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A

CREZUDERIICED TAZTY A 7 V] ITABAEMRICKIT 2HBELFTHETHY . 2D
BOSHEZ R D WFFEESIRNCHED DI TND 19, AZ TH A I VPHEGIERA Z BT A
BOSTIR EOREE L 720 TV ZENFERINIZZ L 2BRIZ, FTLWEZ R -7 A X T
YA T NDPRE EERSND L DITR0 | BRa REOSHER R SN TE T, BfE, £oHfl
@JEIITHTE ], REH AR DT L OMEOREAMNOND X (27 39, filx DOFF
Pz 150 LIS R BIE I BRZE ST %,

AL TYHA 7 NVORISHEZ, A2 a8 & B OFEEEIC &V 225, J4F7E=E T, Cp
BRAEBNL RO A BT R(TH =T L, VNI A NTZTRYDAZ T A IV E
BT D FEEMSL L, ZORIGHEEA LN L TE T, TRE TOMELLTF X TP A2
NORIHEE, V3T A 7 ARNTF A 7 ORI L IR E < B S 2 &AW
M2 > TN D,



B OFENEL TS D atH A 7 11, o4+ & BOn U THEX 7R IR B TR 21
FT D ENTE D, RUBUFEEOAT B - LOERITTORETH S, 2D DORIE
TIE, SR L @B u T At & DRIED L 72> T, Scheme 11T d K 9o~y
BUFFEMAR 2 1%, Oratta o 1 2RO RI= v S EE RIS EETO SR
SNRTURAAZ LIS TR, TAF U ERISEEDLZETERIND 80, ZOERIEL
XV 3FEOTAF VD L EORNV B %2, BEEAOERZFEDTICHEINETES Z
ENRTED, FAOFEICEY I Vo Eo~T R YbEM L AR I TN 8,

Scheme 1

Takahashi (1998, 1999)

R1

Rs — RS R?

(Q):/: CuCI RS R3
R4

N|Br2(PPh3)2 2

F7-. Fagan & Nugent HIZFEREICTREL L 7=V a1 7V LIZ&B a7 At m i
Na B A EER S S . ST A~NTE—L 3 BNEWNRTELND Z 285 L
TW5 9, ZoXricvnarag i, &g a7 Ak E ORI L0 A 72L&
BT HZ EMMA[RETH D,

Scheme 2

Fagan and Nugent (1994)

E =S, Se, PhP, PhAs, CISb, CIBi
Br,Si, Cl,Ge, Me,Sn, ClGa



—ﬁ??&%%47w4m\%Enuﬁym%%ﬁﬁéﬁkw\%ﬁ*f%ﬁbt@#é
D CpBRESTANTH Yy Y RGN ER 2§, Scheme3 I RT L HIZFHF 7
0 H T AT Z o EERSED L. CpBRBD v T Y 7 L TEAY 5 35
HNH 0, ZOZ L, CpEROREE BC CE#H L CNZEHT 5 Z LICX VRS
W5,

Scheme 3

Takahashi (2007)

R R
cﬁ R 8eq TiCI, R
R Cl R

4 5, 95%(R=Pr)

0 : '3C-labeled carbon atoms

R = alkyl group
ZOFERIT, Scheme 4 12T X D ITEHA 4 03K 6 Lo BA 6 OT U LN IUIE{LT
A AL VEFBIINTHEEY S NERLEZEEZ SN TWAE, LLRNH, ZhETE
OFEKR 6 I THEET 222 6 NMR THERTH Z & 6 TE TR,

Scheme 4 : ] :

R Ti, Ti,
@ S5 R ; RN R \\\\i S R
. \ —_— \
Ti __ —_— \\/ - \\/ —_—
R R R R
R R R
4 6 7

BEIR 4 1TIEANL T8 CpBRD T » 7V W T RUGEATT 575, Z DO%H bEEIR 6 Z HEES
D EIXTERY, SER 6 IXRVLERGERT ~EEHICES I D72, Scheme 5 1T7R
TR ITEER 4 ZINET D L BEIR 7 3R T D, BEIR 7 Tl Cp BRICHIKT 5 5 DD RFEN
B TR ERICIEATEY, 202 &t BC 7L FERICE VRSN TN D,

Scheme 5

Takahashi (2008)

R 2eq PhN=NPh
T|
% THF, 50 °C, 24 h R THF 60°C,6h

8, 61%(R Pr)

o : '3C-labeled carbon atoms

R = alkyl group

Z DK 71X Rosenthal 512 K> CEBBMDOTF L2 F v ruaX 2 4 WIS TR
i S 4172 (Scheme 6)1Y, $&(K 7 DOAEEILHLAS b X AMEEMITIC L D IRES LTV D



Scheme 6

Rosenthal (1996) @
Ti,
(/ ‘“\3\\\ Et
Q hexane, r.t., 24h \\/
Et
7,75%
ZOERTIZT Y RUB U ERRSES L, Scheme 5 2R L7z X DR L7 5 DDRFE
DERNSERRIZR S TA VT > 8 BAEKRT D B, T72bbh, K7 DK 6 ICRH#E

B NFLET 5 (Scheme 4), 858 7 & A > 5 8 DAERIC OV TENZER kinetics %ﬁ)ﬁf\é e
BEIR 6 385K A>T ORUSOHIA L L THEL., $5IK7 285K 6 LV dH 5 Z L35
Mo T,

F7-. Scheme 7 IZ/RT L OICEEKR T I 2-7 I /U DU EREASE D L. SIRICIEATL
5 DDRHFEN ZKHKEL 2 IRFIZHINTHEE 9 B E 0D P, ZOfERIL Scheme 4 D X
INTEEIR 7 D DEEIR 10 BNAEKT 5 Z L 2R LTV 5D, $EIK 10 DFFFET, T4 3z
HHMIORIEL ZTOHEEIOE T X VPR L TV Zd iR 5 HAFLERIC L -
THER SN TND,

Scheme 7

Takahashi (2016)

R 2 eq. /
=
Ti
% = THF5OCZ4h R THF, 60°C,6h
R

9, 90%( R Et)

0 : '3C-labeled carbon atoms

R = alkyl group
DFERZ E L7 Scheme 4 /.5 &, $5K6 D5 BERE 6 BIROAUGHIZH D 2 1%
T, PER 6 NDERIR T, SER T 22DEEIK 10 ~ L 6 BRI A EHEL L & bl %Z%JJ LT
L2 EMDND, ARTIEZDOL I 2T vath A 7 o7 FHh A 7 VTiER o
o FETYA T MR R RIS BT 5 TH LB R AT 2 2 LA B LT

PLURIZAMIE O E 27~ LTz,



FE—F KRRBREFHPABSTFHNLESEL TBEIT2RIDOFRA
— AV —d—F v RRIG~D R —
AWFFETIE BB D 2 [RFBDEEIR 6, S5IK 7, $E(K 10 BB L T KRICERW T, §514K 10
DOHIENS I HIZ 2 REPBENLTEK 11 WO LWHENFET LI A RE L
(Scheme 8)¥, F7z, Z Dk biE\WHLRIZEEI S W72 2 RE A MRS (EER 6 OALE)ICR
HHZ LML, 20X oI 2 REN 6 BEHY ORI - TREITLA Y —a—
TV NG~ E RS 5 Z & T, $5K6,7,10, 11 BNPHICH Y . ZHEFT L TRERFN
B THNEZEHR L TBEI L TNDEWN) ZEEHLNILEDOT, ZHUTHOWTEHE—E
TikR%,

Scheme 8

2
\*@ Merry-go-round
1

Tli R! Travellmg of Carbons Tlig R reaction
N 2 N
NS [ RS
e W, \
R Coming Back of Carbons R? R
6 \ = = / 11
! R2 ! RZ
starting T'f Tig farthest 1 e
o R™ R2 2 R! . R': Silyl group
position NN R position 5
\ —_— \ R“ : Alkyl group
R! 7 0 : '3C-labeled carbon atoms
7 10'
TMS TMS
@; ~ 2 eq. PAN=NPh 0 .IO‘O
1 > '
@) = toluene, 90 °C, 18 h p-xylene-dsg, B
™S 115°C, 72 h T™™S
4a-13C 11a-13C, 92% 8a-13C, 85%(74%)



FE IRBETHVHEHRIC S BEEERGEER 6)0 Bl - HBEMmIT

BER 6 IXIRFBIRFBE)SOHBH A H -2 EERELAYMTHLIZHL b LT, kil
L7z £ 5 IZHEBES NMR TOMERN R STV o T, KR TIEF X F v rmX 2y
TV 4 DEBIEEEZ TRUGERNT- L A, 5 BERZMBRIZR DA 4e /O 5K 6e 235
bRAHZLEZRAB DT, ZHICHOWTH - FE Tk~ 2% (Scheme 9),

Scheme 9 @
I
1) 16 eq. PMes Tiy M8
\ ~ toluene, 80 °C, 24 h _ \:s\
Q = ) removal of solvent Z
and ligand ™S
de 6e, 94%

B EHEIC Bpin A RO 6 DAL - FHEM(L - G

RLEWEER 11 oS ECTRELZBHSEDLZ LN TED 6 BRAMBRICHWT, 84546
DEMERFT LI & Z A, Bpin EZFFO85K 4n M OEEE 6n BELND Z L2 RH L
(Scheme 10), &K 6n O IX, &K 6n 22DV H LI-A#S T 16n 127 b T 2T ) =F
LM ST AbB W 17n & X CHESEREIT 2 Z L IC K D s &7z, BFgEoiEi %
W omE TR D,

Scheme 10
T . N ) NC  CN
R
& Tl N NC oN
=~ IR H
_— \ —_— —_—
— THF, 50 °C, 1 h = THF, r.t., 18 h THF, r.t., 12 h
Bpin Bpin Bpin
4n 6n, 91% 16n, 93%

17n, 87%

WUE FELETOCPHRE */*:n‘/ﬁ{sﬁ@ﬁ oY U I L B R n B OREE
FHRFLIaRBEE L AIIBITDCpERE VI D v T I ROSIE. ko X
B BERRE 6 BRMMALIZVE Raa v T B E 525, ARFFETIERSER 4 1231k
2SS fzﬁfﬁﬁ SEDHELEE5BIRESBRN L ODORFTHE LAY LAY 18 ¥ GEHIL
% Z & & L L7 (Scheme 11)19), Z #uiX, Scheme2 |Z/r L7z vafvraxXr 2oz 1
LB A ZADRIENH EAE— /L 3NELND O L IR TH D,

Scheme 11
R R
ﬂ S R 1 eq. BiCly R
T -
(Q{: R THF, 50°C,24h R
R R
4 18, 55-70%



FBRHE RXF=NVEETNFINVEEZROIENFRT L o OAMEZERN ZBERIS OBE%E
—FERRRTF EZ T uR BV ERRRYNV AT I a R R DERK—
FERIFRIR T NF Y 2 HIMHAZ T 7 aXe BT B AT AL, W OhOfs %
BT, EHREEOMENRR D A X TY A 7 ILDIREY (oo, af, PP)IVEBND, AWFFET
IZAF = NI E TV VAR FFOIERFRT V% o O " 8BALRIEMN, TH U a=T A
TESRIRMECED R HD Z 2 /AL O, T4 /220 U7 F Az H0W5 L IETHRT
Ao sma R T A(AS =)V U Cap BAER) DS E DML EERIRE TR S D DI
KL, a7 FAERNWD ERRY a2y (AKX =V

2B L CoaER) R mWIRIRIE TR b D 2 & 28] 5262 L7=(Scheme 12),

Scheme 12 SnR', )
Cp,TiBu, ~ R
Cp,Ti

SnR';
SnR'; R2

9 | | | 4(ap), 92-94%
R2 SnR', ,

CpoZrBu, ~ R
——> CpyZr

R2
SnR';
1(aa), 90-96%
AR TIE, REICH D TRFIRF DA N 28 L CRENT 55 (BT 50T

TNV THNZIR R D,

List of publications

(1) Bando, M.; Nakajima, K.; Song, Z.; Takahashi, T. Organometallics 2019, 38, 731-734.

(2) Bando, M.; Mizukami, Y.; Nakajima, K.; Song, Z.; Takahashi, T. Dalton Trans. 2017, 46, 16408—
16411.

(3) Bando, M.; Nakajima, K.; Song, Z.; Takahashi, T. Dalton Trans. 2019, 48, 13912-13915.

Two articles are in preparation.
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RBIFFDEBTFAZER L TBEIT S RISDHER,
— AV —d—=F  FRIG~D &R —

FeATHZE 2 £ & 7= Scheme 13 (ZBWTC, YU e 1w 7V 7 L= Cp BRDIRFED
Bz T 5 &, 2 IRFEHBER 6, $5A 7, 85K 10 & 6 BERIADZBEIL TWD Z &b
D Do AMFFETIL, T DORIGHFEBRIZE D K 5 IZRFIR 2586 L TERE L T < SR D
MEIM BLEITHLIRDIEED L) RFEICHESERFRFIIBEH L TWDHD1%
HONCTHZEAHMIC LT, EZ2TET, ZORFEVPBEHL T RIGE ED X HITH
fig LT 5 O05@EE e O EE 2 T2, & LT, WRICRT 2 DOFERIZHEE SV THRITREN
BEILTWADTIERWNE NI EZICEST,

OIRFEDNLEN R DBV H D56, ZOH T FRICKR b ZERILEMD
MBI IRBDBEIT 5,
QFE A 72 R T E WD HRRRE N B AL D & AT AL B ONLBICIRFE D BENT 5,

Scheme 13
A
N7 "NH Ti
g

R! Ti 2
ﬁ R N R' THF, 60°C, 6 N
Ti —_— —_— \ e X
— P A \
@3 R2 THF, 50 °C, 24 h Z R2 R!
1 2 eq. PhN=NPh R? R2
R R2 R?
THF, 60 °C, 6 h
4 6 7 10
o : '3C-labeled carbon atoms
R', R?: Alkyl group
R
R
:
z i R z R; : R
R R
8, 61%(R=Pr) 9, 90%(R=Et)

2D 2 SO A IEITATIIEOR R Z RE L Th L, T RHEOLZ A 7 OERIC
ONWTEZD L, NI H D858 6 LEEE T O TR 7 DF573 £ 0 B2 27k



B e DT, SRR 4 BINENT D LB 7 SRR LESIR 7 ONLEIZ 2 [REDBE) L7
CHRT A LN TE D, WIFEHQAEKICT YRV DRGEEZ THD, [T/
BT K D85 6 OREIAM OKFEDF| EHE &) FEAfWfi7e R iK TR 6 & BEIR 7 Pl
DNHEER 6 DERMNTZ(HE SNZ)Z L1280, B8R 7 0 HEER 6 ~DOEMNFHE S 2 1k
BNA T 8OMNEICBE L) LMRTHZERTES, 7 /U VORGSR
WZHBEQA S L IZHT 2 Z E N HRETH D, 85K 6, 7 [ & [RIERIZEN(K 7, 10 [ & FiIC
D ETIUE, BEK 10 D7 1 b Ak & WD FERIH 7KK TR 7 L 851K 10 DA H & 85
K10 BSERDNTZ(EE SNTE) 2 &I KD | BEIR 7 B E5AK 10 ~DEMMFHE S 41 2 IRFED
e RrA T U9DNMBEICBEI L] LB LMD, ZTOXDIT, TD2ODFEA KT
INETICHE SN TV AKIEEIRZE L THhD EZDOMBEERROICHIAT L Z LN T
ERAR

Z 2 TR TR, ZORBEICIESWTARBICREZR T BBE L TWD 00 E D M afil
R D70, ZOFEL A FEEIE - TR LW LT, 370 B R LS D e b B 7= $5K 11
DODHSIZET2RFBEBESEDL Z ENTEL00E D DMREEEIT 9 Z & 12 L7=(Scheme 14),
Thbb, FPHEAOICE S, $5K6, 7, 10, 11 O THK 11 NESIFNICR b RE L 7
BDEIGTREEEIT) ZLICE ST 2RFERDEVHAICBESEL 2N TEH0E
I MRAEEAT 9, BRRICRFBIRFE2BEIS L 2N TER6, FEOEZEIELZZ L2k
DAY, BRI A HEET 2 Z e TEL, WIZFEHO@EZHWT, T72bbIErefk
PR CHEIR 6 285K 6, 7, 10, 11 OFH N BT Z LIZ L - T, \bEWENAE 11 OHUSIZH D
2 RSB & MR AR 2 0GEETT 5, FEBBICET ZENTELL, FEOLFEFELZZ
LD A9, LTeR- T, ZHVE THER SNV TWARD o 785K 11 OB 2 DD JFER
DIRFEZB W CTEHEBERERZFFOLE X, K 1L OARICET L,

Scheme 14




PER 11 DERIZHTZY F &2 EEEN S OEMILITEH Lz, 85K 6, 7, 10, 11 OHEIEILE
BILONEISEVNDNSH DD T, AVDEBREOTE L OMEIC X A0 L ErEN AL
TH LRSS, EFITSEROREEE AAT DR FIZ, TafkE EOBEBIEDOE 11
. MG oBEHRE OGS S ). [V N OBEBEOR] O3 >nEELHEL, Zh
HEEZADED L EHIL RIC TMS 2 W25 8I1085K 11 2N b2 ERMRIC 2 5 D
T2\ )y & %5 % 7= (Scheme 15),

Scheme 15

1"
most stable?

TMS L IZBEEE T 2 I+ O B BR 2 BRI L 0 ZELT DR8N H 5, BRI RLIZ TMS
EERWD &, 85K 6, 11 TIETF ¥ v A LIcEAERZ &2 FEDOMIC TMS H23L
B D70, 856, 1L ITLEIND, —J7, $EIK 7, 10 IFSLIRANTIR A & - ToMGHARLIC
mE TMS A RO Z LIZR D DT, MERRFEIC LV AL EIND ZENTRIND,
PR G & 11 AT 5 & SR 11 OV LT TEHA T, SR 6 DIUEH L D b TF X
RSB TE D LB LD, 85K 11 238518 6, 7, 10, 11 O CTReBZEIC/2 D L HfE
H L7z, & 2T, E#HERUC TMS A FFO88K 4 2 VTR 11 o/ Rk Z /et L, e
DIRFEZATH Z & & LTz,

10



HIFEWE T D TMS B2 R O8EK 4 121, 851K 4a & 851K 4b % A E L 7= (Scheme 16), =
AU, BAX B CERMOMIEZRET S Z L 2B/ L, BRI rigid THEMEDK
bONET D EEBERTNETHD, Flo, BEIELZFFO b D LR b O TRISIZEW
AU D AHEME S B 2, A 4a &K 4b 2 W CRUGEAT 9 Z L1 Lz, 851K 4a & 85K 4b
X, 74/t 78 F1R2ZBIELT, 1LYBOVA L HDHNE2 YEOT VX U2
EHNCBALAINES 2 2 TR L2, W T a7 u~ N7 T 7 0 — L HEERICK DA
1TV, 8EIK 4a & 51K 4b 2 2240 53%, 23% DU CTHAEE L 7=, S5 4b (3 HRE SRS X A
ERENTIC L D AEERE LTz, Figure 1 2455 &, FX URKEE LT-afkE BIC (B R
WIO)TMS EE3 e D Z L gl T2 Z LN TE 5,

Scheme 16 1.5 eq. Mg
0.3 eq. dibromoethane

= TMS
\ /CI ™S a
Q/ THF, rt., 18 h %

4a, (53%)

1) 2 eq. "Buli
Cl  THF, -78°C,1h

b) ~_7 \ ~

Q/ NCl 2)2eq. TMS—=—Me () =

THF, 40 °C, 24 h
12

4b, 46%(23%)

NMR vyields.
Isolated yields were given in parenthesis.

