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Ac acetyl

ADHD attention deficit hyperactivity disorder
Ar aryl

acac acetylacetone

BHT dibutylhydroxytoluene

BINAP 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl
B(neo) boronic acid neopentyl glycol ester
Boc tert-butoxycarbonyl

bpy bipyridyl

BSA benzenesulfonic acid

"Bu normal-butyl

‘Bu tert-butyl

Bn benzyl

Bz benzoyl

°C degree Celsius

cat. catalytic amount

Cp cyclopentadienyl

Cp* pentamethylcyclopentadienyl

Cp’ Cp or Cp*

cod 1,5-cyclooctadiene

conc. concentrated

Cy cyclohexyl

DART direct analysis in real time

dba dibenzylideneacetone

DBU 1,8-diazabicyclo[5.4.0]Jundec-7-ene
DCC N, N’-dicyclohexylcarbodiimide
DCE 1,2-dichloroethane

DIBAH diisobutylaluminium hydride
DMAD dimethyl acetylenedicarboxylate
DMB 2,4-(dimethoxy)benzyl

DMF N, N-dimethylformamide

DMSO dimethylsulfoxide

dppe 1,2-bis(diphenylphosphino)ethane

dppp 1,3-bis(diphenylphosphino)propane
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1-18 %S

D A DIRFE T D D IR ATAHEEHICB W T S 2{LFfD 15T
HbH, LnL, 7V —IN_RAIRLEERIZODMO P VICEREZET L2 LTz, £
EI OS2 R T T O F OROSHECBINMEZ 6925 Z L IIREgETH 5, —FH, I
v fE e DERIZEAL S, BE LTSRNV U RITHER R NSRS TH
%2 LTz A2 RESCENL 7 OM A G DEIZ L o THARU OGN Z il <
D, DD, BBRANSCSERITAHRESHICBO TR SO PRETH D, Al

TER SRR Tl RN SR —FETh OV T v X2 NI BN D
BB DOFRLE BRIE DBIE 21T > 1=,

128 HINARUDOREME

PN T D IRFE H I R LIRS, BT REAICE S LTV AR 2 DD E
FTRHY, TNODOBEBTFOAE DM E NN E ThH—HEH I /L~ (Figure 1-1a)
EAT T B ZHIE AL (Figure 1-1b)D 2 SOURREZR & %, R 1L sp* Bl (o L

ENCHIAE R 2T D &R P L CRERZEO puE 2 A3 5720
REAFMEEL RO G 277, —F., %REIL sp MuBITx L CTHEER 2 D0 p #uEIC
FHRIEFH1OTOAELTEY, ©F7 VI AMRIGNEERT,

Px
R O _O_O Py
0 G
(@) (b)

Figure 1-1 —EIAE W /L (a) & ZBHIE D /L (b)

TNRNF, C-HIFAR S, v 27 a7 a2 ARG, A4 Y RERR 2% R et %
T ZEDRHONTWS !, 2D, TR UNIRE— RERA O KIGEIT O B
WCHE R LR E e 0D, — ., IARVIIRLE TR OB LN STz,
FOSHERFEF I < . ARSI L b EGITIGT D, ZDT2D, A2 DS
PMEZFIES 2 2 LTI ICREETH 5, #i21E. Doering, Richardson & i3Z41Z 71,
CT A DRDIRICE O FE LI ATF L L7~ BLUN224-F) AF
N B EDRISERRT L TWD 3, EER]Z C-H fASIGR LY 7 v Fasss
EBOSH0F L, MR AW A 52 5 Z L it LT\ *° (Scheme 1-1), —J7, Wolff



#ixA7 !, Reimer-Tiemann Fi°. Doeling-Laflamme )i, Corey—Fuchs )i " 72 &, &
NN DIOSHEZFI L 72 H ST D28, 25 ORSIEWT b E o IC
K& EIET D (Scheme 1-2), T D 7=, I %G Lz Ui Z2 LR 2 A 1%
~EIEHT 2 72010%, AR OREEOSE, 1 X OBUSEBEIRME 2 HI#H 92 7=
DO R FIEDOBERRD NS,

n2mner Doy 0 O
: 26 : 26 : 37

15°C 1
=70 °C 10 : 25 : 25 : 40

product ratio

&»MMMM

35

4 : 51

product ratio

Scheme 1-1 AF L OEER] C—HEAMGE L OV 7 v 7 a s Abi

Wolff rearrangement

Leimer-Thiemann reaction
OH S) OH

05
NaOH X — CHO
+ CHCl; ——> o /--\CI R

Doeling-Laflamme reaction

1 3 Br B 1 3
R" R . 5 Na or Mg R R

>_< * B Br R" RS )='=<
RZ R* RZ R* R? R*
Corey-Fuchs reaction

A
Br mgyLi  Ho.l nBuLi

= — = > R—=—H ——> R—=—E

R @ R >~ [1,2]-H E

Scheme 1-2 BV DI 2L 3 A5 BH S



1-38i @B NSUEEDEER

TR % BAS BA BN S B T2 AR LR B R B VR AR E L CHW D
FEPRBINTZZ EIZRY, IR OFEEERRIS~OIHITEEICHERE L, K
#iCi, A)Ea’ﬁ;p&%%%éﬁk@@%%&%%%izﬁ&}aiy/v/\“/éa%@}imr ek %)
WA EEIZOW TR T 5,

1964 4F-|Z Fischer & 1% W(CO)s ~® PhLi OfHINCHES &7 Y A & & 2% A F LAk
[Z& D WO) DR BER 1-1 03555 Z L& R L7=® (Scheme 1-3), Z D&% K
gIv iz, D Cr(0), Fe(0), Mn(0) 51 /L U SR DA F BT SRR O T S 3z,

o, PhLLEGO W(CO); CHaN; W(co)s | Cr(CO)s Fe(CO)s Mn(CO),(MeCp)
_— '
(0 ) Meancl, H* Ph” “OH Ph” ~OMe i Ph” “Ph  Ph” NEt, Ph” “OTICp,Cl

11
representative analogues

Scheme 1-3 Fischer 512 % W(0) A /L~ L g8 D A Rk 36 K O 0 J5E 1

—J5. 1974 4£|Z Schrock I, P U XA FALEZ U HZ V)Y 7)) KE 2 4BEDR
FRCF NN F T LEDORIGIZE Y TaV) DRGSR 122 DEOND Z E2HiEL
T3 '% (Scheme 1-4),

BU\ _cl 2equiv By L Bu— _ /Bu
/—Ta\ > /—Ta
By ( Cl pentane, rt <
t t
Bu Bu
1-2

Scheme 1-4 Schrock & @ Ta(V) A /L SR DA%

%%@%wm\ﬁwNy®c%E®#ﬁﬁﬁ%ﬁﬂéE® 20 d WuE TG S,
72D p HUEIZITBEO d BTN O OWHEEIC LV ZEIS N TWbH e, BRWIZ— &
AN GER L FRROBEFALE L & 5, ZORRENIERE & D VR BEHRIT—fi%
HILZ Fischer 71 /L~ B8R L FEST T Fischer 77 /L~ UKD 48 D 2% < 13D
BWHEMOEBEBSRE CH D, £z, CORED Mo mOEN 12X ZEIh
ZbDONRZ, BT, ANRURFIC 1= RT—MO~T B FF2BHEE L THD BN
2N L LRI TH D (Scheme 1-5a), FAUIZXF LT, %ED IR USRI =EHE D
R ERIBRIC, o BB L O p B ZNZENOARKIE T, &EO d#E & HAEM
THZEICEVEEILENTWD (Scheme 1-5b), = ORERFNIEX % & D48 L~
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BEIR & — RO Schrock 7 L BER LRSS 2P Fischer 4 LU BE R L 1Tk FRAG
12, DX A TOEKOFLERITBIEEOEOHTEMEREBE TH Y, - K —MED
FNLFIZ KD ZEISNIZ S DALV, T, BNV RFITITT A FNVIERLT U —L
B EoRFEERIL, b LAIKERFEE L TWDHDNRELY, £/, Fischer 77/1X
VRO AN RFIREF LT, BIAE Cr ANV, 7oK
UF 7 LEOREERNGEZEZ 9" (Scheme 1-6), —J7. Schrock 7 /L~ g IT R
EtEE b oD, AU RO XS eROGtEZRT, £ OMMEy e & LT, Tebbe 3%
AWD VR WACE D A F L ACRIEREET B 1°, 1985 4EIZ Tebbe &1,
Cp,TiCl, 38 LT AlMe; 2> B & Ak AL 5 851K (Tebbe ) I3t L, 7 A~k H ) V&2 4E
HESH52 T hrDATF U ALBEITT 5 2 & 25 L7z (Scheme 1-7a), = D%,
Grubbs, Pine 5(Z X > T, Tebbe i&#k% 5 Z & T Wittig 3R Cld@Elk c& 2o 2
T IAECSLIRENGA BB T2 b DA F L ALRIGENARETH D = ENEiE ST
(Scheme 1-7b, ¢),

Fischer carbene (a) Schrock carbene (b)
dxy P, E dxy P,
metal carbene metal carbene
ML, OmL, ML, O,
, > J\ 5 JL e J\ )
R 'R RT®R : R R R"O'R
Electrophilic : Nucleophilic

Scheme 1-5 77 /LU GEHR D& Rl E & SO TE

»\ OMe o~ | OMe - MeOH NHR
(0C)sCr={n_ NH,R —> (OC)5Cr)—e('j)HzR —MeOH _ (0C)sCr=
Ph

Ph Ph
Ph
OMe OLi 0
(OC)sCr . )\/ Li THF (OC)sCr
= Ph -78°Ctort
o o
/ /
T Z

50%
cis:trans = 1:1

Scheme 1-6 Fischer 7 /L g & SREZH & D R
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@H Me

I‘CI’AI
% Me Cp,Ti=CH, CH,

o
Tebbe reagent K&
iCemek
toluene, -15 °C to rt ~

65%

A\ o 1.1 equiv Tebbe reagent \ CH
08 s S, ©
OEt toluene/THF (1/4), -40 °C to rt OEt

87%

(o] CH,
1 equiv Tebbe reagent
> ()
THF,0°C tort

74%
cf. with Wittig reagent: 4%

O

Scheme 1-7 Tebbe F3E% FHWN B B LR = UALEM D A F L ALK e

—J7 . Fischer 7 /L~ R & L COME I L O Schrock 77 /1~ & UCOME O

TR R DIFED WL OPEHIVTWD TS T RO A L g R
DA AL, 1983 4F1Z Roper H1Z & - TS 417z (Scheme 1-8a), EARMIIZIE, 74
BANSUEN A b ONT =T LR L-BICKH LY ATF AT I V2B ESE L L
RUSRBSDOREEHSIENETT D, —F ., KB EZEH S5 L&REFEHRKS
DT L, SR 14,5 BZNENEONDL Z E2RE LTS, 2Dk, Casey it
Cp BEL I NARUENLF- 3T NV VB CHlfE Sz =7 A85A 1-6 & itk
BEAL LCIREES Z L2 L7217 (Scheme 1-8b), EJARIZIX, #8K 1-6 2k L. K
WREIDO Y AFNRRAT 4V EEAESED 2 LITH D A_Z A 2 1-7 53 50%IHE TH B i
Do —H T T ALKEBEEFEHSED Extnd 2 a7 AbKEINE 1-8,9 73 %
NENENETHLND,



PPh; PPh; PPh;
oc_ | MeNH, OC_| F HCl OC_ | cF,H

“Ru—CNMe Ru=( R (a)
u— B E— u —_— u a
oc” oc”| F oc” | al
PPh, PPh, PPh,
1-4 1-3 1-5
lo «~Me 24 equiv PMe; [ Me 1.3 equiv HX .Me
----- R - win R ? ann R
ocy e@ 7~ Me = Chycr, 8¢ ¢ Me “CHiCl, -78°Ctort . OC" /N~y Me
oC Me3P Me oC Me X COH Me
1-7, 50% 1-6 1-8, X = Cl, quant
1-9, X = Br, 80%

Scheme 1-8 Ru 35 & T Re W1k B LR SER~D RS E L OSSR E s

PLEIZHERIT LTefl S b 0005180 | &R NS SEROMEITAW e B, Blfr
L NN RFBE EOBEHELR E DRk & T2 3T A —FZ DRAHAEDEIT L > TEZRICEk
EEDHZENARETH D, TDID, BRIV HEEREZTRIE S L i3flit s LTH
W SOSENIRER 20 DIE D, LIBEOEITlX, &8 H VRO FEA R ~D)E A
Bl AR 72 © DICIRE LTk 5,

BL48 TTEEMERREL TEERINRUEERORKR

T IMEEMT BRI N R AR SERORIEMA L L TR BN SN DL
D1 >Thd, VT MEEWN LR L T2&R I NV eERIE, FIZT7 U —I ey
LA L LTy 7 mrasiAqb, X-HIEARS (X=C, N, O, Si, Setc.), 1,2-#iA{i ff A7z
ERkx R BEOSIZRIF &5 1 (Scheme 1-9),

Rsz cyclopropanation

/

o H>Z( X-H insertion
N, N ML, mi, | — R'R?
W+ M, —2 | J -
R “R? R “R? R'® R?
~a ML
R1NR2 migratory insertion
\ L
Others

Scheme 1-9 7 U — 1 W_UZEAIR & L CO&E I SR OF] )

(b)



Bl 21X Evans 5%, 1mol%d ¥ F7 /L2 A4F 4 U UENL &G T 5 Cu ikl f77E
T OT Y ERTNE NS E LTHNS AT LD RE Y 7 n T usiAl
Bt % 2R LT 'Y (Scheme 1-10),

Ph.~ + Nag _CO,/Bu

Y

Ph.. A\ AN
CO,Bu Ph CO,Bu

61% 14%
96%ee 93%ee

5.2 equiv

Scheme 1-10 = 7 /L Cu il 2 5 v 7 v 7 XA

F 7=, Davies &% Rhy(S—biDOSP), fillit 2 W5 Z iz kv, o7 = A7 /L & N-Boc
ErYPUERISSEHZ EICLY C-H AKICZEITSE, it ADHD ¥ Th %
(+)-Ritalin ® &Rk & E#ER LT\ 52° (Scheme 1-11),

Boc y 1) 1 mol% Rh,(S-biDOSP), H €O2Me
N di N
. )]\2 2,3-dimethylbutane, rt . Ph
MeO,C~ “Ph 2) 10 equiv TFA, CH,Cl,
4 equiv (+)-Ritalin

52%, 86%ee

c12H25

co2
R=3—S
~0
6

Scheme 1-11 & 7 /L Rh filfi 2 F N 5 (+)-Ritalin D& Bk

B OHFITIE Scheme 1-1 TRL7EZ U — XU DN E R | BTLOKIGD
FrRINENLE BRI D OSBRI EI T L T D, DF D . BB IS RD B L
VEMEE LTOFAMEEZRTRWITHD LR D,

Fio, BBV UEHEDOEAFASIN L, 7V — AR B WD Z LTIk RE
R F AR FEOBELE TR TITY) 2O TE LM FIETH D, Bz, 2015
£E(2 Wang 51, Rh &AL BINAP OfAGHE At &+ 2560 T, Fu/LXLr
a— T V=P T VT AT )L R AT I ROZ/SH v 7Y v 7RG
2 & D E IR IR BRESE 2B L7122 (Scheme 1-12), Z DGO HEEFEREILLL T o



DWCThod, Tbb, ETTEMOBIMEMED B-TAF=VBIBEZ LS Rh 7EFY
R 1-11 DA Z > 721%12, 5l EHE< Rh AR EER 1-12 Ok, S0 A % 1%
TrY AT T — MR 113 BT 5, wZIC 1-13 DR U ALBETTT 5 2 &
(XY AR 1-10 M EHN D,

TIPS
OH 2 mol%[Rh(cod)OH],

N, BB 5 mol% rac-BINAP Bn //
+ + nBr - S
/< Ph)l\COZMe 1.5 equiv NaOMe Ph)\COZMe

TIPS toluene, 90 °C,1 h
1.3 equiv 2.0 equiv 85%, 1-10

ORhL
MeOH

e

alk o TIPS—=—RNL 1-11
Rh(OMe)L y

[Rh(cod)OH], diazo ester
TIPS BINAP (=L)

Bn // N,

)\ + NaBr TIPS

Ph” ~CO,Me \

RhL

1-10 ( >
J Ph)]\COZMe
BnB
ner Na NaOMe RhL 1-12
Ph \NO BnBr Ph NO
OMe OMe

TIPS W TIPS
Rh(OMe)L NaOMe

Scheme 1-12 Rh 1 )V GEHRASOENIFA RS ZHE L 35 =k 1 v 7V ¥ 7 G
X 2 B UL R G E

INODHINEEDNLEY | T MEEW A @RI VR BERDORTEME & 5 ROG
AR5 2 & T, BMRIREFTHREDRIHETE S, L, RIZTT V1L
BTN EFT L2720, REWICRE R S D, £, VTV bEWEZET 51
OIZIET V= NVIERETFRGIEPMLETH 5720, 2D DR EAHNELE L THen
T IMEEMT B D X5 RIS ORE L LTS D 2 ENINEE R Z LD | K
EBRMEC B HIBRN B % o



FI5H RBETAXUZHEREETIEBE=Y T UEIKRO KL

TT A EFRRIZ, KT VX b BRI R RO RTERA & L CRA S
NHEFRED 1 > TH D, BB, KT LF ATEERMEICL V=T 24052
ENH BN TWD (Scheme 1-13), {HL., Z OHZRMEDOHILT L AN K E R
S>TWD (AHisom =47.4+4.0 kecal/mol)®?, D=, 1-2 fiTuh-~7= Corey—Fuchs )i
ZIX U E L, Seyferth—Gilbert 73 ” ° 35 X O Ohira—Bestmann i3£%* L\ o 72, B =
VT DOREZRE T DT NF BT 272D DFIELHRIENHE S TE T,

AHigom = 47.4 £ 4.0 kcal/mol H H fo)
= = —: | x_fome

R O “OMe x = H, Gilbert reagent
vinylidene ! N, X = Ac, Ohira-Bestmann reagent

Scheme 1-13 7V &% — b =1 5 FZERM

— i, WY BJESHROIFE T CIIZERGRBE =Y T UEENER S NS 2D, A
BRMEOVMHIIE =Y FAMNMELS 2°, Fio, 2o =Y 7 UEERIIE AR E R

KTHY ., ZIVE TITREAMINEOE, JRFBEISUG, U BRBUS, AR ASGRR &
DIEHSSIZF A S T&722° (Scheme 1-14),

Nu-X H H H
" o = o ==
R Nu R

H
_ X ML,
>=-_M|_n \.,( \\MLn = n
R YIx g X
vinylidene complex
N\ H ML, 4

R L

ML,

R—=l=—H — >

Scheme 1-14 &E =V F 5D K

= F U RO SREEAIB R OF & LT, ZHE TICREREH T, 7 I 8128,
FF— 20 ZARFL RO IR VEEFES T WAL R R KPP T ea— Bt
RAT 4 2P L DRISHA BN TWD, LLTFIZWL OO fZ /B4 5,

TRV FILT IV a—) L% Lewis FEAFAE T FRENGEAFIZ A9 & Meyer—Schuster #5773



T L, o B-AREIFIT LT E RRAKRTE D 2 ENMBNTWS Y (Scheme 1-15a), L
MU, ZOHETIT==B X Wa, B-REEF17 b DEIAET DEN S 5, —77 Dixneuf
HliE, BE=U T VBRSO REMIMBOSEZFIHT 5 2 & T, REOESR % X 0 FFn
PRAAETCAT O FiEZ B Lz, BARANICIE, Rufilft 1-15 OfF/E T, 7 e/ UL 7L
a—/LIFEK 1-14 L2 B & O anti-Markovnikov sREZAINSICE W =/ —L R
TV 1-16 ZfF7t%, il o TsOH T 5 Z L2k apf-Afafi7 7 e K 1-17
DBIRICERTE D Z & &2 AL TW5S?** (Scheme 1-15b),

Zn3(POy);
on
HO Celite V o 0
)4\ - A, . (@)
X 197-218°C,10-12 h H S
36% 44% 2%
Ph,
L R

1 mol% ,Ru\
AN
Ph, OBz o

HO 1-15 HO 1 mol% TsOH
x > N = — » N X (b)
N 1.0 equiv BzOH toluene, 25 °C H
1-14 toluene, 50 °C 1-16 117

83% (E:Z=8T7:13) 57%

Scheme 1-15 7 H /L F AT )L a—inb O o, p-AEAFIT LT & FOARKL

RIS, B = U T A~ D KO REAMBGIT anti-Markovnikov B Ci#EfT L, 7L
T RBPGELND, FHRIZIE, RETAFOT AT RAOZEHT, B RekvR
EMBIC K> TR SN TE N, AFET LEBEMBRISTH D Z LIz, 100%D 5
TR TETT D, Fo. AL Lewis BE{FTE T TO T /L > ® Markovnikov 7K Fl
FOSZ X D47 b A RGE S FIRIC WS Z RN TE 5T (Scheme 1-16),
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(0] . . /RUL

Lewis acid RuL,, H_ <~ "| Hy H

X e e e
H,0

Ru(ll) Catalysts for anti-Markovnikov alkyne hydration

Wakatsuki Bassetti Grotiahn
@ ;n Ehz ~ |: Me _Ph Ph Me—l oTf
Ru™ _Ru~ e i _Ph
cFUPPhCeFs  cIm N> c1- '\ ~PPhy \ Py X e
ci Ph PPh; oL b
2 3\,N---H‘°~H-'N
tBu tBu
Breit Hintermann Herzon
®__O
~  19PF “17PFg
< :
T N, - Piv Ru—L
RuwP” NN <Ru
MecN” '\ Phz & H MeCN™ S
Ph,P H &
A
I L= |
Z Ph,P” N Bu

Scheme 1-16 Rt 7 /L% o DK FI s

ZORIGIE. T b—VEfL b LK Cp B &R b oN—T Y KA vy FRDLT
SULERE R AT 4 b LR Y VU RENL T OMAEDEEEEE L THNWD
ZLTERSND, FrIZ, 2015 |2 Herzon HIZ ko> TRH &N 7= CpRu'SEk &
5,5"-bis(trifluoromethyl)-2,2-bipyridine DFEAA oH &l & 3 5 544 Tl BETHX
JIERNEITT 5 Z LT x, BmWERESAENEEZA T2, £lo, ZOoWEDORIHEDS
L. NN,N-=JEEAL - % fif 2. 7= CpRufifit 2 v, FEEZECANCH WD Z & T,
anti-Markovnikov BUKFISSIZ X2 T VT & RIERIZSI & /i< T VT B RO®EILE T &
Ry BTITWV, BTNV a— L E2GRT 2 FIEERRBE LI, ISR~ RUS & )
BRIZ, 2O EWERESAMELZAT L2200, REROARKETCHLHNWDS Z
ENARTH D, R, ZOKISIZRICH HIV {EEEZ b7 v A FTh D
(+)-Bazelladine B D& RIZEHBWTHIH & 72" (Scheme 1-17),
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—|®@

PFg
Me, o CF;
HN™ "N '."Ru\"":'g HN™ "N\
= \;\I N\ |.|o S
// 6 Me 6 =

L

N > N
H 0o 1 equiv TSOH H 0o
BocN N 4 equiv HCO,H BocN N
NMP/H,0 (4/1), 23 °C Y
NHBoc NHBoc

71%

o/io
HZNYN\)/\

NH,

(+)-Bazelladine B

Scheme 1-17 7% DU R k anti-Markovnikov B K FIE TC T L D H—#k T
Jva—VERE %R L7z (+)-Bazellidine B D 44K

—Ji. THETITBERTE BN, RERER 2 AW RITR LR SN TEDL
T, AL EFRED Cr(CO)s & AV DT 7 1 /L X )L F A — )L OB AL EMAL SR 73— 1)
HONTWDLDOHRTHSH?? (Scheme 1-18), LSS SV TWRWEH & LT,
FA— DS RAREIZ R < Bl L, Al E AR5 2 ERE X b5,

Ph SH Ph S@

1 equiv [Cr(CO)¢]
\K\ hv (350 nm) \E/K.,/Cr(cok
RS DBU, THF, 3 h z

Scheme 1-18 =€ 7 1L )LF A — )L DB b FEMAV S i

Ph

¥

43%

Flo, B2 U T UERICR LT v a— v aEH S D & AR 7o SREZ A I S 1 XA T
9, RV I Fischer /LSRN EEES D 2 & AHAE ST\ 5 %4 (Scheme
1'19)0

< 192 < 192
Ph;P Ru MoOH o phep Ru
TN _Ph  reflux T Ph
Php Y PhsP MeO
H

Scheme 1-19 CpRu £ =V 7 > $& (K~ MeOH DN
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% ZC. Fischer 71 /LU EERDAERKIZ K D AMEROS OE 2B CTed . WL Do
RV N A SN TE T, 12, WARUEERE T R L e =Lk~
& B S LG TH D (Scheme 1-20a, b), 2 - H 25, BBk 2 x 7= RAEEH & 1E
SHDLZEICEDRTFBEIRISOFIH TH S (Scheme 1-20c), FIZ 2L 2 DOHEREIZ
Lo TT NV a— VOREMAIMBISTER SN TE o, Flo, THHICEET LRI & L
C. Nishibayashi &% Ru “EAEEOFIE T, 7 a7 OvF L7 b a— L OBiKEIZ LY
ELATL=UF Uk E G, T2 — L OREBRKISZERL TS 34e
(Scheme 1-20d), T 7ch bt T — LORBEHBEIIT L=V 7 o y fLERAIZHETT
DI, BERT NAF T ANNCEER LR LR LG SREZEBSOG S ET

Do
Strategy 1: Isomerization of carbene complexes
(o}
route A
» R! X
X / X-O bond cleavage \)LM @
0) L,
ML,
R1 W (0).4
H route B . RL/\ _H (b)
Deprotonation IIYI
n
Strategy 2: Atom transfer to carbene carbons
2 _ 2 o 2~ ML
R?0 "\ 5 st R0 ML, R“Q '
ML, Nu-LG —> 72 — =Nu + LG (c)
\_/ Nu—LG
R R1® U R
Strategy 3: Use of allenilydene
Cp* ;l
SLA
MeS{\/ Lo'SMe [Ru]—[Ru]@ [Ru]—[Ru]®
Ph R e & 8 L,
cl I ROH cl — = S
> . —_— Ph A Ph (d)
Ho)\\\ NaBF, JI\ HJI\/ —— \/

H™ "Ph OR OR

Scheme 1-20 IV RUSEHKRA~D T )L a2 — )LD RTINS O fil A b BR ik

Scheme 1-20a, b @ B & 2 UL FIZxd, Trost 137 VAT Aa—LEHNWAZ LT
Z OIS SRR I AT L, By-AEafns h > 1418 Ao s Z LA RH LT
34 (Scheme 1-21), AFGOMREIZLL FO L 5 ITRBENTWS, 9. B=U F 4%
K 1-19 ~D7 U AT N a— L OMAFIEIZ K0 T R B8K 1-20 3BT 5. Bl Ef
KT VAL C-OFERDRREIT LY | =T U ASHA 1-21 BEL D, ED%, o-7 U LS
K 1-22 26 OFITTHINEEIC K 0 1-18 AR D, £7o. 2O By-REafnsr b A pkis
I% Ganoderic acid” °<X° Rosefuran® ' ® &I H A & TV 5 (Scheme 1-22),
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10 mol% [CpRu(PPh);Cl] o

20 mol% NH4PF

R—=— + F OH 4T - R X
neat, 100 °C,1 h

R ="C44Hy3 excess 1-18
(o]

R\)j\(\ /\rOH

R\é-//RUL"

R— 1-19

Ln fRuL
Ru / R/Y n
R/\g/ >_/ Oj \ y

1-22 >—/1-20
RuL,
\ R/\(r)l/ /}_// /
1-21

Scheme 1-21 7 /¥ &7 VAT ) a—)LOffayr a 2k 7 ) o 7Rk

10 mol% [CpRu(PPh3)CI]
20 mol% NH4PF6

X-"0H , 100 °C

45% (2 steps)

L

| RhCl;-3H,0

THF/H,0, reflux

1) LiCN
DMPF/THF, rt

2) conc. HCI, 100 °C

Ganodelic acid
40% (2 steps)

10 mol% [CpRu(PPh;)CI] o

20 mol% NH4PFg o =
/\ﬂ Z D |,

OAc /\rOH ,100 °C OAc >
83%

AN
\

Rosefuran

Scheme 1-22 Ru fittfif 2 FI 2 By—REafn7 ~ Gk a8 & 9 % Ganodelic acid 38 LY

Rosefuran & A%
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BB O, N8 FaF R 7 oA I REBEMEGEHRETLIRES 2/ OLE LT
L3 — )L O 72N e Ra 7 v a s AL X W y-F 7 b 1-23 ARk
T5HFEZIE L2 4%(Scheme 1-23), Z DS TIE, N-E R 27 0o I K3
F D TN HRIR 124 ZFRI6T 5 2 L K0 MRS ET T D,

7 mol% [CpRu(cod)CI]
10 mol% (2-furyl);P

OH N 45 mol% "BuyNPFg
— \V\j 2 equiv NaHCO;3
H,O/DMF (1/7) 123
3 equiv 95 °C 84%

&

RuL,

NS
2

/\

=RuL,

XL
7 B
N /
RuL,
T OXT
o=N_o0
v 1-24

Scheme 1-23 HRE 2, ULX LT L a— L OBEBEIRILKISIC LD T 7 N ARk

B2, B2V T USRS OEBRNRBREBE ISR . T UEEPR G TE S Z
EMNZhang B L W Lee 5ZFNFND T N—T 6 RSNz, TEk, 7T U 8EKIIY T
VAT NINGTER LT I R CBEIRITR L — L IR B Z AT 5 2 & THM S
Tz, Bl Z0F Ungvaryi 51X, Coy(CO)g IMIBEDFAE T, 7 Y = AT /L 1-25 &A1
v 1-26 H—FRLIRFEFHRX T CHRIGSE, B-T7 7 ¥ A 1-27 % BWIETHTWEH*?
(Scheme 1-24a), L72L. Z OGS TIRBIERIERMEA AT L2V 7 Y = AT V0N EE
ThdHIEIMZIEFEDO R FEBESECHERT2HLERH D L) BN H
ofc, TR L, =T U ~DOBBEBEN LD 7T VERTIR, BRI A LR
FURRON—F XY FEfbAle LTHW, AFRRLS T VXV EENORRO 7T
PERAE AR TE D720, BRMENPFE S IHNZFETHD L2 D,

Z ORI IRIE Zhang 512 K o TR TEERR S 4172, 1% 5 1% CpRUCI(PPhs),, P, N=U 47
> K 1-30 B L NaBArf, OFAADEERELE L, ANVAEFT RET =TT L
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VNERE X U7 HVE 1-28 & DCE H 60 °C DM TG S/ D Z & T FNEE R BB
WMZ X0 T UEERRAET . ik A 22129 L ORL2BRCAINEISZ LY B-F 7 & &
1-31 % 95%Y R TH TV 5*® (Scheme 1-24b), E£7-. Lee 5% Wilkinson fili-771E T,
TUV—=ATEFLEEIY UN-AFY RERESED LS FHTOE=Y T 885K
~OBEBEEHET L, A 2> 1-33 L OBRIMAINBINIZ X Y REED -7 7 X A
1-34 REIETHLNDL Z EH AL TWnAH ' (Scheme 1-24c),

R
M
= M _ o
0 fo) Bu
H Ph\l 1 mol% Co,(CO)s N
OEt + { > ()
~4 CO (75 bar)
N2 Bu 10°C, 24 h Et0,C"  Ph
125 126 127
35%
5 mol% CpRuCI(PPh;), o_ Ph : fc
= Ph 10 mol% 1-30 N : P X 3
(o] N~ F ", :
g\ . )| 10 mol%NaBAr", . Ph ®) N/ PPh,
Ph  Ph MS 4A, DCE . o
60°C,3 h T T FsC
, SPh :
1-28 1-29 1-31 ; 130 .
1.2 equiv 95% : - NaBAr,
5 mol% Rh(PPh;)Cl
/ e @/ \ (o] N'Me
2 N’Me 1.3 equiv  O-N Me
| > “Ph (c)
MeO Ph MeCN, 50 °C, 24 h
1-32 1-33 MeO 1-34
1.3 equiv 93%

Scheme 1-24 75 L8k & A 2 L DR+2JBACMIIIRIZ L 5 B-F 7 % 28K
Fo. FEROKSTEOND B-F 7 X Midtrans (K THH*°, ZOFFEIL. Cu Tt

FVU K135 &= Fnr1-36 Z W2 BTN (Kinugasa BU) T cis (Ko B-F 7 %
A 137 BRI B D LD D AR L xR TH 2% ° (Scheme 1-25),
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L,Ph

o
" 1) pyridine, rt, 1 h N
Ph—=———-=Cu + o) L
NS Ph  2)H;0*

Ph” Ph
1-35 1-36 1-37
55%

' |
G e .

