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Salan AW i5EC & 480 Sonogashira & RE1EH R R AFZE
RAZE*  IW EHF  FEX HHK  EAH

CEMBEL TR MRS TR 220 730050)

WE Rl T —Fusid 4L Sonogashira [z B4 BPUETETEK ONNO Y “Salan”, “2,6-MbnE —HIFER” WEAIEKIL &
WIHEAT S BRI 7 iR 22 9. dlid Sonogashira S ELE A PIANEL ARSI AR RIFE I Redk A, il & 7 20 N8 AL
KB A, b — Bl iZ 5 R A 5N = 2R s T e 4 A ) 23 TS i, Jdid 'H NMR A1 3C NMR.
HRMS. UV-vis Al IR &F B TG L &7 T 2 MRIE. 2 BRI L ERIEL & 9% HeLa S3 1 Hep G2 J#4HiI7E
TR SRS 9 R I B S SR A A s 1, Hh A4 3j [Salan?4-dimethyIT{AV)Djpjc#-(3-(dimethylamino)prop-1-yn-1-yD1] (i TCis0 %5
IREASR T L — AN R, S AT B ) Salan SRXUS AT &4(3), HeLa S3: IC50=(0.510.1) umol/L, Hep G2: ICso
=(0.7%0.2) umol/L; M4, HeLa S3: ICso0=(3.3%£0.2) pmol/L, Hep G2: ICs0=(6.0%1.1) pmol/L]. %535 kA A5 i HeEX
RAFEARRARREAY) 2a. 21, 3a 1 3j FFRIFCEMETTFIR M, M 2 A GHAR Salan 51 BREE AT I8 I 672 oo
Be &I K EE e P, 2a F1 26 K7 DU IS T O bR IE Salan Bifk 1a%, 2LEHUKME (12) 70519 5 F1 10 h. HeREohfigtk
2,6-MEnE — HERIIEL &4 3a A 3j & 2 £ L BUR 1 Salan BCiR, e AI7EKIREE PR FefaE. Ak, AR EAMERE T
X AR ARSI “ 850117 R R, FEX R SLTF R L RERC & M BT SR SRIE M T/ ir S B .
KA Sonogashira [z i; [SalanTi"™)Dipic|FC &47; P s, HIETNGEIL; KEaE

Post—-Synthetic Modification Research of Salan Titanium
bis—Chelates via Sonogashira Reaction
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Abstract A palladium-catalyzed Sonogashira reaction has been developed for the highly efficient post-modification of
ONNO “Salan” ligand and 2,6-dipicolinic acid stabilized titanium bis-chelates with anticancer activity. Different alkynyl
substituents were introduced to “Salan” and 2,6-dipicolinic acid, respectively. In total 20 novel titanium complexes contain-
ing mono-, di- and tri-alkynyl substituents as well as a complex containing tumor targeting ethinylestradiol were synthesized,
all complexes were characterized by '"H NMR and '3C NMR, HRMS, UV-vis and IR spectroscopy. The nature of obtained
titanium complexes that losing solvent molecules fast when exposed to air makes it hard to obtain satisfactory single crystals
for X-ray diffraction measurement. Most alkynyl titanium complexes exhibit enhanced inhibitory activity against HeLa S3
and Hep G2 tumor cells in the micromole range. The introduction of alkynyl group to the Salan demonstrated less significant
contribution to the anti-tumoral activity. However, the anti-tumoral activity alters with different alkynyl substituents on the
2,6-dipicolinic acid. Of all complexes, 3j [Salan?*dimethyITi(IV) DipjctG-dimethylamino)-prop-1-yn-1-)] showed excellent inhibitory
activity, its ICso value is an order of magnitude higher than that of Cisplatin, which is the most active anti-tumoral Salan tita-
nium compound in this study [3j, HeLa S3: ICso0=(0.5%0.1) pmol/L, Hep G2: IC50=(0.7 +0.2) umol/L; Cisplatin, HeLa S3:
IC50=(3.3%0.2) pmol/L, Hep G2: IC50=(6.0%1.1) umol/L]. In general, aromatic alkynyl substitution containing electron
withdrawing moiety proved to have a positive influence on complex’s anti-tumoral activity than those containing electron
donating moiety. Short chain aliphatic alkynyl substituents benefit the complex’s inhibitory activity. However, increased ali-
phatic chain length results in fast loss of complexes’ activity. Stability study on the representative aromatic alkynyl 2a, 3a and
aliphatic alkynyl 2f, 3j suggests that the alkynyl’s electron nature can alter the complex stability. 2a and 2f, with substitutions
on the Salan (2 position non-substituted), their half hydrolyzation time (#12) are 5 and 10 h, respectively. The hydrolysate of
2a was characterized to be the non-toxic alkynyl Salan ligand 1a*. For 3a and 3j, the 2 position of Salan are occupied by
methyl groups, their protective effect to the titanium center resulted in a stable behavior of both in the presence of an aqueous
media. In addition, the “structure-activity” relationship and development prospects of these novel alkynyl Salan titanium
bis-chelates are summarized and prospected.
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1 2= F 2,6-MEmE — FFER(2,6-dipicolinic acid, PA F#K Dipic) iy

Sonogashira S b2 AL T AL A 5 R ik
BEIERC C—C BZE SUBBRI S, & —Ff e 24 B A i
SZYELF IR H bR 5 NBEER 770, Sonogashira %
RLEFTA BRI, QKRB RIR= W& B e 2 &
RIS S A BT R X T2y FILH AR
M S, LT MRERE A > B B DR AR A, SR
250 T I DI REA BUE D, IR AT TR R 2 MR S5 )
TR R L2 B S A ) 2 KON 3 R 25 ) - ) SR AR
Z, M EETE 259 53 1 1 i v PR 0 3% R e 7181 SR,
X IVB R E 2 AT AR B SR I AR U, HARAT I
it Sonogashira J N i RACR 53 (R AH G 7 1 54 A

LA “A R Ja1EE” (Post-Synthetic Modifica-
tion, FRA PSM), 24t w8 ST — DHIME
e, EREESIADIReEEEA], 2 — MW BERREREH K,
R R D REAL 731 EE R T SRS Sonogashira [
Al R C—C SEABERPIMAL 7, OB Rk T
Zitg RS GFAHRANY, JEEEH TREMN) “EUE
B BHot. AT, &BREM S 5E. BERAERE
AEH SN, EHLIE R AR, AR BB e T 5 e N A
i 32 PR 22, DRI, 0t 4 JeB TG 6 P P 465 ) 50 — M i
TSR, &I ErEal, “&ssih”
TS AE 5 B BC St s b N BUD, T &, W
AR IAH K HIHRIE.