C(8)
]

Figure 1. Molecular structure of complex 4b. All hydrogen atoms are omitted for clarity.

11



T T, ZOHBELZEEK 4a, 4b ZHWT, WIZ Cp RO v 7V U I RIS EITH 1=
(Scheme 17), #ifAk 4a L35k 4b 2 F N FH b/ 80 °C T 24 BERIINENT % &, HAfF L
7oL B0 EEIK 11a L85 11b AER L, Z4E 4 94%, 58% 7 NMR =R TH: B 417z,

Scheme 17

T™S
d A
a) Ti -
% = toluene, 80 °C, 24 h
T™S
4a

b) _ T >
% = “\Me toluene, 80 °C, 24 h
TMS

4b 11b, 58%
NMR vyields.

PEIR 11 Doy FHEEZ MR T D720, B OER AT o7, 861K 1la 240 &0 hLo
IR L-30 CTHHET D & | 881K 11a O BFkEA OFHIRFE M 235 H 4172, Figure 2 IZ851K 11a
O X MG ISR ORE R A R, BHREOMEDS HE T 5 bim\ ORI 2 JREN
BE) L8R 1L DB LN 2 LR MR TE 5,

C(26)

Figure 2. Molecular structure of complex 11a. All hydrogen atoms are omitted for clarity.

12



2 RFEN R bIEWVHIAICEEI L2 & %2 NMR TH#ERT 5720, CpBRDIRFE % BBC THE
LT E /Y rn) R12a-BC #WTFHF a2 VT 4a-8C L,
CpEBRD A » 7V v 7t~ %&4T - 72 (Scheme 18), 18C THEFk Xz F ¥ /& 12a-13C 1T 44
ZERNLARIRRSE L7= TEIC L W Ak L 7=(Scheme 19)17), Bl L 7= 854 4a-13C 2 INEA9-25 & |
MrF LB A DR HBEN - SIS H D 2 [RFED 18C CTHERR S L7 851K 11a-18C %15
HIENTET,

Scheme 18 1.5 eq. Mg
0.3 eq. dibromoethane

=——TMS
oo (J__ s
L o = s A K

Ti > Ti
@ el THF, rt, 18 h % m toluene, 90 °C, 18 h

™S
12a-3c 4a-13C, (53%)

\J

11a-13C, 92%

NMR vyields.
Isolated yields were given in parenthesis.

Scheme 19 1.2 eq. 'BUOK

\ / 1.0 eq. '®CHBr; Br, Br 1 eq. MeLi 13
\ / L 130 e
pentane, ~78 °C tor.t., 1 h \\_A ether, =78 °Cto 0 °C, 1 h \@/

('3C atom % = 25%)

1 eq. "BuLi 18 Li+ o Li + 0.5 eq. TiCly ﬁ cl
-0 = - &

ether, =78 °Ct0 0 °C, 1 h =0 rt,3h % Cl
12a-13C

J. Am. Chem. Soc. 2003, 125, 9568.

B 5K 11a-B3C & T UL SN TV RWEER 11a @ 3C NMR &+ — k% Figure 3 (2
AT, ENEND BCNMR F v — M &5 & ab,c,d D> 7 N%i 52 HERFED 1BC
TI LSRN TWAZ ERbnd, TNENOY 7 I A ERETH L RFEcHNVE R
AT ZNRNLA DA VT 4 D 2 KRBT D DT, 2 JRFED IG5 b BTz
HAIZRBE Lz 2 ENEMT T,

13
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3 -
§_§ —a E- ——— 56,189
- ® =
£ e
; | | o 4293
5o — E‘; ——— 40,622
S
B =
3 &
E I~
=] = [ ’7
2
E
3 \ — 2948
=
3
g

Figure 3. Comparison of 1*C NMR Spectra of 11a-3C and 11a.
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IZETOMEEE LD D, $5K6, 7,10, 11 OF THHA 11 NE AR b L ERMEE
WpLind ko BEHIERUC TMS A2 WD Z LTk v HRHLE S e b B 72 #sic 2
REBIIELZ LTI LT, ZAUT XD | RRIGAS Scheme 20 D X 5 1R SE R - 738 %
LTRBEIL TWSILTHDZ e, FRBEOICESWTRKBRFZ2ENEL L0 2 &
EERIETHZENTE L, TITRIC, ZORbENZHSICHD 2 [REZ HFEHT
L, 2 COEKROBOEBRNB AW THD I LEMRTHI Lz, LrL, Eko n’%%o‘t
DEEIR 6 1SR 11 LV B ARETH D Z LR DN->TWVDLDT, 5K 11 NHE8ER 6 25
ZUBEERE LTR/LZ EIXTERY, £22C, FIROJFE@ZHWT, T72bb, FEaifi
TR CEEIR 6 2 P DR (HET2)Z LIk v, 85K 11 Dok 6 ~DEHAFHE
HEEEZ,

Scheme 20

R1
& N z,\
Ti \
% = by \/
R R2
4

R’
6 \ 7
PhN=NPh @3
l []
i R
1 N
ALY
R S
\
\

Target

FTATHFE L O 7 RUB U DEEK 6 DIFFANICH D 2 DDKFEEFI N TA T 8%
Bz, BRIV 7 2=l RTIVUIIRD I ERHLMNIEN TN D, $5K6,7,10,11 O
EE DL, WBHENIC 2 DKFEFFOMIRIIEELR 6 721D T, 7Y _XUBUE2 AWK
JREATZAE, S5 6 721 ST E S TEEA 1151057—6—1 T 2 8 ~& 2 [RFE & HZEH
FUCRT ZENTE 0TI W EE 2T,

15



F T, HEELUZ8EK 11a-3C L8E AR 11b 2 FNENT VY ARUB U ERIRSHTE 2 A,
FHRELIZEBUA T 8aBC &4 T8 WNERML., THEHD 85%, 90%7D NMR X
TS B 7= (Scheme 21),

Scheme 21

TMS

o B
@ _

TMS

4a-13C

TMS

@ Me
N\, S

b) Ti
—
% Me
™S
4b

TMS

2 eq. PhN=NPh P—q

G

toluene, 90 °C, 18 h p-xylene-d;o, 115°C, 72 h o
T™MS

8a-13C, 85%(74%)

TMS

2 eq. PhN=NPh Me

toluene, 80 °C, 24 h toluene-dg, 100 °C, 12 h O e
™S

11b, 58% 8b, 90%(64%)

NMR vyields.
Isolated yields were given in parenthesis.

A 2T 2 8 DAY FAEIE TG X B IEARTIC & W IRET D 2 L 23T & 7= (Figure 4),
EHAIEONE S 2 RENHFEHRITRY A T U NER LTI L3bh 5,

c(8)

Figure 4. Molecular structure of indene derivative 8b. All hydrogen atoms are omitted for clarity.

2 RFEVHFBHIZR 572 2 L1L BC 7L FERN D bR T H N TE T, AT
¥ 8a-3C & T LS TNRNA T 2 8a D BCNMR F v — R OB D | 2 JRFEDH
FEHAEIZR>TA T 8a D5 BRAMR L TWD ZEBHLMNIRoTe, ZHUTED,
BT OFEERINEHENTH 0 | AT 72 R TEER 2 7 & AT~ & IR FBE LT & I 22 0E DS A
DOAOSRDEICBEI S S Z N TEDLEWIHFRIQEIGET HZ LN TET,
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LLb, Ritgta £ LD & FUIRRBIRFDAES FNEBEIT 502 L L CORiTR %
AWz 2 DOFBEREL, ThEERICE> TRFEZF LVHEICBEI SE L2 L8 T
L E I MERIZL DAL EAT o T2, T ORER., BT HFE RS D e b B 7= LR

—ERBE) L, REAICTEONMBIZR ARG Z A U 328 LB A SR T /5 R3S 5
Nice ZHIT XY | [RFEDOAED R DILEMD IS D56, TNEFIHTHZ LTk
FBIRFPEESTNZEGR L CBEIT 2L VWIOHLWERENEZ D Z 2 RHTZ LR T
T,

AHFFE & FATHRZE DR R % Scheme 22 & Scheme 23 (2% & hiz*, ARUGIE, $546,7,10,
11 D5 BED I RFELETE L THrHExii< &, Scheme22 D L H ¥k FrA 7 =1
SO 6 BEN AV —d—F RO XIICEHE L, U 2 REDPBEIT 506 & 72
Do

Scheme 22

R
# \\
by the effect of R~ 10 \@ Merry-go-

Travelllng of Carbons T R!

Coming Back of Carbons

2~
1
\ by the effect of a reactant /
startin | farthest
J Ti, R?

R' : Silyl group
R2 : Alkyl group

position position

0 : 13C-labeled carbon atoms

S5ERDOIRIREZEEL ToTHEEELH L
6 BROEHRIZHEV 2 RRVPBENT S
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—75. $1K6,7,10,11 ® 6 HERAEE L TH &2 < &, Scheme23 DL 9126 B
JAY % 3RFBVPBEIT LIS ERDLZ L HTE D,

Scheme 23

6 BBRTEEL CHTEELH L
6 BEBRDOEY % 3 RBEVBENIT S
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* MPFEEIL, SR 6 MDA T ORIED A=A LE L TUTDOLI T Z 2 ETOR
B AROR G LTSS 2R LT 5 19,

) ' R
CpTiR metathesis-type CRTi R R
/. R reaction 2 R 1,5-shift
R R R
R
R R TiCp
6
i R CpTi :
metathesis-type R pli further transformation
X reaction A 1,3-shift 4. R to complex 10 and 11
R R |
R R
R N R W R
TiCp TiCp
7

T DS B T AR AR EEL (] 2T TFZ AR FE O B - REERET. NMR
TOBNEDZFL) 2155 Z LTSI L T2 Wb DD, Z OISOV IR LIZ LY
BEIK 10 & 85K 11 DERE OF OO ERFEREFHT L LN TX S,

*kkhkhkkkhkhhkhkhhhkhkkhkhhkhkhihhkkhkhhhhihhhkhhhhihhhhhhhrhhhhhkhhihkhhhhkhhirhkhhhhkhhihkhirhhhiriikiixk
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B_E
RBIFF 2 HREMRUT D 5 B DO BHE - BEMT

JATHRGE & AFFEDORE Fea £ LB &, Scheme 24 14K 5 1285k 4, SR 7, 8K 11
I3 X MRS AT I X D A IENRE SN TR Y, 5K 10137 e R Ak - EAE(LIZE D
SERDIFAEDHER ST NS, L LR 5| 51K 6 IXRFBIRTBEISUGO HFE RIS 7
HEERAEMTH DI L0 b BT, T Cib 372 X 9 ICHEES NMR TOERN 2 &
TRV, £ TAMIETIITF Z 2 G Tedlik 6 OBHE - ST 2 BHE L7z,

BEIR 6 2455 HiEICIT, O8&R 6, 7, 10, 11 OHICTEER 6 2B IR b RERILEY
295, @K 6 MR 7 ICEBRENAAVWE S GEREEZEHT5, Lo LI 250
FEREZEZbND, T, ODFIEIZL VK6 2G5 L 2BXThHDH, H—H B
BV EMROLZENEE AT HINTICE, TaRkF LOBREOETIOME ), [FEEMOE
BHOERE ), [V UM OBBEO) BETF LD, [V EiioBEREOH %
EBEZDE . BEIR 6 ITIUERL, SHA T I =EHL BER 10 LEER 1L IZ BB TH Y, K6 D
EHIEOBRHE B, LR T, K6 0P LT Cp Br & DNARRIEIZ L W F 4
VN B TE RN EEBEZ DND D, [V U OEREOK 22525 Lk
6 N b NLEICIRD EHERI SN D, FTo, 85K 6 1% Tk EOBEHEL) 288k 11 LR
ThoH0, R EORERDEEMD D Z LT L, 202 800, §K6 2 Kk%
ERIEEWCT 20 ODOHIEIZ L VKRS 21520 Z LIRS TIER N E b2 D,

Z T LEERO@DF i, TR LA 6 NOEHE 7 1A S X 5 RISHEEEZ 5 <
FTHEVWITEHOL &, K6 ZAT D2 LT Lz, ARG 6 BEROEHRIC L B
EPBENT OIS THD Z L2 BERD &, BHANERIREBICISW TRORERED K& S
ERDDEFRNTA—H Ll TNDZ ENHEE SN D, ABFFE T, B RO
WLV IRBIRTOBEN AR RO N E I DRI TWEZ A, #K 6 2525
JhZE T Z N TE DT, LUNICEDOFEMEIR~D,

Scheme 24

R1
Ti e
@) R2 R?
R1
4
X AR et A AT FEIR 6 13 HLEESS NMR T X B i A AT 7 Ak - EAFEL X A Al A AT
2 X 0 G E R E TR TE T2 12 &0 i & E 12 &0 SR DTFEIE 2 TR 2R A
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Table 1 (Z1%, E#iz RZOFEEN /R H85K 4 O CpBROB v 7V VT RISIZONWTE &
Wiz, $EE da-de \ITBIT A CpBRDOA v 7 U U I RGIE, 70°C £ TIXT LA SR HF, &
DAY 80°C NHIEIT LT, H— 3 Tk 7288k 4a, 4b 12N % T, 7 BB ZMIBRICE O
K 4c, 6 BERZMIBRICFF OSSR 5d 13, 2 IRFED e bim W HILRIC BB U 728518 11 % BAF /2%
RChHZT2, —H., ZVBEOVA XP/hS, 5 BRZMSIZRFOS5E de 2 AW CTRUG%
TolelZh, B REZLITHK Lle PR AERLRNEWND ZENRDI T,

Table 1

X \V\_,_ " toluene, 80 °C, 24 h

1a, 94% 11b, 58% 11c, 78% 11d, 88% 11e, 0%

NMR vyields
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T 2T, BEIK de BTG OERRY) ZFERICIHR T & 2 A, B L T D 851K 6e 23 21%
CIRIR T H D AR LTV 5 Z & A bhyo 7= (Scheme 25), E 7[R ICAH LAY 8e B
LN 13e BENZEI 20%, TDOULR TR LT, ERYOfEEEHGET 5L, Ehb Cp g
IR Y 7 LT CEBEDOMENE DS TV 72D T, ARG

(X854 6e M TR & 7o TV D LHEI S iz, Lizdo T, (LG 8e & 13e DFEIESL
Mz 2% Z LR 6e DILROLEIC DN D EB X, KITLEW8e L 13e NEDLHITL
THERLT=ONEBLER LT,

Scheme 25
, TMS

Q : toluene, 80 °C, 24 h <l>i> * <:©i>
6e, 21% 8e, 20% 13e, 7%

NMR vyields.

L&) 8e & 13e DHEEA LD & 6 BEROHANHEFEBHRILL TWD, Tk, S5 6e 12
W TR DK FEEEANL DK FR)DIBESOG 3 LT L, BIREVIT/L A4 8e & 13e 23 AERK L 7= W]
REMEZ /R L CWD, 2T, ZORIKIEEMZ 2 1= DFE 4 OBENLTAE TG EITV, Kk
ORI EIT o720 FOFER, 16 248D PMes 71E T, $51K 6e 7% 94% D NMR LR T3
D Z & & L L7 (Scheme 26), AWZBIfLFI3iaE L & bICHESNIZTD, S5K 6e

ITHE—bAmE LTHELNT, 2L, PMes 25881K 6e ICENIT D b DD, B ITHEEL
TLEIEDEEEZOLND,

Scheme 26 :
N TMS
T™S 1) 16 eq. PMe; i
QT. ~ toluene, 80 °C, 24 h (/ \\\\
I - AY
(Q{l\ = 2) removal of solvent 2
T™S and ligand ™S
6e, 94%

PEIR 6e 13, I T CHIUTEUNL T2 < & BLREITMFET DT L TE Iz, 7273, 80°C

DIMBGAE T TIRBNI DN E . a1 UELE% 8e 8 X 1Y 13e % Scheme 25
CREIBEDOHTE 27—,
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PR 6e DAY FREE Z TR T B 120, B OERZ M Lz, b= fT-30°C, 3 H
MFE L7 E 2 A, 85K 6e RGOSR & L TR O, S5 6e DHELAEA X #iiE
TEFEAT OFE R & R (Figure 5), BEHEDONLENN D, 2 RENHFEHAIZH D85k 6 THDH 2
EWHERTE D,

Dos)

Figure 5. Molecular structure of complex 6e. Hydrogen atoms of a Cp ligand and two TMS groups

are omitted for clarity.
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DFERD . TMS Jk & HEBRUISH A RO K de 2> HESE 6e WG LN D Z LiTbh
ST, 75 BEREZMERICHWD L 5K 6e NGO DNIHL NI /2> TV, £
ZTCWRIT, 5 BRI RBIR FBEINISICE 2 D EBICHOWTHREE L0, TAFL
EHIET 5 BRAZMBRICEF 85K 4f Z AW SUREITV, IREN E ORI E THREIT 52
L &Iz,

PEIR 4F 2BV 2 &L BEIR TE N A & L TR BID 2 & ¥ 7= (Scheme 27), &
ZETCIXATHFRO R AR TH D, L, TOXROEER T LTI /) P ORIG
X, LA A 252500, TORKIT 18I E EE-7T2, ZhIE, LATHEOILAY
9g 7% 90%, 6 B A MISHIZFF LS 9h 23 38% &\ 5 ICRIZHE_TEVMETH Y, 5 BER
T > TEHR 7 N BEEIR 10 ~DOEEHAEIT LIS K RD NI ZEERLTND, £
OHEHIE, BZ 56 A 10 ITBWCEBE R22VNSWSE BERTH D EBEEMICE T 55
BHNKELRY | SEENRE S RoTLEIHIEEE I LD,

INDDOREREEE 2 D L, SR de D OEEIR 1le AR L7205 72 DX (Table 1), TMS
H L5 BBRMHOMAADORICE o TREERIEER 1L ICE 2 BBROBENE 2, Zh
EROVBZDZENTE R ol EEZbND, ZOMKE, 85E 11 & FEKIC TMS
HIC Ko TRENMINDEEER 6 DY, RICLERLEMER VAR LT EEZ OND,