[Cu]

Scheme 1-25 Kinugasa /< )iix

Ph

P boi@Ey, REITE =17 U8R~ anti-Markovnikov 2 O SREZ NS
WRFBEIRILZTERN T2 2 LIk 0 | BEfFOEHR)S TIXERORE TH - 7o Bhg
ERRE R ABN FIREIZ /R D 2 & &R Lz, BT, TEREE L IT R 5 SRR T B
T2 RSB DN T b TR L=,

FT16H LT FrirzuXF N UDERKRERIE

THNETICERNTEZLEBY, BRI A_UKIE, hARVRE EO EREEEK
B, IRFE—~T uR T EESORBRICHNON T, — T, TAF Tk
@Ru%ﬁk@MW%%MK&OT%&éhéw?TV7DAV&F)iyi\%h%

IE— A E TR R, RETIE, LTy a0 F N U OEKRB L OE
DEFMEZTED LIZ A A~ OIS BN DN TR 5,

1986 4F, Singleton &% /D7 = =/ 7&F L > & CpRuBr(cod) & DEALIIERLIZ
E0. VT FIA N 138 B’ EHND 2 L AR THIO THE LT (Scheme 1-26),

ZOFE, XRDHIEDHER LY, RU-C DFEGRIZ1LI2A TH L Z LRI TN
%o ZHUINTF V7N H VT RO Ru-C fEARE (2059 A)CERTEL, T
LALT =0 A= T U85AD RU-C OFEGE (1.884 A)THEBIL T 547 &,
BCNMR HIEIZ BN TIE, 0 fREFED S 7 FABNMERSICBIRI STV 5 (8§=271.1 ppm),
INODOHREREL, VT T A7 NVOREHEED T HGIINT T a2 YT
1-38a LV AT a2 M) MG 1-38b DB RENZ L EZRL TN,
DFED | 1-3BIIEAINNRAMEFT HFFTHY | ZO=— 2 2EEICIH L
FOSBHFE N YIFREZ LI T & LIc R P O 7 L — 7 Tl T & 7z,
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<= o PP PP

|
J— >—Ru R
Ph + ~ —_— ug e Ru,_ -« /SRu,
% Br ch,Cl, 0°C \\\// Br 7 Br a Br

= Ph

Ph Ph
4 equiv
1-38a 1-38b
60-70%
Ruthenacyclopentatriene Ruthenacyclopentadiene Ruthenium vinylidene complex
g 710 0
C C Cp* | 6
N, Cp =N $ »R
| /Ru,Br - Ru-Cl MesPy Us. Ph
cY cY PPh; Me;P Y
Ph Ph Ph
Ru-C%: 1.942 A Ru-C%: 2.059 A Ru-C: 1.884 A
c*-CP:1.403 A Cc*CP:1.338 A
ch.cr: 1.377 A chcr:1.414A

Scheme 1-26 V77 a2 N U O E X RRE i ST

NTFF X Z N DR E R & LT, Yamamoto &
DWELIZ16-V A OBy 7 a7l a XU ALReNE T b s, 5134 7 =Ll
NAZ b ONT =0 AMEEOFET, 1,6-FA KL/ VRV ZERASED Z &
T, 27T U RRICE AT T B 7 a T a AR TT%IETHE B 5 &3t
I, 7 BEAFH U UR 10%NETHLND Z EE2RE LTS (Scheme 1-27),
BLBRZENZ & 12, Cp*RuCl(cod) Z filt it & 3~ 5 & AR IRME DN WHR L, &7 m A~y
TUNTEAERM E 2D, ORI ORIRE Y . Z ORISOZERMEIL Cp BT DL
BHREBLOETHRICEIVHIHEIND Z EBHOLNE 720 T2bE, &IV
EL OB P ~DOANT N huty 7 v T RN ERER D PR DR A
VT VBN AW TR AT 1-40 205 ORTTIIBEESMEE XN D T2, DR
¢141®¢&ﬁ@%¢60%@ﬁ%\:$V7m7mﬂymmﬂ£$&%&bfﬁg
b, —H. @@\ Co*lefi 72 A5 & 1-40 OFGEANL 7 v k> & Cp*Befir 1~ DT
SERRCENA T D Z BTNz, Cp*lifr+ D W 502 L 0 mER b2k (1IV) D R
ENLENSND T, 1-42 DAERPERT D, T2, 7 unFH oz o pnig
e L TR LN,
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<>

10 mol% C|/R\U‘PPh3 MeO,C_ CO,Me
MeO,C = PPhgy MeO,C :
X + 7 > +
MeO,C = DCE, 40 °C MeO,C :
10 equiv
77% 10%
Cp'Ru cf. 10 mol% Cp*RuCl(cod), CH,Cl,, reflux: 15% 47%

it

MeO,C_ CO,Me

fff P ﬁ%ﬂ N ﬁ%

CO,Me CO,Me

Scheme 1-27 16-A v & J VRNV X L EDONISIC LD _FEY 7 a7 a N Abik
BLXOY 7 o~FHoom o ER M

FEREOHINE 30580 VT ua X N o ORIMEL, Wb T e
N VT VM OFBEIC K > THIE T 22 LN TED, FIZZOHRTYH,
Cp*RuCl(cod)fitfit 2 FHH\N 2 A o & AN oy1 & O[R2+2+n]BRABAIT IS T X D HaERE
¥ OREZELSIX, Yamamoto D & ST FEM e MFFE 23 72 ST & 72°2 (Scheme 1-28),
HARBITIE, TAF U DRSS TIERV P UVBRBEISN D, TA7 2 L DRRT
Ty 7 a I U UBERNELND, L LR, 7Y — L RmE#RILE LT o-
AFVNEEET S 1,5 10-=> VA VHEEEAWTEGEICOR, LT 4 v ORER
FBADBETL, AT VBEERNEGONDZENRRHESNT Y, £, ~TeET%
By FEREL T 52 L T.6 BRERROGMEITD &N TED, BT,
Wan 5% 2H-7 2V & D2+2+3]BR{LBURIC L D | MR 7T BV U RERTEDL 2 &%
RHLE,
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—_— /—R

R R2
N a—
Cp*RuCl(cod) /1 \
X R1 R2 X | /N
=R R?
R
~—Ru
| ci
N
R R R
Cp*RuCl(cod) = A Y=C=S 23
7 X - | X || /Ru\ —_—> X «
cl Y=NR, S Y
R R R

O o=c=N
=—R'
or
Ph R CN-R' R
ZH =z N‘R
X X X
= X 0
‘ R R R
v <
X
N

Scheme 1-28 VT 7 a2 b U = Z fIfEA L 4 B [2+2+n] B LA NG

IO —HEORISIE, FUEFTEITT I ENOmWERESZAMEEZ T T 5720,
KEMERIZ BRI &SNS, HilziE. Nicolaou H? Sporolide B D&KL TIL, Fu b
XNLTNa—143 L ruoa 7k 144 L ORI =BbRISIC LA 7 ma X
ORIV STV (Scheme 1-29a), F 7= Cramer X, 7/ F=/LRr
R AT )L 1-45, 7/ LF LT a— L 146 BL N 1,4-P 1 > 1-47 O =Bk =
FELBURIZ LV | Fijioride A GRROBEPUA L R D LEHART 72V FEG L TS
534 58 (Scheme 1-29b),
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OBn

(0] 7 mol% Cp*RuCl(cod)
= >
Me Y (o) DCE, 25 °C, 30 min
OBn OMe OH TBSO
1-43 1-44
cl
: OH
O =
/0 (@)
OBn OMe OH
TBSO Y OH
87%
Sporolide B
TMS—=—=—B(0Pr); |||
1-45
\\ 13 mol% Cp*RuCl(cod)
OH TMS DCE, 23 °C, 36 h
TMS%<_ 1-47
OTBDPS
1-46 Ho. AcHN
HO_ o
™S B-O o

S OTBDPS cl d
N — /
R =, elE

TMS

59% ' "OH

OH
Fijiolide A

Scheme 1-29 Ru il 2 F N 5 [2+2+ 2] BR AL 2RI H L 7= KRR A Rk

Eilo, PHEAT T YA 7 VR R T 5 [2+2+2] BRALAINBRO SR, £ O OER
&R A WD A S IIBUCHERE N B D Z LB TV D, Reppe HIZKk D=
VAR A WD TV v DBRLS BALKISOHE P 2 ZEI 0 IZ, TAFx ORI =
BAIZ K DR B VBRSOG4 B SEAE A2 VTR S TE 00, X
BTy yaRe R R 256 BRI =BIEA X T YA 7 L~DffiA
FOG, & U< I[4+2) B LA N 28 THETT 9~ % L Wbt T % (Scheme 1-30, path A), =
Ui, Wakatsuki, Albright 38 08 Sola & D 7' )v—712 X % DFT #HRICE » THEER SN T
W50 . ATy a2 B RO, [+2BfMHnic X a7
Ty nm[3 2. 07X N = OAERICKHES RIERIZE Y, v Ty ra~T T
N UL, EITRIRBEIZ X > TRUB VBB T S (Scheme 1-30, path B),
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Z OFI& 1T Yamamoto 38 L Y Kirchner 5D 7 L— 712 X 5 DFT 3HREICE W HER I T

V% 53b, 62

<

o

Path A

L,
= M
CMLn or
— 7 / \
ML, insertion [4+2] ©

* E * / *
|| \Ru,'CP — | || \Ru,'cp —_— \Ru,’CP
V ‘Cl / ‘Cl N Y ‘Cl

N
r

Path B

[2+2]

Scheme 1-30 7 /L3 o D[2+2+2] BRI i DRI

Flo. VT F v aXr X b d Fischer 7 LXK & Schrock 7 L LG A
WIS LTenA TV » FRID AN NRGERTH 5720, — DA N RFAITKE
FEHSOSDEITTH L. b I —H DI AN RBITITREEBRESSEIT L. EHE
BMeEn=y=onEGons 2 Enmbin Tty (Scheme 1-31),

4 N\
e®
R R R_/‘ R
x'r-.l \R ‘\cp- — RS “Cp' Rs “Cp' X,"~~ ~ “E
AL u\L = X“_‘I Ru\L - X\“_I Ru\L — v Nu
R R R‘\ R
N
(. J

Fischer/Schrock hybrid biscarbenoids

Scheme 1-31 V7 F WA 7 N ~D B LIS LDV = ARk

%1 21X Dixneuf & 13 Cp*RuCl(cod)fillit DFIE T, flix DTV — AT EF L 4051 &
ANRKRUEEEDH » 7V TRIGIZE Y | (1E, 3E)-Y = = /L= A7 LIS @ LARIR IS
BonbHZLARHLEZ? (Scheme 1-32), Z DRIGDIE B4 W), 4% ST )
A 7V 1-48 ARG OBEFRIKRTH D Z L Z2E L UIW b0, TN E R E
FRFEUIE DN TV o7, L L ZOMEDH, 4 513 744 7 /L 1-48
EHERE & DILFEIRONICE Y 143 LD 2 L &R L T\ D, HHIEZ 0tz
H U DINORRGEFERIS L O DFT R Z1TV, T ORI IS & ARG OB 2 $27E
LTW2, T74bb, £9 148 o7 u FAUIC L2 F A MAT v raXv a2y
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T 149 BB T Do ZOFRIA 1-49 1%, ML m b b T =g AEDT AR
T4y JHEFERIC LV ZELSNTWD, itV T, TET— b A Ofmc kv
TFy a7y 150 WERSND, INRBRT LI VEm L AT L
1-43 3G b5,

A ASoi. _5mol% Cp'RuClcod) 1 5
— + (v > N Ac
1,4-dioxane, rt Ph)W
2.0 equiv Ph
1-43
Ar Ar H Ar H
Cp* AcOH  _Cp*  _Cp*
| R, ? ——> [ R." — [ rR&®
Ao 7@ "Cl cl
Ar Ar 99ac Ar OAc
1-48 1-49 1-50

Scheme 1-32 LT F %A 7LDt Ra b /LRFIALEIGIC L DY o= 2T VAR

L2r L ZOFE, AREISIZEBWT(E, 3EYRD A AR INAVIZG B AL 5 ERIEIH 60T &
NTWRnotz, 2 TZOBERNEWLMNTT 5L, Yamamoto [$ASE D DFT #H5
AT oTlc, ZORER, VT =0 L EOBEHEEN LT ET— N OBFERBIZL VLT
T a T ORI HIE S AL, @OV AERRRIER BT 5 2 L A& R
72 °*% (Scheme 1-33),

t
H Tp H
AE = 10.5 kcal/mol : ) Cl A
> A’&'R:u ol — ph)\/\(oc
/ “ho< Ph
Ar
H Cp (1E, 3E)
- conrotatory
Ar=-i Cl
Ru favored
A o
(o]
Ar _/< t
Cp
\AE=15.1 kcal/mol A H |/s|d- H
- MRS | —— SN
A OAc
ArO
12, 3
disrotatory ( £)
disfavored

Scheme 1-33 V7 F 7 a X7 OB OIEEL— X)L ¥ —
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FERIZ, Yamamoto HiE 1,6-V 1 L ZIE L L TRERDO & R VR ARG 21T
IBEHEHBAFPRE LT BUNCI ZINT 52 212Xk, FfED Y ==L = A7 L3

EVSBEIRME TR BN 2 L AR L TWA, £72, MO IKRRIS DA ALFHIE
ELT BoNlym= VAT Ve NBRILFERLOET 2 Z &2k, V7T F
B 2R % 7 a v 2 DB LD LT 5 8 4P (Scheme 1-34),

10 mol% Cp*RuCl(cod) 1.1 equ|v I, Qhe
o/——— Ph 10 mol% "Bu,NClI o OO
_— pp 1.2 equiv AcOH toluene/THF (4/1)
1,4-dioxane, 50 °C

76% 89%
lignane framework

Scheme 1-34 1,6- A > Dt R /LRx IALPEHABRKIGIC L D Y 7 B RE s

%72, Yamashita &L MeOH Z KR HRIZH N, 7V — /L RIGE#EEZ $ D 1,6-3
A 2 1-51 OKRFBIAECERLFOSIZ LY . =% Y P2 1652 5T D Fika B s
L72°° (Scheme 1-35), 7. MRAEERF L O DFT fHEORERICE S E | RS OHHE
LT DY Thsd EHEINLTWD, T, LT FH A7V 163 L AX ) —LED
BONL 7232 K 0 1-54 MERK L, #i< 7’1 b AL TRE FIICIEME L Sz v

BEIR 1-55 AT 5, ZDtk, 5 BEREBIKE 1-56 2 TA M VR FbDE RY
RBENEIT L, 157 NEL D, TD#%, RV LT VT b R EHFRRNLADAHITHE <
WHRERIBHER (C L 0 ¥ IR 1-59 NAERMT D, RISV A v & DR AZHUT K0 fih
B A 7 VR TERET D,
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X/—: Ar 5 mol% Cp*RuCl(cod) Z>H
> X
\—— Ar MeOH/THF (1/15), reflux ~H
1-51 1-52 Ar
Cp*
cp* 1-51  1-52 Ar | MeOH cp*

| <Ru. Ar HCI
Ru‘CI ;-4» \ 1 Cl ~ Rlu
,ﬁ/i\ X Ar rds \ i "OMe
/ X X Ar

c 1-53
* 1-59
Ar |p 1-54
/ Ru—c|
\ Ar
X H
1-58
Cp* [e) "
\ Ar |® cl o* o ¥ Ar | c|@
&E\o H 1@ " RU~om
/~Ru.. \ e
X H H)\\H D 3L A O - Ar
\Ar:J<|.| X
X N H
1-57 H 1-55
1-56

Scheme 1-35 MeOH Z/KZ GR35 U4  DOKRFBENVIE TERILIG

ZORIEOASHEPE T & A N Y OB TR B DB (1-53—1-54)Th b, £ D
7o, [2+2+2]BRALSE D BT T VKRB 2 & D VA NIARISIZEA T 5 Z
EMTEZRUN (Scheme 1-36), = DAEIZ, Cp*RuCl(cod) > & JERL S 412 Hiitk L 7 F4 4
I RWNTYA O EREIELAAT O BRIT[2+2+ 2 LS OBEA NS RIE & 72 D,

Me
/——Me Cp*RuCl(cod) z
0\ — Me MeOH/THF (1/15), reflux \/ ° A
Me
[2+2+2] adduct not detected

Scheme 1-36 =% YV YU ARk TX g

[2+2+2 8RB IX, I TF AT T A 71 1-60 IR E 35 2 &I X0 il
T& 5, 1-60 %21V OFETHRAEZSEDLZ ENTE S, 12HIE, Cp*RuCl(cod) & 4R
BWEHARDED Z & T, RuSEHADEFERUL 1% AgCl OFZCTHLY B FIETH D, 2
SHIE., CPRUBEEZ LT FH A 7 VRIEIA L LTHWD FIETH D, FEIC
[Cp’Ru(MeCN);3]PFs 23 /L7 FH A 7 L RIERMA L LTI &4 5 (Scheme 1-37),
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R ®PF®
—Ru
S ~ R 71 PFg
[ ¢ R R
— N
X’ =R - R R
- ~Ri
=R TN MeCN® ’u\NCMe
AgY AgCI MeCN

i R=H, [CpRu(MeCN)3]PF,
! R = Me, [Cp*Ru(MeCN);]PFg

Scheme 1-37 B F A MW7 FH A 7 VDI EE

CpRU il 2 FHWN 2 ¥ A > D VERERALBUG L Kirchner 512 X o THIO TERR S T2,
# 1%, [CPRU(PMe3)(MeCN),]PFs 1-61 23 % DRI T L F v B LN 16-~TH A b
MBS ZREZ L, =T VAR USEK 1-62 AL 52 L adlE LTz, B2, 556
NWIBERIC N VA a B2 S, DARURFLZT 1 hAb L, YV 86K
1-63 ~E TS Z LIZH R LT\ 5 %% (Scheme 1-38), % D& Dk L 7-17 )
AINEDKINCE VR —D m=T7 U AT ARABEENRERTED L) EBREEL &

HERFTR O RN D ARSI T T A I A DI NN IRFE~DRAT 1 BT
ORI EVHEITT D ERHALMNIA 572", F72, NHC B 2B/ T 507 7V
A 7 NVTHIRARD G EITT 2 Z LR BTN D S,

@ O =S ® O CINC) (CIENC)
1 PFg —, 1 PFs -1 PFg —1 PFg
| — 3 ] —_— | CF3002H ]
+Ru SRu Ru > Ru.
Mel\CnNC"{ \PMe3 ace:tone \QI r"\PMe3 ‘A\ —|= OCOCF,
€ @:,PMe:,, O’Q,PM%
1-61 1-62 1-63

Scheme 1-38 V7 F %A T IA~DHRAT 4 L OFAINZ LD n=7 U IV T3 VU GEHRTERK

FROKRRAT 4 VBT DT F YA T NSO NIRRT D D L 3t
M2, Yamamoto ©IE[Cp*Ru(MeCN);]PFs DFIE T, V7 == )ViRA T 4 VA F T K&
FANWDLZ LT TAFRIIT ) —EE b2 1,6-V A OBk Rak 2k Ul
DRI T D 2 E AW LTS %Y (Scheme 1-39),
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Ar

[=Ar g ph 5-10 mol% [Cp*Ru(MeCN);]PFg Z~P(0)Ph,
X + N > X
— Ar H” “Ph MS 4A H

HCls, refl
1.0 equiv CHCly, reflux Ar

Scheme 1-39  FF A M Ru fitfit 2 W5 1,6-2 A > & Rk AR U LR G

EREoMIC Y, BT LR OB e K e ERREHM TSI E ST D,
Yamamoto ©i%. [Cp’Ru(MeCN)3]PFs il liiD A1 T, Hantzsch =& 7 /L% KE L HAR
T 1,6-UA L OKFEBEALRETBRILS ZBR LTV A 7% (Scheme 1-40), AKi
TIE, SEikd MeOH Z KB GRE T 5%V U= U ERIE L FERIZ, 7 U — /LK
B Z 6 1,6-0 4 ATk L TRIAWEE 2 A LT rEOx=F Y o
ERENETHE WD, —FH, TAFARGEIRILL OV A Tk U TRRS & 1
%ﬁéki%yymyﬁﬁ_m%méMt7w&/1M% ERITIF TN D,

H H Ar

=" Etochk/l(cozEt [CPRUMECN)IPFs /i x/\jCalkyn
> or
=R Me” N Me THF or DMF ~H alkyl
Ar
Hantzsch ester 1-52 1-64
2-3 equiv

Scheme 1-40 Hantzsch = 25 /L& 5 2 A o OKERBEALE LIV G

FTo ST Z OISO AERIERMEZ T 572 DFT 3HREIC L D 7L % K
EHEEDS VT YA 7LD LUMO L2 5 2 H B2 OV T RS - T % (Scheme
1-41), ZDFEHE, Me BLOPr EZ2 b oL T T A 7 iz 7 ) —iEE b oLT 4
A7 VE0 S LUMO ¥ERLDMEWZ ER BN E o7, DFE D TIVF/LERLT
AT ATREFEREN O, ZHELDETLIZEDEE X BD,
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0215 B )—@—cm

0227 - | Ru

% -0.225
E 023 - |_<] |_© }—@ F@
> {
5 0235 - )_G_F
0.24 1 I—Me %—'F‘r
-0.245 T T T T T
A B C D E F G H

Alkyne terminal groups

Scheme 1-41 &7 W VTF A 7 LD LUMO YERL

F 7=, Trost 51, [CpRU(MeCN)s]PFs filllDIFAE T, FlA D a,m-7 /L F LA L Dfil
B ZRBALKFNEOR B L R A M UALRIZ LD ap-ARfafisr b 1-64 B &
W= ) — )T —7 )L 1-65 DERREEKR L TWD " (Scheme 1-42), Z DETHAA
7 4 B LV NHC BN OFMINEOR & FgkIZ, EFXBRALT T a2 )
YADOREMAINIHES 7r FARIC KD . BRI ERT DHERTRE STV D,

H,0
— -
acetone, 60 °C TsN | (o) 1-64
/—=——Me 5 mol% [CpRu(MeCN);]PFg Me
TsN
N—=—Me Me
MeOH =z
- » TsN 1-65
CH,CI,, reflux & _OMe
Me
Me
product ROH
N D
TsN | ,RuCp
diyne
Me
@
Me H Me ®
Z “RuCp N\ H
TsNi:QOR TsN/\:[;RuCp
Me — me OR

Scheme 1-42 Ru filili:Z2 5 o4 o OBLOKIIB L Ot R A k% AbKs
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—J5. Dixneuf 5IE[Cp*Ru(MeCN)s]PF; fililifz iV 5 Z & ¢, 7V —ATE®F L UM
O 'K FB L O Re 7 rafx i AbROSIZE 0 By-REafnr o 1-66 B LUy =
=N T—T )L 1-67 DAL TEL I aMEL TS, OB, HHIIARRISH T 1
I I ARITHE < SREZAH BN K 0 AT T DB 24298 L T\ 5 72 (Scheme 1-43), 7KFi
FOSTIiE, VT A 707 a M AIZ K DV hF A UEEEROAREZ{RT BT 15
mol%® TsOH NIRME T\ 5, £/, B Fa X b AL TH LI DAY 1-67 (2%
L. i TSOH B L O CUCL ZEA S5 2 L1k v 25-U7 U —/L7 T2 1-68 ~
CEMTEDL L ERHL TS,

15 mol% TsOH
3 equiv H,0

[o)
> Ph—\\_>—Ph
dioxane, rt
1-66

\

4 mol% [Cp*Ru(MeCN);]PF

2 —Ph
MeO 10 mol% TsOH
1 equiv MeOH ©
q > Ph Ph 10 mol% CuCl, Ph—_9<_Ph
THF, rt \ 7 1 equiv H,0 U
70°C,10 h
1-67 1-68
product Ph _|® H®
| >RuCp*
diyne
Ph
Hpn |® HPh |20

QRuCp* QRuCp*

H@ ROH

Scheme 1-43 Cp*Ru‘filifit# 27 U — 7 EF L O _Efb/KfnE L O
=N = N LAy

Trost & & Dixneuf & ORI IBWNT, 71 b Ak & RIS DNAFF 23 ¥ 72 2 PR
X, 7 T VIR DNLRZIR . BT RIREB KOV AR E AL D
WzkabolEx oD, b5, Dixneuf 5237z Cp*Efiz 713 Trost & @ Cp
B FE 0 bEm <, OEFRGEREmW Y, IR O®@mY | A FILERLT T
P A 7T 7 2= VEBO SO XD LUMO LMKV, ZHHDOZRIZED, AF L
BEHLT T A 7 TR ETHERT3ICEm W2 1-69 ~ORZAIOINE T = ~ Ak
(B LT T 9 5, —J7, 7= = VEBLT YA 7L 170 1Zxb3 B SREZAI AN
DETLOBW, 71 M ALMENET S EE X HLD (Scheme 1-44),
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<
Me J ® ROH ?@F(p. RO

Ru
A Ph
Ru®
/ M = w—-H/
N Ph
TsN
1-69 1-70
less sterically hindered sterically hindered
& &
electron deficient electron rich

Scheme 1-44 V7 F WA 7 VR RD Bk

F 72, Yamashita HIET7VF U RMICT7 2=V EE D 1,6- 4 b EakEShdh
LT Fry a2 N2y 171 #7033 FhThru~ 7T 7 40— 2k Bk
BRRBIZE 2 A, L-TLISKRGFOMNIN U A 0 & Vo= Uk 1-712 G5 h
HTEERELTWVWD T, 1-72 OERBRIIHAL ST WA, TAIFI X
% HCl ORI KLY B TF A MNNT FHA 7 AREL, KBHILTERLTWD S
DEEDLIS, 72, 17212 L HCl B LW dppe Z/EHIESZ L2k b, 1-64 L5
LU= KRR TH D ap-FRafnr ho 1-73 L3RS, VT =T AUKRAT ¢ A
TN 85%3 KON 86%ULERTHF TS (Scheme 1-45a), Z DfERIL, VA v DB
{CIKRFUSERS T FA VT YA I N ERBE LTS Z EERBAMIT AR TH S,
— T, 1-71ZxF L AgNOs ZER &85 & THE#H 7 7 2 1-75 BRGNS =
EH R LTWD (Scheme 1-45b), Z vl VT A 7 vkt Lt e g Rt Gk %
ERMSELZET7 I VBRMERTE 52 L 2mB T 2B ETH D, k., 7
NF v oA R GAR O 242+ L BRI B 135 i B O 1B B 4 i e R0 nR
MR A2 BT D720, HEEARHICREZ2HIRAH 2 &I MERH 727, —
FT T FTHA T VERR O OGPPSR TEITT 2720, 2 O[2+2+1] BB N
S AR CHEER C & AU IERIE L 0 B IAWIEE — A2 b oL@ T 7 U DGRk
LD, £o, ZEMT T TAREFHEIOEREKE L TR SND T2, KK
DB FHERETE D T ORI D723 5 Z L b ifF SN D 70,
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Ph RuCp

Al,0, -H HCI, dppe Ru’CI @
/—> o |l Ru Cp HZOITHF thp PPh,

Ph 70 °C

1-73 1 74
Ph H20 85% 86%
N, .Cp*
o | /Ru“CI
Ph
1-71 Ph
1.1 equiv AgNO3 =
» O 0O + 173 (b)
THF/H,0 = .
25°C bh 7%
1-75

52%

Scheme 1-45 V7 F A 7 W ~DKFIEIZ K B p*-A -~ Z Vo = LK
BLOWER T 7 > DAL

Z D% O Yamashita 5O F 72 H8F2212 L 0 . [Cp’Ru(MeCN)sfiliDF/E F. DMSO %
B ERICHWDS Z EICEVEAY D a0-FA U DOMEER 7 7o 5Gonb Z E A,
H&En7="° (Scheme 1-46), &7z, MRAEEH & O DFT FHREOFE RIS & | RO
HRIRBE SN TWD, ASITEBIRE 1-76 2RA4 20 F 4 MLTFHA 71~
® DMSO 75 DEEFEBEN SN LV y-27 S I _UEEIR 1-77 SR S D & 3T,
AFNZNT 4 RHRBEET D, . ZOMBBEDPARISOREERETH L, T DO%,
1-77 O FHNEALTFRLIZ LY 7 T 88K 1-78 ERT 2, wEIZTA & DORLL
FRBIZ L O VT YA T IVIREET D,
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\

/—=—R! o®  [CPpRu(MeCN);]PF; _
X + @ > X o)
\T_RZ U =~

2
R = Ar or Alkyl 5 equiv R

78 -
1 _|® 1-76
\ R rds
(o]
X \
(ﬁRuCp
R? ~S<
1-77

Scheme 1-46 DMSO #EE ALK L 35 U4 v OfEFEBEI[2+2+1)BR LA NG
K DHEER 7 7 DA

1-5 HiCl 7Bl b E oo, ek, WARUEER~OBBEBISISIT I VR = AL EY
DERRICFIA SN TE 4 T ZOROAKGEIE, IR ER DR FEB NS
7T UEBICHRIHATE S 2 L EARTEBNZEICTH D, Fo, ZOMKRILEE) 72T
HEAREZHAND ZEIZED | 7T VSN b SRR L EAT e — LA G TEDH T L
AL WD, T7bb, S%OMEBIZLV AT T A 7 L Z2RRET 55
[2+2+1]BALATINBOS N L EHA~T 1 — LB O FiE L L TR B AT 5 2 &R HIFF
SN,
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B1-7TH WA

AEE T, Fischer 135 X O Schrock LoD 7 LR USEIR DA R ER L OHBEA RA~D )
Iz W TR L7z, F72, 7% r 2551 & Cp’Ru iSRS DT 7
B Z N EERD Z OME OMWE 2 R ORI E A DU gERE LT oM
B LWL e, EOa=—7 REFHAZIED LIS OSEBEMTOI TE 22 L &2k
Rz, Lo, T FHA T VOILFIIRTEFREIE ETH D, FRC, B FA LT T
YA 7N ERET 5 EREMUEEOS DG AL RIS RS, R B E [2+2+1] 5]
AEATINEOE D — R MERIR IS AN T BiaH3s8 E 72 STV RV O RBLR TH D, A t-5n
S TIEZ N D OREZ IR T 5 <, LLFD 3 5DOT =< IZOWTHIE AT o T2,
ARETIEET —~ O EE UL FIZRT,

5 RufiiiE A Wb = VA v DKRBRBEVE STER{V/ 577 Diels— Alder it #
YT ATt R X B LERAUCEY DI KA K

Ru filiz W% 1,6-0 A U ~OKBBIALE CBRILKONIC L D 2F YA 7 U v 7
13-V U EMIEOAEHERA~DICHZ B L, ZOGE#E T 5 2Rz E M DIX
WEKT B ADRRAFEIZ OV TIHEND, BARRIZIE, ARUSIZHAWD = DA IEE O
THA AGE R OE DB RIE, ER OSBRI BT 5552, E—REIC SN T
k% (Scheme 1-47),

X/TAI‘ PF‘3
MeCN'"j " “NCMe Lf
MeCN
HO kf
One Pot
l EtOZC CO,Et Diels-Alder
Reaction

Scheme 1-47 = A » O/KERBENE TCERL/Diels—Alder &% 7 L7 vt A

endo product
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ZECRUMMEEZH WA= Fa U2 BBERET LU AT A & DOR:2+ 1RSI
LBV VT T DA

WMAFIEE TR L7 Ru filllia Fv 2D DMSO ZRRIRE 35 V4 v OfEFEBENA
[2+2+1)BALAT NG Tld, TS RE BRI U VA2 BTV 4 v 2 EICH
WD ENTERD ST, ARFFETIE, DMSO IZfA 2 T= ha v ZBBFICH NS Z &
T VINANDA LV ERELE LIV VLT T U AREER L2 L 2D, £, Ak
LIey U7 T2 VWS EBOSIZ LY | x OFRBMES N7 7 o ~OfFEE
DFERIZDONT HIB~% (Scheme 1-48),

o

MeCN™" “NCMe

/—=R Oi©/0Me MeCN
X + | ®
——gj Me/N\ DCE, reflux

Si = SiMej, SiEts, SiMe,Ph,
Si‘BuMe,, Si'Pr;, and SiPh;

Scheme 1-48 = b u U ZEBRF LT D VLA L ORL2+1 BRIV S

FPUEE : Ru fillil 2 F D F A DAV R =V 2RI & 32 A v b OR+2+1BRILSIC
L BLEHRTF I T = DA

Ru filiEFAE T, XU A XYY —-2-F 4 L ZHEIRICHN D VA v & Ot )
T [2+2+ 1B ALAT IS  ZEBRT AT = AT D TFEOBRREERIC O
T~ %, BAREYCIE, FREIRO B RAE, RBERERFAT 0 72 80 D RRAEFEBR OFE Rds X
OB — I DWW Tk < % (Scheme 1-49),

S | _‘®PF?

—=R! o)l\N‘R Mel(\:n:;:‘EU\NCMe /;E?

X + > X S

_— R? @ wet DMF =

open air R2

Scheme 1-49  F A U NVR=)ALEW i EIR & T 5 VA v & DR+ 2+1BRLATINS
FHHE
W R Z R EE T 5,

34



H—E ZEM

' Reviews: (a) G. B. Shuster Adv. Phys. Org. Chem. 1986, 22, 311. (b) W. Sander, G. Bucher, S.
Wierlacher Chem. Rev. 1993, 93, 1583. (c) M. S. Baird Chem. Rev. 2003, 103, 1271. (d) M.
Yamada, T. Akasaka, S. Nagase Chem. Rev. 2013, 113, 7209.

> W. von E. Doering, R. G. Launghlin, H. Chandhuri J. Am. Chem. Soc . 1956, 78, 3224.

® D.B. Richardson, M.C. Simmons, I. Dvoretzky J. Am. Chem. Soc. 1960, 82, 5001.

* Y. Chiang, A. J. Kresge, V. V. Popik J. Am. Chem. Soc. 1999, 121, 5930.

® H. Wynberg, Chem. Rev. 1960, 60, 169

® W. V. E. Doering and P. M. Laflamme Tetrahedron 1958, 2, 75.

" E.J. Corey, P. L. Fuchs Tetrahedron Lett. 1972, 3769.

® E. O. Fischer, A. Maasbsl Angew. Chem., Int. Ed. Engl. 1964, 3, 580.

’ D. J. Cardin, B. Cetinkaya, M. F. Lappert Chem. Rev. 1972, 72, 545.

1% R.R. Schrock, J. Am. Chem. Soc. 1974, 96, 6796.
' A. de Meijere, H. Schirmer, M. Duetsch Angew. Chem. Int. Ed. 2000, 39, 3964.

' P. de Frémont, N. Marion, S. P. Nolan Coord. Chem. Rev. 2009, 253, 862.

'? R. R. Schrock, Chem. Rev. 2002, 102, 145.

"% (a) C. P. Casey T. J. Burkhardt, C. A. Bunnell, J. C. Calabrese J. Am. Chem. Soc. 1977, 99,
2127. (b) J. Barluenga, J. M. Montserrat, J. Florez J. Chem. Soc. Chem. Commun. 1993, 1068.
(c) K. H. Détz, J. Stendel, Jr. Chem. Rev. 2009, 109, 3227.

'® (a) F. N. Tebbe, G. W. Parshall, G. S. Reddy J. Am. Chem. Soc. 1978, 100, 3611. (b) S. H.
Pine, R. Zahler, D. A. Evans, R. H. Grubbs J. Am. Chem. Soc. 1980, 102, 3270. (c) S. H. Pine, G.
S. Shen, H. Hoang Synthesis 1991, 165.

"% G.R. Clark, S. V. Hoskins, T. C. Jones, W. R. Roper J. Chem. Soc. Chem. Commun. 1983,
719.

"7 (a) C. P. Casey, P. C. Vosejpka, F. R. Askham J. Am. Chem. Soc. 1990, 112, 3713. (b) C. P.
Casey, C. J. Czerwinski, D. R. Powell, R. K. Hayashi J. Am. Chem. Soc. 1997, 119, 5750.

'® (a) M. P. Doyle, D. C. Forbes, Chem. Rev. 1998, 98, 911. (b) Z. Zhang, J. Wang,
Tetrahedron 2008, 64, 6577. (c) M. P. Doyle, R. Duffy, M. Ratnikov, L. Zhou Chem. Rev. 2010,
110, 704. (d) A. Ford, H. Miel, A. Ring, C. N. Slattery, A. R. Maguire, Chem. Rev. 2015, 115,
9981. (e) Y. Xia, D. Qiu, J. Wang Chem. Rev. 2017, 117, 13810.

"9 D. A. Evans, K. A. Woerpel, M. M. Hinman, M. M. Faul J. Am. Chem. Soc. 1991, 113, 728.
*% H. M. L. Davies, T. Hansen, D. W. Hopper, S. A. Panaro J. Am. Chem. Soc. 1999, 121,
6500.

*' Y. Xia, S. Feng, Z. Liu, Y. Zhang, J. Wang Angew. Chem. Int. Ed. 2015, 54, 7891.

#2 K. M. Ervin, S. Gronert, S. E. Barlow, M. K. Gikt, A. G. Harrison, V. M. Bierbaum, C. H.

35



DePuy, W. C. Lineberger, G. B. Euison J. Am. Chem. Soc. 1990, 112, 5750.

>3 (a) D. Seyferth, R. S. Marmor, P. Hilbert J. Org. Chem. 1971, 36, 1379. (b) J. C. Gilbert, U.
J. Weerasooriya, J. Org. Chem. 1979, 44, 4997.

** (a) S. Ohira, Synth. Commun. 1989, 19, 561. (b) S. Miiller, B. Liepold, G. J. Roth, H. J.
Bestmann, Synlett 1996, 521.

?° (a) M. I. Bruce Chem. Rev. 1991, 91, 197. (b) C. Bruneau, P. H. Dixneuf Acc. Chem. Res.
1999, 32, 311.

*% (a) B. M. Trost, M. U. Frederiksen, M. T. Rudd Angew. Chem. Int. Ed. 2005, 44, 6630. (b) H.
Kusama, N. lwasawa Chem. Lett. 2006, 35, 1082. (c) J. Varela, C. Sad Chem. Eur. J. 2006, 12,
6450. (d) B. M. Trost, A. McClory Chem. Asian. J. 2008, 3, 164. (e) R.-S. Liu Synlett 2008, 6,
801. (f) J. W. Herndon Coord. Chem. Rev. 2016, 317, 1.

*7 (a) F. E. McDonald, T. C. Olson Tetrahedron Lett. 1997, 38, 7691. (b) K. Maeyama, N.
Iwasawa J. Am. Chem. Soc. 1998, 120, 1928. (c¢) K. Maeyama, N. lwasawa J. Org. Chem. 1999,
64, 1344. (d) T. Miura, N. lwasawa J. Am. Chem. Soc. 2002, 124, 518. (e) F. Ye, J. Chen, T.
Ritter J. Am. Chem. Soc. 2017, 139, 7184.

*% (a) T. Kondo, A. Tanaka, S. Kotachi, Y. Watanabe J. Chem. Soc. Chem. Commun. 1995, 413.
(b) F. E. McDonald, A. K. Chatterjee Tetrahedron Lett. 1997, 38, 7687. (¢) Y. Fukumoto, T.
Dohi, H. Masaoka, N. Chatani, S. Murai Organometallics 2002, 21, 3845 (d) L. J. GooRen, J. E.
Rauhaus, G. Deng Angew. Chem. Int. Ed. 2005, 44, 4042. (e) K. Sakai, T. Kochi, F. Kakiuch
Org. Lett. 2011, 13, 3928.

*? F.E. McDonald, S. A. Burova, J. G. Huffman, Jr. Synthesis 2000, 970.

*% (a) F. E. McDonald, C. C. Schultz J. Am. Chem. Soc. 1994, 116, 9363. (b) R. J. Madhushaw,
M.-Y. Lin, S. Md. Abu Sohel, R.-S. Liu J. Am. Chem. Soc. 2004, 126, 6895.

®1 (a) K. Ohe, K. Miki, T. Yokoi, F. Nishino, S. Uemura Organometallics 2000, 19, 5525. (b)
K. Miki, T. Yokoi, F. Nishino, K. Ohe, S. Uemura J. Organomet. Chem. 2002, 645, 228. (c) K.
Miki, S. Uemura, K. Ohe Chem. Lett. 2005, 34, 1068.

®2 (a) H. Doucet, J. Hofer, C. Bruneau, P. H. Dixneuf J. Chem. Soc. Chem. Commun. 1993,
850. (b) C. Bruneau, P. H. Dixneuf Chem. Commun. 1997, 507. (c) M. Picquet, A. Fernandez, C.
Bruneau, P. H. Dixneuf Eur. J. Org. Chem. 2000, 2361. (d) L. J. GooRen, J. Paetzold, D. Koley
Chem. Commun. 2003, 706.

®% (a) M. Tokunaga, Y. Wakatsuki Angew. Chem. Int. Ed. 1998, 37, 2867. (b) T. Suzuki, M.
Tokunaga, Y. Wakatsuki Org. Lett, 2001, 3, 735. (c) P. Alvarez, M. Bassetti, J. Gimeno, G.
Mancini Tetrahedron Lett. 2001, 42, 8467. (d) D. B. Grotjahn, D. A. Lev J. Am. Chem. Soc.
2004, 126, 12232. (e) F. Chevallier, B. Breit Angew. Chem. Int. Ed. 2006, 45, 1599. (f) A.
Labonne, T. Kribber, L. Hintermann Org. Lett. 2006, 8, 5853. (g) L. Li, M. Zeng, S. B. Herzon

36



Angew. Chem. Int. Ed. 2014, 53, 7892.

®* (a) M. I. Bruce, A. G. Swincer, R. C. Wallis J. Organomet. Chem. 1979, 171, C5 (b) B. M.
Trost, G. Dyker, R. J. Kulawiec J. Am. Chem. Soc. 1990, 112, 7809. (c) B. M. Trost, Y. H. Rhee
J. Am. Chem. Soc. 1999, 121, 11680. (d) B. M. Trost, Y. H. Rhee J. Am. Chem. Soc. 2002, 124,
2528. (e) Y. Nishibayashi, H. Imaijma, C. Onodera, M. Hidai, S. Uemura Organometallics 2004,
23, 26. (f) A. V. -Fernédez, C. G. -Rodriguez, J. A. Varela, L. Castedo, C. Saa Org. Lett. 2009,
11, 5350.(g) A. V. -Fernéadez, C. G. -Yebra, J. A. Varela, M. A. Esteruelas, C. Saa Angew. Chem.
Int. Ed. 2010, 49, 4278. (h) M. Kondo, T. Kochi, F. Kakiuchi J. Am. Chem. Soc. 2011, 133, 32.
% F. Jerome, F. Monnier, H. Lawicka, S. Derien, P. H. Dixneuf Chem. Commun. 2003, 696.
%S, Swaminathan, K. V. Narayanan Chem. Rev. 1971, 71, 429.

