUNE1" CNE1M (CNE1/SUNEL1)
1 34406 1742 40405 31404 0.78 The [Au(C*N~C)]* moiety
2a 8.0£0.5 35+£5 12=13 6.7£15 0.56 serves as a carrier of cytotoxic
2b 82404 84412 40404 26404 0.65 hosphine compounds: As re-
2¢ 3.0+02 54+6 21403 15403 071 phosp pounds:
3a nd @ nd® 1742 1142 0.65 viewed by Sadler and Berners-
3b 0.81+0.08 nd 0.9240.12 12£02 13 Price in 19871 phosphine-
3¢ 0.144-0.03 0.3240.08 0.25+£0.03 0.404+0.06 1.6 Containing Compounds are well-
3d 0.043 +0.006 0.2140.09 0.0550.007 0.091 £0.012 1.7 known potential anticancer
3e 24402 n.d 15402 22403 15 g heir i
3f 15403 n.d.le 16403 25403 1.6 agents.” However, their insta-
3g 32404 n.d.® 43+09 32405 0.74 bility under physiological condi-
3h 0.93+0.09 3.8+06 0.260.03 0.40£0.05 15 tions (e.g., formation of phos-
4b 4.6+0.8 13+2 24+04 2.3+0.6 0.96 phine oxide) and nonspecific
Sb 173 nd. 78+12 8509 1L binding affinities toward vari-
[Pt(terpy)CI|CI 1442 2343 1143 1342 12 8 ;
cisplatin 111 16402 1.0+0.1 33405 33 ous biomolecules have hindered

[a] n.d.=not determined. [b] HeLa=human cervical epithelioid carcinoma; HepG2=human hepatocellular
carcinoma; SUNE1=human nasopharyngeal carcinoma (cisplatin sensitive); CNE1 =human nasopharyngeal

carcinoma (cisplatin resistant).
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their clinical development as
anticancer agents. In this work,
we found that the [Au-

— 5259

www.chemeurj.org


www.chemeurj.org

CHEMISTRY=

C.-M. Che et al.

A EUROPEAN JOURNAL

(CAN"C)]* moiety may be used as a carrier for phosphino
compounds.

A number of structurally distinct gold(mm)-phosphino com-
pounds (3b-g) were synthesized and assayed for cytotoxic
activities toward several cancer cell lines (see Table 3). All
these gold(11) compounds were found to be highly cytotoxic,
with ICs, values between 0.04 and 4.3 um. Among the gold-
(11)-1,2-bis(diphenylphosphino)C, analogues (C, is a saturat-
ed hydrocarbon linker with n=1-6), 1,2-bis(diphenylphos-
phino)propane (dppp) tethered by two [Au(CANAC)]* units
(3d) was found to be the most cytotoxic agent, with 1Cs,
values toward SUNE1 and HeLa cells of 0.04 and 0.05 pm,
respectively. In contrast, shortening (n=1 or 2) or lengthen-
ing (n=4, 5, or 6) the hydrocarbon linker reduced the cyto-
toxicity, with ICs, values increasing by at least one order of
magnitude (Figure 5).

O
£l
= 0 -
g 14 a A O
5 0
@ ]
3
Q J 0\
0.1+ \o
E A
T T T T v T T
1 2 3 4 5 6

Figure 5. Correlation between the ICs, values toward SUNE1 cells and
C, (C, is the saturated hydrocarbon linker with n=1-6) for the metal-
free 1,2-bis(diphenylphosphino)C, (o) or gold(i)-containing (A) com-
pounds.

As depicted in Figure 5 and Table 4, the ICy, values for
the metal-free 1,2-bis(diphenylphosphino)C, compounds
follow a trend similar to that of the corresponding gold (1)
cyclometalated compounds (3b-g), with dppp and [Au,-
(CAN”Q),(u-dppp)]** (3d) being the most cytotoxic metal-
free and metalated agents, respectively. It appears that the
cytotoxicities of these gold(im) compounds are phosphine-
mediated. By conducting cellular-uptake experiments, we
found that the cytotoxicities of the phosphine-containing
compounds are not mediated solely by the [Au(CAN~C)]*
unit. SUNEL1 cells treated separately with 3b—g (50 um, 2-h
incubation) were subjected to inductively coupled plasma

Table 4. Cytotoxicities (ICsysunery, 72 h) and cellular-uptake data for the
phosphine-containing compounds.

Compound ICs [um] ICs, of metal-free Cellular uptake of
ligand [pm] gold [ngcell™']

3b 0.92+0.12 1.9+0.3 2.56+0.02

3¢ 0.25+0.03 0.224+0.05 3.81+0.13

3d 0.055+£0.007 0.134+0.03 2.044+0.32

3e 1.5+£0.2 0.624+0.12 1.18+£0.27

3f 1.6+£0.3 1.2+0.2 2.13+0.59

3g 43+09 38+6 1.44+0.07
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mass spectrometry (ICP-MS) for Au analysis. As shown in
Table 4, the treated cells showed similar cellular absorptions
of Au, spanning the range of 1.18-3.81 ng/cell. Clearly, these
cellular absorptions of Au do not follow the trend of ICs,
values for gold(mm)-1,2-bis(diphenylphosphino)C,, which re-
veals the presence of non-gold-mediated cytotoxicity.

As mentioned above, the stabilities and aqueous solubili-
ties of the phosphine ligands were improved by their liga-
tion to the [Au(C*N”C)]* moieties. Taking its inherent cy-
totoxicity into consideration, our results show that the [Au-
(CAN2C)]* moiety can serve as a pendant carrier of phos-
phine ligands in biological systems.

Unlike the phosphine-containing gold(ir) compounds,
[Au(CAN”"C)]* moieties with nontoxic N-donor auxiliary li-
gands (2) possess instrumental [Au(CAN*C)]* cytotoxicity.
By using [Au(C*"N~C)(1-methylimidazole)]* (2a) as a
model compound, possible mechanism(s) for its cytotoxic
action were delineated.