U Scheme 1 Fizs, 1979 4 Kopf ZU2RkiE 7 —& —
%%k (Titanocene Dichloride, CpTiCL)IbtfziG 1, H5
Keppler Z#U3I7E 1983 A4S F AT FEAR O -(1- 48 3%-1,3- T
)%k, Budotitane)3k [AlE NG R IRES. SAT0, P&
PRI 7K B AN R AE 1T 3R AR g0 v 2R . K B i
TE LSRN B- B AT A= P B S5 B i AT U4, R
Fae R B B =B IR S, ONNO Y Salan £KFC &9 5
AR B A R E ), Ho b s RZUO L /R AL
FROCIT y e 7y U8 R B ER AR AR B 1 T iz miE i) A8

1979, Cp,TiCl,

1983, Budotitane

B 1 HPumim ki & R R KA Bs ERTEFC

N
/ﬁ/

2007, Salan-Ti alkoxyl

5 WIMERCAR 15 B — 28BS AT RS & 120,
R PE R BHE TE I HA T 1P s RO, [F] A R
[**Ti][SalanTi")Dipic] 8 i [H AH & Ak il 2% 7 B A7 37 Y
JiiJ8 PET (Positron emission tomography)#R4El (17T & i
F121) Zhuravlev 25P2EIHHIE T B IL &M Dipic, 1)
[*Ti][SalanTi"'Dipic] 51 A T H & 44 1 #2 17) 1E H 1
“PSMA” (prostate-specific membrane antigen, Al 51| 45
e PR HTER) BH 78 AR, SA1 “Dipic-PSMA” (1)1 %
BARTCK, PRBARYE R, Sr7 % 32%), HIEE
kg e, RN ZEAFTTZ. OB & PSMA-SRIL &
VIEAR N B IRGE, oEE R E . DR, nRestxs 3k
B AT KA R “H UGB T7ik5, AMUAT =
b I FOAL PR ER 1, IR R E e 5 N A A R
IH Y ()P R R T BN PET 4R%H 70 71 3RAT]
TEMEARIEE L Sonogashira S v %t [SalanTi™Dipic]fic &
YIHHAT “ERUGIEM” 7RSI, BRI D REAL
ERBCEPIRIFAFE e A0 M S s 1 L “ S5-I R &R
IR TE M S A= IR R

2 GRS
2.1 #{X Salan (KECA¥) 1a~1c BIE K

Salan fitf& Li. L2 & Dipic* ' % [ SCHR R 18 J5 i3t
1714523 [SalanTi®V)Dipic] HI3iH F & BB By U/
PF, 1.0 equiv.fJ L 5 1.1 equiv.ff] Ti(O'Pr)s 7E TE/K TS
WRIE(THF)H =i )N 2 h {13 BI[LTIV)(OPr),], H%
B 229855 5 FOFEL R 5 1.0 equiv. fY) Dipic #£ /57K THF H %
T N E A R AR (TLO) M. MGG, 729
[LTi"VDipic|ill i A ZE 4T 7 B 44k, Salan*dnTiV)Dipic
(la) N Salan2,4-dimethlei(IV)DipiC4-iodine (lb) 95[1 Salan4-iodine_
Ti®™)Dipic*edine (1e) =255l 76% 69%F1 83%( [l
D).

. o) 0
[N\Tli/o< Nl 0=~ | Post-functionlization
O | R | et funconizater,
O_< N~ lo this work

2012, Salan-Ti-Dipic

Scheme 1 Development and post-synthetic modification of anti-tumoral titanium complexes
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R1
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TIOP, N~:T|i/0_<
THF t. N” It —
r. v oO
R2

L1 R'=I,R"=
Ly R"= Rz-Me

Bl 1 4 [SalanTi™ Dipic] 1a~1e &
Figure 1  Synthesis of iodine-substituted [SalanTi"'Dipic] 1a~1¢

2.2 Sonogashira K NHIIRZE S

PL 1a (0.3 mmol) 1 % Z # N 5 OB i 47 T
Sonogashira N HIIRZE(FE 1), #(Pr),NH AN, 0.015
mmol PdCLy(PPhs), AL EIZ&AF T, 10 h &, A
TE] H AR =04 Bi(Entry 1); JII 0.03 mmol Cul J& <N
JEFIHEAT, BL 76%%r 25 7= %613 2 2a (Entry 2); F#{% Cul
A 0.0075 mmol 3B H&ERMAL, &M 10 h 5L
84%M) 4> B 77 %4535 2a (Entry 3); 5 PACLy(PPhs), #HEL,
Pd-DPPF KL R K (Entry 4); Pd(PPhs)s oL,
SN HEAT (Entry 5); A HUIR= 2360 MEnE B TEH LBk
PR I8 T B e B Te 134T (Entries 6~8); fHH 1,4- %
ANIECH KON, R TFER 74%H 65%
(Entries 9, 10).

2.3 1a 5STEHENKYIHRE

SREURAE N 6 IR, 2REEF R T 1a SRR &
FORG W HLIE ) Sonogashira R Fi(FR 2). EAT S, 1a 5
U5 B B2 Sonogashira 5B HEAT A, 59
T IR LT Z R R BRI R 2 DL R B
FERG R HARELAY) 2b~2e (Entries 2~5); fRlifE
() S S PR ARSI, S B AE S B 2R A T ek AT 5
4. Gk S, BN Cul & 0.05 mmol IR R
B [N, 1a SR IE b . KBEIE S b = P 3L
LRI ] SR B H AR BC A ) 28, 2g A1 2h (Entries 6~
8); 2% JELT ke R AT N, N-— B ke 7 e 1 o I 3 12
I, RBZEKZR 72 h AR H b5~ 4 4E i(Entries
9, 10).