Scheme 27

R R'
4 6
I‘ N
Me 1) 8 eq. PMes Tis,. ye  2¢a O Me
@T ~ THF, 50 °C, 24 h SRS N” "NH,
i \ _—
% = 2) removal of solvent Z THF, 60 °C, 3 h Me
Me and ligand Me
af 7f, 87% 9f, 18%

|
‘\ .
N Et 2eq. | _ Et

DN N7 NH,
cf) 3 -
THF, 60 °C, 6 h
Et Et Et Et

Organometallics. 2016, 35, 1092.
2eq. /
% THF, 60 °C, 3 h <£>\
9h, 38%
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UbZzELsd, RFFETIE TMS 2 FFO85K 4 OEHE R? OS24 2 TRISEAT
VN, EHIL L RFEOBENE & ORR A 7= (Scheme 28), T DfEE. 5 BERAMIBRICH V-
Al TRETHERINTWR2oT8iE 6e NEoNH Z 2 RM L, Zihud, o
B Z AW AR 1L BN EOND O LTI RER TH 5, ZOEWIEL DIRIA
BERDIZD, TIOVXVEMEL T 5 BERAMSICR O8R4 Z WIS E2{T o728 2 A,
BEIR T D DEER 10 OEEBENHEIT LIZK K BRD E WO RERDZE LN, 2 EHKIZEZD &
PR de 2 HEEIR 6e MR LN DX, TMS K2 5 BERMIBIZMAB D D & e ek
11 £ TOWMRITRY R SIRVERERA L, WICLE L R H85K 6 ICEf SN D 72072
EEZHND,

Scheme 28

TMS
4 6 7 10 1
most stable
|
Ti, T™MS
J \\‘:\\
\
b2
™S
11d, 88% 11c, 78%
= =
Ti, TMS Ti, TMS
(/ NN (/ BN
TINF =
Me,
Me T™MS T™S
11b, 58% 11a, 94%
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B=E
E#EZ Bpin Bz Fro8hik 3 DGR - FEAAL - ISR

B CEAENIREF BRSSO Z LS, REOBEILEZEZ D Z EHUR
Enic, TMS &2 FFOSROMIERIC 5 BERZMAWD & IRFBOBENENED D 5K 6 M E
72 %, Tk, BIED 5 BEVSEKZERAR 1L FTORBRIEZ 52 LD TER
WG REEEE DL D RICETE L IR D85R 6 IC TN INDT-0EEEZBND, ZD
FERNPG, ANDEHIEIC L > TRFBOBEVENEDD L \VW) Z & T LTEHRIEICL-T
FOGKEREZR 5 < 5 2 L BRBEOBELEE X D ECHN e FEICD Z EPRENT,

EFIZOLIIC TEDBEBIELN VD L EOFEERGELNLO0] ZHOMNITHZ
ERRFIRTFOBENcEBEVWOEFICar ba—n$25 ECTEHEIC/RD EE X, 5 BROM
I EARBEBRIENIRBOITE R EEZ D ENTEDLONEE 2T, T LT, H—E Tk~
Lo TEEWEREL ) BNRAD > BN D & SRREIZ X 0 @ OSREEEZ D
KVIRFOBENIEAEZHOTIERVEHR L, RIFETIEIZ DL ) REBEZDOL &
Scheme 29 (Z/RT L 912, TMSE LV & EEmW T U LA W TEYA 7, 10 ORGEANL I BT
DNMERFEERELTHI LTI, RLEREER 1L ~OEWAE ZER 6 21552 &0
TEDLMNEIDRFEAT) 2 LI LT, MERKBENRE 2D BZ H720E & OREEE &
AV, EREITEER 6 1272 13T DT, RUSERMZTH~SH Z LT TE@mOE#REL 2
RFEOBENEIZH 2 5 BEFMTE B2 6N,
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Scheme 29

[] .
SiR; Ti, SiRs
N
T —_—
&Y K- —
SiR, T,
4 6 7 1
TIPS SiPhg
@, < S0 4 71 5881 6 0 ﬂT, < S0k 4 70 881 6 O
I > 3 SHEST ! > . -
% - toluene, 100 °C, 12 h BSHSEAT L7 % = toluene, 100 °C, 12 h BGSELT L7
TIPS SiPhg
4i %
TES TES SiPh,Me SiPh,Me
a 2 eq. carbazole a Ve 2 eq. carbazole
b - O ug >
% — toluene, 100 °C, 12 h % toluene, 100 °C, 12 h
TES ‘ I SiPh,Me Sipnte
4 4 141, 23%
14, 52%
SiPhMe, SiPhMe,
@T' ~ 2 eq. carbazole
| -
% = toluene, 100 °C, 12 h
SiPhMe, SiPhMe,
Am 14m, 46%

A Cd 5K 4i-dm OMIBITIE, FbimWEEE 11 oA E TREVPBEITX S 6
BREM#H Lz, 9. TIPS L2 o885 4i ZME L CCpBROD v 7Y U I KL EAT -
T2 A, BIRXZLIZ, 2L 20K 4 DO 6 OIS EIT LV E WD Z &R
BN/ o7, Cp BB E W TIPS BT EN Y= UEAIC ol d 25 2 N TE 72
Mmol-bEZEZ NS, ZZ T, CpERON 7V U I IGEEITSE L7720, TIPS LD §
BV INSWTES B2 HWTRINZITo72, 758, MENTHER 4] T CpBROA v 7Y v
TRINTHEITT D L D10 o 7oy, S5IR 7 LEER 10 2@ 0 B Ui b ZEShiR 11 £ °F
aInTo, B8R 1L BSAERRLIZZ L1, RINREME NN — LT e Ak L, Foi
- AHAEA W 14] OREEDDHER LT, LLLEDOFERNS, TF L U LN S K 6 215
HZEFHELWDEHBIL, RIZT7 2= U VEEEEH L CRFBOITZ AR 6 1ITE %
LRV E BICHHEITo72. P 7 2=y U VA FF OSSR 4k 2 W TR Z21T -
Tl A, BER A LIREROFER L 720 . 2B BSR4 DS 6 ORIENHEIT L2V &
WO ZENRbhoT, £IT, XVEONSWI T 2=V AFVEE W E 2 AGEEK 4
DIR), A BEITPER 4] L REROFERITZR Y . SR 7 L 85K 10 28 0 1 & TR E R BEA
11 I S U EE 141 23 23% DHBENRTH LN, S HITEHED/NSNT ==L P AF
WIEEERT D & B5K 4m OJR), 5K 11 TR0 I < A0, (LAY 14m 2
46% & LV EWIERTHEOND Z ERnbholz, Lizio T, A FxEHREICH ]G
HRTIE, YINEORERES LT ED LEER 4 085K 6 ORJEPEITL RS 2D —
FHVNEDEZE /NS T 5 LR 7 LR 10 Z @il U TR EERSER 11 F TEBIn
TLEIED, WTNIC L THIR LRG0 E ) 2 LV LT,
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KoT, BMEZ T A RDORIDOLRIZEZDVLERND LD, TOILHRITILCp RN v
TV T TEDIRTDAR=ZANH Y | HOSER 7 CHEAR 10 2 AERK TE 2RV L 9 2 ikl
REEESEEND LONRD NG, EHIFTTOL I RrEL LTEHEYHE, LY biF Bpin
EHENEY CThHDHEEXT, RURITHEEDOFTN 3 RKTTAFRD 4 KLV /DRI,
CpEREN YTV T T DV AMLDIRFEDEDIZ LY AR—=2AND DL, o, FURIT
EFa— L EOEORENAEREZEASEDL LN TEHOT, $5K 7 LK 10 O
FARLIC B W ORI K 0 @V OGRERERZ S < 2 Z L AHIfFCE 5,

% Z . Scheme 30 |Z/”" T & 5 I1ZafkFE EIZ Bpin 24 FFOSEK 4n 2% L, CpERDO T v
TV TR E T o T, TOFER, MR L L B0 85K 4n D DHEER 6n 2155 Z L3 TE
77

Scheme 30 @
Bpin Ti, Bpin
@ B \2\\
T _ > /
4 THF, 50 °C, 1h Z
Bpin Bpin
4n 6n, 91%

BEIR 6n ORI A X ARG S EARATIC K WV IRET 5720, B OERAZTT o7, Ll
NG, $EA 6N 0D BAFRERR AL Z LIXTE R o, T T, ik en o FH
EIREES Y. GO ARILEME X B CHEMRITT 2 2 12 L7z, 20DIc, £
KennbHF XU A E Y RaAf 0T o a2 50 HEEBRETHZ LT Lz,

X BAEIEREITIC X 0 BEICHEE RN R E STV AR 11 2T, Yk A rF=LF
S UBEROT U ANLO T v kAL E R L7z (Table2), £9°, &K 1lb @ ML= Ak A
MACHBLLIzE ZA, PRI LTHMET DV E FrAf 70 14b REIHELRRNE
WO FERNE SN TZ(entry 1), 2T, fx DT Va—LZHnT7r b AbziTo72& 2
Ay AX =L TRLBWERME LN, N THIERITPREIZE £ - 7= (entry 2),
PPTS CHLEEL7-L Z A, HIE T 2LAM 14b 1212 TREIGDOSER 11b AR Sz,
NH 4 R (LA ARFNZSEA 1lb o7 1 h i ALEITZ 5O TIH ARV EB 2, I HITHR
MNEATHTE Z A 2YBEDORY M) TV — & W B OLEY 14b 735 96% DY
RBTELNLGZEEZRH L,
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Table 2

T™MS
proton source
» 11b,rec +
toluene-dg, r.t., 12 h 7
Me
Me TMS
11b 14b
entry proton source 11b 14b
1 HCl aq. 0 trace
(excess)
2 MeOH 0 67
(excess)
3 2 eq. Oso; H-NG ) 32 44
N\
4 2eq. ©: N 0 96
N
H
NMR yields

B HNTALAEY 14b O X BRREEMEAT O#5 B % Figure 6 1R”d, Z DK% R 5 L g4k 11b
DO RaAfrTolh+aw, WEZ o EFF X UPLMEESTA2 28T L
ViV oyIRVal

C(16)

“cw)
Figure 6. Molecular structure of compound 14b. All hydrogen atoms are omitted for clarity.

X BHEEMATIC X DS RE SN TV DR 7o &, N2y MU T Y —/b ERBRICEOG
LTVt FaA 7 150 # 5 % 7-(Scheme 31), ZiLHDFERNGN Y N U 7Y — LR
Ve RueA T NTFE U BERING T2 U RS 5K E LTAREEE 2R b D,

Scheme 31
I N\
J A Et N Et
\\ H
—»
THF, r.t., 12 h
Et
70 150, 91%
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% Z C.Scheme 32 |2 /R L DT8RN IC XY MU T Y — VORI EEA Lz E 2 A,
FRLIZEBY VR FuAf T 16n 35067, LLRns, (LAY 16n 2H b X ##
MEIEMRAT IO L7 ia 2152 2 LT TE R o7z, £ 2T, (AW 16n (24582 TR%E
SINTZT I T )= F L (TCNE)C X D78 MRLAEITH 2 LI L2 0, Fonh/ede R
aA 7 16n 12k L TCNE Z/EH & ®7- & Z A, Diels-Alder SN LD T T 7 /=
T U AR 17n 235 BT,

Scheme 32
[ . N . NC CN
Ti, Bpin 2eq. N":© Bpin Teq. =
Tad N NG CN
ERANN H
\\ —_— —_—
Z THF, rt., 18 h THF, rt., 12 h
Bpin Bpin
6n 16n, 93%

17n, 87%
FEATHIGE & Z OFED TCNE IMADS X s sl S i IC @ L2 fidh 2 52 5 Z L 03 5
NTEY ., A 17n b BAF R BiES %2 5 2 72, IR 17n @ X BEsEir 2 1r-72 & 2
A, —FHDBpin k& 6 BRMAD—EIZT 4 AA—F =PRI, T 2 TIEATREZR
JAFBLE D 5 HD—->% Figure 7 |2 T (FEBRIEICITATRE R 2T DR FELE 277 L72),

Figure 7. Molecular structure of TCNE adduct 17n. All hydrogen atoms are omitted for clarity.
Bpin & & 6 BERMISHONE D, 5K 4n 1B W T CpBRE V= UENED N » 77V > J
DHPHELT L TEHAR 6n DFEONTZ L 2 ERTHZ ENTE 5,
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LLE, Rt A £ L5, EFITEHBRIED R R S D IRFEOBENVE A2 2 D772 FEIC
HOTIERO N EZE 2, mEmWEELEZ W TRBEOBEIEICELD LoD 0% H/\?‘_o
LU b U VEBRE T, a2 RES LTHORLERA 1L IZEHIND Z LI
bixied, BIZEERELTDHECPROI v 7V U I RUGHEIT Ll b ) Z &
DVHIBI L, RFBEDITX e ZSHR 6 ICEZ D Z LIXTEX o7, oM A ZEE 2 Tk
WCIEHAEL A Bpin FBICAEZ T ZA I LB EHA 6N 2155 2 LN Tz, L,
A Bpin R XY mWEUGEEEENA U B 72072 DDy, 3 D Bpin FEI2 XV A 6 2
ﬁﬁé!béﬂé?‘:&)@@b) I5DLEZAHLMNTI S TR, 5, AU R EOBEBLOS
B SRETHINEEE X TRBOITELEEZRR DB TEOHBNRHA LN D E b D,
WFAUZLTH, 2!:63% Taﬁﬁimﬁ?ﬁ%krﬁmﬁéb%k@&ﬂmxi — DL MITR
D, INFETHRINTWEN-T285HEA 6 25 5o [5 BB EAMIEO [Bpin k&) &
D ODHIETHLZENTET,
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I E
FELUETOCPBRET VLD Y U TIZE B
A B a B OB

FEFIaRX BT AIIBITL CplRECE UMD v T T RO, D
BIsLZprE 718 5 BB 6 BERMES LIV KaA v T vEke 525, PlziE, sk
4\ b T Z o B ER S E 5 &, Scheme 33 IR T X HICCp BN T 7 LTo

oe ]\“g/r:/-}f:/57j§ff%';6ﬂé 10)O :@}iﬁ;v Scheme 33 R

REIND LI, ZLOKIETIEY = EB M LTI A

Cp BROBEET % 2 DD & DM HFE- R FHERE o ) R

HxEOL He, b BEE 6 ARV LIEK 5

7331‘%;§éﬂ6 Q #:[ Previous work
AW TIX, 8508 4 L& \a T Ak b DX

ﬂ?%pﬁﬁﬁ‘éqﬂf T UERG N CpERD 1 ODfR

F L DOMITRFE- F,\rf*/\%ﬁ/ﬁkﬁ‘éﬂéﬁbb\}ifﬁ
R U, 85K 4 1=k e A~ 2 2R & 18
e, 5 BBRE5ERN L OODRETHEA LA This study
ErbEM 18 N EHLIND Z LA LNC LI, MEEINORFEHRIZEI LTIDEI 2R
EWRAELTZON, TORBEEZRMT I ENTELOT, UTFIGGHER~S

F9, A bEW 18 DA EREIZOWTIRRS, FHX¥Fr7uaXZ YTy 403,
MHFER TR SN HEEZANT, T2/ BV T7F e 2 YBOTAXF UL ARKL
7219, FARLU 285K 4 OIRIRIC 1 Y BEO L A~ AZ M TEL - 895 L, A
LA 18 8 B IR TS B AL7=(Scheme 34), 7V F L& EHALIC AW A8, 84
DESIZEVRH>TH ENGRFRNRTILEW 18 £ 52Tz, —T7, 7 ==L TMS
EAEFFOK 40 0I1%, (LEW 181G LN T,

Scheme 34

1) 2 equiv "BuLi
@ «Cl THF, =78°C, 1 h 1 equiv B|C|3
Q/\ o 2) 2 equivR——R ‘Q):/ 0°C 24 h
12

18p (R = Et): 70%
18q (R = Pr): 55%
18r (R =Bu):66%

-10°C,3h

NMR vyields.
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L&Y 18 DG Z R T 5720, (LAY 18p ICUMIEE TR SN T T3 7 /=
F L U(TCNENZ K 28R b 2175 Z LI L=, HEEL/-{LE% 18p (2% L TCNE % {/EH
S L A [4+ ]ORN GSIZ X 0 TCNE 14 19p 2345 & 4172 (Scheme 35),

Scheme 35

Et NC CN

Et 4 equiv >—<

NC CN NG Et
T NC Et

Et benzene, RT, 12 h NC
Et NC Et Et
18p 19p, 79% NMR vyield.

AR 19p ITREEPEDILE M TH VO | X BIREERNTICE L2 BAF e B i & 5 2 72, A0
& 19p OREEfRIT DS B Figure 8 (2T, Y U ELAS Cp BRD 1 DDRFE & ORI K TE

—IRFREEETR L, AU ERPERSNIE I L 2RI 2L TE %,
cE3)

i N c(13)
N@3) c(18) "N
N
Lo Vg B
& S c(15)

Figure 8. Molecular structure of TCNE adduct 19p. All hydrogen atoms are omitted for clarity.

WIZZDRIER ED L HZHEIT L TODONEFARDL T2, INERE Z T TR X
IR EATWAERD MR LT, 75 & BBENZ LICRRTIIYZ= Ly 7aXr g ooy
20p NEAEFW & 72D Z L M hro 7= (Scheme 36), LAY 20p 13 FEHE S DAL E MR D
BAEMELTHELNEY, £7-, FFHCAEa{LAY 18p 25 10%72 1 ARk LT-,

Scheme 36 1 equiv Et
BiCls Et
—»
50°C, 24 h
Et

Et
g Et Et
S ] 18p, 70%
—
Q§ Et Et Et Et
Et
4p

1 equiv

BiCls Et o Et A\ Et
L + +

RT, 24 h - H A g H A g

Et Et Et
18p, 10% 20p, 55% NMR vyields.
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LAY 20p OV UARMOKRMOKFEIT, KiEE 7 T FTHENBHSEA STV,
HKELERECO 7 = FROE THF P CTORIEN G, EHKRZBEZEZTMEAEY 20p 2155 2 &
IXTERhoTz, TNHORERNS, LEW 20 BEEEA 4 05 18 OISO FREUATH 5 =
EWTRBEINT, EZ T, ALEY 20 O A LAY 18 BIELNLNE I DEHEID D
7o, FERL7ZALAEM 20 & b E A ZADRISEIToT2, T5 & ALEW 20 128\ T
FHBALESSEIT L, I L7220 2 {bEW 18p 7345 & 7= (Scheme 37),

Scheme 37
Et Et Et
Bt . xrEt 1equivBicl, Et
0,
HA gy HoA g THF, 50°C, 24 h Et
Et Et Et

20p 18p, 61% NMR yield.

ko T, ZHfbe A~ 2 & HAWZ i Scheme 38 (1274 L 912 18K 4 1B % Cpf)%
VT UENED T TV T b A 20 128 D FNBR L) LD 2 BEREECHEIT L
TWD EFEROT DT ENTE D, Tk, LR oslK 4 & ELT % > DG & I3k
Th b, WELT & &= HW TR TiE, CpBr & DEIC 2 O@ﬁ?‘?—%f%‘*AﬁiﬁZﬁﬁéhi
REYE RaAd T S REK LT, —F, ZHbE A A2 AWIZIGE, B S5 R
JRFAERIT 1 OTHY, EFHiIyo=rv a2y 20 <‘:7i,to7”:o fﬁiﬁ«b%\
CpEBREDN v 7Y U TIZBWTI SN D IRFIRFAE G OB, WIELT % > OEE1T 2
K, ZHEMEATZADGHEIT LR LGB 2T AL > TR ->TEY , 2O L2WE
BMENDIRBEHEOBENCORENST2L N Z NS,

Scheme 38
Coupling of Intramolecular R
Cp Ligand Cyclization R
Q 1st C-C Bond R 2nd C-C Bond
. R
Formation Formation R

18
ZOZEE, TORFOTFF o RFEFEG LU LI =T & )& 2lp Z WK
IS BB XFF STz, ML E A~ 228K 21p IT/EH EETH, A {LEWY 18p 35
HIDHZ LB 5 7-(Scheme 39), Z DfEHEN D, Cp B LB T D IRFE-IREME L
IZRRET 2 2 LM AL EOBEIZBWTEELZ LW ZLR3bhd,

Scheme 39

1 equiv >|( Et £ Et £t

_CLCHCOOH _ Cp,Ti ™ t 1 equiv BiCl,
—_——
(:: H .
Q{ THF, RT, 2h g 50°C,24h o
Et Et
21p 18p, 44%
X: Cl,CHCOO— NMR yield.
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HASAER DG 20 TIER< A e bEW 18 L2 7-Did, HbtEA~ AIZL - T
{EEW 20 DERILDMEES NI T-DE B2 bbb, 2O TARRILIEEZE L e A~
ADNA ABYEITERT D H DT DD L AFRIZ L > T 7 ma X ¥ Px UENLENE
ICENT VT v OBENEZ D EBbhd, ZOZ L E2ERT 5720, Table 3 127 T X9
\ZHE 2 DV A AR Z W TEE ) 20p DERALEUSR & fRT L7z,

Table 3
Et Et Et
Bt X Et 1 equiv reagent Et
@H)\;Et ¥ ®H)\;Et THF, 50 °C, 24 h E><:[Et
Et Et -
20p 18p
entry reagent 18p (%)1"1 20p (%)
1 BiCl, 61 0
2 InCls 21 62
3 AlCI, 61 0
4 FeCly 27 0
5 TiCl, 42 0
R F
6 F B 78 0
F F/3
7121 BiCl; 18 73
[1] NMR vyields

[2] The reaction was carried out in the presence of 1.25
equivalent of PMej.