>7 (a) M. Beller, J. Seayad, A. Tillack, H. Jiao Angew. Chem. Int. Ed. 2004, 43, 3368. (b) F.
Alonso, I. P. Beletskaya, M. Yus Chem. Rev. 2004, 104, 3079. (c) L. Hintermann, A. Labonne
Synthesis 2007, 8, 1121.

®% M. Zeng, L. Li, S. B. Herzon J. Am. Chem. Soc. 2014, 136, 7058.

®% B.T.Parrl, C. Economoul, S. B. Herzon Nature 2015, 525, 507.

*% B. M. Trost, R. J. Kulawiec, A. Hammes Tetrahedron Lett. 1993, 34, 587.

*1 B. M. Trost, J. A. Flygare J. Org. Chem. 1994, 59, 1078.

*? E.Fordos, R. Tuba, L. Parkanyi, T. Kégl, F. Ungvaryi Eur. J. Org. Chem. 2009, 1994.

*? (a) Y. Wang, Z. Zheng, L. Zhang Angew. Chem. Int. Ed. 2014, 53, 9572. (b) R. Zheng, Y.
Wang, L. Zhang Tetrahedron Lett. 2015, 56, 23, 3144.

*% (@) I. Kim, S. W. Roh, D. G. Lee, C. Lee Org. Lett. 2014, 16, 2482.; See also (b) I. Kim, C.
Lee Angew. Chem. Int. Ed. 2013, 52, 10023.

*° Reaction mechanism: Z. Zhang, Y. Liu, Lin Ling, Y. Li, Y. Dong, M. Gong, X. Zhao, Y.
Zhang, J. Wang J. Am. Chem. Soc. 2011, 133, 4330.

*® (a) M. Kinugasa, S. Hashimoto J. Chem. Soc., Chem. Commun. 1972, 466. (b) L. M.
Stanley, M. P. Sibi Chem. Rev. 2008, 108, 2887.

*7 M. O. Albers, D. J. A. de Waal, D. C. Liles, D. J. Robinson, E. Singleton, M. B. Wiege J.
Chem. Soc. Chem. Commun 1986, 1680.

*® C.S.Yi,J. R. T.-Lubian, N. Liu Organometallics 1998, 17, 1257.

*9 ). P. Selegue Organometallics 1982, 1, 217.

%Y. Yamamoto, H. Kitahara, R. Ogawa, H. Kawaguchi, K. Tatsumi, K. Itoh J. Am. Chem. Soc.
2000, 122, 4310.

1 Y. Yamamoto, K. Yamashita, Y. Harada Chem. Asian. J. 2010, 5, 946.

®2 Y. Yamamoto Tetrahedron Lett. 2017, 58, 3787.

>% (a) Y. Yamamoto, R. Ogawa K. Itoh Chem. Commun 2000, 549. (b)Y. Yamamoto, T.

37



Arakawa, R. Ogawa, K. Itoh J. Am. Chem. Soc. 2003, 125, 12143. (c) Y. Yamamoto, K. Kinpara,
T. Saigoku, H. Nishiyama, K. Itoh Org. Biomol. Chem. 2004, 2, 1287. (d) Y. Yamamoto, J. Ishii,
H. Nishiyama, K. Itoh J. Am. Chem. Soc. 2005, 127, 9625. (e) Y. Yamamoto, K. Hattori, H.
Nishiyama J. Am. Chem. Soc. 2006, 128, 8336. (f) M. A. Zotova, D. V. Vorobyeva, P. H.
Dixneuf, C. Bruneau, S. N. Osipov Synlett 2013, 24, 1517.

Y. Yamamoto, K. Nishimura, M. Shibuya ACS Catal. 2017, 7,1101.

°° (a) Y. Yamamoto, S. Okuda, K. Itoh Chem. Commun. 2001, 1102. (b) Y. Yamamoto, R.
Ogawa, K. Itoh J. Am. Chem. Soc. 2001, 123, 6189. (c) Y. Yamamoto, H. Takagishi, K. Itoh, J.
Am. Chem. Soc. 2002, 124, 28. (d) Y. Yamamoto, K. Kinpara, T. Saigoku, H. Takagishi, S.
Okuda, H. Nishiyama, K. Itoh J. Am. Chem. Soc. 2005, 127, 605. (¢) H. Chowdhury, A.
Goswami Adv. Synth. Catal. 2017, 359, 314.

®% T.F. Li, F. Xu, X. Li, C. Wang, B. Wan Angew. Chem. Int. Ed. 2016, 55, 2861.

7 K. C. Nicolaou, Y. Tang, J. Wang Angew. Chem. Int. Ed. 2009, 48, 3449.

% C. Heinz, N. Cramer J. Am. Chem. Soc. 2015, 137, 11278.

> W. Reppe, O. Schlichting, K. Klager, T. Toepei, Liebigs Ann. Chem. 1948, 560, 1.

°% (@) K. P. C. Volhaldt, Angew. Chem. Int. Ed.Engl. 1984, 23, 539. (b) S. Saito, Y.
YamamotoChem. Rev. 2000, 100, 2901. (c) J. A. Varela, C. Saa Chem. Rev. 2003, 103, 3787.

®' (a) Y. Wakatsuki, O. Nomura, K. Kitaura, K. Morokuma, H. Yamazaki J. Am. Chem. Soc.
1983, 105, 1907. (b) J. H. Hardesty, J. B. Koerner, T. A. Albright, G.-Y. Lee J. Am. Chem. Soc.
1999, 121, 6055. (c) A. Dachs, S. Osuna, A. Roglans, M. Sol Organometallics 2010, 29, 562.

®2 K. Kirchner, M. J. Calhorda, R. Schmid, L. F. Veiros J. Am. Chem. Soc. 2003, 125, 11721.
®% (a) J. L. Paih, S. Dérien, P. H. Dixneuf Chem. Commun. 1999, 1437. (b) J. L. Paih, F.
Monnier, S. Dérien, P. H. Dixneuf, E. Clot, O. Eisenstein J. Am. Chem. Soc. 2003, 125, 11964.
®% (@) Y. Yamamoto Organometallics 2013, 32, 5201. (b) Y. Yamamoto, S. Mori, M. Shibuya
Chem. Eur. J. 2015, 21, 9093.

®° K. Yamashita, Y. Nagashima, Y. Yamamoto, H. Nishiyama Chem. Commun. 2011, 47,
11552.

% (a) K. Mauthner, K. M. Soldouzi, K. Mereiter, R. Schmid, K. Kirchner Organometallics
1999, 18, 4681.

®7 (a) C. Ernst, O. Walter, E. Dinjus J. Organomet. Chem. 2001, 627, 249. (b) E. Riiva, K.
Mereiter, R. Schmid, V. N. Sapunov, K. Kirchner, H. Schottenberger, M. J. Calhorda, L. F.
Veiros Chem. Eur. J. 2002, 8, 3948.

°® E. Becker, V. Stingl, G. Dazinger, M. Puchberger, K. Mereiter, K. Kirchner J. Am. Chem.
Soc. 2006, 128, 6572.

®9 Y. Yamamoto, K. Fukatsu, H. Nishiyama Chem. Commun. 2012, 48, 7985.

38



"9 Y. Yamamoto, S. Mori, M. Shibuya Chem. Eur. J. 2013, 19, 12034.

"1 B. M. Trost, M. T. Rudd, Org. Lett. 2003, 5, 4599. (b) B. M. Trost, X. Huang Chem. Asian.
J. 2006, 1, 4609.

72 (a) M. Zhang, H. Jiang, P. H. Dixneuf Adv. Synth. Catal. 2009, 351, 1488. (b) M. Zhang, H.
-F. Jiang, H. Neumann, M. Beller, P. H. Dixneuf Angew. Chem. Int. Ed. 2009, 48, 1681.

73 Y. Yamamoto, K. Yamashita, H. Nishiyama Chem. Commun. 2011, 47, 1556.

"+ Stoichiometric reactions: (a) E. Miller Synthesis 1974, 761. (b) P. J. Fagan, W. A. Nugent
J. Am. Chem. Soc. 1988, 110, 2310. Catalytic reactions: (c) A. Wang, H. Jiang, Q. Xu Synlett
2009, 929. (d) S. Kramer, J. L. H. Madsen, M. Rottlander, T. Skrydstrup Org. Lett. 2010, 12,
2758. (e) X. Chen, X. Li, N. Wang, J. Jin, P. Lu, Y. Wang Eur. J. Org. Chem. 2012, 4380. (f) Q.
Zheng, R. Hua, J. Jiang, L. Zhang Tetrahedron 2014, 70, 8252. (g) Z. W. Gilbert, R. J. Hue, I. A.
Tonks Nat. Chem. 2016, 8, 63.

75 L.-Z. Zhang, C.-W. Cheng, C.-F. Lee, C.-C. Wu, T.-Y. Luh, Chem. Commun. 2002, 2336.

7% K. Yamashita, Y. Yamamoto, H. Nishiyama J. Am. Chem. Soc. 2012, 134, 7660.

"7 (a) N. D. Shapiro, F. D. Toste, J. Am. Chem. Soc. 2007, 129, 4160. (b) G. Li, L. Zhang,
Angew. Chem., Int. Ed. 2007, 46, 5156. (c) J. Xiao, X. Li Angew. Chem., Int. Ed. 2011, 50, 7266.

39



Ru fitiit 2 FHW A = A v DK ER
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2-1#h ##E

Diels—Alder [JilE, Y V™ ) 7 4 )& DO[A+2BALAINBIRTH 0 | FiiZ
RFEBR AT HBITR BN SN DS TH D, T ORUGITERRER KR

L CTHEITT D08, ZOREYT UM scis Bl % & D UNERH D, TOZH, YU
REAS s-cis B A L2 [ 7E S 40724511 Diels— Alder S OENT-IE L 72 0155,

YHFFEE TITLARTIZ, Cp’Ru il % V5 1,6- 1 > OKEBEVELR LRSI X
D, =X VY A7V w7 13TV EEGRTL2FEZRAEL TS, /(oY O
HHRAMEZRTTZD, flixDYx ) 7 4L L @ Diels—Alder ST L 0 MEERILA AR
TEXDHIEHEFFEL TS, —F, Y/ 7 0 VI F COKRFZEBER BRI 21T
DT LT, =XV VT A E Diels—Alder & % 7 MET 5B BRI TN D03,
ZOBICIZY ) 7 4 VOB T DR S - 7,

AMFETIE, 1,6- A FLET 7V b— &S TRHICHL DT UA U EREIL, 2
NzaHE L UTOKEBERLR RIS 21TV, =% Y P BRI HE< 431 Diels
—Alder % 7 AROSIZ K0 UEEMAL G Z RN G T 5 7 1 A2 fig Nt L7z,

Fé‘?l \Hﬂﬂ

2-2ffi sCisEEZX &V BV 13-V OEBERA~DSH

—HiThbiR IR, VBN s-cis BlEE LV BV T EMY =T
bt~ Diels—Alder SUGIZIHB W TENTZIEEZ /T 720, AR EARREE E LTS
N5, lz1X, Danishefsky—Kitahara o Z XU LT H R F U U U FHOERL S
I aR BT NTRIRE I T D NBERRB T OEBZEIZHW LD 1E)., BERE
Bleshieh—RrF ) Fa—T 7T 7x0 77— UREDT ) I—KRUMED
ARCHRHENS !, LEDi@EY | Diels—Alder SO E L L TERZHF LW
MBI DGR KOG UL, BRx RBRLEW ORI BRI D723 D YL
p7—~ b LT, RPN —TIZ X o TR ED 5T E 7= (Scheme 2-1),
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TMSO Z

S
OMe

Danishefsky-Kitahara diene

R

cyclopentadienes

natural products nano carbons

Scheme 2-1 s-cis fidJE % & 0 B\ = L HHO HRES Y ~D )5

2-3 8 BBRLSBAMEEZAVAERIR 13- A E/Diels— Alder KtER: 7 v & R
X BHERIL B OB G B

E e A2 VD BRIR 1,3-0 = Ak & Diels—Alder Kb #lAGbte2 o7
L7t AL, SHELRERILAEY 2 TEICAR TE 5720, ZEEMRAAEKR O FikE
CLTHEEZED TWS, ZOX U TFTAFOERFIRELHITT 2 BREICHEIND
(Scheme 2-2), 1 X, Ru7 A%V F Uil D == A2 A 285 - =1
vIaT VT U AERICEES T v ETIET V% L @ Diels—Alder KSETH 5
(Typel)y B9 1 ON, Y ==, TLoUVOBRKIEB LIV A ot Ry
BRI E 2= YA 270 v 7 13-V ARkicHi < Diels—Alder SIS TH D!
(Type2), ZNHDH T A7t ADREFNZ OV TELFIZiER2,
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Type 1: Enyne metathesis/ Diels-Alder reaction

cat. Ru R1—=
7 —_— | —_— OR O
N Z

R!
1-vinylcycloalkene R2
TsN
etc.

Type 2: Exocyclic 1,3-diene synthesis/Diels-Alder reaction
_/
Pd
\ S r Heck reaction

X/—: R Ni, Ru, Pd, Ir <j%

\_\\ cycloisomerization \

L
/ X D|e|s Alder <:O:>

o . : reaction
j AgOTf A exocyclic 1,3-dienes

—

= TMS | <j©
n=1,2 N
R

etc.

Fe, Ni, Ru, Rh, Pd

i ——R Y-H
\_=—_R hydrofunctionalization/
cyclization

Scheme 2-2 1,3-2 = & %/Diels—Alder % > 5 Lt

T ARV AZ BB T XY T UMBE AN TV & T LR DRE G
BRI LY 13-V ZEWR TN ORI G TAR TE 29 N7 FIET
H5°%, KR, TN ET AR URNER SN = BB LT A TR = A
T AT DN EBEIRYE 2 @ ICHIE T E D720 S D,

T = A Xt ZDiels—Alder % > F L7 vt 22 L HHEBRICEWA KL, Kotha &

LXoTHID TER I NS, 51X, A% Grubbs il (G-1)Z MV, 1,6-==>
2-1 DR A Z B A%R(TH Z LT =LYy 7 T2 2-2 %187-1%12. DMAD & 0
Diels—Alder J&H1Z#i< DDQ & HWAMKFR A FHIIZEL Y 7 == 1T T = OFf%
BCTHHA L H=NT Y 2-3 Z@EMNETHTWD (Scheme 2-33), Z DA DEZIC
M 5 0%, 5 AR Grubbs il (G-1N)Z AV, RO X T A7 abt Az = 2-4 B
FO27ICEHATHZET. T hTe RaaYx ) U -3- VARV (Tic) DXEZR 2-6
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BLU2-9 DA AEER LT (Scheme 2-3b, ¢), 13k, Tic HHixiAD A RIZ I Pictet—
Spengler 5% % L < 1X Bischler—Napieralski SO&G BAHWHNTE 72, LarL, Zhvd
DS TIET V=V BICEFRGIEPBA SN Tie FEERZ G TE V), K
F T AT R RAIENS DS EFMMANIHND Z LR TE D,

— CO,Me
1) MeO,C—==—CO;Me

AcHN Z 10 mol% G- AcHN><j|\/ toluene, reflux AcHN><:©/COzMe @
—_— > a
EtO,C N CHLlyrt EtO,C ~ 2)DbDQ EtO,C

benzene, reflux

21 2-2 2-3
70% 88%
CO,Me
EtO,C — 1 _— 2
EtO,C ) MeOZC — COZMe
T N>_/_ 10 mol% G-Il z U\/ toluene, reflux EtO,C COzMe )
—_ . -
S\____ toluene, 100 °C TsN ~ 2)DpDQ TsN
- toluene, reflux
2-4 2-5 2-6
65% 93% (2 steps)
1) Me0,C—=—CO,M ¢O=Me
- eQ,C— olVie
T N/_/: 10 mol% G-lI TN | toluene, reflux TN COMe ©
R >
s >_/_ toluene, 100 °C s ~~ 2)DDQ s ¢
EtO,C 07 Et0,C 58 toluene, reflux EtO,C 29
54% 20% (2 steps)
PCy; Mes~ N\ N-Mes
cL.,, | cl., HO,C
Ru= ‘Ru=
ci”| Ph c1” | Ph m
PCys; PCy;
Grubbs 1st (G-l) Grubbs 2nd (G-ll) Tetrahydroisoquinoline-3-carboxylic acid (Tic)

Scheme 2-3 7 3/ BEZIK DB

F 7. Hanazawa HIIAY T A7 08 A% 2-7RET Y L-3-ZF = LR Y AT 1 —
JL2-10 12 L, UBRMAL A 2-12 B L O 2-13 DA AR L T\ 5 1% (Scheme 2-4),
ZOBE, A v F—LHE 2-10a 22 HIE 2-13 BEEEM E L THLATWDHDITHRL,
R T T UEE2- 100 B IO Y F AT = VHE 2-10c 1 HIE 2-12 N EERM E L
THELNTWD,
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COzMe

// COZMe

\ Smol% Gl Me0,C—=—COzMe @ CO,Me
X CH2C|2 CH,Cl,, rt Co,Me
2-10 2-11 212 2413

X = NMe, 66% (2-12a:2-13a = 1:24)
X =0, 30% (2-12b:2-13b = 3:1)
X =S, 65% (2-12c only)

Scheme 2-4 X2V ~TF o — LEFEKRDOE K

RE T ARISET VA A ROERIZT TR TANXVEST Y h I % v 0h
BRI BRSNS, FilziE Nay 5%, Murai ©235B8% L7z PCl, filllii 2 L5 == A
Ao AN = 2214 1K LTITW I-E = by 7 b T v 2-15 AT, TR
A L — b & D4y T Diels—Alder # > F ARUGIZ & ¥ 5/5/6- =B PEE#& 0O AR EIR 1Y
A AEERL TS (Scheme 2-5), AKJETH LI D ZgwMEALEWIX
Presilphiperfolanol <> Neoamphilectane 72 & D7 /L~ 38 & FIRED SLARELE 24 L T b,

CO,Me

P MeO,C CO,Me MeO,C (0
Z COMe 4 mol% PtCl2 MeCN
Me .
toluene 80 °C 80 C
TBSO TBSO
214 2-15
79% MeOZC
CO,Me Me
MeO,C MeO.C ; NC Me
COzMe 5 )%2 \ Me
COMe :
217 . Presilphiperfolanol Neoamphllectane

83%

Scheme 2-5 5/5/6- = BB k& 0D R 4

F 7=, PIClL iz W5 == X Z & A1, Grubbs filtft 2 FH N2 B & 135 70 D
MTHEITTHAZ DML TS, T70bb, Pt 2 W ZERIZ, Pt OBNLIC
KREFNIEE LS NT=T v F o zxt LA L7 ¢ U 6-exo-dig BRILT 25 2 &2 kD,
RET VNHTF AL 2-18 WEL D, i\ T, TIVT U DANKRIF A ~OREIZ L

CBRYEEE Y 2-19 BERT D, T D%, BARISIZ R D A aER{LEY 2-20 34T
%y ZORGTIE, Y& b v 7 araXvo C-C A k- TR DA
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Hi%. RYRPAEHS LI fRE L A E 0 BOBEAMIRE NG SN2 56, RET UL
HF AL 220 AU, PCRBEEST 52 & T, B=vv a7 vy 2-22 BAERRT
% (Scheme 2-6a), —J7 RSB L 7= 56 & A B 0 B OAGEAN IR B AU S =54
RET VIV F A 2-23 BWAEUBIC[L2-H BN EITL, 7 VL F A4 2-24 )34
T %, FD%PUABEET S5 Z LT =y s a T Ly 2-25 3V ERT S (Scheme
2-6b), ZALiZxt LT, Grubbs filtfiiz W ZER X, £ 7 /0% L OR+2BR LA &
DVTFo a7 2-26 AL, i o fie A X BT AIZEY RuT/VF U7 84
K 2-21 WEL D, ZDH%, B TRA VT 4 U AZBVARETLCE =Ly 70T v
7 2-22 INET A (Scheme 2-6¢),

Path A

S
® +
[PH2* RS = [Pt]
2-18 2-19
R [Pt R!
X | ® —> X | (a)
® R2 ZNR2
X R R® [PY* 3
A ) R
R 2-21 2-22
R3 [Pt]+
220 \ [PH* [PY]* [Pt
- X | ®@ —> X | ® — X | (b)
R'=H J°R® R 7R3
R?H R2 R?
2-23 2-24 2-25
Path B
1
R1 R R1 R1
L,Ru 1
/\2\ R2 n =<R2 /\/\ Rz /\/\ Rz RRz R1
X —_ X s — > X — X \ —> X | (c)
R® LaRu=<0% RN R RT N R R?
2-26 2-27 R? 228 R? 2-22

Scheme 2-6 — =2 X Z ¥ 3 2 DR

Kaliappan © 1%, Grubbs filtif: % i 5 == X % & Z/Diels-Alder % > 7 L7 1t X
(2 Y. Angucyclinone B2 AR &M L TS ' * (Scheme 2-7), BfAricix, £
1A% Grubbs filf & 5 229 D= A X R IZL D=L aantk D
BRI R ¥ ) 2 2-32 & @ Diels—Alder S, Ko;COs/MeOH % V% Ac FEDBR
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EBXOWAFBLEERIICEI DTV N T X 2 2-34 % 45% TH T\ D, T D O, 7
KT, IR ERRET 52 L TRUDANLEEREL T, (+)-Ochromycinone O A % % 1
L TW5b, F£72, fik 7= ) —VIKEEEED A F AKIZ LV (+)-Rubiginone B, & K L
TW5, B S IXFERED FEE AV, YM-181741, (-)-Tetragomycin 3 £ Y MM-47755
AL TWD

Br

OTs 10 _10mol% G-l _LiAH, OAc O 2-32
Z & CHzCIz, reflux THF 0°C toluene, 80 °C, 12 h
2-29 2-30 231

Me
g8
K,CO3 hv, O,
_—— —_——
MeOH benzene

OH O OH O

\

2-34 (+)-Ochromycinone
45% (3 steps) 82%

Ag,0
Mel
CH,Cly, rt .
OMe O OR® O
(+)-Rubiginone B, Angucyclinone
82% ! R'=CH,OH, R? = H, R® = OH, YM-181741

! R'=Me, R? = OH, R3 = OH, (-)-Tetragomycin
i R'=Me, R? = OH, R® = OMe, MM-47755

Scheme 2-7 Angucyclinone 28 D4 1%

WMEFIID R NE DD, K2 FATat 2 3EDOT A F— g VITHHITE 5,
Blechert 57w S L¥/Le2—7 )L 2-35 L7 U /LT —F )L 2-36 D= A X B AT
%% < MeAICL il 2 F\ A A F /L =LA k> & @ Diels—Alder Kz kb, v 7 a~
¥k o Tl Sz pseudo-A Y Y BT A K 2-38 & T6WUIETHTNDH 'O
(Scheme 2-8),
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OAc 2-35 10mol% G ///4/%/
TCoR,Clrt év\/
"o ;XA%J
nw 0 OBn

00Bn 237 Bn’

0,
2-36 68%

(o]

Me)l\/ Me
MeAICl, _ Ao

CH,Cly/toluene, -35°C A0

2-38 0 OBn
76% Bn

Scheme 2-8 Pseudo-#4" Y =% v 1 7 A4 ROERK

Fo, T< &L Kaliappan H1F == A XV RIZL VAR LI I-E= vy a7 L
gURE X L O Diels—Alder ROSIZ X O | WA XV 2T A RIF ) onga T
v RO LA EY 2RO ART 2 FIEEHRE LTS T, BERMIZIE, #5
X D-Z /v a—ZAnb B CHEINLFT T NVE BT a—L2-39 0 bEm LT
=240 BER 2RI LT AZ B AEITH Z LT, VT 2-41 BLO 2-43
EEMRLTND, ZINHDOY o Zfia DR YFx ) U HHE O Diels—Alder KIS %1T 5
ZEIZEY, AT uA REKE D OBR(LAINME 2-44 35 0N 2-45 Z HERERIIC AR LT
% (Scheme 2-9), Fric AT v A FAg 7V » NIZABKSIFICB T 2 HEREAWETH
B2, ZOBIOKIHEREEZ —FE TR TE 27 at ADBRBITAIZEY — MELEwAl

(A= N S BN/ S 3 S e g I B
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\ Me
\\\ R 0O % G-
LR \(—Me 7 mol% G-I
o CH,Cl,, reflux
&0

H O
Me)(o +Me _Tmol% G ol \OFM‘-‘
CHZCIZ reflux
2-39
1 step for D-Glucose | 2.43

(o]

1R—/|
)\

o
toluene, 80 °C

2) Et;N-SiO,
CH,Cl,, rt

cf. steroid backbone

2-44 2-45

Scheme 2-9 ¥/ A4V 2T 1 A RIF ) oA 7V v NMEEY OHEFETIE K

Scheme 2-2 |2 bR L7-iBY | BRIMT s-cis BLEEICEH B Sz V= Ui &2 o= F
A7V w7 13-Vt ERo Yz AbEY L [FEEIC Diels— Alder SOt D FE &
LTAHTH D, 201, =mX VP A7 U v 13- OaRMIERTREITE < 02617
O TETEY, FCEBSRAMEL VW= ORISRV A O ReERgH
{BIBRAC SO AN ST & T2,

Heck S Z &% 2-7 2 E-1,6-V = OBLINZ L D =X VYA 7V v 13-V =
VAR, Meijere D7 N —FZ Lo THIOH CER S L7, #51X, Pd(OAC), & PPh;
DIAEDOEZfEEE U, HILE L TAQRCO; 2V, vux— hEfiHs b o 2-7' 1
E-1,6-2 T 2-46 &z MeCN 1, 90 °C TIMEMFHET 52 LIk =%y P 247 %
BRLIHE, Yo/ 740 248 U Ry NCIERHS®EAZ Sl AR 7S
B E B ONFT YR KA 5 2 2-49 % 83%INERTH TS (Scheme 2-10a),
ZO®%, WEHIET 7 VAT I R 250 #8E & T 52 &L Hludine F8” ° IZHARLL L 7B #%
ZLOT hTeReAf YA R v-1-F UV ERAGELONDZ EEREL TS0
(Scheme 2-10b), L 72>L. AL 4 FEOAE R L ONAKREEROESME R D2 &
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(ZINA WERS 40%ICR E D,

Cl

1.2 equiv [>=<

4 3.5mol% Pd(OAc), co,Me

MeO,C 8 mol% PPh, Me02C><I/ 2-48 MeO,C @)
Br > ' o a

MeO,C 1.2 equiv Ag;CO; Me0,C” N MeO,C ¢l

MeCN, 90 °C CO,Me
2-46 2-47 2-49
83%
: HO Me
s ) '
o] 0 ¢ R
CO,Me ~CO,Me b e —OH
BnN | BnN_ | ; Me
' (o]
O 5 mol% Pd(OAc), Me Me i llludin S (R = OH)
>—’ 10 mol% dppe ¢ llludin M (R = H)
BnN Br > (b)
\_</ ) CO,Me fo) o H
1.2 equiv — H
\ D_/ : HO Me
Me 1.3 equiv Ag,CO; BnN_ | BnN | . I

2-50 MeCN, 80-85 °C CO,Me ‘CO,Me 5

Me Me ; Me o

\ J : HO Me
40% (mixture) i Isoilludin S (R = OH)

i Isoilludin M (R = H)

Scheme 2-10 45+ Heck/Diels— Alder % > 5 A

F72. Heck IEZE WD V= U SRICITERN LI 2720 BRI AMEIHIR
HoHZ LIz, ZEROBEEMNPELCLIMERS L, FhUIxt L, == OB LRk
FOGIE. BREG RSREE N DX VA 7V v 7 13-V % 100%D R0 T
AR TEDMAIRTIETH D, ZOTFIEE Trost HIZ K > THID THE Sz, 151,
Pd(OAc), & PPhy DGO Zfilfii L L, == 2-51 Z @B H, 66 °C D5AE
TRIGEESZLICLY, D= %Y Yo 2-52 % T1%ICRTH TV 5 % 12 (Scheme
2-11a), =Dk, #i i =2 2-53 B L 2-57 DERILEME(LIZHE < Diels—Alder <&
kD, 2R BRI LA EBIR TR TE D 7 a2 &M% L7122 "° (Scheme
2-11b—d), £7z. ZNHLOWEDH, RO X T L7 v R LD 2B bEamo
AL Meijere, Carboni &0 7 /v— 12 k- TEEN TS 210
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L 5 mol% Pd(OAc),(PPh;),
MeO,C — 5 mol% PPh; MeO,C

Me o -
MeO,C \ o\i‘M CgDg; 66 °C MeO,C
e
o
-51

2

2.5 mol% Pd;(dba);
5 mol% PPh;

Me0,C. —= 5 mol% AcOH MeO,C o
> Me’
MeOzC><7_\\_<oR benzene, 60 °C MeO,C XN
(o]

Me Me OR '\ as above MeO,C

NPh c
2-53a,R=H 2-54a, 80% MeO.C (c)
2-53b, R=TBS 2-54b, 52% 2 \
Me:
2-56, 75% H® OTBS
as above ™ BHT, BSA
WA 1 . ;
\ o toluene, 180 °C M ()
e
Me HO Me Me
Me

2-57 2-58 2-59
53% (2 steps)

Scheme 2-11 = = O LR MAL I /Diels— Alder % > AR

F£7-. Yamamoto HIZT7 VAT I FUFFRYABTTFIL Kig 7 ¥, Y/
TAND 4 5 Ry 7 U I K DMEBRE r — VA RIEA B L1222, BARRY
\ZIE. £9 CuBr, it 2 Y% Mannich S X0 7 U7 2o 70 A% g
V. KT XD 3RS EME L, == 2-60 ZART 5, VT, Murai HiZ k-
TRAYE 7z Ir il 2 I 2 = = DB L RMEALRORIC K 0 =% Y v 2-61 26k
T52°, H&BicY = ) 7 4L & @ Diels—Alder FUGIZHE < BAFLIC LY . FrE OfEsR
v'r—/ L 2-62 #15 T\ % (Scheme 2-12),
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Cl—
Bn. = 3 mol% s JIr
NF o Bn\N/\/ ~c1’

N
H 10 mol% CuBr,
4 JI\H/OEt > >
MS 4A EtO,C e 12 mol% AcOH

X
— o toluene, rt Ph toluene, reflux
— 2-60
Ph
j— - =~
BN & | —=L_ 5| BN NPh [—H2 o BaN NPh
—
EtO,C  pp EtO,C p, O EtO,C pp O
2-61 2-62

54% (3 steps)

Scheme 2-12 4R R 2 w7V U N X DR E 2 — LA K

BL., PLRIZBIT e = OBLEMALSONIE, 7 R EBIE O SLIR & OVE
W7R BB < 2T, WEIC L > U 14-D U N TAR & 7252 (Scheme 2-13),
Tl b RBRMACEONTBEPEBRILICE VAT DA X T 7 a7 ORI <
BIKFEMIEE (path A), b L<IZE O ALK B AKFENBEL X CH#ITT 5 (path B),
EHHOBEIZIHWN TS BRREN HEAET D720, 65 DKENEIW S DI
K o THRPIBEIRYEN R E S D,

—= ML, = B -H elimination
X —> | X aML,, and/or X
\_\\_\ path A
, ./ Hp

H
. . 4 T
M-H insertion X/_<_ Insertion X M B-H elimination
M —_—
path B o H,
N\ R'

Hp

Scheme 2-13 = = ORI EMAL D 4L Rl Mt

TLrAFI FOBRILAEMILE X Y O OSRRICHIHTX A 2 &2 Aubert 512
FoTHESNTWS??, 2 51% Lewis Befilfit & LC AQOTF 25 Z &ickv, 7
Ly A F 3 R 2-63a @ 6-exo-dig BRALDBET L, ®HETH=F Y oo AEpk+ 52 &
EHEGBEL TS, HIZ, BNV IR LT N-Tz= v A I REEHSED
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LI KY ., ZRMLEW 2-64a 23 50%IRTHE LD, EBIRRN LI, fhoF
ETIEAEBIORNWTBROX YA 7 ) v 7 13-V OERBARETH D, HIZ,
FRED 2 7 LOSIZ R Y 7,6 5-HEER{LEY) 2-64b 78 A3%IETH LN D Z & b L
TV % (Scheme 2-14),

Me Me fo)
10 mol% AgOTf =z z
e | NPh
CH,Cl, X
rt, 16 h N ¥
Me Ph ’ T tms S tms O
—e— N - - 2-64a, 50%
/N =——TMS — B 7] Me o
Ts Me _
2-63a,n =1 \. 10 mol% AgOTf - NPh
2-63b,n=2 > |
toluene N
reflux, 16 h N Ts o]
Ts
- - 2-64b, 43%

Scheme 2-14 7 L > A F I ROBR{LEMA(L/Diels—Alder % > 7 AR

AL, 7T VR ANRAF A RENT DERELZ B OHRE T, hJ=ro
AR T D, BIZIE, 7oA R2-65 28 LE LA, hU =2 266 1
R E TR0 1,3-T T 2-67 DULHEIL 13%IZH £ 5 (Scheme 2-15),

Me Me Me Me
A Me A
TMS —_—
N NN
Me .Me Ts Ag Ts TMS
t:\' Me ¢ 2-66, 72%
—_—
N—==—TMS
1'-5 Ag@ @Me Me Me Me
2-65 Z “Me I Z 7 "Me
X TMS » N ™
1
Ts Ag 'i's TMS
T - 2-67,13%

Scheme 2-15 7 L > A F I ROBALEMEAL G D A )8R R
R OBV BV RS & IERTRAYIC, A D R EREEMbERLGE WS Z
LT XYY A7 w7 13-V BRIICAR TE 5 (Scheme 2-16), 7725,

ORI T VR LR L OBRLBRILICE DA X T 7 a R 2V R
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B9 5% (pathA), b L<IZH—Y (Y =H,Si, S)~DOFA{LfFHINc L v £ C 54 EfE
D_JEOT NF L ~OFAERTHEITT S (path B), Z DS TIE, == OB{bEME
LEITRR D EH 5O WNTS BARERBEZ B Lo rEO =% Y 3o
7V w7 13-V U EBIRNICERT D Z ENAREE 72 D,

R

R
=R m, = H-Y Z Y
X —> |X_ [ M, [—> X S__H
— R path A
R R
- H
ML, Y o s,
Y path B T
R R
)Y
/—2_ insertion Y
X L,M-H » | X
he N e
H
R

Scheme 2-16 A @t K BREEAVERIL s Ot

A v DIKFALBALSISE D BANOFIE Trost 512 X - T & iz, 4 513 Pd filliirs
ETF, Bifg L v Fr s T o OAGbE a2 KBEREEL LTHWD Z LTy ke
16-2A Y ORFACBALRIC R EIT L, MIET 22X Y YA 7V v 7 13-V 2Bt
IR TR TE 52 &R THd THE L7=?° (Scheme 2-17a), Z O#HE D,
Tamao S 1% Ni itz W5 1,7-P A4 Dt Ry U LB LIS LD . =% VA
7V w7 13-VEo Ny T U ERKT D TIEEBR L2 (Scheme 2-17b), BEIZHE 1,
BRLET R /2T 268 LEEET La—LOMAICL DY T ) —/L2-69 DEK, #i
< %31 Diels—Alder [Ji/Tamao—Fleming B&{b.>° i 7 ok 22k, VA4 —
2-70 % SRR DD EINEE TH T 5 2 L ITpE LT % (Scheme 2-17c),
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o, R1 E Me
2.5 mol% Pd,(dba)se CHCI, :
—=R' 10 mol% P(o-tol); Z H 5
X > X H (@ P
\__— R? 2 equiv AcOH, excess Et;SiH X 3

benzene, 0 °C to rt R? P(o-tol);
R
— Rt 1 mol% Ni(acac),
r - 2 mol% DIBAH = ~Si
X * RS o > x uo ®
~— R? benzene, 50 °C, 6 h NS
R?
. HO o)
=~ ~SiMe,(NEt), Et,0 Z "Si xylene
+ —_— Me, T P
=z I’t, 10 h =z reflux
2-68 Ph 2-69 Ph
E/Z = 94/6
2 equiv KF
Me,Si—0 1 equiv KHCO; OH OH
3.6 equiv 30% H,0,
> c
, MeOH/THF, 50 °C ) ()
“Ph “Ph
2-70

75% (3 steps)
Scheme 2-17 A > Ok FuBFRREWERILICI =Xy P2 08k L IRH

INHOWMEEKE T, HRATOWETNL—T NP A D KaERER LR
BLOKFBRCSUS RN THE S22, — T, V14O RaEREALER
{k/Diels— Alder % > 7 A& OREHAIL Yamamoto & 2355 L7z —BlO AT £ > T
720 LLTFICZ DM ZRRD,

Yamamoto 51X Cp'Ru L DO(FET, AFB LBV DOES 7 MeOH & L < IX
Hantzsch =27 L2 KFEMGARE LTHWD T U —L VA ¥ 2-71 OKRFBENTLE LB
EEIRIZ R D . RIS T DX YA 27 ) w7 13- 272 PREETHELNAL Z L
ZRHELZ? (Scheme 2-18),
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Cp*RuCl(cod) Ar Ar

