
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  J. Liu, Y. Cao, L.

Li, H. Pei, Y. Chen, J. Hu, Y. Qin, Y. Li, W. Li and W. Liu, RSC Adv., 2014, DOI: 10.1039/C4RA14692A.

http://dx.doi.org/10.1039/c4ra14692a
http://pubs.rsc.org/en/journals/journal/RA
http://crossmark.crossref.org/dialog/?doi=10.1039/C4RA14692A&domain=pdf&date_stamp=2014-12-22


Titanium complexes supported by imidazo[1,5-a]pyridine- 
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The syntheses, structures, catalytic properties and antitumor activity of three titanium complexes 

supported by an imidazo[1,5-a]pyridine-containing pyrrolyl ligand are reported. 
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Titanium complexes supported by imidazo[1,5-

a]pyridine-containing pyrrolyl ligand as catalysts for 

hydroamination and polymerization reactions, and as 

antitumor reagent 

Jinna Liu,a Yuhua Cao,b Lei Li,a Hao Pei,a Yanmei Chen,a,c Jinfa Hu,a Yaru Qin,a 
Yahong Li,*a Wu Lic and Wei Liu*a   

A new imidazo[1,5-a]pyridine-containing pyrrolyl ligand HL (HL = 3-(1H-pyrrol-2-
yl)imidazo[1,5-a]pyridine) has been synthesized and employed to the organometallic 
chemistry of titanium. The syntheses, structures, catalytic properties and antitumor activity 
of three titanium complexes supported by HL are reported. Reactions of Ti(NMe2)4 and 
Ti(NEt2)4, respectively, with 2 equivalents of HL, lead to the production of titanium 
bisamido complexes TiL2(NMe2)2 (1) and TiL2(NEt2)2 (2). Treatment of Ti(OiPr)4 with 2 
equivalents of HL results in the formation of TiL2(O

iPr)2 (3). All complexes have been 
characterized by elemental analyses and NMR studies. The solid-state structures of 2 and 3 
have been further established by single X-ray crystallography. The titanium bisamido 
complexes 1 and 2 are shown to be good pre-catalysts for the hydroamination of alkynes. 
Complex 1 was found to be active catalyst for the ring-opening polymerization of ε-
caprolactone. The cytotoxicity activities of 3 towards the tumor cells HCT-116, PC3 and 
MCF-7 were measured. Complex 3 exhibited good antitumor properties. 
 

 

Introduction 

The organometallic chemistry of titanium has received growing 
attention from many groups around the world.1 The efforts of these 
groups are driven by a number of impetuses, but the three most 
important factors are the development of precatalysts for alkyne and 
alkene hydroamination reactions,2 the employment of titanium 
complexes as the initiators for the polymerization of olefin3 and 
cyclic ester,4 and the investigation of cytotoxicity of titanium 
compounds towards cancer cells.5 Hydroamination is the addition of 
N-H bond across an unsaturated C-C bond. Since hydroamination of 
alkyne or alkene provides an important avenue for the efficient 
synthesis of imines, enamines and nitrogen-containing heterocycles 
with a 100% atom-economical fashion, hydroamination reaction has 
been the subject of ever-increasing scrutiny over the past two 
decades.2 Numerous catalysts based on the elements stretched across 
the periodic table have been found to be able to catalyze this 
transformation.6 Among which the titanium complexes have been 
proved particularly useful.2a-c The advantages of titanium catalysts 
over late transition metals are improved cost effectiveness and low 
toxicity. The titanium compounds are also preferred over rare-earth 
catalysts owing to their enhanced robustness and broad functional 
group scope.  

