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ABSTRACT: Six novel ruthenium(II)— and osmium(II)— N o

arene complexes with three modified indolo[3,2-c]quinolines

have been synthesized in situ starting from 2-amino- N O
indoloquinolines and 2-pyridinecarboxaldehyde in the pres- / ' \
ence of [M(p-cymene)Cl,], (M = Ru, Os) in ethanol. All l

H ) NS Cl
complexes have been characterized by elemental analysis, | ~ O P | NG - | _
spectroscopic techniques (‘H, *C NMR, IR, UV—vis), and | /N~‘v°' =)l CI - o

ESI mass spectrometry, while four complexes were investigated e« o
by X-ray diffraction. The complexes have been tested for = < ==
antiproliferative activity in vitro in AS49 (non-small cell lung), @ o

SW480 (colon), and CH1 (ovarian) human cancer cell lines

and showed ICg, values between 1.3 and >80 yM. The effects of Ru vs Os and modifications of the lactam unit on intermolecular
interactions, antiproliferative activity, and cell cycle are reported. One ruthenium complex and its osmium analogue have been
studied for anticancer activity in vivo applied both intraperitoneally and orally against the murine colon carcinoma model CT-26.
Interestingly, the osmium(II) complex displayed significant growth-inhibitory activity in contrast to its ruthenium counterpart,
providing stimuli for further investigation of this class of compounds as potential antitumor drugs.

B INTRODUCTION complexes with the naturally occurring kinase inhibitor
staurosporine.'>'¢ Paullones, systematically named indolo[3,2-
d]benzazepines (Chart 1), also are biologically active
compounds able to coordinate to metal ions.

The paullone backbone was initially identified as a putative

Metal complexes with biologically active ligands have attracted
some interest from researchers over the last few years. By
complexation of these ligands to metal ions, physical and
biological properties such as solubility, bioavailability, modes of

action, and biological activity in vitro could be altered cdk inhibitor in a COMPARE search (on the basis of
significantly. Biologically active complexes with at least one

metal—carbon bond are the main subject of bioorganometallic Chart 1. Paullone (Left) and the Indoloquinoline Backbone
chemistry and exhibit a variety of biological functions and (Right) with Atom-Numbering Schemes

effects, making them suitable for application as antimicrobial
agents and anticancer drugs.'~* Well-known examples of such
anticancer drug candidates are ferrocene-based organometal-
lics,® ie. the ferrocifens,*” which were inspired by the clinically
used drug tamoxifen and its active metabolite hydroxytamox-
ifen.®” In the field of antimicrobial agents, metallorganic
complexes of chloroquine and related complexes have been

reported,'®”"> with the ferrocene-based antimalarial drug
candidate ferroquine reaching the clinical phase of develop- Received: December 20, 2012
ment.'*'* Other anticancer drug candidates are ruthenium Published: January 17, 2013
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Scheme 1. Synthesis of the Indoloquinoline Backbone®
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“Reagents and conditions: (i) HOAc glacial, Ar, 140 °C, 4 h; (ii) N,H,-H,0, 118 °C, 135 h; (iii) POCL,, Ar, 140 °C, 26 h; (iv) N,H,-H,0, 115 °C,

27 h; (v) Fe(s), HOAc, EtOH, H,O, 35 °C, 3 h, ultrasound bath.

similarities in cytotoxic profiles in 60 cancer cell lines at the
U.S. National Cancer Institute),"”'® and a broad range of
paullones were tested for their biological and cdk inhibitory
activity. Experimental evidence indicates that these compounds
are indeed moderate cdk inhibitors, although other intracellular
targets, e.g. the mitochondrial malate dehydrogenase (mMDH)
and glycogen synthase kinase 3/ (GSK3p), have been identified
as well 72 Alsterpaullone, the 9-nitro derivative, was found to
be the most potent cdk inhibitor.”® One of the limitations
encountered in the development of this class of compounds as
antitumor drugs is their low aqueous solubility and
bioavailability. One way to overcome these restrictions is
complexation to metal ions. As the paullone backbone itself
does not offer a binding site able to accommodate a metal ion,
chelating moieties had to be attached at the ligand backbone. A
small library of paullones able to coordinate particular metal
ions has been designed and synthesized, and complexes with
Ga(I11),*”** Cu(1I), Ru(Il), and Os(II) were reported
previously.”* ™% It turned out that the biological activity does
not necessarily parallel the cdk inhibition profile, suggesting
that other intracellular targets might be involved.”® Whereas the
lactam moiety is a prerequisite for cdk inhibition of the metal-
free paullones,'® antiproliferative activity of the complexes with
paullones modified at the lactam moiety was found to be higher
than that of the metal-based paullones with an intact lactam
moiety.”® Recently, also paullones with a TEMPO free-radical
unit were coordinated to ruthenium— and osmium-—arene
scaffolds.**

The search for novel structure—activity relationships and
attempts to replace the seven-membered azepine ring of the
paullones by a six-membered ring resulted in a new class of
biologically active ligands, namely indolo[3,2-c]quinolines
(Chart 1). The use of indoloquinoline-containing extracts has
a long tradition in the cure of various diseases in Africa.
Analyses of extracts of the West African climbing shrub
Cryptolepsis sanguinolenta revealed that it contains indolo[3,2-
b]quinoline-based alkaloids and, to a lesser extent, also
indolo[3,2-c]quinolines.>® The indoloquinoline backbone is a
conjugated heteroaromatic system, whereas the azepine ring of
the paullones is folded. The planarity of the ligands has a strong
influence on the properties of the compounds. Indoloquino-
lines are, for example, better DNA intercalators and show a
different activity profile toward biological targets. Metal-free
indoloquinolines were shown to inhibit the cell cycle in vitro
either in the S phase or in the G2/M phases, depending on the
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cell type.*™* Moreover, ruthenium—arene- and osmium—
arene-based indoloquinolines with a chelating ethylenediamine
moiety are about one order of magnitude more cytotoxic in
vitro than their paullone counterparts and cause severe
concentration-dependent cell cycle perturbations.*’ Some
complexes are prone to dissociation with liberation of the
indoloquinoline ligand. This is in sharp contrast to the
corresponding metal-based paullones, which are resistant to
hydrolysis.** Surprisingly, substitution of ruthenium by osmium
did not lead to significantly higher stability as often reported in
the literature.*"** By introducing sp*-hybridized nitrogen donor
atoms of an iminopyridine instead of the sp’-hybridized
diamines, the stability of the complexes has been improved
markedly, with no signs of release of the indoloquinoline ligand.
In vitro, cytotoxicity was in some cases higher than that of
ethane-1,2-diamine-based complexes.****

Herein, we report on the synthesis of six new complexes
lab—3ab with indoloquinoline-based ligands (Scheme 1,
Chart 2).

Chart 2. Complexes with Indoloquinoline-Based Ligands®

g e
=2
nmuonn
2222
Pl i)
nmnmunn
QoTT

“Underlined complexes were characterized by single-crystal X-ray
diffraction.

The complexes have a coordination environment similar to
that of other complexes reported recently,**** but the binding
moiety was attached at position 2 of the indoloquinoline
backbone. This modification enabled for the first time an assay
of antiproliferative activity of metal-based indoloquinolines with
a free lactam moiety (1a,b). All complexes were characterized
by 1D and 2D NMR spectroscopy, ESI mass spectrometry, and
IR and UV—vis spectroscopy, while complexes 1a,b, 2a, and 3a
were also studied by single-crystal X-ray diffraction. The in vitro
cytotoxic activity in three human cancer cell lines, namely CH1
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(ovarian carcinoma), SW480 (colon adenocarcinoma), and
AS549 (non-small cell lung carcinoma), is also reported. Further
biological evaluation included cell cycle analyses as well as
determination of cellular accumulation of the ruthenium
congeners. Complexes 2a,b were also evaluated in an in vivo
CT-26 murine colon carcinoma model.