Induction of apoptosis: Because cancer is characterized by
uncontrolled cellular proliferation, there is a considerable
interest in chemotherapeutic-induced apoptosis.'”? By using
fluorescein-labeled annexin V. (AV-FITC) and propidium
iodide (PI), the apoptosis-inducing properties of 2a in
SUNET1 cells were examined by performing flow cytometry.
Upon treatment with 2a (60 um) for 72 h (Figure 6), 30.9 %
of SUNEI1 cells were found to be in early apoptotic state.
The apoptosis-inducing properties of 2a at a lower dose

vehicle control 72h
10¢ 104
100 | 10 31.9
Pl 102 N Pl 10?

101 P ‘: . 101 F L

100 ‘T 35 100-- | 309

109 107 102 10° 10* 10° 107 102 10% 10¢
AV-FITC AV-FITC

Figure 6. Flow-cytometric study of 2a-induced apoptosis of SUNE1 cells.
Plots show the occurrence of events as functions of fluorescence intensi-
ties of PI (y-axis) and AV-FITC (x-axis). Panels show the fluorescent
data for the untreated (vehicle control, left) and 2a-treated (60 um, right)
cells, corresponding to 3.5 and 30.9% early-stage apoptosis, respectively
(bottom right quadrants), after 72-h incubation.

(12 um for 72 h) were also examined. We found that ~90 %
of viable cells were unstained by both AV-FITC and PL
The percentage of cell death in cells treated with 2a at
12 um (the ICs, value) did not reach 50 %. According to the
propagation profiles (formazan absorbance Assg,, Vs incuba-
tion time, Figure 7) of the treated SUNEI cells, there is a
trend of cellular-growth inhibition in the presence of 12 um
2a. Taken together with the flow-cytometric results, these
observations suggest that 2a appears to inhibit cancer-cell
proliferation at 12 um and induce apoptosis at higher doses
(i.e., at 60 um).

DNA binding: DNA is a major target for anticancer

drugs™ and the binding of gold(im) compounds to DNA
has been studied extensively.>*! The binding affinities of the

Chem. Eur. J. 2006, 12, 52535266
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Figure 7. Propagation profiles (formazan absorbance vs incubation time)
of SUNEL cells in the presence (1.2, 12, and 60 um) and absence of 2a.

N-donor-containing 2a, and the phosphino-containing com-
pounds 3a and 3d to calf-thymus DNA (ctDNA) were esti-
mated by measuring changes in DNA melting temperature
(T,).1"! Melting curves for the ctDNA (plots of A, Vs tem-
perature) in the absence and presence of 2a, 3a, or 3d are
shown in Figure S11. There was a significant increase in the
melting point of the ctDNA from 82 to 98.5°C (i.e., en-
hanced stabilization) in the presence of 2a, indicative of
binding to ctDNA. However, the DNA melting tempera-
tures increased only slightly, from 82 to 82.9 or 83.5°C in
the presence of 3a and 3d, respectively. This suggests that
the two gold(u1) compounds containing phosphine ligands
interact only weakly with ctDNA. It is likely that the steri-
cally demanding phosphino groups impede the interaction
of the [Au(C*"N”C)] moiety with ctDNA.

We also examined the DNA interactions of three gold(tm)
complexes by means of UV-visible absorption titration. Iso-
sbestic spectral changes and hyperchromicity (~47 %) were
observed for the intraligand transitions (~380-420 nm) of
the [Au(C"N”C)] moiety upon addition of ctDNA (0-
20 uM) to a solution of 2a (Figure 8). The binding constant
(K,) of 2a toward ctDNA was determined from the plot of
[ctDNAJ/Ae,, versus [ctDNA]"™ to be (4.5+0.6)x
10° dm®*mol™! at 298 K, which is comparable to that of the
[Pt(terpy)L]* compounds."® To determine possible DNA-
sequence selectivity, binding properties of 2a to the synthet-
ic oligonucleotides poly(dA—dT), (Figure S12) and poly(dG-
dC), (Figure S13) were also examined. Absorption titration
revealed that 2a exhibits similar binding affinities toward
these two oligonucleotides, with K, of (2.1+£0.7)x10° and
(5.1£1.0)x10° dm*mol™" for poly(dA-dT), and poly(dG—
dC), at 298 K, respectively. The binding affinities of the
gold(1) compounds containing phosphine ligands (triphe-
nylphosphine, 3a; 1,2-bis(diphenylphosphino)propane, 3d)
toward ctDNA were also determined. Linear plots (R=
0.99) revealed K, values of (2.1£0.7)x 10* dm*mol ™" for 3a
(Figure S14) and (7.140.7)x10*dm’mol™! for 3d (Fig-
ure S15), ~30- and ~100-fold lower than those of 2a, respec-
tively.

Chem. Eur. J. 2006, 12, 5253 — 5266

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

‘ 1.6x1078 1
a
g £
d o 1.4x10° R=099
€ 3
. f IS
B E 1.2¢10%
1 k=]
S [
A &
2 ; 1x1078 1
g -
s = 8x107°
% T T T
50x10° 1.0x107°  1.5x107°  2.0x107°
[DNA] / mol dm™3
T v T T T T T 1
250 300 350 400 450 500

wavelength / nm

Figure 8. Electronic spectra of 2a (25 um) in TBS/DMSO (9:1) with in-
creasing [calf-thymus DNA] at 298 K. [ctDNA]/[2a]=0 (a), 0.1 (b), 0.2
(c), 0.3 (d), 0.4 (e), 0.5 (), 0.6 (g), 0.7 (h), 0.8 (i), and 0.9 (j). Inset: plot
of [ctDNA]/Ae,, vs [ctDNA].

Compound 2a intercalates with double-stranded DNA: A
gel-mobility-shift assay was employed to determine the in-
tercalating properties of 2a and 3d."”! This enables evalua-
tion of the effect of ligand L in the [Au,(C"N~C),L]"*
class of compounds upon the DNA-binding affinities. A 100-
base-pair DNA ladder treated with 2a, 3d, or ethidium bro-
mide (EB, DNA intercalator) as well as a control were re-
solved by agarose-gel electrophoresis (Figure 9). Only sam-
ples that included EB or 2a exhibited a tailing effect. This is
due to the intercalation of these complexes with the DNA,
which causes DNA elongation. The mobility of the bound
DNA is lower than that of the free DNA. In contrast, 3d
did not cause this tailing effect, indicating that this com-
pound does not bind to DNA by intercalation. By using vis-
cosity analysis we confirmed that 2a is a metallointercala-
tor.®! Addition of either EB or 2a increased the viscosity of
the DNA by increasing its hydrodynamic length, however,
both Hoechst 33342 (a minor-groove binder) and 3d failed
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Figure 9. Gel electrophoresis of 100-bp DNA ladder on a 1.5% (w/v)
agarose gel showing the mobility of DNA (50 umbp ') in the absence or
presence of ethidium bromide (EB), 2a, or 3d.
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to lengthen the DNA and did not cause any changes in
DNA viscosity (Figure S16).

