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Abstract

Eighteen novel Ti(IV) complexes stabilized by different chelating amino-bis(phenolato) (ONNO, ONON, ONOO) ligands
and 2,6-dipicolinic acid as a second chelator were synthesized with isolated yields ranging from 79 to 93%. Complexes were
characterized by 'H and '>*C-NMR spectroscopy, as well as by HRMS and X-Ray diffraction analysis. The good to excellent
aqueous stability of these Ti(IV) complexes can be modulated by the substitutions on the 2-position of the phenolato ligands.
Most of the synthesized Ti(IV) complexes demonstrated potent inhibitory activity against Hela S3 and Hep G2 tumor cells.
Among them, the naphthalenyl based Salan type 2j, 2-picolylamine based [ONON] type 2n and N-(2-hydroxyethyl) based
[ONOO] type 2p demonstrated up to 40 folds enhanced cytotoxicity compared to cisplatin together with a significantly
reduced activity against healthy AML12 cells. The three Ti(IV) complexes exhibited fast cellular uptake by Hela S3 cells
and induced almost exclusively apoptosis. 2j could trigger higher level of ROS generation than 2p and 2n.
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Introduction

Metal based coordination complexes exhibit unique advan-
tages compared to organic compounds in drug R&D such
as flexible conformation, nuclide imaging and the ability
to react with biological targets via ligand exchange [1]. Of
metallic complexes with anti-tumor activity, platinum (Pt)
based complexes have achieved remarkable success in the
treatment of malignant tumors ever since the milestone-drug
cisplatin was approved by FDA in the 1970s [2—4]. However,
platinum drugs are associated with systemic side effects and
drug resistance generated from long-time clinical use [5].
Hence, a vast number of non-platinum metallic complexes
have been synthesized and evaluated for antitumor efficacy
[6-8], among which the titanium (Ti, group IVB) complexes
have attracted much attention because two Ti(IV) complexes,
titanocene dichloride ([Cp,Ti(IV)ClL,], TDC) [9] and budo-
titane (cis-diethoxybis(1-phenylbutane-1,3-dionato)Ti(IV))
[10] entered clinical trials in the 1980s [11]. However these
two Ti(IV) complexes and their derivatives suffered from
insufficient aqueous stability and undefined mechanism of
action [12]. In 2007, Tshuva et.al. reported the anti-tumor
evaluation of diamino-bis(phenolato) (Salan) stabilized
Ti(IV) bis-alkoxyl complexes, which were found to exhibit
enhanced aqueous stability and transferrin independent cell
membrane penetrating ability [13, 14]. Their antitumor spec-
trum, structure—activity relationship and anti-tumor active
species were reported in later studies [15].

Changing the ‘classical’ dianionic tetradentate Salan to
a tetraanionic hexadentate Salan gave new homoleptic phe-
nolato Ti(IV) complexes with exceedingly good aqueous
stability [16]. These Salan ligands feature two additional
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(N-(2-hydroxyethyl)) donors in their backbone, thus tightly
coordinating Ti(IV). The most prominent Ti(IV) complex,
‘PhenolaTi’ named by the group of Tshuva et.al., showed
significantly enhanced inhibitory effect against a number of
tumor cells compared to cisplatin and very little side effects
on mouse’ spleen and kidney cells [17]. A synergistic effect
was found when they were used in combination with cispl-
atin [18]. After nano-formulation, they were stable in gastric
acid and had comparable treatment effects in CDX model
mice when administered orally rather than injected [19]. An
even higher coordinated class of titanium complexes was
already presented in 2012 by Huhn et al. [20]. These com-
plexes are based on the concept of bis-chelation and utilize
2,6-dipicolinic acid (Dipic), a dianionic tridentate, as a sec-
ond chelator in addition to a conventional Salan ligand. The
resulting heptacoordinated heteroleptic Ti(IV) Salan-com-
plexes showed exceedingly good aqueous stability and excel-
lent antitumor activity both in vitro and in vivo [20, 21].
A radioiostopic [Ti45][SalanTi(IV)Dipic] with diagnosing
features was successfully synthesized inspired by this ligand
system [22]. Recently we reported a facile protocol for effi-
cient synthesis of Salan Ti(IV) bis-chelates in green solvents
in just 90 s [23], and also an efficient functionalization route
for these Ti(IV) bis-chelates via Sonogashira reaction [24].
However, the compound library of Salan Ti(IV) bis-chelates
consists only of ten molecules bearing limited substitution
patterns [25]. Hence, we became interested to enhance the
molecular diversity through employing different phenolato
ligands as well as by modifications of the ethylenediamine
backbone (Scheme 1). Our aim is to improve the understand-
ing of structure—activity relationships and to identify new
Ti(IV) complexes with potent anti-tumor activity.

Scheme 1. Diamino-bis(phenolato) Ti(IV) complexes with anti-tumor activity
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In fact, two types of phenolato Ti(IV) bis-chelates have
been reported. These are either of the [ONNO] (Salan)
or [ONON]-type [25]. It has been shown that anti-tumor
activity of these is primarily influenced by substitutions at
the phenolato ligands [21, 23]. Steric demanding #-butyl
groups on the phenolato 2-position resulted in vanished
antitumor activity. This was thought to be due to exces-
sive shielding of the Ti(IV) center, as the Ti(IV) complexes
remained stable in buffered solutions at pH as low as 1.9
and up to 12.1 [21]; Ti(IV) bis-chelates bearing Salan>*~C!
demonstrated significantly enhanced antitumor activity than
Salan*~Tand Salan®>*M¢ [21, 24]; Electron deficient groups
(CF; or sulfonamide) on the Salan lead to decreased aque-
ous stability but enhanced anti-tumor activity [21, 26]; A
thiol-bridged Salan Ti(IV) bis-chelate decomposed fast in
H,0 and was completely inactive [21]; Functionalization
on the Dipic (4-methoxyl or 4-hydroxyethyl) showed insig-
nificant influence to the anti-tumor activity [21]. No other
structural similar phenolato ligands have been explored so
far and little is known on the structure activity relationship
and mechanism of action of the reported Salan type Ti(IV)
bis-chelates. Herein, we report the synthesis and anti-tumor
evaluation of novel heteroleptic Ti(IV) bis-chelates with dif-
ferently substituted [ONNO] (Salan), [ONON] and [ONOO]
type backbone and Dipic as a secondary chelator. In case of
the [ONON] and [ONOO] type bis-phenolates, the typical
ethylenediamine linker of the Salan was replaced by either
2-picolylamino or 2-hydroxyethylamino bridges. Compari-
son of the aqueous stability of resulting Ti(IV) complexes,
induction of apoptosis, cellular uptake and ROS (Reactive
oxygen species) generation are also presented.