B EXPERIMENTAL SECTION

Characterization of the Compounds. One-dimensional 'H and
13C NMR and two-dimensional 'H—'H COSY, 'H-'H TOCSY,
'"H-'H ROESY or 'H-'H NOESY, 'H-"3C HSQC, and 'H-C
HMBC NMR spectra were recorded on two Bruker Avance III
spectrometers at 500.32 or 500.10 MHz (*H) and 125.82 or 125.76
(**C) MHz, respectively, by using as a solvent DMSO-d, at room
temperature and standard pulse programs. 'H and “C shifts are
quoted relative to the solvent residual signals. The atom-numbering
scheme used for NMR assignments is depicted in Chart SI
(Supporting Information). IR spectra were measured on a Bruker
Vertex 70 FT-IR spectrometer by means of the attenuated total
reflection (ATR) technique, and UV—vis spectra were recorded with a
Perkin-Elmer Lambda 650 spectrophotometer equipped with a six-cell
changer and a Peltier element for temperature control or with an
Agilent 8453 spectrophotometer. All UV-—vis experiments were
performed at 25 °C. Electrospray ionization mass spectrometry
(ESI-MS) was carried out with a Bruker Esquire 3000 instrument; the
samples were dissolved in methanol. Elemental analyses were
performed at the Microanalytical Laboratory of the University of
Vienna with a Perkin-Elmer 2400 CHN elemental analyzer.

Synthesis of the Organic Compounds. Ethanol was dried using
standard procedures. 2-Aminobenzylamine, phosphorus oxychloride,
hydrazine hydrate, and iron powder were purchased from Sigma-
Aldrich, while S-nitroisatin and 2-pyridinecarboxaldehyde were
obtained from Acros. All these chemicals were used without further
purification. 2-Nitro-5,11-dihydroindolo[3,2-c]quinolin-6-one and 6-
chloro-2-nitro-11H-indolo[3,2-c]quinoline were synthesized as pub-
lished elsewhere.** 2-Amino-6-chloro-11H-indolo[3,2-c] quinoline was
synthesized by following the procedure reported by Gamble et al.** An
ELMA Transsonic T 460/H ultrasound bath was used for acceleration
of the reaction.

2-Amino-6-chloro-11H-indolo[3,2-c]quinoline. 6-Chloro-2-
nitro-11H-indolo[3,2-c]quinoline (1.02 g 3.43 mmol) and iron
powder (0.95 mg, 16.93 mmol) in a mixture of acetic acid (13 mL),
ethanol (13 mL), and water (6.5 mL) were sonicated at 35 °C for 3 h
and then filtered to separate the unreacted iron, and the solvent was
removed under reduced pressure. The solid was extracted with ethyl
acetate (600 mL) and was washed with a 2 M solution of NaOH. The
combined organic phases were washed with brine, dried over Na,SO,,
and filtered, and the solvent was removed under reduced pressure. The
brown product was dried in vacuo. Yield: 0.85 g, 95%. '"H NMR (500
MHz, DMSO-dy): § 12.75 (s, 1H, H'), 8.37 (d, 1H, ¥] = 8.1 Hz, H’),
7.74 (d, 1H, %] = 8.8 Hz, H*), 7.70 (d, 1H, *] = 8.1 Hz, H'?), 7.53—
7.48 (m, 1H, H), 7.38—7.33 (m, 2H, H' + H%), 7.15 (dd, 1H, 3] = 8.8
Hz, Y] = 2.4 Hz, H3), 5.74 (s, 2H, H*) ppm. *C NMR (125 MHz,
DMSO-dy): & 147.8 (C,, C*), 141.2 (C,, C'"%), 139.6 (C,, C°), 139.2
(Cy C'™), 1380 (C,, C‘*a) 129.7 (CH %, 126.0 (CH ), 121.6
(CH "), 1215 (C, C"’b), 121.2 (CH, C*), 120.5 (CH, C%), 118.6 (C,,
C!), 112.5 (CH, C“’), 1115 (C, C*), 101.0 (C,, C') ppm.

2-Amino-11H-indolo[3,2- c]qumollne 6-Chloro-2-nitro-11H-
indolo[3,2-c]quinoline (1.00 g 3.43 mmol) was suspended in
hydrazine hydrate (10 mL) and stirred under an argon atmosphere
at 115 °C for 27 h. After the mixture was cooled, the light brown
precipitate was collected under suction, washed with water (2 X 10
mL), and dried in vacuo at 50 °C overnight. Yield: 0.32 g, 40%. 'H
NMR (500 MHz, DMSO-dy): 6 12.32 (s, 1H, H'!), 9.20 (s, 1H, H°),
821 (d, 1H, ] = 7.9 Hz, H’), 7.82 (d, 1H, *] = 8.9 Hz, H*), 7.64 (d,
1H, 3] = 8.1 Hz, H'), 7.45-7.40 (m, 1H, H°), 7.34 (d, 1H, %] = 2.3
Hz, H'), 7.29-7.25 (m, 1H, H®), 7.11 (dd, 1H, %] = 8.9 Hz, 4] = 2.3
Hz, H®), 5.60 (s, 2H, H*) ppm. *C NMR (125 MHz, DMSO-dy): §
147.1 (C,, C), 140.1 (CH, C°), 139.5 (C,, C*), 139.2 (C,, C'*), 139.0
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(Cy €', 1308 (CH, CY), 1254 (CH, C°), 122.6 (C, C®), 120.5
(CH C%), 1203 (CH, C7), 119.7 (CH, C°), 119.1 (C,, C'™), 1145
(Cy C), 112.2 (CH, C'), 101.0 (C,, C') ppm.

2 Amino-5,11-dihydroindolo[3, 2 -clquinolin-6-one. A suspen-
sion of 2-nitro-5,11-dihydroindolo[3,2-c]quinolin-6-one (1.00 g, 7.16
mmol) in hydrazine hydrate (12 mL) was stirred at 118 °C under
argon for 135 h. After the solution was cooled, it was allowed to stand
at —20 °C overnight. The solid that formed was collected, washed with
water (3 X 10 mL), and dried in vacuo. Yield: 0.45 g, 50%. '"H NMR
(500 MHz, DMSO-d,): 6 12.35 (s, 1H, H''), 11.03 (s, 1H, H°), 8.18
(d, 1H, ¥ = 7.8 Hz, H"), 7.57 (d, 1H, *] = 8.1 Hz, H'®), 7.34—7.30 (m,
1H, H), 7.25 (d, 1H, 4 = 2.4 Hz, H'), 7.24—7.18 (m, 1H, H* + H®),
6.86 (dd, 1H, *] = 8.7 Hz, *] = 2.4 Hz, H®), 5.08 (s, 2H, H**) ppm. *C
NMR (125 MHz, DMSO-dg): 6 159.7 (C,, C°), 143.8 (C,, C*), 141.1
(Cy C'), 1382 (C,, C'™), 1302 (C,, C‘*a), 125.1 (C,, Cﬁb), 124.1
(CH ), 1212 (2CH c’+ Y, 118.6 (CH, C¥), 1173 (CH, CY,
113.1 (C, C'™), 1120 (CH, C"), 107.0 (C, C*), 1047 (C, C")
ppm.

Synthesis of the Organometallic Compounds. General
Procedure. A mixture of the corresponding 2-amino-11H-indolo[3,2-
c]quinoline (1 equiv), 2-pyridinecarboxaldehyde (1.1 equiv), and the
metal—arene dimer [M(p-cymene)Cl,],, where M = Ru", Os" (0.5
equiv), in dry EtOH was stirred at room temperature under an argon
atmosphere for 24 h. The precipitate that formed was filtered off,
washed with ethanol and diethyl ether, and dried in vacuo at 45—50
°C.