ARIRIC L 0 BRI 18p DILRICEI X IZH D H DD, (LAY 20p D/ FINER(LD LA A
FRIZ Lo TIRESNTWD Z EBNRBENTz, RAT 4 VFE T CBRILIS 2 Il &7z
entry )2 &b, ZORMBEIFEL TN D,
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ULk, At E £ D5, EFITE 4 ICZHbEAY A EERSE D L A {baY
18 B™EoNDZ LA L, EAW 18 T, VBN CpERD 1 SDRF LIEA %
B LTEY, ZILE TITHRE SN TWDH RGN Cp BR @2o®rﬁk#A%$ﬁ¢é®k
IR CTH D, £ 2 T, AMUGTHRAEE TWDO0EFTHITHD &, FRIKE LTES
W20 WEAEL, ICp RO v 7V 7 & 1A k) L) 2 BBECROSDHEITT 5
ZEBBH LN 0Tz, Blh, ARISTIX CpBRED T v 7V U TIZBW TR SN DS
T 125ThY, ZORBILEAT AIZL > TRIEDMEE S NS 5 1 DOFFE RIS D
WS ZENbrott, ZRICED  CpEREDD v T U IZBW TR SN 5 IRFE-IRHE
FEAOEN, MEINDIRFBEKERD DEERKFIZ/2>TND Z LRSI NTE,
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* S A~ A ENE A2 R T O T, b A ARG KRN T a b UJRIZ A o 72 ATHE
MEHEZOND, £IZ T, 1 HEOHKMF/E R, Scheme 36 (2R =i TOIGETT 27,
LU s, EARBREGOARDIIH/ONhoTlz, ZRETOEZAT B RIS
DINT72 5 TRV, LU, Scheme 39 (2777 K 9 IT85A 21p 226 b A B B {bAEMHE LI
T2 LB, BER 4p 22 HEEIA 21p D L O T b RN R L. B85 21p 123V T Cp BROD T
v 7V T ROGHEIT L TEA Y 20p. & SIZERALBUG S EIT L CA B ke 18p RAET
LS D,

*kkhkhkkkhkhhkhkhhkhhkkhkhhkhkhihkhhkhkhhhhihhhhkhhhhihhhhhhhhihhhhhhkhhihhkhhhhkhhrhhhhhkhhikhrhhihhkiik
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BLE
AH =L T FNVEEFOIEMHT L X DAEER
H) — B D BE %
—FERRTFEF I u R F O RHE RNV a T

J7aRyVEIDZUDEK—

ARGy raXoE v, vy, M)y BEREEY. BRER AR ED
B e AL EMOAIRICE R Cch D, ZOERIL, F4EEBERE (F4, ¥
NAZT A NT=TL) ETOT AR O B E YV EHCHMST D Z LN TE S, %
M7 X 20 FN0AKTHE, TOMAEDEIX1LEY LRWD, 1FEALEDY
BVH—DORAZ T u R Z U PEINERETHELND, —TF, AT F 2 5D
HERKT % &, Scheme 40 |29 L D IZEHIL RYZEI L Cao, af, BRD 3 DDMAE HHEN
ARE L 72 D72, — OB A FRNT, 2 DR LA E BN FEIRFC AR L, IREWS
H5ILTLE D,

Scheme 40
R R' R’ R?
LnM R2 R2 R1
ZH—>LHM: +LnM: +LnM:
) R? R R!
R R1 R2 R2
Lol *%@f7w#/®%@ﬁj@fA@L@%ﬂ¥Ji PLESIRPICA X T2
ORE U ERTEAZ ENMONT WA, TF o OERLILIC SiMes £ 2829 CMes
F2d pPhafi®) N X T AFa T 2=V H 20 AT DI B E WA L FOSIK
FIEITEFHIZNRIC LY 8 4 EocE ECToO 8L EEIRICET L, FFED MK
DEEEIZEOND, £, T¥ 2 EOBRNLTIZCp & ArO ZFlAaGbED L, 33-V AT
N-1-T7F D ZBALSUGDIRIRMENE DV | CpaO(ArO), & 13570 2 Bk (k% 5.2 5 Z &3
HEINTWD 28,
LU 6, FERFRRTIFT MO RFED A X T A 7 Va5 FERIL, ZiE T ER
O 7 xroEfI) ZHWHEE T8 EORNL 1 2 AW FEICR 6Tz,

BRI DALERMEERZ ST 2 Z LITNETH 5720, BRI A X TV A 7 V2GR
TOMDFERERET LI EBEETHL EEZADND,
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AWIETIIAZ T2 7" Z VORI T S 15 4 ook OMBEAEEZD
L ERT A E B ROREAN LD D L) Big A B L7z, Scheme 41 (2R3 X912
AL = H (SnRY) & T VR ML (R?) RO T NFR L 2%F 5 )8 VT T
ERIGSHED L, AZ =NV KB BOMEIZFFOTHF a2z 4 (apfiniE 2y
) DNEIREYIZ (95%LL F) ALz, —H. AT AR 220 0va /) o7 Tt

RIS L. —RLEISOE o,
BIREENE DY . A% = Ehae e Cp,TiBu, R
DB B I aF s sy A
p T 1 (aafTBRIEE) 2 R
Jc QIRLLL) bk, (i 2 RES—=F °
HE) % TR T 720 O T — I
4 Wesed | DRERIC £ - T b Rk L e
RS OFERENED Y | AT 5 La©
(8 BRI ORENE DS = & Y 1

BH &7 o 77,

RICIE % R X 5700 & 725 72O, H— T Tl <72 TMS 25 & 2 /1 5% F58k 4

DEKTH > 7=, Scheme 42 ;T?‘JZ X éLExﬁf’rfocT/I/i%/ 2b LEFH )R TT TN
MG SHEi=E 2 A, TMS Kz a B@h% %Ofﬁﬁi 4b(aB)75>£$E}Z¢F@kiﬁo oo TORER
. FEOY VA Z g AT =0 L E WG EIZE T V2 22b 75 oofir B B
RIS BN D O &I TH 5 23242930)0 ZOEBIZEDBINMEDENEE X
HIZHT2 0, EHIIE T CTHEZEE db(aa) D X BIEEMITOfEREZ, Yra AL
NTZ7= L 00T F s (aofiiiERVEAR) &g L7z (Table 4), AR EAZ LD
L. FEUFETORE O BRI L VIRAB > TND Z EBRbND,

Scheme 42
TMS
‘ ‘ Cp2T|Bu2 Me
2
THF, -10°C, 3 h (%:/ (Q):/: Me
Me
22b 4b(oc[.’:), 67% 4b(aa), 19%
Table 4
Qﬁ <I
Bond Distances (A) and Angles (°)
M-C(Cp) M-C(sp?) Si—C(sp?) Si-C(Me) M-C(sp?)-Si Cent-M—C(sp?)
Ti 2.358 2.145 1.871 1.869 129.36 105.88
Zr 2.51 2.246 1.865 1.864 128.64 106.64
Hf 2.488 2.223 1.870 1.863 130.05 107.36
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L, Z ORI 7252283 Scheme 42 |27k L 72 o LESEIRPEICEE Ch 572 X, TMS K&
IV bmEWNA Y =NV BT ROIERRT L F 2 AN D Z LT apRMERORIR
PER I B35 LW NS,

ZF 2T, Table5 ICFRT LA AX VA ST AR 2 LF X )2 T F LD
BT, FE T oaXo 2 O ER LIz, £F. NI AFALRZ =LK ETTF
NIERFFOT VR 228 WG EITo72, 75 &, BFF LT &80 ap BIMEMR 4s(ap)

23 92% & mWVNMR IR TR LD Z Lo 7z (Entry 1), KV ‘%’%b\x X = VIR RO
T 2t D b RBEOFE RN SN (Entry 2), A > 22u T “BMEOF X T A I v
Au(oe) & 5 % 72 (Entry 3), Z DB, AX = )VEEBRDOMEIC L DT X F v raX oy
Z VU d<— ((CH) s ANR—H—L725) OERIIA N2, LT ->T, T/
BT TN D oo BVER & o RMEROW S AR/ L Z N TET, TH2FTHA
7 /v 4s(aB), 4t(aB), du(aa) DIEIEIL, BEESHT & NMRICK U [FIE Lo, HRERASIRFNZR A A
NEIETH S FD-MS 2V 5 Z & TAX =V Z BBt S5 2 & 722 < 351K 4s(ap), 4t(op),
Au(a) Doy A A (M) Z BT 5 = & BT 7-(Page 91,92, 94), & DIRINLIR R Z — 1%
HIETHYIalb—va DRy —r =% LT, 5K 4s(a) & 4t(aB)? °C NMR F
Y—hERDE, FEFI a2 D SPRIRED S T AN A SBRENT, Kb
BRSNS D 2 DOV 7T WL, FX v EfA LIZukBIIRE S, TO—FHITRE-
ARXDAE - AV UERICHRT 207 T4 S E— 27 B3 S 7z (Page 95, 96)%Y, 4 DD
SPRIRFDT T FTNDH B, KD D2 OFPREBEICI|BEB SN, TO—FHbH T I hE—2 %
AL, THDDFRERIZAZ = NVERT T A I NDofL EBMICHDH T EERLTND,
WIZ, SR du(aa) D BCNMR F v — hZ2RH L, FHFL7aXe 2Tz O sp? [RED
TTFN 2 OBE NIz, ZAUE, SR du(oe) BRTFRREIE A AT H LD T L B ER
LTV, [RB-ARXDAE LAV UFERICHNRT 537 74 & —27 OFEEEKS 142.8
(s, satellites, Jesnite) = 139.3 Hz, Jesnary = 133.6 Hz), 224.2 (s, satellites, Jesnqio) = 267.2 Hz, Jesn(u17)
= 254.7 HZ)|DHHE N D, AX = VIR T Z T A 7 VDol D Z LB LN 5Tz
(Page 99), Table 1 |2/~ L 7o BRI, SOSEEIE D 'THNMR F v — b 2263k 72, tHNMR
Fx— FER2 & AWRME L FFORIERY (aaMER S U IXPREMEMR) 23R S 41,
ZORESEN SRR Z T 5 Z LN TE T,
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Entry | CpoMBu;

Alkyne (2 eq.)
or Diyne (1 eq.)

Metallacyclo-
Pentadiene

Yield
/%2

Regioselectivity
%P

SnMe,

"Bu
~I

Me;Sn——"Bu

i
22s %

4s(aB)

Sn"Bu,

@ "By
NS T

"BuySn——"Bu Ti

20t & ems, % >96

"Bu

1° Cp.TiBu; SnMe, 92 >95

-
"Bu

2¢ | Cp.TiBu,

4t(op)

Me;Sn——— @\ VeSS
Me:Sn; %TI =

3 | Cp.TiBu: 94 >99

49 | Cp.ZrBu, 225 Q)ﬁ S rgu 90 >93

5¢ | Cp2ZrBuz 22t & Bu 96 >99

1t(ao)

2 The yields were determined by *H NMR spectroscopic analysis of the reaction mixtures. Dichloromethane
or mesitylene was used as the internal standard. ® The regioselectivities were determined by 'H NMR
spectroscopies of the crude reaction products. ¢ Reaction condition: THF, —10 °C, 3 h. ¢ Reaction condition:
THF, 20 °C, 24 h.

Table5. A X = VA FFOT X 2 L A X a7 F IO NG
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F & v ETCORGE TR, TV 228,22t &V a ) v DT FADRIGIE, oo
HER 1s(aa), 1t(ao) % 7 4LF 40 90%, 96% C5- 2 72 (Entry 4, 5), tH NMR TOELHIZESR 5 |
BN X o FBAER 1s(aB) D MESERNC AT B3, Z D% R % oo BIER 1s(ao) |2 25 &
D LD T EMB BN 572 (Scheme 43), Z DO RIToBEMAR 1s(aB)7s 5 AL SR AR
W) Caa YL 1s(aa) S AR AR Ch D = L 2R LTS, 22T, FEFTHA 7
L 4s(aB) b oo BVER ds(@a)lc BB SN D0 E D 0 EHERT B0, $5E ds(aB) DIREIE &
20°C £ CTHIB L7z, L L7203 5 5K 4s(aB) M5 ds(aa) I A S LD Z X7 o7z,
A CIRIEC, 20 3591 7 1 1s(0B) Dol 1s(aa)ic BB SN0 0 LA TH S,
BEIR 4s(a) DIEIEE S BIZHIET D &L 50 °C, 12 B THMET 2 Z L BNH LT T2,
D AT A 7L s(aa), Iaa) OREEITERSHT & NMRIZ X D 37 L=, ESI-MS 12X Y
IRFDIIN L7285 Ls(or), 1t(o) D53 T 72 (IM + HI) 338U S L7 (Page 93). 2 IR
RARF =T, WG THY I 2= a DRy —r b —F LTz, #%K 1s(aa), 1t(ao) D B3C
NMR v — h&RAE. PraF a0y sp? RED YV F R 2 B
N7z, ZHUE. S8 1s(aq), (o) ARG s o) 2 LA BERL TS, B5K
1s(aa), 1t(ao) TO A X = VDAL EZ R T 572D, BCNMR F % — MIBWTRFE-A X
DAL -AEUFERICHEKT DY T 74 bE—27 2O T, KBS & 5 afkFE ORE
BRI, ZIRIET S A 7 VB du(ao) & BRICBIREDREBTER LY bREDT
(Page 97,98), L7=23-> T, $&(K 1s(aa), 1t(aa)iZaaERKTH L = LD,

Scheme 43
SnMe; SnMe;
"Bu @ "Bu
N,/ TS NIVASS
Zr —_— Zr
— o —
(%j SnMe,  G-THF. 20°C & -
"Bu SnMe,
1s(aB) 1s(ow0t)

yield/%

time/h
1s(ap) 1s(oa)

1 68 31
6 49 50
12 35 63
24 16 76
48 5 82

Db, KB E £ L DD, FEHEL AX AL T AFAVEEREOT VR 200, F
Bl a4 (apfiERMEE) Lorvate a2 (aofi BN
) "o nsZ xR L, ZhE, @BOM Y OSLERZRERIZL Y | IERHT L*
O RACDOAERIIERZE DY | BT D EMEROTEENE DTz L EZ BND,
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SBRIA

Materials and Methods
General Information.

All anaerobic and/or moisture sensitive manipulations were carried out with standard Schlenk
techniques under predried nitrogen. *H NMR (at 400 or 600 MHz) and *C NMR (at 101 or 151
MHz) chemical shifts are reported in ppm downfield of internal tetramethylsilane or given relative to
the respective residual solvent peaks (*H: CHClIs at 7.26, CsHs at 7.16, C7Hg at 2.09, 13C: CHClI; at
77.0, CeHe at 128.0, C/Hg at 20.4). NMR yields were determined using dichloromethane, mesitylene
or ethylbenzene as internal standards. Benzene, hexane and tetrahydrofuran were distilled from
benzophenone-ketyl under nitrogen prior to use.  Toluene and p-xylene were distilled from Na under
nitrogen prior to use. 3C-enriched titanocene dichloride was prepared according to literature
procedures reported by our group (17).  All chemicals were obtained from commercial sources unless
noted.  All yields were calculated according to the alkynes used in the formation of
titanacyclopentadiene.

The following instruments were used for physical characterization of the compounds.

NMR JEOL JNM-ECX400 (*H: 400 MHz, 1*C: 101 MHz)
JEOL JNM-ECX600 (*H: 600 MHz, 1*C: 151 MHz)
GC SHIMADZU GC-14B gas chromatograph

SHIMADZU CBP1-M25-025 fused capillary column
SHIMADZU CR-6A-Chromatopac integrator

GPC Japan Analytical Industry LC-9201
JAIGEL column 2H, JAIGEL column H-P

For the column chromatography, silica gel 60N (spherical, neutral, 100-210um) was used and
the fraction was monitored by TLC (Merck TLC Silica gel 60 Fzs4).  For the column chromatography,
alumina activated 200 (abt. 200mesh) was used and the fraction was monitored by TLC (Merck TLC

Aluminium oxide 60 Fzs4, neutral).
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F-BEOER
Synthesis of Diyne.

4 eq. TMS acetylene
4 eq. EtMgBr

©C8r 0.5 eq. CuCl N ©::TMS
Br o
THF, reflux, 5 h =—TMS

To a solution of trimethylsilylacetylene (22.1 mL, 160 mmol) in 100 mL THF was added

ethylmagnesium bromide (1.0 M THF solution, 160 mL, 160 mmol) dropwise at 0 °C.  The mixture
was warmed up to room temperature and stirred for 1 h.  To the resulting solution were added CuCl
(1.98 g, 20 mmol) and 1,2-bis(bromomethyl)benzene (10.56 g, 40 mmol), and the mixture was heated
toreflux for5h. After cooling to room temperature, the reaction mixture was quenched with aqueous
saturated NH4Cl and extracted with hexane. The combined organic phase was washed with water
and brine and dried over anhydrous Na,SO4.  After removal of the solvent, the residue was purified
by column chromatography on silica gel (eluent: hexane: ethyl acetate = 50:1). After removal of the

solvent, 1,2-Bis(3-trimethylsilyl-2-propynyl)benzene was obtained as a colorless oil.

1,2-Bis(3-trimethylsilyl-2-propynyl)benzene
Isolated yield: 73%. CAS Registry Number [886050-81-3].