Experimental section
Representative synthetic procedures

Synthetic procedure for la [27] (6,6'-((ethane-1,2-
diylbis(methylazanediyl))bis(methylene))bis(2,4-
difluorophenol)): 2,4-Difluorophenol (1.30 g, 10 mmol)
was dissolved in methanol (15 mL), formaldehyde (2 mL,
36% in water) and N, N’-dimethylethylenediamine (0.44 g,
5 mmol) were added at once. The mixture was then heated
to reflux for 5 h. Upon completion, the reaction was
allowed to cool to r.t., the precipitated 1a was collected
by filtration as a white solid (894 mg, 2.4 mmol, 48%).
M.p.: 176 °C. '"H-NMR (600 MHz, CDCl5) § 6.76 (ddd,
J=11.2, 8.5, 2.6 Hz, 2H, H,)), 6.50 (d, /=8.5 Hz, 2H,
H,,), 3.70 (s, 4H, NCH,C,,), 2.69 (s, 4H, NCH,CH,N),
2.32 (s, 6H, NCH;); >*C-NMR (151 MHz, CDCl;) §
154.7 (dd, J=239.5, 11.0 Hz, C,), 150.7 (dd, J=246.8,
12.1 Hz, C,), 142.0 (dd, J=12.4, 3.3 Hz, C,,), 123.8
(dd, /=8.3, 4.0 Hz, C,,), 109.9 (dd, /=23.0, 3.5 Hz,

C,», 103.9 (dd, /=26.4, 22.2 Hz, C,), 61.2 (NCH,C,)),
54.1 (NCH,CH,N), 41.8 (NCH,); "F-NMR (400 MHz,
CDCl,) 8 -133.9 (FC,,), -123.2 (FC,,). HRMS (ESI-TOF)
m/z Calced for C,4H,,F,N,0, [M +H]*: 373.1534. Found:
373.1536. Anal. Calcd for C,gH,,F,N,0,: 58.06% (C);
5.41% (H), Found: 58.31% (C); 5.26% (H).

Synthetic procedure for 1j [28] (1,1'-((ethane-1,2-
diylbis(methylazanediyl))bis(methylene))bis(naphtha
len-2-0l)): 2-Naphthol (1.44 g, 10 mmol) was dissolved
in methanol (15 mL), formaldehyde (2 mL, 36% in water)
and N, N’-dimethylethylenediamine (0.44 g, 5 mmol) were
added at once. The mixture was then heated to reflux for 5 h.
Upon completion, the reaction was allowed to cool to r.t.,
the precipitated 1j was collected by filtration as a white solid
(1.84 g, 4.6 mmol, 92%). M.p.: 162 °C.'"H-NMR (400 MHz,
DMSO-d,) 6 9.11 (s, 2H, OH), 7.89 (d, J=8.7 Hz, 2H,
H,), 7.71 (d, J=7.8 Hz, 2H, H,,), 7.65 (d, /=8.7 Hz, 2H,
H,), 7.32 (dd, /=6.8, 8.6 Hz, 2H, H,,), 7.19 (dd, J=6.8,
7.8 Hz, 2H, H,,), 7.02 (d, /=8.7 Hz, 2H, H,,), 3.99 (s, 4H,
NCH,C,)), 2.68 (s, 4H, NCH,CH,N), 2.15 (s, 6H, NCHy);
3C-NMR (101 MHz, DMSO-d,) 8 155.8 (C,,), 133.6 (C,)),
129.3 (C,p), 128.8 (C,)), 128.5 (C,)), 126.6 (C,,), 123.0 (C,,),
122.8 (C,), 118.9 (C,), 113.7 (C,), 54.5 (NCH,C,), 54.2
(NCH,CH,N), 41.7 (NCH;). HRMS (ESI-TOF) m/z Calcd
for C,cH,N,0, [M+H]*: 401.2224. Found: 401.2226.
Anal. Calcd for C,HyN,0,: 77.97% (C); 7.05% (H), Found:
77.69% (C); 6.87% (H).

Synthetic procedure for 1n [29] (6,6'-(((pyridin-
2-ylmethyl)azanediyl)bis(methylene))bis(2,4-di-tert-
butylphenol)): In was prepared following the same
procedure as for 1j by using 2,4-di-fert-butylphenol
(2.06 g, 10 mmol), formaldehyde (2 mL, 36% in water) and
2-picolylamine (0.54 g, 5 mmol) for 24 h as a white solid
(2.32 g, 4.3 mmol, 85%). M.p.: 175 °C. 'H-NMR (400 MHz,
CDCly) 6 10.56 (s, 2H, OH), 8.70 (d, J=4.5 Hz, IH, H,, ),
7.70 (dd, J=7.6, 1.0 Hz, 1H, H,,,), 7.29 (t, /=6.0 Hz, 1H,
H,,), 7.24 (d, J=2.3 Hz, 2H, H,)), 7.14 (d, J=7.6 Hz, 1H,
Hy,), 6.94 (d, J=2.3 Hz, 2H, H,,), 3.86 (s, 6H, NCH,),
1.41 (s, 18H, (CH;),), 1.30 (s, 18H, (CH;);); *C-NMR
(101 MHz, CDCl,) 6 154.0 (C,,), 148.3 (C,,), 140.6 (C,),
137.4 (C,), 136.5 (C,,), 125.3 (C,,), 123.6 (C,,), 122.6 (C,)),
121.4 (C,)), 56.9 (NCH,), 55.5 (NCH,), 35.2 (C,.CH,), 34.3
(C,,CH,), 31.8 (CHjy);), 29.8 (CH;);). HRMS (ESI-TOF)
m/z Caled for C;sHs3N,0, [M+H]*: 545.4102. Found:
545.4106. Anal. Calcd for C;4H5,N,0,: 79.36% (C); 9.62%
(H), Found: 79.65% (C); 9.85% (H).

Synthetic procedure for 1p [30] (6,6'-(((2-hydroxyethyl)
azanediyl)bis(methylene))bis(2,4-dimethylphenol)): 1p
was prepared following the same procedure as for 1j by
using 2,4-dimethylphenol (1.22 g, 10 mmol), formaldehyde
(2 mL, 36% in water) and 2-ethanolamine (0.31 g, 5 mmol)
for 24 h as a faint yellow oil (1.33 g, 4.6 mmol, 81%). 'H-
NMR (400 MHz, CDCl,) 6 6.71 (s, 2H, H,,), 6.55 (s, 2H,
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H,),3.75 (t, J=5.1 Hz, 2H, OCH,C), 3.61 (s, 4H, C,,CH,),
2.58 (t, J=5.1 Hz, 2H, OCH,C), 2.11 (s, 6H, CH;), 2.08 (s,
6H, C,.CH;); *C-NMR (101 MHz, CDCl,) § 152.2 (C,),
131.4 (C,p), 128.7 (C,), 128.4 (C,), 125.1 (C,)), 121.7 (C,),
60.9 (CH,OH), 55.8 (NCH,C,,), 51.5 (NCH,), 20.6 (CHj),
16.2 (CH;). HRMS (ESI-TOF) m/z Calcd for C,;H,5NO;
[M+H]*: 330.2064. Found: 330.2068. Anal. Calcd for
CyoHy,NO5: 72.92% (C); 8.26% (H), Found: 72.76% (C);
8.38% (H).