The recent advances of titanium catalyzed hydroamination reveal 
that the regiochemical outcome of the reaction could be dramatically 
controlled by utilizing different ligands. Thus, a plethora of ancillary 

ligands, e.g., Cp-based molecules,7 pyrrolyl ligands,8 amidate 
compounds,9 imidazole-containing ligands10 and phenolate,11 etc., 
are reported. However, employment of a multidentate ligand in 
which a pyrrolyl moiety and a N-containing heterocycle were 
incorporated in one molecule entity, has rarely been explored. 
Aiming at exploring the influences of the structure of the ligands on 
the regioselectivity of the hydroamination products and continuing 
our ongoing efforts on studying the hydroamination of alkynes 
catalyzed by titanium compounds supported by pyrrolyl ligands,8a-b 
we expand our efforts to synthesize titanium pre-catalysts 
coordinated by 3-(1H-pyrrol-2-yl)imidazo[1,5-a]pyridine (HL, 
Scheme 1), which contains both a pyrrolyl ring and an imidazo[1,5-
a]pyridine moiety. The reactions of HL with Ti(NMe2)4, Ti(NEt2)4, 
and Ti(OiPr)4, respectively, gave complexes TiL2(NMe2)2 (1), 
TiL2(NEt2)2 (2) and TiL2(O

iPr)2 (3). Herein we report the syntheses 
and characterizations of these complexes. The catalytic activities of 
1 and 2 towards the intermolecular hydroamination of alkynes, the 
ring-opening polymerization of ε-caprolactone initiated by 1, and the 
cytotoxicity activities of 3 towards the tumor cells HCT-116, PC3 
and MCF-7 were also investigated. 

 

Results and discussion 
Synthesis of the HL ligand 

The ligand HL was prepared by the reaction of 1H-pyrrole-2- 
carbonyl chloride and 2-pyridylmethanamine in the presence of T3P 
(50 wt% in DMF). The ligand HL was obtained in good yield and 
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was characterized by 1H and 13C NMR spectra. 
 

N
N

NH

HL  
Scheme 1 Structure of the ligand. 
 
Syntheses of the titanium complexes 

Treatment of HL with THF solution of Ti(NMe2)4 and 
Ti(NEt2)4, respectively, led to the formations of TiL2(NMe2)2 
(1) and TiL2(NEt2)2 (2) (Scheme 2). The reaction of Ti(OiPr)4 
with 2 equiv. of HL afforded TiL2(O

iPr)2 (3) (Scheme 2). 
Complexes 1-3 were readily obtained in good yields. They were 
also characterized by 1H and 13C NMR spectra and elemental 
analyses. 

Crystals suitable for X-ray diffraction of 2 and 3 were grown 
from toluene solutions which were left standing at room 
temperature in a vibration-free environment for a week. 

Scheme 2  Syntheses of TiL2(NMe2) (1), TiL2(NEt2) (2) and 
TiL2(OiPr)2  (3). 
 
Structure descriptions of  2 and 3 

The molecular structures of 2 and 3 in the solid state have been 
confirmed by X-ray analysis and are shown in Figs. 1, 2 and 3, 
respectively. The crystallographic data and experimental details for 
structural analyses are summarized in Table 1. Selected bond 
distances and angles are listed in Table 2. 

The single crystal analysis revealed that 2 crystallizes in 
monoclinic crystal system of the P21/c space group and displays 
several interesting features. The overall structure of 2 includes two  
molecules (Fig. 1), and the two individual molecules are not 
completely symmetrical. The central Ti(IV) atom is six-coordinated 
by four nitrogen atoms from two bidentate L- ligands and two 
amides in cis arrangement, displaying a distorted octahedral 
coordination environment. The bond lengths between titanium atom 
and donor imidazopyridine nitrogen atoms (Ti1-N1 = 2.236(3) Å, 
and Ti1-N4 = 2.277(3) Å ) are apparently longer than those of the Ti
– N(pyrrolyl) distances (Ti1-N2 = 2.148(3) Å, and Ti1-N4 = 
2.123(3) Å). One donor imidazopyridine nitrogen atom of the ligand 
and one amide atom are in trans arrangement, with bond angles of 
87.69(10)º (N2-Ti1-N3) and 97.53(11)º (N5–Ti1–N2), summing 
to185.22º（Fig. 2) . 

 
 

Fig. 1 ORTEP structural drawing of 2. 
 