(n®-p-Cymene)[(5,11-dihydroindolo[3,2-c]quinolin-6-on-2-yl)(1-
kN-pyridin-2-ylmethylidene)-kN-amine]chloridoruthenium(ll)
Chloride (1a). 2-Amino-S5,11-dihydroindolo[3,2-c]quinolin-6-one
(0.15 g, 0.60 mmol), 2-pyridinecarboxaldehyde (63 uL, 0.66 mmol),
[Ru(p-cymene)CL,], (0.18 g, 0.30 mmol), and EtOH (5 mL). Yield:
0.26 g, 67% (orange powder). Anal. Calcd for
C3H,eN,CLORu-1.7H,0 (M, 675.18): C, 55.15; H, 4.69; N, 8.30.
Found: C, 55.16; H, 4.82; N, 8.22. ESI-MS (methanol), positive: m/z
609 [M — Cl]*. FT-IR (ATR, selected bands, A,,,,): 3375, 3100, 3039,
2973, 2878, 1643, 1588, 1477, 1454, 1392, 1337, 787, 749, 660, 606
cm™'. '"H NMR (500 MHz, DMSO-dy): 6 13.14 (s, 1H, H'!), 11.85 (s,
1H, H®), 9.65 (d, 1H, ] = 5.4 Hz, H), 9.15 (s, 1H, H), 8.70 (br s,
1H, H'), 8.39-8.32 (m, 2H, H + H'®), 8.24 (d, 1H, %] = 7.9 Hz, H’),
7.97 (d, 1H, %] = 8.7 Hz, H®), 7.94—7.89 (m, 1H, H'®), 7.72—7.67 (m,
2H, H* + H'), 7.44—7.40 (m, 1H, H’), 7.33—7.29 (m, 1H, H?), 6.20
(d, 1H, ¥ = 6.1 Hz, HY?), 591 (d, 1H, 3] = 6.1 Hz, H""), 5.78—5.72
(m, 2H, HYY + HY%), 2.55—2.47 (m, 1H, H®), 2.24 (s, 3H, H?®),
1.00—0.95 (m, 6H, H”* + H?*) ppm. *C NMR (125 MHz, DMSO-
ds): 6 167.3 (CH, CV), 160.3 (C,, C°), 156.7 (CH, C"), 155.0 (C,,
C™¥), 146.1 (C, C*), 140.6 (CH CY), 1405 (C, C'), 139.1 (C
C*), 1384 (C, C“’a) 130.3 (CH, C"®), 129.4 (CH C'%), 125.1 (CH
C%), 125.0 (CH C), 1246 (C, C*), 121.8 (CH, C°), 121.4 (CH, C"),
117.5 (CH, C*), 116.0 (CH, Cl), 112.6 (C, C'™), 112.4 (CH, C"),
107.6 (C, C%), 1054 (C,, C*), 104.9 (C Cco%), 87.6 (CH, C),
87.2 (CH C?), 85.4 (CH Cc), 85.0 (CH Cc91"), 31.0 (CH, C™),
22.3 (CH,;, C7* or C7*), 22.1 (CH;, C™* or C7*), 19.0 (CH,, C™®)

pm.

(n®-p-Cymene)[(5,11-dihydroindolo[3,2-clquinolin-6-on-2-yl)(1-
kN-pyridin-2-ylmethylidene)-xkN-amine]chloridoosmium(ll) Chloride
(1b). 2-Amino-5,11-dihydroindolo[3,2-c]quinolin-6-one (0.12 g, 0.48
mmol), 2-pyridinecarboxaldehyde (51 uL, 0.53 mmol), [Os(p-
cymene)Cl,], (0.19 g, 0.24 mmol), and EtOH (S mL). Yield: 0.24
g, 68% (orange-red powder). Anal. Calcd for
C3H,sN,CLOOs 1.5H,0 (M, 760.74): C, 48.94; H, 4.11; N, 7.36.
Found: C, 48.87; H, 4.01; N, 7.40. ESI-MS (methanol), positive: m/z
699 [M — CI]%, 663 [M — Cl — HCI]*. FT-IR (ATR, selected bands,
Ao 3369, 3099, 3065, 3040, 2879, 1643, 1619, 1589, 1475, 1454,
1434, 1392, 1336, 785, 750, 660, 611 cm™. 'H NMR (500 MHz,
DMSO-dy): 6 13.10 (s, 1H, H'), 11.85 (s, 1H, H%), 9.59 (d, 1H, ¥] =
5.4 Hz, H), 9.56 (s, 1H, H®), 8.63 (br s, 1H, H'), 8.49 (d, 1H, ] =
7.7 Hz, H'S), 8.34—8.29 (m, 1H, H"), 824 (d, 1H, ] = 7.7 Hz, H'),
7.90—7.85 (m, 2H, H> + H'®), 7.70 (d, 1H, 3] = 8.2 Hz, H'), 7.67 (d,
1H, 3] = 8.8 Hz, H*), 7.45—7.40 (m, 1H, H’), 7.33—7.29 (m, 1H, H%),
6.48 (d, 1H, ] = 5.5 Hz, H"?), 6.12 (d, 1H, *] = 5.5 Hz, H""), 5.97 (4,
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1H, 3] = 5.5 Hz, HY*'), 5.88 (d, 1H, ] = 5.5 Hz, HY""), 2.43—2.36 (m,
1H, H®), 2.32 (s, 3H, H?), 0.92 (d, 3H, %] = 6.9 Hz, H""), 0.90 (4,
3H, 3] = 6.8 Hz, H7*) ppm. *C NMR (125 MHz, DMSO-d;): § 168.1
(CH, C¥), 1603 (C,, C°%), 156.5 (C,, C'**), 1564 (CH, C¥), 146.2
(c,, C?), 140.7 (CH, C”), 140.5 (C,, C”“), 139.3 (C, C*), 1384 (C,,
C'®), 130.3 (CH, C'°), 130.2 (CH, C“‘), 125.4 (CH C?), 125.0 (CH
C), 124.6 (C,, C*), 121.8 (CH, C*), 121.4 (CH, C"), 117.5 (CH, C*),
116.5 (CH, cf), 112.6 (C, C'), 1124 (CH, C"), 1076 (C, C*),
99.0 (C,, C7), 97.2 (C,, CWZa) 79.8 (CH, C7%), 79.3 (CH C7),
76.1 (CH C), 75.4 (CH C“Yl’), 31.3 (CH, C?), 22.7 (CH,, C),
22.3 (CH;, C*), 18.9 (CH,, C7°) ppm.