——TMS
©: IH NMR (396 MHz, CDCl5): 5 0.18 (s, 18H), 3.63 (s, 4H), 7.23-7.27 (m, 2H),

=—TMS  743.7.47 (m, 2H). BC{*H} NMR(100 MHz, CDCls): & 0.05, 23.9, 87.4,
103.4,127.2, 128.6, 134.1.
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Preparation for Titanacyclopentadiene 4.

1) 2 eq. "BulLi T™MS
L C THF, -78°C, 1 h @\ ~cMe
Tig > Ti
% Cl 2)2eq. TMS—=—Me QQ{) Me
40°C, 24 h T™S
12
4b

A solution of Cp,TiCl; (8.96 g, 36.0 mmol) in THF (150 mL) was cooled to —78 °C, and "BuL.i
(1.60 M in hexane, 45 mL, 72 mmol) was added dropwise. After stirring at —78 °C for 1 h, 1-
trimethylsilyl-1-propyne (9.0mL, 60 mmol) was added. The reaction mixture was warmed up to
40 °C and stirred for 24 h.  Bis(cyclopentadienyltitanacyclopentadiene 4b was formed in a dark red
solution. The solvent was removed under reduced pressure. Column chromatography on alumina

(eluent: benzene) and crystallization from toluene at —30 °C afforded 4b as a single product.

1,1-Bis(cyclopentadienyl)-3,4-dimethyl-2,5-bis(trimethylsilyl)-1-titanacyclopentadiene (4b)
a TMSMe Isolated yield: 23%. CAS Registry Number [148540-24-3].

MO IH NMR (400 MHz, C7Dg): & 0.05 (s, 18H), 1.51 (s, 6H), 5.95 (s, 10H). 3C{*H}
QQ\{\ %EMG NMR(101 MHz, C7Dsg): & 3.0, 23.7, 113.2, 138.9, 216.5.

4a was prepared according to the synthetic procedure for complex 4 described below.
Titanium, bis(cyclopentadienyl)[(1,4-dihydro-2,3-
naphthalenediylidene)bis[(trimethylsilyl)methylidyne]]- (4a)
™S Isolated yield: 53%.
@\ ~ IH NMR (600 MHz, C7Ds): & 0.14 (s, 18H), 3.12 (s, 4H), 5.80 (s, 10H), 7.00-
T
Qsﬁ \= 7.04 (m, 4H). BC{'H} NMR(151 MHz, C;Dg): & 3.07, 41.4, 112.9, 126.0,
T™MS

126.3, 134.3, 138.4, 211.5.
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Synthesis of Dihydroindenyltitanium Complex 11.

A

Ti ' >
Q\/ = R2-" toluene, 80 °C, 24 h
TMS
4

T™S
RZ.
: =

A typical procedure is given for the synthesis of dihydroindenyltitanium complex 11b. A
solution of bis(cyclopentadienyl)titanacyclopentadiene 4b (120.8 mg, 0.30 mmol) in toluene (1.5 mL)
was heated to 80 °C and stirred for 24 h in a sealed Schlenk tube.  After removal of the solvent under
reduced pressure, titanium complex 11b was obtained as a dark green solid.  Mesitylene (42 uL, 0.30
mmol) or ethylbenzene (37 uL, 0.30 mmol) was used as an internal standard.

(11a)

NMR yield: 94%.

H NMR (396 MHz, C7Ds): 6 0.39 (s, 18H), 1.58 (brs, 2H), 2.38 (brs, 2H), 2.84
(brs, 2H), 4.65 (s, 5H), 5.00(brs, 1H), 5.06 (brs, 2H), 6.77-6.80(m, 2H), 6.93-6.95
(m, 2H). BBC{*H} NMR(100 MHz, CsDg): & 2.79, 40.1, 42.7, 57.6, 65.0, 89.5,
96.8,101.7,126.3,127.5,136.8. HRMS(ESI) Calcd for CogH36Si>Ti: 476.18384.

NMR vyield: 58%.

IH NMR (400 MHz, CDg): & 0.30 (s, 18H), 0.38 (s, 6H), 2.95 (d, J = 3.2 Hz, 2H), 4.71
(s, 5H), 5.03 (5, 2H), 5.23 (t, J = 3.2 Hz, 1H). 3C{*H} NMR(101 MHz, C;Dg): & 2.70,
26.0, 35.7,58.6, 66.3, 89.1, 96.7,97.5. HRMS(ESI) Calcd for C22H34Si»Ti: 402.16812.
Found: 402.16851.
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'H NMR Monitoring Reaction of Dihydroindenyltitanium Complex 11a with Azobenzene.

TMS
p-xylene-dyo, 115°C, 72 h
TMS

1a 8a

A solution of dihydroindenyltitanium complex 11a (23.8 mg, 0.05 mmol) and azobenzene (18.2 mg,
0.10 mmol) in p-xylene-dio (0.6 mL) was heated to 115 °C for 72 h in a sealed NMR tube. H NMR
monitoring of the reaction revealed that complex 11a was converted into indene derivative 8a in 88%
yield.

5,10-Dihydro-4,11-bis(trimethylsilyl)-1H-cyclopenta[b]anthracene (8a)
T™S NMR yield: 95%, Isolated yield 82%.
CO‘O 1H NMR (400 MHz, CDCl3): 5 0.51 (s, 9H), 0.52 (s, 9H), 3.38 (brs, 2H), 4.03
(s, 2H), 4.04 (s, 2H), 6.53 (dt, J = 5.8, 2.0 Hz, 1H), 7.14-7.19 (m (three peaks
T™MS were overlapped), 3H), 7.27-7.29 (m (two peaks were overlapped), 2H).
1BC{*H} NMR(101 MHz, CDCls): & 2.91, 3.26, 38.3, 40.9, 126.0, 126.0, 126.1, 130.7, 132.9, 133.5,

138.6, 138.7, 140.1, 142.0, 147.1, 147.5. HRMS(EI) Calcd for C2sHsoSiz: 362.18860. Found:
362.18849.

The reaction of acyclic-substituent analogue 11b also gave indene derivative 8b.

TMS

2 eq. azobenzene CO Me
Me
TMS

toluene-dg, 100 °C, 12 h

8b

5,6-Dimethyl-4,7-bis(trimethylsilyl)-1H-indene (8b)
T™S NMR yield: 56%, Isolated yield 37%.
CO Me 14 NMR (400 MHz, CDCl3): 6 0.43 (s, 9H), 0.44 (s, 9H), 2.40 (s, 6H), 3.38-3.40 (bs,
Me 2H), 6.50 (dt, J = 5.7, 2.0 Hz, 1H), 7.17 (dt, J = 5.7, 1.8 Hz, 1H). BC{H}
™S NMR(101 MHz, CDCls): 6 2.94, 3.29, 21.6, 21.7, 41.0, 132.5, 132.9, 133.0, 134.6,
138.4, 140.3, 147.0, 147.4.  HRMS(EI) Calcd for C17H26Siz: 288.17295. Found: 288.17242.
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Isotope-labelled Experiment. ~ Synthesis of Titanacyclopentadiene 4a-13C ~

1.5 eq. Mg
0.3 eq. dibromoethane

™S
o e AL
TI\ Ti _
@ cl THF, rt., 18 h @J
™S
123-13C 4a_130

Titanacyclopentadiene 4a-13C was prepared in the same way as described above. Comparison
of 3C NMR spectra between 4a and 4a-3C  revealed *3C enriched carbon atoms.  Underlined peaks
were characterized as *3C-enriched carbon atoms.

T™S (4a-°C)

‘ﬁﬂ S Isolated yield: 53%.

@) = 1BC{IH} NMR(151 MHz, C:Ds): & 3.07, 41.4, 112.9, 126.0, 126.3, 134.3,
™S 138.4, 2115,

Isotope-labelled Experiment. ~ Synthesis of Dihydroindenyltitanium Complex 11a-13C ~

™S
T|
@ toluene, 90 °C, 18 ho

4a-13C

A solution of bis(cyclopentadienyl)titanacyclopentadiene 4a-*C (23.8 mg, 0.05 mmol) in
toluene-ds (0.6 mL) was heated to 90 °C for 18 h in a sealed NMR tube. Comparison of 3C NMR

spectra between 11a and 11a-13C revealed positions of 2C enriched carbon atoms.  Underlined peaks
were characterized as *C-enriched carbon atoms.
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(11a-13C)

NMR vyield: 92%.
BC{*H} NMR(151 MHz, C;Ds): § 2.94, 40.6, 42.9, 58.1, 65.8, 90.0, 97.1, 101.5,
126.4, 127.6, 137.0.

Isotope-labelled Experiment.~ Reaction of Dihydroindenyltitanium Complex 11a-13C  with

Azobenzene ~

2 eq. PhN=NPh

p-xylene-d4o, 115°C, 72 h

A solution of dihydroindenyltitanium complex 11a-'*C (23.8 mg, 0.05 mmol) and azobenzene
(18.2 mg, 0.10 mmol) in p-xylene-dio (0.6 mL) was heated to 115 °C for 72 h in a sealed NMR tube.
Comparison of *C NMR spectra between 8a-*C and 8a-*C revealed *3C enriched carbon atoms.
Underlined peaks were characterized as **C-enriched carbon atoms.

NMR vyield: 85%, Isolated yield 74%.
BC{*H} NMR(101 MHz, CDCls): & 2.90, 3.24, 38.3, 40.9, 126.0, 126.0,
126.1, 130.7, 132.9, 133.5, 138.6, 138.7, 140.1, 142.0, 147.1, 147 5.
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X-ray Crystallographic Studies

All measurements were made on a Rigaku R-RAXIS RAPID diffractometer using graphite
monochromated Mo-K¢ radiation.  The structure was solved by direct methods SHELXS97 and
refined on F? using SHELXL97. All caluculations were performed using the CrystalStructure
crystallographic software package. All non-hydrogen atoms were refined anisotropically, and all

hydrogen atoms attached to carbon atoms were refined isotropically.
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Fig. S1. X-ray Structure of 4b. All hydrogen atoms are omitted for clarity.
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Table S1. X-ray Crystallographic Data and Refinement Details for Titanacyclopentadiene 4b.

4b
Formula CaoH34SioTi
FW 402.57
T/K 298
Colour, shape Orange, prism
Crystal size / mm 0.50 x 0.30 x 0.20
Crystal system Triclinic
Space group, Z P-1,2
alA 9.709(5)
b/A 10.178(6)
c/A 12.212(6)
o/ deg. 96.05(2)
B deg. 95.99(2)
v/ deg. 104.28(2)
V/A3 1152.3(10)
Dx/Mgm 1.160
F(000) 432
(Mo Kg) / mm 0.478
Trmin, Tmax 0.7960, 0.9104
Rint 0.0231
Refln./param. ratio 5222/250
R1 [Fo? > 26(Fo?)] 0.0430
wR2 (all refln) 0.1254
GoF 1.078
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c(42)

Fig. S2. X-ray Structure of 11a. All hydrogen atoms are omitted for clarity.
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Table S2. X-ray Crystallographic Data and Refinement Details for Dihydroindenyltitanium Complex

Refln./param. ratio
R1 [Fo? > 26(F?)]
wR2 (all refln)
GoF

11a.
11a
Formula C23H355i2Ti,1/4C7H3
FW 499.68
T/K 223
Colour, shape Green, prism
Crystal size / mm 0.70x0.10x 0.10
Crystal system Monoclinic
Space group, Z P2i/c, 8
alA 10.774(2)
b/A 12.751(3)
c/A 40.033(10)
B deg. 95.412(9)
vV /A3 5475(2)
Dyx/ Mg m= 1.212
F(000) 2132
(Mo Ky) / mm 0.416
Trmin, Tmax 0.7595, 0.9596
Rint 0.1818

12495/892
0.0709
0.1655
0.952
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Fig. S3. X-ray Structure of 8b. All hydrogen atoms are omitted for clarity.
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Table S3. X-ray Crystallographic Data and Refinement Details for Indene Derivative 8b.

8b
Formula Ci7H2sSi2
FW 288.57
T/K 273
Colour, shape Colorless, prism
Crystal size / mm 0.30 x 0.25 x 0.25
Crystal system orthorhombic
Space group, Z Pbcn, 4
alA 11.374(4)
b/A 14.282(7)
c/A 10.932(3)
vV /A3 1775.8(12)
Dyx/ Mg m= 1.079
F(000) 632
(Mo Kg) / mm 0.188
Trmin, Tmax 0.9459, 0.9546
Rint 0.0271
Refln./param. ratio 2023/101
R1 [Fo? > 26 (Fo?)] 0.0518
wR2 (all refln) 0.1752
GoF 1.100
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FE_EDER
Synthesis of Diyne.

1) 2.2 eq. "BulLi
4 n§ THF, =78 °C to r.t., 1 h and 30 min o 4 n§
H H 2)2.2eq. TMSCI T™S T™S
rt., 12 h

A typical procedure is given for the synthesis of 1,7-bis(trimethylsilyl)-1,6-heptadiyne. A
solution of 1,6-heptadiyne (3.43 ml, 30 mmol) in THF (60 mL) was cooled to —78 °C, and "BulL.i (1.56
M in hexane, 42 mL, 66 mmol) was added dropwise. The reaction mixture was warmed up to room
temperature and stirred for 1hand 30 min.  After TMSCI (8.34 mL, 66 mmol) was added, the mixture
was stirred for 12 h at the same temperature. The mixture was quenched with aqueous saturated
NH4Cl and extracted with Et;O. The organic layer was washed with water and brine and dried over
Na;SO4.  After removal of the solvent, the crude product was purified by column chromatography
on silica gel (eluent: hexane: ethyl acetate = 10:1) to give 1,7-bis(trimethylsilyl)-1,6-heptadiyne as a
colorless oil.

1,7-bis(trimethylsilyl)-1,6-heptadiyne
Isolated yield: 71%. CAS Registry Number [41268-43-3].
Z N\ i
™S T™™s 'HNMR (396 MHz, CDCls): § 0.14 (s, 18H), 1.73 (quin, J = 7.1 Hz, 2H),
2.32 (t, J=7.1Hz, 4H). BC{*H} NMR(100 MHz, CDCls): 6 0.12, 19.0, 27.7, 85.0, 106.3.

1,8-bis(trimethylsilyl)-1,7-octadiyne
Isolated yield: 72%. CAS Registry Number [63873-32-5].
Z N
T™S t™s HNMR (400 MHz, CDCls): 8 0.15 (s, 18H), 1.60-1.64 (m, 4H), 2.23-2.27
(m, 4H). BC{*H} NMR(101 MHz, CDCls): 6 0.14, 19.4, 27.6, 84.7, 107.0.

1,9-bis(trimethylsilyl)-1,8-nonadiyne
Isolated yield: 76%. CAS Registry Number [88736-97-4].
Z X
T™MS ™s ‘HNMR (396 MHz, CDCls): § 0.14 (s, 18H), 1.44-1.57 (m, 6H), 2.20-2.24
(m, 4H). BC{*H} NMR(100 MHz, CDCls): 5 0.16, 19.7, 28.0, 28.1, 84.4, 107 4.
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Synthesis of Titanacyclopentadiene 4.

1.2 eq. Mg
0.04 eq. 1,2-dibromoethane

TMS
[ C 1.0 eq. diyne g\ ~ R
Ti > Ti :
& e ThHE e, 181 & Y r-
TMS
4

12

Atypical procedure is given for the synthesis of 4e. A mixture of Cp,TiCl, (5.23 g, 21.0 mmol)
and 1,7-bis(trimethylsilyl)-1,6-heptadiyne (5.06 g, 21.0 mmol) in THF (105 mL) was added to Mg
(612 mg, 25.2 mmol) activated by 1,2-dibromoethane (0.84 mmol, 72 uL) at room temperature.
After stirring for 24 h at the same temperature, bis(cyclopentadienyl)-titanacyclopentadiene 4e was
formed ina dark red solution.  After removal of the solvent, the crude product was purified by column
chromatography on alumina (eluent: benzene). After removing the solvent, the residue was washed

with hexane or crystallized from toluene at —30 °C to give pure compound 4e.

9,9-Bis(cyclopentadienyl)-8,10-bis(trimethylsilyl)-9-titanabicyclo[5,3,0]-1,7-decadiene (4c)
™S Isolated yield: 49%.
aﬂ<i© 'H NMR (400 MHz, C;Ds): 6 0.04 (s, 18H), 1.42 (brs (two peaks were overlapped),
% = 6H), 1.95-1.97 (m, 4H), 5.95 (s, 10H). *C{*H} NMR(101 MHz, CDg): & 3.36,
™S 30.4,30.7, 37.3, 113.2, 144.8, 216.0.

8,8-Bis(cyclopentadienyl)-7,9-bis(trimethylsilyl)-8-titanabicyclo[4,3,0]-1,6-nonadiene (4d)
™S Isolated yield: 50%.
aT@ IH NMR (400 MHz, C7Dg): & 0.05 (s, 18H), 1.39-1.46 (m, 4H), 1.87-1.91 (m, 4H),
Qﬁ = 5.92 (s, 10H). 3C{*H} NMR(101 MHz, CsDg): & 2.96, 21.8, 32.2, 113.0, 139.5,
™S 212.8.

3,3-Bis(cyclopentadienyl)-2,4-bis(trimethylsilyl)-3-titanabicyclo[3,3,0]-1,4-octadiene (4e)
Isolated yield: 54%. CAS Registry Number [124302-88-1].

TMS
ﬁ /= IH NMR (400 MHz, CDCls): 6 0.10 (s, 18H), 1.39 (quin, J = 7.2 Hz, 2H), 2.05 (t, J
%TI _

TMS

= 7.2 Hz, 4H), 5.94 (s, 10H). BC{*H} NMR(101 MHz, CDCls): § 1.6, 22.9, 36.3,
111.3, 131.8, 204.2.

4a was prepared according to this procedure.
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Synthesis of Dihydroindenyltitanium Complex 11.

11c and 11d were prepared in the same procedure for complex 11 as described above.
(11c)

NMR vyield: 88%.

'H NMR (400 MHz, C7Dg): 6 0.29 (s, 18H), 0.60-0.65 (m, 2H), 072-0.83 (m, 4H), 0.96-
0.99 (m, 2H), 2.88 (d, J = 3.4 Hz, 2H), 4.72 (s, 5H), 5.06 (s, 2H), 5.32 (t, J = 3.4 Hz,
1H). BC{H} NMR(101 MHz, C;Dg): & 2.44, 14.9, 30.8, 36.9, 56.7, 65.2, 90.1, 96.6,
100.3. HRMS(ESI) Calcd for C24H36Si2Ti: 428.18379. Found: 428.18480.

NMR vyield: 78% (83% heated at 90 °C for 18 h).

'H NMR (400 MHz, C7Ds): & 0.29 (s, 18H), 0.42-0.47 (m, 2H), 0.56-0.62 (m, 1H),
071-0.78 (m, 2H), 1.11-1.15 (m, 3H), 1.31-1.37 (m, 2H), 2.89 (d, J = 3.4 Hz, 2H),
4.73 (s, 5H),5.15 (s, 2H), 5.25 (t, J=3.4 Hz, 1H). *C{*H} NMR(100 MHz, C7Ds):
82.72,25.9,29.6,41.4, 42.1, 59.6, 64.8, 91.8, 96.8, 98.3. HRMS(ESI) Calcd for
Ca2sH3sSioTi: 442.19945. Found: 442.20014.
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Synthesis of Dihydroindenyltitanium Complex 6e.