24 1b 5ARIRIEVEDRRE

1b 5AR[AR4ER Sonogashira M UIFE 3 Fir. 5
1a A0, 1b 5K OHRIEBAER M Z&AF T 7 h @ w4k
HArr4) 3a (Entry 1); 4-38 K LR S Sk R i, DA
88% 11 7= K152 HFRr=4) 3b (Entry 2); 4-BACIKE LB %
PEEPERRR, KM ZE 23 h PL 84%H7 = K153 3¢
(Entry 3); 2 HE FL 728 [ 6] FE AU IR 2 s V7 vt 1 s
T X 32K 2R (Entry 4: 3d, 24 h, 86%; Entry 5: 3e, 7
h, 91%); HRMTEBRRTE S 26 AF T 1 I S PRSI, 3
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R1
HOOC
— R2
3
Ny 7 o o
HOOC /- N O o
THF, r.t,12 h N |o
7 (o) 0O
R? 1a: [L,Ti™Dipic]: R® = H 76%
] 1b: [L,Ti"V)Dipic]: R® = 1 69%
] 1c: [L4Ti™Dipic]: R® = 1 83%

# 1 Sonogashira JZ ¥ 2% {1 ik

Table 1 Screening of Sonogashira reaction conditions

Ph
| \\
m, 0] 0 l l h, 0 (0]
“N.]_O Pd/Cul N.] O0=<—
[N-T-"ED * base, solvent [N-I|-IO N—
/ OO 5 10h / o o
I 1a / / 2a
Ph
Entry” Catalyst Cul Base Yield®/%
1 PdCly(PPhs), — (Pr),NH Trace®
2 PACL(PPhs), 10%  (Pr),NH 76
3 PdCL(PPhs): 2.5% (Pr)NH 84
4 Pd-DPPF 2.5%  (PrNH 76
5 Pd(PPhs), 2.5%  (Pr),NH Trace®
6 PdCl,(PPh;), 2.5% Et;N Trace®
7 PdCl,(PPh;), 2.5% Pyridine Trace®
8 PdClz(PPh3)2 2.5% K2C03 trace®
9¢ PdCl,(PPh;), 2.5% (‘Pr),NH 74
10¢ PACL(PPhs), 25%  (Pr),NH 65

@ Reaction conditions: [LiTi"V'Dipic] 1a (0.3 mmol), phenylacetylene (0.75
mmol), Pd-catalyst (0.015 mmol), Cul (0~0.03 mmol), base (0.9 mmol) in 3
mL THF under N, for 10 h at rt. Pd-DPPF (1,1'-bis(diphenyl phos-
phino)-ferrocene) dichloro-Pd™-CH,Cl,. * Isolated yield. ¢ Starting material
was recycled. ¢ Dioxane (3 mL) was used. ¢ Toluene (3 mL) was used.

Jin Cul B &2 0.05 mmol FZE K s b B ] f5 AT i ik
N 5E 4. b 550 B I bR AN = H SRR I 2 RAE S
30 F1 24 h Jg, Z3ILL 91%M1 77%M7= 245 2] 3f Al 3h
(Entries 6, 8); HKFEIE+7SN 48 h J5 LA 92%[17
K135 3g (Entry 7); 1b 57 24 J& T I B AT N,N-—
TR N [ N AT BN, N 72 b Do S PR 8] T
B &4 3i 1 3j (Entries 9, 10), #EK 2 MBS A TEIE$E T %
ML Az
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Table 2 Synthesis of titanium complexes 2a~2j

R—== (2.5equiv.)
Cul (0.0125 ~ 0.05 mmol) <

’, )
N._|_o PdCl,(PPhj), (0.025 mmol) N O
[ ’:»Ti'/“N/__\ , 2( 3) ( (N_\__
N o (Pr),NH (3 equiv.), THF = T'
0 ©

/’ >
rt,7~72h \”%

| 1a // 2a~2j
R
Entry” R Time/h Yield"/% Complex
1 Ph 10 84 2a
2 p-PhF 10 72 2b
3 p-PhBr 12 78 2
4 p-PhEt 11 70 2d
5 p-PhOMe 12 82 2e
6¢ n-C;H; 12 82 2f
7€ n-CgHys 7 76 2g
8¢ TMS 11 80 2h
9 CH,OH 72 trace? 2i
10 CH,NMe, 72 trace? 2j

@ All reactions were performed under N on a 0.5 mmol scale of 1a, using aryl
alkynes (2.5 equiv.), PdCl,(PPhs), (0.025 mmol), Cul (0.0125 mmol) and
('Pr);NH (3.0 equiv.) in 4 mL THF at r.t. *Isolated yield. ¢0.05 mmol Cul was
used. Starting material was recycled.

2.5 Sonogashira & SN

N TR ITE IS G L ¥ 1 S
JREZLIEAT T Sonogashira SR, FIhfF 2] HbREC A
V) 4a(l& 2, Path a). MEFREEFTHE A ER (Estrogen Receptor,
MEBECR SR A i, A HAS AR & P (A ¢
fRIE, FLT U, 4a wTAE VR U 73T AR OC S 4k

4a

R3I KEAEY 3a~3j AR

Table 3 Synthesis of titanium complexes 3a~3j

R—== (1.2 equiv.)
Cul (0.0125 ~ 0.05 mmol)
PdClI,(PPhj3), (0.025 mmol)

(Pr);NH (2 equw)

3a 3]
Time/h Yield®/% Complex

7 >99 3a
2 p-PhF 8 88 3b
3 p-PhBr 23 84 3c
4 p-PhEt 24 86 3d
5 p-PhOMe 7 91 3e
6¢ n-C3H; 30 91 3f
7¢ n-Ci4Hzo 48 92 3g
8¢ TMS 24 77 3h
9 CH,OH 72 644 3i
10 CH,NMe, 72 74 3

Ph
R L
R2
L\ 0 )\ 0 o)
N._|_o < ‘N._|_o o
TiF--NZ_>—RePathb | /TN >—=—Ph
1o N |o
O o} 4 0 6}
RZ
R! // 4b
1b:R'=R%2=Me, R3 =1
1c:R'=R®=1,R?=H Ph

@ All reactions were performed under N, on a 0.5 mmol scale of 1b, using aryl
alkynes (1.2 equiv.), PdCly(PPhs), (0.025 mmol), Cul (0.0125 mmol) and
('Pr);NH (2.0 equiv.) in THF (4 mL) at r.t. *Isolated yield. ¢0.05 mmol Cul
was used.  Starting material was recycled.