Synthetic procedure for 2a: To a solution of 1a (300 mg,
0.84 mmol) in 10 mL THF, Ti(OiPr)4 (0.25 mL, 0.84 mmol)
was added and the reaction was stirred at r.t. for 15 min.
Dipic (153 mg, 0.92 mmol) was then added directly to the
mixture and the reaction was continued stirring at r.t. for
6 h while monitoring the reaction-progress by TLC. Upon
completion, THF was removed by distillation in vacuo at
40 °C, the crude compound was purified by chromatography
(eluent: MeOH/CH,Cl, =1:40) on silica gel to obtain the
pure product as a red solid (455 mg, 0.78 mmol, 93%). M.p.:
301 °C; IR absorptions (cm_l, ATR): 1841, 1634, 1534,
1403, 1306, 1206, 1141, 1086, 1020, 913, 697, 637; 'H-
NMR (600 MHz, CDCl5) 6 8.32-8.30 (m, 1H, Hp,,), 8.21
(d, J=17.8 Hz, 2H, Hp,,), 6.67-6.64 (m, 2H, H,)), 6.57 (d,
J=6.6 Hz, 2H, H, ), 5.39 (d, J=14.4 Hz, 2H, NCH,C,)),
3.36 (d, J=9.0 Hz, 2H, NCH,CH,N), 3.25 (d, /=15.0 Hz,
2H, NCH,C,,), 2.81 (s, 6H, NCHj;), 2.30 (d, J=9.0 Hz, 2H,
NCH,CH,N); *C-NMR (151 MHz, CDCl5) & 168.8 (C=0),
155.9 (dd, /=10.6, 243.1 Hz, C,)), 149.4 (C,,), 149.2 (dd,
J=12.5,251.7 Hz, C,)), 144.0 (dd, J=3.5, 12.8 Hz, C,)),
143.9 (C,), 130.0 (d, J=10.0 Hz, C,)), 126.1 (C,,), 111.1
(dd, J=5.7,23.1 Hz, C,,), 103.9 (dd, J=22.5,26.6 Hz, C,)),
63.5 (NCH,C,,), 53.9 (NCH,CH,N), 47.2 (NCH,); "’F-NMR
(400 MHz, CDCl,) & -131.9 (FC,)), -123.0 (FC,,); UV—vis
(THF): A, (¢) =385 nm; HRMS (ESI-TOF) m/z Calcd for
C,sH,,FyN;O,Ti [M +H]™: 584.0919. Found: 584.0921.
Anal. Caled for C,sH,,F,N;0(Ti: 51.48% (C); 3.63% (H),
Found: 51.43% (C); 3.62% (H). Complexes 2b-2r were
synthesized following the same procedures as for 2a.

Synthetic procedure for 2j: Following the same procedure
as for 2a with 1j (300 mg, 0.75 mmol) and Ti(O'Pr),
(0.22 mL, 0.75 mmol) in 10 mL THF for 15 min. Dipic
(139 mg, 0.83 mmol) for 3 h to give 2j as a red solid
(425 mg, 0.69 mmol, 93%). M.p.: 242 °C; IR absorptions
(cm™!, ATR): 1711, 1604, 1543, 1493, 1415, 1132, 1103,
1040, 880, 846, 634; 'H-NMR (600 MHz, CDCl;) &
8.29-8.26 (m, 1H, Hp,,), 8.22 (d, J=6.6 Hz, 2H, Hp,,),
7.84 (d, J=7.2 Hz, 2H, H,,), 7.74 (d, J=7.8 Hz, 2H, H,)),
7.59 (d, J=9.0 Hz, 2H, H,)), 7.47 (t, J=8.4 Hz, 2H, H,)),
7.33 (t, J=7.8 Hz, 2H, H,)), 6.74 (d, /=9.0 Hz, 2H, H,)),
5.39 (d, J=15.0 Hz, 2H, NCH,C,,), 4.13 (d, J=15.0 Hz,
2H, NCH,C,,)), 3.44 (d, J=9.6 Hz, 2H, NCH,CH,N), 2.98
(s, 6H, NCH;), 2.18 (d, J=9.0 Hz, 2H, NCH,CH,N); "*C-
NMR (151 MHz, CDCl,) § 169.1 (C=0), 157.4 (C,,), 149.8
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(C,), 143.4 (C,)), 132.7 (C,)), 129.7 (C,)), 128.9 (C,,), 128.8
(C,p), 126.7 (C,)), 125.8 (C,)), 123.6 (C,,), 121.1 (C,,), 119.6
(C,), 118.7 (C,)), 58.8 (NCH,C,,), 54.0 (NCH,CH,N), 48.2
(NCH;); UV—vis (THF): A, (¢)=420 nm; HRMS (ESI-
TOF) m/z Calcd for C53H;,N;0,Ti [M+H]*: 612.1609.
Found: 612.1612. Anal. Calcd for C43H,oN;O4Ti: 64.82%
(C); 4.78% (H), Found: 64.81% (C); 4.80% (H).

Synthetic procedure for 2n: Following the same
procedure as for 2a with 1n (300 mg, 0.55 mmol) and
Ti(O"Pr)4 (0.16 mL, 0.55 mmol) in 10 mL THF for 15 min.
Dipic (92 mg, 0.55 mmol) for 5 h to give 2n as a red solid
(370 mg, 0.49 mmol, 89%). M.p.: 250 °C; IR absorptions
(cm™!, ATR): 2955, 2911, 2869, 1684, 1653, 1476, 1342,
1314, 1244, 1181, 1064, 1045, 922, 851, 771, 741; 'H-
NMR (600 MHz, CDCly) 6 9.61 (d, /=6.0 Hz, 1H, Hy,,),
8.35-8.34 (m, 2H, Hp,,), 8.23-8.22 (m, 1H, H,,), 7.35 (t,
J=T7.8Hz, 1H, H,), 7.04 (t, J=6.0 Hz, 1H, H,;,), 6.97 (d,
J=12.0Hz, 4H, H,)), 6.66 (d, /=6.0 Hz, 1H, H,,,,), 5.59 (d,
J=13.2 Hz, 2H, NCH,C,,), 4.23 (s, 2H, NCH,Pyr), 3.56 (d,
J=13.2 Hz, 2H, NCH,C,,), 1.21 (s, 18H, C(CHs)5), 0.98
(s, 18H, C(CH;);); 3*C-NMR (151 MHz, CDCl;) § 169.6
(C=0), 168.1 (C=0), 159.2 (C,)), 157.2 (C,), 151.1 (C,),
150.9 (C,)), 149.5 (C,)), 143.8 (C,,), 143.2 (C,), 138.3 (C,)),
134.7 (C,), 127.0 (C,), 126.1 (C,,), 125.4 (C,,), 124.7 (C,)),
123.1 (C,), 122.5 (C,), 120.0 (C,)), 65.1 (NCH,C,,), 62.7
(NCH,), 34.7 (C,,CH;), 34.4 (C,,CHj), 31.7 (C(CH3)3), 29.7
(C(CHy;)3); UV—vis (THF): A, (¢)=425 nm; HRMS (ESI-
TOF) m/z Calced for C,3Hs,N;O(Ti [M +H]J*: 756.3487.
Found: 756.3521. Anal. Calcd for C,3Hs;N;O4Ti: 68.34%
(C); 7.07% (H), Found: 68.28% (C); 7.11% (H).

Synthetic procedure for 2p: Following the same
procedure as for 2a with 1p (300 mg, 0.91 mmol) and
Ti(O"Pr)4 (0.22 mL, 0.91 mmol) in 10 mL THF for 15 min.
Dipic (167 mg, 1.0 mmol) for 4 h to give 2p as a red solid
(442 mg, 0.82 mmol, 90%). M.p.: 276 °C; IR absorptions
(cm™!, ATR): 2982, 2863, 1683, 1657, 1478, 1347, 1312,
1257, 1178, 1069, 978, 924, 853, 774, 741; '"H-NMR
(600 MHz, DMSO-d;) & 8.57 (t, /J=7.8 Hz, 1H, Hp,,), 8.30
(d, J=7.8 Hz, 1H, Hp,,), 8.20 (d, /=9 Hz, 1H, H,), 6.89
(s, 2H, H,)), 6.80 (s, 2H, H,,), 4.89 (d, J=13.8 Hz, 2H,
NCH,), 3.66 (d, /=13.8 Hz, 2H, CH,0), 3.17 (t, /=6 Hz,
2H, NCH,C,,), 2.93 (t, J=6 Hz, 2H, NCH,C,), 2.18 (s,
6H, ArCH;), 1.78 (s, 6H, ArCH,); '*C-NMR (151 MHz,
DMSO-dg) 6 168.3 (C=0), 167.0 (C=0), 158.0 (C,),
149.8 (C,,), 148.6 (C,,), 145.6 (C,,), 130.2 (C,)), 128.8 (C,)),
128.0 (C,), 126.5 (C,), 126.1 (C,)), 125.7 (C,)), 122.5 (C,,),
62.6 (NCH,C,), 56.1 (NCH,CH,), 53.4 (NCH,CH,), 21.0
(C,CHy), 15.4 (C,,CH;); UV—vis (THF): A, (€)=411 nm;
HRMS (ESI-TOF) m/z Caled for C,,H,gN,0,Ti [M+H]*:
540.3945. Found: 540.3925. Anal. Calcd for C,;H,,N,O-Ti:
60.12% (C); 5.05% (H), Found: 60.22% (C); 5.15% (H).
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MTT assay