 
 
Fig. 2 Partially labeled structure of one of molecules of 2. 
 
 

 
 

 

Fig. 3 ORTEP structural drawing of 3. 
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Table 1 Crystal data and structure refinements for 2 and 3 

Complex 2 3 

Empirical formula C30H36N8Ti C28H30N6O2Ti 

Formula weight 556.54 530.45 

Temperature 296(2) K 293(2) K 

Wavelength 0.71073 Å 0.71073 Å 

Crystal system Monoclinic Monoclinic 

Space group P21/c C 2/c 

Unit cell dimensions 

a = 23.010(9) Å a = 8.7336(17) Å 

b =13.712(5) Å b =16.212(6) Å 

c = 21.228(9) Å                                 c = 18.952(4)  Å 

α = 90° α = 90° 

β =115.456(7)° β =92.30(3) ° 

γ = 90° γ = 90° 

Volume 6048(4) Å 3 2681.2(13) Å 3 

Z 8 4 

ρ(mg•m-3) 1.222 1.314 

F(000) 2352 1112 

Crystal size(mm3) 0.60 x 0.40 x 0.40  0.60 x 0.40 x 0.40  

 θ range/° 1.78° to 26.22 3.31° to 27.49° 

Limiting indices 

-28 ≤ h ≤ 23  

-25 ≤ l ≤ 26 

-16 ≤ k ≤ 17  

-9 ≤ h ≤ 11  

-20 ≤ k ≤ 20  

-24 ≤ l ≤ 24 

Reflections collected/ unique 35810 / 12166  12023 / 3070  

Data / restraints / parameters 12094 / 0 / 711 3048 / 0 / 170 

GOF 0.950  1.076   

R1,wR2[I﹥2σ(I)] 
R1 = 0.0507 

wR2 = 0.1111 

R1 = 0.0456 

 wR2 = 0.1289 

R1,wR2(all data) 
R1 = 0.1290  

wR2 = 0.1438 

R1 = 0.0578 

wR2 = 0.1365 

Largest diff. peak and 

hole(e•Å3) 
0.276 and -0.249 0.369 and -0.271 

 

 

Table 2 Selected bond lengths (Å) and angles (°) for 2 and 3 
Ti(1)-N(1) 2.236(3) Ti(1)-N(2) 2.148(3) 
Ti(1)-N(3) 2.277(2) Ti(1)-N(4) 2.123(3) 
Ti(1)-N(5) 1.912(3) Ti(1)-N(6) 1.910(3) 
N(1)-Ti(1)-N(3) 76.45(9) N(2)-Ti(1)-N(3) 87.69(10) 
N(4)-Ti(1)-N(3) 74.90(10) N(5)-Ti(1)-N(3) 167.17(11) 
N(6)-Ti(1)-N(3) 88.51(10) N(2)-Ti(1)-N(1) 73.82(10) 
N(4)-Ti(1)-N(1) 84.61(9) N(5)-Ti(1)-N(1) 93.69(11) 
N(6)-Ti(1)-N(1) 162.79(10) N(4)-Ti(1)-N(2) 155.02(10) 
N(5)-Ti(1)-N(2) 97.53(11) N(6)-Ti(1)-N(2) 97.57(11) 
N(5)-Ti(1)-N(4) 96.26(11) N(6)-Ti(1)-N(4) 99.70(11) 
N(6)-Ti(1)-N(5) 102.32(12)   
3    

Ti(1)-O(1) 1.7799(13) Ti(1)-N(1A) 2.2209(15) 
Ti(1)-O(1A)  1.7798(13) Ti(1)-N(2) 2.1003(16) 
Ti(1)-N(1) 2.2209(16) Ti(1)-N(2A) 2.1004(16) 
O(1)-Ti(1)-N(1) 90.02(6) O(1A)-Ti(1)-N(2A) 103.11(6) 
O(1)-Ti(1)-N(1A) 167.20(6) N(1A)-Ti(1)-N(1) 80.70(8) 
O(1)-Ti(1)-N(2) 103.11(6) N(2)-Ti(1)-N(1) 74.28(6) 
O(1)-Ti(1)-N(2A) 95.96(6) N(2)-Ti(1)-N(1A) 82.96(6) 
O(1A)-Ti(1)-O(1) 100.41(9) N(2A)-Ti(1)-N(1) 82.96(6) 
O(1A)-Ti(1)-N(1) 167.20(6) N(2A)-Ti(1)-N(1A) 74.28(6) 
O(1A)-Ti(1)-N(1A) 90.02(6) N(2A)-Ti(1)-N(2) 150.07(9) 