/%Ar CH;0H o\ cp' Z> H

X (X || JRu, " [—>X

—=——Ar or 7 X ~H
[CPRu(MeCN);]PFg

2-71 Hantzsch Ester 2-72

@ O

1 PFs H H

?( ?7 Etozcj\)ﬁ/\coza
~—Ru «Ru | |
[ e MeCN" | “NCMe N

S MeCN H

Cp*RuCl(cod) [CpRu(MeCN);]PF¢ Hantzsch Ester
Scheme 2-18 Cp’Ru filtlif 2 i 5 2 A o DK FERB BV ER L BUG

HIZ, oINS THELNDZX VYA 7Y v 7 13-V tflrDy= )
7 4L & @ Diels—Alder S it LTV 5, BIRIZIE, ~ v 32— MBS Z - 1,6-
A2 Tlamb el En s Y=y 2-72allf L, N-7V ==L~ L A I K, 47 x=)L
1,24- 8V 7YY »-35-UF B LU DMAD ZERA &5 2 & T B BRI
Z 2N E I 85%LL EDINERTHF TV S (Scheme 2-19),

Ph
— MEOQC
> NPh
/ toluene, 80 °C, 5 h MeO,C

95% o
Ph
Ph OYN\FO o)
MeO,C ><iPh CpRu* MeO,C z N=N Me02C><:ENJ(
—_— > | NPh
MeO,C — Pph H,-donor MeO,C X toluene, rt, 5 min MeO,C N\«
2-71a 2-72a Ph quant. o
Ph
MeO,C—==—CO,Me MeO,C COMe
toluene, reflux, 8 h MeO,C CO,Me

Scheme 2-19 2-72a % i\ % Diels—Alder )i
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B, M DIIKRFBEAGE CBRILS £ < N-7 ==L~ LA I R & D Diels—Alder
BOSDT Ry MuZRRTWD, BARRIZIE, [CpRU(MeCN)s]PFs D fF(E T, N-
7 x=)bv LA I ROMIET, Hantzsch = 2 5 /L 2k LG, 7 L% 2 R
7 x = VEEE SO a SV E LT —T )L 2-T1h OKFEBEELETBRILGEITH 2 & T
in-situ TOxTF Y T 2-72b DERKICHEE . v LA I K& D Diels—Alder S 231
TLONEMER LIz, ZORER, TR IMEDAERRITHRE TE L2 DD, v LA

I ROKRFEDRHHE L, A7 A I N EDOGBEREERBEME 5252 L 2WE LT

V% 200 (Scheme 2-20),
Ph fo)

— Ph o, * Ph
/——Ph 5 mol% [Cp*Ru(MeCN);]PFq N
o + o Nz0 . > O NPh + © o
= Ph ﬁ 2 equiv Hantzsch ester
DMF, 80 °C
2-71b Ph ©O
inseparable mixture

Ph
=
o

Transfer-hydrogenative ™ Diels-Alder reaction
cyclization 2726 pp

Scheme 2-20 Kk EBENLE LB {L/Diels—Alder # 7 L7 1t 2 DORist

TR, RETHEOENT V7 1E Hantzsch & A7 LB OKFBRBEISGSZ K0 K
FEhd 2 ENMBEN TS, Bil21E Norcross 5 1%, X2 A VIR KOV LR B
IZE D REFHICTEM LS LT V7 Tk L, Hantzsch = A7 VA ERS® 5 2 & C
IKEREEPIGDHETT L, y-7 B VR VRS BA%NHETHOLND Z E2WE L T D!
(Scheme 2-21),

H H

O H o
b . EtO,C S COEt o HH . Et0,C.__~ | CO,Et
—————
Ph)H)\COZH reflux, 25 h PhMCOZH S
H N H H N
1.0 equiv 84%

Scheme 2-21 Hantzsch = A7 V&2 KB GR35 7 7 U VEEFHER DK FEL
PLEoi@y | oA > OKRBBEVILE TERILEOSDORE T, REFHEOHHNY ) 7
S VIFAKREBILENTLE D, T, RKEFHEDIENT 7 VLB AT VEYT ) T 4

e LTHWESGAE, V) 7 4 VOKEALONTEIT L2 oD, = & @ Diels
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—Alder FUSHEIT LRV, FEBE, 727 VAR F LE2 T ) 7 4 )UZHN, 2-72b &
® Diels—Alder FUSNEITT 205 Lz & 2 A KOniEe< #1T L7227 -> 7= (Scheme
2'22)0

OEt
/ -
(o] + (o) %» No reaction
N | DMF, 100 °C
Ph
2-72b

Scheme 2-22 2-72b L 7 7 U L= F L ® Diels— Alder )it D5t

LLEDBINS 537035180 . A4 Ot FeEREE S L IZKEBENR CL2 1L B
BESIFE=X YA 7Y v 7 13-V @RI AER TE 2N FIETH D, —F
T, INDDORIGHEMETIE, REFHEOENTY ) 7 4 VRKFBLEND &V [ED
bbb, —HTREFEDIKRNY ) 7 4 V&S & Diels—Alder &% D b O3S

L72V, 26 —OORBEE R LR T EARY 57 A7 0t AT TE 2=
PRk 2 ThH D LV b,

oA VA VEBOREKROERK

A v DOKEBERIE TCER{L/Diels—Alder % 7 ARSORFEAZ B L, 1,6-A
TV L— R NESTFRNIZS DT VA CHVE 2-73 5%EF L7z (Scheme 2-23), 3724
B KFBEBEALE CBRALEISICE VSO D Y = A 2-74 72 51E, Diels—Alder

ISR FNTHEITT 5720 SREFEDIERWNT 7 U L— hZ W TH BB NS H
AT L. FTEOMEERILEY 2-75 13 5

bhbdEExbhbd,
Ar Ar Ar

=—Ar R

X/ /\% X =4 / X R
= \\ _CpRu XN ol % o
o) Hz -donor o Intramolecular o

o Diels-Alder
— reaction
R L -

2-73 2-74

Scheme 2-23 % 7 ARJSIZHWS = VA U HE DOFRGE

lﬂu
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T VA HEE 2-T3 1, FERIFR 1,6-2 1 o 2-76, KEESLA TBSIR#E L - 0-T— R
= )= 2-TT . BEOT 7 VABO =Wy #ERAMEE T2 2 LIC XV Gl TE -, 2-73a
DEFKFIZ LLTFIORT, £ 2-76 & 2-77 LOREEED v 7V v 7k, VA 2-18 %
5%, ED%, TBAFIZL D U NVEEDORRE, DCCEHWDLT 7 UAFEE OFFAIZE Y
T VA 2 2-73a A L7z (Scheme 2-24), 7=, LLEoi@bh = VA v DOERITIL
WHNATZ D120, T 50 A v BXOT 27 U L— hOREALEFE TS5 Z & TEHEER
TUVA VB EEICART DI ENTE S,

5 mol% PdCI,(PPh;3), 1) 1.0 equiv TBAF —

d = Ph TBSO Smol% Cul = Ph THF, rt, 10 min > J Ph
= * iPr,NH/'BuOMe (1/5) — 2)10 mol% DMAP —
| 60°C,6h 1.3 equiv acrylic acid o
2-76 2.77 1.3 equiv DCC
1.3 equiv TBSO THF, reflux, 10 h )
2.7
s 2-73a

80%

66% (2steps)

Scheme 2-24 = A L HBEDER

2-5 i AKEBENELRITER{L/Diels—Alder # > 5 AR it DA}

Bonfcm A VHE 2-73a %, Ru il a W2 KFBE SR 2 &1
F 0. BROMNERMELAEMDE LN D 0ME L7c, £9°. Yamashita 512X > T S
A7z MeOH % K F ML GARIT W 2 3BT BRAL S DSt 2 2-73a 123 L7z, 5 mol%d
Cp*RuCl(cod)flt ifEAF1E T MeOH/THF (1/10)IRAVAREH T 14 h INEGE T L 7=, = DOF5E R,
FTEDILEWIIELNT, RDVIT 14-2 7 oA F DT UfFEK 2-79 BIOEDOF
TR 2-80 3571 85%UXH, 6:1 DR T S 47- (Scheme 2-25a), ~ DFER L D |
RGN TIIRFB AR ITCBRLSOR KV & [2+2+2] B bATINBOG 2 8 5% L CTHEIT 95
Mo Tm, —F5 T, 1 mol% [CpRu(MeCN);]PFs Il IEEAFAE T, 2 24 5D Hantzsch ester
ZKFEPE L, DMFH170°C T5hIIBME#R L7 & 2 A, T NUERMALE Y 2-75a 3
71%U =7 endo RINAYIZIS B 4172 (Scheme 2-25b),
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=

|
5mol% ,/>—Ru Ph Ph
Ph o % \CI
N
o o
| o > ‘ o + O (o] (a)
X MeOH/THF (1/10)
o reflux, 14 h O o O o
2-79 2-80

2-73a 85% (6:1)

O,
L

Pu

]
1 mol% ~Ru_
MeCN" | “NCMe
MeCN

Ph
; .o
> O ()
Y

2.0 equiv Hantzsch ester
DMF,70°C,5h

1%
2-75a

Scheme 2-25 Ru fitlit 2 AW 5 = o A v BVE OKFEBEFRDLE TERL o

2-6 #ii  PTUERMEALE W) D A AR DRER.

PUBRPE(L A4 2-75a 23, KFEBEIREITTE(LIZHE< Diels—Alder SR L0 Ak LT
WD DN ERERT D720, ARRUSOHFHEE LTRESHD M 2 2-74 ZRHlRE
i% L. Diels—Alder )&% 179 Z & & L7= (Scheme 2-26), &3 Cp*RuCl(cod)fit A7 1
T, MeOH Z/KHRP & T HKBBEHILETCERLIZL Y, A 2-18 b xF V¥ A7
U7 13-y 2-82 53 BWILHE TR/ L, D%, TBAF Z W5 2 U LV EOFRE
IZRex T 7 UNVEEE OFEAIZ LD b U = 2-T4a 3 56%IE T H vz, Zi% DMF
1,70 °C, ShNEMEEET % Z L12 kv | 2-75a 28 T0%ILR THE LT, ZOFREEND,
2-75a [Tk EBENALE TTER (/45 TN Diels—Alder #Z > 7 AU L 0 B 5N 5 Z & A
Hinkieot-, £72. BT A M Ru SEAIL, Diels—Alder SG 23T Lewis B/t
ELTHRET 22 &nmbn T2 L, A7 eEBATIE, U T AMIEE b
Uz 2-74 )n 5 2-75a ZERK LTc A28\ T, RUGKEH, DERILIZZEN A b7
Z &5, Rufilifiii Diels—Alder SUSDBPFIZIZRE G L TWRNWEDEEX HILD,
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Ph Ph
1) 1.0 equiv TBAF

0/—: Ph 10 mol% Cp*RuCl(cod) - G 2 THF, rt, 10 min G z |
— MeOH/THF (1/10) - N 2) 10 mol% DMAP o ™ KFO
reflux, 4 h 1.3 equiv acrylic acid
OTBS 1.3 equiv DCC (o]
TBSO THF, reflux, 10 h
2-78
2-81 2-74a
Ph 95% 56%
DMF ° ‘ (o]
70°C,5h o
2-75a

Scheme 2-26 2-64a d EEFE A B

2-THi T4 U ~DKBBENALE TR {L/Diels—Alder Z 7 A it D F'E —fkit

B Sefh & iV RE T AROSOREE— 2 dia Lz, £79. 7 U — LRk E#
HB X ONEFEHOEEIZOWTHHAE L7z (Scheme 2-27), p-A h¥v 7 ==/l p-7 /L
a7z 22F o NVEEAT LU UL B OB < RSB HETT L,
XIS D MERMEL G4 2-75b—d 23 71 —T5% IR TH Lz, £, =—7 M2 T
P VT R REEfEE T2 O B E LB ISR T L,
2-75e M T0% R TH LN, —F . v a3 — hMEfEHEZ b O = U A 2 W BRI
RFBENVE TCEBRAL UL OB EENE L KT L7z, & 2 T, il &% 10 mol%, Hantzsch
TAT)NVE 3IHEHANDZ LTk, 2-75F 2 60%INR TR LTz, ~ 1 x— hEfiH
EHOT VA VR EROTZBRIOKFEBBIOGOMEAME T LBl & LT, LR
=IVERFED RUGEIRICELNL T 2 2 L IC RV LERT T R 2-82 Z T L, A LD
BN ARDEIT L OO o T ZENRKTH D EZE2 b D, FEER, vmx— bl
FEEHA © DU A > 2-71la %, Hantzsch = A 7 )L & /KFJR & 3 5 /KB B ENVRLE SCER LG
AT 56, KSE ST 57-03F0MoEE LV % &0 Ru iR & 5
THDHIENREENTND TP, Fi-, 2-71a DKEBEE CBRILSTIX, FTEo
XYW AT Y w7 13-Uxy 2-72a LI THKFEPEIT LI 7 a7 ViR
K 2-83 23495 (Scheme 2-28), ZiUiL, VA v & OEN AL D & V= BT
D 1LABTEMELE L THEIT LA L TS0 EEZ BN,
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X tfo 1 mol% [CpRu(MeCN)JPFs X ‘ o
2.0 equiv Hantzsch ester o o
DMF,70°C,5h O
2-73 2-75
F
0 O S .,
o
T o T s
9l <8 <8
2-75a 2-75b 2-75¢c 2-75d
71% 72% 75% 75%
O Plausible resting state
Cp
MeO,C
TsN ‘ 2 O""'““Ru®
o Meozc MeO
<8
2-82
2-75e 2-75f

70%

Scheme 2-27 7V v OEREHIS KOV U — LRI EHIL O

60%
10 mol% Ru, 3 equiv HE

i

Ph Ph

MeO,C :: Ph 8 mol% [CpRu(MeCN);]PFg MeO,C z MeO,C

MeOZC

2-71a

Ph

2.0 equiv Hantzsch ester " MeO,C X MeO,C

DMF, 70 °C, 30 min Ph
2-72a, 67% 2-83, 15%

Cp ligand
| exchange
O-giRu ® 1,4-hydrogenation
MeO |-H
o — _H
Ph
OMe

Scheme 2-28 ~ 1 x— M5 Z © DA o OKEBERE TERIL G
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REIC, Y 7 4 EOBEBENKISICE 2 5 BB OV TCHHAE L7 (Scheme
2-29), /v hx— L2 ATHE VA 2-73g ZHEHESE (1 mol% Ru, 2 equiv
Hantzsch = A7 /L, DMF, 70 °C)IZft L7z 2 A, =X V¥ A4 7V v 7 13- 2-T4g
T4RT 2 H DD, Diels—Alder SUGAHETT LTV 720\ 2 & 3 A R O *H NMR fighir

DFERL VLN ERST, 22T, £7 70 °C TARFEBEVIE LRIV G Z 5856 S B
7212120 °CIZHIR T2 Z L2 X v | BHOBRALATINAK 2-75g A3 7T7%IX % TH H iz,
FARICLC, 2«(Z VW7 27 U b— FBLOYIL_— MFEK 2-73h BL W 2-731 75
b, BREFRIEETRHET 5 B 2-75h B8 LV 2-751 3G oz, £, v raxXy T
Vﬁwﬁ%VV~F%§%21ﬁﬂ%ﬁﬂ%ﬁ%é%ZEﬁﬁ%%ﬂ$T%%ﬂko*
FT, v LA VT AT IVHER 2-73k % 28 & L7854 12i1E, 70 °C T Diels—Alder
FOSHHEAT LT b OO FEEDOF Y T~— (b3 f5 L7720 B OILHIL 42%I128 F

-7,

Ph Ph
LN L )
R o 1mol% [CPRu(MeCN);]PFg R o| 120°c
o 2.0 equiv Hantzsch ester o o time
DMF,70°C,1h
2.73 - 2.74 -

COo,Me
° ‘ o

. 275k
2759 2-75h 275 .
3h, 77% 4, 74% 3 h, 74% 161, 56% 70°C, 4 h, 42%

Scheme 2-29 > / 7 4 )L FOEHIL D48

P in . W OWOREIZIIARY 7 LASDEH TE RN & AR ST,
TR VR AT NIEE O VA v 2-731 T, AKBBERRE TERILAHEIT L)
STz, — T, AX 7 ) L— FaBEK 2-73m TiE, HEAERIEIC BV TKEBEIELE T

BALSOSIIRIEE 2 < HEFT L, B Y =2 2-74m 73 96% IR T Bz, L2 L. Diels—
Alder SIS & 0 ©A4 Y I~ —{b3MESE L CTHEIT T 57200, ITZ OB INEAITSE S i
72> 7= (Scheme 2-30),
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' /—Ph Ph
: 1 mol% [CpRu(MeCN);]PFg 2
‘</: > ‘</ > 2.0 equiv Hantzsch ester o
o > xMe —X—> decomposed
DMF, 70 °C \éo
(0]

2-731 : Me 2-73m 2-74m
: 96%

no reaction

Scheme 2-30 # > 7 ARSICHEH TE RWEEE

2-8 i Diels— Alder it LASER M

KE T AR TE LD MEMLEY 2-75 1, ETH—-DODYT AT L A~—Th

o T0 ALB WO SIRBLE 1L, 2-75b 5 X T8 2-75g @ nOe HIE. #5 L 8 2-75k & XRD
HEIZLY endo (A TH S & RE L7 (Figure 2-1),

o¥
.Me AR T
3 ‘ " *\&: -t
O H2-HC: 3.36% 0 H-Me: 2.32% 1l 1.~
b_yd b_yc X
HP-H: 0.91% HP-HC: 0.89% f
He-HY: 1.89% Me-H®: 1.63% ¢ }
HY-He: 2.97% HE-HY: 2.53% 1
2-75b 2-75k

Ar= p-MeOC6H4

Figure 2-1 2-75b, g ® nOe JIE#E Hed3 & O 2-75k ¢ ORTEP

kU = AR 43 - Diels— Alder SR723 & endo BRI HEI T 2 UK & Fi A9
%728, 2-74g @ Diels—Alder G231 % endo 35 L OY exo fHIIDIEMHEL =R L F—%
DFT 3HRIC L > THRH L (Scheme 2-31), = DS, endo 1 DA 121X pseudo-chair
TUOERIRREZ R L CRUS LT L, £ OIEMA L= % /1% —13 32.0 kcal/mol & FHH &
iz, FAUTK L, exo fMOHZEICIT=X VA7) v 7 13-V FRHIETH
LA, VEVEVZ ) T 4R T 2= L EERATHRE LTV 57251 boat
HOBBIREE & D70, IEML= 3 /LF —7 3655 keal/mol &R b &lThnzx, v
7 a o~k BN pseudo-boat /D7, ALV EETALZETHD (+1.1
kcal/mol), %7z, endo {1 & exo (IAIDOTEMAL =R /L F—D 7% 3.5 keal/mol TH Y |
ZDTRVF—=FENGERYRINEL RSG5 & endo:ex0=99:1 TH D, Z DR
I%. endo (RDHDNEIRNTHE DD L) BERFEERE L —HT 5,
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exo-TS ‘ : a .

+35.5
,, \ oxo.TS AG, kcal/mol
endo-TS; 754 43330 w1
/" endo-TS" ",
) ex0-2-75¢g
endo-2-74g +1.3 ;:1;'" +1.1
exo-2-T4g 0.0 ‘\
7.1
. -10.0
endo-2-75g endo-2-75g

Scheme 2-31  2-74g M43 Diels—Alder SIS D =R NVX—X A T 75 A

—7J5. Sherburn Hi%, b~V = HREA 2-74 [ZFERLLTZ b Y = 2-84 D4y Diels
—Alder RS & 0 @R THEIT L, (R=H, 110°C 3 X" R = Me, 180 °C) AT B1{LAT
NNtk 2-85 @ endo & exo ANFBLZ 1: 3 DHRTHELNDL Z LEAWE LTS
(Scheme 2-32), A7 vz A & AL RIS R 9 2 FER 72 RIS DWW T 5 M2 i
2o TWRWR, Fex DWW M) = U hfKIZI= X YA 7 U v 7 13-V B
HOTEOMIE TH D Z LITA, 7T ORARIHCT U — VB Z &5 2 & 3R
LTW5EEZXHILD,

2-84 endo-2-85 exo-2-85

R = H, toluene, 110 °C, 12 h, 92%, 26:74
R = Me, 1,2-dichlorobenzene, 180 °C, 2.2 h, 100%, 27:73

Scheme 2-32 kU = 2-84 ™4y Diels— Alder )it~ 0 N AR ZR R
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2-98F

AHFFETIL, A o DKFEBEIETCERCSUE & Diels— Alder sz #7+& HH 78T
BT AT u AOMEIZRY Lc, BRI, oA 77 Vg, 7=/ —)b
D= MNHERINDT U A % Rufiliiiis X OUKEM 4R & LT Hantzsch = X
TN WD KRBBIINE RGOS DGR T2 L T M =R EZ G LT,
5l & HE< 43+ Diels—Alder )SE T ARy FTITH 2 LITK Y FrL oMb
BAF7RIR A S endo (REIRANICE DL Z, B LTALEM DI LFIE nOe B LD
XRD HIEIZ L W kiE LTe, F7=, DFT FHAEIZ L Y | Diels—Alder )i ? endo £ & exo
Mo =L —72278 35 keal/mol Th 5 Z & AT L, ARIGA E endo BRAYIZHETT
TOEBREFELRN—BE LT,
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Chapter 2 Experimental Section

General Considerations

Column chromatography was performed on silica gel (Cica silica gel 60N) with solvents
specified below. 'H, B3¢, and °F NMR spectra were obtained for samples in CDClI; solutions at
25 °C. '"H NMR chemical shifts are reported in terms of chemical shift (5, ppm) relative to the
singlet at 7.26 ppm for chloroform. Splitting patterns are designated as follows: s, singlet; d,
doublet; t, triplet; g, quartet; quint, quintet; sext, sextet; sept, septet; m, multiplet. Coupling
constants are reported in Hz. *C NMR spectra were fully decoupled and are reported in terms of
chemical shift (8, ppm) relative to the triplet at 5 = 77.0 ppm for CDClz. Cp*RuCl(cod)’,
[CpRu(MeCN);]PF¢*. and Hantzsch ester® were prepared according to the reports.

Preparations of Enediyne Substrates
/—=—"Ph Procedures for Synthesis of Diyne 2-78: To a solution of
O%Q (3-(prop-2-ynyloxy)prop-1-ynyl)benzene * (2-76, 879 mg, 5.16 mmol),
TBSC tert-butyl(2-iodophenoxy)dimethylsilane > (2-77, 1.44 g, 4.30 mmol) in a
278 mixed solvent of 'Pr,NH/'BuOMe (2 mL/10 mL) was added PdCl,(PPhs), (151
mg, 0.21 mmol) and Cul (40 mg, 0.21 mmol). After degassed at —78 °C, the reaction mixture
was stirred at 60 °C for 6 h. Insoluble materials were filtered off through a pad of Celite®, and
the filtrate was concentrated in vacuo. The obtained crude product was purified with silica gel
column chromatography on silica gel (elution with hexane/AcOEt = 50:1) to give 2-78 (1.295 g,
80% yield) as pale-yellow oil: *H NMR (400 MHz, CDCl,, 25 °C): 6 0.25 (s, 6 H), 1.04 (s, 9 H),
4.55 (s, 2 H), 4.56 (s, 2 H), 6.83 (d, J = 8.0 Hz, 1 H), 6.91 (t, J = 8.0 Hz, 1 H), 7.21 (dt, J = 8.0,
1.6 Hz, 1 H), 7.29-7.38 (m, 3 H), 7.41 (dd, J = 8.0, 1.6 Hz, 1 H), 7.44-7.50 (m, 2 H); *C NMR
(100 MHz, CDCl;, 25 °C): 6 4.3, 18.2, 25.6, 57.2, 57.5, 84.2, 84.5, 86.6, 87.8, 115.0, 119.7,
121.1, 122.6, 128.2, 128.4, 129.7, 131.8, 133.7, 156.7; IR (neat) 2228 (C=C) cm™; HRMS

(ESI) m/z calcd for C,4H250,Si¢Na 399.1756, found 399.1765 [M+Na]+.

O/%Ph Procedures for Synthesis of Enediyne 2-73a: To diyne 2-78 (344 mg, 0.91
= mmol) was added "Bus;NF (1 M THF solution, 0.91 mL, 0.91 mmol) at room
=0>,-—02_73a| temperature. After stirring for 10 min, the reaction was quenched with H,O (10
mL). The organic layer was separated and the aqueous layer was extracted with

AcOEt (10 mL x 3). The combined organic layer was washed with brine (10 mL) and dried with
MgSO,. After concentration in vacuo, the obtained crude product was diluted with dry THF (2
mL). To this solution was added acrylic acid (0.089 mL, 1.18 mmol), DMAP (11.1 mg, 0.091

mmol), and DCC (244 mg, 1.18 mmol), and the resultant mixture was refluxed for 10 h.
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Insolubule materials were filtered off through a pad of Celite®, and the filtrate was concentrated
in vacuo. The obtained crude product was purified with column chromatography on silica gel
(elution with hexane/AcOEt = 10:1~5:1~0:1) to give 2-73a (190 mg, 66% yield) as pale-yellow
oil:  *H NMR (400 MHz, CDCls, 25 °C): 5 4.50 (s, 2 H), 4.52 (s, 2 H), 6.01 (dd, J = 10.4,0.8
Hz, 1 H), 6.37 (dd, J = 17.6, 10.4 Hz, 1 H), 6.66 (dd, J = 17.6, 0.8 Hz, 1 H), 7.16 (d, J = 8.0 Hz,
1H),7.22(t,J=8.0Hz, 1 H), 7.28-7.34 (m, 3 H), 7.38 (dt, J = 8.0, 1.2 Hz, 1 H), 7.43-7.47 (m,
2 H), 7.52 (dd, J = 8.0, 1.2 Hz, 1 H); *C NMR (100 MHz, CDCI , 25 °C): § 57.0, 81.6, 84.2,
86.6, 89.3, 116.4, 122.1, 122.3, 125.8, 127.3, 128.2, 128.4, 129.6, 131.6, 132.8, 133.1, 151.5,
163.7; IR (neat) 2238 (C=C), 1746 (C=0) cm™; HRMS (ESI) m/z calcd for C,;H;505°Na
339.0997, found 339.1004 [M+Na]*.

Other enediynes were also synthesized according to the above mentioned procedures
using appropriate diynes and acrylates.

— Analytical data for 2-73b: pale-yellow oil; *"H NMR (400 MHz, CDCl,,
°\+© 25°C): & 3.81 (s, 3 H), 4.48 (s, 2 H), 4.51 (s, 2 H), 6.02 (d, J = 10.4 Hz, 1
=>_ H), 6.37 (dd, J = 17.6, 10.4 Hz, 1 H), 6.66 (d, J = 17.6 Hz, 1 H), 6.84 (d, J

° =9.0 Hz, 2 H), 7.16 (d, J = 8.0 Hz, 1 H), 7.22 (t, J = 8.0 Hz, 1 H), 7.35—
7.40 (m, 1 H), 7.39 (d, J = 9.0 Hz, 2 H), 7.52 (dd, J = 8.0, 1.2 Hz, 1 H); °C
NMR (100 MHz, CDCls, 25 °C): § 55.2, 57.0, 57.2, 81.7, 82.8, 86.7, 89.5,
113.9, 114.5, 116.6, 122.2, 125.9, 127.5, 129.7, 132.9, 133.2, 133.3, 151.6, 159.8, 163.9; IR

(neat) 2236 (C=C), 1745 (C=0) cm™; HRMS (ESI) m/z calcd for Cy,H;504*Na 369.1103,
found 369.1105 [M+Na] ™.

Ar= p-MeOC5H4
2-73b

[ Ar Analytical data for 2-73c: pale-yellow oil; *H NMR (400 MHz, CDCls, 25
= °C): 8 4.48 (s, 2 H), 4.50 (s, 2 H), 6.02 (dd, J = 10.4, 1.2 Hz, 1 H), 6.37 (dd,
= J=17.6,10.4 Hz, 1 H), 6.66 (dd, J = 17.6, 1.2 Hz, 1 H), 7.00 (t, J = 8.8 Hz,

(o}
Ar=pFc,  2H),7.15(dd, J=8.0, 1.2 Hz, 1 H), 7.21 (dt, J = 8.0, 1.2 Hz, 1 H), 7.37 (dt,
2.73¢ J=8.0,1.2 Hz, 1 H), 7.42 (dd, J = 8.8, 4.8 Hz, 2 H), 7.51 (dd, = 8.0, 1.2 Hz,

1 H); *C NMR (100 MHz, CDCls, 25 °C): & 57.0, 57.1, 81.8, 84.0, 85.6, 89.3, 115.6 (d, J =
22.0 Hz), 116.5, 118.5 (d, J = 2.9 Hz), 122.2, 125.9, 127.4, 129.7, 132.8, 133.2, 133.7 (d, J =
7.7 Hz), 151.6, 162.5 (d, J = 250.8 Hz), 163.8; IR (neat) 2240 (C=C), 1745 (C=0) cm™;
HRMS (ESI) m/z calcd for C,;H15FO5°Na 357.0903, found 357.0887 [M+Na]+.

70



[ Ar Analytical data for 2-73d: pale-yellow oil; *"H NMR (400 MHz, CDCls, 25
= °C): § 4.497 (s, 2 H), 4.502 (s, 2 H), 6.04 (d, J = 10.4 Hz, 1 H), 6.38 (dd, J =
= 17.6,10.4 Hz, 1 H), 6.67 (d, J = 17.6 Hz, 1 H), 6.97 (dd, J = 4.8, 3.8 Hz, 1 H),
Ar =°2_thieny. 7.15(d, J = 8.0 Hz, 1 H), 7.19-7.27 (m, 3 H), 7.37 (dt, J = 8.0, 1.2 Hz, 1 H),
2.73d 7.51 (dd, J = 8.0, 1.2 Hz, 1 H); **C NMR (100 MHz, CDCls, 25 °C): § 57.0,
79.9, 81.8, 88.3, 89.3, 116.5, 122.17, 122.23, 125.8, 126.9, 127.36, 127.41, 129.7, 132.5,
132.9, 133.1, 151.5, 163.8; IR (neat) 2220 (C=C), 1745 (C=0) cm™; HRMS (ESI) m/z calcd
for C1oH1405SNa 345.0561, found 345.0569 [M+Na] .

_ Analytical data for 2-73e: pale-yellow oil; 'H NMR (400 MHz,

N Q CDCls, 25°C): 8 2.28 (s, 3H), 4.377 (s, 2 H), 4.383 (s, 2 H), 5.93 (d, J =

=>_o 10.4 Hz, 1 H), 6.28 (dd, J = 17.4,10.4 Hz, 1 H), 6.59 (d, J = 17.4 Hz, 1

O 273 1) 7.11(d,J=8.0Hz, 1H),7.13-7.18 (m, 1 H), 7.16 (d, J = 8.4 Hz, 2

H), 7.25-7.32 (m, 6 H), 7.34 (dt, J = 8.0, 1.2 Hz, 1 H), 7.74 (d, J = 8.4 Hz, 2 H); °C NMR

(100 MHz, CDCl;, 25 °C): § 21.2, 37.1, 37.2, 80.6, 81.2, 85.8, 86.5, 116.1, 121.9, 122.0,

125.6, 127.1, 127.7, 128.0, 128.3, 129.4, 129.6, 131.4, 132.9, 133.0, 134.9, 143.8, 151.4,

163.6; IR (neat) 1745 (C=0), 1352 (S=0), 1164 (S=0) cm™; HRMS (ESI) m/z calcd
for Cy,H»sNO,SeNa 492.1245, found 492.1264 [M+Na]+.

MeO,C_ /—==—Ph Analytical data for 2-73f: pale-yellow oil; *H NMR (400 MHz,
Meoch@ CDCls, 25 °C): § 3.22 (s, 2 H), 3.25 (s, 2 H), 3.78 (s, 3H), 5.98 (d, J =
=>/_0 10.4Hz, 1 H),6.37 (dd,J=17.4,10.4Hz, 1 H), 6.67 (d,J=17.4Hz, 1
O 27 11y 712(d,J=8.0Hz 1 H), 7.18 (t, J = 8.0 Hz, 1 H), 7.27-7.38 (m, 6
H), 7.45 (dd, J = 8.0, 1.2 Hz, 1 H); *C NMR (100 MHz, CDCls, 25 °C): & 23.7, 23.9, 53.0,
57.0, 78.6, 83.8, 88.9, 117.0, 122.1, 122.9, 125.7, 127.5, 128.0, 128.1, 129.2, 131.6, 132.7,
133.3, 151.3, 163.9, 169.1; IR (neat) 1742 (C=0) cm'l; HRMS (ESI) m/z calcd for
CasH2s0¢*Na 453.1314, found 453.1326 [M+Na] ™.
—=—ph Analytical data for 2-73g: pale-yellow oil; This compound was obtained as a
— mixture of E-and Z-isomers (E:Z = 99:1). Following NMR spectra were for
Q g the major isomer.; 'H NMR (400 MHz, CDCls, 25 °C): § 1.93 (dd, J = 6.8,
/=>L 273g 2.0 Hz, 3 H), 4.50 (s, 2 H), 4.52 (s, 2 H), 6.10 (ddd, J = 15.6, 3.4, 2.0 Hz, 1 H),
: 7.12 (dd, J = 8.0, 1.2 Hz, 1 H), 7.10-7.34 (m, 5 H), 7.35 (dt, J = 8.0, 1.2 Hz, 1
H), 7.43-7.46 (m, 2 H), 7.50 (dd, J = 8.0, 1.2 Hz, 1 H); **C NMR (100 MHz, CDCls, 25
°C): 6 18.2, 57.0, 57.2, 82.0, 84.3, 86.7, 89.2, 116.6, 121.6, 122.4, 122.5, 125.7, 128.3,
128.5, 129.7, 131.7, 133.2, 147.5, 151.8, 164.2; IR (neat) 2238 (C=C), 1739 (C=0)
cmt; HRMS (ESI) m/z calcd for C,H1g035°Na 353.1154, found 353.1163 [M+Na]+.

M
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_ Analytical data for 2-73h: orange solid (mp. 46.0 °C); 'H NMR (400 MHz,

o0 _ CDCls, 25 °C): 8 4.49 (s, 2 H), 4.51 (s, 2 H), 6.45 (dd, J = 3.6, 1.6 Hz, 1 H),
o >/: 6.55 (d, J = 15.6 Hz, 1 H), 6.66 (d, J = 3.6 Hz, 1 H), 7.18 (d, J = 8.0 Hz, 1 H),

=/  273n 7.22(t,J=8.0 Hz, 1 H), 7.26-7.42 (m, 6 H), 7.47 (s, 1 H), 7.54 (d, J = 8.0

e Hz, 1 H), 7.66 (d, J = 15.6 Hz, 1 H); **C NMR (100 MHz, CDCls, 25 °C): &
56.96, 57.04, 81.9, 84.2, 86.6, 89.3, 112114.1, 115.8, 116.5, 122.27, 122.35,

125.6, 128.1, 128.3, 129.6, 131.6, 132.9, 133.1, 145.2, 150.5, 151.7, 164.7; IR (neat) 2238

(C=C), 1731 (C=0) cm™; HRMS (ESI) m/z calcd for C,sH15042Na 405.1103, found 405.1094
[M+Na]™".

Analytical data for 2-73i: colorless solid (mp. 73.0-74.0 °C);  This

/%Ph
o compound was obtained as a mixture of the E,E- and other stereoisomers.
o Following NMR spectra were for the major isomer.;  *H NMR (400
o
—/ .73 MHz, CDCls, 25 °C): 6 1.81 (d, J = 5.6 Hz, 3 H), 4.48 (s, 2 H), 4.50 (s,
mé 2 H),6.00 (d, J=15.2 Hz, 1 H), 6.15-6.26 (m, 2 H), 7.15 (dd, J = 8.0, 1.2

Hz, 1 H), 7.20 (dt, J = 8.0, 1.2 Hz, 1 H), 7.28-7.34 (m, 4 H), 7.37 (dt, J = 8.0, 1.2 Hz, 1 H),
7.42-7.46 (m, 2 H), 7.51 (dd, J = 8.0, 1.2 Hz, 1 H); *C NMR (100 MHz, CDClIs;, 25 “C):
18.7, 57.0, 57.2, 82.0, 84.4, 86.7, 89.2, 116.7, 117.5, 122.4, 122.5, 125.7, 128.2, 128.5,
129.67, 129.75, 131.8, 133.1, 140.9, 147.3, 151.9, 165.0; IR (neat) 2238 (C=C), 1730

(C=0) cm?; HRMS (ESI) m/z calcd for CpyHyOs*Na 379.1310, found 379.1320
[M+Na] ™.