Cells were cultivated at 37 °C in humidified 5% CO,
atmosphere using Dulbecco’s DMEM-media (Invitrogen)
containing 10% foetal calf serum, 1% penicillin and 1%
streptomycin. Cells were split every three days. Both
cell lines were tested on mycoplasma infections using a
mycoplasma detection kit (Shanghai Jingkang Biological
Engineering Co., Ltd.). Cells were seeded into a 96-well
plate (Hela S3 cells, Hep G2 cells and AML 12 cells were
seeded with 5000 cells/well), and the cells were placed in an
incubator with 5% CO, atmosphere at a constant temperature
of 37 °C for 24 h to allow the cells to grow adherently.
Different concentrations of Ti(IV) complexes were added
to each well. Complexes were dissolved and diluted with
dimethyl sulfoxide (DMSO) to prepare solutions of different
concentrations (107!, 1072, 1073, 107*, 107>, 107 and
107 mol/mL). One portion of dimethyl sulfoxide solution of
complex was added to 99 portions of DMEM medium with
10% fetal bovine serum (FBS), making the final solution
content in each well to be 100 pL, and was then incubated for
48 h. After 48 h, 10 pL of MTT solution at a concentration
of 5 mg/ mL was added to each well and the plates were
incubated for 4 h. After incubation, aspirate the solution
from each well, 100 pL sterile DMSO solution was added to
the wells and was shaken for ten minutes, and use enzyme-
linked immune-assay the detector is tested at a wavelength of
562 nm. In the experiment, zero adjustment wells (medium,
MTT solution and DMSO solution) and control wells
(non-administered group) were both set up. Five parallel
controls were set for each concentration gradient to avoid
experimental errors. Each experiment was repeated three
times. The statistical weights of repeated experiments are
the same; the ICs, value for each complex is the average
value of three independent experiments. The error value of
the ICy, value is calculated from the standard deviation. The
resulting curves were fitted using Sigma plot 10.0 [31]. The
detailed sigmoidal plots of each complex are depicted in the
SI (Figure S6 and S7), where all test compounds show fully
converged sigmoidal curves.

Flow cytometric analysis

Tumor cell death induced by 2j, 2n and 2p were quantified
by flow cytometry using the Annexin V-FITC/PI Assay kit
(Biosharp BL110A) in accordance with the manufacturer’s
protocol. Hela S3 cells were seeded in a 6-well plate at a
density of 1x 10° cells per well and allowed to settle for
24 h. The medium was replaced with fresh one containing
complex 2j, 2n and 2p with final concentrations of 107 uM,
1 pM and 10? puM, respectively. After incubation for 24 h, the
cells were trypsinized, centrifuged (1000 rpm, 5 min) and

washed 2 times with cold PBS. Fresh cells were collected
and resuspended in 250 pL of binding buffer, stained with 5
pL of Annexin-V-FITC and 10 pL of PI. Finally, the samples
were analyzed by BD Accuri™ C6 Plus flow cytometer. The
cellular density plots were obtained by FlowJo 7.2.5 [32].

Cellular uptake of titanium

Hela S3 cells were seeded in a 6-well plate at a density
of 2% 10° cells per well and incubated for 24 h, the cells
were treated with 2j, 2n, 2p and [(Salan®>*~M¢)Ti(IV)
Dipic] (2 pM) for 10 min, 30 min, 1 h, 2 h, 24 h and 48 h,
respectively. Each experiment was repeated three times.
The attached cells were harvested with trypsin and washed
twice with PBS (4 °C). Cell pellets were collected by
centrifugation and then were digested with nitric acid (100
pL) for 2 h at 95 °C, followed by reacting with H,O, (50 pL)
at 95 °C for 1.5 h. 100 pL of hydrochloride acid (38%) was
added to the mixture, which was then kept at 95 °C open
to air till the total volume was less than 50 pL, H,O was
added to dilute the residue to 5 mL, from which a sample
was taken and subjected to ICP-MS analysis for titanium
content. Control group: Following the same experimental
procedures using Hela S3 cells without treatment of 2j,
2n, 2p and [(Salan®>*~M¢)Ti(IV)Dipic], no titanium was
detected by ICP-MS (0 ng).

ROS detection

ROS levels in Hela S3 cells were detected with H,DCFDA
probe [33]. Hela S3 cells were seeded in a 12-well plate
(6x 10* cells per well) with round coverslips placed in each
well, then the cells were incubated in 5% CO, atmosphere
at 37 °C for 24 h. Four wells with the cell densities reached
to 30%-50% were selected and to which each 2 uM of 2j,
2n, 2p and [(Salan**~™¢)Ti(IV)Dipic] (in DMEM medium
with 10% FBS) were administrated, respectively. The cells
were further incubated for another 24 h under the same
condition above. The solution of the four wells was aspirated
and washed with PBS, then stained with 10 pM H,DCFDA
and incubated for 30 min at 37 °C in an incubator protected
from light. The cells were then washed 2 times with DMEM
medium (serum-free) to fully remove H,DCFDA that had
not entered the cells. Transfer each coverslip to a glass
slide and fluorescence imaging (DCF, oxidized form of
H,DCFDA) was conducted by fluorescence microscopy.

Results and discussion
In this study we focused on three different types of bis-

chelates, i.e. Dipic stabilized Salans 2a-2 1 ((ONNO]-type),
backbone functionalized 2m-20 ([ONON]-type) and 2p-2r
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([ONOQ]-type). Salan ligands were synthesized by Mannich
reaction of ethylenediamine (1a-1 1), 2-picolylamine (1m-
10) or N-(2-hydroxyethyl)amine (1p-1t) (see Scheme 2) [10,
34]. The ligands were metalated smoothly by reaction with
equimolar amounts of Ti(O"Pr)4 in THF for 15 min followed
by addition of 1.1 equiv. of Dipic for 3-6 h to give the final
bis-chelates 2 [23]. The compound library comprises 10 dif-
ferent [ONNO] type Ti(IV) complexes 2a-2j with unsubsti-
tuted Dipic as the second chelator and two complexes 2 k
and 2 1 with substituted Dipic. Three bis-chelates 2m-20
from the 2-picolylamine substituted [ONON] type ligand
as well as three members of the N-(2-hydroxyethyl)amine
substituted [ONOO] type (2p-2r) completed the library.
After complete consumption of the ligands 1s and 1t during
metalation, only unidentifiable precipitates were isolated.
Results are summarized in Scheme 2 and Table 1, detailed
synthetic procedures and compound characterization can be
found in the SI.