O(1A)-Ti(1)-N(2) 95.96(6)   

The single crystal X-ray diffraction determination indicates that 
the octahedral Ti(IV) ion of 3 is surrounded by four nitrogen atoms 
(N1, N2, N1A, and N2A) from two L- ligands and two oxygen atoms 
(O1 and O1A) from isopropoxide groups. The N1, O1, N1A, and 
O1A atoms are equatorial coplanar, with the bond angles of 
90.06(6)º, 100.41(9)º, 90.02(6)º and 80.70(8)º, respectively, 
summing to 361.19º, with the deviation being 1.19º compared with 
360º. The bond lengths between titanium atom and donor 
imidazopyridine nitrogen atoms (Ti1-N1 = 2.2209(16) Å, and Ti1-
N1A = 2.2209(15) Å) are apparently longer than those of the Ti–
N(pyrrolyl) distances (Ti1-N2 = 2.1003(16) Å, and Ti1-N2A = 
2.1004(16) Å). 

Hydroamination of alkynes catalyzed by 1 and 2 

To evaluate the catalytic activities of 1 and 2, we investigated the 
reactions of aniline with a selection of alkynes (diphenylacetylene, 
3-hexyne, 3-octyne, phenylacetylene, 1-hexyne, and 1-octyne) 
catalyzed by 10 mol% of 1 or 2. The results are shown in Table 3. 
As we can see in Table 3, both 1 and 2 could catalyze the 
hydroamination of 1-hexyne and 1-octyne (entries 4, 5, 9 and 11). 
The Markovnikov product is favored product of hydroamination. No 
hydroamination product was determined for symmetric alkynes.  

To further probe the scope of the catalysis, a larger selection of 
amines was screened in reactions with 1-octyne. The results are 
shown in Table 4. Again, the Markovnikov product is highly 
favored. In the presence of 1 or 2, most arylamines hydroaminated 1-
octyne in >60% yield and with high regioselectivities. This is in 
contrast to utilizing Me2TiCp2 as the precatalyst,12 which yielded 
anti-Markovnikov products. In addition, most of substituted anilines 
gave better yields. However, when 2-chloroaniline was employed as 
the amine source, low yields with high regioselectivities were 
observed (Table 4, entries 5 and 6). 2-Methoxy-phenylamine can be 
used to hydroaminate 1-octyne with lower regioselectivities (Table 
4, entries 17 and 18). In generral, the yields of hydroamination of 
alkynes catalyzed by 2 are higher than that of 1. This is probably due 
to the slightly larger steric impediment of the diethyl amide group. 
The yields of the hydroamination reactions by 1 or 2 are higher than 
that of Ti(imidazol-2-yl)(NMe2)3.

10 
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Table 3 Hydroamination of alkynes with 4-bromoaniline catalyzed 
by complexes 1 or 2 

 

Entry Catalyst Alkyne Product 
M/ant
i-Mb 

Yield 
(%)a 

1 1     

2      

3      

4   
 

88:12 38 

5   
 

98:2 73 

6 2     

7      

8      

9   
 

92:8 47 

10    
97:3 91 

a Isolated yields after reduction by LiAlH4. 
b By GC-MS analysis. 