—=—pn Analytical data for 2-73j: pale-yellow oil; *"H NMR (400 MHz, CDCls, 25
— Q °C): § 2.00 (quint, J = 7.6 Hz, 2 H), 2.53-2.58 (m, 2 H), 2.70-2.74 (m, 2 H),
SN 4.49 (s, 2 H), 4.52 (s, 2 H), 7.09 (quint, J = 2.0 Hz, 1 H), 7.16 (dd, J = 8.0, 1.2
g 2.73)  Hz, 1 H), 7.20 (dt, J = 8.0, 1.2 Hz, 1 H), 7.28-7.34 (m, 3 H), 7.37 (dt, J = 8.0,
1.2 Hz, 1 H), 7.43-7.47 (m, 2 H), 7.51 (dd, J = 8.0, 1.2 Hz, 1 H); *C NMR

(100 MHz, CDCls, 25 °C): § 23.1, 31.4, 33.7, 57.0, 57.2, 82.1, 84.3, 86.7, 89.1, 116.6, 122.4,
125.6, 128.3, 128.6, 129.7, 131.8, 133.1, 135.7, 146.7, 151.9, 162.9; IR (neat) 2237 (C=C),

1733 (C=0) cm™; HRMS (ESI) m/z caled for C24H2003+Na 379.1310, found 379.1321
[M+Na] ™.
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— ph Analytical data for 2-73k: orange oil; 'H NMR (400 MHz, CDCls, 25

SN "C): 5 3.81 (s, 3H), 4.53 (s, 2 H), 4.55 (s, 2 H), 6.38 (d, J = 12.0 Hz, 1 H),
Moo, \=°>_0>/: 6.51 (d, J = 12.0 Hz, 1 H), 7.22 (dd, J = 8.0, 1.2 Hz, 1 H), 7.24-7.27 (m,

273 1H),7.29-7.41 (m, 4 H), 7.44-7.48 (m, 2 H), 7.52 (dd, J =8.0, 1.2 Hz, 1
H); '3C NMR (100 MHz, CDCls, 25 °C): & 52.2, 57.1, 81.4, 84.3, 86.7, 90.0, 116.3, 122.1,
122.3, 126.1, 128.2, 128.46, 128.49, 129.7, 131.3, 131.6, 133.1, 151.0, 162.8, 165.2; IR
(neat) 2236 (C=C), 1749 (C=0), 1731 (C=0) cm™; HRMS (ESI) m/z calcd for C,3H150s*Na
397.1052, found 397.1042 [M+Na]*.

S—=—Me Analytical data for 2-73I: pale-yellow oil; *H NMR (400 MHz, CDCls, 25
o%@ °C): 6 1.86 (t,J =2.0 Hz, 3H), 4.22 (q, J = 2.0 Hz, 2 H), 4.43 (s, 2 H), 6.04
=°>_o (dd, J=10.4,1.0 Hz, 1 H), 6.37 (dd, J = 17.4, 10.4 Hz, 1 H), 6.66 (dd, J =
2731 17.4,1.0Hz,1H),7.15(dd, J=8.0, 1.2 Hz, 1 H), 7.21 (dt, J = 8.0, 1.2 Hz, 1

H), 7.37 (dt, J = 8.0, 1.2 Hz, 1 H), 7.50 (dd, J = 7.6, 1.2 Hz, 1 H); *C NMR (100 MHz,
CDCls, 25 °C): & 3.6, 56.9, 57.0, 74.3, 81.4, 83.1, 89.6, 116.6, 122.2, 125.9, 127.5, 129.6,
132.8, 133.2, 151.5, 163.9; IR (neat) 2221 (C=C), 1744 (C=0) cm™*; HRMS (ESI) m/z calcd

for Cy6H1403°NH, 272.1287, found 272.1270 [M+NH4]+.

/—=—Ph Analytical data for 2-73m: pale-yellow oil; *"H NMR (400 MHz, CDCls, 25

°\+© °C): §2.09 (d, J = 1.2 Hz, 3 H), 4.49 (s, 2 H), 452 (s, 2 H), 5.76 (quint, J =

=°?_o 1.2 Hz, 1 H), 6.42 (s, 1 H), 7.17 (dd, J = 8.0, 1.2 Hz, 1 H), 7.21 (dt, J = 8.0,

Me 7™M 1.2 Hz, 1 H), 7.29-7.34 (m, 3 H), 7.38 (dt, J = 8.0, 1.2 Hz, 1 H), 7.43-7.47

(m, 2 H), 7.52 (dd, J = 8.0, 1.6 Hz, 1 H);®*C NMR (100 MHz, CDCl;, 25

°C): 5 18.3, 57.0, 81.7, 84.2, 86.6, 89.2, 116.5, 122.2, 122.4, 125.7, 127.5, 128.2, 128.4, 129.6,

131.7, 133.1, 135.5, 151.9, 165.2; IR (neat) 2238 (C=C), 1739 (C=0) cm™;
HRMS (ESI) m/z calcd for CpHis0s+Na 353.1154, found 353.1160 [M+Na] ™.
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Cyclization of Enediyne with Cp*RuCl(cod)/MeOH.

A solution of Cp*RuCl(cod) (5.7 mg, 0.015 mmol), MeOH (0.10 mL, 1.98 mmol), and
enediyne 2-73a (94.9 mg, 0.30 mmol), in dry degassed THF (1.0 mL) was refluxed for 14 h.
After concentration in vacuo, the crude product was purified by column chromatography on
silica gel (hexane/AcOEt = 10:1) to give a mixture of 2-79 and 2-80 with a ratio of 6:1 (81.5
mg, 85%) as yellow oil. Recrystallization from a CHCI /hexane solution at —20 °C afforded
pure 2-68 as colorless solid.

Ph Analytical data for 2-79; pale-yellow oil; *"H NMR (400 MHz, CDCls, 25 °C): &

o ‘ o 346 (dd, J=232,88 Hz, 1 H), 3.51 (dd, J = 10.4, 7.6 Hz, 1 H), 4.02 (dd, J =

I 22.8,6.4Hz, 1 H), 4.19 (quint, J = 8.0 Hz, 1 H), 4.32 (d, J = 12.0 Hz, 1 H), 4.67

O (d, J=12.0 Hz, 1 H), 4.84 (t, J = 8.0 Hz, 1 H), 7.29-7.43 (m, 7 H), 7.54 (t, J =

279 8.0 Hz, 1 H), 7.62 (d, J = 8.0 Hz, 1 H); C NMR (100 MHz, CDCls, 25 °C):

6 30.7, 41.9, 68.1, 70.4, 117.2, 119.1, 122.5, 124.4, 124.6, 127.5, 128.1, 128.4, 128.5, 130.9,

131.3, 138.8, 143.9, 152.4, 160.8; IR (neat) 1717 (C=0) cm™; HRMS (ESI) m/z calcd for
Ca1H1605°Na 339.0997, found 339.1014 [M+Na]*.

Ph Analytical data for 2-80; colorless solid (mp. 138.0-138.4 °C);'H NMR

o O o (400 MHz, CDCls, 25 °C): 8 5.33 (t,J = 2.0 Hz, 2 H), 5.69 (t, J = 2.0 Hz, 2 H),

) 7.37-7.58 (m, 9 H), 8.50 (s, 1 H); *C NMR (100 MHz, CDCls, 25 °C):  73.2,

‘ 74.8,118.0, 118.2, 121.9, 124.8, 125.6, 127.9, 128.4, 128.93, 128.96, 130.3,

2-80 130.7, 135.8, 136.8, 138.2, 145.5, 151.5, 161.1; IR (neat) 1727 (C=0) cm™;
HRMS (ESI) m/z calcd for C,;H14035¢Na 337.0841, found 337.0859 [M+Na]+.

Cyclization of Enediyne with [CpRu(MeCN);]PF¢/ Hantzsch Ester

Ph A solution of [CpRu(MeCN),]PF, (1.3 mg, 0.003 mmol), Hantzsch ester

o ‘ o (152 mg, 0.6 mmol), and enediyne 2-73a (94.9 mg, 0.30 mmol) in dry
o  degassed DMF (1.2 mL) was stirred at 70 °C for 4 h. After diluted with

‘ hexane/AcOEt (1:1, 5 mL), the crude solution was washed with H,O (3 mL x
2-75a 2) and brine (3 mL). The organic layer was dired with MgSO,. After
concentration in vacuo, the crude product was purified by column chromatography on silica
gel (hexane/AcOEt = 10:1) to give 2-75a (68.3 mh, 71%) as pale-yellow oil.: *"H NMR (400
MHz, CDCls, 25 °C): § 1.75 (dt, J = 13.0, 10.0 Hz, 1 H), 2.24 (ddd, J = 13.2, 6.4, 2.8 Hz, 1
H), 3.17 (ddd, J = 12.8, 4.8, 2.8 Hz, 1 H), 3.56 (s, 1 H), 3.93 (d, J = 4.8 Hz, 1 H), 4.44 (t, J =
4.8 Hz, 2 H), 4.79 (dg, J = 12.4, 4.8 Hz, 1 H), 5.15-5.21 (m, 1 H), 6.95 (d, J = 6.8 Hz, 2 H),
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7.06 (d, J=8.0 Hz, 1 H), 7.15-7.28 (m, 5 H), 7.32 (d, J = 8.0 Hz, 1 H); **C NMR (100 MHz,
CDCl3, 25 °C): 6 31.4,32.4,41.0, 76.1, 78.4, 117.0, 124.4, 125.3, 127.1, 127.3, 127.6, 128.8,
131.6, 136.7, 141.4, 150.2, 170.0; IR (neat) 1737 (C=0) cm™; HRMS (ESI) m/z calcd for
C,1H18045°Na 341.1154, found 341.1173 [M+Na]+.

Other tandem reaction products were also obtained from the corresponding enediynes
according to the above mentioned procedure.

2-75b

150.2,

Analytical data for 2-75b; pale-yellow oil; ‘H NMR (400 MHz, CDCls, 25
°C): 6 1.72 (dt, J = 13.2, 10.0 Hz, 1 H), 2.16-2.24 (m, 1 H), 3.15 (ddd, J = 12.8,
48,2.8Hz,1H),351(s,1H), 3.74(s,3H),3.91(d, J=4.8Hz, 1H),4.44
J=4.0Hz, 2 H), 4.79 (dq, J = 12.4, 4.4 Hz, 1 H), 5.13-5.21 (m, 1 H), 6.75 (d, J
= 8.4 Hz, 2 H), 6.87 (d, J = 8.4 Hz, 2 H), 7.06 (d, J = 8.0 Hz, 1 H), 7.19-7.32
(m, 3 H); *C NMR (100 MHz, CDCls, 25 °C): & 31.5, 32.4, 40.1, 40.9, 55.1,
76.1, 78.3, 114.1, 117.0, 124.4, 125.2, 127.5, 128.2, 128.7, 131.2, 133.3, 137.0,
158.5, 170.0; IR (neat) 1769 (C=0) cm™; HRMS (ESI) m/z calcd for

C22H2004+Na 371.1259, found 371.1266 [M+Na] .

o
(1
Sf

2-75¢c

Analytical data for 2-75c; pale-yellow oil; *"H NMR (400 MHz, CDCls, 25
°C): 8 1.73 (dt, J =12.8, 10.4 Hz, 1 H), 2.24 (ddd, J = 13.2, 6.4, 2.8 Hz, 1 H),
3.16 (ddd, J =12.8,5.2, 2.8 Hz, 1 H), 3.54-3.56 (m, 1 H), 3.92 (d,J = 4.0 Hz, 1
H), 4.37-4.48 (m, 2 H), 4.79 (dq, J = 12.4, 5.2 Hz, 1 H), 5.15 (dquint, J = 12.0,
2.8 Hz, 1 H), 6.91 (d, J = 7.2 Hz, 4 H), 7.06 (d, J = 8.0 Hz, 1 H), 7.19-7.24 (m,
1 H), 7.29-7.34 (m, 2 H); *C NMR (100 MHz, CDCls, 25 °C): & 31.4, 32.4,
40.0, 40.8, 76.0, 78.3, 115.6 (J = 21.0 Hz), 117.0, 124.2, 125.2, 127.5, 128.77 (J

= 7.6 Hz), 128.81, 131.9, 136.4, 137.1 (J = 2.9 Hz), 150.1, 160.7 (J = 244.1 Hz), 169.8;
IR (neat) 1730 (C=0) cm’; HRMS (ESI) m/z caled for CyH17FO3*Na 359.1059, found
359.1073 [M+Na] ™.

S ~
o

(o
7

2-75d

Analytical data for 2-75d; colorless solid (mp. 138.0-139.0 °C); ‘H NMR
(400 MHz, CDClj, 25 °C): & 1.93 (dt, J = 12.8, 9.6 Hz, 1 H), 2.33 (ddd, J =
13.4,6.8,3.2 Hz, 1 H), 3.15 (ddd, J = 12.4, 5.0, 3.0 Hz, 1 H), 3.89-3.91 (m, 2
H), 4.49-4.62 (m, 2 H), 4.74-4.82 (m, 1 H), 5.12 (dquint, J = 12.4, 2.8 Hz, 1
H), 6.70 (d, J=3.2 Hz, 1 H), 6.85 (dd, J = 5.0, 4.0 Hz, 1 H), 7.07 (d, J = 8.0 Hz,
1 H), 7.10 (d, J = 5.6 Hz, 1 H), 7.17-7.22 (m, 1 H), 7.24-7.33 (m, 2 H); °C

NMR (100 MHz, CDClg, 25 °C): & 31.6, 32.4, 35.5, 40.7, 76.2, 78.2, 117.0, 123.9, 124.1,
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124.6, 125.2, 126.8, 127.6, 128.8, 131.2, 136.2, 144.4, 150.1, 169.6; IR (neat) 1768 (C=0)
cm™: HRMS (ESI) m/z calcd for CyoH1605S+Na 347.0718, found 347.0731 [M+Na]+.

Ph Analytical data for 2-75e; pale-yellow oil; 'H NMR (400 MHz, CDClj, 25
TsN ‘ o °C): 6 1.62 (dt, J =12.8,10.0 Hz, 1 H), 2.16 (dddd, J = 13.6, 6.8, 2.8, 1.0 Hz,
1 H), 2.49 (s, 3 H), 3.04 (ddd, J =12.4, 5.2, 3.2 Hz, 1 H), 3.40 (s, 1 H), 3.76
(d, J=4.4Hz, 1 H), 3.79-3.87 (m, 1 H), 3.98 (dd, J = 14.8, 4.8 Hz, 1 H), 4.20
2-75¢ (dg, J=14.2, 4.4 Hz,1 H), 4.60-4.67 (m, 1 H), 6.76-6.79 (m, 2 H), 6.93 (d, J
=8.0 Hz, 1 H), 7.03 (dd, J = 8.0, 1.2 Hz, 1 H), 7.11 (dt, J = 8.0, 1.2 Hz, 1 H), 7.18-7.22 (m, 3
H), 7.26-7.32 (m, 1 H), 7.38 (d, J = 8.0 Hz, 2 H), 7.71 (d, J = 8.0 Hz, 2 H); **C NMR (100 MHz,
CDCls, 25 °C): & 21.6, 30.7, 32.9, 40.4, 41.5, 55.8, 58.1, 117.1, 123.9, 125.1, 127.0, 127.2,
127.6, 128.8, 129.8, 130.2, 133.7, 135.8, 140.8, 143.8, 150.1, 169.5; IR (neat) 1765 (C=0),
1162 (S=0) cm™; HRMS (ESI) m/z calcd for C,gH,sNO,SeNa 494.1402, found 494.1398
[M+Na]™".

o

Ph Analytical data for 2-75f; pale-yellow oil; *H NMR (400 MHz, CDCls,

MeOC .‘ 25 °C): 6 1.61 (dt, J=13.2, 10.4 Hz, 1 H), 2.15 (dddd, J = 13.6, 6.4, 2.8,

Me0,C © 16 Hz 1H),2.69 (d, J = 16.8 Hz, 1 H), 2.03 (dt, J = 16.8, 2.0 Hz, 1 H),

O ° 308 (dd, J = 4.6, 3.0 Hz, 1 H), 3.11 (dd, J = 5.0, 2.6 Hz, 1 H), 3.46 (s, 1

2758 H), 3.67 (d, J = 16.4 Hz, 1 H), 3.75 (s, 6 H), 3.82 (d, J = 3.6 Hz, 1 H),

6.86-6.90 (M, 2 H), 7.02 (dd, J = 8.0, 1.6 Hz, 1 H), 7.12-7.30 (m, 5 H),

7.50-7.53 (m, 1 H); *C NMR (100 MHz, CDCl;, 25 °C): & 31.3, 34.5, 41.1, 41.7, 43.4, 44.8,

52.9, 57.8, 116.8, 125.0, 125.3, 126.8, 127.4, 127.7, 128.4, 128.7, 132.2, 133.4, 142.1, 150.2,

170.4, 171.9, 172.5; IR (neat) 1733 (C=0) cm™; HRMS (ESI) m/z calcd for C,sH,4O6*Na
455.1471, found 455.1482 [M+Na] "

Analytical data for 2-75g; colorless solid (158 “C decomp.); *H NMR (400
MHz, CDClg3, 25 °C): 6 0.98 (d, J = 6.8 Hz, 3 H), 1.92 (dddd, J = 13.4, 11.2,
9.2,6.8 Hz, 1 H), 2.90 (dd, J = 11.2, 4.6 Hz, 1 H), 3.01 (d, J = 9.2 Hz, 1 H),
3.97(d,J=4.0Hz,1H),4.24 (dg, J=12.4,2.8 Hz, 1 H), 4.38-4.46 (m, 1 H),
2.75g 4.76-4.84 (m, 1 H), 5.18 (dquint, J = 12.4, 2.8 Hz, 1 H), 6.90 (dd, J = 8.0, 2.0
Hz, 2 H), 7.04-7.07 (m, 1 H), 7.15-7.25 (m, 4 H), 7.29-7.34 (m, 1 H); **C
NMR (100 MHz, CDCls, 25 °C): 8 16.5, 32.9, 34.1, 47.4, 49.1, 76.2, 78.3, 116.8, 125.1,
127.1, 127.3, 128.0, 128.6, 128.7, 130.5, 137.2, 140.3, 150.1, 168.8; IR (neat) 1769 (C=0)
cm: HRMS (ESI) m/z calcd for CyH003¢Na 355.1310, found 355.1319 [M+Na]+.
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Ph OQ Analytical data for 2-75h; colorless solid (mp 208.0-209.0 °C); *H NMR

S (400 MHz, CDCls, 25 °C): 4 3.20 (t, J =10.2 Hz, 1 H), 3.48 (dd, J = 10.8, 4.8

Hz, 1 H), 3.88 (d, J=8.8 Hz, 1 H), 4.01 (d, J=4.0 Hz, 1 H), 4.39-4.45 (m, 1

H), 4.46-4.53 (m, 1 H), 4.84 (ddd, J = 12.6, 9.2, 3.8 Hz, 1 H), 5.13 (dquint, J

2-75h =12.4,2.8Hz,1H),5.84(d, J=3.2Hz, 1 H), 6.20 (dd, J =2.8, 2.0 Hz, 1 H),

6.77 (dd, J=6.4, 2.8 Hz, 2 H), 7.07 (d, J = 8.0 Hz, 2 H), 7.10-7.15 (m, 3 H),

7.21-7.26 (m, 1 H), 7.33 (t, J = 8.0 Hz, 2 H), 7.38 (d, J = 1.2 Hz, 1 H); *C NMR (100 MHz,

CDCls, 25 °C): 8 33.0, 41.1, 45.0, 45.6, 76.4, 78.1, 108.3, 110.1, 117.0, 124.2, 125.2, 127.1,

127.5, 127.6, 128.5, 129.1, 131.3, 136.4, 139.7, 142.2, 150.2, 151.8, 167.4; IR (neat) 1770
(C=0) cm™; HRMS (ESI) m/z calcd for CpsH,04¢Na 407.1259, found 407.1260 [M+Na]+.

Analytical data for 2-75i; colorless solid (148 °C decomp.); *H NMR (400
MHz, CDCls, 25 °C): 8 1.51 (dd, J = 6.6, 1.4 Hz, 3 H), 2.39 (dd, J = 20.0,
9.2 Hz, 1 H), 3.04 (dd, J =11.2, 4.8 Hz, 1 H), 3.19 (d, J = 8.8 Hz, 1 H), 3.98
(d, J =4.0 Hz, 1 H), 4.32 (dq, J = 12.4, 3.0 Hz, 1 H), 4.39-4.47 (m, 1 H),

2.75i 4.77-4.85 (m, 1 H), 4.90 (dg, J = 15.0, 6.4 Hz, 1 H), 5.17 (dquint, J = 12.4,
2.8 Hz, 1 H), 5.35 (ddd, J = 15.2, 9.4, 1.8 Hz, 1 H), 6.83 (dd, J = 8.0, 1.6 Hz, 2 H), 7.04-7.07
(m, 1 H), 7.12-7.25 (m, 4 H), 7.29-7.34 (m, 2 H); **C NMR (100 MHz, CDCls, 25 °C): & 17.6,
32.8,44.4, 46.6, 47.2, 76.3, 78.3, 116.9, 124.8, 125.0, 126.9, 127.4, 128.2, 128.3, 128.7, 128.8,
129.9, 130.9, 136.8, 139.9, 150.1, 168.3; IR (neat) 1772 (C=0) cm™; HRMS (ESI) m/z calcd for
CaaH2,05°Na 381.1467, found 381.1468 [M+Na] ™.

Analytical data for 2-75j; pale-yellow oil; *H NMR (400 MHz, CDCls, 25
7 °C): 6 1.63-1.75(m, 1 H), 1.80-1.90 (m, 4 H), 2.23-2.33 (m, 1 H), 3.18 (ddd,
A° J=124,7.8,2.0Hz 1H),3.46 (d, J = 12.8 Hz, 1 H), 4.21-4.29 (m, 1 H),
4.37-4.44 (m, 1 H), 4.52-4.59 (m, 1 H), 4.60-4.67 (m, 1 H), 7.06 (d, J = 8.0
Hz, 1 H), 7.12-7.18 (m, 3 H), 7.20-7.25 (m, 2 H), 7.28-7.35 (m, 3 H); **C
NMR (100 MHz, CDCls, 25 °C): 8 21.3, 31.6, 36.3, 37.4, 42.3, 49.9, 50.1,
76.5, 77.5, 117.0, 121.8, 124.6, 126.8, 127.9, 128.4, 129.1, 132.1, 134.3, 142.0, 150.5,
172.1; IR (neat) 1759 (C=0) cm™; HRMS (ESI) m/z calcd for C,sH»0z*Na 381.1467,
found 381.1464 [M+Na] "

Ph

2-75j
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Analytical data for 2-75k; colorless solid (88 °C decomp.); *H NMR (400
MHz, CDCl3, 25 °C): 6 3.39 (dd, J = 5.4, 3.8 Hz, 1 H), 3.49 (br s, 3 H), 3.85-
3.95 (m, 1 H), 4.00-4.08 (m, 1 H), 4.10-4.18 (br s, 1 H), 4.40-4.48 (m, 1 H),
4.52-4.70 (m, 2 H), 4.72-4.80 (m, 1 H), 7.44 (d, J = 8.0 Hz, 1 H), 7.15-7.27
(m, 5 H), 7.28-7.34 (m, 3 H); *C NMR (100 MHz, CDCls, 25 °C): & 35.4
(br), 38.8 (br), 39.8 (br), 46.4, 51.8, 76.9, 117.4, 121.4, 124.9, 127.3, 127.5,
128.1, 129.1, 130.8, 131.7, 135.4, 136.8, 150.4, 166.7, 170.0; IR (neat) 1765 (C=0),
1741 (C=0) cm™; HRMS (ESI) m/z calcd for CysHz00s*Na 399.1208, found 399.1202
[M+Na]".

2-75k

Ph Analytical data for 2-74m; pale-yellow solid (104 °C decomp.); H
SV NMR (400 MHz, CDCl5, 25°C): 6 2.11 (t,J=1.4Hz,3H),4.77 (d,J=2.0
\Me\<¢o Hz,2H),4.83(d,J=2.0Hz,2H),5.82 (t,J=16Hz,1H),6.44(t,J=1.2
Hz, 1 H),6.89 (t,J=2.4Hz, 1 H), 6.96 (t,J = 2.4 Hz, 1 H), 7.17 (dt, J = 8.0,
1.6 Hz, 1 H), 7.20-7.29 (m, 5 H), 7.32 (dt, J = 8.0, 1.6 Hz, 1 H), 7.39 (t, J
=8.0 Hz, 2 H); *C NMR (100 MHz, CDCls, 25 °C): § 18.4, 70.7, 71.0, 111.6, 119.2, 122.6,
125.9, 127.2,127.4, 128.2, 128.6, 129.6, 135.6, 136.6, 138.8, 140.8, 148.7, 165.5; IR (neat)
1737 (C=0) cm™; HRMS (FAB) m/z calcd for CxHyOseH 333.1491, found 333.1494
[M+H].

2-74m

Step-Wise Synthesis of Tandem Product

Ph A solution of Cp*RuCl(cod) (38.0 mg, 0.10 mmol), MeOH (0.30 mL, 6.6

mmol), and enediyne 2-73a (377 mg, 1.0 mmol), in dry degassed THF (4.0

mL) was refluxed overnight. After concentration in vacuo, the crude
2_2133 product was purified by column chromatography on silica gel

(hexane/AcOEt = 20:1) to give exocyclic 1,3-diene 2-81 (358 mg, 95%) as
pale-yellow oil: *H NMR (400 MHz, CDCl3, 25 °C): 5 0.23 (s, 6 H), 1.08 (s, 9 H), 4.80 (d, J =
2.8 Hz, 2 H), 4.86 (d, J = 2.8 Hz, 2 H), 6.86 (dd, J = 8.0, 0.8 Hz, 1 H), 6.95-7.01 (m, 2 H),
7.08 (dd, J=8.0, 1.6 Hz, 1 H), 7.16 (dt, J = 8.0, 2.0 Hz, 1 H), 7.20-7.29 (m, 3 H), 7.34 (t, J
= 2.4 Hz, 1 H), 7.37-7.42 (m, 2 H); *C NMR (100 MHz, CDCls, 25 °C): 5 —4.4, 18.4, 25.8,
71.0, 71.2, 113.9, 118.1, 119.6, 121.4, 127.0, 128.4, 1285, 128.6, 137.2, 138.1,
139.3, 153.6; HRMS (ESI) m/z calcd for CyHs30,Si*Na 401.1913, found 401.1924
[M+Na]*.

=
o
A
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Ph To diene 2-81 (262 mg, 0.69 mmol) was added "Bu,NF (1 M THF solution,
| . 0.69 mL, 0.69 mmol) at room temperature and the solution was stirred for 5
kf min. To this solution was added acrylic acid (0.060 mL, 0.90 mmol),
2.74a DMAP (8.4 mg, 0.069 mmol), and DCC (185 mg, 0.9 mmol), and the
resultant mixture was stirred at room temperature overnight. Insolubule
materials were filtered off through a pad of Celite® and the filtrate was comcentrated in
vacuo. The obtained crude product was purified with column chromatography on silica gel
(elution with hexane/AcOEt = 20:1) to give 2-74a (123 mg, 56% yield) as pale-yellow oil: *H
NMR (400 MHz, CDCls, 25 °C): 6 4.76 (d, J=2.2Hz, 2 H),4.83(d, J=2.2 Hz, 2 H), 6.08
(d, J=10.8 Hz, 1 H), 6.40 (dd, J = 17.2, 10.8 Hz, 1H), 6.68 (d, J = 17.2 Hz, 1 H), 6.92 (d, J
= 14.4 Hz, 2 H), 7.15 (dd, J = 8.0, 1.6 Hz, 1 H), 7.18-7.25 (m, 3 H), 7.27-7.34 (m, 3 H),
7.36-7.41 (m, 2 H); 13C NMR (100 MHz, CDCl,, 25 °C): 6 70.7, 71.0, 111.6, 119.4, 122.5,
126.1, 127.3, 127.5, 128.3, 128.6, 128.8, 129.6, 133.0, 136.8, 138.8, 141.1, 148.4, 164.3;
IR (neat) 1742 (C=0) cm; HRMS (FAB) m/z calcd for CyH;s05°H 319.1334, found
319.1333 [M+H] ™.

A solution of 2-74a (94.9 mg, 0.3 mmol) in DMF (1.2 mL) was stirred at 70 °C for 5 h.
The solution was concentrated in vacuo, diluted with a mixed solvent (AcOEt/hexane 1:1, 5
mL), and washed with H2O (3 mL x 2) and brine (3 mL). The combined organic layer was
dried with MgSQO4 and concentrated in vacuo. The obtained crude product was purified with
column chromatography on silica gel (elution with hexane/AcOEt = 10:1) to give 2-75a (67.1
mg, 70% yield) as yellow oil.
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Sigle Crystal X-ray Diffraction Study

A single crystal of 2-75k was mounted on a glass fiber, and diffraction data were
collected in @ ranges specified in Tables S1 at 103 K on a Brucker SMART APEX CCD
diffractometer with graphite monochromatized Mo Ko radiation (A = 0.71073 A). The
absorption correction was made using SADABS. The structure was solved by direct methods
and refined by the full-matrix least-squares on F2 by using SHELXTL.® All non-hydrogen
atoms were refined with anisotropic displacement parameters. All hydrogen atoms were
placed in calculated positions. Final refinement details are compiled in Tables S1. The
supplementary crystallographic data for this paper (CCDC 989220) can also be obtained free
of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223
336033; or deposit@ccdc.cam.ac.uk).

Figure S1 ORTEP drawing of 2-75k.
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Table S1. Selected Crystallographic data and collection parameters for 2-75Kk.

formula

fw

crystal system
space group

a,A

b,A

c,A

P, deg

volume, A3

z

D (calcd), Mg m*
L, mm™

F(000)

crystal size, mm

0 range for data collection, deg
index ranges

reflections collected
independent reflections
completeness to theta = 28.29°
data / restraints / parameters
goodness-of-fit on F?

Ri[l > 2s(1)]

wR2[1 > 2s(1)]

Ri (all data)

WR: (all data)

largest diff. peak and hole, e A

C23H2005
376.39
monoclinic

P2(1)/c
10.0755(14)
13.4968(19)
13.586(2)
93.953(4)
1843.1(5)
4
1.356
0.095
792
0.3x0.2x0.2
2.1310 28.29
-9<h<13, -17<k<18, -14<I<18
13773
[R(int)] 4568 [R(int) = 0.0336]
99.8 %
4568 /0 /254
1.032
0.0519
0.1258
0.0680
0.1358
-3 0.446 and —0.219

Ry = Z|(Fo-Fo)VE(Fo). WR =E[(W(Fo-Fc)?))/ £(wWFo%)".
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DFT Caluculations

The Gaussian 09 program package was used for all geometry optimizations.” The
geometries of stationary points and transition states were fully optimized by means of the
Becke’s three-parameter hybrid density functional method (B3LYP) ® with the 6-31G(d) basis
sets. ° The vibrational frequencies, zero-point energy (ZPE) and thermal correction to Gibbs
free energy (TCGFE) were calculated at the same level of theory. The obtained structures were
characterized by the number of imaginary frequencies (one or zero for transition or ground
states, respectively). The connectivity of each step was further confirmed by IRC calculation ' °
from the transition states followed by optimization of the resulted geometries. Single-point
energies for geometries obtained by the above method were calculated at the same level using
the 6-311++G(2d,p) basis sets. '’ To examine the solvent effect, single-point energy
calculations were repeated using the polarizable continuum model (PCM)'? method with
dielectric dielectric constants (¢) of 37.219 for N,N-dimethylformamide. The obtained results
are summarized in Table S2

Table S2. Summary of DFT calculations.

Compound Energy/au PCM energy/au ZPE/au TCGFE/au IF/cm_1
endo-2-74g —1076.28952163 —1076.30415573 0.364996 0.309341

endo-TSp.75¢>  —1076.24623677 -1076.26013558 0.365324 0.316008 503.2206i
endo-2-75g’ -1076.32070171 -1076.33394719 0.370210 0.320583

endo-2-75g -1076.32527137 —1076.33921549 0.370352 0.321024

ex0-2-74g -1076.29060794  -1076.30622044 0.364996 0.309341

exo-TS2-74q —-1076.24489269 —-1076.25875777 0.366182 0.317294 507.6121i
exo0-2-75g —1076.30844570 -1076.32206541 0.370665 0.321215
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Standard Orientations

endo-2-74g

Center
Number

© 0O N o O b~ W N e

W oW N RN N DN RN N DNDRNRNNDDND P P P P R R R R ol
R ©O © 00 N o O &~ WO N P ©O © 0 N o o b W N PP o

Atomic
Number

6

o 00O O O P P OO OO B O OO OO O B P OO 0Ok P O P P P PO OO o o O

Atomic

Coordinates
X
0.051050
-2.356541
-3.253278
0.629031
1.333996
1.012508
-2.644151
-0.511803
-0.248669
-2.898427
2.617261
3.361270
2412713
3.155425
2.051222
2.401026
1.669231
-0.288590
-0.626044
-0.347556
-0.939667
-0.613829
-0.653106
-0.942877
-1.175495
-0.666971
-1.180337
-0.054025
-0.947243
-0.519404
-4.704617
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(Angstroms)

Y z
0.933750 0.811952
1.489713 -1.949677
0.644000 -2.476330

-2.042736 1.313856
-1.214540 0.510899
0.194790 0.215265
2.219453 -1.200339
0.459689 1.615859
-1.620090 1.802536
-0.065981 -3.222524
-1.507165 -0.246715
-2.045303 0.350209
-2.100711 -1.156726
-0.238938 -0.590435
0.644309 -0.794836
1.668146 -0.639313
0.561358 -1.823308
2.350314 0.616515
3.124167 1.746575
3.002799 -0.631662
4.475892 1.649776
2.642353 2.721107
4.358957 -0.741119
5.102800 0.400688
5.041497 2.546701
4.808259 -1.729319
6.159088 0.313543
2.312913 -1.802077
1.440127 -2.398936
0.720062 -3.270956
0.596916 -2.120878



32
33
34
35
36
37
38
39
40
41
42
43
44
45

endo-TS2-74g

Center
Number

© 00O N o OB~ WwN e

e o T T e T~ S S T
o N o o1 A W N P O

N N = = T = = T =N < N > o > M o > W S SENR SN

Atomic
Number

» B OO 0Ok P O P P P P O O O O O O

-4.970249
-5.325936
-4.975759
0.877157
0.210599
1.725000
0.401822
-0.459044
1.911722
2.216736
1.258744
-0.120245
2.566678
1.408677

Coordinates
X
-0.406554
-1.581918
-1.726270
-0.248697
0.868964
0.803513
-2.403118
-1.131638
-0.975796
-1.192834
2.251671
2.738814
2.217782
3.017900
2.131659
2.528895
2.068565
-0.583803
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1.345209 -1.367914
0.763008 -3.011133
-0.395460 -1.736353
-3.439967 1.670030
-3.962954 2.798338
-4.309818 0.953282
-5.277603 3.211470
-3.315012 3.359364
-5.627861 1.364772
-3.970778 0.049325
-6.118363 2.497279
-5.648245 4.089744
-6.278192 0.790807
-7.146745 2.814230
(Angstroms)

Y z
0.247066 -3.739390
-0.662710 -5.320135
-2.046996 -5.128687
-2.649955 -3.533062
-1.840592 -3.784585
-0.446313 -3.838423
0.002520 -5.068152
-0.136655 -3.024290
-2.226245 -2.843272
-2.683477 -5.826922
-2.235002 -4.276373
-3.002179 -3.663922
-2.595539 -5.317892
-1.037126 -4.194322
0.068816 -4.355353
0.912012 -3.779050
0.374648 -5.413393
1.679397 -4.090596



19 6 0 -0.770063 2.671513 -3.118170
20 6 0 -0.656878 2.060227 -5.442520
21 6 0 -0.993085 4.001339 -3.472876
22 1 0 -0.730498 2.387555 -2.069501
23 6 0 -0.888216 3.386018 -5.809473
24 6 0 -1.050937 4.356165 -4.822496
25 1 0 -1.125342 4.753825 -2.701081
26 1 0 -0.934427 3.634073 -6.864909
27 1 0 -1.228984 5.388488 -5.110111
28 8 0 -0.436467 1.168817 -6.475421
29 6 0 -0.625362 -0.201733 -6.342407
30 8 0 0.031404 -0.921773 -7.058500
31 6 0 -3.008914 -2.595932 -4.555540
32 1 0 -3.420845 -1.939091 -3.779234
33 1 0 -3.770075 -2.684149 -5.343310
34 1 0 -2.872958 -3.593388 -4.126398
35 6 0 -0.230836 -4.126401 -3.527100
36 6 0 -0.951758 -4.820561 -2.536980
37 6 0 0.459344 -4.885223 -4.491303
38 6 0 -0.963054 -6.213732 -2.493937
39 1 0 -1.494288 -4.254652 -1.783077
40 6 0 0.445458 -6.278115 -4.450388
41 1 0 0.991960 -4.383019 -5.292416
42 6 0 -0.261397 -6.949637 -3.450255
43 1 0 -1.519795 -6.724093 -1.712415
44 1 0 0.984486 -6.841333 -5.207578
45 1 0 -0.269496 -8.035697 -3.420555
endo-2-75g’
Center  Atomic Atomic  Coordinates (Angstroms)

Number Number Type X Y V4
1 6 0 -0.668192 1.374623 0.608555
2 6 0 -1.457896 0.456306 -0.358646
3 6 0 -1.698680 -0.978313 0.175431
4 6 0 -0.483542 -1.594223 0.977821
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0.700517
0.623989
-2.439393
-1.260077
-0.827168
-1.854232
2.107425
2.152647
2.574501
2.832565
1.968468
1.946129
2.360219
-0.492559
-0.497494
-0.327862
-0.329911
-0.636989
-0.163094
-0.161371
-0.334508
-0.038134
-0.032675
-0.285212
-0.769897
-0.664771
-2.977339
-2.910568
-3.855167
-3.154877
-0.117500
-0.202929
0.322518
0.140484
-0.542913
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-0.661950
0.667305
0.921643
1.501325
-1.697562
-1.605135
-1.049816
-1.566625
-1.715555
0.181705
1.285001
1.969461
1.860448
2.734086
3.935517
2.794670
5.158329
3.907227
4.003821
5.189333
6.081983
3.996947
6.137511
1.641952
0.443476
-0.515602
-1.038070
-0.391435
-0.726999
-2.060695
-3.004890
-4.075294
-3.262429
-5.372055
-3.893340