WHFL; TR KRR 5] N[*Ti] [SalanTi®)Dipic]di] & i !
HIEK PET PR ¥RET. B4k, ERBC & #% Sonogashira [z
(38 BT, [LaTiVDipic*] 1e 57 2 (i {8 BBk S v
JZJC_I:, I[ﬁ ;FIJ U\ 86% E‘JF%?% ?[J [Salan2,4-phenylaCerlenlei(IV)_
Dipic*rhenylacetylenyl] ghy([g] 2, Path b). 3T bRIE ) H 1%
StERe, 4b AR AEER o 7, o — 2w sk
Sonogashira M 5] A\ 2 SLHubRE, TR L HT R AR
TR

J

Path a: 1b (347 mg, 0.5 mmol), ethinylestradiol (177.8 mg, 1.2 equiv.), PdCly(PPhs), (0.05 mmol), Cul (0.025 mmol), (‘Pr),NH (3.0 equiv.) in 4 mL THF at r.t. for 20
h, yield 89%. Path b: 1¢ (445 mg, 0.5 mmol), phenylacetylene (0.2 mL, 3.6 equiv.), PdCly(PPh;), (0.075 mmol), Cul (0.025 mmol), (‘Pr),NH (6.0 equiv.) in 4 mL

THEF at r.t. for 9 h, yield 86%
B 2 Wi [SalanTi"V'Dipic]f] Sonogashira J&5 4T HEAL S M

Figure 2 Further functionalization of iodine containing [SalanTi"¥'Dipic] via Sonogashira reaction
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2.6 SRECEYININEEIEMMR

FH A AT EL 3R 38 [ [ L2 TiYDipic] st 8, 38 5 i /-
57 (Alamar Bule assay)Jli T 2a~4b %} HelLa
S3ON B S0 4 ) AT Hep G2( N\ BT 4H ) Jec: 248 Jfa 6] 4170 1)
TEPERY, HARGE RAnsR 4 fos. #8477 Salan 5] NI 1)
2a~2h KIHE TIHFHIPURGEE, &K OHRIER) 2a X}
HeLa S3 41 1Cso {EEMEIFI[L2Ti®) Dipic] 735l $2 =1
T %14 M5 f%(Entry 1); UK LB Salan () 2b (F)
A1 2¢ (Br)Js 4B 0 i1 1 5 A AN L2 TiCV)Dipic] A1 24
(Entries 2, 3); 4-Z3:0K MR BB & 2d HIHIETE
(Entry 4); 1fi 4-FAEIER L SE 2 JIHNETE R %
(Entry 5). Salan #%/i5 B BB B ERAC &4, i 40 4
VS PR AR R A T R R, RS BRIEER Y 2g
PRI IE R FEHAR T 2f 235 P K (Entries 6, 7); — 2
T FE(TMS) Z R IEECAC A 20 S 19 Al 4 e 400 o i e
BT =2 6 £%(Entry 8).

7K ZREU Dipic [ 3a %t Hep G2 4 fa g 490 1) 37% 14
T BEIE L8 K (Entry 9); Dipic #% sifCHE ZRBULH 3b
A1 3¢ FMHETES 2b Al 2¢ FEAFET, (X 3¢ Xt Hep G2
YT PSR RS A R M (Entries 10, 11); 4- 2358 20k
R 3d XF HeLa S3 40 A4 #1135 P4 42 [ L2 TiV)Dipic]
FARL — AR 2, X Hep G2 4l 2k %175 14 (Entry
12); 4-FEEFEIR CBREURTIY 3e S 9 Flfe 41 i 2 2k 41
#3E ME(Entry 13). 5 Salan 284U, Dipic 4 Jig i bR EUAR )
BRTC B 960 200 A 15 PR B AR T B G T R R R &
TE LRI 3F 0 35 1 S A1 PR AT 40— AN 202 2K (Bntry
14); IET7SBREUR I 3g T 56 4% 3 A VS 1 (Entry 15);
L Salan A [F], TMS ZHLHUX Dipic 7 3h % Hep G2 4fi
FL AR 415 14 R B A B 2 (Entry 16); 7] Dipic 5] A&
F R o I ] L S R A R I, R AR 3i
O PERBEAHE 5 20 4 5% (Entry 17), 5]\ N,N-—H 3t
JRPR 1) 3 X 19 ol 20 M ) 490 i P A M B B2 T 24
— ANBURE Y (Entry 18). & MEFLEE ) 4a XFFE P ER VLSS
Y 25 A 2% B LR IR P (Bntry 19); = 2K R BUAR 1)
4b %} HeLa S3 UMUK T — @ 3G 1%, X Hep G2 4H
Jif 25 2 4HE T (Entry 20). 1AL, FRATHIEUESE 3j X4 T
T 1 P B AT e B, kN BUIE i R £ 4 41 g
(MEF) 52/ R AT 40 L (AML 12)34) 2 2 50 J0 s 35

MRPEARE, Salan b HUARIE IS NC G4 196 41 g
FOH S Pk 7 A B AR U, 2 Salan IR 2 AL KL
BHEARIERS, A7 BN (5 3255, FoH kO R4 5 F
1R AR5 Fa e 23], B3 N 40 i 78 TC 7% 5 B b
TER, XRALEIIARIH PTG LR, 24 Salan 2K
2 A /M BB FE B CHUA R, BUAREE A48
S, 1 Salan ZIFM 2, 4 FL5INFAIE, FARSE B X 2]
PEFFRR VA 2526 fiF vy 3 sy PRS0, 4 o7 T gk A 1)
FINAT H W B 28OS R e e 1 B Pl TR R, A4S
Be A P 5 1 5 ¥ AR AR FH AR B0 10 K 4505 1 20 SR,
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Dipic - BRI 28 70 S 37 1k 140 52 i AR AT 72+ 4 B,
HAMA 7 Dipic 5| N\ F &K FIER4RoE, Hxi
A WIS PE TG SRS, R e AT, AT IR 2
RETEEAR Salan [ 4 AL5I NBRIE, 192 1 4l Pn i
PEARFM 2a~2h, ANEFRZ, BREMHGIN “BEE" T
Dipic, HpRBUCIER Y B B i e & 0 T .