Compound 2a is a potential telomerase inhibitor: Increased
telomerase activity is observed in cancer cells, but not in
normal cells, making telomerase an important target for che-
motherapeutic intervention."” It has been reported that
DNA intercalators enhance the assembly of G-quadruplex-
es. Consequently, we employed native polyacrylamide gel
electrophoresis (PAGE) to examine the ability of 2a to in-
tercalate with DNA and induce the formation of intramolec-
ular G-quadruplexes from oligonucleotide TR2 [5'-
TACAGATAG(TTAGGG),TTA-3']. As depicted in
Figure 10, treatment of TR2 oligonucleotide with 6 um 2a
resulted in dimeric (D) and tetrameric (T) G-quadruplex
formations. As a comparison, 6 um [Pt(terpy)CI]Cl also in-
duced formation of both G-quadruplex structures. This sug-
gests that [Au(C"N~C)(1-methylimidazole)]* may be
viewed as an analogue of [Pt(terpy)L]* from the perspective
of DNA intercalation and potential telomerase inhibition.

2a [Pt{terpy)CIICI
0 3 6 12 24pm 3 6 12 24pm

T

, - @ ‘ :
M
A B C D
Figure 10. Compound 2a- and [Pt(terpy)Cl]|Cl-assisted assembly of G-
quadruplexes from oligonucleotides resolved by native PAGE. 2a and
[Pt(terpy)Cl]Cl were incubated with oligonucleotide TR2 (8 um) at 20°C
in Tris buffer (10 mm, pH8.0) containing EDTA (1 mm) and KCI

(100 mm). Major bands are identified as monomer (M), dimer (D), and
tetramer (T) compared with previous literature report.”!

-—

—
Lane A B C D E

S-phase cell-cycle arrest: To determine whether cellular
DNA is a major target of the gold(i) compounds, we stud-
ied the cell-cycle profiles of 2a- or 3d-treated cancer cells.
Cell-cycle analysis was performed by using flow cytometry
to assess the DNA content of cells stained with propidium
iodide. This enables quantification of the total cellular popu-
lations in the different phases of the cell cycle (GO/G1, S,
and G2/M). The flow-cytometric data for SUNE1 cells treat-
ed with cisplatin, 2a, or 3¢ is presented in Figure 11a. Treat-
ment of cells with 2a (12 uMm, ICs, value) for 24 or 48 h en-
hanced cell-cycle arrest at the S phase (Figure 11c), the
stage within which most DNA replication occurs.”” As ex-
pected, the DNA-damaging agent cisplatin also significantly
induced S-phase arrest, resulting in a concomitant decrease
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in the Gl-phase population (Figure 11b). These results sug-
gest that 2a may induce apoptosis by inhibition of DNA
replication. Conversely, treatment with 3d did not signifi-
cantly affect the cell cycle after 24- or 48-h incubation (Fig-
ure 11d). Apparently, different mechanisms are employed
by compounds 2a and 3d to affect their cytotoxicities.

Conclusion

A series of stable cyclometalated gold(1r) compounds [Au,,-
(CAN”C),L]"t (m=1-3; n=0-3; HC"N*CH =2,6-diphe-
nylpyridine) was synthesized and found to exhibit potent cy-
totoxicity toward a panel of cancer cell lines, including a cis-
platin-resistant variant. Modification of the auxiliary ligand
(L) of this system significantly affects the biological activi-
ties, including the mechanism of cytotoxicity and DNA-
binding affinity.

We demonstrated that this [Au,,(CAN*C),,L]"t system can
act as cytotoxic agents, metallointercalators, and potential te-
lomerase inhibitors through ligation of nontoxic N-donor (2)
ligands. Compounds 2a—c exhibit general cytotoxic activities
towards different types of cancer cells similar to those dis-
played by cisplatin and a number of previously reported gold-
(1) compounds. By using [Au(C*"N”C)(1-methylimidazole)]*
(2a) as a model compound, we showed that this class of com-
pounds can induce apoptosis in cancer cells and binds strong-
ly to DNA by intercalation. These compounds can also
induce cell-cycle arrest in the S phase. Taken together, these
results suggest that DNA binding may be a crucial event for
the observed cytotoxicity of this class of molecules.

Ligation of the [Au(C*"N~C)]* unit(s) to various kinds of
phosphine ligands resulted in the formation of a series of
mono- (3a), bi- (3b-g), and tri- (3h) nuclear gold(1m) com-
pounds. With higher solution stability than the metal-free
phosphine ligands, these gold(i11) compounds exhibit potent
ligand-mediated cytotoxicity. Thus, the [Au(CAN~C)]*
moiety can be regarded as a vehicle to carry highly cytotoxic
phosphine ligands to cancer cells. Unlike the aforemen-
tioned [Au(CAN~C)]*-mediated cytotoxic compound 2a,
[Au,(CANAC),(u-dppp)]** (3d) has neither significant
DNA-binding activity nor the ability to induce cell-cycle arrest.

The structural similarities to the classical metallointercala-
tor [Pt(terpy)Cl]*, the enhanced stabilization of the electro-
philic gold(ir) ion by the dianionic CAN/C ligand, and the
ease with which the [Au,(C"N7C),L]"* system can be
modified and even assembled into a polynuclear system
(m=2 or 3) offers the possibility for a new class of stable
gold(mm) compounds with potentially medically important
and tunable biological activities.