 

Table 4 Hydroamination of 1-octyne with amines catalyzed by 1 and 
2

 

Entry Amine Product Cat. M/anti-M Yield (%) 

1 

  

1 92:8 73 

2 2 97:8 91 

3 

 Cl

H
N

 

1 97:3 70 

4 2 95:5 77 

5 

  

1 94:6 22 

6 2 91:9 21 

7 

  
1 96:4 65 

8 2 94:4 79 

9 NH2

Cl
Cl  

 

1 99:1 93 

10 2 87:13 85 

11 

  
1 92:8 52 

12 2 100:0 79 

13 

  

1 94:6 72 

14 2 96:4 59 

15 

  
1 92:8 68 

16 2 89:11 86 

17 NH2

O   

1 75:25 62 

18 2 62:38 77 

19 

  
1 94:6 78 

20 2 91:9 83 

21 NH2

  

1 99:1 84 

22 2 99:1 95 

a Isolated yields after reduction by LiAlH4. 
b By GC-MS analysis. 

 

Ring-opening polymerization of ε-caprolactone initiated by 

complex 1 

Metal-catalyzed ring-opening polymerization (ROP) of lactones is 
one of the most promising processes for the preparation of 
environmentally friendly and biomedical polyesters, and it provides 
an alternative in the synthesis of well-characterized biodegradable 
polymers. While rare earth metal complexes were well known to 
efficiently catalyze the polymerization of lactones because of the 
highly electropositive nature of the lanthanides,13 the titanium(IV) 
complexes have also been found to initiate the polymerization of ε-
caprolactone over the past few years.14 The titanium compounds 
chelated by alkoxide or aryloxide ligands have long been recognized 
to have significant applications in polymerization catalysis, 15 but the 
potential of titanium complexes supported by imidazopyridine-
containing pyrrolyl ligands, has never been explored. Thus, we 
investigated the catalytic behavior of complexes 1, 2 and 3 towards 
ring-opening polymerization of ε-caprolactone.  

The initial studies were performed using TiL2(O
iPr)2 (3) as the 

initiator. It was found that 3 showed low activity for the 
polymerization. The polymerization reaction proceeded very slowly 
and low yields of polymers were generated after 24 h at 60°C (Table 
S4, Supporting Information). Next, the polymerization recation was 
conducted by employing 1 as the  initiator, and utilizing dimethyl 
ether (DME), tetrahydrofuran (THF), and toluene, respectively, as 
the solvents at 60°C and 80°C. To our delight, complex 1 can 
effectively initiate ε-caprolactone polymerization, and the obtained 
polymers have high molecular weights and relatively narrow 
molecular weight distributions (PDIs). The polymerization results 
are summarized in Table 5. The solvents have the obvious effect on 
the yields of the polymers. When the polymerization was conducted 
in THF, poor or moderate yields were afforded (68% and 60% in 
THF). However, no observable polymerization initiated by complex 
2 occurred at 80°C after 24 h. 
 

Cytotoxicity 

Recently, titanium (IV) complexes have been studied as antitumor 
compounds with the expectation for substituting for platinum 
compounds.17 The ‘salan’ isopropoxide titanium(IV) complexes, 
which are based on tetradentate diaminobis(phenolato) ligands were 
demonstrated high antitumor activity;18 whereas the cytotoxicity of 
the ‘pyrrolyl’ isopropoxide titanium(IV) complexes was rarely 
studied.19 In order to investigate the influences of the ligand 
structures on the properties of the Ti(IV) complexes, we studied the 
anticancer features of complex 3.  

The cytotoxic activity of 3 was studied on HCT-116, PC3 and 
MCF-7 cells, employing the methylthiazolyl-diphenyl-tetrazolium  
bromide (MTT) assay. Relative IC50 and maximal inhibition values 
are listed in Table 6. Cytotoxicity plots are given in Fig. 4. 