(n%-p-Cymene)[(11H-indolo[3,2-cIquinolin-2-yl)(1-xN-pyridin-2-
ylmethylidene)-xkN-aminejchloridoruthenium(ll) Chloride (2a). 2-
Amino-11H-indolo[3,2-c]quinoline (0.1S g, 0.64 mmol), 2-pyridine-
carboxaldehyde (67 uL, 0.71 mmol), [Ru(p-cymene)CL], (0.20 g
0.32 mmol), and EtOH (S mL). Yield: 0.27 g, 66% (ochre powder).
Anal. Calcd for C3;H,N,CLRu-2H,0 (M, 664.59): C, 56.02; H, 4.85;
N, 843. Found: C, 55.76; H, 4.93; N, 8.48. ESI-MS (methanol),
positive: m/z 593 [M — CI]*. FT-IR (ATR, selected bands, A,,,):
3418, 3096, 3068, 3009, 2970, 1597, 1511, 1464, 1366, 1346, 1240,
836, 788, 752 cm™ L. 'H NMR (500 MHz, DMSO-dy): 6 13.54 (s, 1H,
HY), 9.79 (s, 1H, H®), 9.70 (d, 1H, ] = 5.6 Hz, H'), 927 (s, 1H,
H"),9.02 (br s, 1H, H'), 8.45—8.36 (m, 4H, H* + H’ + H7 + H'®),
8.19 (dd, 1H, 3] = 9.0 Hz, ] = 2.3 Hz, H3), 7.98—7.94 (m, 1H, H'S),
7.82 (4, 1H, %] = 8.1 Hz, H'®), 7.60—7.56 (m, 1H, H’), 7.44—7.40 (m,
1H, H?), 621 (d, 1H, 3] = 6.1 Hz, H?*), 594 (d, 1H, ] = 6.1 Hz,
HY'), 5.88 (d, 1H, 3] = 6.1 Hz, HY*), 5.71 (d, 1H, 3] = 6.1 Hz, HY""),
2.59—2.49 (m, 1H, H?®), 2.24 (s, 3H, H”®), 1.00—-0.97 (m, 6H, H"* +
H*) ppm. BC NMR (125 MHz, DMSO-dy): 6 168.8 (CH, C"),
156.8 (CH, C), 1549 (C, C'*), 149.5 (C,, C’), 145.6 (CH, C°),
144.8 (C, C*), 1409 (C, C”“) 140.7 (CH CY), 139.6 (C, C'®),
130.8 (2CH Ct+ '), 1297 (CH, C'), 126.8 (CH, C°), 1242 (CH,
), 122.2 (C,, C%), 121.7 (CH, C*), 121.0 (CH, (), 117.4 (C,, C""),
115.8 (CH, c‘) 115.6 (C,, C*), 112.7 (CH, C"), 105.6 (C,, C**),
104.6 (C,, C7'%), 87.3 (2CH C9* + C9%), 85.6 (CH, C7), 85.3 (CH,
coY), 310 (CH, C9%), 22.3 (CH;, C7* or C7*), 22.2 (CH,, C* or
C*), 189 (CH;, C°) ppm.

(7°-p-Cymene)[(11H-indolo[3,2-cIquinolin-2-yl)(1-kN-pyridin-2-
ylmethylidene)-kN-amine]chloridoosmium(ll) Chloride (2b). 2-
Amino-11H-indolo[3,2-c]quinoline (0.12 g, 0.51 mmol), 2-pyridine-
carboxaldehyde (54 uL, 0.57 mmol), [Os(p-cymene)CL], (0.20 g
0.26 mmol), and EtOH (S mL). Yield: 024 g 65% (red-brown
powder). Anal. Caled for CyH,¢N,CL0s-3H,0 (M, 771.76): C,
48.24; H, 4.44; N, 7.26. Found: C, 48.30; H, 4.20; N, 7.18. ESI-MS
(methanol), positive: m/z 683 [M — Cl]*. FT-IR (ATR, selected
bands, A,,,): 3367, 3063, 3002, 2973, 1598, 1512, 1464, 1367, 1345,
1240, 836, 787, 751 cm™. 'H NMR (500 MHz, DMSO-dy): 6 13.53
(s, 1H, H"), 9.80 (s, 1H, H®), 9.68 (s, 1H, H'®), 9.64 (d, 1H, ] = 5.6
Hz, H'), 8.95 (br s, 1H, H'), 8.55 (d, 1H, %] = 7.6 Hz, H'®), 8.42 (4,
1H, ] = 7.8 Hz, H’), 8.39 (d, 1H, ] = 8.9 Hz, H*), 8.37—8.33 (m, 1H,
H'Y), 8.10 (dd, 1H, 3] = 8.9 Hz, ¥ = 2.0 Hz, H®), 7.93—7.89 (m, 1H,
H'), 7.82 (d, 1H, 3] = 8.1 Hz, H'%), 7.61-7.56 (m, 1H, H’), 7.45—
7.41 (m, 1H, H®), 6.48 (d, 1H, *] = 5.8 Hz, H??), 6.14 (d, 1H, 3] = 5.8
Hz, H"), 5.98 (d, 1H, ] = 5.8 Hz, H*), 5.86 (d, 1H, %] = 5.8 Hg,
HY), 2.47-2.38 (m, 1H, H??), 2.32 (s, 3H, H?"), 0.94—0.90 (m, 6H,
HY* + H*) ppm. C NMR (125 MHz, DMSO-d;): § 169.7 (CH,
CP), 156.5 (CH, C*), 156.3 (C,, C'*), 149.5 (C,, C*), 145.6 (CH,
C%), 1447 (C, C*), 1410 (C, C”“), 140.8 (CH CY), 139.6 (C,
C'*%), 130.6 (3CH Ct+C'+ Cls), 126.9 (CH, C°), 124.6 (CH, C3)
1222 (C, C*®), 121.8 (CH, C*), 121.1 (CH, C7), 1173 (C, C""*),
116.4 (CH C), 1155 (C, C*), 112.8 (CH, C'), 98.6 (C,, C7™),
97.4 (C,, C7), 79.5 (2CH C% + C9), 76.3 (CH, C"), 759 (CH,
cov), 312 (CH, C%), 22.6 (CH;, C¥* or C*), 22.3 (CH;, C* or
C7*), 18.9 (CH;, C™®) ppm.

(nﬁ—p—Cymene)[ (6-chloro-11H-indolo[3,2-clquinolin-2-yl)(1-kN-
pyridin-2-ylmethylidene)-xN-amine]chloridoruthenium(ll) Chloride
(3a). 2-Amino-6-chloro-11H-indolo[3,2-c]quinoline (0.15 g, 0.56
mmol), 2-pyridinecarboxaldehyde (60 uL, 0.62 mmol), [Ru(p-
cymene)Cl,], (0.17 g, 0.27 mmol), and EtOH (3 mL). Yield: 0.20
g, 55% (yellow powder). Anal. Calcd for C3;H,,N,CL,Ru-2.5H,0 (M,
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708.04): C, 52.59; H, 4.56; N, 7.91. Found: C, 52.50; H, 4.16; N, 7.93.
ESI-MS (methanol), positive: m/z 627 [M — Cl]*, 609 [M — CI —
HCI + H,0]% 591 [M — Cl — HCI]*. FT-IR (ATR, selected bands,
Amax): 3334, 3063, 2979, 1596, 1504, 1358, 1243, 1173, 962, 832, 744,
651, 614 cm™. 'TH NMR (500 MHz, DMSO-d,): 6 13.72 (s, 1H, H'!),
9.68 (d, 1H, %] = 5.4 Hz, H), 9.26 (s, 1H, H"®), 8.96 (d, 1H, ¥J = 2.2
Hz, H'), 8.51 (d, 1H, %] = 8.0 Hz, H’), 8.43—8.36 (m, 2H, H + H'®),
8.30 (d, 1H, ’] = 8.9 Hz, H*), 8.20 (dd, 1H, %] = 8.9 Hz, *] = 2.2 Hz,
H®), 7.98—7.94 (m, 1H, H'®), 7.88 (d, 1H, %] = 8.2 Hz, H"), 7.66—
7.62 (m, 1H, H®), 7.51-7.47 (m, 1H, H®), 6.20 (d, 1H, % = 6.2 Hg,
H9?), 593 (d, 1H, 3] = 6.2 Hz, H""), 5.79 (d, 1H, *] = 6.1 Hz, H?'),
5.70 (4, 1H, ¥ = 6.1 Hz, HY"), 2.57—2.48 (m, 1H, H"?), 2.24 (s, 3H,
HY), 1.00-0.96 (m, 6H, H”* + H*) ppm. *C NMR (125 MHz,
DMSO-dy): 5 169.0 (CH, C), 156.8 (CH, C"), 1549 (C, C'),
149.7 (C,, C*), 146.1 (C,, C°), 144.8 (C,, C*), 142.6 (C,, C'"*), 140.7
(CH, C”LB 139.5 (C,, C'*), 130.8 (CH C™®), 130.4 (CH C“), 129.7
(CH, C'), 127.1 (CH %), 124.9 (CH, C?), 122.1 (CH, C*), 122.0
(CH, C'), 121.1 (C, C®), 117.0 (C, C"), 1158 (CH, C"), 112.9
(CH, C), 112.7 (C C%), 105.7 (C C9%), 104.6 (C,, C'?), 87.2
(2CH, C7* + C“Vz’) 85.6 (CH, Ccyl) 85.3 (CH, C%"), 31.0 (CH,
C9%),22.3 (CHyy C* or C9%), 221 (CH,, C9* or C*), 18.9 (CH,,
C?°) ppm.