T™S 1) 16 eq. PMe;
QT. ~ toluene, 80 °C, 24 h
i >
% = 2) removal of solvent
™S and ligand
4e

A toluene solution of bis(cyclopentadienyl)titanacyclopentadiene 4e (124.4 mg, 0.30 mmol) and
trimethylphosphine (1.0 M in toluene, 4.8 mL, 4.8 mmol) was heated to 80 °C and stirred for 24 h in
a sealed Schlenk tube. After removal of the solvent and the ligand under reduced pressure,
dihydroindenyltitanium complex 6e was obtained as a dark green solid. Crystallization of 6e from
toluene at —30 °C afforded single crystals suitable for X-ray crystallographic analysis. Mesitylene

(42 L, 0.30 mmol) was used as an internal standard.

(6e)

NMR yield: 94%.

IH NMR (400 MHz, C¢Ds): 8 0.34 (s, 18H), 1.50-1.62 (m, 1H), 1.73 (s, 2H), 1.84-
1.95 (m, 1H), 2.19-2.26 (m, 2H), 3.01-3.02 (m, 2H), 3.18-3.26 (m, 2H), 4.80 (s,
5H), 4.96 (t, J=3.3 Hz, 1H). C{*H} NMR(101 MHz, CsDs¢): 6 3.19, 21.1, 26.6,
36.2, 52.4, 55.5, 99.4, 103.9, 106.0. HRMS(ESI) Calcd for Ca3HzsSi,Ti:
414.16813. Found: 414.16901.

60



Optimization of Reaction Conditions for Synthesis of Dihydroindenyltitanium Complex 6e.

T™MS
Q ~ n eq. PMe;
Ti _ -
Q/\ toluene, 80 °C, time
TMS
4e
entry eq.? time(h)  vyield(%)P
1 0 12 21
2 2 12 36
3 4 12 73
4 8 12 82
5 16 12 81
6 8 24 91
[ 7 16 24 94 J

a) 1.0 M PMej solution in toluene was used.
b) NMR vyields.
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Reaction of Dihydroindenyltitanium Complex 6e with Azobenezene.

T™MS 1) 16 eq. PMes ™S
QT. ~ toluene, 80 °C, 24 h 2 eq. Azobenzene ’O’
] > >
(Q\/\ = 2) removal of solvent toluene, 50 °C, 24 h
T™MS and ||gand ™S

4e 8e

Complex 6e was prepared in the same way as described above. To a solution of 6e in toluene
(1.5 mL) was added Azobenzene (109.3 mg, 0.6 mmol) at —10 °C. The mixture was warmed up to
50 °C and stirred for 24 h.  The resulting mixture was quenched with 3 M aqueous HCI solution and
extracted with hexane. The organic layer was dried over Na;SO4 and the solvent was removed under

reduced pressure to give indene derivative 8e.

1,2,3,5-Tetrahydro-4,8-bis(trimethylsilyl)-s-indacene (8e)
™S NMR vyield: 93%.
IH NMR (396 MHz, CDCls): 8 0.40 (s, 9H), 0.41 (s, 9H), 2.05 (quin, J = 7.3Hz, 2H),
CO’ 2.97-3.01 (m, 4H), 3.38-3.41 (brs, 2H), 6.57 (dt, J = 5.7, 2.0 Hz, 1H), 7.15 (dt, J =
™S 5.7,1.8 Hz, 1H). BC{*H} NMR(100 MHz, CDCls):  1.61, 2.01, 26.0, 34.2, 34.3,
40.3, 128.6, 131.1, 132.9, 133.3, 145.7, 147.2, 147.4, 147.7. HRMS(EI) Calcd for CigH2sSiz:
300.17295. Found: 300.17205.
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Synthesis of Compound 9f.

[}
| N
Me 1) 8 eq. PMe; T we  2ea [, Me
ﬁ ~ THF, 50 °C, 24 h (/ S Me N7 NH,
Ti - N >
(Q):/: = 2) removal of solvent Z THF, 60 °C, 3 h Me
Me and ligand Me
4f 7f of

To titanacyclopentadiene 4f prepared from Cp,TiCl, (156 mg, 0.625 mmol), "BuLi (1.55 M in
hexane, 0.80 mL, 1.25 mmol) and 2,7-Nonadiyne (60 mg, 0.5 mmol) was added trimethylphosphine
(1.0 M in THF, 4.0 mL, 4.0 mmol) and the mixture was heated to 50 °C and stirred for 24 h in a sealed
Schlenk tube. After removal of the solvent and the ligand under reduced pressure,
dihydroindenyltitanium complex 7f was obtained. THF solution of 7f was treated with 2 equiv of 2-
aminopyridine (94 mg, 1.0 mmol) at 60 °C for 3 h. After cooling to room temperature, hexane and
water were added to the mixture. Thee separated water phase was extracted with hexane. The
combined organic phase was dried over anhydrous sodium sulfate. After removal of the solvent in
vacuo, the residue was purified by column chromatography on silica gel with hxane as an eluent to

give the compound 9f as a colorless oil.

(4f)
Me NMR yield: 70%.
éﬂ@ 'H NMR (396 MHz, C¢Ds): 6 1.55 (quin, J = 6.6 Hz, 2H), 1.86 (s, 6H), 2.23 (t, J = 6.6
Mo Hz, 4H), 5.68 (s, 10H). C{*H} NMR(100 MHz, CeDs): & 23.3, 23.9, 31.0, 111.0,
119.3,186.2. HRMS(ESI) Calcd for CigH2,Ti: 299.12810. Found: 299.12790.

(97
Me NMR vyield: 18%.
@ IH NMR (400 MHz, CeDs): & 0.93 (s, 3H), 1.44-1.47 (m, 1H), 1.55-1.59 (m, 1H),
Me 1.63-1.66 (m, 1H), 1.66 (s, 3H), 2.12-2.40 (m, 5H), 5.23 (d, J = 9.4 Hz, 1H), 5.60 (ddd,
J=56,2.9,0.8 Hz, 1H), 5.72 (d, J = 9.4 Hz, 1H), 5.88 (m, 1H). B3C{*H} NMR(100 MHz, C¢Ds): &
17.8, 20.5, 22.3, 28.7, 34.6, 46.7, 49.4, 55.9, 119.5, 124.6, 130.0, 132.3, 138.7, 140.8. HRMS(EI)
Calcd for C14H1s: 186.14085. Found: 186.14074.
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C(16)

Fig. S4. X-ray Structure of Complex 6e. Hydrogen atoms of a Cp ligand and two TMS groups are

omitted for clarity.
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Table S4. X-ray Crystallographic Data and Refinement Details for Dihydroindenyltitanium Complex

6e
Formula Ca3Haz4SioTi
FW 414.58
T/K 298
Colour, shape Green, prism
Crystal size / mm 0.35x0.20 x 0.15
Crystal system orthorhombic
Space group, Z Pbca, 8
alA 14.191(3)
b/A 13.761(3)
c/A 23.254(4)
vV /A3 4541.3(15)
Dyx/ Mg m= 1.213
F(000) 1776
(Mo Kg) / mm 0.487
Trmin, Tmax 0.8480, 0.9305
Rint 0.1955
Refln./param. Ratio 5175/279
R1 [Fo? > 26(Fo?)] 0.0559
wR2 (all refln) 0.1411
GoF 0.885
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BEEBOER
Synthesis of Diyne.

4 eq. TES acetylene
4 eq. EtMgBr

(I;I 0.5 eq. CuCl CC:TES
! THF, reflux, 12 h ——TES
To a THF (16 mL) solution of (triethylsilyl)acetylene (16 mmol, 2.88 mL) was added dropwise

EtMgBr (1.0M, diethyl ether solution, 16 mmol, 16 mL) under N2 and 0 °C.  Subsequently, it was
allowed to warm to 40 °C and stirred for 1 h. After addition of 1,2-Bis-iodomethyl-benzene (4.0

mmol, 1.432 g) and CuCl (2.0 mmol, 0.198 g), the reaction mixture was refluxed for 12 h. The
reaction solution was quenched by saturated Na;S,03 solution and extracted by hexane. After
removal of the solvent of organic phase, the residue was purified by column chromatography (Silica
gel, EtOAc/Hexane=1/50 as eluent) to give 1.447 g desired diynes in 95% yield.

1,2-Bis-(3-triethylsilyl-2-propynyl)-benzene (16g)
Isolated yield: 95%.

——TES
[:j::::: IH NMR (CDCls, MesSi) 5 0.62 (g, J = 8.0 Hz, 12 H), 1.01 (t, J = 8.0 Hz, 18
——TES

H), 3.68 (s, 4 H), 7.23-7.26 (m, 2 H), 7.45-7.51 (m, 2 H). *C NMR (CDCls,
MesSi) & 4.5, 7.4, 23.9, 84.7, 104.4, 127.1, 128.5, 134.2. HRMS calcd for C24H3sSiz: 382.2512.
Found: 382.2509.

Other diynes were synthesized according to the literature procedures (32, 33).
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Preparation for Dihydroindene 14 with Carbazole.

SiRs SiRs
a ~ R 2 eq. carbazole
Tl >
(Q/z R’ toluene, 100 °C, 12 h ]
SiRs Rl sir
¥ L,
4 14

Actypical procedure is given for the synthesis of dihydroindene derivative 14d. Toa THF(8 mL)
solution of Cp,TiCl2 (1.25 mmol, 0.311 g) was added dropwise n-butyllithium (1.58 M hexane solution,
0.76 mL, 1.25 mmol) under N2, and stirred at —78 °C for 1 h. After addition of 1,8-Bis-
trimethylsilanyl-octa-1,7-diyne (1.0 mmol, 0.250 g), the reaction mixture was warmed to -15 °C and
stirred for 6 h.  The solvent was changed to toluene (10 mL) and carbazole (2 mmol, 0.334g) was
added. Then the reaction solution was heated to 100 °C and stirred for 12 h.  The reaction solution
was quenched by saturated Na»S;03 solution and extracted by hexane. After removal of the solvent
of organic phase, the residue was purified by column chromatography (Silica gel,
EtOAc/Hexane=1/10 as eluent) to afford crude product 14d. Further purification by GPC povided
pure compound 14d.

1,2,3,4-Tetrahydro-4a,8a-propeno-5,8-bis(trimethylsilyl)naphthalene (14d)
T™Ms 59% isolated yield.
'H NMR (CDCls, Me4Si) 6 0.00 (s, 9 H), 0.06 (s, 9 H), 0.98-1.10 (m, 3 H), 1.29-1.30
(m, 2 H), 1.41 (t, J=13.2 Hz, 1 H), 1.72 (t, J = 12.0 Hz, 2 H), 1.92 (d, J = 15.0 Hz, 1
tvs H) 2.06 (d, J=15.0 Hz, 1 H), 5.74-5.75 (m, 1 H), 5.79-5.80 (m, 1 H), 6.02 (d, J=5.4
Hz, 1 H), 6.13 (d, J=5.4 Hz, 1 H). 3C NMR (CDCls, MesSi) 6 1.0, 1.3, 21.8, 23.5,
33.1, 35.4, 47.3, 50.1, 53.5, 128.7, 132.7, 133.6, 138.2, 144.2, 147.0. HRMS calcd for CigH32Siy:
316.2043. Found: 316.2052.

9,10-dihydro-4a,9a-Propeno-1,4-bis(triethylsilyl)anthracene (14j)

52% isolated yield.

'H NMR (CDCls3, Me4Si) 6 0.69-0.79 (m, 12 H), 0.94-0.99 (m, 18 H), 2.35 (td, J
@O =16.2, 1.8 Hz, 1 H), 2.48 (td, J = 16.2, 1.8 Hz, 1 H), 2.75 (d, J = 14.4 Hz, 1 H),

O 1g 283(dJ=144Hz 1H),2.85(s 2H), 542 (d, J =54 Hz, 1 H), 5.62-5.64 (m,

1 H), 6.07 (d, J = 6.0 Hz, 1 H), 6.09 (d, J = 6.0 Hz, 1 H), 7.03-7.05 (m, 1 H), 7.08-

7.09 (m, 1 H), 7.11-7.13 (m, 2 H). 13C NMR (CDCls, Me4Si) 6 4.8, 4.9, 7.5, 7.6, 39.3, 43.0, 50.1,

50.3,56.7, 125.6, 125.8, 127.2, 129.8, 130.3, 130.4, 137.5, 138.0, 138.5, 140.0, 143.7. HRMS calcd

for CaoHuaSiz: 448.2982. Found: 448.2984.

TES
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1,2,3,4-Tetrahydro-4a,8a-propeno-5,8-bis(methyldiphenylsilyl)naphthalene (14l1)
SiPhaMe 5304 isolated yield.
IH NMR (CDCls, MesSi) 8 0.54 (s, 3 H), 0.64 (s, 3 H), 0.72-0.90 (m, 3 H), 1.01-
1.16 (m, 3 H), 1.58 (d, J =13.8 Hz, 1 H), 1.63 (d, J = 13.8 Hz, 1 H), 1.68 (dd, J =
SiPhoMe 36 15,0 Hz, 1 H), 2.12 (d, J = 15.0 Hz, 1 H), 5.41-5.43 (m, 1 H), 5.46-5.47 (m, 1
H), 5.80 (d, J = 5.4 Hz, 1 H), 5.90 (d, J = 5.4 Hz, 1 H), 7.11-7.19 (m, 12 H), 7.24 (dd, J = 1.2, 7.8 Hz,
2 H), 7.29 (dd, J = 1.2, 7.8 Hz, 2 H), 7.38-7.40 (m, 2 H), 7.41-7.42 (m, 2 H). 13C NMR (CDCl5,
MesSi) 6 -1.3, -0.7, 21.4, 23.1, 33.1, 35.6, 48.7, 50.2, 53.7, 127.4, 127.5(2C), 127.6, 127.7, 128.8,
128.9(2C), 129.0, 133.4, 134.2, 135.0, 135.1, 135.2, 135.3, 137.0, 137.2, 137.3, 137.4, 137.6, 137.9,
140.4, 144.5. HRMS calcd for CsgHa0Siz: 564.2669. Found: 564.2659.

1,2,3,4-Tetrahydro-4a,8a-propeno-5,8-bis(dimethylphenylsilyl)naphthalene (14m)
SiPhMe, 46% isolated yield.

'H NMR (CDCls, MesSi) 8 0.40 (s, 3 H), 0.41 (s, 3 H), 0.46 (s, 3 H), 0.48 (s, 3 H),
0.85-0.94 (m, 1 H), 1.04-1.19 (m, 3 H), 1.28-1.31 (m, 1 H), 1.37 (td, J = 13.2 Hz,
4.8 Hz, 1H), 1.72-1.81 (m, 3 H), 2.13 (d, J = 15.2 Hz, 1 H), 5.71-5.74 (m, 2 H),
6.10 (d, J =5.6 Hz, 1 H), 6.24 (d, J = 5.6 Hz, 1 H), 7.31-7.36 (m, 6 H), 7.48-7.51
(m, 2 H), 7.54-7.57 (m, 2 H). *C NMR (CDCls, Me4Si) 5 -0.7, -0.6, -0.2, -0.1, 21.5, 23.0, 33.0, 35.4,
47.7,50.0, 53.5, 127.5, 128.5, 128.6, 130.7, 133.9, 134.0, 134.2, 134.3, 137.8, 139.6, 139.9, 142.7,
146.0. HRMS calcd for Ca9H36Siz: 440.2356. Found: 440.2359.

SiPhMe,

1,2,3,4-Tetrahydro-4a,8a-propeno-5,8-bis(dimethylsilyl)naphthalene
SiHMe, 94% isolated yield.
'H NMR (CDCls, MesSi) 8 0.12 (d, J = 3.6 Hz, 3 H), 0.14 (d, J = 3.6 Hz, 3H), 0.20
(d, J=3.6 Hz, 3 H), 0.21 (d, J = 3.6 Hz, 3 H), 1.10-1.21 (m, 3 H), 1.39-1.42 (m, 2
SiHMe, H), 1.50 (t, J=13.8 Hz, 1 H), 1.77 (d, J = 13.8 Hz, 1 H), 1.85 (d, J = 13.8 Hz, 1 H),
2.04 (d, J =15.0 Hz, 1 H), 2.17 (d, J = 15.0 Hz, 1 H), 4.09-4.12 (m ,1 H), 4.18-4.21
(m, 1 H), 5.83-5.84 (m, 1 H), 5.91-5.92 (m, 1 H), 6.12 (d, J = 5.4 Hz, 1 H), 6.25 (d, J = 5.4 Hz, 1 H).
13C NMR (CDCls, MesSi) 6 -3.0,-2.3,-1.8, 21.8, 23.1, 32.8, 35.3, 47.4,49.1, 52.9, 129.0, 133.2, 134.0,
137.7,143.1, 145.6. HRMS calcd for C17H2sSiz: 288.1730. Found: 288.1728.
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Synthesis of Dihydroindenyltitanium Complex 6n.

1) "BuLi (2 eq.) B(pin)
el THF, =78 °C, 1 h @ ~
i _— =
X Cl  2)(pin)B ( :/: THF, 50 °C, 1 h
Q (1eq.) %
(pin)B B(pin) B(pin)
THF, -10°C, 3 h 6n

A solution of Cp,TiCl, (156 mg, 0.625 mmol) in THF (2.5 mL) was cooled to —78 °C, and "BuL.i
(1.55 M in hexane, 0.80 mL, 1.25 mmol) was added dropwise. After stirring for 1 h at the same
temperature, 1,8-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,7-octadiyne (179 mg, 0.5 mmol)
was added, and the reaction mixture was warmed up to —10 °C. After stirring for 3 h at —10 °C,
bis(cyclopentadienyl)titanacyclopentadiene 4n was formed. Then the mixture was heated to 50 °C
and stirred for 1 h in a sealed Schlenk tube. After removal of the solvent under reduced pressure,

titanium complex 6n was obtained as a dark green solid.

(4n)
B(pin) NMR vyield: 80%.
'H NMR (400 MHz, Tetrahydrofuran-ds): § 1.13 (s, 24H), 1.30 (m, 4H, This
Qﬁ peak overlapped the peaks of 6n.), 1.87-1.93 (m, 4H), 6.20 (s, 10H). 3C{*H}
B(pin) NMR(101 MHz, Ce¢Deg): 6 24.4, 25.1 (This peak overlapped the peaks of

tetrahydrofuran-ds.), 33.3, 81.9, 114.3, 138.6. HRMS(ESI) Calcd for C3oH42B204Ti: 536.27625.
Found: 536.27621.

(6n)

NMR yield: 91%.