TX R TR VT FC A 470 1) e 200 400 1) 3 S R
ORI SE PE B A 9%, 4 Scheme 2 T, T A HLF-25087
RVSE B A 9 7 T “ 5 Mg = v 7 AR T RE. e
TR JE AT, R A7 F P R T R AR P T
TEE, RO AR, I BT SRR
YER. TR Salan 5% Dipic &2 45 5 571 H P L R BRI
VIR 3 0 S AT B HE M, W 2by 3b. 3e
K 2¢; & HFEURIE Uk 55 e B, SR TR G )
FasEte, I 2d. 2e. 3d Al 3e MR 4HANHE T,
H 2R LIEM(Scheme 2, 7£). MALFHAR 73 #T, Salan
55 Dipic b /M7 BEARE T 52 T 042 B 38 40 B 1) v
PE, WIE TMS [ 2h f1 3h, & ZHHEM 2a 1 3a, &
TE BRI 3, SEVESIATERTE. TS AL B 1F S b dE
FE+7SBRIEN) 2g 5 3g 3T Bk 2k, MK A7 B
FLAFEAG T LA 0 88 %12 (Scheme 2, £7). EHLA
i 32 R N N- R SR R R B 1) 31 R 35, AR TSI
KMEFETE T 98 A0 BTG P, A SR 375 d R P 5
AW, 43T AU /M LB 3, HL 24 R 7 1)
SIS T A WRRE, 7T RE 2 G MR T B R
A

3 IKIREMMER

AR TAREMER Salan & 5 BRI 20, SNE
i) 2f K Dipic &5 L RIFER) 3a A1 NN-—F JE Ik
R 35, FIFE R 23 3% 'TH NMR 7E 37 C FAf
T EATLE 1000 equiv. D20 AES R /KARE DL, 52562
7y ERBCEPI(15 pmol). 1,4- —FEIEZE(AFFR, 1.3 mg,
7.5 pmol, 0.5 equiv.). D,O (0.27 mL, 1000 equiv.), ds-THF
(0.4 mL), & 15 min #47— % 'H NMR U, [ 3(a)F125
T 2af£24 h WY 'H NMR. 1,4- FHREEREREN 6
8.41 Kb HLE, FRid N B, HAE 0 h HIF A 2.16. 8
IR 2a HkEE 4 ALE(E S (AL EERID A 6 8.56, 1H,
Triplet)fll Salan 542 CoCH, 15 5 (ZL A FRiC D: 6 5.14,
2H, Doublet) 173K iHE 2a ZKEEZ. 7£ 0 h
Ab, A 1D J91.00 F11.99; 2 h 4 A A1 D 24 0.92 #11.83,
HAEC (0 6.80)F1E (6 3.A2)AHBL T —4L {55, Hh
K ) Salan BCA4 1a*(GCHF( 2. Figure S6. S7 Al S8).
TR 1a* KA EAE 5 (E AR C: 6 6.80, 2H, Sin-
gletyRiFE/KE BRI LR, 2h 4 C N 0.14; 4 h At A
D B4 0.65 F11.31, CHE% 0.32; 6 h &b, A A1 D 4y 0.44
A10.91, CH#4% 0.52; 12 h &b, A 1 D 24 0.39 1 0.77, C 34
% 094; 24 h &b, A 1 D Ay 0.24 1 0.49, C %
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1.3t R? = CH,OH § 135 R = CHNMe | R
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<
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;
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R NI s|  TmTeeeee- [ITENTS
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O O 2 I-----------I 5| T TTTTTTTTR 4 O
' 3c:RZ=p-PhBri - 1 3a:R2=Ph 1
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3~3 X . =
! 1 1
Rp1 = . RT =
| 20: R = pent ) | 2R = nCdy) /
R! 2a~2h
3 P
! 2¢:R' = p-PhBn = 13h: R2=TMS 1

Effect of steric and electronic effects | - ---------
on the anticancer activity of Ti!V) complexes

B2 &5t Salan KFEC AP0 Hela S3 4H ]34 (¥ 7 BELASUSE AN L1 28082 43 A

Scheme 2  Steric effect and electron effect analysis of inhibition activity of alkynyl Salan Ti") bis-chelates against Hela S3 cells

a 1005 p
90

o N
o o o
L L L

w b
o o
n L

Percentage of hydrolysis/%
(6
o

il (1 10 | ——2a —=—2f
ﬁﬂ I I f 1 20 —aa e
O UYWAY A H" 1" Il| |G 10-
95.9.0 85 8075 7.0 65 6.055 50 4.5 4.0 3.5 3.0 2.5 2.0 0 5 10 15 2 %
) t/h

Bl 3 (a)2a 7E 1000 equiv. D,O F{I/KME 'THNMR B0 : 2a {55 AL D, #h: 1a*55 C. E). (b) 2a. 2f. 3a F1 3j 7£ 1000 equiv. D,O H 17K
%

Figure 3 (a) Hydrolyzation 'H NMR spectra of 2a in 1000 equiv. D,O (red region: signals of 2a, A and D, blue region: signals of 1a*, C and E). (b)
Hydrolyzation rate of 2a, 2f, 3a and 3j in 1000 equiv. D,O

£ 4 [L.Ti'Dipic]. MitHA1 2a~4b Xt HeLa S3 F1 Hep G2 M1 ICs 1
Table 4 ICs values of [L.Ti"VDipic], Cisplatin and 2a~4b against HeLa S3 and Hep G2 cells

Entry” HeLa S3 Hep G2 Complex Entry’ HeLa S3 Hep G2 Complex
1 0.9+0.2 4.1£0.9 2a 12 59.1%£6.2 Non toxic 3d
2 1.1+0.2 32404 2b 13 Non toxic Non toxic 3e
3 3.840.8 10.7%1 2¢ 14 10.6+2 26.1+3.3 3f
4 32404 3.6%+0.5 2d 15 Non toxic Non toxic 3g
5 71£13 16.8+2.4 2e 16 59404 30.2+5.7 3h
6 2.1£0.3 7.1£0.7 2f 17 0.8£0.2 1.46£0.7 3i
7 11.8£2.6 27.7+6.3 2g 18 0.5+0.1 0.74+0.2 3j
8 0.6+0.1 0.8+0.1 2h 19 Non toxic Non toxic 4a
9 1.9+2.6 58.6x16 3a 20 11.8%£1.1 Non-toxic 4b
10 1.1+0.2 6.5+1.3 3b 20 33402 6.0x1.1 Cisplatin
11 1.6+0.3 17.7£7.6 3¢ 2167 44+0.4 34402 [L.Ti"'Dipic]