1.049266
0.939123
-0.540082
1.527033
2.019266
-0.705735
1.422825
2.396149
0.682682
1.491935
1.216880
2.082098
0.363924
-0.029070
0.685157
-1.414809
0.033919
1.763519
-2.086439
-1.352621
0.605066
-3.164336
-1.866634
-2.186527
-1.725258
-2.448439
1.025042
1.909752
0.446510
1.376334
0.522729
1.421605
-0.785265
1.032427
2.439315
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41
42
43
44
45

endo-2-75g

Center
Number

© 00 N O O A W N P

N DN NN RNRNNRRRR R B B B B 2
N~ o O R W N EFEP O © 0 ~N o U b W N L O

N = - T = =)

Atomic
Number

P P B O O FkF OO0 O O Fk B O 0 FkF B O F P P P OO O O O O O

O O O O o o

Atomic

<
o
D

O O O O O O O O O O OO OO O 0O OO0 oo oo o o o o o

0.667323
0.378707
0.578575
0.063977
1.004535
0.846837

Coordinates
X
-6.211473
-5.493392
-4.453561
-3.344421
-3.909653
-5.165714
-4.958496
-6.790211
-2.629617
-4.977376
-3.108018
-2.280443
-2.666895
-4.034560
-5.303156
-5.547412
-6.083303
-7.202844
-7.511550
-7.853468
-8.449972
-7.008548
-8.791653
-9.093046
-8.674791
-9.265002
-9.823956
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-4.556349 -1.175005
-2.449215 -1.502992
-5.615938 -0.268686
-6.188122 1.746378
-4.737083 -2.192374
-6.623199 -0.576268
(Angstroms)

Y Z
2.802166 3.247415
4.152903 3.495407
4.040890 4.651109
3.007124 4.271301
1.845018 3.494505
1.739197 3.053118
4.446680 2.586007
2.896694 2.313562
3.522948 3.609180
3.649829 5.532530
0.664039 3.011877
0.974966 2.351241
0.079218 3.831397

-0.154361 2.292123
0.493743 2.214588
0.739640 1.165718

-0.199207 2.566153
2.551491 4.377569
1.293788 4.905760
3.662121 4.927291
1.149281 5.929131
0.415375 4514333
3.539790 5.949752
2.273985 6.448766
0.160794 6.318921
4.436198 6.337077
2.169945 7.245498
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29
30
31
32
33
34
35
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4
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43
44
45

exo-2-74q
Center
Number

© 0O N O O A W DN P

e i < e
o U~ W N P O

P B P OOk O kP O 0O O O FF B P O 0 O

Atomic
Number
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Atomic

=
o]
(9]

O O O O O O OO OO oo o o o o

-7.621518
-6.500269
-6.379334
-3.830371
-3.363940
-4.576407
-3.061811
-2.559728
-1.226375
-3.161834
-0.510574
-0.742551
-2.450329
-4.193811
-1.120940

0.523676
-2.933421
-0.566021

Coordinates
X
-0.138665
3.821125
4.782905
-2.293592
-2.482588
-1.455355
3.478555
0.180061
-1.291434
5.085548
-3.784516
-4.631950
-4.047302
-3.566637
-2.186289
-1.904686
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4951031 4.463959
5.265247 3.732755
6.395077 3.333705
5.393698 5.019091
5.864659 4.145381
6.092966 5.407127
5.260886 5.786991
2.546196 5.498401
2.929559 5.684670
1.728031 6.466181
2.513659 6.809781
3.559874 4941679
1.310728 7.590191
1.411588 6.332204
1.702890 7.766378
2.823179 6.935189
0.676218 8.328642
1.376349 8.641682
(Angstroms)
Y z
0.426148 0.883525
-0.545265 -0.194119
-1.261964 -0.792689
-0.516182 -1.089160
-0.209693 0.215194
0.267285 1.156068
-0.790671 0.805682
0.216191 -0.132917
-0.363178 -1.487615
-0.960923 -1.795066
-0.221589 0.992368
0.179651 0.427359
-1.243190 1.323171
0.621128 2.118356
0.562966 2.452060
1.521894 2.900037
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18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
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exo-TS2-74q

Center
Number
1

2
3
4

P Pk P OOk O P, O 0O O O F P B OO 0 O 0k P B OO0 kB O o O O =

Atomic
Number
6

6
6
6

Atomic

Type
0

0
0
0

-2.005368
0.935533
0.867259
2.154898
1.928436

-0.019986
3.214330
3.105022
1.835511
4.111615
3.931629
2.251433
3.193314
3.401297
5.473322
5.103684
5.336549
6.556321

-3.255952

-2.918780

-4.494714

-3.787960

-1.962138

-5.362215

-4.770735

-5.019082

-3.503970

-6.308789

-5.699157

Coordinates
X
-4.897721

-3.619280
-4.383697
-6.422891
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-0.229757 3.201529
0.898706 1.752225
0.952071 3.161080
1.319154 1.168515
1.418316 3.932469
0.589843 3.665325
1.804673 1.931288
1.853779 3.320450
1.439100 5.014567
2.150087 1.426809
2.230533 3.915721
1.332846 -0.217581
0.589828 -0.910319
0.883479 -2.063200

-2.445464 -0.194239

-2.675218 0.809768

-3.332645 -0.826976

-2.272716 -0.135359

-0.986150 -2.084760

-0.848533 -3.448081

-1.585483 -1.775771

-1.256338 -4.454837

-0.402878 -3.710251

-1.997949 -2.785013

-1.766089 -0.743269

-1.830274 -4.128025

-1.129063 -5.496089

-2.461497 -2.519535

-2.152830 -4.911592

(Angstroms)
Y z
0.855531 -2.922832
-0.461760 -4.182614
-1.366207 -4.943657
-0.649652 -4.858102
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-6.689248
-5.940659
-3.131417
-5.082634
-6.040314
-4.392263
-7.534023
-8.597032
-7.178258
-7.410484
-6.264386
-6.538020
-5.421870
-3.831254
-3.921242
-2.605710
-2.849229
-4.854131
-1.528233
-1.650388
-2.956148
-0.610798
-0.810022
-2.432320
-3.061583
-3.139396
-4.473514
-4.605623
-5.295425
-3.546061
-7.150721
-7.082145
-7.880934
-7.724419
-6.511864
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-0.712035
0.003853
-0.799159
1.419901
0.310018
-1.182327
-1.716146
-1.684881
-2.748476
-1.368063
-0.544187
0.227277
-1.118604
1.422357
1.624854
1.749907
2.132611
1.411129
2.249678
2.443238
2.287020
2.485367
2.836306
1.669814
0.720923
0.958081
-2.810347
-2.905276
-3.331939
-3.338301
-1.347350
-0.792286
-2.541058
-1.387915
0.121476

-3.474582
-2.534918
-3.274220
-3.833854
-5.197017
-6.014399
-2.719782
-2.991805
-2.882124
-1.346381
-1.159768
-0.430187
-0.734004
-2.071997
-0.686968
-2.694277

0.047875
-0.178718
-1.969058
-0.593028

1.117530
-2.498539
-0.028131
-4.064976
-4.859816
-6.043710
-4.518439
-3.434574
-5.018612
-4.780570
-5.939041
-7.233268
-5.780303
-8.314642
-7.384172



40
41
42
43
44
45

exo-2-75g
Center
Number

© 0O N o 0o b~ W N B

[ T N T N N B T N S e o S o e e O o S T
O B WO N b O © 0 N ©o o b W N P O

N = - T = =)

Atomic
Number

R O O kr O O O O  Fk O 0k Fk O P P P P O 0O O 0O O O

O O O O o o

Atomic

-8.524741
-7.950473
-8.453592
-7.656291
-9.084503
-8.958094

Coordinates
X
0.560203
1.340479
0.506869
-1.040642
-1.384756
-0.655793
1.722507
0.197568
-1.204771
0.764669
-2.581402
-3.525989
-2.672783
-2.387587
-1.298793
-1.680782
-0.628328
1.530277
1.180937
2.871707
2.128976
0.147553
3.835555
3.462868
1.821595

91

-3.137933 -6.864608
-3.019438 -4.810958
-2.565631 -8.134829
-0.931795 -9.298582
-4.056981 -6.712188
-3.033009 -8.975926
(Angstroms)

Y YA
0.934292 0.819885
-0.011956 -0.146160
-0.666783 -1.286278
-0.446867 -1.076389
-0.513361 0.391790
0.161846 1.289656
-0.813994 0.503933
1.791326 0.222381
0.603574 -1.364977
-0.156207 -2.219003
-1.128070 1.068208
-0.678528 0.715945
-2.212351 0.925591
-0.870439 2.459805
0.029855 2.650687
0.994605 3.029252
-0.379114 3.419889
1.483329 1.855147
1.898488 3.146670
1.646446 1.480320
2.406207 4.035199
1.843106 3.465650
2.145682 2.354649
2.520469 3.642252
2.713614 5.030398



26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

O kB OO Fk O 0O 0O O F P kB O 0 OO 0 -k Bk

O O O O O O O O O O O 0O O o o o o o o o

4.857375
4.208895
3.322488
2.583731
2.988524
0.937205
0.686912
0.468483
2.022357
-1.913748
-2.443586
-2.204810
-3.237380
-2.232439
-3.001962
-1.798849
-3.522142
-3.635559
-3.214597
-4.143439

92

2.241685

2.910362

1.389603

0.663522

0.577844
-2.131863
-2.7122652
-2.603426
-2.178150
-1.264271
-0.650842
-2.621282
-1.359843

0.400331
-3.333797
-3.132658
-2.706206
-0.857556
-4.382943
-3.261669

2.002313

4.328626

0.192960
-0.703150
-1.835045
-1.441807
-0.551461
-2.308868
-1.583814
-2.017985
-3.161880
-1.806494
-4.064322
-3.346953
-2.703057
-0.939099
-3.836102
-4.941995
-2.514982
-4.533333
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-1 FES

TAFRITKFA, KFA, WFE, T I EDOIiHE L RIERFEE RN TE D20, 7
A FACETEARNCRIEN LA S Th D, BT, 7 A BOBEEMENOET T —7
B RrRNG REFME AFEGEL IO X FOBRICENTHENL TV D,
VLEDOHEHRNG . 7 A FEEWITARE, B mo+. Ml ez, AE52 SRRy
B CHERKEEZHE AW TH D, AETIE, AT A FLEMO—TETH D 2-
YU NT T OFHR R G RE OIS L O OIGH Z BEE L, MR E1T o7,

328 22 IUNTSUOERE

-V INT T AXT T UBRD 2TV Y NVENEER L IALEWTH Y T Y Tr
T U NVIINER LT T T IR TE A BRIR A~ D TRAR LI D 720 | A BETEME
WV SOMSREMERT R O EEARFM E L CTERTH D (Figure 3-1), HIZ, 22U LT T
XV VA BN & LT kA, B2 E e i U AR | Friedel-Crafts 5"
TV RS SRR WDy T TGRS 7T U RADEMETIT LY
SRR BRRIEAL SN 7 T U ~OFERIEITZ D Z e, AGR FILHS S E
NT 477 vy 7 Thd (Scheme 3-1),

C
_\_\ o TES
Me’sll_g

07 ""N" "NH,

Me H
cytotoxic compound coronary dilation antimicrobial activity
//<”Bu
O N 'it
™S_ o / |
| )~ 0™ rms ™S T™S
7 NN sy o/ N\ o  d-Tms
7) ms” /9 N[ Stus
"Bu
solar cells organic LEDs

Figure3-1 2->' U V7 7 Bk E G e A+ DB
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protodesilylation

oxidation to butenolides H

wo-L oo

O

halodesilylation

(D«

(0)
X = halogen

Si

\ Friedel-Crafts reaction
D\«

o

homo and cross coupling /

-~ -~
-— - — —

/ ./ R!
CL%W
OH

aldol reaction

Scheme 3-1 > U VLA JEH Y L425 2-2 VU L7 T o OB ERL
3-3f 2-UNT T UDERRIE

2-IUNT T, 7T BREVIMET S, b LTV U AVEE S OSUREE DR
LRI LY 7T VREEST 5 2 & TARIND, BiEORKR S HHlARFE LT, 7
U FoLFEIK L CTREFT Y LA ZER SE L FENET 5 (Scheme
32, LL, AFETIEZ I AU F U LAREOPFRICEE L, "BuLi 72 £ OifEi s /o
ET L7, BRRALFMENHIRS D,

@\H "BuLi

(0]

{ D

O

e @\Si

O

Scheme3-2 ZU V) F LD Y NMKIZ LD 2-2 D VT T DERL

ZOMBERERRT 5720, e Fay 7 2 H0D7 L— U FHOfiER) C-H >V ik
FOSHREANHFR ST E 2, 2O T, 222 V7 T OERBIH < Do &
NTnb, C-HY U IKIZE D 2-2 U V7 Z O/ RE, 2000 4512 Murai 50 7' )L—
IZE S THID TR SN, 1%, il LT Ruy(CO). v UM EAIE LT =
NI MWD Z LT, AT NAERAEETD A R TANVR= LT T D 2
AOEIRAG S U ABICERZH LT ? (Scheme 3-3a), — O D4, Falck 35 X O Hartwig
HENZENDOMZEZ N—TI2 L0 IR L 2,20-E 8 U 0 RENL T DA % fil
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ML L, KFBZREE LTI a7 ATy EZflnsZ LT, 77 VHEOBEREN C-H v
UMD ER STV 5 ' (Scheme 3-3b, ), 7= Jeon B, Ir fillita W5 = 27 v
Dt Ru v U bz o3< Rhfililta V5 7 L— 2360 C-H > U U b &8 L TYT 9
ZEIZEY ., 22U NT T DR EREK LTS (Scheme 3-3d)

2000, Murai
MeO oM
° 6 mol% Ru3(CO) :
mol’7 Ruj 12
7\ + ZTMs > | 7\ SO0 Tms
o~ H toluene, reflux, 72 h R’u\)
6 equiv o
2008, Falck

[Ir(cod)OMe],

7 dtbpy e250 A :
- ]f\> + EtSH ——————— > ]I\/\>—S-Et3 () :
v 0 20 :
3 equiv A .

2015, Hartwig
(o] (o]

MeO
(o]

o ~TMS

= 22%

Bu ‘Bu
7\ »
=N N
dtbpy

EtO 1.5 mol% [Ir(cod)OMe],  EtO Me Me
3.1 mol% ligand ; )=
/o\ + (TMSO),SiMeH o™ gand o TN o i )

. 1 equiv cyclohexene (o)
1.5 equiv THF, 100 °C, 2days
82%

2015, Jeon
o MeO

Si ' =N N
Me  ligand

(o)

OMe 0 ipy 1)0.4mol% [Rh(nbd)Cl], H
AY
i o 0.1 mol% [Ir(coe),Cl], ¥ ,Sif'.Pr 2.4 mol% P(p-MeOCgH,); R
+ Pl'zsle > H > SiiPrZOH

(0] CH,Cly, rt ()
2 equiv

ﬂx ’
2 equiv
71%

THF, 120 °C, 10 min

2) H;0%, rt

Scheme 3-3 EBAEMEEAL H WD 7 F V8D C-H > U VBRI

F - RTICR VERBESREZ O C-H > U MBS b 2K <7, Grubbs & 13,

ZAH7e BuOK Zfiiit e L, v Fe v 723 U AkAl

WCHWwWHZ AT 7 b—r
D 2AEEINAY C-H VLI TA D Z &AL T D

' 2(Scheme 3-4a), %7-. Kondo

Hix. BAsAAlE LT RbF Z vy, Ruppert i34 TMSH LRI E 52 Lickh, Ny

7T 0 2 fLERF) C-H > U b’ H SRR
(Sheme 3-4b),
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2015, Grubbs

/@ 20 mol% 'BuOK /@\
"CsHy4q o & "CgHyy SiEt, (a)

o 3 equiv Et;3SiH (0]
THF, 25 °C 95%

2015, Kondo
0.5 equiv RbF
—» b
/\ 3 equiv TMSCF; /\ ™S (b)
o DMI, 0 °C o

51%
Scheme 3-4 B4 EE 2NN Y)T7 T 2D C-H v U U ERG

LI EDi@EY | ) C-H o U ARSI AT i i i O i 5L A O 2 M BEA 72
7, BRAFAECENTZRIEE VWA D, L L, ZhDDORIKITHAED & Z AHHi
BRIEETLDER STV, 2D, FHREGHRA~OISH~EERT 5720121,
LV EMHREREETHL UL T T OERENEEND,

— . VI NEE ORI EME RIS EL 2 LICRV I LT T AT D F
HEIE, SR TR TEERS IV T T 2R TELMNRFIETH D, LinL,
IROFNZIEAFEDEA TE LT BUEICE D ETIZOT 0 4 ] L#E I T,
LLFIZZE Ofl 2779, Molandar & 1%, 4-4 % V7 2 L7 2% L Paal-Knorr 7 7 > &
RE T EREHAT A2 LICRY, 223U T T EAKRT A IR IILTVnS P
(Scheme 3-5a), F7-. Padwa, Zhang &%, EBEBERBMBEOFET, NUAFALTIULT
NFRBILOVTIMEMEREE LTRSS LD 2-2 Y VT T DERIEE %
NENREL TS 17 (Scheme 3-5b, ¢), L L. I ZIZHETF7MIGIE, BEOA
RIS BEMEEZETHZ 8, b LIIBEBREDO Y T YV 22T VAT 52 L n LA
PERLLEAMEICIRE A 7R L Tz,
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0 R?

r3 1N HClI R} R? H,0* R} R?
PhMezSi)W THF, rt /Z—S<R1 Ig\ @
R" O PhMe,Si— X, PhMe,Si R’

0" OH (0]
®
[ ! 5 i CH;3
o 9 o N o) (N\/' o\
; CH
O)HI/U\N 1.5 mol% Rh(OAc), o _ E | ~Of~g” 3
» | O —> O 0O (b): _Rh_ | ~
N benzene, reflux [Rh] =~ : ol | __Rh
A PoHe” 9 |
TMS ™S T™S : 0_ 0
- - 90% : Y
Rhy(OAc)s CH,4
‘Bu
2 mol% [Co(ll)] Me :
N2 i —_— CO,Et H o=
2.0 equiv TMS—= Co(lll =0 :
EtO c)j\n/Me > | Cotd Yy |— © !
2 1,2-CIC¢H,, 80 °C Et0.c" \—-+ I\ ;
o} 2 TMS™ g~ ~Me

T™MS

E [coqm] B

Scheme 3-5 $HIREVE DBRALSISZ LD 2-2 U V7 T DAL

F£7-. Gevorgyan &1 Au()fitlitz NS 4- R U A TF AT U LRE S B/ X 07 b
Y DBEACEMURISIZ R 23 VT T U BRIEERE L T D 10, BURRNZ &2,
Z DOFUGTIL Au il D %7 =7 12 SbFs 2 VY, DCE I CRIGEAT D & 3-3 U L7
T UBRRNIEOND, —F, T =FICoTf 2V, M= UG EAT D
L2V NTTUNEEEME L THELILS (Scheme 3-6),

™S o) rt

TMS
Ph 5 mol% [Au(PPh3)]X Z—>\
/ >
~ - A\ I\
/\n/ o Ph TMS/Q\Ph

X = SbFg", DCE; 100 : 0
X ="OTf, toluene; 7 : 93

Scheme 3-6 Au filiiE 2 WS 4- N U AF /N U LRET B /LX) R oD
B HEMAVROSIC L D VLT T AR

% O 1%, ROSGRHIZ L0 EEIEN LT 2B HITL T o#E Y THDH EfMBI LT
W5, E3. [Au(PPhy)ISbFs & fillit & U CHWA LM TIE, TAF 85K 3-1 T L
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VBB 3-2 ~D BV AELT L 72212 LR = Vg3 o 5-endo-dig BRAL2NHEIT L. HL
NUGER 33 WAL 5, HmBIZ[L2-7 A BT LY -2 U VT T 34 DERT D
(Scheme 3-7a), F 7z, [1,2]-/KFRHNLOIEMEAL =RV —I1X[1,2]-7 A FREALOTEMHEAL =
FLX— L0 159 14 keal/mol EVNZ LA DFT fHEOFE RN LIS N E RS> TN D, £
D=, [L2KFEALIZ LD 2-2 VLT T U PNAERT DTS ESINTWD, —F,
[Au(PPhy)JOTF Z il L CHWARMETIZ, P 77— M2 kD7 F 88K 3-5 @
VR =vafid7 v hrg| & & 249 5-endo-dig BRILIZE W 7 UL Au $EK 3-6 A3
AT, AuDBET S Z L2k 2.2V v 7 50 37 AR 5 (Scheme 3-7b), A
RIS EFRIFT 2 Z & TURIEWIEENS 3- U VT T @RI AT 5 2 & 3 TTHE
Thd, —HT, RFETIE2-2 VT T v OB AFITER S LT N7,
W72 5 OGS ORFHI L 2 BIREOKENLEEN D,

[Au(PPhs)]SbFgin DCE

[Aur” Si
NU] \ﬂ/& [Au] H I%(Si [1,2]-Si H {
S — > e
i S-endo-dig -dig o H — | H (a)
R R fo)
3-3 3-4
[Au(PPh3)]OTf in toluene
[Au]*
R "\ [Au]OTF H HOTf [AuloTf M
\:' -Hon \ . z !
N W I Si | N _gi (b)
(o] Si -endo-dig R o - o
3-5 3-6 3.7

Scheme 3-7 ARET B/ LF T N U OERALEMALRISIZ 381 2 A B iR v

U EDERNS AFESGREENOIRIKNZER L VLT T 2GR TE D8 FE
ZHESET H < Ru 2 FIW 2% 2 U v A o~ D@ M [2+2+ 1] B LA NS 1
KoV INT T ERIEDORIEET o To, REiL D ZOFEMEZR~D,

4f RufEizHVW2 VA v OBRFRBEE2+2+1|BRILMIEINC X 2 2 EH] Y T
Sy AN RS E AR NDY )

Yamashita & [ZLARTIC, Cp’Ru'MIEDFFAE T, A 2kt L DMSO #EH &5 &
VT T A IV E BT DBEBE2+2+ 1) BALA NS T L, UEH T Z 273
ARTEDLZEERHLE? (Scheme 3-8), ZONJGIIAFES RV A Vb L ER
7T U REHEAGRTE D 2 EITINA . TR CTEITT 2 7 DRIV E RE L F 2 A
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THEBNZ2FETH D, Lo, FOSCERSFEDSLER Z LITMA, 7 V% VKl
BN T LR AELFEFTT U — A EICHIRE NS E WA AR S 5,

: ® O
: R
R! R! : R@, R | PFs
: R R

x,%w [Cp'Ru(MeCN);]PFg ~ ® y \/:Eéo : B,
\ X RuCp'|[—> *_S_ i MeCN™| “NcMe
—_— // S P N
=—FR* 0° : MeCN

5 equiv 1 2 2
R = Ar or Alkyl ® R R ! R = Me, [Cp*Ru(MeCN);]PF,

S ;

+ R=H Ru(MeCN);]PF
R = Aryl: DMF, 140 °C : » [CPRu(MeCN);]PFg
R = alkyl: THF, reflux

Scheme 3-8 Ru filtfitz i\ 5 DMSO & ¥4 v OEEFEB BRI [2+2+1 B L AT NS

Flo. AFROBEHRTH L VNI A v ORFBER[2+2+ 1B LA NG % 2T
DD, VI NEBLT YA I NV~DORBBE)ISERBTHOLERNH D
(Scheme 3-9), LU, YU AVEENLT FH A 7 NVORIEHEITT Y NVED a-T1 VAT =
FUREDRICE VKT T2, £/, VI AEROERSICE VAT TV A 7L OFEK
BLONLVT FTHA 7 N~DOBBUGEKOEELLHT OND, ZHOEDHMRIZED, v
VBBV T YA 7 VORISHEITIRIBIR T T 52 RTINS, — T, MLWK
R TR A D7 v i U AL DEITT T 5N B S 720 B Z S
RTHEDTOITIFIEMBR R TS EITOMERHDH LEZDND, ZNHDHENG
EBRE R TN T U DA OB UATIINBOSR & #Ei s 2 2 & 13 THEET &
D20 L OLATEREOSBREL VDL LENH S, K, Louie DI,
Fe E£7213 Ni it 2 W2 DA v & = R U L DR2+2+2] B LS Z B LTV A, 2
NOANTENDDRSICHEA TE RN EE2HE L TW\W5H?® (Scheme 3-10),
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Si

_
X - [©)
: si |
— & Si
v X ]I Ru-cp
= Lsj
Si
®
-
CpRu Si
x T o

—

RuCp

\ui

\
T
—

L

Si

2\
Xi:[/éRu-Cp

Si

a-carbanion stabilizing effect
bulkiness

poor reactivity

Scheme 3-9 Ru fitli:a V5 2 U LA v DB EN R [2+2+1] B LA IS

5 mol% FeCl,
10 mol% ligand

10 mol% Zn

1.2 equiv E:N—CN

benzene, 70 °C

5 mol% Ni(cod),
10 mol% SIPr

1.0 equiv MeCN
toluene, 26 °C

Lo O
MeO,C B N TN,
> ; N N.
MeO,C 2N i Mes” Mes
R =Me, 90% R i ligand
R = TMS, 0%
Me pr /\ Pr
_ MeO,C X Me NN
o MeO,C _N ipr iPr
R=Me, 94% R SIPr
R = TMS, 0%

Scheme3-10 “ U A A v EHWA=FU )L L @[2_'_2_'_2]5%,]'!:&}‘4\5@@%#

—47. DMSO & A+ OFL TR BN [2+2+ LB AL AN LR i 1R 2 At A8 DA T 7 SRR
AR TH DY AFIVANT 4 KON Ru filEICENT U, ARG O ST 2 8517 T\ 5

TETHDHEEZLN TS, FEEE,

DFT &t

DFERN B KRS OB T 5L

TF YA T NA~DOEEFEBE O R OTEMHA L= %L ¥ —13+18.3 kcal/mol & EH X T

Do ZAUE, HER ETCIIARRKIENEIRTHET LGS Z 2R L TEY | BURSE

(BR2F7¢

WA K-> T, KV CIRABE RIS Z ERTED 2 L2TRRT IR THD

(Scheme 3-11),
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' |
V> VY Ph
| | = — /@\
Ph _ —>|Ph N .
22 = Ph \
G (kcal/mol) +0.0 +18.3

-51.3 catalyst poison
Scheme 3-11 V7 F A 7 L ~DEEFEBE BEFEOTEH L= % L F —

ZZC.DMSO [ZfbsFEt R LT=br a2 AWVWbZ taE 2T, Thbb,
ZhrVOBEBBRERBIVAr2EF 52 LI VBERFORENBIOEGEH S &
flEc& sz iz, AEBRDTHDA I U PBEIGEFE CRE LR NI b,
EE MR GR L UCHRET 2 Z L HIRF T % (Scheme 3-12),

Adjustable reactivity

/i

: 0 o t .
4@ | S :
X | \R@ ~,Ru,‘ o = o
/ u L~ ‘s":-‘o\ P X =
R,NQ/Ar

inert co-product

Scheme 3-12 FEF#ELHA L LT= a2 HWDFE
WHE, = hr A L3R & LTIRES 72, TA7 o7 bF o & OBRLMINK
JEDOFEZE LTSNS ?? (Scheme 3-13a), 7=, B F 4 M Au fillfEz W5 = b
By EBEREERETIT AR ~OBEBBIRIL W OWEEIATND
?4(Scheme 3-13b), — /5 T, = b Z D WV UGEROEHEBRLEISIE Z N E T
ERENTWARNWED, KETRRD VA & OBFBETR[2+2+ 1] BAL AT IS 23 4]
DEER & 72D (Scheme 3-13¢),
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ML, R.

- 7 0 (a)
1,3-dipolar =
cycloadditions R' R?
0@
R'—=R?2 + ﬁ@ R
R™ . [Aul*
[Au] . R1u\“/R2 (b)
O-atom transfer
o
S
ML, o~ o N. R
R1JLR2 * R,F:ICE/R direct O-atom transfer R1JLR2 TR ()

Scheme 3-13 ERE&EAE 2 HV 5 = hr > & AREafsy 1O Kk

TP TAXURMGICPhEEETHUA 3-8 B E L LIZBEO DMSO L= f v
DOFOE% ez L 7= (Scheme 3-14), DMSO Zfig#E L 5k & 5 4121%. 3 mol% D
[CPRU(MeCN);]PFs 77E . DMF H1 140 °C C 4 h OB Z1TH 2 LIC kv . Ao
77 310 A 0%INETHEOND, o, ZOFRETIEZ Y AT A 39anb UL
77 3-1la AT 5 Z L1ETE ) o7 (conditions A), — T, = hrr 3-12a
ERFMGRICHON S A X B A& 2 LTSRN 60 °C T KL 10 min LA
IZ5EfE L, 3-11a 2% 94% IR T 51172 (conditions B), Z OFERENG, = b U IA
[2+2+1]BALAT MBS IS BN TR WIS EZ R Z EBNH LN E o7z,

R

/———R 3 mol% [CpRu(MeCN);]PF; _ ; 0@
o > O o N® Ph
_— R Oxygen atom donor S i PR Y
— DMF, heat :
3-8 R=Ph 310 R : 3-12a
3-9aR=TMS 3-11a :

conditions A: 5 equiv DMSO, 140 °C, 3 h; 3-10, 90% / 3-11a, 0% !
conditions B: 1.1 equiv 3-12a, 60 °C, 10 min; 3-10, 94% / 3-11a, 6%

Scheme 3-14 DMSO & = k17 > 3-12a O i Jin i Frii

35fi = b EBREMEEALTEIIADL L OBREBEIR2+2+1])BR{bAINK
Jits D AR

W T, YUY A 39 ZETNVIEE L LT, = bu v EEBREMRGERICTHO DR
F R E) B [2+2+1] SR AL AT 0SS D ek & A {k L 7= (Table 3-1), 3 mol% @

[CPRU(MeCN);]PFe f#7E F.1.7 M &ED = | 1 > 3-12a ZEAHEPIC AV, 2V L1 2 3-9a
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Z DMF H, 100°C T10h KnE/72& 2 A, FrED Y U L7 T 2 3-11a DI R 3
LN (run 1), FWT, = b rBREOBEBLE LT Me X2 A4 5=rar
3-12b Z V= & 2 A, 3-11a DURN 33%IC[f L L7z (run 2), £72. RUSIERE LT
REL D DCE &2 5 Z & T 3-11a DULHIL 54%1ZM E L7z (run 3), fic\ T, =k
By OT U= EOBEBIE RIZOW TR 21T 272, 3-12b IR 2 T 40T 7 v R
EHLL72= bz 3-12c Z AV T 3-1la DUCRIZIE EE(LITR 672 0>- 72 (run 4),
— k., BYHEMEOAX PR UENER L= bay 3-12d ZHVW=E Z A, 3-11a DL
UL 68% £ TIf) b L7228, REIED 3-9a A 11%EIL S 7= (runb), + 2T, fillliifE%
BMoI%IZHERC L= & 2 A, 3-1la DR/ D FNICE E L (run6), A FFI LD §
BB FMEGEETHLOATFAT IV EEAFT L= ey 312 2N 2 A,
3-11a DYLERIL 17% £ TIK T L7z (run 7). HHEAIIZ, 5 mol% D [CpRu(MeCN)3]PFg fili
FET. L1 MEO= > 3-12d & V5 54T 3-11a 23 81%NMR U=, 75%0 Hif
IR T LA (run 8), 1. Cp BT I Tl < B T BE 7 CpEL T2 H T 5
Ru iz W= & 2 A, BUNME < #IT L2272 (run 9), F£7-. CpRu it =
7 > 3-12d @ DCE &% 5 min JIEMR IR L7212 3-9a Z Nz 7= & Z A, 3-11a DYLHEE
18% F TIKF L7z (run 10), 2D Z &6, CpRu fillfiT =~ v L EHERIG L, KIE
THZ NI, LEORERLY ., run8 OFMZEESM & LT,

W, 7%= ke imEg{bAk#E, N-AF 2 K, mCPBA stk L L THW
=5, BRMIEEL S ootz

Table3-1 > U V7 T v OH RS b

TMS

/—=—TMS  cat. CpRu(MeCN);PF; _ 0® R 3-12b:R=H
O\_ X equiv nitrone > O <’ : tll®\/©/ 342¢:R=F
— . PN R =
= TMS solvent , temp. ms Me 3-12d: R = OMe
3-9a 3-11a nitrone 3-12e: R = NMe,
Run Ru nitrone X conditions yield®
(mol%) equiv (%)
3 3-12a 1.7 DMF, 100 °C, 10 h 6

3-12b 1.7 DMF, 100 °C, 10 h 33
3-12b 1.7 DCE, reflux, 10 h 54
3-12c 1.7 DCE, reflux, 10 h 51
3-12d 1.7 DCE, reflux, 10 h 68

g B~ W N -
w W w w
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6 5 3-12d 1.7 DCE, reflux, 8 h 71
7 5 3-12e 1.7 DCE, reflux, 10 h 17
8 5 3-12d 1.1 DCE, reflux, 8 h 81 (75)
9 5 3-12d 1.1 DCE, reflux, 17 h 0
10° 5 3-12d 1.1 DCE, reflux, 17 h 18

NMR [, ()IZHEEENER,  °[Cp*Ru(MeCN)s]PFs Z il & L T L7=, °3-12d & Ru
I 2 /TS - TIRE 1412, 3-9a 2Nz 7-.

36fi =burrEBRRLTEIIUAIAL OR2HBRILAIR G DEE —MED
et

Bl 5 2 JE0C RS OFEE — e 2 ik Lic, 77, U4 v OSSR

IZIFETEIZ OV T = (Scheme 3-15), =—7 /L, R AT I REBLUWRU UL
TIVTCEHFESINTZ NI AF AU LT A 2 39a—c #HE & LA ICEMER < K
JRITHEIT L, 3-1lac AEUETH O, £/o, #FEHICT I F2FT59 1 3-9d
WD &SI ESC N ERE L, v U L7 T2 3-11d 7Y 88%ULHE TR LT,
— . va3r— FBLUOR Y L— MNEFEHEET AU LA 2 39, fARELET D
ELVBOSDOHEATICEREMZEST 20D FTEO T VLT T U R EIEE TR B 72 (3-11e,
f, £7-. 74 L EREE A O 3-9g TiX. 10 mol%d Ru itz iiind 25 Z &
12XV 86%INET 3-11g WELNT-, 7L EY — LR L O & ¥ — L & lifiEdE o a3
LU NTA 3110, i TRl E % 8-10 mol%IZH &9 5 Z &2z, = hr 2 3-12d
® DCE Wi % 3h /T T F3 5 2 L2k v, 3-11h, i BB RICETHE LT,
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T™MS

—=TMS 0?/©/OME cat. [CpRu(MeCN);]PFq _
X + 1 ’ o)
= 1mMs meN Q DCE, reflux =
3-9 3-12d 311 TMS
1.1 equiv
T™MS T™S T™S o T™MS OMe TMS
— — — Cal o —
oCEio TsN/\:Eéo BnN\/:Eéo BnNtEéO j?q?o
~ = Y Y 0 -
T™S ™S T™S T™S OMe TMS
3-11a, 75% 3-11b, 87% 3-11c, 89% 3-11d, 88% 3-11e, 85%
5mol%, 8 h 5 mol%, 16 h 5mol%, 12 h 5 mol%, 2.5 h 5 mol%, 24 h
Ph TMS O ™S
o
- —
pes u och X
Ph T™S O ™S
3-11f, 93% 3-11g, 86% 3-11h, 68% 3-11i, 71%
5 mol%, 20 h 10 mol%, 4 h 5 mol%, 13 h 5 mol%, 24 h?