(n%-p-Cymene)[(6-chloro-11H-indolo[3,2-clquinolin-2-yl)(1-kN-
pyridin-2-ylmethylidene)-kN-aminejchloridoosmium(ll) Chloride
(3b). 2-Amino-6-chloro-11H-indolo[3,2-c]quinoline (0.20 g 0.75
mmol), 2-pyridinecarboxaldehyde (79 uL, 0.82 mmol), [Os(p-
cymene)Cl,], (0.30 g, 0.37 mmol), and EtOH (25 mL). Yield: 0.28
g 48% (red-brown powder). Anal. Caled for CyH,,N,Cl;0s-2H,0
(M, 788.19): C, 47.37; H, 3.96; N, 7.11. Found: C, 47.03; H, 3.77; N,
6.97. ESI-MS (methanol), positive: m/z 717 [M — Cl]*, 681 [M — Cl
— HCI]*. FT-IR (ATR, selected bands, 4,,,.): 3353, 3057, 2977, 1595,
1505, 1356, 1243, 1175, 960, 836, 740, 657, 616, 590 cm™". "H NMR
(500 MHz, DMSO-di): § 13.70 (s, 1H, H'"), 9.67 (s, 1H, H"), 9.63
(d, 1H, ¥] = 5.8 Hz, H), 8.90 (d, 1H, *] = 2.3 Hz, H'), 8.54 (d, 1H, %]
=7.7 Hz, H"), 8.51 (d, 1H, ] = 8.0 Hz, H’), 8.37—8.32 (m, 1H, H"),
8.28 (d, 1H, 3] = 8.9 Hz, H*), 8.11 (dd, 1H, %] = 8.9 Hz, ¥ = 2.3 Hz,
H®), 7.94—7.89 (m, 1H, H'®), 7.87 (4, 1H, *] = 8.1 Hz, H"), 7.66—
7.62 (m, 1H, H’), 7.51-7.47 (m, 1H, H®), 6.48 (d, 1H, *] = 5.8 Hz,
H%?), 6.13 (d, 1H, 3] = 5.8 Hz, H""), 5.98 (d, 1H, *] = 5.8 Hz, H?'),
5.85 (d, 1H, ¥] = 5.8 Hz, HY"), 2.46—2.39 (m, 1H, H?*), 2.32 (s, 3H,
HY), 0.94—0.90 (m, 6H, H”* + H*) ppm. *C NMR (125 MHz,
DMSO-dy): 6 169.8 (CH, C®), 156.5 (CH, C"), 156.3 (C, C"?),
149.7 (C,, C*), 146.3 (C,, C°), 144.9 (C,, C*), 142.6 (C,, C'"*), 140.8
(CH, C13 139.5 (C,, C'™), 130.6 (CH C'9), 130.6 (CH C”) 130.4
(CH, ¢, 127.1 (CH %), 1252 (CH, C%), 122.2 (CH, C?), 122.0
(CH, C'), 121.1 (C, C®), 117.0 (C, C'"), 116.3 (CH, C'), 112.9
(CH, C"), 112.7 (C C*),98.5 (Cy C“y“) 97.5 (C,, C9%),79.5 (CH,
C%), 79.5 (CH, C*), 76.4 (CH, Ccyl) 76.0 (CH Cco"), 31.2 (CH,
C), 22.6 (CH;, C* or C*), 22.3 (CH;, C¥* or C*), 18.9 (CH,,
C?°) ppm.

Crystallographic Structure Determination. X-ray diffraction
measurements were performed on a Bruker X8 APEXII CCD
diffractometer. Single crystals were positioned at 35, 35, 40, and 35
mm from the detector, and 623, 883, 606, and 1932 frames were
measured, each for 30, 80, 30, and 40 s over 1° scan width for 1a,1b,
2a, and 3a, respectively. The data were processed using SAINT
software.*® Crystal data, data collection parameters, and structure
refinement details are given in Table S1 (Supporting Information).
The structures were solved by direct methods and refined by full-
matrix least-squares techniques. Non-H atoms were refined with
anisotropic displacement parameters. H atoms were inserted in
calculated positions and refined with a riding model. The arene ligand
in 2a-C,H;OH-H,0 was found to be disordered over two positions
with sof 0.53:0.43. The following software programs and computer
were used: structure solution and refinement, SHELXS-97 and
SHELXL-97;* molecular diagrams, ORTEP-3;* computer, Intel
CoreDuo.

Cell Lines and Cell Culture Conditions. For cytotoxicity
determination, three cell lines were used: A549, a human non-small
cell lung cancer cell line, and SW480, a human colon carcinoma cell
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line (both purchased from American Type Culture Collection), as well
as CHI, a human ovarian carcinoma cell line (kindly provided by
Lloyd R. Kelland, CRC Centre for Cancer Therapeutics, Institute of
Cancer Research, Sutton, UK.). Cells were grown as adherent
monolayer cultures in 75 cm? culture flasks (Twaki/Asahi Technoglass)
in complete culture medium: i.e, Minimal Essential Medium
supplemented with 10% heat-inactivated fetal bovine serum, 1 mM
sodium pyruvate, 1% v/v nonessential amino acids (from 100X ready-
to-use stock) and 4 mM L-glutamine but without antibiotics at 37 °C
under a moist atmosphere containing 5% CO, and 95% air. For in vivo
experiments, the murine colon cancer cell model CT-26 (purchased
from American Type Culture Collection, Manassas, VA) was used.
Cells were grown in DMEM/F12 supplemented with 10% FCS. All
cell culture media and reagents were purchased from Sigma-Aldrich
Austria.

Cytotoxicity Assay. Cytotoxicity was determined by the
colorimetric MTT assay (MTT = 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide) as described previously.*’ Briefly,
cells were harvested by trypsinization and seeded into 96-well plates in
volumes of 100 puL/well. Depending on the cell line, different cell
densities were used to ensure exponential growth of the untreated
controls during the experiment: 1.0 X 10° (CH1), 2.0 X 10* (SW480),
3.0 X 10° (A549). In the first 24 h, the cells were allowed to settle and
resume exponential growth. Then the test compounds were dissolved
in DMSO, serially diluted in complete culture medium, and added to
the plates in volumes of 100 yL/well such that the DMSO content did
not exceed 1% v/v. Due to the limited solubility of some compounds,
the medium in the wells used for the highest concentrations was
removed and 200 pL/well of the substance dilution was added. After
continuous exposure for 96 h (in the incubator at 37 °C and under 5%
CO,), the medium was replaced by 100 yL/well RPMI 1640 medium
(supplemented with 10% heat-inactivated fetal bovine serum and 4
mM L-glutamine) and 20 uL/well MTT solution (MTT reagent in
phosphate-buffered saline, S mg/mL), and plates were incubated for a
further 4 h. Then the medium/MTT mixture was removed, and the
formazan that formed was dissolved in DMSO (150 uL/well). Optical
densities at 550 nm were measured (reference wavelength 690 nm)
with a microplate reader (Tecan Spectra Classic). The quantity of
viable cells was expressed as a percentage of untreated controls, and
50% inhibitory concentrations (ICg,) were calculated from concen-
tration-effect curves by interpolation. Every test was repeated in at
least three independent experiments, each consisting of three
replicates per concentration level.