Experimental Section

Materials: All chemicals, unless otherwise noted, were purchased from
Sigma-Aldrich. All solvents were purified according to conventional
methods.
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Figure 11. Induction of cell-cycle arrest in the SUNE]1 cancer cells after treatment with gold(iir) compounds.
a) Untreated SUNE1 cells, and SUNE1 cells treated with cisplatin (5 pm), 2a (12 um), or 3d (0.05 pm) were
collected at different times of incubation (24 or 48 h) and subjected to flow-cytometry analysis. Graphical rep-
resentation of the fluorescence-assisted cell-sorting (FACS) data, including the % of Gl-phase cells (G1), S-
phase cells (S), and G2-phase cells (G2) treated with cisplatin (b), 2a (c), or 3d (d).

Calf-thymus DNA (ctDNA) was purified by phenol/chloroform extrac-
tion. Polynucleotides, [poly(dA-dT)], and [poly(dG-dC)], were used as
received. The 100-bp DNA ladder was obtained from Amersham Phar-
macia Biotech. Cell Proliferation Kit I (MTT) and Annexin V-Fluos
Staining Kit were purchased from Roche. Human cervical epithelioid car-
cinoma cells (HeLa) were obtained commercially from American Type
Culture Collection (ATCC). Human nasopharyngeal carcinoma cells
(SUNEI and its cisplatin-resistant variant, CNE1) were derived from
poorly differentiated NPC in Chinese patients,”!! and were generously
provided by Prof. S. W. Tsao (Department of Anatomy, The University
of Hong Kong, Hong Kong). Cell-culture flasks and 96-well microtitre
plates were purchased from Nalge Nunc. Culture medium, other medium
constituents, and phosphate-buffered saline (PBS) were from Gibco
BRL.
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Syntheses

2,6-Dinaphthylpyridine:™  Potassium
tert-butoxide (4.0 g, 35.2 mmol) was
added to a stirred solution of 2-aceto-
naphthaone (3 g, 17.6 mmol) in THF
(20 mL) under a N, atmosphere. After
stirring for 2 h, a solution of 3-(dime-
thylamino)-1-(2-naphthyl)-2-propen-1-
one (40g, 17.6mmol) in THF
(20 mL) was added dropwise. The re-
action was stirred for 15 h. Ammoni-
um acetate (13.6g, 176 mmol) and
acetic acid (20 mL) were added; the
resulting mixture was refluxed for 2 h.
After removal of solvent, water
(30 mL) was added and the aqueous
solution was extracted twice with
CH,Cl, (3x30 mL). The combined or-
ganic extracts were dried over magne-
sium sulfate and filtered through silica
gel. The solvent was evaporated to
give a pale-yellow solid (52%).
'HNMR (300 MHz, [D,]DMSO): 6=
8.65 (s, 2H), 8.37 (dd, /=6.9, 1.8 Hz,
2H), 8.03-7.98 (m, 4H), 7.92-7.88 (m,
5H), 7.55-7.52 ppm (m, 4H); EIMS: m/z: 331 [M*].

The syntheses and characterization of 1, 2a, and 3a—c have been reported
previously."!

[Au(C N"C)Py]CIlO, (2b-(CIO,)): The procedure was similar to that for
2a except that pyridine was used. Yield: 76%. 'HNMR (300 MHz,
[D¢]DMSO): 6=9.25 (d, J=5.1 Hz, 2H), 8.48 (t, J=7.8 Hz, 1H), 8.30 (t,
J=8.1Hz, 1H), 8.10-8.05 (m, 4H), 7.98-7.96 (m, 2H), 7.39-7.32 (m,
4H), 6.73-6.71 ppm (m, 2H); UV/Vis (DMSO): A,,,, (loge)=265 (4.49),
283 (4.33, sh), 311 (4.18), 384 (3.73), 404 nm (3.71); FAB-MS: m/z: 505
[M*]: elemental analysis caled (%) for C,,H,N,O,ClAu: C 43.69, H 2.67,
N 4.63; found: C 43.53, H 2.57, N 4.77.
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[Auy,(CAN"C),(u-Im)](CIO,) (2¢-(ClO,)): The procedure was similar to
that for 2a except that imidazole was used. Yield: 56%. 'HNMR
(400 MHz, [Ds]DMSO): 6 =8.64 (s, 1H), 8.27 (t, J=8.0 Hz, 2H), 8.04 (d,
J=8.0 Hz, 4H), 7.96 (d, /=6.6 Hz, 4H), 7.84 (s, 2H), 7.45-7.35 (m, 8H),
7.06 ppm (d, J=7.1 Hz, 4H); UV/Vis (DMSO): A,.. (loge)=263 (4.37),
281 (4.20, sh), 311 (4.04), 386 (3.62), 403 nm (3.59); FAB-MS: m/z: 919
[M*]; elemental analysis caled (%) for C;;H,sN,O,ClAu,: C 43.61, H
2.47, N 5.50; found: C 43.31, H 2.46, N 5.47.

[Auy(CANN"C),(u-dppp)](CF380;), (3d-(CF;S80;3),): The procedure was
similar to that for 3b except that 1,2-bis(diphenylphosphino)propane
(dppp) was used. Yield: 59%. '"H NMR (300 MHz, [D;]DMSO): 6 =8.21
(t, J=8.0 Hz, 2H), 7.94-7.88 (m, 12H), 7.61-7.46 (m, 16H), 6.91 (t, J=
7.3 Hz, 4H), 6.50 (t, J=74Hz, 4H), 6.10 (d, J=7.5Hz, 4H), 3.78 (s,
4H), 3.47 ppm (s, 2H); UV/Vis (DMSO): 4, (loge)=264 (4.68), 308
(4.23, sh), 389 (3.81), 403 nm (3.78); FAB-MS: m/z: 1414 [M*]; elemental
analysis caled (%) for Cg;HysFoN,O6P,S,Au,: C 48.41, H 3.10, N 1.79;
found: C 48.22, H 3.08, N 1.95.

[Auy,(CANC)y(u-dppb)J(CF;80;), (3e-(CF;50;),): The procedure was
similar to that for 3b except that 1,2-bis(diphenylphosphino)butane
(dppb) was used. Yield: 44%. '"H NMR (400 MHz, [D;]DMSO): 0 =822
(t, J=8.0 Hz, 2H), 7.96-7.93 (m, 12H), 7.75 (d, /J=7.8 Hz, 4H), 7.56-7.46
(m, 12H), 7.07 (t, J=7.4 Hz, 4H), 6.69 (t, J=7.3 Hz, 4H), 6.21 ppm (d,
J=17.6 Hz, 4H); UV/Vis (DMSO): 4., (loge)=261 (4.73), 308 (4.21, sh),
387 (3.72), 402 nm (3.68); FAB-MS: m/z: 1428 [M*]; elemental analysis
caled (%) for CyHsoFeN,O¢P,S,Au,: C 48.74, H 3.20, N 1.78; found: C
49.47, H 3.31, N 1.77.