'H NMR (400 MHz, C¢Ds): 6 1.17 (s, 12H), 1.22 (s, 12H), 1.68-1.80 (m, 2H),
1.87-1.99 (m, 2H), 2.21 (s, 2H), 2.84-2.92 (m, 2H), 3.26-3.33 (m, 2H), 3.61-3.69
(m, 2H), 5.12 (s, 5H), 5.33 (t, J = 3.1 Hz, 1H). *C{*H} NMR(101 MHz,
CsDs): 6 23.9,24.2, 24.6, 25.1, 31.4, 61.5, 82.0, 100.4, 106.9, 109.9.
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Reactions of Dihydroindenyltitanium Complex 11b with 1,2,3-Benzotriazole.

Ti, TMS T™S

1,2,3-Benzotriazole

L
Y

toluene, r.t., 12 h

11 14

A typical procedure is given for the synthesis of dihydroindene derivative 14b. Complex 11b
was prepared in the same way as described above. To a solution of dihydroindenyltitanium complex
11b was added 1,2,3-benzotriazole (71.5 mg, 0.6 mmol) at room temperature.  After stirring for 12 h
at the same temperature, the mixture was quenched with 3 M aqueous HCI and extracted with hexane.
The organic layer was washed with aqueous saturated NaHCO3 and brine and dried over MgSO..
After removal of the solvent in vacuo, the residue was purified by column chromatography on silica

gel (eluent: hexane) and GPC to give 14b as a colorless solid.

9,10-dihydro-4a,9a-Propeno-1,4-bis(trimethylsilyl)anthracene (14a)
TMS NMR yield: 96%, Isolated yield: 92%.
'H NMR (400 MHz, CDCls): & 0.28 (s, 9H), 0.29 (s, 9H), 2.41-2.58 (m, 2H),
OO 2.87-2.96 (m, 4H), 5.49-5.51 (m, 1H), 5.63-5.64 (m, 1H), 6.12-6.18 (m, 2H),
O TMS 7.08-7.21 (m (four peaks were overlapped), 4H). C{*H} NMR(101 MHz,
CDCls): 6 1.46, 40.2, 43.4, 50.0, 50.8, 57.8, 125.9, 125.9, 127.2, 127.3, 128.7,
128.8, 129.7, 137.4, 138.2, 144.1, 147.8. HRMS(EI) Calcd for Ca3Hs.Siz: 364.20425. Found:
364.20406.

3a,7a-Dimethyl-4,7-bis(trimethylsilyl)-1H-indene (14b)
TMS  NMR vyield: 56%, Isolated yield: 43%.
'H NMR (600 MHz, CDCls): 8 0.13 (s, 9H), 0.16 (s, 9H), 0.94 (s, 3H), 1.11 (s, 3H),
7 2.10-2.26 (m, 2H), 5.74-5.76 (m, 1H), 5.89-5.91 (m, 1H), 6.13-6.16 (m, 2H). *C{‘H}
TMS  NMR(151 MHz, CDCla): § 1.0, 1.2, 19.1, 23.3, 47.5, 49.3, 52.1, 128.8, 130.5, 131.7,
137.9, 144.4, 147.6. HRMS(EI) Calcd for C17H30Si»: 290.18860. Found: 290.18754.
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Synthesis of TCNE adduct 17n

. NC CN NC CN
Bpin 1eq. — oN
NC CN H
THF, rt, 12 h
Bpin Bpin
16n

17n

Complex 6n was prepared in the same way as described above. To a THF solution of
dihydroindenyltitanium complex 6n was added 1,2,3-benzotriazole (119 mg, 1.0 mmol) at room
temperature. After stirring for 18 h, the reaction was quenched with H,O and extracted with hexane.
The organic phase was dried over anhydrous sodium sulfate (93% NMR vyield). The crude product
was passed through a short pad of silica gel (eluent: hexane/Ether=10/1), and then used for Diels-
Alder reaction with TCNE. To a THF (5 mL) solution of 16n was added tetracyanoethylene (64 mg,
0.50 mmol). After stirred for 12 h, the solvent was removed under reduced pressure. The crude product
was purified by column chromatography using silica gel (eluent: hexane: ethyl acetate = 10: 3).
Tetracyanoethylene adduct 17n was obtained as a colorless solid (87% NMR yield). Crystals suitable

for X-ray analysis were obtained by slow diffusion of ether.

'H NMR (400 MHz, CsDg¢): & 1.01-1.04 (s, three peaks were overlapped., 24H),
1.26-1.56 (m, 4H), 2.06-2.23 (m, 3H), 2.27-2.44 (m, 3H), 2.96 (td, J = 9.3, 5.0
Hz, 1H), 3.40 (m, 1H), 5.45 (m, 1H), 5.89 (m, 1H). *C{'H} NMR(101 MHz,
CsDe): 822.5,22.6,24.3,24.3,24.4,24.5,30.8,31.7,37.9, 39.2, 46.7, 47.7, 47.9,
85.5, 85.6, 113.1, 113.1, 113.1, 113.3, 130.6, 132.6, 134.9, 137.3. HRMS(ESI)
Calcd for C31H3304N41°B2Na: 573.30440. Found: 573.30476.
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Fig. S5. X-ray Structure of TCNE adduct 17n. All hydrogen atoms are omitted for clarity.
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Table S5. X-ray Crystallographic Data and Refinement Details for TCNE adduct 17n.

17n
Formula C31H38B2N4O4
FW 552.27
T/K 223

Colour, shape
Crystal size / mm
Crystal system
Space group, Z
alA

b/A

c/A

vV /A3
Dx/Mgm=
F(000)

4(Cu Ky) / mm-
Trmin, Tmax

Rint

Refln./param. ratio
R1 [Fo? > 20(F?)]
wR2 (all refln)
GoF

colorless, prism
0.17 x0.11 x 0.08
Orthorhombic
P212:21, 4
10.22470(10)
11.2430(2)
26.6259(3)
3060.81(7)

1.198

1176

0.628

0.79763, 1.00000
0.0646

5605/483

0.0418

0.1132

1.054
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FINE
Typicial Procedures for Synthesis of Spiro Compound 18.

1) 2 equiv "BulLi
a Cl THF, —=78°C, 1 h 1 equiv BICI3
Q 2) 2 equivR——R ‘Q):/ 50 °C 24 h

-10°C,3h

Actypical procedure is given for the synthesis of 18p. A solution of Cp.TiCl» (156 mg, 0.625 mmol)
in THF (2.5 mL) was cooled to —78 °C, and "BuL.i (1.55 M in hexane, 0.80 mL, 1.25 mmol) was added
dropwise. After stirring for 1 h at the same temperature, 3-hexyne (0.11 ml, 1 mmol) was added, and
the reaction mixture was warmed up to -10 °C.  After stirring for 3 h at -10 °C,
bis(cyclopentadienyltitanacyclopentadiene 4p was formed in a dark green solution.  BiClz (158 mg,
0.5 mmol) was added to the solution, and the mixture was heated to 50 °C.  After vigorous stirring
for 24 h, the mixture was quenched with 3 N HCI ag and extracted with hexane. The organic layer
was washed with water, saturated NaHCO3 aq and brine, and then dried over Na;SOa. After solvent
was removed under reduced pressure, the residue was purified by column chromatography on silica
gel (eluent: hexane) and GPC to give 18p as a colorless oil.
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1,2,3,4-tetraethylspiro[4.4]nona-1,3,6-triene (18p).

Et
Et

Et
Et

Colorless oil. NMR yield: 70%. Isolated yield: 40%.

IH NMR (400 MHz, CDCls): 8 1.02 (t, J = 7.6 Hz, 6H), 1.07 (t, J = 7.6 Hz, 6H), 1.91-1.96 (m, 2H),
2.05-2.20 (m, 4H), 2.24 (q, J = 7.6 Hz, 4H), 2.55-2.60 (m, 2H), 5.10 (dt, J = 5.5 Hz, 2.1 Hz, 1H), 5.89
(dt, J =5.5 Hz, 2.3 Hz, 1H). 3C{*H} NMR(101 MHz, CDCI3): & 15.1, 15.7, 18.8, 18.9, 28.2, 33.9,
71.1,131.3,136.1, 140.0, 146.5. HRMS(EI) Calcd for C17H26: 230.2035. Found: 230.2028.

1,2,3,4-tetrapropylspiro[4.4]nona-1,3,6-triene (18Q).

Pr
Pr

Pr
Pr

Colorless oil. NMR yield: 55%. Isolated yield: 35%

IH NMR (400 MHz, CDCls): & 0.89 (t, J = 7.3 Hz, 6H), 0.94 (t, J = 7.3 Hz, 6H), 1.32-1.47 (m, 8H),
1.88-1.92 (m, 2H), 1.97-2.12 (m, 4H), 2.13-2.17 (m, 4H), 2.53-2.57 (m, 2H), 5.06 (dt, J = 5.5 Hz, 2.0
Hz, 1H), 5.85 (dt, J = 5.4 Hz, 2.3 Hz, 1H). C{*H} NMR(101 MHz, CDCl;): & 14.5, 14.9, 23.6,
24.0, 28.4, 28.6, 33.8, 71.0, 131.1, 136.3, 138.9, 145.5. HRMS(EI) Calcd for Cx1Hzs: 286.2661.
Found: 286.2652.

1,2,3,4-tetrabutylspiro[4.4]nona-1,3,6-triene (18r)

Bu
Bu

Bu
Bu

Colorless oil. NMR yield: 66%. Isolated yield: 41%.

IH NMR (400 MHz, CDCls): & 0.88-0.96 (m, 12H), 1.26-1.43 (m, 16H), 1.89-1.92 (m, 2H), 1.99-2.14
(M, 4H), 2.16-2.20 (m, 4H), 2.53-2.58 (m, 2H), 5.06 (dt, J = 5.3 Hz, 2.2 Hz, 1H), 5.86 (dt, J = 5.4 Hz,
2.3Hz, 1H). ¥C{*H} NMR(101 MHz, CDCls): 6 14.0, 14.1, 23.2, 23.5, 25.9, 28.5, 32.7, 33.1, 33.8,
71.0,131.0, 136.4, 138.9, 145.3. HRMS(EI) Calcd for CasHaz: 342.3287. Found: 342.3274.
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entry complex 4 spiro compound 18

Ph

@ Ph
1 \Ti : not obtained
% Ph

R Ph

R
A R 1equiBicy R Ph
T 50°C, 24 h @ <~ Ve
% R ’ R 2 i not obtained
R R =
4

3 Ti _ 24% (inseparable)

NMR vyields

Table S6 Reactions of titanacyclopentadiene 4 with BiCls

Synthesis of Diels-Alder adduct 19.

NC CN
Et Et 4 equiv >=<
NC CN

> NC Et
NC Et
Et benzene, RT, 12 h NC
Et NC Et Et
18P 19p

A typical procedure is given for the synthesis of 19p. To a solution of spiro compound 18p (46 mg,
0.20 mmol) in benzene (2.0 mL) was added tetracyanoethylene (102 mg, 0.80 mmol) and the mixture
was stirred at room temperature for 12 h. The solvent was evaporated in vacuo. The crude product was
purified by column chromatography on silica gel (eluent: hexane:ethyl acetate = 3:1) to give 19p as a
colorless solid.

(1R,4R)-1,2,3,4-tetraethylspiro[bicyclo[2.2.1]hept[2]ene-7,1"'-cyclopent[2]ene]-5,5,6,6-
tetracarbonitrile (19p).
Colorless solid. NMR vyield: 79%. Isolated yield: 62%
o K et IH NMR (400 MHz, CDCls): 8 1.18 (t, J = 7.7 Hz, 6H), 1.31 (t, J = 7.7 Hz, 6H), 1.96-

NC, =212 (m, 4H), 2.14-2.18 (m, 2H), 2.30-2.40 (m, 2H), 2.48-2.58 (m, 4H), 5.32 (dt, J =

NCECE o Hz, 2.1 Hz, 1H), 5.97 (dt, J = 5.9 Hz, 2.2 Hz, 1H). 13C{*H} NMR(101 MHz,
CDCls): 6 9.6, 13.4, 19.9, 20.4, 25.1, 34.0, 50.8, 70.7, 81.6, 111.1, 112.2, 131.4, 136.5, 148.0. Anal.
Calcd for CasHasNa4: C, 77.06; H, 7.31; N, 15.62. Found: C, 76.66; H, 7.30; N, 15.52.
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(1R,4R)-1,2,3,4-tetrapropylspiro[bicyclo[2.2.1]hept[2]ene-7,1'-cyclopent[2]ene]-5,5,6,6-
tetracarbonitrile (19q).

NC Pr + NC Pr
NC Pr NC Pr
NC NC
NC Pr pr NC Pr pr

Colorless solid. Isolated yield: 59% The ratio of two isomers: Major: Minor = 3:1.

'H NMR (600 MHz, CDCls): 8 1.02-1.07 (m, Major - 12 H, Minor - 12 H), 1.34-1.45 (m, Major - 2
H, Minor - 2 H), 1.50-1.60 (m, Major - 2 H, Minor - 2 H, overlapped with peak of water), 1.63-1.69
(m, Major - 2 H), 1.73-1.80 (m, Major - 2 H, Minor - 2 H), 1.81-1.89 (m, Major - 2 H, Minor - 6 H),
1.90-1.96 (m, Major - 2 H, Minor - 2 H), 2.14-2.17 (m, Major - 2 H), 2.20-2.30 (m, Major - 2 H, Minor
-4 H), 2.37-2.43 (m, Major - 2 H, Minor - 2 H), 2.50-2.52 (m, Major - 2 H), 5.25-5.26 (m, Major - 1
H), 5.94-5.95 (m, Major - 1 H), 5.97-5.98 (m, Minor - 1 H), 6.24-6.25 (m, Minor - 1 H). C{*H}
NMR(151 MHz, CDCls): & 14.8, 14.9, 15.3, 15.4, 18.3 (2 C), 22.5, 22.6, 25.1, 29.4, 29.7 (2 C), 29.8
(2 C), 30.0, 33.9, 50.4, 50.8, 70.3, 70.8, 81.6, 81.8, 111.1, 111.4, 112.1, 112.3, 126.7, 131.2, 136.6,
141.5, 147.0, 147.1. Anal. Calcd for Co7HasN4: C, 78.22; H, 8.27; N, 13.51. Found: C, 78.08; H, 8.28;
N, 13.52.

(1R,4R)-1,2,3,4-tetrabutylspiro[bicyclo[2.2.1]hept[2]ene-7,1'-cyclopent[2]ene]-5,5,6,6-

tetracarbonitrile (19r).

NC Bu + NC Bu
NC Bu NC Bu
NC NC
NC Bu Bu NC Bu Bu

Colorless solid.  Isolated yield: 65% The ratio of two isomers: Major: Minor = 6.4:1.

IH NMR (600 MHz, CDCl3): § 0.95-1.00 (m, Major - 12 H, Minor - 12 H), 1.30-1.53 (m, Major - 12
H, Minor - 12 H), 1.58-1.65 (m, Major - 2 H), 1.68-1.76 (m, Major - 2 H, Minor - 2 H), 1.81-1.88 (m,
Major - 2 H, Minor - 6 H), 1.93-1.99 (m, Major - 2 H, Minor - 2 H), 2.14-2.16 (m, Major - 2 H), 2.22-
2.32 (m, Major - 2 H, Minor - 4 H), 2.40-2.46 (m, Major - 2 H, Minor - 2 H), 2.49-2.52 (m, Major - 2
H), 5.26-5.28 (m, Major - 1 H), 5.96-5.98 (m, Major - 1 H, Minor - 1 H), 6.24-6.26 (m, Minor - 1 H).
BC{H} NMR(151 MHz, CDCl): § 13.7 (4 C), 23.3 (2 C), 23.9, 24.0, 25.1, 26.7, 26.8, 26.9, 27.2 (2
C), 275, 29.7, 29.8, 31.1, 31.3, 34.0, 50.4, 50.9, 70.3, 70.7, 81.8, 81.9, 111.1, 111.4, 112.2, 112.3,
126.8, 131.3, 136.6, 141.5, 147.0 (2 C). Anal. Calcd for C31H42N4: C, 79.10; H, 8.99; N, 11.90. Found:
C,79.17; H, 9.05; N, 11.93.
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Reaction of Titanacyclopentadiene 4 with BiCls at room temperature.

Et 1 equiv Et Et Et
a [ Et BiCl, Et o Et Bt
T RT, 24 h * AT P
& Et ’ Et H et H et
Et Et Et Et
4p

18p, 10% 20p, 55%

BiCl; (158 mg, 0.5 mmol) was added to the solution of titanacyclopentadiene 4p, and the mixture was
stirred for 24 h at room temperature.  The mixture was quenched with 3 N HCI aq and extracted with
hexane. The organic layer was washed with water, saturated NaHCO3 aqg and brine, and then dried
over Na;SOys, then evaporated. 'H NMR analysis revealed that dienylcyclopentadiene 20p was
obtained in 55% yield as a mixture of double bond positional isomers, along with the formation of
spiro compound 18p in 10% NMR yield. H and *C NMR data of 20p were consistent with the
published data.'®

(3Z,5E)-3-(Cyclopentadienyl)-4,5-diethylocta-3,5-diene (20p)

Et Et
U Et L Et
+
HZ et HA et
Et Et

The ratio of two isomers: Major: Minor = 6.4:1.

H NMR (400 MHz, CgDg): 6 0.86 (t, J = 7.5 Hz, Minor - 3 H), 0.87 (t, J = 7.5 Hz, Major - 3 H), 0.94
(t, J = 7.7 Hz, Major - 3 H), 0.98 (t, J = 7.7 Hz, Minor - 3 H), 1.01-1.10 (m, Major - 6 H, Minor - 6
H), 1.89-2.02 (m, Major - 2 H, Minor - 2 H), 2.04-2.27 (m, Major - 4 H, Minor - 4 H), 2.33(q,J=7.5
Hz, Major - 2 H), 2.39 (g, J = 7.5 Hz, Minor - 2 H), 2.82 (g, J = 1.5 Hz, Minor - 2 H), 3.06 (br g, J =
1.5 Hz, Major - 2 H), 5.17 (br t, J = 7.2 Hz, Major - 1 H), 5.21 (br t, J = 7.2 Hz, Minor - 1 H), 6.07-
6.11 (m, Minor - 1 H), 6.21-6.26 (m, Major - 1 H, Minor - 1 H), 6.42 (m, Major - 1 H), 6.48 (ddt, J =
5.4,2.2, 1.6 Hz, Major - 1 H), 6.64 (dqg, J = 5.3 Hz, 1.5 Hz, Minor - 1 H). *C{*H} NMR(101 MHz,
CeDs): 6 13.3,13.4 (2C), 13.6,14.1 (2 C), 14.2,14.3, 21.4, 21.5, 23.2, 23.6, 24.9, 25.9, 26.3, 26.4,
41.1, 44.8, 127.9, 129.8, 130.4, 131.1, 131.2, 131.6, 132.6, 132.9, 133.1, 136.8, 140.7 (2 C), 141.2,
141.6, 148.3, 149.3.
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Reaction of dienylcyclopentadiene 20p with BiCls.

Et Et Et

o Et . x~Et  1equivBiCl, Et

HZ Ny He# gy THF, 50°C, 24 h Et
Et Et Et
20p 18p

To a solution of dienylcyclopentadiene 20p (69 mg, 0.30 mmol) in THF (1.5 mL) was added BiCls;

(95 mg, 0.30 mmol) and the mixture was stirred at 50 °C for 24 h. The mixture was quenched with

3 N HCl aq and extracted with hexane. The organic layer was washed with water, saturated NaHCO3

ag and brine, and then dried over Na;SOs, then evaporated. 'H NMR analysis revealed that spiro

compound 18p was obtained in 61% yield. The formation of uncharacterized byproducts was also

observed. This is the major reason of the rather low yield of 18p from 20p.