“Cells were incubated for 48 h.
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1.12. B 3(b)5125 T WUMEA PR K il d R 28, 2a 76
D0 A 2 h 5 R A K ff HE R AR, 5 h 520 50%(1) 2a
KA, BEJGIEFARNE, 24 h ]G4 76% 2a /Kfi#E. 20 /£ 2 h &b
RAEIK AR, HIRZE 2a 2218, 10 h 5 54%[1) 26 /K f#, 24 h
J&5 68%I1 26 7K fiF. 3a A1 3j WICREF T UL ke M, FESK
56 R RN B K AR R 2a BIK R R 5 K= 1a*
mﬁiﬁiﬁﬁlkiﬁfuﬂwmw.
HRAEFRE, X254 Salan Al Dipic HIR LKL &
Y, HREE MM Salan IR 2 A7 BRI A7 BH %N H B2
SO, KBTI =R (1) 2 A/ BRI,
2 A7 H BB 0 R AR — s RYP, A IE K IR
rRRF R R R e T, HAT7EsE pH EMEEH (pH=12.1)
KR Salan Fefd. 1XZREEA90v] 5 AP0 bR1E A
BA UG, Dipic FRURIE(FEEE. 2 H ) AR
Be & ke e 25 (2) 2 SR FREUR AL, 2 A7 T
FEUR OB S7E Ph=12.1 MM sm &1 SR ifa &
WIHT TR, T AR e R S AL & ) 0 %%Effﬂ’ﬁﬁﬁ
RKFIEMER; (3) 2 M EHUREE R, XK pTERPO Rk
TRAP AT IK 7 T BEB KM, 5 T 54 5Ers1EH,
ARSI F RS A E R T Salan FHUARSE
(LT RN, IR T EE TS Ti—O B, (R &%
SEPET . 0 Salan ZEIR 4 A7 W REREREUR IR &4
i—O # KN 0.1865 nm (2,4-F1 T 3 Salan £KHC &)
Ti—O K 0.1854 nm)). filtf% Salan KA &4I1E
1000 equiv. /K F ] 612X 3 h 72 4RO FEARB ST, 2a~
2h N2 A THUR AL RS &4, Salan BB TRIZKE Z RS

B 2a e tERRAK, Honp NS hy T TR PRI
T2 EEEE, f12 M 10 h. 3a 1 3j Ry 2 A FFEEUACAY T

EW, EATELE 1000 equivK HERFFRR E

AT TR TR EE PR CERLER . RERR . 4
AR ER A ) X S R E T I RS HJJD)\ NaHCO; [
DMEM (dulbecco's modified eagle medium)/F-12 F-#j3%
FRIEIEMRAE DO, AR #F TH NMR Jl5E T 2a
£ 1000 equiv. 1 £ M5 FRIU(D20) /K i . 220
XF e, FRATUE S0 M 55 TR T BE A 1 /KR e METG R
Wi, 2a FEPIRNSEAT T KRR P2, HoKiREE
FEl 2 4%. W3 F#5E S Figure S8.

Tshuva Z£U8RIE T Salan %e % B AR BC-S V0 /K R TE 1%
ZAEER Y T, I I GRS UE ST T HOA 9 4
F7 ; Huhn S5R7HEIT /KA S HE H T [SalanTi®V)Dipic]
HE& N “iﬁﬁ%%” , WA REE 5 AR YRR A
FT R DU ST, £ A R ERBC &8, Wit T =
ANIKFESEIGNT 2a FIZKAEF=PIHAT T %€, (DIE 2a KfE
2 12 h AR S s HE SR R T MS R
5012531 Mifs 5, K 7'3 la* [f] 73 1 & 1 U§ (1a*,
C34H3No0,, i FEREIIREA: 501.2537); ()% 2a
BEAT UK B K A7) ﬁ&%ﬁﬁ;ﬁ% ZIEHEILYR, =P
e T B E NIEAA 1a*. (3)iliid HPLC XfH T 1a*
5 2a 75 12 h AbIKAEFRE it B OR BE IR ()3 1], 9IRS 1 /KA
RS 1ax(AETE. BRS04 B SRS B
Figures S5~S7. i#F— P2 B Salan FCf& L i
Sonogashira J N il % 1a*, W& 4 fiw, EAMERGT,
JRNAR %, 1a* ARG 22A0H 16%, SEIAEAL 7 &
I = 2R B BT SR AN BE 403 IR 4% 1. AT UE S T
CERUGIE” 7 iES b EE R T A

N T BGAEMRAREL AP IR HEYIR & KRR
) 1a*, X 1a* 384T T vE MR, X} HeLa S3 F1 Hep
G2 ZHAANAE 1074 F0 1073 mol/L I B AL A 34543 ()4 1) 3
PE, S8 T P AR 40 B A 2R AR R AR 60% /i A, %
T, AT “VEVEVIR” AR K AR B EC A, HE
Fic & D A'E A A Je 200 0 B3 B -5 B A A PR R 4 v
BRI S, BEEM S NIE98 T 2595 T3k R, 2
T HAREEAE LR /), ERA RS E A iE
ANE B A BRGNP, JE I« SE AT B g AT
A, NSRRI R T R 5N SR T A Y B A
PR T Dy 400 e S BRI A 0 o B B 25 0 1)
AIAT SR,

4 LHig

Wi Sonogashira < SR Salan EEXAEL A
la~1c #4177 &G EMIE T, Hl%& T — RV
REAL I HT L ER SUA LAY 2a~4b. FTE L&A A 4h
WSOETE . RAMRWOETE . MILIREE . il &
PR AN TG 3 AT ST BOEAT 1 A RAE. HERE A

16%

; o)
°N..|_O
/T|\*~ /_\ Patha Path b
N lo
/1 O 1H NMR Yield:

Path a: 1000 equiv. DO, ds-THF 0.4 mL. Path b: L1 (300 mg, 0.6 mmol), phenylacetylene (2.5 equiv.), PACly(PPhs), (0.03~0.06 mmol), Cul (0.015~0.03 mmol),