[Auy,(CNN"C),(u-dpppe) | (CF;S03), (3 f-(CF;S03),): The procedure was
similar to that for 3b except that 1,2-bis(diphenylphosphino)pentane
(dpppe) was used. Yield: 47%. '"HNMR (300 MHz, [D;]DMSO): 6=
8.28 (t, J=8.0Hz, 2H), 8.05 (dd, /=18, 6.1 Hz, 4H), 7.93-7.87 (m,
12H), 7.64-7.49 (m, 4H), 7.53-7.49 (m, 8H), 7.18 (t, /=7.4 Hz, 4H), 6.83
(t, J=78 Hz, 4H), 6.26 (d, /=69 Hz, 4H), 2.06 (d, J=3.9 Hz, 2H),
1.78 ppm (s, 8H); UV/Vis (DMSO): 4., (loge)=262 (4.78), 280 (4.52,
sh), 308 (4.29, sh), 385 (3.83), 403 nm (3.80); FAB-MS: m/z: 1441 [M*];
elemental analysis calcd (%) for C¢sHs,FN,O¢P,S,Au,: C 49.07, H 3.29,
N 1.76; found: C 48.94, H 3.32, N 1.78.

[Auy,(CANAC),(u-dpph) [(CF;50;), (38-(CF3;50;),): The procedure was
similar to that for 3b except that 1,2-bis(diphenylphosphino)hexane
(dpph) was used. Yield: 47%. '"H NMR (300 MHz, [D;]DMSO): 6 =828
(t, J=8.0Hz, 2H), 8.05 (dd, /J=1.9, 6.2 Hz, 4H), 7.99-7.91 (m, 12H),
7.64-7.48 (m, 12H), 7.20 (t, /J=7.4Hz, 4H), 6.85 (t, J=7.5Hz, 4H),
6.28 ppm (d, J=7.7 Hz, 4H); UV/Vis (DMSO): 4., (loge) =261 (4.86),
282 (4.54), 307 (4.32), 387 (3.85), 402 nm (3.82); FAB-MS: m/z: 1455 [M*
]; elemental analysis calcd (%) for CgHsFsN,O4P.S,Au,: C 49.39, H
3.39, N 1.75; found: C 50.26, H 3.54, N 1.82.
[Auz(CNN"C);(u-dpep) ] (CF380;); (3h-(CF;S0;);): The procedure was
similar to that for 3b except that bis(diphenylphosphinoethyl)phenyl-
phosphine (dpep) was wused. Yield: 46%. 'HNMR (500 MHz,
[D¢]DMSO): 6=8.07-8.02 (m, 3H), 7.91 (dd, /=73, 5.7 Hz, 2H), 7.65-
7.32 (m, 35H), 7.03 (t, J=7.6 Hz, 4H), 6.89 (t, J=7.5Hz, 2H), 6.57 (br,
2H), 6.51 (t, J=7.5Hz, 4H), 6.33 (s, 2H), 6.04 (d, J=7.6 Hz, 4H), 3.82-
3.74 (m, 2H), 3.71-3.61 (m, 2H), 3.46-3.36 (m, 2H), 3.29-3.19 ppm (m,
2H); UV/Vis (DMSO): A, (loge) =266 (4.75), 308 (4.42, sh), 392 (3.92),
403 nm (3.91); FAB-MS: m/z: 2111 [M*]; elemental analysis calcd (%)
for CgHgFoN;O0P;3S;Aus: C 46.76, H 2.94, N 1.86; found: C 46.44, H
3.00, N 1.80.

[Au(Ph-CA"N"C)]CI (4a): The procedure was similar to that for 1 except
that 2,4,6-triphenylpyridine was used. Yield: 48%. '"H NMR (400 MHz,
[Dg]DMSO): 6=8.31 (s, 2H), 8.12 (m, 4H), 7.71 (d, J=7.1 Hz, 2H), 7.63
(m, 3H), 7.44 (t, J=7.2Hz, 2H), 7.34 ppm (t, J=7.2 Hz, 2H); UV/Vis
(DMSO): Ay (loge) =263 (4.59), 291 (4.63), 392 (3.56), 412 nm (3.56);
FAB-MS: m/z: 5375 [M?*]; elemental analysis caled (%) for
C,,H;)NOAuCI: C 50.59, H 3.36, N 2.46; found: C 50.51, H 3.28, N 2.46.
[Au(Ph-C"N"C)(meim-1)]CIO, (4b-(ClO,)): The procedure was similar
to that for 4a except that 1-methylimidazole was used. Yield: 82%.
'H NMR (400 MHz, [D,]DMSO): 6=8.84 (s, 1H), 8.37 (s, 2H), 8.21-8.17
(m, 4H), 7.83 (s, 1H), 7.68-7.64 (m, 4H), 7.40-7.38 (m, 4H), 6.99 ppm
(m, 2H); UV/Vis (DMSO): A,,., (loge) =265 (4.52), 291 (4.59), 303 (4.57,
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sh), 394 (3.60), 412 nm (3.59); FAB-MS: m/z: 584 [M*]; elemental analy-
sis caled (%) for C,;HyN;O,ClAu: C 47.42, H 3.10, N 6.14; found: C
46.98, H 3.04, N 6.14.