Reactions of dienylcyclopentadiene 20p with Lewis acids were carried out as shown in table S7. BCF

was even better at transforming 20p into 18p than BiCls.

Et Et Et
- Et xEt 1 equiv reagent Et
ma ’ Q:)ia THF, 50°C, 24 h Q@Et
Et Et Et
20p 18p
entry reagent 18p(%)["1  20p(%)!"!
1 BiCl; 61 0
2 InCly 21 62
3 AICl5 61 0
4 FeCl, 27 0
5 TiCly 42 0
F F
6 F B 73 0
F F/3
7@ BiCl, 18 73
[1] NMR yields

[2] The reaction was carried out in the presence of 1.25
equivalent of PMej.

Table S7 Reactions of dienylcyclopentadiene 20p with Lewis acids
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Reaction of dienyltitanocene 21p with BiCls.

1 equiv )|< Et Et £t
_CLCHCOOH _ Cp,Tir Et 1 equiv BiCl,
—_ =
H .
Q THF, RT, 20 g, 50°C,24h £
Et Et
21p 18p, 44%
X: Cl,CHCOO—

Synthesis of 4p and its transformation to 21p were followed by literature procedure.® A solution of
Cp2TiCl2 (156 mg, 0.625 mmol) in THF (2.5 mL) was cooled to —78 °C, and "BuL.i (1.55 M in hexane,
0.80 mL, 1.25 mmol) was added dropwise.  After stirring for 1 h at the same temperature, 3-hexyne
(0.11 ml, 1 mmol) was added, and the reaction mixture was warmed up to —10 °C.  After stirring for
3 h at —10 °C, bis(cyclopentadienyl)titanacyclopentadiene 4p was formed in a dark green solution.
CI,CHCOOH (41 pl, 0.5 mmol) was added to the reaction mixture, and then the mixture was stirred
for 1 h at room temperature to generate complex 21p. BiCl; (158 mg, 0.5 mmol) was added to the
solution, and the mixture was heated to 50 °C. After vigorous stirring for 24 h, the mixture was
guenched with 3 N HCI ag and extracted with hexane. The organic layer was washed with water,
saturated NaHCO3; aq and brine, dried over Na,SOs, then evaporated. 'H NMR analysis revealed
that spiro compound 18p was formed in 44% NMR yield.
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Reactions of titanacyclopentadiene 4p with other reagents were carried out as shown in table S8.

Et
Et
Et
Et Et
a ~ Et 1 equiv reagent 18p
Ti >
% Z gy THF. 50°C,24h Et Et
Et X Et N Et
4p +
HP et HP et
Et Et
20p
entry reagent 18p 20p
1 BiCl3 70 trace
2 SnCl, 2 24
3 FeCls 4 41
4 AICI3 0 0
5 InCl3 0 30
6 0 0
7 TBACI 0 0
NMR vyields

Table S8 Reactions of titanacyclopentadiene 4p with other reagents
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X-ray crystallographic data and refinement details for compound 19p

All measurements were made on a Rigaku R-RAXIS RAPID diffractometer using graphite
monochromated Mo-Ka radiation. The structure was solved by direct methods (SHELXS-2013/1) and
refined on F? using SHELXL-2017/1. All caluculations were performed using the CrystalStructure
crystallographic software package. All non-hydrogen atoms were refined anisotropically, and all
hydrogen atoms attached to carbon atoms were refined isotropically. The cyclopentene ring were
found to be disordered with two possible positions of atoms C(2) and C(24) with site occupancy factors
for C(2)/C(24) = 0.53/0.47. The hydrogen atoms (H(25), H(26)) attached to atom C(2) and those
(H(27), H(28)) attached to atom C(24) were also refined with the occupancy factors in line with each
attached carbon atom. X-ray crystallographic data and refinement details for compound 19p are
summarized in Table S9.
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Fig. S6. X-ray Structure of Complex 19p. All hydrogen atoms are omitted for clarity.
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Table S9. X-ray crystallographic data and refinement details for compound 19p

19p
Formula CasHoeN4
FW 358.48
T/K 298
Colour, shape Colorless, prism
Crystal size / mm 0.30x 0.30 x 0.30
Crystal system Monoclinic
Space group, Z P2i/n, 4
alA 10.439(3)
b/A 12.582(4)
c/A 15.443(6)
B deg. 92.263(14)
vV /A3 2026.8(11)
Dyx/ Mg m= 1.175
F(000) 768
(Mo Ky) / mm 0.071
Trmin, Tmax 0.976, 0.982
Rint 0.0249
Refln./param. ratio 4626/365
R1 [Fo? > 26(F0?)] 0.0429
wR2 (all refln) 0.1263
GoF 1.029
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BREOER
Preparation for Stannyl-substituted Alkyne 22s and 22t and Diyne 22u

A typical procedure is given for the synthesis of 22s.  To a solution of 1-hexyne (5.74 ml, 50 mmol)
in THF (100 mL) was added "BuL.i (1.57 M in hexane, 35 mL, 55 mmol) dropwise at —78 °C. The
reaction mixture was warmed up to 0 °C and stirred for 1h and 30 min. After MesSnCl (1.0 M in
hexanes, 55 mL, 55mmol) was added at —78 °C, the mixture was warmed up to room temperature and
stirred for 12 h.  The solvent was removed under reduced pressure.  22s was extracted with hexane
and the organic phase was filtered and evaporated. Distillation of the residue gave 22s (10.177 g,
41.5 mmol) as a colorless oil.

1-Trimethylstannyl-1-hexyne (22s)
Me;Sn—=——=—"Bu Isolated yield: 83%. CAS Registry Number [1191-12-4].

'H NMR (400 MHz, CDCls): 6 0.25 (s, 9H, satellites, Jusn(19) = 60.4, Jusn(i17)
=57.7 Hz), 0.90 (t, J = 7.2 Hz, 3H), 1.35-1.45 (m, 2 H), 1.46-1.54 (m, 2 H), 2.24 (t, J = 7.1 Hz, 2 H).
13C{*H} NMR(101 MHz, CDCls): 5 —7.8 (s, satellites, Jcsn(i19) = 404.5 Hz, Jcsnairy = 387.2 Hz), 13.6,
19.8,21.9,31.1,81.8,111.1. HRMS(FI) Calcd for CoH1sSn, [M]*: 246.04318. Found: 246.04400.

1-Tributylstannyl-1-hexyne (22t)
MBu,Sn—=——"Bu Isolated yield: 88%. CAS Registry Number [35864-20-1].

'H NMR (396 MHz, CDCls): & 0.87-0.92 (two peaks (triplet) were
overlapped, 12H), 0.93-0.97 (m, 6H), 1.26-1.64 (m, 16H), 2.24 (t, J = 6.9 Hz, 2H). BC{'H}
NMR(100 MHz, CDCls): & 10.9 (s, satellites, Jesn1g) = 383.4 Hz, Jesniz) = 366.2 Hz), 13.6, 13.7,
19.8, 21.8, 27.0, 28.9, 31.2, 81.2, 111.9. HRMS(FD) Calcd for C1gH36Sn, [M]*: 372.18421. Found:
372.18505.

1,8-Bis(trimethylstannyl)-1,7-octadiyne (22u)

Me;Sn——— NMR vyield: 71%. CAS Registry Number [178114-74-4].

Me,Sn—=— ) 'H NMR (396 MHz, CDCls): & 0.25 (s, 18H, satellites, Jusnaig) = 60.3,
Jusnizy = 57.8 Hz), 1.60-1.64 (m, 4H), 2.24-2.29 (m, 4H). BC{*H}

NMR(100 MHz, CDCls): 8 —7.8 (s, satellites, Jesn(i1g) = 405.3 Hz, Jesni7) = 387.2 Hz), 19.6, 28.1,

82.3,110.5. HRMS(FD) Calcd for C14H27Sn2, [M + H]*: 433.01571. Found: 433.01573.
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Synthesis of Titanacyclopentadiene 4s(af), 4t(ap) and 4u(aa).

A typical procedure is given for the synthesis of 4s(a). To a solution of Cp,TiCl, (156 mg, 0.625
mmol) in THF (2.5 mL) was added "BuL.i (1.57 M in hexane, 0.80 mL, 1.25 mmol) dropwise at —78
°C. The reaction mixture was stirred for 1 h at the same temperature. After addition of 22s (245
mg, 1 mmol), the mixture was warmed up to —10 °C and stirred for 3 h to form bis(cyclopentadienyl)-
titanacyclopentadiene 4s(ap) (dark purple solution). The solvent was removed under reduced
pressure. 4s(ap) was extracted with hexane and the organic phase was filtered and evaporated.

1,1-Bis(cyclopentadienyl)-2,4-dibutyl-2,5-bis(trimethylstannyl)-1-titanacyclopentadiene

(4s(aB))
SnMe, NMR yield: 92%.
@\ ~ 2 IH NMR (396 MHz, CDCls): & 0.04 (s, 9H, satellites, Jusng) = 48.3,
/Ti f, Jnsni7) = 46.9 Hz), 0.15 (s, 9H, satellites, Jusng) = 48.3, Jnsna1r) = 47.2
QQ}; SnMes  Hz), 0.90-0.96 (m, 6H), 1.18-1.31 (m, 8H), 1.67-1.71 (m, 2H), 1.80-1.84
"Bu

(m, 2H), 6.13 (s, 10H). 13C{*H} NMR(100 MHz, CDCls): & -5.6 (s,
satellites, Jcsnqio) = 290.1 Hz, Jesnutr) = 277.5 Hz), —4.0 (s, satellites, Jcsnuig) = 283.2 Hz, Jesntr) =
271.8Hz),14.1,14.5,22.9, 23.6, 33.9, 34.1, 415, 43.1, 112.6, 134.8 (s, satellites, Jcsn(119) = 367.8 Hz,
Jesniry = 350.6 Hz), 141.8, 214.9 (s, satellites, Jcsnaig) = 268.4 Hz, Jcsnair) = 257.0 Hz), 225.1.
HRMS(FD) Calcd for C2sHasSn2Ti, [M]*: 668.11329. Found: 668.11601.

1,1-Bis(cyclopentadienyl)-2,4-dibutyl-3,5-bis(tributylstannyl)-1-titanacyclopentadiene (4t(af3))

Sn"Bus, NMR yield: 93%.
[~ “Bu IH NMR (400 MHz, CDCls): & 0.69-0.74 (m, 6H), 0.82-0.87 (m, 6H),
Ti 0.90-0.97 (M, 24H), 1.19-1.58 (m, 32H), 1.63-1.67 (m, 2H), 1.80-1.84 (m,

_—
Q\ﬁ Sn"Buz  2H),6.09 (s, 10H). BC{'*H} NMR(101 MHz, CDCl3): §12.1, 13.4, 13.7,

"Bu 13.8,14.2, 145, 23.3,23.7, 27.7, 27.8, 29.5, 29.5, 34.3, 34.4, 42.0, 44.4,
112.5, 133.0 (s, satellites, Jcsn(u19) = 295.9 Hz, Jesnuizy = 282.1 Hz), 140.7, 215.0 (s, satellites, Jcsn1)
= 203.5 Hz, Jesnir) = 195.4 Hz), 224.8. HRMS(FD) Calcd for CagHg2Sn2Ti, [M]*: 920.39566.
Found: 920.39662.
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8,8-Bis(cyclopentadienyl)-7,9-bis(trimethylstannyl)-8-titanabicyclo[4,3,0]-1,6-nonadiene
(4u(aar))
NMR vyield: 94%.

SnMe,
'H NMR (396 MHz, CDCls): & 0.02 (s, 18H, satellites, Jusn19) = 49.2,
S Jnsnun = 47.1 Hz), 1.33-1.41 (m, 4H), 1.76-1.83 (m, 4H), 6.11 (s, 10H).
% = 13C{IH} NMR(100 MHz, CDCla): 5 -6.0 (s, satellites, Jesns) = 294.7 Hz,
SnMe, Jesn = 281.0 Hz), 23.5, 35.5, 113.3, 142.8, 224.2 (s, satellites, Jesnuis) =

267.2 Hz, Josnaun = 254.7 Hz).  HRMS(FD) Calcd for CosHssSn,Ti, [M]*:
610.03489. Found: 610.03390.

Synthesis of Zirconacyclopentadiene 1s(aa),1t(aa) and 1s(ap).

A typical procedure is given for the synthesis of 1s(aa). To a solution of Cp,ZrCl, (183 mg, 0.625
mmol) in THF (2.5 mL) was added "BuL.i (1.57 M in hexane, 0.80 mL, 1.25 mmol) dropwise at —78
°C. The reaction mixture was stirred for 1 h at the same temperature.  After addition of 22s (245
mg, 1 mmol), the mixture was warmed up to 20 °C and stirred for 24 h to form bis(cyclopentadienyl)-
zirconacyclopentadiene 1s(aat) (red solution). The solvent was removed under reduced pressure.

1s(aa) was extracted with hexane and the organic phase was filtered and evaporated.

1,1-Bis(cyclopentadienyl)-3,4-dibutyl-2,5-bis(trimethylstannyl)-1-zirconacyclopentadiene
(Is(aa))
SnMe, NMR vyield: 90%.
[}~ ”BY 'HNMR (396 MHz, CDCIy): §0.10 (5, 18H, satellites, Jusni1o) = 48.7, Jrisncazr)

/Zr - = 46.4 Hz), 0.94 (t, J = 7.0 Hz, 6H), 1.27-1.40 (m, 8H), 1.79-1.89 (m, 4H),
QQ)) "BU .16 (s, 10H). BC{H} NMR(100 MHz, CDCl3): & -5.9, 14.1, 23.2, 33.9,
42.4,111.5,154.2, 209.0 (s, satellites, Jcsn = 254.7, 243.3 Hz). HRMS(ESI)
Calcd for CagHazSnoZr, [M + H]*: 711.07764. Found: 711.076109.

SnMe,

1,1-Bis(cyclopentadienyl)-3,4-dibutyl-2,5-bis(tributylstannyl)-1-zirconacyclopentadiene
(1t(aa))
Sn"Bu, NMR yield: 96%.
A ’BU 114 NMR (396 MHz, CDCls): § 0.73-0.88 (m, 12H), 0.92-1.02 (m, 24H), 1.30-
e 1.64 (m, 32H), 1.77-1.87 (m, 4H), 6.10 (s, 10H). 3C{*H} NMR(100 MHz,
Q{ "Bu CDCl3): 6 12.0, 13.7, 14.1, 23.3, 27.7, 29.6, 33.8, 43.7, 111.5, 152.1, 208.7 (s,
SNBU3  gatellites, Jesnus) = 201.0 Hz, Josnauny = 193.0 Hz).  HRMS(ESI) Caled for
CasHsgzSn2Zr, [M + H]*: 965.36061. Found: 965.35993.

—
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When the reaction mixture was stirred for 3 h instead of 24 h, the mixture of 1s(aa) (57% NMR yield)
and 1s(ap) (34% NMR vyield) was obtained.

1,1-Bis(cyclopentadienyl)-2,4-dibutyl-3,5-bis(trimethylstannyl)-1-zirconacyclopentadiene
(15(ap))
SnMe;, NMR yield: 34%.
)~ "Bu !H NMR (600 MHz, CDCls): & 0.18 (s, 9H, satellite peaks overlapped
/Zr / other peaks.), 0.21 (s, 9H, satellites, Jnsn(r19) = 49.2, Jnsn117) = 47.1 Hz),
QQ)A SnMe3  0.93-0.96 (3H, The peaks overlapped the peaks of 3a.), 1.00-1.02 (3H,
"Bu The peaks overlapped other peaks.), 1.27-1.41 (m, 8H, The peaks
overlapped the peaks of 3a.), 1.99-2.01 (m, 2H), 2.47-2.49(m, 2H), 6.00 (s, 10H). C{'H}
NMR(151 MHz, CDCls): 8 6.6, —4.0, 14.2, 14.3, 22.8, 23.1, 32.4, 33.6, 46.4, 49.1, 109.3, 129.0,
140.6, 194.7, 215.9.

'H NMR Monitoring Reaction of Alkyne 22s with Cp,ZrBu,
To a solution of Cp2ZrCl, (183 mg, 0.625 mmol) in d-THF (2.5 mL) was added "BuLi (1.57 M in

hexane, 0.80 mL, 1.25 mmol) dropwise at —78 °C. The reaction mixture was stirred for 1 h at the

same temperature.  After addition of 22s (245 mg, 1 mmol) and mesitylene (69.5 mL, 0.50 mmol),
the mixture was warmed up to 20 °C and monitored by *H NMR. The *H NMR monitoring reaction
showed that unsymmetrical complex 1s(ap) was converted into symmetrical complex 1s(aa) in 82%
yield.
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Reactions of Silyl-substituted Alkyne 22b with Cp,TiBu,
To a solution of Cp,TiCl; (156 mg, 0.625 mmol) in THF (2.5 mL) was added "BuL.i (1.57 M in hexane,

0.80 mL, 1.25 mmol) dropwise at —78 °C. The reaction mixture was stirred for 1 h at the same

temperature.  After addition of 1-trimethylsilyl-1-propyne 22b (150 mL, 1 mmol), the mixture was
warmed up to —-10 °C and stirred for 3 h, which gave a mixture of bis(cyclopentadienyl)-
titanacyclopentadiene 4b(ap) (67% NMR yield) and 4b(aa) (19% NMR yield). When the reaction
mixture was warmed up to 40 °C and stirred for 24 h, 4b(af3) was completely converted into 4b(a.c)
(46% NMR vyield). Column chromatography on alumina (eluent: benzene) and crystallization from

toluene at —30 °C afforded fine crystals of 4b(aa.).

1,1-Bis(cyclopentadienyl)-2,4-dimethyl-3,5-bis(trimethylsilyl)-1-titanacyclopentadiene (4b(a.))
NMR vyield: 67%.

T™S

a ~ M€ 1HNMR (396 MHz, CDCl3): § -0.06 (s, 9H), 0.14 (5, 9H), 1.46 (5, 3H), 1.63

E %Ti ,, (s, 3H), 6.14 (s, 10H). 13C{tH} NMR(101 MHz, CDCls): 2.7, 4.0, 24.8,
Me

TMS 274, 112.4, 139.7, 140.4, 209.0, 225.2.

1,1-Bis(cyclopentadienyl)-3,4-dimethyl-2,5-bis(trimethylsilyl)-1-titanacyclopentadiene (4b(a.c))
NMR yield: 19% (-10 °C, 3 h).

TMS
@\ ~ Me NMR yield: 46% (40 °C, 24 h). Isolated yield: 23%.
y L CAS Registry Number [148540-24-3].
\3 Me 14 NMR (400 MHz, CDCl3): § 0.01 (s, 18H), 1.47 (s, 6H), 6.16 (s, 10H).
™S 13C{H} NMR(101 MHz, CDCls): § 2.8, 23.3, 112.9, 138.4, 216.7.
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