Cell Cycle Studies. For this assay, CH1 cells were harvested by
trypsinization and 8 X 10* cells in 1.5 mL/well were seeded into 12-
well plates. In the first 24 h, the cells were allowed to settle and resume
exponential growth. Thereafter, stocks of the test compounds in
DMSO were diluted in complete culture medium and 1.5 mL/well was
added to the plate such that the DMSO content did not exceed 0.5%
v/v. For concentrations >50 M, the medium was removed from the
wells before the dissolved complexes were added. After continuous
exposure for 24 h (in the incubator at 37 °C and under 5% CO,), the
cells were washed with PBS and trypsinized. Trypsinization was
stopped with MEM, the cells were centrifuged (300g, 3 min), and the
supernatant was discarded. Then the cells were washed with PBS once
more and resuspended in 600 uL PI/HSF buffer (0.1% v/v Triton X-
100, 0.1% w/v sodium citrate, in PBS) containing S0 ug/mL
propidium iodide (PI). After incubation overnight at 4 °C in the
dark, 5 X 10° cells were measured by flow cytometry with a Millipore
guava easyCyte 8HT instrument. Data were evaluated by FlowJo
software (Tree Star) using Dean Jett Fox algorithms.

Cellular Accumulation. Studies on cellular accumulation were
performed according to the method described previously.”® Briefly,
SW480 cells were seeded in 6-well plates in densities of 3 X 10° cells
per well in aliquots of 2.5 mL complete culture medium. Samples and
corresponding adsorption/desorption controls were located on the
same plate. For determination of the cell number, three wells of a
separate plate were seeded in the same manner. Plates were kept at 37
°C for 24 h. After removal of the medium used for settlement of the
cells, 2.5 mL of the solution containing the test compounds (from
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DMSO stocks diluted with complete culture medium, yielding a final
DMSO concentration below 0.5% v/v) was added to the wells. During
exposure (2 h at 37 °C), the cell number in three wells was determined
by counting in a hemocytometer upon trypsinization. After exposure,
the medium was removed, cells were washed three times with PBS and
lysed with 0.5 mL sub-boiled HNO; per well for 1 h at room
temperature, and Ru was quantified by ICP-MS in aliquots of 400 uL
diluted to a total volume of 8 mL and internally standardized with
indium (0.5 ppb). The amount of adsorbed/desorbed ruthenium was
subtracted from the corresponding uptake sample, and the resulting
cell-associated amount was divided by the average cell number. Results
are based on at least four independent experiments, each consisting of
triplicates.

Metal concentrations were determined by an ICP-MS instrument
(Agilent 7500ce, Waldbronn, Germany), equipped with a CETAC
ASX-520 autosampler and a MicroMist nebulizer, at a sample uptake
rate of approximately 0.25 mL/min. Indium and ruthenium standards
were obtained from CPI International (Amsterdam, The Netherlands).
Standards were freshly prepared for each analysis in matrices matching
the sample matrix with regard to internal standard and concentration
of the acid. Nitric acid (p.a.) was purchased from Fluka (Buchs,
Switzerland) and further purified in a quartz sub-boiling point
distillation unit. All samples and dilutions were prepared with Milli-
Q water (18.2 MQ2 cm). In order to monitor plasma stability and allow
manual linear drift correction, a ruthenium standard (approximately 1
ppb) was measured every 12—18 samples. At the end of the sequence,
the precision of the measurement was checked by rerunning
approximately 5% of randomly selected samples covering the whole
measurement time. The accuracy was checked by rerunning samples,
whose concentrations were determined independently during a
previous sequence. Data analysis is based on the isotopes 'In,
%Ry, and '“Ru.

Animals. Six- to eight-week-old female Balb/c mice were
purchased from Harlan Laboratories (San Pietro al Natisone, Italy).
The animals were kept in a pathogen-free environment, and every
procedure was done in a laminar airflow cabinet. Experiments were
carried out according to the Austrian and FELASA guidelines for
animal care and protection.

In Vivo Experiments. CT-26 cells (10° cells in serum-free DMEM
medium) were injected subcutaneously into the right flank. Therapy
was started when tumor nodules were palpable. Animals were treated
with 2a (25.9 mg/kg i.p. and 51.7 mg/kg p.o. dissolved in 10% DMSO
before administration) and 2b (30 mg/kg ip. and 60 mg/kg p.o
dissolved in 10% DMSO before administration), each for S subsequent
days. Animals were controlled for distress development every day, and
tumor size was assessed regularly by caliper measurement. Tumor
volume was calculated using the formula (length X (width)?)/2.

B RESULTS AND DISCUSSION

Synthesis and Characterization of the Compounds. 2-
Nitro-5,11-dihydroindolo[3,2-c]quinolin-6-one and 6-chloro-2-
nitro-11H-indolo[3,2-c]quinoline (A and C, respectively, in
Scheme 1) were prepared according to the literature
protocols.”" The nitro group in C was reduced with iron
powder under sonication with formation of species E, in
analogy to a procedure published previously.** Because of its
scarce solubility in common solvents, A could not be reduced
by using this procedure. Reduction was therefore carried out by
stirring the compound in neat hydrazine hydrate at 118 °C
under an argon atmosphere for 135 h with formation of B. 2-
Amino-11H-indolo[3,2-c]quinoline (D) was easily obtained by
stirring 6-chloro-2-nitro-11H-indolo[3,2-c]quinoline in neat
hydrazine hydrate at 118 °C under Ar for 27 h. Unlike other
substituents in position 2 of the indoloquinoline backbone, the
amino group seems to facilitate reduction of the imidoyl
chloride, yielding the quinoline with hydrogen in position 6.
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Figure 1. ORTEP view of the cations in 1a (left) and 1b (right) with thermal ellipsoids drawn at the 50% probability level.

Substitution of the chloride with hydrazine, as reported in all
other cases,*>*** has not been observed.

Condensation of the aromatic amines with 2-formylpyridine
yielded ligands that showed poor stability in wet organic
solvents, hydrolyzing back with formation of the starting
materials. Therefore, the complexes were generated in situ via
one-pot three-component synthesis from the corresponding 2-
aminoindoloquinoline derivative, 2-formylpyridine, and the
appropriate metal—arene dimer [M(p-cymene)Cl,],, where M
= Ru, Os (see the Experimental Section for details). All
complexes were characterized by ESI-MS in methanol, showing
peaks at m/z 609, 699, 593, 693, 627, and 717, respectively, for
lab—3ab due to [M — Cl]* ions. Additional peaks attributed
to [M — Cl — HCI]" at m/z 663, 591, and 681 were detected in
the case of 1b and 3a,b. Peaks that could be assigned to free
ligand or formation of [M,(p-cymene),(u-OMe);]*, as
commonly noted for more labile complexes, have not been
detected. The stability of the complexes in 1% DMSO/water
solution was further investigated by UV—vis measurements
(Figure S1, Supporting Information). In the case of 3a,b, no
change in the absorption spectra over 24 h was observed. The
complexes remained intact in aqueous media, as was also
confirmed by ESI mass spectrometry. Whereas 1b and 2b
showed only minor changes over 24 h, the ruthenium
complexes la and 2a seemed to hydrolyze slowly. An isosbestic
point at about 450 nm is clearly seen. The greater inertness of
osmium complexes is well documented in the literature.*"*
The effect of MEM on the complexes was also investigated to
probe their resistance to chemical environment on application
in vitro. MEM consists mainly of amino acids, salts (Na*, K*,
Mg**, Ca*"), vitamins, and glucose. It is used in cell culture
experiments. With the exception of 3b, where precipitation led
to decreasing absorbance, the spectra especially of the
ruthenium compounds showed smaller changes in comparison
to those obtained in 1% DMSO/water (Figure S2, Supporting
Information), which may be due to the higher chloride
concentration and partially suppressed hydrolysis. The stability
of complexes 2ab, which were tested in vivo, was also
investigated in a solution of 1% DMSO/water at pH 3.4. The
pH was adjusted by the addition of concentrated HCl to create
conditions similar to those inside the stomach of mice.>* The
spectra of both complexes remained unchanged over 24 h
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(Figure S3, Supporting Information), indicating that they were
stable at such a pH and, furthermore, that the hydrolysis of 2a
can be suppressed by higher chloride concentrations.