[Au(Np-CAN"C)]Cl (5a): A mixture of KAuCl, (1.4 g, 3.70 mmol) and
[(Np-CAN~C)Hg(Cl] (2.0 g, 3.53 mmol) in CH;CN was refluxed for 24 h
to afford a greenish-yellow precipitate. The solid was filtered and washed
with water and Et,O. The solid was redissolved in hot CHCI; and filtered
through celite. A crystalline yellow solid Sa was obtained by evaporation
of CHCl,. Yield: 65%. '"HNMR (500 MHz, [D,]DMF): 6=7.53 (t, J=
8.0 Hz, 2H), 7.61 (t, J=8.0Hz, 2H), 7.97 (dd, J=8.0, 8.0 Hz), 8.28 (s,
2H), 8.35 (d, J=8.4 Hz, 2H), 841 (t, J=8.4 Hz, 1H), 828 ppm (s, 2H);
UV/Vis (DMSO): 1., (loge)=274 (4.34), 289 (4.13, sh), 382 (3.84),
391 nm (4.45); FAB-MS: m/z: 561 [M*]; elemental analysis calcd (%) for
C,sHsNClAu: C 53.45, H 2.69, N 2.49; found: C 53.28, H 2.66, N 2.55.
[Au(Np-C N"C)(meim-1)](CF;S0;) (5b-(CF;50;)): 1-Methylimidazole
(10 equiv) was added to a solution of (5a) in a CH;CN/CH,Cl, mixture
(40 mL, 1:1) with stirring. A clear yellow solution was obtained and
excess NaOTf (10 equiv) was added. The mixture was stirred at RT for
12 h, filtered, and concentrated by using a rotary evaporator. Addition of
Et,0 gave the crude product as a bright yellow solid, which was washed
with water and Et,O, and crystallized by diffusion of Et,0 into the
CH,CN solution. Yield: 46%. '"H NMR (300 MHz, [D,]DMSO): 6 =8.96
(s, 1H), 8.64 (s, 2H), 8.42 (t, /=73 Hz, 1H), 3.31 (d, J=8.1 Hz, 2H),
7.94 (d, J=17.7Hz, 4H), 7.79 (d, J=4.1 Hz, 2H), 7.55 (d, J=8.5 Hz, 4H),
7.43 (s, 2H), 4.07 ppm (s, 3H); UV/Vis (DMSO): 4., (loge) =275 (4.56),
297 (4.33, sh), 381 (3.89), 399 nm (4.01); FAB-MS: m/z: 608 [M™]; ele-
mental analysis calcd (%) for C3H,,F;N;O;SAu: C 47.56, H 2.79, N 5.55;
found: C 47.23, H 2.76, N 5.49.

[Au(Np-C"N"C)(PPh;)](CF;S0;) (5¢-(CF;80;)): The procedure was
similar to that for 5b except that triphenylphosphine (PPh;) was used.
Yield: 78%. '"H NMR (400 MHz, [D,]DMF): 6 =6.65 (s, 2H), 7.04 (d, J =
8.0 Hz, 2H), 7.44 (t, J=8.1 Hz, 2H), 7.51 (t, J=8.1 Hz, 2H), 7.79 (td, J=
7.7, 3.0Hz, 6H), 791 (t, J=7.4Hz, 3H), 7.94 (d, /=8.0Hz, 2H), 8.28
(dd, J=7.7, 13.5Hz, 6H), 8.53 (m, 3H), 8.77 ppm (s, 2H); *'P NMR
(162 MHz, CD;CN): 0=39.02 ppm; UV/Vis (DMSO): 1., (loge)=280
(4.84), 298 (4.71, sh), 401 nm (4.38); FAB-MS: m/z: 788 [M*]; elemental
analysis caled (%) for CyH3 FsNOs;PSAu: C 56.36, H 3.22, N 1.49; found:
C56.21, H 3.26, N 1.50.

[Auy(Np-C*N"C),(u-dppm)](CF;80;), (5d-(CF;S0;),): The procedure
was similar to that for 5b except that 1,2-bis(diphenylphosphino)methane
(dppm) was used. Yield: 80 %. 'H NMR (400 MHz, CD;CN): 0=3.45 (t,
J=172, 72 Hz, 2H), 6.33 (d, J=8.0Hz, 4H), 6.61 (s, 4H), 7.12 (t, /=
8.0 Hz, 4H), 7.24 (t, J=8.0 Hz, 4H), 7.34 (br, 12H), 7.38 (d, /=8.0 Hz,
4H), 743 (d, /J=8.0Hz, 4H), 7.58 (s, 4H), 7.80 (t, /=8.0Hz, 2H),
8.26 ppm (br, 8H); *'P NMR (162 MHz, CD;CN): 6 =23.89 ppm; UV/Vis
(DMSO): Apay (loge)=258 (5.01), 276 (5.01), 396 nm (4.41); FAB-MS:
miz: 1437 [M™*]; elemental analysis caled (%) for C;;H5,FgN,O¢P,S,Au,:
C 53.30, H 3.02, N 1.61; found: C 53.38, H 3.05, N 1.60.
[Auy(Np-C"N"C),(n-dppe) (CF3S03); (5e-(CF3805),): The procedure
was similar to that for 5b except that 1,2-bis(diphenylphosphino)ethane
(dppe) was used. Yield: 75%. '"H NMR (400 MHz, CD;CN): 6 =4.57 (s,
4H), 6.45 (d, J=8.0 Hz, 4H), 6.49 (s, 4H), 7.20 (t, J=7.9 Hz, 4H), 7.43—
7.49 (m, 16H), 7.58 (t, J=7.5Hz, 4H), 7.69 (d, J=8.1 Hz, 4H), 7.75 (s,
4H), 796 (t, J=8.0Hz, 2H), 8.07 ppm (dd, J=13.3, 7.2Hz, 8H);
'PNMR (162 MHz, CD;CN): 6=34.97 ppm; UV/Vis (DMSO): Ay
(loge) =261 (5.01), 277 (5.03), 403 nm (4.46); FAB-MS: m/z: 1600 [M* +
OTf] (OTf=CF;SO;), 1451 [M*]; elemental analysis caled (%) for
CHs,FeN,OP,S,Au,: C 53.56, H 3.11, N 1.60; found: C 53.65, H 3.10, N
1.62.