PPh; (0.03~0.06 mmol) and (‘Pr),NH (3.0 equiv.) in 3 mL THF at r.t.
Bl 4 2a 7 1000 equiv. D,O FAI/KARF=4) K AR 1a* B B A&
Figure 4 Hydrolyzation of 2a in 1000 equiv. D,O and synthesis of 1a*
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Gy R FERFN Gy, IREB SRR BEIRAT I = 0 AR AT S A
5. BRT 3e.3g fllda, ATHHELEYI% HelLa S3 Fl Hep G2
LRI T A0 T R A B A s 1, Hodr 3§ S AHE
FOHRIE MR R AR A ). “ ST WERCER I, 9
F A7 PR bR R AT R S5 BRI A M K AR e 1, (I SRR &
Wi e 20 A e 59 P AR I b i T S SR ER T S A 1Y)
KR E M, ALY o A L o Rk E) o L K
SR EVIRENE T BRI R, ARt Ik (A AT 2 b o
ERIEC A 0 IRJes ZH M 4)vE PE. Salan (1) 2 £57 JTCHURTH 2a.
2f FEZKIE A /KR R RS A4, 17 Salan 19 2 o7 HHIEEUAR Y
3a flI 3j FE KM B IRFFRRE. XTI+, SIS
TR TR . 05 T PR T ERIC & IR VA Y 5 i)
PG BRI IF AR, b Ah, LR 4 e g 4 ) e
lEor 152 0 T ilid Sonogashira 85 AEK
BC&9, EAEPURENIE. SEmyuE. MR iREr &t
KLk %A ERIIIF K AT 5. 1% Sonogashira J51&/fi
D7 V55 pen A5 [ B TC A 4 ) N R 3R T ) 8 i 2R R XL
WA T, XREPRIERR S PEE R, %
A PEFNEE I FT L A% 7 V5 2 T AR 1 S BT AE A
Writ R & 2 .

5 SR
51 MEI5RHE

{fF Alamar Blue 7%} HeLa S3. Hep G2+ MEF(/)
SRVE PR AT 4E 0 ) AN AML 1270 55U 40 ) 4 St 6 4740
o 5 PE A I (Alamar Blue Assay M4 F b5 7 B3R R
AR AEHEL LLE 4 Fhan i 5 o ER L4
FE.
5.2 YRAEFE

MARZHf(HeLa S3. Hep G2. MEF Al AML 12)7F
B 10%MAF TG . 1% % R A 1% % R 1 Dulbecco’s
DMEM #5775 37 C MEILEEFE, U385 CO,
WFER 5%, A8 SR AR AR S (L P TR
A R 2> =) DY i 248 L AT S D5 A B A
5.3 4BESEMEMIK

g A B R 2 96 FLAR (4000 /> HeLa S3 4/
L, 8000 4> Hep G2 4 fif/FL, 8000 > MEF 4l fu/L. & 8000
A AML 12 400E/9L)GEE 24 h. KA A4 1a* &
2a~4b ] " FHIE W A(DMSO)AMR, HH 577 MRk
ANTRIR FE R B AT, 28 DMSO HIE &N 0.5%.
F AR 7% 48 hJa, BFLIIA 10 pL (R /R 35507,
IR 1 he £E 530 nm UK S, f81H Synergy 2HT %9
1 2% (Bio-TEK)ll & 590 nm 4LM%¢ . 4HlE 1 &
AR5 FRHEA 0.5% DMSO HIXT LI E 7 b Ros. A
MR 3 ANPATAH, —FLELZN 4 K. £ Sigma plot
10.0 $0LA15 B 40 g 7% 1 il 281201,
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6.1 MIWF5E

B &9 2a~4b A& REEZL: DL 2a BB, TER
SRR, R A Schlenk # AR HFE & M. fEF
[L1Ti™Dipic] (380.7 mg, 0.5 mmol)F1 77K THF (3 mL)
ff) Schlenk =, B PdCL(PPhs), (17.5 mg, 0.025
mmol). Cul (2.4 mg, 0.0125 mmol). ZKZ4¢(127.6 mg,
1.25 mmol)FI(Pr);NH (151.8 mg, 1.5 mmol). =i Fx
R 10 h, B TLC /)= Gk RN R PR, KR4 RS,
FA RN £ £h 7K WET4 (20 mL X 2), 3 CH.Cly (25 mL X 2)
UL, AHUHHTEK MgSOs THE 5, ok B £ 75145 21
MY, SEERAEENTR00 BB GV —awslV ww
=10/1)f5 2|21t [E 4 2a (298.8 mg, 0.42 mmol, 84%).
FT A BE & i) B ARG BOE 3R S A WSCRHE B
6.2 FELEMILEHIFRIE

2a: fHLLAE K 298.8 mg, P73 84%, m.p. 275~
276 °C; UV-vis (THF) Amax: 210, 295, 410 nm; 'H NMR
(CDCls, 400 MHz) d: 8.29 (dd, J=6.8, 8.4 Hz, 1H, Hpy,),
8.28~8.20 (m, 2H, Hpy,), 7.49~7.47 (m, 4H, Hy), 7.33~
7.31 (m, 5H, Hy),7.27~7.24 (m, 6H, H,), 6.41 (d, J=8.0
Hz, 2H, H.), 5.37 (d, J=14.4 Hz, 2H, C,CH>), 3.37 (d,
J=9.2 Hz, 2H, NCH,CH,N), 3.24 (d, J=14.4 Hz, 2H,
CCHy), 2.80 (s, 6H, NCH3), 2.22 (d, J=9.6 Hz, 2H,
NCH,CH;N); *C NMR (CDCl;, 101 MHz) ¢: 169.1 (C=
0), 159.9 (Car), 149.9 (Car), 143.8 (Ca), 133.2 (Car), 132.6
(Car), 131.6 (Ca), 128.5 (Ca), 128.3 (Ca), 1282 (Ca),
126.1 (Ca), 123.5 (Ca), 116.8 (Ca), 116.5 (Ca), 89.4
(CaC=Cy), 893 (CuC=CCu), 63.9 (CuCH), 54.1
(NCHy), 47.6 (NCH;); IR (KBr) v: 2971, 1679, 1509,
1242, 1170, 807, 667 cm ™ '; MS (EI) m/z (%): 711 (M", 5),
625 (10). Anal. calcd for C4;H33N306Ti: C 69.20, H 4.67,
found C 69.41, H 4.82. HRMS (ESI-TOF) m/z calced for
C41H34N306Ti [M+H]" 712.1922, found 712.1922).