Solid-state molecular structure

Suitable crystals for X-ray diffraction analysis of 2f, 2h and
2q were obtained by slow diffusion of n-hexane to a satu-
rated CH,Cl, solution of each complex at r.t.. Crystals of 2n
were obtained by diffusion of n-hexane to a solution of 2n
in a mixture of CH,Cl, and MeOH (10:1=v/) at r.t.. All
four solid-state molecular structures are presented in Fig. 1.
2f and 2n crystalized in the triclinic space group P-1. 2f is
accompanied by one CH,Cl, molecule and 2n is accom-
panied by two MeOH molecules. 2h and 2q crystalized in
monoclinic space group P2,/c, and 2h is accompanied by
3/4 MeOH molecule. 2f and 2h are C, symmetric while
2n and 2q are C; symmetric in their solid-states, respec-
tively. Selected bond lengths and angles are summarized in
Table 2. Both Salan complexes 2f and 2h have a pentago-
nal-bipyramidal geometry like their ancestor ([(Salan®*~M¢)
Ti(IV)Dipic]) [20] with two notable exceptions. First, the
Dipic in 2f is located closer to the Ti compared to both,
2h and the ancestor complex, as indicated by the shorter
Ti-O(3/4) (2.03, 2.04 A) and Ti-N(3) (2.17 A) distances.
Second, the O(1)-Ti—O(2) angle is more linear in 2f and 2h
(172.2, 171.9°) compared to ([(Salan®**~M¢)Ti(IV)Dipic])
(168.9°). However, the O(1)-Ti—O(2) angle of [ONON]-
type 2n and [ONOO]-type 2q (165.1° and 166.0°) are even
smaller, i.e. more bend, than in the ([(Salan**~™¢)Ti(IV)
Dipic]). Moreover, the dihedral angle of the phenyl plains
in 2n and 2q (145.6° and 155.2°) are much bigger compared
to 2f, 2h and ([(Salan®>*~M®)Ti(IV)Dipic]) (102.4°, 109.5°
and 110.5°). The above findings let the Ti(IV) centers of 2n
and 2q appear more exposed than those in the [ONNO]-type
Ti(IV) complexes.

Next, we focused on the distances of the Ti(IV)-center
from the heteroatoms of both the core ligand (N(1)) and

@ Springer

the distant ‘arm’ of complexes 2n (N(2)) and 2q (O(7)).
Therefore, 2n was compared with structurally related Dipic
bis-chelates Ti-1- Ti-4 [23, 35, 36] and Ti-5 [37] and 2q
was compared with the Titanatranes Ti-6 [38] and Ti-7
[39] (Fig. 2). The Ti—N(1) distance of 2n (2.35 10\) does not
significantly differ from its peers (2.33-2.37 A) (Table 3).
However, the Ti—N(2) distance is more sensitive to the type
of amine used in the side ‘arm’, i.e., for the NMe,- ‘arm’ the
Ti—N(2) distance is longer (2.39-2.41 A) than for the pyri-
dyl-arm in 2n (2.37 A) and Ti-5 (2.29 A) [40, 41]. For 2n,
this is a direct consequence of the lower steric requirements
of the pyridyl ligand compared to the aliphatic amine in Ti-
1-Ti-4, but in Ti-5 this effect is enhanced by the change in
ligand sphere (Dipic vs non-chelating isopropoxide). In 2q,
the distance of the Ti(IV) to the oxygenated ‘arm’ O(7) is
almost 0.4 A larger than in the comparable titanatrane Ti-6
[38]. This is because the chelating amino-bis-phenolate 1q
in combination with the dianionic tridentate Dipic is suf-
ficient to compensate for the charge of the Ti(IV). Indeed,
we were able to localize the alcohol proton in the diffrac-
tion data, which explains the rather lose association of O(7)
to the Ti(IV). A similar binding situation is found in the
dimeric p-oxo bridged O-methylated titanatrane Ti-7 with a
Ti—-OMe distance of 2.31 A [39]. The other Ti-O distances
(Ti—O(1/2) and Ti—O(3/4)) remain fairly unaffected and were
found in the range of other bis-chelates. The detailed values
are summarized in Table 3 [42].

Stability and hydrolysis

It is known from previous reports that the aqueous stability
and antitumor activity of phenolato Ti(IV) complexes are
significantly influenced by the substituents at the phenolato
ortho-position [21]. The Ti(IV) bis-chelates bearing less ster-
ically demanding substituents such as methyl at this position
remained stable in aqueous media and even on silica gel. At
the same time they were highly toxic to tumor cells [20] but
hydrolysable when presented to extreme conditions (pH=1.9
and 12.1) [21]. In contrast, Ti(IV) complexes bearing bulky
substituents such as #-butyl at the phenolato ortho-postion,
were stable over the impressive pH-range of 1.9-12.1. How-
ever, they were also completely biological inactive. We
attributed this to the over protection of the Ti(IV) center,
which renders the corresponding Ti(IV) complexes kineti-
cally inert and thus unable to react with a cellular target [21].
With these findings in mind, we investigated the hydrolysis
of representative Ti(IV) Salan-complexes ([ONNO]-type)
2e-2 k, the [ONON]-type complexes 2m-20 as well as the
[ONOOJ]-type complexes 2q-2r.

All selected Ti(IV) complexes were subjected to 1x 10°
equiv. of H,O and the reaction progress monitored by
time-resolved UV—vis spectroscopy [21]. Results are sum-
marized in Table 4. The following trends were observed:
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[ONNO]-type complexes with unsubstituted Dipic and no
ortho-substituents at the phenol hydrolyzed with ¢;,, of 46
— 97 h (2e, 2g-2i) much faster than the ortho-substituted
counterpart 2f which proofed stable during the observa-
tion time [21, 43]. From this group, the donor-substituted
complexes (2g, 2h) resist hydrolysis twice as long as their
competitors (2e, 2i) which we attribute to a diminished elec-
trophilicity at the Ti(IV) center. f-Naphthol based Salan
complexes had a ¢,,, of less than 30 h, regardless of the sec-
ond chelating agents, i.e. Dipic (2j) or 4-hydroxy-Dipic (2k).
The lack of ortho-substitution at the naphthol further attrib-
utes to the diminished aqueous stability of these bis-chelates.

The hydrolysis of the [ONON]-type complexes 2m-20
underlines the above results, as only the ortho-substituted
complex 2n remained stable under the studied regime,
whereas the other two ortho-unsubstituted complexes 2m
and 20 hydrolyzed with ¢,,, of 20-23 h. Obviously, the
picolylamine side arm does not lead to additional stability
[14]; On the contrary, compared to 2e, the Salan with the
same substitution pattern at the phenol, the half-live of 20
is more than halved. This is an indication for a weakened
ligand sphere where the remote donor at the side arm acts
as a predetermined breaking point [40, 41]. The [ONOO]-
type 2p-2r and the only [ONON]-type complex 2n, bearing
ortho-alkyl substitutions such as methyl or #-butyl on the
phenolato ligands all remained stable. (SI, Figure S8-S20).
Hence, we conclude that the aqueous stability of [ONON]
and [ONOQ] type Ti(IV) complexes is primarily influenced
by the substituents on the phenolato ortho-position; which
is similar to the Salan type Ti(IV) complexes.

In addition, we have examined the aqueous stability of
20 and 2p in DMEM/F12 cell media [26]. However, results
indicate that there is no significant difference compared to
the hydrolysis in pure water (SI, Figure S21). Furthermore,
hydrolysis of 2n, 2r and a reported [(Salan**"BY)Ti(IV)
Dipic] in a buffer solution (pH=2.92) was performed aiming
to access a direct comparison of their aqueous stability. The
t,, of 2n and 2r were 8 h and 9 h, and [(Salan**~B")Ti(IV)
Dipic] was stable during the observation time (2 weeks).
Previous studies identified the sole hydrolysis products for
Salan Ti(IV) bis-chelates as Salan ligands, accompanied
by small amounts of insoluble precipitates, which could be
TiO, partially complexed by Dipic [23]. Hence, the products
of hydrolysis of 2j, 20 and 2p from scaled-up reactions were
isolated and characterized [23]. As anticipated, ligands 1j,
1o and 1p were detected by HRMS (High resolution mass
spectrometry) and 'H-NMR. For detailed experimental
procedures, refer to SI, Figure S25-S30.