It is evident that 3 exhibits variable cytotoxicity. Compared with 
cisplatin,20 complex 3 shows an obvious cytotoxic effect towards 
HCT-116, PC3 and MCF-7 cells, with the IC50 values of 21.87, 
31.37 and 14.17 µM, respectively. These IC50 data are close to or 
better than cisplatin (3.79, 33.3, and 46.9 µM towards HCT-116, 
PC3 and MCF-7 cells, respectively).                                                                                                    
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Table 5 Polymerization of ε-caprolactone initiated by 1 

 

Table 6  Relative IC50 and maximal inhibition values for 3 

 
Compound 

IC50 maximal inhibitiona (%) 

HCT-116 PC3 MCF-7 HCT-116 PC3 MCF-7 

Ti (OiPr)2L2 (3) 21.87 31.37 14.17 89 81 83 

a The concentrations of complex 3 are all 250 µM. 

 

 

Fig. 4 Cell survivals in response to complex 3 towards cell HCT-116, 
PC-3, MCF-7. 

Conclusions 

In summary, three complexes TiL2(NMe2)2 (1), TiL2(NEt2)2 (2), 
and TiL2(O

iPr)2 (3) were synthesized and characterized. The 
catalytic behaviors of these complexes towards the              
hydroamination of alkynes, ring-opening polymerization of ε-
caprolactone and their cytotoxicity were investigated. 
Complexes 1 and 2 were able to catalyze the hydroamination of 
alkynes, and showed higher catalytic activity and gave highly 
Markovnikov selective hydroamination of 1-octyne. Complex 1  
also exhibited good catalytic activity for ring-opening 
polymerization of ε-caprolactone. High cytotoxicities were 
obtained for 3, indicating that pyrrolyl–titanium(IV) complexes  
may serve as a new family of antitumor agents towards HCT-
116, PC3 and MCF-7 cells. 
 

 

 

 

Experimental section 

General considerations 

All manipulations of air-sensitive compounds were carried out 
in an MBraun glovebox in a purified nitrogen atmosphere. 
Anhydrous THF, DME and toluene were freshly distilled from 
purple sodium benzophenone ketyl for at least 4 days. 1H and 
13C spectra were recorded on Innova-400 spectrometers at 
ambient temperature using TMS as an internal standard, and 
chemical shifts of carbon, hydrogen and nitrogen atoms were 
performed with a Carlo–Erba EA1110 CHNOS microanalyzer. 
 
X-ray crystallography 

Crystals grown from concentrated solutions at room 
temperature were quickly selected and mounted on a glass fiber 
in wax. The data collections were carried out with a Mercury 
CCD detector equipped with graphite-monochromated Mo-Kα 
radiation by using the φ/ω scan technique at room temperature. 
The structures were solved by direct methods with SHELXS-
97.21 The hydrogen atoms were assigned with common 
isotropic displacement factors and included in the final 
refinement by use of geometrical restraints. A full-matrix least-
squares refinement on F2 was carried out using SHELXL-97. 
 
General procedure for hydroamination reactions 
To a 30 mL pressure tube was added the pre-catalyst (0.1 mmol), 
amine (1.5 mmol), alkyne (1 mmol) and toluene (5 mL) in a drybox. 
The pressure tube was sealed with a Teflon screw cap, taken out of 
the drybox and heated at 120°C for 24 h. Then at 0°C the reaction 
solution was carefully added to a suspension of LiAlH4 in toluene 
and the mixture was refluxed for 12 h at 60°C. After cooling the 
solution to 0°C, the excess LiAlH4 was hydrolyzed with sodium 
sulphate decahydrate. The mixture was filtered to remove sodium 
sulphate decahydrate.The solvent was concentrated under vacuum. 
Column chromatography of the residue on silica gel afforded the 
pure amine derivatives. 
 
Typical polymerization procedure 

A THF solution of complex 1 (0.0250 g, 0.05 mmol) and ε-
caprolactone (1.14 g, 10 mmol) was added to a 30 mL pressure tube 
equipped with a magnetic stirring bar in a glovebox. Afterwards, the 
pressure tube was taken out from the glovebox. The reaction mixture 
was heated to 80°C for 12 h and then terminated by addition of a 
mixture of conc. HCl/EtOH (1:5 V/V) (2 mL). Petroleum ether (20 
mL) was added to give yellow solids. The solids were dissolved in 
THF (20 mL), column chromatography on Al2O3 to give a white 
solid. Yield: 0.78 g (68 %). 
 