?3-12d (1.1 equiv)?® DCE (1 mL){A# % 3 h 2> T F L7z,
Scheme 3-15 21 i 84 D — e

NT, B U AT ORE LA L7z (Scheme 3-16), p-7 =3 /AR
IO p-7/1/ZLD7I:/l/£§%7ﬁT6“/U/I/“/‘% v 3-13a, b ZAHE & L THWERIT
3-14a, b BNREAFRIGE TR L, Z DFE, BIRp-T =Y VEOER LA v
3-13a DI LV HNNT ORI TERE LT, —T7, mmW1-F 7 F ke f+5v U
VA UERE LT D ERICOMEITNIEFICE . 3-14c DIRIT 2% I E 0 . KRG
DY NP A2 3-13¢ D3 3B5%FEIUN S iz, o, ZORETIE, = har 3-12d 2§ F
LCTHEEYOIER IR E L) oTe, TR EITRRIIZ, SO/hS W 2-F =155
FO3-F =V EE2HT DU U T A 2 3-13d, e & WV BRI I L A R C RO 28
SERE L. 3-14d, e ZZNZTH 88% B LN T8%INHE TH-, Lvmmh 2-_v Yy 7 U
FOBEBLTZ I NI A 313 ZHE & LIZBRICIIIGEMIZ20 h ZE L7 DD,
3-14f 73 T0%IRTH LN, —F, SEEFEER 7=k Ex AT 50 U0
A 2 3-13g B REITANVD & RUEH 40 min LINIZ5ERE L, 3-14g 78 92%ILR T 51
Too Flz, "BuEESLBuiEZ LoV U LY A2 3130 i b b, T HVIALT T
3-14h, i BENEN 43% B LR BONNETH LN, var— FBINh AT I R
M Z b OF /YA A 2 313, k ZHWTRIGZITo7- & 24, RUGITRIEE R < i
TL, 3-14j, K DEIFRIETH LN, £, 17-UA4 318l 2T HZ L2k,
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4H-7 1 [3,4-c]7 1 A EHEAR 3-141 S BAFRIETH B LT,

R
om
/——=—R 0© ©  cat. [CPRu(MeCN),]PFq _
X + L@ > X o
__— ™S Me” I DCE, reflux S
3-12d 3.14 TMS
1.1 equiv
OMe F
~
) /s
O \ S —
- -— —_— - —
o o) o o) o o) o o) o o
=~ =~ =~ =~ ~
™S ™S ™S ™S ™S
3-14a, 70% 3-14b, 67% 3-14c, 42% 3-14d, 88% 3-14e, 78%
5 mol%, 13 h 5mol%, 21 h 10 mol%, 24 h 5mol%, 2 h 5mol%, 6 h
F
-0 eﬁ OMe Ph
o
— — — - -
o o o o o o o o) o)
Y ~ Y Y O Y
™S ™S ™S ™S OMe TMS
3-14f, 70% 3-14g, 92% 3-14h, 43% 3-14i, 80% 3-14j, 85%
5 mol%, 20 h 5 mol%, 40 min 10 mol%, 3 h 10 mol%, 6 h 8 mol%, 24 h
Ph
—
TsN o]
-
™S
3-14k, 70% 3141, 74%
10 mol%, 24 h 10 mol%, 6 h

Scheme 3-16 &/ > U LA o O FE — itk
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BRI, I NTA O EE S DRI BT TR OV TH<72 (Scheme 3-17),
TVF SR N 2 FN L DN D U4 e MBI W BRI, BUS O
1THELS . BIOULHEL 39%IZ- F -72 (3-15), —FH T, FHERU#C p-7 =3 v iE%
HOF VI NTA U EREE LRI, EFICEE WV U VENREBR L TWHICH
WIPOOLTHED L VLT T RENENEIERTHE L (3-16a—=.), Z DG RN G,
RPN TA UINBERT DNVT T A T NV~OBRFEBENL, U A EOER L T
WD HNRURF TR (TSe)y £V MAKEFED D720 T U — VB L T D

VAR UIRFITHK L THEITT 2 Z EARIBE 72 (TSar).

OMe OMe OMe
TES
o — — Ca
(o] (o] (o) o] (o] o] o o
= Y = Y
TES TES SiMe,Ph TBS
3-15, 39% 3-16a, 83% 3-16b, 81% 3-16¢, 95%
5 mol%, 24 h 5 mol%, 13 h 5 mol%, 22 h 5 mol%, 21 h
OMe oMe !
; —Pped —Pped
si Ar@
— = H I SR N\
: 0. 2 o P
o — [o] o — o] boX Ar r;|® X N@
: Me Me
TIPS SiPh, :
3-16d, 90% 3-16e, 85% TSar TSs;
5mol%, 19 h 5 mol%, 21 h : Favored Disfavored

Scheme 3-17 v U VEDE & S NG H- 2 5 5728

PR Ta NG KRR+ BALAIIGSIZIZ R Y Tovadxs v I ok Kevy o 027
X RIS DT Y NNTA TS Z ENTERY, £, TAF R ImE AL &
LTH, I, A XV INR=NVEE DT VLD A U E AW OGS TEIT L
727> 7= (Scheme 3-18),

——Si /——=——"TMS  cat. [CpRu(MeCN);]PF;
X or X P no reaction
—— g _— R DCE, reflux

Si = Si(OEt);, SiMe,H  R'=H, 1, CO,Me

Scheme 3-18 FAEB BN [2+2+1]BR LA NS T C & Ze WL

109



37HI VUNAEERENY L LEVIAT T OFEKNL

RS DA AL ZE e G AEEZ R T2, GRLEEA NI AF LY LT T
FUbBLOE Y AF LT U NT T 3-14aD TMS L& B H N0 &9 5 BHREAL L
#17-7= (Scheme 3-19), £, T HDT VLT T Ak L, RIE T TBAF Z{EfH &
L2 LIk 7 e My UIARBSEST U i3 2 #E# 7 Z 2 3-17 36 L 1U83-20
NENZNENRTE Sz, HEW T, Arcadi HIZ L » THE S 7z NISIKF OfAE
PEEHNWD I — N Y UbORGEZEHT 52 L T, a3— K77 U BRAEKTE 50
BEt L7220 ZofE5, 3-11b 2E L LZBRICiZT / 3 — PR U v #iT L, 2
— R UL T T 318 N TA%IUHETH LN, —H . 2 Y &L ED NIS B L OKF #
WTHYIa— N7 703607, BHEAME 5212, 1=, REOFELZHNT
S-Ua MHFTED I — K77 3-21 8 18%IXH THF: H L7z, Sasaki HIZ L - THE S
72 ZnCl, % Lewis fig & L TV % Friedel-Crafts 7 3 /WAL % 3-11b (2%f L Cid M L 7=
LIA, TN AT T 319 B A8WILE T B BikIC, Mita Bk 5T
W& STz COJCsF DA EDLEEZHWL L U AT L— O A ¥ VR =11k

GO 5% 3-14a 12

WH L7

> 3-22 I3 85%IN R TH B L7,

Z DGR,

ED A RX T INVR= b ENE-7 5

H PMP
S ‘ 2.0 equiv TBAF 1.0 equiv TBAF = o
O I NTs THF, rt THF, it =
H H
3-17, 85% 3-20, 94%
TMS PMP .
L 1.1 equiv NIS 1.1 equiv NIS PMP
i = 1.1 iv KF
p = NTs € 1.1 equiv KF TsN o) o = o) equiv o = o)
= MeCN, 50 °C = = MeCN, 50 °C S
| T™MS T™MS 1
3-18, 74% 3-11b : 3-14a 3-21, 78%
i PMP = p-MeOCgH,
] H 1) 1 atm CO,
TMS 1.1 eql.flv AcCl 2.0 equiv CsF PMP
G ~ NT 1.1 equiv ZnCl, DMF, 100 °C _
s = >
= CH,Cly, 30 °C 2) 2 equiv Mel S N
rt
Ac CO,Me
3-19, 48% 3-22, 85%

Scheme 3-19 &k L7 VL7 5 DI
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3-8fh it

Ru il 2 F N 2 BB BBV 2+2+4 1] BRAL T INEUSIZ K0 o AFRG 2T VL2 A 2
LR 2-2 YNV T T BT DR FIEE BT Lz, KA T 7 ZAOMEIZIE, ARX
JSAED V) VBBV T A 7 xR L TR R R COBBBEB LA EIT S S
ZEMTEDEIENRBEMRGERORBERMLETH -T2, T2 T, AFES OB
DEFIZ LY ISHEORIENE S 7o = b a3 ig#ft Gk e LTRIATE 5 527,
FEE. DMSO e H MR L L THWDRMETIZY A 3-8 000 BT 7 3-10a &
BDH7-I2 140 °C, 4 h DEENAMETH D DK L, = b1 3-12a ZFRHFEM SR L
%M TIE 60 °C, 10 min & W\ S FEFZR G THTE D 7 7 o 3-10a 3 ERAIITHF B AT,
ZZT, = burEBBEMHGERICHND VL UA v OmEFEBENR[2+2+ 1B LA X
JED SN REL AT o T2, BB, [CPRU(MeCN)s]PF fFE T, = bz 3-12d %k
FIUZHV, DCE FTMBGEFT D2 LIk, SRV VLT A U BRIGT D
BR2-VUNT T EBIFRIGETHRD Z EITRP L, B, G LI-eAv I L7 Z
Y 3UbBEXOE VU NT T 3-14a E, TMS K2 2 #0035 BGOSR
Mz Lok 0 ARILFEMICHERRT AT T oR0d— R7 T o~ LK% 2
EITRRBI LT,
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Chapter 3 Experimental Section

General Considerations

Column chromatography was performed on silica gel (Cica silica gel 60N) with solvents
specified below. *H and *C NMR spectra were obtained for samples in CDCl; solutions at 25
°C. 'H NMR chemical shifts are reported in terms of chemical shift (3, ppm) relative to the
singlet at 6 7.26 ppm for chloroform. Splitting patterns are designated as follows: s, singlet; d,
doublet; t, triplet; g, quartet; quint, quintet; sext, sextet; sept, septet; m, multiplet. Coupling
constants are reported in Hz. *C NMR spectra were fully decoupled and are reported in terms of
chemical shift (6, ppm) relative to the triplet at 6 77.0 ppm for CDCls. Melting points were
obtained in capillary tubes. Dry solvents was purchased and used directly as received.
[CpRu(MeCN);]PFs ' and [Cp*Ru(MeCN);]PFs > were prepared according to the report.
Nitrones 3-12a—e® and diynes 3-8, 3-9a°, 3-9b°, 3-9¢’ and 3-9e” were known compounds.
Catalytic reactions were performed in a Schlenk tube after degasification of reaction mixtures
three times by placing a reaction mixture under vacuum (ca. 5 mmHg) at —80 °C and back filling

with argon.

Preparation of Silyl Diynes

_ O . General procedure for synthesis of diyne precursors — Synthesis of
°\_: 1-(4-Fluorophenyl)-4-oxahepta-1,6-diyne (S1): To a suspension of NaH
st (60 % dispersion in mineral oil, 89.2 mg, 2.2 mmol) in dry THF (4 mL) was

added a solution of 3-(4-fluorophenyl)prop-2-yn-1-ol® (298.9 mg, 2.0 mmol) in dry THF (2 mL)
at 0 °C under an Ar atmosphere. The resultant reaction mixture was stirred at room temperature
for 1 h. To this reaction mixture was added at room temperature propargyl bromide (0.2 mL, 2.3
mmol) and stiring was continued for 30 min. The reaction was quenched with water (10 mL).
The aqueous phase was extracted with AcCOEt (2 x 10 mL). The combined organic layer was
washed with brine (20 mL) and dried over MgSO,. After the concentration in vacuo, the
obtained crude product was purified with silica gel column chromatography (hexane:AcOEt =
20:1) to afford S1 (326.4 mg, 87%) as a pale-yellow oil; *H NMR (400 MHz, CDCls, 25 °C): &
2.48 (t, J = 2.4 Hz, 1 H), 4.32 (d, J = 2.4 Hz, 2 H), 4.47 (s, 2 H), 6.97-7.04 (m, 2 H), 7.40-7.46
(m, 2 H); *C NMR (100 MHz, CDCls, 25 °C): § 56.5, 57.2, 75.0, 78.9, 83.8, 85.7, 115.5 (d, J =
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21.9 Hz), 118.4 (d, J = 2.8 Hz), 133.7 (d, J = 8.6 Hz), 161.5 (d, J = 248.8 Hz); IR (neat) 3298
(C=CH), 2244 (C=C), 2117 (C=C) cm™; HRMS (DART) m/z calcd for C;,HsFO*NH, 206.0981,
found 206.0986 [M+NH,]".

Similarly, 1-(2-thienyl)-4-oxahepta-1,6-diyne (S2), 1-(3-thienyl)-4-oxahepta-1,6-diyne (S3),
1-(benzofuran-2-yl)-4-oxahepta-1,6-diyne (S4), and 4,4-dimethyl-1-(prop-2-ynyloxy)pent-2-yne
(S5) were prepared from 3-(thiophen-2-yl)prop-2-yn-1-o0l®, 3-(thiophen-3-yl)prop-2-yn-1-ol”,
3-(benzofuran-2-yl)prop-2-yn-1-ol ' °, and 4,4-dimethyl-2-pentyn-1-ol ' *.

s: Analytical data for S2: pale-yellow oil; *"H NMR (400 MHz, CDCls, 25 °C): §
N — 2482 J=24Hz1 H)p431y(d J= 2’4 Hz 2H)(450 (s 2’H) 6:7 (dd ?]=

s2 5.6, 3.4 Hz, 1 H), 7.24 (d, J = 3.4 Hz, 1 H), 7.27 (d, J = 5.6 Hz, 1 H); *C NMR
(100 MHz, CDCls, 25 °C): 6 56.6, 57.4, 75.1, 78.9, 80.1, 88.1, 122.3, 126.9, 127.5, 132.6; IR
(neat) 3294 (C=CH), 2220 (C=C), 2114 (C=C) cm™; HRMS (DART) m/z calcd for C1,HsOS*H
177.0374, found 177.0383 [M+H]".

. /:S Analytical data for S3: yellow oil; "H NMR (400 MHz, CDCls, 25 °C): & 2.47

°\_; = (t,J=2.4Hz, 1H),431(d,J=24Hz 2 H), 447 (s, 2 H), 7.12 (dd, J = 5.2,

3 1.4 Hz, 1 H), 7.26 (dd, J = 5.2, 2.8 Hz, 1 H), 7.47 (dd, J = 2.8, 1.4 Hz, 1 H); **C

NMR (100 MHz, CDCls, 25 °C): 4 56.5, 57.3, 75.0, 79.0, 82.0, 83.8, 121.4, 125.4, 129.4, 129.9;

IR (neat) 3291 (C=CH), 2219 (C=C), 2116 (C=C) cm™; HRMS (DART) m/z calcd for
C10HgOS*NH, 194.0640, found 194.0651 [M+NH,]".

Analytical data for S4: yellow oil; '"H NMR (400 MHz, CDCls, 25 °C): §

o
Jd ij:\ :’ 2.49 (t, J = 2.4 Hz, 1 H), 4.34 (d, J = 2.4 Hz, 2 H), 4.56 (s, 2 H), 6.97 (s, 1

=
s4 H), 7.25 (ddd, J = 8.0, 7.2, 1.2 Hz, 1 H), 7.34 (ddd, J = 8.0, 7.2, 1.2 Hz, 1

H), 7.45 (dd, J = 8.0, 1.2 Hz, 1 H), 7.56 (d, J = 7.2 Hz, 1 H); *C NMR (100 MHz, CDCl,,
25 °C): § 56.7, 57.0, 75.3, 78.7,90.5, 111.2, 112.3, 121.3, 123.3, 125.8, 127.3, 137.8, 154.8; IR
(neat) 3294 (C=CH), 2225 (C=C), 2118 (C=C) cm-1; HRMS (DART) m/z calcd for
C14H100,°NH, 228.1025, found 228.1021 [M+NH,]".
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— g, Analytical data for S5: pale-yellow oil; 'H NMR (400 MHz, CDCls, 25 °C): &
)

_— 1.23 (s, 9 H), 2.43 (t, J = 2.4 Hz, 1 H), 4.23 (d, J = 2.4 Hz, 2 H), 4.24 (s, 2 H); °C

S5 NMR (100 MHz, CDCls, 25 °C): 6 27.4, 30.9, 56.1, 57.2, 73.3, 74.6, 79.2, 96.0;
IR (neat) 3294 (C=CH), 2235 (C=C), 2114 (C=C) cm™; HRMS (ESI) m/z calcd for C1oH1,0°Na
173.0942, found 173.0929 [M+Na]”

o} Synthesis of 3-9d: To a solution of (3-trimethylsilyl)propionic acid (214.7
Bn—N mg, 1.5 mmol) and DMF (12 pL, 0.15 mmol) in dry THF (1 mL) was added
3-9d oxalyl chloride (0.14 mL, 1.65 mmol). The reaction mixture was stirred at
room temperature for 1 h. To the reaction mixture was added a solution of
N-benzyl-3-(trimethylsilyl)prop-2-yn-1-amine (330.4 mg, 1.5 mmol) and triethylamine (0.5 mL,
3.75 mmol) in THF (2 mL). The reaction mixture was stirred at room temperature for 1 h and
was then filtered through a pad of Celite®. The filtrate was concentrated in vacuo and the
obtained crude product was purified with silica gel column chromatography (hexane:AcOEt =
10:1) to afford 5d (368.2 mg, 72%) as a pale-yellow oil; 3-9d was analyzed as a mixture of
rotamers (major:minor = 5:4); *H NMR (400 MHz, CDCls, 25 °C): 8 0.16 (s, 5 H, major), 0.18
(s, 4 H, minor), 0.22 (s, 5 H, major), 0.25 (s, 4 H, minor), 4.15 (s, 10/9 H, major), 4.27 (s, 8/9 H,
minor), 4.72 (s, 8/9 H, minor), 4.92 (s, 10/9 H, major), 7.26-7.36 (m, 5 H); **C NMR (100
MHz, CDClj, 25 °C): 6 —0.8 (major), —0.7 (minor), —0.21 (minor), -0.19 (major), 33.4 (major),
38.7 (minor), 46.6 (minor), 51.4 (major), 89.7 (major), 90.3 (minor), 95.4 (minor), 95.8 (major),
98.3 (major), 98.6 (minor), 99.05 (minor), 99.12 (major), 127.7 (minor), 128.0 (major), 128.58
(major) 128.64 (minor), 128.7 (major), 135.7 (major), 135.8 (minor), 153.4 (major), 153.6
(minor) IR (neat) 2179 (C=C), 1640 (C=0), 1250 (Si-CHs), 846 (Si-CHz) cm™; HRMS
(DART) m/z calcd for C1gH,;NOSi,*H 342.1709, found 342.1710 [M+H]".

Ph General procedure for synthesis of silyldiynes (A) — Synthesis of 3-9f:A
(o) =——TMS
?( solution of 1,1,3,3-hexamethyldisilazane (0.65 mL, 3.1 mmol) in THF (2 mL)

o =_TMS
Ph was added n-BuLi (solution of 1.6 M in hexane, 1.6 mL, 2.56 mmol) at

3-of
-78 °C, and the reaction mixture was stirred at this temperature for 20 min,
and then for 20 min at O °C. This solution was added a solution of

1,3-diphenyl-2,2-di(prop-2-yn-1-yl)propane-1,3-dione ' * (360.8 mg, 1.2 mmol) in THF (5 mL)
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at -78 °C, and the solution was stirred at this temperature for 1 h. Chlorotrimethylsilane (0.35
mL, 2.76 mmol) was added and stirred at this temperature for 20 min and then for 20 min at
0 °C. The reaction was quenched with water (10 mL). The aqueous phase was extracted with
AcOEt (2 x 10 mL). The combined organic layer was washed with brine (10 mL), dried over
MgSQO,, and the solvents were evaporated in vacuo. The obtained crude product was purified by
recrystallization from a hexane solution at 4 °C to afford 5f (561.8 mg, 90%) as a pale-yellow
solid (mp 135.0-135.7 °C):  *H NMR (400 MHz, CDCls, 25 °C): § 0.09 (s, 18 H), 3.21 (s, 4 H),
7.36 (t, J=7.2 Hz, 4 H), 7.49 (t, J = 7.2 Hz, 2 H), 7.78 (dd, J = 8.0, 0.8 Hz, 4 H); *C NMR
(100 MHz, CDCls, 25 °C): ¢ -0.14, 26.0, 67.0, 89.7, 101.2, 128.6, 128.7, 133.1, 136.4, 196.2;
IR (neat) 2959 (C=CH) cm™, 2175 (C=CH) cm™, 1668 (C=0) cm™, 1250 (Si-CHj) cm™, 844
(Si-CHs) cm?; HRMS (DART) m/z calcd for CyH3,0,Si,»NH, 462.2285, found 462.2285
[M+NH,]".

Similarly, silyldiynes 3-9h and 3-13j were prepared from known diynes,
1,3-dimethyl-5,5-di(prop-2-yn-1-yl)pyrimidine-2,4,6(1H,3H,5H)-trione  '® and  dimethyl
2-(3-phenylprop-2-yn-1-yl)-2-(prop-2-yn-1-yl)malonate ' *.

Nt —— s Analytical data for 3-Oh: colorless solid (mp 98.5-99.4 °C); '"H NMR
°=§N §< _ s (400 MHz, CDCl, 25 °C):  0.05 (s, 18 H), 2.78 (s, 4 H), 3.37 (s, 6 H);
© 3-9h 3C NMR (100 MHz, CDCls, 25 °C): & —0.4, 28.4, 29.1, 56.4, 89.6, 99.3,

150.9, 169.8; IR (neat) 2179 (C=C), 1685 (C=0), 1251 (Si-CH), 846 (Si-CHs) cm™; HRMS
(DART) m/z calcd for CigH2sN,05Si*H 377.1717, found 377.1709 [M+H]".

Analytical data for 3-13j: colorless solid (mp 87.5-89.0 °C); 'H NMR
MeOZC —_—
Meozc>< — 1ys (400 MHz, CDCls, 5 °C): § 0.14 (s, 9 H), 3.06 (s, 2 H), 3.18 (s, 2 H), 3.77
313 (s, 6 H), 7.26-7.29 (m, 3 H), 7.35-7.38 (m, 2 H); *C NMR (100 MHz,
CDCl3, 25 °C): 6 0.1, 23.6, 24.2, 53.0, 57.2, 83.7, 83.9, 88.5, 100.9, 123.0, 128.0, 128.2, 131.7,
169.2; IR (neat) 2179 (C=C), 1743 (C=0), 1251 (Si—-CHs), 846 (Si—-CHz) cm™; HRMS (ESI) m/z
calcd for CyoH,,0,Si*Na 379.1342, found 379.1328 [M+Na]".
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o] = 71ms Synthesis of 3-9i: To a solution of
>< : : 15

o =—TMs 2,2-dimethyl-5,5-di(prop-2-yn-1-yl)-1,3-dioxane (4344 mg, 2.26
3-9i mmol) in dry THF (5 mL) was added n-BuLi (solution of 1.6 M in hexane,
3.2 mL, 4.98 mmol) at —78 °C, and the solution was stirred at —78 °C for 1 h. To the reaction
mixture was added chlorotrimethylsilane (0.65 mL, 4.98 mmol) and the reaction mixture was
stirred at room temperature for 10 min. The reaction was quenched with water (10 mL). The
aqueous phase was extracted with AcOEt (2 x 10 mL). The combined organic layer was washed
with brine (5 mL), dried over Na,SO,, and the solvents were evaporated in vacuo. The obtained
crude product was purified with silica gel column chromatography (hexane:AcOEt = 30:1) to
afford 5h (750.5 mg, 99%) as a colorless oil; *H NMR (400 MHz, CDCls, 25 °C): § 0.15 (s, 18
H), 1.43 (s, 6 H), 2.43 (s, 4 H), 3.80 (s, 4 H); *C NMR (100 MHz, CDCls, 25 °C): § 0.0, 23.7,
24.4, 35.2, 65.7, 88.0, 98.0, 102.5; IR (neat) 2175 (C=C), 1251 (Si-CHs), 843 (Si-CH;) cm?;
HRMS (DART) m/z calcd for CygH3,0,Si,*H 337.2019, found 337.2004 [M+H]".

Similarly, silyldiynes 5i, 7a—i and 7k were prepared from the corresponding diynes such as

16 17

9,9-di(prop-2-yn-1-y)-9H-fluorene ,  1-(4-methoxyphenyl)-4-oxahepta-1,6-diyne :
1-(1-naphtyl)-4-oxahepta-1,6-diyne B 1-ferrocenyl-4-oxahepta-1,6-diyne s ,
1-(prop-2-yn-1-yloxy)hept-2-yne ' *, 4-methyl-N-(3-phenylprop-2-yn-1-yl)-N-(prop-2-yn-1-yl)

benzenesulfonamide* °, and diynes S1-S5.

Analytical data for 3-9g: pale-yellow solid (mp 73.3-74.5 °C); 'H NMR
™S (400 MHz, CDCls, 25 °C): § 0.09 (s, 18 H), 2.85 (s, 4 H), 7.30 (dt, J = 8.0,
0.8 Hz, 2 H), 7.38 (d, J = 7.2, 1.2 Hz, 2 H), 7.68— 7.74 (m, 4 H); *C NMR
(100 MHz, CDCls, 25 °C): & -0.1, 28.8, 50.5, 87.2, 103.9, 119.6, 123.8,
127.0, 127.8, 140.2, 148.7; IR (neat) 2176 (C=C), 1250 (Si-CHs), 843 (Si-CHg) cm™; HRMS

(DART) m/Z CaICd fOI’ C25H308i2‘NH4 4042230, found 404.2222 [M+NH4]+.

——TMS

— gs Analytical data for S6: pale-yellow oil; 'H NMR (400 MHz, CDCls, 25 °C): &
S
o\éTES 0.61(q, J=7.6 Hz, 12 H), 0.99 (t, J = 7.6 Hz, 18 H), 4.29 (s, 4 H); **C NMR (100
s6 MHz, CDCls, 25 °C): § 4.2, 7.4, 57.0, 89.4, 101.7; IR (neat) 2173 (C=C) cm™;
HRMS (DART) m/z calcd for C;gH3,0Si,*NH, 340.2492, found 340.2497 [M+NH,]".
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. C om Analytical data for 3-13a: colorless oil; '"H NMR (400 MHz, CDCl,,

o\;ms ) 25 °C): § 0.19 (s, 9 H), 3.81 (s, 3 H), 4.31 (s, 2 H), 4.45 (s, 2 H), 6.81—

3133 6.85 (M, 2 H), 7.36-7.41 (m 2 H); *C NMR (100 MHz, CDCls, 25 °C): &

-0.2,55.2, 57.3,57.4, 82.8, 86.6, 91.9, 100.8, 113.9, 114.5, 133.2, 159.7;

IR (neat) 2173 (C=C), 1250 (Si—CHs), 845 (Si-CH;) cm™; HRMS (DART) m/z calcd for
Ci6H200,Si*H 273.1311, found 273.1318 [M+H]".

— C . Analytical data for 3-13b: pale-yellow oil; ‘*H NMR (400 MHz, CDCl;,

N — s 25 °C): 6 0.19 (s, 9 H), 4.30 (s, 2 H), 4.45 (s, 2 H), 6.97-7.04 (m, 2 H),

313b 7.40-7.46 (m, 2 H); *C NMR (100 MHz, CDCl3, 25 °C): § -0.2, 57.3, 57.5,

84.0, 85.6, 92.1, 100.6, 115.5 (d, J = 21.9 Hz), 118.5 (d, J = 3.8 Hz), 133.7 (d, J = 8.5 Hz),

162.6 (d, J = 248.8 Hz); IR (neat) 2174 (C=C), 1251 (Si-CHs), 839 (Si-CH;) cm™; HRMS
(DART) m/z calcd for Cy5H,,FOSi*NH, 278.1376, found 278.1370 [M+NH,]".

Analytical data for 3-13c: orange oil; *H NMR (400 MHz, CDCls, 25 °C): &

_ g 0.21 (s, 9 H), 4.41 (s, 2 H), 4.64 (s, 2 H), 7.43 (dt, J = 7.2, 0.8 Hz, 1 H), 7.52

0\%TMS (dt,J=6.8,1.6 Hz, 1 H), 7.58 (dt, J=6.8, 1.6 Hz, 1 H), 7.69 (d,J=7.2 Hz, 1

313c H), 7.84 (d, J = 8.0 Hz, 1 H), 7.85 (d, J = 8.0 Hz, 1 H), 8.32 (d, J = 8.0 Hz, 1

H); *C NMR (100 MHz, CDCls, 25 °C): & —0.2, 57.36, 57.41, 84.8, 89.1, 92.1, 100.7, 120.0,

125.0, 126.0, 126.3, 126.8, 128.2, 128.9, 130.7, 133.0, 133.2; IR (neat) 2174 (C=C), 1251 (Si—

CH,), 845 (Si—-CH;) cm™; HRMS (DART) m/z calcd for CyoH,0SisNH, 310.1617, found
310.1626 [M+NH,]".

_ \S ] Analytical data for 3-13d: yellow oil; *H NMR (400 MHz, CDCl,, 25 °C): 3
A — rws 0.19 (s, 9 H), 4.30 (s, 2 H), 4.48 (s, 2 H), 6.97 (dd, J = 5.2, 3.6 Hz, 1 H), 7.23

3-13d (dd, J=3.6, 1.2 Hz, 1 H), 7.26 (dd, J = 5.2, 1.2 Hz, 1 H); *C NMR (100 MHz,
CDCls, 25 °C): 8 -0.2, 57.4, 57.5, 80.0, 88.3, 92.2, 100.6, 122.3, 126.9, 127.5, 132.6; IR (neat)
2174 (C=C), 1251 (Si-CHs), 847 (Si-CH;) cm™; HRMS (DART) m/z caled for

C13H160SSi*NH, 266.1035, found 266.1042 [M+NH,]".
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— /S Analytical data for 3-13e: yellow oil, 'H NMR (400 MHz, CDCls, 25 °C): &
°\+TM; 0.19 (s, 9 H), 4.30 (s, 2 H), 4.45 (s, 2 H), 7.12 (dd, J = 5.0, 1.2 Hz, 1 H), 7.26

313e (dd, J =5.0, 2.4 Hz, 1 H), 7.46 (dd, J = 2.4, 1.2 Hz, 1 H); *C NMR (100 MHz,
CDCls, 25 °C): 6 -0.2, 57.37, 57.45, 81.9, 84.0, 92.1, 100.6, 121.5, 125.3, 129.3, 129.9; IR
(neat) 2173 (C=C), 1251 (Si-CH,), 843 (Si-CHs;) cm™; HRMS (DART) m/z calcd for
C13H1s0SSisNH, 266.1035, found 266.1030 [M+NH,]".

. /\/t© Analytical data for 3-13f: pale-yellow oil; '"H NMR (400 MHz, CDCls,
(o] _ (o] or\. —_
_— s 25°C): 6 0.20 (s, 9 H), 4.33 (s, 2 H), 4.54 (s, 2 H), 6.96 (d, J = 0.4 Hz, 1 H),
3.43f 7.25 (dt, J =8.0,1.2 Hz, 1 H), 7.34 (dt, J = 8.0, 1.2 Hz, 1 H), 7.44 (dd, J =

8.0, 0.8 Hz, 1 H), 7.56 (d, J = 8.0 Hz, 1 H); C NMR (100 MHz, CDCls, 25 °C): § -0.2, 57.1,
57.7,90.7, 92.5, 100.3, 111.3, 112.2, 121.3, 123.3, 125.8, 127.4, 137.9, 154.8; IR (neat) 2174
(C=C), 1252 (Si-CHy), 845 (Si-CH;) cm™; HRMS (DART) m/z calcd for Cy;H;50,SisNH,
300.1420, found 300.1430 [M+NH,]".

g Analytical data for 3-13g: dark-brown oil; '"H NMR (400 MHz, CDCls,
d 'Feﬁ 25°C): 8 0.20 (s, 9 H), 4.19 (t, J = 1.6 Hz, 2 H), 4.21 (s, 5 H), 4.30 (s, 2 H),
= T1Mms
4.36 (s, 2 H), 4.42 (t, J = 1.6 Hz, 2 H); **C NMR (100 MHz, CDCl;, 25 °C):
5 -0.2, 57.1, 57.5, 64.3, 68.7, 69.9, 71.5, 80.6, 85.6, 91.8, 100.8; IR (neat)
2175 (C=C), 1250 (Si—-CHs), 844 (Si-CH3) cm™; HRMS (DART) m/z calcd for CigH,,FeOSisH
351.0868, found 351.0854 [M+H]".

3-13g

/—="Bu Analytical data for 3-13h: pale-yellow oil; *"H NMR (400 MHz, CDCls, 25 °C):
— s 5018 (s, 9 H), 0.91 (t, J = 7.0 Hz, 3 H), 1.35-1.56 (m, 4 H), 2.22 (tt, J = 7.0, 2.2

33h  Hz 2 H), 4.22 (t, J = 2.2 Hz, 2 H), 4.23 (s, 2 H); **C NMR (100 MHz, CDCl,,
25°C): § -0.2, 13.6, 18.4, 21.9, 30.6, 57.1, 57.2, 75.0, 87.7, 91.7, 100.9; IR (neat) 2174 (C=C),
1251 (Si—CHz), 845 (Si—CHy) cm’; HRMS (DART) m/z calcd for Cy3H2,0Si*NH, 240.1784,

found 351.1778 [M+H]".
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—=Bu Analytical data for 3-13i: pale-yellow oil; *"H NMR (400 MHz, CDCls, 25 °C):
o\émIS 30.18 (s, 9 H), 1.23 (s, 9 H), 4.21 (s, 4 H); **C NMR (100 MHz, CDCl;, 25 °C):
313 8 —0.2, 27.4, 30.9, 57.0, 57.2, 73.5, 91.6, 95.8, 101.0; IR (neat) 2235 (C=C),
2174 (C=C), 1251 (Si—CHjs), 845 (Si—CHs) cm™; HRMS (ESI) m/z calcd for Cy3H,,0Si*Na
245.1338, found 245.1339 [M+Na]".

,—=—ph Analytical data for 3-13k: pale-yellow oil; 'H NMR (400 MHz, CDCls,
= rws 25°C): § 0.07 (s, 9 H), 2.37 (s, 3 H), 4.22 (s, 2 H), 4.38 (s, 2 H), 7.19-7.22 (m,
13k 2 H), 7.24-7.31 (m, 5 H), 7.75 (d, J = 8.4 Hz, 2 H); *C NMR (100 MHz,
CDCls, 25 °C): § 0.4, 21.5, 37.1, 37.5, 81.5, 85.6, 91.1, 97.7, 122.2, 127.9, 128.1, 128.5, 129.6,
131.6, 135.4, 143.7; IR (neat) 2179 (C=C), 1251 (Si-CHs), 847 (Si-CHs) cm™; HRMS (ESI)
m/z calcd for C»,HpsNO,SSieNa 418.1273, found 418.1274 [M+Na]".

T

Analytical data for S7: pale-yellow oil; '"H NMR (400 MHz, CDCl,
—<: >—o
o Me 25°C): 6 0.62 (q, J=8.0 Hz, 6 H), 1.00 (t, J = 8.0 Hz, 9 H), 3.81 (s, 3 H),
= TES .
4.33 (s, 2 H), 4.47 (s, 2 H), 6.82-6.85 (m, 2 H), 7.37-7.40 (m, 2 H); **C
NMR (100 MHz, CDClg, 25 °C): 4 4.3, 7.4, 55.2, 57.2, 57.3, 82.9, 86.6,
89.4,101.9, 113.9, 114.6, 133.3, 159.8; IR (neat) 2171 (C=C) cm™; HRMS (ESI) m/z calcd for
C19H26028i°Na 3371600, found 337.1596 [M+Na]+.

S7

. C Analytical data for S8: pale-yellow oil; *H NMR (400 MHz, CDCls,

d e 25 °C): § 0.44 (s, 6 H), 3.81 (s, 3 H), 4.36 (s, 2 H), 4.47 (s, 2 H), 6.81—

ss 6.86 (M, 2 H), 7.35-7.42 (m, 5 H), 7.61-7.65 (m, 2 H); *C NMR (100

MHz, CDCls, 25 °C): & -1.1, 55.2, 57.3, 57.4, 82.8, 86.7, 89.9, 102.5,

113.9, 114.5, 127.9, 129.5, 133.2, 133.6, 136.5, 159.7; IR (neat) 2174 (C=C), 1250 (Si-CHj),

834 (Si-CH3) cm-1; HRMS (ESI) m/z calcd for CyH,,0,Si*Na 357.1287, found 357.1297
[M+Na]".

_ om. Analytical data for S9: pale-yellow oil; 'H NMR (400 MHz, CDCls,
\_— 1ms 25 °C): 5 0.13 (s, 6 H), 0.95 (s, 9 H), 3.81 (s, 3 H), 4.32 (s, 2 H), 4.46 (s,

s9 2 H), 6.81-6.86 (m, 2 H), 7.36-7.41 (m, 2 H); *C NMR (100 MHz,
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CDCls, 25 °C): 8 -4.7, 16.4, 26.0, 55.2, 57.26, 57.28, 82.9, 86.6, 90.3, 101.4, 113.9, 1145,
133.3, 159.8; IR (neat) 2172 (C=C), 1250 (Si~CHs), 831 (Si-CHs) cm™; HRMS (ESI) m/z calcd
for CyoH260,Si*Na 337.1600, found 337.1587 [M+Na]".

. om Analytical data for S10: pale-yellow oil; *H NMR (400 MHz, CDCl,

0\;;3 © 25°C) 5 1.07-110 (m, 21 H), 381 (5, 3 H), 4.36 (s, 2 H), 4.49 (s, 2 H),

s10 6.81-6.86 (M, 2 H), 7.36-7.41 (m, 2 H); *C NMR (100 MHz, CDCl,,

25 °C): & 11.1, 18.6, 55.3, 57.0, 57.3, 82.9, 86.5, 88.3, 102.5, 113.9,

114.6, 133.3, 159.8:; IR (neat) 2170 (C=C) cm™; HRMS (ESI) m/z calcd for Cx»H3,0,Si*NH,
374.2515, found 374.2510 [M+NH,]"

o Analytical data for S11: colorless solid (mp 111.9-112.7 °C); 'H NMR

o‘\;sghs one (400 MHz, CDCls, 25 °C): 5 3.81 (s, 3 H), 4.48 (s, 2 H), 453 (s, 2 H),

st 6.81-6.85 (M, 2 H), 7.35— 7.46 (m, 11 H), 7.63-7.67 (m, 6 H); *C NMR

(100 MHz, CDCls, 25 °C): 8 55.2, 57.4, 57.5, 82.7, 86.9, 87.2, 105.5,

113.9, 114.5, 128.0, 130.0, 133.1, 133.3, 135.5, 159.8; IR (neat) 2175 (C=C) cm™ HRMS (ESI)
m/z calcd for Cs3H,60,Si*Na 481.1600, found 481.1600 [M+Na]".