Cytotoxicity assay

Cytotoxicity of all phenolato Ti(IV) bis-chelates was
determined on Hela S3 (Human cervical carcinoma) and

Hep G2 (Human derived hepatoma) cells by MTT assay
(Methylthiazolyldiphenyl-tetra-zolium bromide) with cis-
platin used as a reference. The I1Cs, value of each Ti(IV)
complex was derived from the average of the data from
three experiments at different days, and in each repeat, all
concentrations were repeated for five times. The error val-
ues were obtained by standard deviation of all experiments.
As depicted in Table 5, 2a and 2b with halogens (CI and
F) on the 2 and 4-positions of Salan demonstrated compa-
rable antitumor activity to cisplatin (Entries 1-2). In com-
parison with 2d (Salan?>™Me™14=Chy 2¢ (Salan*~“!) showed
decreased inhibition activity on Hela S3 cells (Entries
3-4). Whereas the inhibition activity against Hep G2 cells
of 2e and 2f with Br in the 2 and 4-position (Salan) van-
ished (Entries 5-6). Methoxy, 1,3-dioxolanyl and 4-phenyl
functionalized Salans 2g, 2h and 2i had slightly decreased
inhibitory activity against both cell lines compared to 2a
and 2b (Entries 7-9). Naphthalenyl 2j exhibited the lowest
ICs, values against both cells in the [ONNO] series; Modi-
fication on the Dipic in position 4 with a hydroxyl (2k) or
a chlorine (21) either had negative or no influence on the
inhibition activity (Entries 11-12); [ONON] type 2m, 2n
and 20 all demonstrated excellent antitumor activity against
Hela S3 cells with no influence from #-butyl on phenolato
2-position. (Entries 13—15). Similar to 2e and 2f, Br also led
to decreased activity of 20 against Hep G2 cells. [ONOO]
type 2p, even 2q and 2r bearing 7-butyl at the 2 or 4-posi-
tion all showed potent anti-tumor activity (Entries 16—18).
The three most potent complexes 2j, 2n and 2p were then
examined for their cytotoxicity against healthy AMLI12 cells
(Alpha mouse liver 12). While 2j and 2p exhibited mod-
est activity, 2n was completely inactive with a maximum
inhibition rate reaching 58% (See SI, Figure S7). Addition-
ally, ligands 1j, 1n and 1p were found to show significantly
reduced or almost none inhibitory activity in Hela S3 and
Hep G2 cells (See SI, Figure S6, bottom row).

The structure—activity relationship of these phenolato
Ti(IV) bis-chelates is shown in Fig. 3. Halogens such as
Fluorine and Chlorine can enhance the cytotoxicity; Bro-
mine does decrease the cytotoxicity against Hep G2 cells;
Substitutions on the phenolato 2-position are essential for
maintaining aqueous stability and methyl group increase
cytotoxicity against Hep G2 cells; Bulky substituents on
the 2-position lead to a complete loss of cytotoxicity; Elec-
tron donating alkoxyl groups can decrease cytotoxicity;
Naphthalenyl ligand can enhance the cytotoxicity prob-
ably due to the enhanced aromatic system facilitating the
cellular uptake or DNA interaction [44]; The introduction
of a hydroxyl group on position 4 of the Dipic decreased
the antitumor activity probably due to an enhanced dipole
moment. 2-Picolylamine bearing Ti(IV) complexes generally
showed good inhibition activity against Hela S3 cells even
with steric demanding groups on the phenolato 2-position.
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Even bromine in position 2 only slightly decreased the activ-
ity against Hep G2 cells. Ti(IV) complexes containing the
N-(2-hydroxyethyl) group in their backbones are potent cyto-
toxic agents with also almost no influence from the bulky
groups at 2-position. In a previous study a naphthalenyl
based [ONON] type Ti(IV) complex was completely inactive
against Hela S3 and Hep G2 cells. The complex regained
significant cytotoxicity only after the introduction of OH to
the 4-position of Dipic [23]. This is in contrast to our results
for the [ONNO] type 2j, which is itself highly active and
loses its cytotoxicity when Dipic is replaced by Dipic*~©H.

Apoptosis assay

Apoptotic cell death is preferred over necrosis because the
former is a programmed cell death path, and significantly
reduces side effects and inflammations during anti-cancer
treatment [45]. The three most cytotoxic complexes 2j, 2n
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and 2p were selected for apoptosis analysis on Hela S3 cells
using the Annexin V-FITC/PI apoptosis assay kit. Hela S3
cells were treated with 1 pM, 10 pM and 100 pM of Ti(IV)
complexes for 48 h and were analyzed with the BD Accuri™
C6 Plus flow cytometer. The cellular density plots were visu-
alized by FlowJo 7.2.5. The experiment was repeated for
three times, and the representative experiments are depicted
in Fig. 4, 2j induced 25.9%, 49.2% and 87.6% of apoptotic
cells at the three concentrations, respectively. 2n (2p) led to
21.9% (19.6%) at the lowest, 42.2% (41.1%) at the middle
and 83.1% (75.9%) apoptosis of Hela S3 cells at the highest
concentration. This suggests that the trigger of apoptosis
is more pronounced with increased concentration of the
Ti(IV) complexes. The maximum amount of necrotic cells
induced by 2j, 2n and 2p are 0.72%, 2.70% and 3.74% at
100 pM (Control: 0.24%, 0.27% and 0.43%). At the con-
centration of 100 pM, the percentage of apoptotic Hela S3
cells of dead cells for 2j, 2n and 2p are 99.2%, 96.9% and
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21: R*=CI

2m: R'=H, R?=R%=Me
2n: R'=R%=Bu, R%=H
20: R'=R?=H, R3=Br

Scheme 2. Synthesis of [ONNO] (2a-2l), [ONON] (2m-20) and [ONOO] type (2p-2r) amino-bis(phenolato) Ti(IV) complexes

Table 1 Results of the synthesis of [ONNO], [ONON] and [ONOQ] type phenolato Ti(IV) complexes stabilized by Dipic (2,6-dipicolinic acid)

Entry’ Ligand®

Time (h) Product Yield® (%) Entry” Ligandb

Time (h) Product Yield®

(%)
1 la R'=R’=F R?’=H 6 2a 93 11 1k R*=OH 3 2k 80
2 1b R!=Cl,R?’=H,R’=F 5 2b 85 12 11 R*=Cl 4 21 80
3 lc R!'=R’=H,R*=Cl 3 2¢ 80 13 Im R'=H,R’=R*=Me 5 2m 89
4 1d R'=Me, R*>=H,R*=CI 6 2d 90 14 In R'=R’='Bu, R’=H 5 2n 88
5 le R'=R’=H,R>=Br 5 2e 81 15 lo R'=R?’=H,R*=Br 5 20 80
6 1f R!=Br,R’=H,R*’=Me 4 2f 82 16 1p R'=R’=Me, R’=H 4 2p 90
7 1g R!=H,R’=H, 4 2g 79 17 1qg R'='Bu,R’=H, 5 2q 85
R3’=0Me R3’=Me
8 1h R'=H, 5 2h 82 18 Ir R'=R’='Bu,R’=H 5 2r 88
R?=R*=CH,0CH,
9 1i R'=R’=H,R’=Ph 4 2i 91 19 1s R'=R’=Cl, R’=H 48 2s o¢
10 1j R*=H 3 2j 93 20 1t R'=Me,R’=H,R*=F 48 2t 0d

“Reaction was carried out at r.t. without N, protection using amino-bis(phenolato) ligands 1a-1t (0.84 mmol, 1.0 equiv.), Ti(O"Pr)4 (0.84 mmol,
1.0 equiv.) and Dipic (0.92 mmol, 1.1 equiv.) in 10 mL of THF. ® R!, R? and R? are substituents on amino-bis(phenolato) ligands and R* is the
substituent on 4-position of Dipic ¢ Isolated yield. ¢ Quant. consumption of starting material
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Fig. 1 Solid state molecular structures of approximate C, symmetric
heptacoordinated heteroleptic 2f and 2h and C, symmetric heptaco-
ordinated heteroleptic 2n and 2q. Thermal ellipsoids are drawn at the

95.3%, respectively. This is a good indication that apoptosis
is indeed almost exclusively induced.