Crystal Structures. The results of the X-ray diffraction
studies of [(n%-p-cymene)Ru(L')CI]CI-C,H;OH-H,0
(1a-C,H;OH-H,0), [(#®-p-cymene)Os(L')Cl]-
Cl-C,H;OH-H,0 (1b-C,H;OH-H,0), [(#°-p-cymene)Ru(L?)-
Cl]CI-C,H;OH-H,0 (2a-C,H;OH-H,0), [(1°-p-cymene)Ru-
(L*)CI]CI-4H,0 (3a-4H,0) are shown in Figures 1-3. All

Figure 2. ORTEP view of the cation in 2a with thermal ellipsoids
drawn at the 50% probability level. Only one position for the
disordered arene ligand is shown for clarity.

complexes have a typical “three-leg piano-stool” geometry of
ruthenium(1I) and osmium(II) arene complexes,™ *° with an
nS-m-bound p-cymene ring forming the seat and three other
donor atoms (two nitrogens N12 and N1S of indolo[3,2-
c]quinoline and one chlorido ligand) as the legs of the stool.
Selected bond distances and angles are given in Table 1. All
complexes crystallize as racemates, owing to the presence of the
stereogenic metal center.

Upon binding to ruthenium(II) or osmium(I), the ligands
L'-L?® form the five-membered chelate ring
N12C13C14N1SM (M = Ru, Os). The torsion angles
Oni2—ci3—cla—N1s Which serves as measures of the distortion
of the chelate ring from planarity, are —0.7(5), 0.1(8), —1.2(8),
and —2.7(5)° for lab, 2a, and 3a, respectively. This almost
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Figure 3. ORTEP view of the cation in 3a with thermal ellipsoids
drawn at the 50% probability level.

perfectly planar chelate ring forms a dihedral angle with the flat
indoloquinoline backbone, which can be described by the
torsion angles O¢;_cy_n12-c13 of 50.8(4), 50.6(8), 52.8(8), and
57.2(5)° in lab, 2a, and 3a, respectively.

The lactam unit in lab is involved in complex pairing
through strong intermolecular hydrogen bonding, as shown in
Figure 4 for 1a. The atom NS acts as a proton donor, while O6
acts as a proton acceptor.

Such complex pairing cannot occur in 2a and 3a. Instead the
presence of isolated pairs of complex cations with offset parallel
arrangement stabilized by 7-stacking interactions has been
observed, as shown in Figure S. For 3a, the interplanar
separation of the indoloquinoline backbones in the pairs is
3.485 A.

Cytotoxicity in Cancer Cells. The cytotoxicity of
ruthenium(II) and osmium(II) complexes was determined by
an MTT assay in three human cancer cell lines, namely, AS49
(non-small cell lung carcinoma), CH1 (ovarian carcinoma),
and SW480 (colon adenocarcinoma), mostly yielding ICq,
values in the micromolar concentration range. The correspond-
ing metal-free ligands could not be tested because of insufficient
stability. AS49 was the least sensitive cell line to all tested
compounds, with IC, values >80 M in the case of compounds
lab and 3b (a further increase of concentrations was not
possible because of the low solubility of the compounds). ICq,
values in SW480 cells are up to 4 times and those in CH1 cells
at least 4 up to 40 times lower than in A549 cells, as can be seen
in Table 2 and Figure 6.

Comparison of ruthenium(II) with osmium(II) complexes
revealed the following relationships: ruthenium complexes (2a,
3a) are at least 1.5 and up to 4 times more potent than osmium

complexes (2b, 3b) in all three cell lines, except for the pair
lab, of which the osmium complex is more active (Table 2,
Figure 6). This deviation may be associated with the presence
of a lactam unit in the indoloquinoline-based ligand. The
ruthenium compound 1la is the least active of all tested
compounds. No systematic structure—activity relationships
could be observed for the presence vs absence of a chloro
substituent at position 6 of the indoloquinoline. In contrast to
previously reported ruthenium(Il) and osmium(II) complexes
with modified indoloquinoline ligands,****** the expected high
cytotoxicities were not found. In the case of complexes with the
binding moiety attached in position 6 of the indoloquinoline
backbone,*”** the osmium(II)-based complexes are more
active than or equal to their ruthenium(II) analogues, whereas
the compounds reported here are up to 5 times less cytotoxic in
the case of ruthenium compounds and up to 100-fold less in
the case of osmium complexes. One of the reasons may be the
difference in the structure of side chain, but the different
substituent pattern (coordination via position 2 of the
indoloquinoline backbone) is more likely to account for this
finding,

Effects on Cell Cycle Distribution. As reported
previously, indoloquinolines affect cell cycle progression,*
and a free lactam unit is known to be favorable for cdk
inhibition in the case of related metal-free indolobenzaze-
pines.'” Due to these facts, the effects of the new ruthenium
and osmium complexes on the cell cycle were studied. For this
purpose, exponentially growing CH1 cells were treated for 24 h
with different concentrations of the compounds, stained with
propidium iodide, and the amount of DNA was analyzed by
flow cytometry. As illustrated in Figure 7, the effects of osmium
complexes on the cell cycle are negligible, whereas those of
their ruthenium analogues are more pronounced. The strongest
effects were observed in the case of 3a, where a 20% increase of
the G,/M phase fraction and a ~ 25% decrease of the G,/G;
phase fraction were found at a concentration of 10 uM. At the
highest concentration, the G,/M arrest changes into an
apparent S phase arrest, which might partially result from a
loss of G,/M arrested cells due to cell death. 1a is less active
than 3a; still, a ~20% increase of the G,/M fraction at a
concentration of 40 yM was found (Figures 7 and 8). A
positive influence of the lactam unit, which might be expected
on the basis of structure—activity relationships of metal-free
indolobenzazepines reported by other authors,'” was not
observed in the case of 1b, however. These results lead to
the conclusion that the metal center plays an important role in
the activity of the complexes on cell cycle distribution, whereas
the effect of ligand variation is less pronounced.

Table 1. Selected Bond Distances (A) and Angles (deg) for Complexes 1a-C,H;OH-H,0, 1b-C,H;OH"H,0, 2a-CH;0H-H,0,"

and 3a4H,0

1a-C,H;OH-H,0 1b-C,H;OH-H,0 2a-CH,;0H-H,0 3a-4H,0
M-Cl 2.3819(10) 2.3920(16) 2.3941(15) 2.4024(11)
M-NI2 2.077(3) 2.081(5) 2.079(5) 2.098(3)
M-NI15 2.071(3) 2.080(5) 2.090(S) 2.098(3)
M—C,ene(av) 2.198(2) 2.206(3) 2.219(3)
Carene—Carene(av) 1.410(1) 1.417(1) 1.425(1)
N12—-M-N15 76.30(11) 75.83(18) 76.0(2) 76.96(13)
N12-M—-Cl 87.56(8) 86.98(13) 85.58(9) 84.16(9)
N15-M—Cl 84.33(9) 83.79(14) 85.22(9) 84.12(9)

“M—Cene(av) and C,ene—Cirenc(av) have not been quoted because of the disorder observed for the arene ligand in 2a.
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Figure 4. Centrosymmetric dimeric associates of the cations of 1a stabilized by hydrogen-bonding interactions involving the lactam unit: i.e., NS—

H--06 (N5—H = 0.88 A, H--06' = 1.914 A, N5---06' = 2.778 A, N5—H---06' =

transformation —x + 1, —y + 1, —z + L.