3a: S A 330.1 mg, 753 99%, m.p. 233 C;
UV-vis (THF) Jmax: 332, 393 nm; 'H NMR (CDCls, 400
MHz) 6: 8.21 (s, 2H, CH,y), 7.59~7.57 (m, 2H, Hy),
7.45~7.41 (m, 3H, Hy), 6.78 (s, 2H, CHar, salan), 6.66 (s,
2H, CHar, salan), 5.30 (d, J=13.9 Hz, 2H, C,CH>), 3.39 (d,
J=9.2 Hz, 2H, NCH,CH,N), 3.16 (d, J=13.9 Hz, 2H,
CuCHy), 2.78 (s, 6H, NCH3), 2.20 (s, 6H, C,CH3), 2.14 (d,
J=9.2 Hz, 2H, NCH,CH,N), 1.95 (s, 6H, C,CH3); *C
NMR (CDCls, 101 MHz) §: 168.7 (C=0), 156.1 (Cu),
139.3 (Ca), 132.5 (Ca), 130.7 (Car), 130.7 (Ca), 130.4
(Car), 128.8 (Cu), 127.9 (Ca), 127.5 (Ca), 127.3 (Ca),
125.1 (Car), 121.2 (Car), 99.9 (CpyiC=C), 86.0 (Cpy,C=C),
64.1 (NCH,Cy), 54.0 (NCH,CH,N), 47.2 (NCH3), 20.8
(CuCH3), 16.1 (C..CHs); IR (KBr) v: 3647, 3437, 2984,
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2905, 2208, 1684, 1672, 1471, 1376, 1241, 1031, 848, 749
cm !, Anal. caled for Cs37H37N;O6Ti: C 66.57, H 5.59;
found C 66.81, H 5.71. HRMS (ESI-TOF) m/z calcd for
C37H3sN306Ti [M+H] " 668.2235, found 668.2238).

da: 14 [E 1A 283.5 mg, 7% 89%, m.p. 175 C;
UV-vis (THF) Amax: 210, 310, 400 nm; 'H NMR (CDCl;,
400 MHz) o: 8.18 (s, 2H, Hpyr), 7.11 (d, J=8.0 Hz, 1H,
Har), 6.75 (s, 2H, Hy), 6.67~6.64 (m, 3H, Hy), 6.59 (d,
J=8.0 Hz, 1H, Ha), 5.25 (d, J/=12.0 Hz, 2H, C,CH>),
3.36 (d, J/=28.0 Hz, 2H, NCH>), 3.13 (d, /=12.0 Hz, 2H,
CaCH,), 2.82~2.75 (m, 8H, H, and NCH3), 2.46~2.32
(m, 2H, Ha), 2.19 (s, 6H, C,CHs), 2.12 (d, J=8.0 Hz, 2H,
NCH), 1.91 (s, 3H, C,CH3), 1.88~1.83 (m, 4H, Ha),
1.77~1.66 (m, 1H, Ha), 1.53~1.39 (m, 4H, Ha), 0.95~
0.82 (m, 5H, Hy); *C NMR (CDCl;, 101 MHz) §: 169.0
(C=0), 156.0 (Ca), 154.0 (Cq), 149.9 (Car), 139.2 (Cy),
138.1(Car), 132.1 (Car), 130.8 (Car), 127.9 (Cyr), 127.7 (Car),
127.5 (Car), 126.6 (Ca), 125.1 (Ca), 115.5 (Cu), 113.0
(Car), 104.4 (Cur), 82.8 (Caikyne), 80.5 (Caigyne), 77.4 (Cua),
64.1 (CuCHz), 54.0 (NCHy), 50.3 (Cay), 48.2 (Ca), 47.2
(NCH3), 43.6 (Ca), 39.7 (Ca), 39.2 (Cu), 33.4 (Ca), 29.8
(Car), 27.3 (Ca), 26.6 (Ca), 23.1 (Car), 20.8 (CaCH3), 16.0
(CaCH3), 13.0 (Cq); IR (KBr) v: 1693, 1660, 1433, 1323,
1250, 1141, 1018, 929, 833, 742 cm !. Anal. calcd for
C49HssN3OgTi: C 68.29, H 6.43; found C 68.43, H 6.54.
HRMS (ESI-TOF) m/z caled for C4oHseN3OgTi [M+H]
862.3541; found 862.3555.

4b: B A E R 349.0 mg, 773 86%, m.p. 205 C;
UV-vis (THF) Amax: 300, 407 nm; '"H NMR (CDCl;, 400
MHz) o: 8.22 (s, 2H, CHpyr), 7.62~7.21 (m, 19H, CH.,),
6.43 (d, J/=8.3 Hz, 2H, CH.), 5.37 (d, J/=14.4 Hz, 2H,
CaCH,), 3.38 (d, /=9.2 Hz, 2H, NCH,CH:N), 3.24 (d,
J=14.4 Hz, 2H, C,.CH>), 2.81 (s, 6H, NCH3), 2.23 (d, J=
9.2 Hz, 2H, NCH,CH)N); '3C NMR (CDCl;, 101 MHz) §:
168.8 (C=0), 159.8 (Car), 149.7 (Car), 139.9 (Ca), 133.2
(Ca), 132.6 (Ca), 132.6 (Car), 131.6 (Ca), 130.6 (Ca),
128.8 (Car), 128.5 (Ca), 128.3 (Ca), 128.2 (Car), 127.6
(Car), 123.5 (Cap), 121.1 (Ca), 116.8 (Car), 116.5 (Ca),
100.4 (C,,:C=C), 89.4 (CinC=CCh), 89.3 (CnC=CCn),
86.0 (C,:C=C), 63.9 (NCH2Cu), 54.1 (NCH,CH2N), 47.6
(NCH3); IR (KBr) v: 3053, 2922, 2853, 2204, 1681, 1593,
1493, 1372, 1260, 1190, 1114, 1031, 935, 849, 751, 688
cm™'. Anal. caled for C4H37N306Ti: C 72.81, H 4.59;
found C 72.60, H 4.72. HRMS (ESI-TOF) m/z calcd for
CaoH3sN306Ti [M-+H]" 812.2235; found 812.2240.
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