Cellular uptake

Cellular uptake of ([(Salan**~™®)Ti(IV)Dipic]), 2j, 2n and
2p by Hela S3 cells was investigated by ICP-MS (Inductively
coupled plasma mass spectrometry). Each Ti(IV) complex
(4% 1072 mol, total titanium: 191 ng) of ([(Salan®*~M¢)
Ti(IV)Dipic]), 2j, 2n and 2p was administered to the cells,
and the cell samples for every Ti(IV) complex were incu-
bated for 10 min, 30 min, 1 h, 2 h, 24 h and 48 h, respec-
tively. 3 parallel experiments were set for each Ti(IV) com-
plex at all time points. The uptake amounts of titanium
were depicted in average values with errors calculated by
standard deviation (Table S6, SI). The percentages of tita-
nium found in the cells with respect to the total amount of
titanium added was used to calculate the ability of cellular
titanium uptake. As depicted in Fig. 5, the titanium uptake
of ([(Salan>*~M¢)Ti(IV)Dipic]) by Hela S3 cells at 10 min

50% probability level. Hydrogen atoms and solvent molecules are
omitted for clarity

Table 2 Selected bond lengths (A) and angles (deg) for 2f, 2h, 2n, 2q
with ([(Salanz"'_Me)Ti(IV)Dipic]) from ref. [20] for comparison

2f 2h 2n 2q [(Salan>~Me)

Ti(IV)Dipic]
O(1)-Ti 1.853(18) 1.860(2) 1.848(2) 1.831(3)  1.850(13)
O(2)-Ti 1.847(18) 1.837(2) 1.838(2) 1.836(3)  1.844(12)
OB)-Ti 2.029(18) 2.048(2) 2.064(2) 2.067(3) 2.043(13)
O(4)-Ti 2.040(18) 2.057(2) 2.032(2) 2.046(3) 2.046(12)
N(D-Ti 2.373(2) 2.359(3) 2.351(2) 2.322(4)  2.350(15)
NQ2)-Ti 2.381(2) 2.3792) 2.366(3) 2.179(4)  2.384(15)
NQG)-Ti 2.167(2) 2.186(2) 2.209(3) 2.209(3)* 2.185(14)

Oo(1)-
Ti-
0(2)

003)-
Ti-
04)

N(1)-
Ti-
NQ)

172.18(8) 171.89(9) 165.09(9) 165.98(14) 168.92(5)
142.94(7) 142.34(9) 140.62(9) 141.90(13) 141.37(5)
72.72(12)° 73.48(5)

73.21(7) 73.4409) 71.6709)

2Ti-0(7).  N(1)-Ti—O(7)
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was 8.5%. The uptake then slowly increased over time to
8.7%,9.0%,9.2%, 9.4% and 9.5% after 30 min, 1 h,2h, 24 h
and 48 h, respectively. This implies a fast cellular uptake
process of ([(Salan®>*~M€)Ti(IV)Dipic]), since already 90%
of the maximum titanium uptake (value after 48 h, 18.1 ng)
was achieved within 10 min. The absolute cellular uptake
of 2j is slightly higher with 14.9%, 15.2%, 15.4%, 15.7%,
15.9% and 16.0% after the same sampling interval. Hence,
in total 93% of maximum titanium uptake (titanium uptake
at 48 h, 30.6 ng) was already reached within 10 min. While
the absolute titanium uptake of 2n is lower, the percent-
ages at different time were 7.9%, 8.3%, 8.5%, 8.7%, 8.8%
and 8.8%, resulting in 89% of the maximum titanium uptake
(48 h, 16.9 ng) after 10 min. The uptake rate of 2p was
comparable to 2n with uptake percentages to be 8.4%, 8.6%,
8.7%, 8.9%, 9.1% and 9.2% at testing points, and 91% of the
maximum titanium uptake reached after 10 min. All phe-
nolato Ti(IV) bis-chelates exhibited rapid cellular uptake,
with approximately 90% of the maximum uptake (after 48 h)
being reached within 10 min [23]. The expanded aromatic
system in the -Naphthol derived 2j can obviously facilitate
the cellular uptake and led to enhanced antitumor activity.

[ONON]-type

Ti-1:R'= Bu, R?= Me Ti-5
Ti-2: R'= Br, R%= Me

Ti-3: Piperonyl

Ti-4: Napthyl

Intracellular ROS assessments

The generation of ROS can trigger oxidative stress and is
associated with several cellular targets, such as single-strand
DNA breakage, mitochondrial membrane destruction, lipid
peroxidation and destruction of secondary protein structures,
thus procedural cell death can be induced such as apoptosis,
autophagy, necroptosis or ferroptosis [46]. We have inves-
tigated the ROS generation of representative complexes 2j,
2n, 2p and [(Salan?*~M®)Ti(IV)Dipic]. The H,DCFDA
probe was employed for ROS detection. H,DCFDA has
no intrinsic fluorescence, but after reacting with ROS, the
formed fluorescent DCF can be detected by fluorescence
microscopy [33]. The experiment was repeated for three
times. As shown in Fig. 6 (representative experiments), ROS
generation was detected with all four Ti(IV) complexes,
among them, 2j showed the highest level of induced ROS,
which was slightly higher than the ROS from [(Salan®4~M¢)
Ti(IV)Dipic]. In direct comparison, the ROS level gener-
ated by 2n and 2p was significantly reduced. Tshuva et.al
reported recently that a PhenolaTi complex could induce
tumor cell death via ER (endoplasmic reticulum) stress,

[ONOO]-type

Ti-6 Ti-7

Fig.2 Graphical representation of [ONON]-type complexes Ti-1 — Ti-5 and [ONOO]-type complexes Ti-6 and Ti-7. Core ligands are depicted
in red [42]

Table 3 Ti(IV) — heteroatom
distances of both the core
ligand and the distant ‘arm’ 2n
of complexes 2n, 2q and the
structurally related comparison
group of Ti-1 - Ti-7

[ONON]-type [ONOO]-type

Ti-1? Ti-2 Ti-3 Ti-4 Ti-5 2q Ti-6 Ti-7

Ti-N“ (Core ligand) 2.35 2.34 2.36 2.37 2.33 2.34 232 2.33 2.29

Ti-N (Side arm) 2.37 2.41 2.39 2.40 2.39 2.29 / / /

Ti-O (Core ligand) 1.85 1.84 1.86 1.83 1.84 1.92 1.83 1.84 1.88
1.84 1.83 1.84 1.84 1.84 1.90 1.84 1.85 1.89

Ti-O (Side arm) / / / / / / 2.21 1.83 2.30
232

9 All distances in 10\; b CSD-Mercury accession codes are: Ti-1: ECUHUJ; Ti-2: ECUHIX; Ti-3: HAV-
DIV; Ti-4: UBICAN; Ti-5: DEVFIU; Ti-6: PICGAK; Ti-7: NUPQOH
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Table 4 Half-Lives (t;,) of representative Ti(IV) complexes in 1/5
mixture (v/v) of H,O/THF

Entry® Complex t, (h) Ay (AM)©
1 2e 46 386
2 2f stable” 401
3 2g 95 425
4 2h 97 444
5 2i 55 416
6 2j 26 420
7 2k 30 426
8 2m 23 423
9 2n stable” 432
10 20 20 418
11 2p stable” 415
12 2q stable” 417
13 2r stable” 419

“Hydrolysis was followed by time-resolved UV-vis spectros-
copy after mixing 2.5 mL THF solution of Ti(IV) complex
(5.6x 107 mmol/L) with 0.5 mL of H,0 (1x 10’ equiv.) at 37 °C. ?
No decomposition after 2 weeks. © 4,,,. of each Ti(IV) complex was
determined by UV-vis spectroscopy

‘max

leading to hypoxia and mitochondrial ROS [47]. Hence,
the role of ROS of the Ti(IV) complexes in this study with
respect to the induced apoptotic cell death requires further
evidence.