Entry Initiator solvent [M]/[I] t/h Yield/%a T/°C Mn(calc) b(104) Mnc(104) Mn(obsd) d (104) PDI Efficiency/% 

1 1 DME 200 5 82 80 1.87 2.67 1.49 1.39 70.0 

2 1 DME 200 10 79 60 1.80 2.33 1.30 1.50 77.2 

3 1 THF 200 12 68 80 1.55 2.48 1.39 1.49 53.4 

4 1 THF 200 17 60 60 1.36 1.94 1.09 1.39 70.4 

5 1 Tol 200 3 89 80 2.03 3.30 1.85 1.22 61.5 

6 1 Tol 200 4 86 60 1.96 2.25 1.26 1.47 87.0 
aYield: weight of polymer obtained/weight of monomer used. bMn(calc) = Mmono*[M]/[I] *Conv. cMeasured by GPC relative to polystyrene 
standards. dMeasured by GPC relative to standards with Mark-Houwink corrections16 for Mn (obsd) = 0.56 Mn (GPC) for ε-caprolactone. 
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General considerations for cytotoxicity 

Cytotoxicity was measured on colorectal cancer cell HCT-116, 
adenocarcinoma MCF-7 and PC-3 using the methylthiazolyldiphenyl 
tetrazolium bromide (MTT) assay. HCT 116 cells were cultured at 
37°C in a 5% CO2 atmosphere incubator in modified McCoy's 5A 
medium (sigma) complemented with 10% fetal bovine serum (FBS, 
Hyclone) containing 1% penicillin and 1% streptomycin (Sigma). 
MCF-7 was maintained in RPMI 1640 medium with 10% FBS and 
PC3 in F-12K medium with 10% FBS. For cytotoxicity assay, HCT 
116, MCF-7 and PC-3 cells were seeded into 96-well plates at 
densities of 5000 cells per well and maintained for 24 h. Next, the 
cells were incubated with the reagents tested at different 
concentrations for another 72 h in modified McCoy's 5A medium 
containing 10% FCS. After that, MTT (5 mg/mL in 20 µL) was 
added and the cells were incubated for additional 4 h. The 
supernatant was removed, and the precipitates were dissolved in 150 
mL of DMSO. The absorbance at 490 nm was measured. Relative 
IC50 values with standard error of means were determined by a 
nonlinear regression of a variable slope model. 
 
Synthesis of the ligand and complexes 1-3 

3-(1H-pyrrol-2-yl)imidazo [1,5-a]pyridine (HL). To a stirred 
solution of 1H-pyrrole-2-carbonyl chloride (10 mmol) in CH2Cl2 
was added pyridine (2 mL) followed by substituted 2-
pyridylmethanamine (10 mmol) at room temperature. The reaction 
mixture was stirred for 1 h and added 30 mL water. The reaction was 
neutralized by NaHCO3 and extracted with ethylacetate; then the 
organic layer was dried and concentrated to give the amide (N-
(pyridin-2-ylmethyl)-1H-pyrrole-2-carboxamide). To the amide 
added 9 mL of T3P (50 wt% in DMF) and refluxed for 3 h at 125°C. 
This was poured into cold water and neutralized with ammonia 
solution. The water layer was extracted three times with ethylacetate. 
The combined organic phases were dried over anhydrous Na2SO4 

and evaporated under vacuum. The residue, thus obtained was 
purified by column chromatography using ethylacetate and hexane 
as solvent system to get the product. 1H NMR (400 MHz, CDCl3) δ 
12.14 (s, 1H), 8.39 – 8.28 (m, 1H), 7.51 (s, 1H), 7.45 (d, 1H), 7.02 
(d, 1H), 6.76 – 6.58 (m, 3H), 6.41 (dd, 1H); 13C NMR (101 MHz, 
CDCl3) δ 133.32, 130.71, 122.01, 119.86, 119.21, 118.72, 118.33, 
113.31, 109.16, 106.07. Anal. Calc. for HL: C 72.11; H 4.95; N 
22.94%. Found: C 71.79; H 5.06; N 22.61%. 
 