[Aus(Np-C"N"C);(pi-dpep)](CF;S03); (5 f-(CF380;)5): The procedure
was similar to that for 5b except that 1,2-bis(diphenylphosphinoethyl)-
phenylphosphine (dpep) was used. Yield: 78%. *'P NMR (162 MHz,
CD,CN): 6=3322 (d, J=50.2 Hz), 36.83 ppm (t, J=50.3 Hz); UV/Vis
(DMSO): A, (loge)=259 (5.21), 277 (5.24), 406 nm (4.74); FAB-MS:
mlz: 2412 [M* +2OTf], 2263 [M* 4+ OTI], 2113 [M*]; elemental analysis
caled (%) for C,;;,H;sFoN;O0P;S;Au;: C 52.53, H 3.07, N 1.64; found: C
52.58, H 3.02, N 1.59.
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X-ray crystal-structure determination: X-ray crystal structures of 1, 2b-
(C10,), 2¢-(ClO,)-G;H,NO, 3d-(CF;SO;),-4 CH,CN, 3h-
(CF;S803);;CH;CN-H,0, 4a-CH;OH, 5a, 5c¢-(CF;SO;)-CHCl;, 5d-
(CF;S05),-H,0, 5e-(CF;S03),22Et,0, and 5 f-(CF;805);-6 CHCL;-H,O are
shown in Figures S1, S2, 1-3, S3-S7, and 4, respectively. Compound 1 was
grown by slow evaporation of DMSO; 2¢-(ClO,), was grown by slow dif-
fusion of Et,0 into DMF solution; 2b-(ClO,), 3d-(CF;S0;),-4 CH;CN,
and 3h-(CF;S0;);*CH;CN-H,O were grown by slow diffusion of Et,O
into CH;CN solution; 4a-CH;OH was grown by slow evaporation of
DMSO and MeOH; 5a, 5¢-(CF;S0;)-CHCl;, 5d-(CF;805),H,0, 5Se-
(CF;S05),2Et,0, and 5f-(CF;S0;);:6 CHCl;-H,O were grown by slow
diffusion of Et,O into CHClIj; solution.

Diffraction experiments were performed by using a MAR diffractometer
using graphite monochromatized Moy, radiation (1=0.71073 A). The
images were interpreted and intensities were integrated by using the pro-
gram DENZO.? The structure was solved by direct methods employing
the SHELXS-97 program on a PC. Au was located according to the
direct methods.” The positions of the other non-hydrogen atoms were
found after successful refinement by full-matrix least-squares using the
program SHELXL-97 on a PC. For 1, one crystallographic asymmetric
unit consists of half of a formula unit. In the final stage of least-squares
refinement, all non-hydrogen atoms were refined anisotropically. For 2b-
(ClO,), one crystallographic asymmetric unit consists of one formula
unit, including perchlorate anion. In the final stage of least-squares re-
finement, disordered oxygen atoms were refined isotropically, other non-
hydrogen atoms anisotropically. For 2¢-(ClO4), one crystallographic
asymmetric unit consists of one formula unit, including one perchlorate
anion and one DMF molecule. In the final stage of least-squares refine-
ment, all non-hydrogen atoms were refined anisotropically. For 3d-
(CF;S05),-4 CH;CN, one crystallographic asymmetric unit consists of one
formula. Two [CF;SOs] ™ anions were located. Four CH;CN solvent mole-
cules were also located. For 3h-(CF;SO;);*CH;CN-H,O, one crystallo-
graphic asymmetric unit consists of one formula unit. Two [CF;SO;]~
anions were clearly located; the third anion was disordered into two sets
of positions. Restraints were applied to the disordered anion, assuming
similar S—C, S—O, C—F, O--O, F---F bond lengths or distances, respective-
ly; and thermal parameters of C, O, and F were assumed to be the same.
One CH;CN and one water oxygen were also located. For 4a-CH;OH,
one crystallographic asymmetric unit consists of one formula unit. C(1)
to C(8) were disordered by rotation along the Au—Cl bond. For 5a, naph-
thaline and pyridine were constrained to be normal with bond lengths of
139 A. For 5¢-(CF,S0,)-CHCl,, there was one formula unit in the asym-
metric unit. One [CF;SO;]™ anion was located. One CHCl; solvent mole-
cule was also located, which was partially (14 %) disordered in the mode
of rotation by the sharing carbon atom. Restraints were applied to the
disordered CHCl,, assuming similar C—Cl, Cl---Cl bond lengths or distan-
ces, respectively. For 5d-(CF;SO3),-H,O, two [CF;SO;]” anions and one
water oxygen were located. Restraints were applied to the second anion,
assuming similar S—O, C—F, 1,3-F--F, 1,3-O--O bond lengths or distances,
respectively. For 5e-(CF;SO3),2 Et,0O, there were 1.5 formula units in the
asymmetric unit. Three [CF;SO;]™ anions were located. Three Et,0 were
also located. Restraints were applied to the anions and ethers, assuming
similar S—C, S—O, C—F, 1,3-O---O, 1,3-F---F bond lengths or distances, re-
spectively; and for ether assuming similar O—C, C—C, 1,3-O--C bond
lengths or distances, respectively. For 5 f-(CF;SO;);-6 CHCL-H,O, three
[CF;SOs] anions were located; meanwhile, six CHCl; solvent molecules
were also located besides one water oxygen. Due to high thermal param-
eters, restraints were applied to the anions and solvent molecules, assum-
ing similar S—O, C-F, S—-C, 1,3-S--F, 1,3-C--O, C-Cl, 1,3-Cl-~-Cl bond
lengths or distances, respectively.

CCDC 278604 (1), 296116 (2b-(ClO,)), 296117 (2¢-(ClO,)-C;H;NO),
296118 (3d-(CF5S0;),-4 CH;CN), 296120 (3h-(CF;S0;);:CH;CN-H,0),
278603 (4a-CH;0H), 278605 (5a), 296121 (5¢-(CF;SO;)-CHCL,), 296122
(5d-(CF;S0;),H,0), 296123 (5e-(CF;S05),2Et,0), and 298876 (5f-
(CF;S05);:6 CHCl;-H,0) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Cyclic voltammetry: Cyclic voltammagrams were recorded at a scan rate
of 100 mVs™" with tetrabutylammonium hexafluorophosphate (0.1m) in
DMF as supporting electrolyte at RT. The working electrode was a glassy
carbon electrode (Atomergic Chemetal V25, geometric area of 0.35 cm?)
and the counterelectrode was platinum gauze. A nonaqueous Ag/AgNO;
reference electrode (0.1M in MeCN) was contained within a separate
compartment that was connected by means of fine sintered-glass disks to
the solution to be measured. The ferrocenium/ferrocene was used as in-
ternal standard.