Conclusion

In summary, we have synthesized three types of amino-
bis(phenolato) Ti(IV) complexes stabilized by 2,6-dipico-
linic acid as a second chelator. These comprise Salan Ti(IV)
bis-chelates with a diversified substitution pattern, i.e. two
novel types of Ti(IV) bis-chelates containing 2-picolylamine
and N-(2-hydroxyethyl) in the amino-phenolato backbone.
All Ti(IV) complexes have good to excellent aqueous sta-
bility, and release the amino-bis(phenolato) ligands as the
sole products of hydrolysis. In contrast to the [ONNO] type
Ti(IV) complexes, the [ONON] type (2-picolylamino) and
[ONOQY] type (N-(2-hydroxyethyl)) Ti(IV) complexes were
hydrolyzable even with bulky substituents at position 2 of
the phenolato ligands. We explain this by a more accessible
Ti(IV) center of the [ONON] and [ONOOY] type complexes
as evident from the solid-state molecular structures. Most of
the Ti(IV) complexes have potent inhibitory activity against
Hela S3 and Hep G2 cells. Preliminary investigation of 2p,
2j and 2n on AMLI12 cells revealed that their cytotoxicity
against primary cell lines is significantly reduced or even
disappears completely. Based on these findings we drafted
a preliminary structure—activity relationship with respect to
different substitution pattern on the ligand system. Moreover,
the three most potent Ti(IV) complexes, 2p, 2j and 2n, were
shown to exhibit rapid cellular uptake and to induce almost
exclusively apoptosis of Hela S3 cells. The highest induced
apoptosis level of 2j may be related to its higher induced
ROS generation compared to 2p and 2n. In summary, these
eighteen novel phenolato Ti(IV) bis-chelates do not only
expand the library of group 4 antitumor metal complexes,
but also lead to several highly potent Ti(IV) complexes. The

Table 5 ICs, values obtained

via MTT assay against Hep G2,

Hela S3 and AMLI12 cells

Entry Complex Hep G2 Hela S3¢ Entry Complex Hep G2 Hela S3¢
ICs, [pM] ICy, [pM] ICs, [pM] ICs, [pM]
1 2a 2.3+0.7 48+14 12 21 10.3+1.7 1.0+0.3
2 2b 2.1+0.5 1.7+0.6 13 2m 154+1.7 1.0+0.2
3 2c 45.6+15.1 1.7+0.3 14 2n¢ 43+1.1 0.2+0.1
4 2d 1.3+0.5 11.1+3.6 15 20 39.9+123 0.8+0.1
5 2e 228.6+92.6 9.7+3.1 16 2p” 104+1.5 0.2+0.1
6 2f 191.2+62.9 4.8+0.9 17 2q 6.9+0.8 1.3+£0.5
7 2g 254+9.5 15.8+4.3 18 2r 18.3+4.4 11.6+3.4
8 2h 17.9+6.0 19.0+6.7 19 1j 92.3+204 114.3+23.6
9 2i 19.6+3.3 5.6+1.5 20 In 69.4+11.0 64.7+21.6
10 25t 0.4+0.1 2.1+04 21 1p 94.9+6.5 322.4+76.3
11 2k 224.7+34.1 443+9.5 22 Cisplatin 13.8+1.3 53+03

“Values were determined after 48 h of incubation. ® The ICs, values of 2j and 2p in AMLI2 cells were
40.4+8.5 and 38.6 + 14.9 pM. © The maximum growth inhibition rate of 2n on AMLI12 cells was 58%
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[ONNO], [ONOO] and [ONON] type phenolato Ti(IV) complexes stabilized with 2,6-Dipicolinic acid

[ONNO] type (R* = H, OH, CI): R = F, Cl, Br, Me, OH o
ONOO -
OMe, 1,3-dioxolanyl, Ph, Naphthalenyl N L B a|k]|;y§T—l(|l-|V) bis-chelates
[ONOO] type (R* = H): R = Me, t-Butyl R YN REAlYS RS

[ONON] type (R* = H): R = Me, t-Butyl, Br ® Complexes with halogene can not be synthesized
® Excellent cytotoxicity against Hela S3 and Hep G2 cells

® Bulky groups at 2-position do not influence cytotoxicity

SN [ONNO] type Ti(lV) bis-chelates

N
'72 R = halo, alkyl, aryl, heterocycles

R* ﬁ[o Substituent does not influence cytotoxicity

R*=H, OH, CI

® F and Cl enhance the antitumor activity

® Br decreases the cytotoxicity for Hep G2 cells

[ONON] type Ti(lV) bis-chelates
® Bulky substitutions at 2-position decrease cytotoxicity 1"‘{\"(\;‘ R = halogene and alkyl
® Subsitutions at 2-position are essential for stability

@ Alkoxyl substitutions lead to decreased cytotoxicity ® Selective cytotoxicity against Hela S3 cells
® Br slightly decreases the cytotoxicity for Hep G2 cells
® Bulky groups at 2-position do not influence cytotoxicity

® Naphthalenyl ligand lead to excellent cytotoxicity

Fig.3 Structure—activity relationship of [ONNO], [ONOO] and [ONON] amino-bis(phenolato) Ti(IV) bis-chelates
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Fig.4 Investigation of cell death by the Annexin V-FITC/PI apoptosis assay in Hela S3 cells after 2j, 2n and 2p (1 pM, 10 pM and 100 pM)

treatment for 48 h. a: 2j, b: 2n, ¢: 2p. Quantification of necrotic (Q1), late apoptotic (Q2), early apoptotic (Q3) and viable (Q4)
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Lad
]

Fig.5 Absolute cellular

uptake of titanium after
incubating Hela S3 cells with
[(Salan**~M¢)Ti(I1V)Dipic], 2j,
2n, 2p (2 pM) at given time at
37 °C. (mean+SD) (n=3)

[(Salan?*Me)Ti(IV)Dipic] w2j

10 l | |II I‘I I‘II I|

10min 30min 2h 24h 48h

n

(ng/2x10%cells)

Uptake of titanium by Hela S3 cells

Time

Control for 2j, 2n and 2p Control for [(Salan**M)Ti(IV)Dipic|

Fig.6 Fluorescence microscopic images of intracellular ROS levels analyzed by H,DCFDA probe after 24 h of incubation with compounds 2j,
2n, 2p and [(Salan2’4_Me)Ti(IV)Dipic] for Hela S3 cells. The green spots are the cell images which are stained with DCF

[(Salan®**Y)Ti(1V)Dipic|
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antitumor spectrum, mechanism of action and toxicity are to
be investigated in further studies.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00775-024-02059-9.
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