TiL2(NMe2)2 (1). To a solution of Ti(NMe2)4 (0.112 g, 0.5 mmol) in 
THF (2 mL) was added dropwise HL (0.1830 g, 1 mmol) in THF (5 
mL). After stirring at room temperature for 24 h, the volatiles were 
removed under reduced pressure to give a red solid. Yield: 0.47 g 
(93%). 1H NMR (400 MHz, CDCl3) δ 7.93 (d, 2H, C7H5N2), 7.54 (s, 
2H, C7H5N2), 7.06 (d, 2H, C7H5N2 ), 6.62 (d, 2H, pyrrole-H), 6.53 – 
6.39 (m, 6H, C7H5N2 + pyrrole-H), 6.28 (s, 2H, pyrrole-H), 3.35 (s, 
12H, CH3 ). 

13C NMR (100 MHz, CDCl3) δ 138.41, 130.93, 129.01, 
128.70, 122.06, 119.09, 117.65, 115.87, 113.31, 108.90, 103.68, 
68.17, 47.37. Anal. Calc. for C26H28N8Ti: C 62.40; H 5.64; N 
22.39%. Found: C 62.32; H 5.82; N 22.43%. 
TiL2(NEt2)2 (2). The synthesis of complex 2 was carried out in the 
same way as that described for complex 1, but Ti(NEt2)4 (0.186 g, 
0.5 mmol) was used instead of Ti(NMe2)4. The volatiles were 
removed under reduced pressure to give a red-brown solid. Yield: 
0.50 g (89%). Red crystals were obtained in toluene. 1H NMR (400 
MHz, CDCl3) δ 7.94 (d, 2H, C7H5N2), 7.61 (s, 2H, C7H5N2), 7.06 (d, 
2H, C7H5N2), 6.62 (d, 2H, pyrrole-H), 6.47 (dd, 8H, C7H5N2 + 
pyrrole-H), 4.22 – 3.74 (m, 8H, CH2), 0.62 (t, 12H, CH3). 

13C NMR 
(101 MHz, CDCl3) δ 137.92, 131.65, 128.84, 128.25, 121.99, 
118.92, 117.44, 115.76, 113.05, 108.71, 103.24, 45.21, 12.82. Anal. 
Calc. for C30H36N8Ti: C 64.74; H 6.52; N 20.13%. Found: C 64.83; 

H 6.57; N 19.71%. 
 
Ti(OiPr)2L2 (3). To a solution of Ti(OiPr)4 (0.1421 g, 0.5 mmol) in 
tetrahydrofuran (2 mL), HL (0.1830 g, 1.0 mmol) in tetrahydrofuran 
was added at room temperature. After stirring at room temperature 
for at least 24 h, THF was evaporated completely under reduced 
pressure to give an orange solid. The product was obtained as light 
orange block crystals after crystallized from toluene. Yield: 80% 
(0.4135 g). 1H NMR (400 MHz, CDCl3) δ 7.89 (d, 2H, C7H5N2 ), 
7.51 (d,  2H, C7H5N2), 7.15 – 7.00 (m, 2H, C7H5N2), 6.59 (d, 2H, 
pyrrole-H), 6.52 – 6.38 (m, 6H, C7H5N2 + pyrrole-H), 6.20 (s, 2H, 
pyrrole-H), 4.79 – 4.58 (m, 2H, CH), 1.17 (d, 6H, CH3), 1.00 (d, 3H, 
CH3). 

13C NMR (101 MHz, CDCl3) δ 138.63, 132.05, 128.74, 
128.21, 121.92, 119.15, 117.76, 115.90, 113.49, 108.42, 103.41, 
79.19, 25.55. Anal. Calc. for C28H30N6O2Ti: C 63.40; H 6.70; N 
15.84%. Found: C 63.73; H 5.60; N 16.23%. 
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