167.3°). Atoms marked with i are generated via the symmetry

Figure 5. Centrosymmetric dimeric associates of the cations of 3a
stabilized by 7—r stacking interactions.

Table 2. Cytotoxicity of Ruthenium and Osmium Complexes
with Indoloquinoline-Based Ligands in Three Human
Cancer Cell Lines

IC5, (M), 96 h*

AS549 SW480 CH1
la >80 >80 20 +2
1b >80 48 + S 79 £ 09
2a 27 £ 3 70 £ 1.7 32 +03
2b 53+9 28+ 6 99 + 21
3a S1+2 17+ 3 1.3 +£0.5
3b >80 25 +2 3.1 +08

“50% inhibitory concentrations (means =+ standard deviations from at
least three independent experiments), as obtained by the MTT assay
using exposure times of 96 h.

Cellular Accumulation. As CHI1 cells are known to detach
easily during the washing steps required in the cellular uptake
experimental procedure, and A549 cells were the least sensitive
ones, cell-associated concentrations of ruthenium were
determined in SW480 cells upon exposure to la—3a. The
concentration of the compounds during exposure was chosen
to correspond roughly to an average ICg, in SW480 cells (10
uM). The results (Figure 9) show that 1a and 2a accumulate in
concentrations of ~5 fg/cell, while 3a accumulated much better
(~30 fg/cell). A comparison of these results with the
cytotoxicity data shows that complex la is the least active
(ICso > 80 uM), in line with the lowest accumulation. On the
other hand, the most potent complex (2a, ICy, = 7.0 uM)
accumulates only to a slightly higher extent than la, whereas
3a, which accumulates to the highest degree in 2 h, is less
cytotoxic than 2a after 96 h in the MTT assay (ICg, = 17 uM).

In contrast to the case of the ruthenium compounds,
determination of the cellular accumulation of the analogous
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Figure 6. Concentration-effect curves of ruthenium— and osmium—
indoloquinoline complexes 1a,b—3a,b in the human cancer cell lines
AS549 (A), CH1 (B), and SW480 (C), determined by the MTT assay
using continuous exposure for 96 h.

osmium compounds led to implausible results: the measured
concentration of Os obtained from cell-free adsorption blanks
was higher than that from wells containing cells, resulting in
apparently negative cellular accumulations. In order to rule out
an unexpected impact of the polystyrene material, experiments
with 1b were repeated using glass dishes. In addition, formation
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Figure 7. Concentration-dependent impact of complexes 1ab—3a,b on the cell cycle distribution of CHI cells after 24 h continuous exposure.
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Figure 8. Cell cycle analysis of CHI cells after 24 h treatment. A selection of histograms shows the strong effects of la (bottom right) and 3a
(bottom left) on cell cycle distribution. The DNA content of cells was analyzed by flow cytometry upon staining with propidium iodide and
evaluation with FlowJo. Gemcitabine (top right) was used as a positive control. The black line shows the measured curve and the violet line the

calculated cell cycle distribution, as obtained by the FlowJo cell cycle tool.

of volatile OsO, in the presence of oxidizing agents (such as
nitric acid during cell lysis) was taken into consideration. Cells
were lysed under basic conditions by tetramethylammonium
hydroxide followed by acidification with hydrochloric acid.
However, strongly fluctuating, partially negative values persisted
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in both studies, indicating an uncontrollable process rather than
a systematic error. As reported in the literature, quantification
of osmium by ICP-MS is problematic and error-prone.
Osmium-containing samples are routinely digested under
oxidizing conditions in tightly sealed vessels, and the resulting
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Figure 9. Cellular ruthenium accumulation in SW480 cells, treated for
2 h with 10 uM solutions of 1a (n = S), 2a (n = 4), and 3a (n = 7).
Values are means + standard deviations.

volatile OsQ, is directly transferred to the ICP-MS. Hence, it is
typically only applied for determination of isotopic ratios in
geochronologic applications.”” >’

Anticancer Activity in Vivo. The anticancer efficacy of
compound 2b in comparison to its ruthenium analogue 2a was
investigated in the murine colon cancer model CT-26. As
shown in Figure 10, 2b displayed significant growth-inhibitory

600+
-o- solvent

:-sg -0 30mg/kg (i.p.)
E 400- -0- 60mg/kg (p.o.)
(V]
N
7]
& 200-
g 200
2

0 T T 1

4 6 8 10

days

Figure 10. Anticancer activity of 2b in vivo. CT-26 cells were injected
subcutaneously in the right flank of BALB/c mice. After the tumor was
palpable, mice were treated for S days (day S—9) with 30 mg/kg (i.p.)
and 60 mg/kg (p.o.) of 2b, respectively. Tumor volumes were
calculated as described in the Experimental Section. Each experimental
group contained four animals. Data are means + SD.

potential (P < 0.01 for both administration routes assessed by
two-way ANOVA with Bonferroni post-test) not only when
applied intraperitoneally but also when given orally. In contrast,
2a at equimolar concentrations had no anticancer activity in
this mouse model (Figure S4, Supporting Information). 2a,b
were both well tolerated, as can be seen from Figure S5
(Supporting Information), showing that the body weight
remained almost unaffected during treatment.

To the best of our knowledge, there is only one other
example of an osmium—arene complex with in vivo tumor
growth-inhibitory properties.”* This complex, [M(y%p-
cymene)(azpy)I]PF, where azpy is a chelating N,N-dimethyl-
4-(pyridine-2-yldiazenyl)aniline ligand, was proven to be highly
active in vitro,”" and it retarded tumor growth after a single-
dose 40 mg/kg subcutaneous injection in a HCT116 human
colorectal cancer xenograft model. However, in vivo data of its
ruthenium congener62 are not available. For the only other Ru/
Os—arene couple with in vivo data available, namely [M(°-
biphenyl) (kN,kN'-ethylenediamine)Cl]*, experiments in a
MCa (murine mammary carcinoma) yielded reverse results.
The ruthenium complex led to reduction of primary tumor
volume and decreased lung metastasis formation, whereas the
osmium congener did not show any activity.> For either of the
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complexes described in the literature, in vivo data for oral
application are not available.

B FINAL REMARKS

Six novel ruthenium— and osmium—arene complexes with
indolo[3,2-c]quinoline-based ligands have been synthesized and
characterized. These complexes contain an intact lactam unit,
allowing for the first time the determination of its effect on
antiproliferative activity. The complexes were tested in three
different human cancer cell lines (A549, SW480, and CH1) and
exhibited ICy, values between 1.3 and >80 uM. Cellular
accumulation studies revealed no direct correlation between
cytotoxic activity and cellular accumulation in SW480 cells, as
the most active compound 2a showed lower accumulation than
3a. 3a, the most active complex in CH1 cells, also showed the
most pronounced effect on the cell cycle distribution in this cell
line. In vivo experiments using a murine tumor model indicated
a significant tumor growth inhibitory potential of the osmium
compound 2b but not of its ruthenium counterpart, 2a. These
findings will serve as a basis for further improvement and
development of orally applicable anticancer drug candidates
with indoloquinoline-based ligands, particularly as 2b showed
distinct in vivo tumor growth inhibition both after intra-
peritoneal and oral application. Furthermore, these results
clearly show the need for additional in-depth studies
concerning the influence of the metal center in metallorganic
drug research, as from comparison with the very limited data
available,%”® no trend can be inferred regarding the biological
consequences of replacing ruthenium by osmium in an
otherwise identical complex.

B ASSOCIATED CONTENT

© Supporting Information

Figures, a table, and CIF files giving the numbering used for
NMR assignment, X-ray data collection details and crystallo-
graphic data, UV—vis spectra, in vivo data for 2a, and body
weight data for the in vivo experiments of 2a,b. This material is
available free of charge via the Internet at http://pubs.acs.org.
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