Cell culture: The human cell lines SUNE1 and CNE1 were maintained in
RPMI 1640 medium. HeLa and HepG2 cells were maintained in a mini-
mum essential medium (MEM) with Earle’s balanced salts. All the
media were supplemented with L-glutamine (2 mm) and fetal bovine
serum (10%). Penicillin (100 UmL™) and streptomycin (100 ugmL ™)
were added to all media. Cultures were incubated at 37°C in a humidi-
fied atmosphere of 5% CO,/95% air, and were subcultured trice weekly.

Cytotoxicity evaluation: Assays of cytotoxicity were conducted in 96-
well, flat-bottomed microtitre plates. The supplemented culture medium
(90 uL) with cells (1x10° cells per mL) was added to the wells. Gold
compounds were dissolved in the culture medium with 1% DMSO to
concentrations of 0.5-100 uM, and the solutions were subsequently added
to a set of wells. Control wells contained supplemented media with 1%
DMSO (100 pL). The microtitre plates were incubated at 37°C in a hu-
midified atmosphere of 5% CO,/95% air for a further 3 d. All the assays
were run in parallel with a negative control (i.e., vehicle control) and a
positive control, in which cisplatin was used as a cytotoxic agent.

Assessment of cytotoxicity was carried out by using a modified method
of the Mosmann-based 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide (MTT) assay.”) At the end of each incubation period, MTT
solution (10 uL, Cell Proliferation Kit I, Roche) was added into each
well and the cultures were incubated further for 4 h at 37°C in a humidi-
fied atmosphere of 5% CO,/95% air. A solubilizing solution (100 uL)
was added into the wells to lyse the cells and to solubilize the formazan
complex formed. The microtitre plates were maintained in a dark, hu-
midified chamber overnight. The formation of formazan was measured
by using a microtitre plate reader at 550 nm and the percentages of cell
survival were determined. The cytotoxicity was evaluated based on the
percentage cell survival in a dose-dependent manner relative to the nega-
tive control.

Measurement of drug uptake: Cellular-uptake experiments were conduct-
ed according to the literature method with some modifications.?"
SUNEI cells (5x10* cells) were seeded in 60-mm tissue-culture dishes
with culture medium (2 mL/well) and incubated at 37°C in an atmos-
phere of 5% CO,/95% air for 24 h. The culture medium was removed
and replaced with medium containing gold compound at 50 pm. After ex-
posure to the gold compound for 2 h, the medium was removed and the
cell monolayer was washed four times with ice-cold PBS. Milli-Q water
(500 pL) was added and the cell monolayer was scraped off the culture
dish. Samples (300 pL) were digested in 70 % HNO; (500 pL) at 70°C for
2 h then diluted 1:100 in water for inductively coupled plasma mass spec-
trometry (ICP-MS) analysis.

Absorption titration: A solution of 2a (or 3a or 3d, 25 um) in TBS/
DMSO (9:1) solution (3000 uL) was placed in a thermostatic cuvette
within a UV/Vis spectrophotometer and the absorption spectrum was re-
corded. Aliquots of a millimolar stock solutions of ctDNA, [poly(dA-
dT)],, or [poly(dG-dC)], were added to the sample solutions and absorp-
tion spectra were recorded after equilibration for 10 min per aliquot until
saturation point was reached. The binding constant was determined by
applying the Scatchard equation: [DNA]/Ae,,=[DNAJ/Ae 4+ [1/
(AexKy)], in which Ae,,= |es—eg5| Where e, =A/[complex], and Ae=
|eg—ep| where e and ¢ correspond to the extinction coefficients of the
DNA-bound and -unbound complex, respectively.

Gel-mobility-shift assay: A 100-bp PCR product (50 pmbp ™) was mixed
with ethidium bromide and the gold(i) compounds in a 1:1 ratio of
DNA-base-pair to small molecules. The mixtures were analyzed by gel
electrophoresis using a 1.5% (w/v) agarose gel and tris-acetate-EDTA
(TAE) buffer. The gel was stained after electrophoresis by immersion in
a bath of ethidium bromide.
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Viscosity evaluation: The method used by Cohen and Eisenberg was em-
ployed in this study.'¥ Viscosity experiments were performed by using a
viscometer immersed in a thermostated water bath maintained at 27°C.
Titrations of 2a, 3d, ethidium bromide, or Hoechst 33342 were carried
out by the addition of concentrated stock solutions (1 uL) to the DNA
sample in BPE buffer (6 mm Na,HPO,, 2mm NaH,PO,, and 1 mm
Na,EDTA, pH 7.0) in the viscometer. DNA concentrations of approxi-
mately 1 mM (in base pairs) were used.

G-quadruplex assay: **P-labeled TR2 oligonucleotide [5-TACAGATAG-
(TTAGGG),TTA-3'] at a concentration of 8 um was annealed by heating
it in 10 mm Tris/l mm EDTA (TBE) buffer containing KCI (100 mm,
pH 8.0) to 95°C for 10 min, followed by cooling to RT. Stock solution
(2 puL) of 2a and [Pt(terpy)Cl]Cl was added. The reaction mixture was in-
cubated at RT for 1h and then loaded onto a native acrylamide (12%)
vertical gel (1:19 bisacrylamide) in TBE buffer supplemented with KCl
(20 mm). The reaction was terminated by addition of gel-loading buffer
(8 uL, 30% glycerol, 0.1 % bromophenol blue, 0.1 % xylene cyanol), and
the subsequent solution (10 pL) was analyzed by native PAGE (12 %, the
gel was pre-run for 30 min). Electrophoresis was performed at 4°C in
TBE buffer (pH 8.3) containing KCI (20 mm) for 15h. The gels were
dried and visualized under UV illumination.

Flow cytometry: SUNE cells (40000 cells) were cultured in 60 mm tissue-
culture dishes with culture medium (2 mL/dish). Compound 2a (12 or
60 um) or culture medium containing 1% DMSO was added to the
dishes after 24 h incubation in a humidified atmosphere of 5% CO,/95 %
air. The dishes were then incubated further for 48 or 72 h. Annexin V-
FITC/propidium iodide staining was performed by following the Annexin
V-Fluos Staining Kit user’s manual provided by Roche.
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