&@—om Synthesis of 3-13I: To a solution of 2-[(trimethylsilyl)ethynyl]phenol * !
o)

:l . (225.6 mg, 1.19 mmol), 3-(4-methoxyphenyl)prop-2-yn-1-ol (196.9 mg,
- 1.21 mmol) and PPh; (394.4 mg, 1.50 mmol) in THF (4 mL) was added
o at room temperature diisopropyl azodicarboxylate (0.3 mL, 1.54 mmol).
The reaction mixture was stirred at room temperature under an Ar atmosphere for 2 h. The
solution was concentrated in vacuo. The obtained crude product was purified with silica gel
column chromatography (hexane:AcOEt = 15:1) to afford 3-131 (204.6 mg, 51%) as a
pale-yellow oil; *H NMR (400 MHz, CDCI3, 25 °C): § 0.27 (s, 9 H), 3.80 (s, 3 H), 4.98 (s, 2 H),
6.80-6.84 (m, 2 H), 6.93 (dt, J = 7.2, 0.8 Hz, 1 H), 7.10 (d, J = 8.0 Hz, 1 H), 7.29 (ddd, J = 8.0,
7.2, 1.6 Hz, 1 H), 7.34-7.38 (m, 2 H), 7.45 (dd, J = 8.0, 1.6 Hz, 1 H); *C NMR (100 MHz,
CDCI3, 25 °C): 6 0.03, 55.2, 57.7, 82.5, 87.4, 98.8, 101.1, 113.3, 113.5, 113.9, 114.4, 121.2,
129.7, 133.2, 134.1, 158.7, 159.8; IR (neat) 2157 (C=C), 1249 (Si-CHj), 841 (Si-CH3) cm;
HRMS (ESI) m/z calcd for Cy;H,,0,Si*Na 357.1287, found 357.1281 [M+Na]".
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Ruthenium-Catalyzed [2+2+1] Cycloadditions

ph  Cycloaddition of Diphenyldiyne 3-8 with Nitrone 3-12a: To a solution of diyne
o : 0 3-8 (73.9 mg, 0.30 mmol) and nitrone 3-12a (63.8 mg, 0.33mmol) in dry degassed
Ph DCE (1 mL) was added [CpRu(MeCN)3]PF; (3.9 mg, 0.009 mmol), and the solution
. was degassed three times at —78 °C under vacuum. The solution was stirred at 60 °C
under an argon atmosphere for 10 min. The reaction progress was traced by TLC analysis. After
cooled to room temperature, the reaction mixture was diluted with AcOEt-hexane (5:1, 10 mL).
Organic phase was washed with water (2 x10 mL) and brine (10 mL), and dried over MgSQO,.
After the concentration of the organic phase in vacuo, the obtained crude product was purified
with silica gel column chromatography (hexane:AcOEt = 10:1) to give 3-10 (74.2 mg, 94%) as
a colorless solid (mp 168.0-168.9 °C, lit>*. mp 171.5-173.5 °C). Following analytical data
were in good accordance with those reported; *H NMR (400 MHz, CDCls, 25 °C): 6 5.08 (s, 4
H), 7.26 (t, J = 7.6 Hz, 2 H), 7.42 (t, J = 7.6 Hz, 4 H), 7.51 (d, J = 7.6 Hz, 4 H); C NMR
(100 MHz, CDCls, 25 °C): 6 66.5, 123.8, 127.0, 128.5, 128.9, 130.3, 141.5.

General Procedure for [2+2+1] Cycloaddition of Silyldiynes— Cycloaddition
o\/:ﬁéo of 3-9a with Nitrone 3-12d: To a solution of diyne 3-9a (71.5 mg, 0.30 mmol)
= and nitrone 3-12d (54.5 mg, 0.33mmol) in dry DCE (1 mL) was added
3-11a [CpRu(MeCN);]PFs (6.6 mg, 0.015 mmol), and the solution was degassed three
times at —78 °C under vacuum. The reaction mixture was refluxed under an Ar atmosphere for 8
h. The reaction progress was traced by TLC analysis. After cooled to room temperature, the
reaction mixture was concentrated in vacuo. The obtained crude product was purified with silica
gel column chromatography (hexane:AcOEt = 10:1) to give 3-1la (53.6 mg, 75%) as a
pale-yellow oil; 'H NMR (400 MHz, CDCls;, 25 °C): & 0.24 (s, 18 H), 4.81 (s, 4 H); “C
NMR (100 MHz, CDCls, 25 °C): § 1.8, 65.8, 140.8, 152.5; IR (neat) 1251 (Si-CHs), 844 (Si—
CHs,) cm®; HRMS (DART) m/z calcd for Cy,H5,0,Si,*H 255.1237, found 255.1240 [M+H]".

tms Analytical data for 3-11b: beige solid (mp 138.0-140.0 °C); 'H NMR (400

TN J_ 0 MHz, CDCls, 25 °C): § 0.2 (s, 18 H), 2.42 (5, 3 H), 4.35 (s, 4 H), 7.33 (d, J =

™S 7.8 Hz, 2 H), 7.76 (t, J = 7.8 Hz, 2 H); '*C NMR (100 MHz, CDCls, 25 °C): &
3-11b
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~1.9, 21.5, 46.6, 127.4, 129.8, 134.0, 135.7, 143.6, 154.4; IR (neat) 1250 (Si-CHs), 843 (Si—
CHs;) cm?; HRMS (DART) m/z calcd for CigH,oNO5SSi»H 408.1485, found 408.1459
[M+H]".

tms Analytical data for 3-11c: pale-yellow oil; *H NMR (400 MHz, CDCls, 25

BaN | o °C):80.21 (s, 18 H), 3.71 (s, 4 H), 3.91 (s, 2 H), 7.27-7.30 (m, 1 H), 7.32-7.37

™S (m, 2 H), 7.39-7.43 (m, 2 H); **C NMR (100 MHz, CDCl;, 25 °C): 1.7,

e 51.3, 60.1, 127.2, 128.4, 128.8, 139.0, 153.2; IR (neat) 1250 (Si—CHs), 843

(Si-CH5) cm™; HRMS (DART) m/z calcd for CioHpgNOSi,»H 344.1866, found 344.1871
[M+H]".

o  tms Analytical data for 3-11d: pale-yellow solid (mp 73.3-74.0°C) ; ‘H NMR

BHN%O (400 MHz, CDCla, 25 °C): § 0.24 (s, 9 H), 0.41 (s, 9 H), 4.15 (s, 2 H), 4.66 (5, 2

s H), 7.28-7.37 (m, 5 H); C NMR (100 MHz, CDCls, 25 °C): 5 ~1.84, ~1.77,

M 447, 46,7, 1275, 128.1, 128.7, 133.8, 136.1, 137.2, 154.8, 162.2, 164.3; IR

(neat) 1692 (C=0), 1251 (Si-CHs), 845 (Si-CH;) cm™; HRMS (DART) m/z calcd for
CioH27NO,Sip*H 358.1659, found 358.1662 [M+H]".

t™Ms Analytical data for 3-11e: pale-yellow solid (mp 87.5-88.1 °C); 'H
Me°2c><:|i§o NMR (400 MHz, CDCls, 25 °C): § 0.24 (s, 18 H), 3.32 (s, 4 H), 3.76 (s, 6
™S H); ¥C NMR (100 MHz, CDCls, 25 °C): & —1.6, 32.4, 53.0, 67.4, 139.4,
154.2, 171.9; IR (neat) 1739 (C=0), 1251 (Si-CHs), 843 (Si-CH;) cm™;

HRMS (DART) m/z calcd for Cy7H,605Si,*H 369.1554, found 369.1545 [M+H]".

pn tms Analytical data for 3-11f: colorless solid (mp 50.5-52.4 °C); 'H NMR

~ (400 MHz, CDCls, 25 °C): 8 0.24 (s, 18 H), 3.68 (5, 4 H), 7.34 (t, J = 8.0 Hz, 4

Ph Tms H), 7.42-7.47 (m, 2 H), 7.83-7.86 (m, 4 H); **C NMR (100 MHz, CDCl;, 25

> °C): & 1.6, 32.6, 77.7, 128.7, 129.4, 133.2, 135.3, 139.7, 154.3, 196.9; IR

(neat) 1666 (C=0), 1250 (Si-CH3), 843 (Si-CHs;) cm™; HRMS (DART) m/z calcd for
C27H3,05Si,H 461.1968, found 461.1965 [M+H]".

(o}

o
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O s Analytical data for 3-11g: colorless solid (mp 134.7-136.3 °C) ; 'H

’. o NMR (400 MHz, CDCls, 25 °C): 3 0.25 (s, 18 H), 3.09 (s, 4 H), 7.26 (dlt, J =

O \us 7-2, 0.8 Hz, 2 H), 7.31 (d, J = 7.2 Hz, 2 H), 7.35 (dt, J = 7.2, 1.6 Hz, 2 H),

3119 7.72 (d, J = 7.2 Hz, 2 H); *C NMR (100 MHz, CDCls, 25 °C): & -1.5,

36.8, 64.1, 119.7, 122.5, 127.3, 127.6, 139.3, 142.2, 152.1, 154.5; IR (neat) 1249 (Si-CHs),

842 (Si-CHs) cm™; HRMS (DART) m/z calcd for CpsHaoOSix*H 403.1913, found 403.1920
[M+H]".

Synthesis of 3-11h: To a solution of 3-9g (112.1 mg, 0.3 mmol) in dry

\ (o] TMS
N —
°=<N;§<Ié° degassed DCE (1 mL) was added la (13.0 mg, 0.03 mmol), and the
/
° ™S solution was degassed three times at -78 °C under vacuum. The solution

o was refluxed under an Ar atmosphere, then a solution of 3-12d (54.5 mg,
0.33 mmol) in dry degassed DCE (1 mL) was added dropwise via syringe pump over 3 h. The
reaction mixture was refluxed for an additional 10 h. The reaction progress was traced by TLC
analysis. After cooled to room temperature, the reaction mixture was concentrated in vacuo. The
obtained crude product was purified with silica gel column chromatography (hexane:AcOEt =
10:1) to give 3-11h (80.6 mg, 68%) as a colorless oil; *H NMR (400 MHz, CDCls, 25 °C): &
0.23 (s, 18 H), 3.27 (s, 4 H), 3.34 (s, 6 H); *C NMR (100 MHz, CDCls, 25 °C): & 1.6, 29.0,
35.8, 63.7, 139.5, 151.3, 154.2, 171.7; IR (neat) 1682 (C=0), 1250 (Si—-CHs), 843 (Si—CHs)
cm™:  HRMS (ESI) m/z calcd for CigHysN,0,Si,*Na 415.1485, found 415.1477 [M+Na]*.

s Analytical data for 3-11i: In a similar manner using a solution of 3-9i
><° ~%  (99.8 mg, 0.3 mmol) and 1a (10.5 mg, 0.024 mmol) in dry degassed DCE (1

o)
™s mL) and a solution of 3-12d (54.5 mg, 0.33 mmol) in dry degassed DCE (1

> mL) was performed [2 + 2 + 1] cycloaddition of 5h to afford 3-11i (75.5 mg,
71%) as a colorless solid (mp 57.5-58.7 °C); 'H NMR (400 MHz, CDCls, 25 °C): 5 0.24 (s, 18
H), 1.47 (s, 6 H), 2.62 (s, 4 H), 3.78 (s, 4 H); *C NMR (100 MHz, CDCl3, 25 °C): § 1.5, 23.8,
31.6, 50.0, 69.0, 97.9, 140.5, 154.5; IR (neat) 1249 (Si-CH3), 842 (Si-CHs3) cm™; HRMS

(DART) m/z calcd for C,gH3,05Si,*H 353.1968, found 353.1976 [M+H]+
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ome Analytical data for 3-14a: pale-yellow solid (mp 74.8-75.6 °C); 'H NMR

(400 MHz, CDCls, 25 °C): 6 0.28 (s, 9 H), 3.83 (s, 3 H), 4.86 (s, 2 H), 4.97 (s, 2

_ H), 6.90-6.95 (m, 2 H), 7.38-7.42 (m, 2 H); *C NMR (100 MHz, CDCls, 25

° \Tc:ws °’C): 6 -1.7, 55.2, 65.9, 66.2, 114.2, 123.8, 124.4, 125.4, 143.2, 146.3, 146.4,

3-14a 158.7; IR (neat) 1251 (Si-CHj), 843 (Si-CH5;) cm™; HRMS (DART) m/z
calcd for CigH,003SieH 289.1260, found 289.1262 [M+H]".

F  Analytical data for 3-14b: pale-yellow solid (mp 100.0-100.5 °C); ‘H NMR

(400 MHz, CDCl3, 25 °C): § 0.28 (s, 9 H), 4.86 (s, 2 H), 4.98 (s, 2 H), 7.04-7.12

S, (M 2H),7.40-7.46 (m, 2 H); 3C NMR (100 MHz, CDCls, 25 °C): 6 -1.7, 65.9,
(s 062 1158 (d, J = 22.0 Hz), 125.8 (d, J = 8.6 Hz), 127.1 (d, J = 2.8 Hz), 1433,

3-14b 1455, 147.4, 161.8 (d, J = 246.0 Hz); IR (neat) 1251 (Si—CHj3), 836 (Si—CHs,)
cm™;  HRMS (DART) m/z calcd for CisH1,FO,SieH 277.1060, found 277.1044 [M+H]".

O Analytical data for 3-14c:  brown oil; *H NMR (400 MHz, CDCls, 25 °C): &
:? 0.34 (s, 9 H), 4.95 (s, 4 H), 7.48-7.58 (m, 4 H), 7.83 (d, J = 7.6 Hz, 1 H), 7.89 (dd,

o : o J=76,16Hz 1H), 836(d J=76Hz, 1H); *CNMR (100 MHz, CDCl;, 25
™s °C):d-17, 66.1, 66.8, 125.3, 125.6, 126.0, 126.5, 128.3, 128.51, 128.53, 130.1,

3-14c

134.0, 142.9, 146.7, 148.0; IR (neat) 1250 (Si-CHj), 842 (Si-CHs;) cm™;
HRMS (DART) m/z calcd for CygH,00,SiH 309.1311, found 309.1311 [M+H]".

¢ Analytical data for 3-14d: pale-yellow solid (mp 82.5-83.3 °C); 'H NMR
Cﬁg; (400 MHz, CDCls, 25 °C): § 0.27 (s, 9 H), 4.85 (s, 2 H), 4.91 (s, 2 H), 7.04 (dd, J =
A® 5.0, 3.6 Hz, 1 H), 7.09 (d, J = 3.6 Hz, 1 H), 7.24 (d, J = 5.0 Hz, 1 H); **C NMR
3-113,'3 (100 MHz, CDCls, 25 °C): & -1.7, 65.8, 66.1, 122.5, 124.4, 125.6, 127.8, 133.6,

142.2,143.1,147.2; IR (neat) 1250 (Si-CHj), 844 (Si-CHs) cm™;  HRMS (DART) m/z calcd
for C15H160,SSi+H 265.0719, found 265.0714 [M+H]".
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//s Analytical data for 3-14e: pale-yellow solid (mp 98.0-99.2 °C); 'H NMR
A (400 MHz, CDCI5, 25 °C): 8 0.27 (5, 9 H), 4.86 (5, 2 H), 4.94 (s, 2 H), 7.14 (dd, J =
= 44,24 Hz, 1 H),7.34 (d, J =24 Hz, 1 H), 7.34 (d, J = 44 Hz, 1 H); *C NMR
3-14e (100 MHz, CDCls, 25 °C): 8 -1.7, 65.9, 66.0, 119.0, 124.6, 125.2, 126.3, 132.3,
142.9, 1435, 146.6; IR (neat) 1250 (Si—CHs), 843 (Si-CH3) cm™; HRMS (DART) m/z calcd
for C13H160,SSi*H 265.0719, found 265.0723 [M+H]".

o

Analytical data for 3-14f: light-orange solid (mp 115.7-116.8 °C); ‘H NMR

o (400 MHz, CDCl3, 25 °C): 5 0.30 (s, 9 H), 4.88 (s, 2 H), 5.06 (s, 2 H), 6.88 (s, 1

H), 7.23 (dt, J= 7.6, 1.6 Hz, 1 H), 7.27 (dt, J = 7.6, 1.6 Hz, 1 H), 7.47 (dd, J = 7.6,

1.6 Hz, 1 H), 7.56 (dd, J = 7.6, 1.6 Hz, 1 H); *C NMR (100 MHz, CDCl, 25

3-1IfMS °’C): & -1.8, 66.0, 66.2, 101.3, 111.1, 121.0, 123.1, 124.3, 128.6, 128.8, 138.8,

143.1, 148.0, 149.2, 154.7; IR (neat) 1254 (Si-CHs), 844 (Si-CH;) cm?; HRMS (DART)
m/z calcd for C;7H1503Si*H 299.1104, found 299.1094 [M+H]".

' Analytical data for 3-14g: dark-brown oil; 'H NMR (400 MHz, CDCls,,

_ Feﬂ 25°C): 5 0.27 (5, 9 H), 4.11 (5, 5 H), 4.26 (t, J = 2.0 Hz, 2 H), 449 (t, J = 2.0
AP Hz, 2 H), 4.81 (s, 2 H), 4.84 (s, 2 H): 3C NMR (100 MHz, CDCl,, 25 °C):
srae 17,656,658, 66.0, 685, 69.1, 76.0, 1240, 142.7, 146.0, 1463; IR (neat)

1250 (Si—-CHj), 844 (Si—CH3) cm™:  HRMS (DART) m/z calcd for CigH,,FeO,SieH 367.0817,
found 367.0792 [M+H]".

ngu  Analytical data for 3-14h: pale-yellow oil; 'H NMR (400 MHz, CDCls, 25

ol Lo °C):50.21(s, 9H), 093 (t J=76Hz 2 H), 1.37 (sext, J = 7.6 Hz, 2 H), 1.57

14hT'V'S (quint, 7.6 Hz, 2 H), 2.60 (t, J = 7.6 Hz, 2 H), 4.73 (s, 2 H), 4.77 (s, 2 H); **C

il NMR (100 MHz, CDCls, 25 °C): & —1.7, 13.8, 22.4, 27.4, 29.4, 65.4, 65.8, 124.6,

142.2, 145.4, 149.0; IR (neat) 1251 (Si—CHs), 845 (Si—CH,) cm™;  HRMS (DART) m/z calcd
for Cy3H,,0,Si*NH, 256.1733, found 265.1730 [M+NH,]".
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Analytical data for 3-14i: pale-yellow oil; *"H NMR (400 MHz, CDCls, 25 °C): §
o\/:ﬁéo 0.21 (s, 9 H), 1.25 (s, 9 H), 4.77 (d, J = 1.0 Hz, 2 H), 4.78 (d, J = 1.0 Hz, 2 H); ©*C
\TMS NMR (100 MHz, CDCls, 25 °C): 6 -1.7, 28.8, 32.8, 65.7, 66.0, 122.6, 141.8, 145.1,
156.1; IR (neat) 1250 (Si—CHs), 840 (Si—-CH;) cm™; HRMS (DART) m/z calcd for
C13H2,0,Si*NH, 256.1733, found 256.1732 [M+NH,]".

3-14i

pn  Analytical data for 3-14j: pale-yellow solid (mp 99.0-100.4 °C); 'H

z:gzz % NMR (400 MHz, CDCl3, 25 °C): § 0.29 (s, 9 H), 3.37 (s, 2 H), 3.53 (s, 2 H),

™S 377 (s, 6 H), 7.2L (t, I = 7.6 Hz, 1 H), 7.37 (t, J = 7.6 Hz, 2 H), 7.58 (d, J =

= 7.6 Hz, 2 H); *C NMR (100 MHz, CDCls, 25 °C): 8 -1.5, 32.6, 33.2, 53.1,

67.4, 124.0, 124.9, 126.7, 128.6, 131.2, 141.8, 147.7, 149.2, 171.7; IR (neat) 1739 (C=0),

1249 (Si-CHs), 845 (Si-CHs) cm™; HRMS (ESI) m/z calcd for CyHOsSieNa 395.1291,
found 395.1288 [M+Na]".

Ph  Analytical data for 3-14k: colorless solid (mp 120.3-122.0 °C); 'H NMR

TN ] 0 (400 MHz, CDCls, 25 °C): 5 0.26 (s, 9 H), 2.42 (s, 3 H), 4.41 (5, 2 H), 4.56 (5, 2

3_14KT""S H), 7.25 (t, J = 7.6 Hz, 1 H), 7.34 (d, J = 8.2 Hz, 2 H), 7.38 (t, J = 7.6 Hz, 2 H),

7.45 (d, J = 7.6 Hz, 2 H), 7.80 (d, J = 8.2 Hz, 2 H); **C NMR (100 MHz,

CDCl3, 25 °C): & -1.76, 21.5, 46.8, 47.3, 121.3, 124.0, 127.39, 127.45, 128.8, 130.0, 130.2,

134.1, 138.0, 143.7, 147.8, 149.3 ; IR (neat) 1251 (Si-CHs), 846 (Si-CHg) cm™; HRMS
(ESI) m/z calcd for Cy,HsNO3SSisNa 434.1222, found 434.1208 [M+Na]".

ome Analytical data for 3-14l: pale-yellow oil ; *H NMR (400 MHz, CDCls,
25 °C): § 0.30 (s, 9 H), 0.40 (s, 9 H), 5.12 (s, 2 H), 6.99 (dquint, J = 4.0, 1.2
Hz, 2 H), 7.15 (dt, J = 8.0, 1.6 Hz, 1 H), 7.47 (dd, J = 8.0, 1.6 Hz, 1 H); *C
NMR (100 MHz, CDCl3, 25 °C): 6 -1.4, 1.3, 63.3, 117.7, 120.0, 121.9,

3141 125.9, 127.0, 128.0, 128.9, 153.4, 155.7, 157.6; IR (neat) 1250 (Si-CHs),
842 (Si—CHy) cm® HRMS (DART) m/z calcd for Cy7H,4,0OSi*H 317.1393, found 317.1405
[M+H]".
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TES  Analytical data for 3-15: pale-yellow oil; *H NMR (400 MHz, CDCls, 25 °C):
30.73(q, J = 8.0 Hz, 12 H), 0.98 (t, J = 8.0 Hz, 18 H), 4.82 (5, 4 H); *C NMR
(100 MHz, CDClg, 25 °C): 6 3.2, 7.3, 66.0, 141.3, 151.2; HRMS (DART) m/z
calcd for CigH3,0,Si,*NH, 356.2441, found 356.2431 [M+NH,]".

O,
b5
O

TES

ome Analytical data for 3-16a: pale-yellow oil, 'H NMR (400 MHz, CDCls, 25

°C): 6 0.77 (9, J = 8.0 Hz, 6 H), 1.02 (t, J = 8.0 Hz, 9 H), 3.83 (s, 3 H), 4.86 (s, 2

_ H), 4.98 (s, 2 H), 6.90-6.95 (m, 2 H), 7.37-7.41 (m, 2 H); **C NMR (100 MHz,

<~ CDCls, 25 °C): 6 3.2, 7.3, 55.3, 66.1, 66.3, 114.2, 123.9, 124.4, 125.4, 144.0,
TES

3162 145.0, 146.6, 158.7; HRMS (ESI) m/z calcd for CigH»s05Si*Na 353.1549,
found 353.1562 [M+Na]".

(0]

ome Analytical data for 3-16b: colorless solid (mp 88.7-89.5 °C); 'H NMR
(400 MHz, CDCl3, 25 °C): § 0.55 (s, 6 H), 3.83 (s, 3 H), 4.60 (s, 2 H), 4.95 (s, 2
H), 6.91-6.95 (m, 2 H), 7.35-7.43 (m, 5 H), 7.57-7.60 (m, 2 H); **C NMR
_ (100 MHz, CDCls, 25 °C): 6 —3.0, 55.3, 65.9, 66.3, 114.2, 123.8, 124.6, 125.6,
3-16:|Me2Ph 128.0, 129.6, 133.9, 136.5, 144.5, 144.6, 147.0, 158.8; IR (neat) 1251 (Si—
CHs), 830 (Si-CHs) cm™  HRMS (ESI) m/z caled for C,H»0;Si*Na 373.1236, found
373.1249 [M+Na]".

o
I\
(o)

ome Analytical data for 3-16c: colorless solid (mp 110.7-111.8 °C); ‘H NMR

(400 MHz, CDCls, 25 °C): & 0.22 (s, 6 H), 0.96 (s, 9 H), 3.83 (s, 3 H), 4.86 (s, 2

H), 4.98 (s, 2 H), 6.91-6.95 (m, 2 H), 7.37-7.41 (m, 2 H); **C NMR (100 MHz,

{4 CDCls, 25 °C): § -6.4,17.3, 26.3, 55.3, 66.2, 66.3, 114.3, 123.9, 124.4, 12535,

3-16¢ 144.2, 1452, 146.5, 158.8; IR (neat) 1251 (Si-CHs), 835 (Si-CHs) cm™;
HRMS (DART) m/z calcd for CigH2605Si+H 331.1730, found 331.1728 [M+H]".

-
(o] o]
=~

ome Analytical data for 3-16d: pale-yellow oil ; *H NMR (400 MHz, CDCls, 25
°C): 6 1.12 (d, J = 7.6 Hz, 18 H), 1.28 (sext, J = 7.6 Hz, 3 H), 3.83 (s, 3 H), 4.86
(s, 2 H), 5.00 (s, 2 H), 6.93 (dt, J = 8.8, 2.4 Hz, 2 H), 7.38 (dt, J = 2.4 Hz, 2 H) ;
3C NMR (100 MHz, CDCls, 25 °C): 6 11.2, 18.5, 55.3, 66.3, 66.6, 114.3, 124.0,

[\

TIPS
3-16d
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124.3, 1254, 144.1, 1442, 146.6, 158.7; HRMS (DART) m/z calcd for CpHg0sSicH
373.2199, found 373.2210 [M+H]".

ome Analytical data for 3-16e: colorless solid (mp 134.8-136.0 °C) ; ‘H NMR

(400 MHz, CDCls, 25 °C): 6 3.84 (s, 3 H), 4.15 (s, 2 H), 4.96 (s, 2 H), 6.94 (d, J

= 8.8 Hz, 2 H), 7.37-7.49 (m, 11 H), 7.64 (d, J = 6.4 Hz, 6 H) ; **C NMR (100

Siph, MHz, CDCls, 25 °C): 6 55.3, 66.0, 66.3, 114.3, 123.7, 124.8, 125.8, 128.0, 130.0,

3-16e 133.0, 136.0, 147.7, 148.1, 159.0; HRMS (DART) m/z calcd for C3;H,03Si*H
475.1730, found 475.1730 [M+H]".

(0] (o]

—
Sy

Transformations of 2-Silylfurans
TSNEO Protodesilylation of 3-11b: A mixture of 3-11b (81.5 mg, 0.2 mmol) and TBAF
(1.0 M in THF, 0.4 mL, 0.4 mmol) was stirred at room temperature for 5 min. The
= reaction was quenched with sat. NH4CI (5 mL). The aqueous phase was extracted
with AcOEt (3 x 5 mL). The combined organic layer was washed with brine (5 mL) and dried
over MgSQ,. The solvents were evaporated in vacuo. The obtained crude product was purified
with silica gel column chromatography (hexane:AcOEt = 5:1) to afford 3-17 (44.2 mg, 85%) as
a colorless solid (mp 147.2-148.0 °C): *H NMR (400 MHz, CDCls, 25 °C): §(12.42 (s, 3 H),
4.37 (s,4H),7.12 (s, 2 H), 7.32 (d, J=8.0 Hz, 2 H), 7.75 (d, J = 8.0 Hz, 2 H); **C NMR (100
MHz, CDCls, 25 °C): 6 21.5, 46.1, 125.7, 127.5, 129.8, 132.9, 143.7; HRMS (DART) m/z
calcd for C13H13NO5SeH 264.0694, found 264.0682 [M+H]".

oMme In a similar manner using TBAF (1.0 M in THF, 0.2 mL, 0.2 mmol),

protodesilylation of 3-14a (57.4mg, 0.2mmol) was performed to afford 3-20

(40.8 mg, 94%) as a pale-yellow solid (mp 86.5-87.5 °C): ‘H NMR (400 MHz,

CDCls, 25 °C): & 3.83 (s, 3 H), 4.85 (s, 2 H), 4.99 (s, 2 H), 6.91-6.95 (m, 2 H),

7.11 (s, 1 H), 7.35-7.40 (m, 2 H); '*C NMR (100 MHz, CDCls, 25 °C): & 55.3,

65.4, 66.3, 114.3, 123.5, 124.6, 125.2, 129.3, 132.2, 142.5, 158.7; HRMS (DART) m/z calcd
for C13H3,03°H 217.0865, found 217.0884 [M+H]".

1\

3-20
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™S lododesilyation of 3-11b: A solution of 3-11b (81.2 mg, 0.2 mmol),
TsN/;E?o N-iodosuccinimide (50.1 mg, 0.22 mmol), and KF (12.8 mg, 0.22 mmol) in
3_18\, MeCN (1 mL) was stirred at 50 °C under an Ar atmosphere for 18 h. The
reaction progress was traced by TLC analysis. After cooled to room temperature,
the reaction mixture was filtered through a pad of Celite®, and concentrated in vacuo. The
obtained crude product was purified with silica gel column chromatography (hexane:AcOEt =
15:1) to afford 3-18 (68.5 mg, 74%) as a pale-yellow solid (mp 128.0-129.2 °C): 'H NMR
(400 MHz, CDCls, 25 °C): 6 0.20 (s, 9 H), 2.43 (s, 3 H), 4.23 (s, 2 H), 4.39 (s, 2 H), 7.34 (d, J =
7.8 Hz, 2 H),7.76 (d, J = 7.8 Hz, 2 H); **C NMR (100 MHz, CDCls, 25 °C): § -1.9, 21.5, 46.2,
47.3,81.7,127.4,129.9, 133.2, 133.8, 138.0, 143.8, 158.3; IR (neat) 1251 (Si—CHs), 846 (Si—
CHs) cm?; HRMS (ESI) m/z calcd for CiHxINO;SSieNa 483.9876, found 483.9878

[M+Na]".

ome In a similar manner using NIS (194.0 mg, 0.86 mmol) and KF (51.7 mg, 0.89
mmol), iododesilylation of 3-14a (226.0 mg, 0.78 mmol) was performed to
afford 3-21 (209.2 mg, 78%) as a light-green solid (mp 100.7-101.4 °C): 'H
NMR (400 MHz, CDCls, 25 °C): & 3.83 (s, 3 H), 4.75 (s, 2 H), 5.01 (s, 2 H),
6.90-6.94 (m, 2 H), 7.31-7.35 (m, 2 H); *C NMR (100 MHz, CDCls, 25 °C):

6 55.3, 65.6, 66.9, 72.0, 114.3, 122.7, 125.1, 126.5, 140.3, 148.9, 159.1; HRMS (DART) m/z

calcd for Cy3H11103°H 342.9831, found 342.9828 [M+H]".

™S Friedel-Crafts Acylation of 3-11b: To a solution of 3-11b (79.7 mg, 0.2 mmol)

—

TsN_I<,® and znCl, (30.9 mg, 0.22 mmol) in dry CH,Cl, (1 mL) was added acetyl

319 A° (hloride (16 pl, 0.22 mmol). The reaction mixture was stirred at 30 °C under an
Ar atmosphere for 8 h. The reaction progress was traced by TLC analysis. The reaction was
guenched with water (5 mL). The aqueous phase was extracted with AcOEt (3 x 5 mL). The
combined organic phase was washed with brine (10 mL) and dried over MgSO,. The solvents
were evaporated in vacuo. The obtained crude product was purified with silica gel column
chromatography (hexane:AcOEt = 10:1~4:1) to afford 3-19 (36.4 mg, 48%) as a colorless solid
(mp 158.2-160.0 °C): H NMR (400 MHz, CDCls, 25 °C): § 0.27 (s, 9 H), 2.41 (s, 3 H), 2.42

(s, 3H), 4.40 (s, 2 H), 452 (s, 2 H), 7.34 (d, J = 7.8 Hz, 2 H), 7.77 (d, ) = 7.8 Hz, 2 H); **C
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NMR (100 MHz, CDCla, 25 °C): § 2.1, 21.5, 26.1, 46.7, 47.6, 127.4, 129.9, 132.9, 133.8, 137.9,
143.9, 1472, 155.4, 186.8; IR (neat) 1676 (C=0), 1252 (Si-CHa), 849 (Si-CHs) cm™
HRMS (ESI) m/z calcd for CigH,sNO,SSisNa 400.1015, found 400.1008 [M+Na]".

ome Desilylative Carboxylation of 3-14a: A solution of 3-14a (57.2 mg, 0.2 mmol)
and CsF (60.6 mg, 0.4 mmol) in dry DMF (1 mL) was stirred at 100 °C under a

CO,atmosphere for 1 h. The reaction progress was traced by TLC analysis. The

(o] o]

= reaction mixture was cooled at room temperature and was treated with Mel (25

ez Codle pL, 0.4 mmol). The reaction mixture was stirred at room temperature for 15 min.
The reaction was quenched with water (5 mL). The aqueous phase was extracted with
AcOEt/Hexane (5:1, 6 mL). Organic phase was washed with water (5 mL) and brine (5 mL),
and dried over Na,SO,. After concentration in vacuo, the obtained crude product was purified
with silica gel column chromatography (hexane:AcOEt = 10:1~5:1) to afford 3-22 (46.7 mg,
85%) as a pale-yellow solid (mp 160.5-162.5 °C): *H NMR (400 MHz, CDCls, 25 °C): & 3.85
(s, 3H), 3.89 (s, 3 H), 5.01 (s, 2 H), 5.03 (s, 2 H), 6.93-6.98 (m, 2 H), 7.48-7.52 (m, 2 H); **C
NMR (100 MHz, CDCls, 25 °C): 6 51.8, 55.3, 66.6, 66.7, 114.4, 121.9, 126.2, 126.5, 131.4,
1415, 146.3, 158.8, 160.0; IR (neat) 1719 (C=0) cm™ HRMS (DART) m/z calcd for

C1sH1405°H 275.0920, found 275.0940 [M+H]"
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Ru filii: 2 F\ N 5 F 4 B L 7R = )L % ik 85
ETHUA L DRY2HIBRAL NI K D

ZEHT I T = DERL



4-18F ##S

LT A7 o L, AR, HEMAME, A EL B 17 SRRV BEREEA
DTDOERFEIZANONLEHHEEEW TH D, TDTeH, ZEWT A7 = L A
TR IR D —fetER < AT E 5 FIEZBFE C XU, Flle G Bt oAIHIC
DR D,

AWFFETIZ. Ru s 2 VA OB EVR[2+2+ 1B LANBORIC K 0 | ZiE
BT F 7 = U EBGT D FIEEZ T Ul REOSITHYESAE CHEIT T 2 7o OIRIAVE
M E O LITNA, EREHA T CHIBICETTT 2720 FEHRIEL M TH 5
EWVORLEND B, KETIL, ARISBHZE O L 72 I H R E LA OF VA >, AF
VLR AR, SOSHERRIA O 72 O REHE RIZ W Tl 5,

2k
HE

42 BT AT = OFAMER L OERE

R KNS5 5 BRGEFILAED TH LT 47 = 13, B8 B
LEMAET D720, AHETHE . a7 v —772 0 AREEWE® . KA1 7L
OREEEMES T YT T T =R 7 ¢ U VHERRIR S 72 & ORISR BRI 551 O
AR R ERUMEAEMTH D (Figure 4-1), D=, ZEHTF 47 = OARKIEIE
R A DOHFGE 7 N — TN L o> TREAITHIZE ST & 7= (Scheme 4-1),
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Figure 4-1 Z@E#TFT 47 = > OF|HF

R3

o base base

Nc\)I\ORs Gewald synthesis R3

R)ol\n/ R R! ‘U\R“

/ [4+1] cycloaddition ngn

1 m . heat Cu A2
R RO T s — 1Nt \n)\
(o} Paal-Knorr synthesis\ [3+2] cycloaddition Ar' "N CO,Et
\ RZ

S

base 3

0 0o o - R! Rr2 R
IR“ Hinsberg synthesis / \ Rh )=< . ”

§7 g3 or [3+2] cyclization S. -N
TiCly/ Zn N R*
pinacol coupling

S.__x Pd, Ni ML, or base R'-——=——R?
cross coupling [2+2+1] cyclization R3-— R4

Scheme 4-1 ZEMT A7 = OERIE
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Paal-Knoll A% 7. Gewald A %iE® . Hinsberg & fkik". 7 b A7 4 RO FHN
pinacol 1 v 7 U » ZRUS O Lo Ta, IR = Uk B & HEIEE L -5 S EHRT A
7 UERIEE, R EHHRAPOIH SN TELETIETHSH, 2O OTEIL, HER
B G L bOZEMT 47 = A GRT 2583 FEATHD, Ll RS0t
ITICHRERCHR I LA EE 72 728D | B RER AR ICHIBR N B 5

EBERME A ANy T RS RV T = TF AT = AR T DD
BRI FIEO—D>Th D, LLTFICZEDFIZRT,

FH 7 2 U PEBEER S T2 CThHAR Y TA 7 = A3 B8 EN, L ZENE
ATHZEMOAEEE MR LTSNS, L, BEEH 25-R) 747 = 03
BIRMEICZ LW, 2 DBETF 47 =0 3T AT AENEASNERY F4 7
= (PRAT) RIS LD, P3AT 1324, BRALFEIIRFIEIC IV ARSI TWIZA,
RV~ —#H | head to head (HH)=C tail to tail (TT)#&&ENIRIET D720, HOLNDHKRY <
—lFhChiEREH L T2 (Figure 4-2), Z D5, P3AT & n ARV ECEEM:
DIKTFTEHEL EWHIMERSH > 72, ZD72, @WOSLRERIE T head to tail (HT)#%iE %
1,2 P3AT DA RITE AN e S N C& T,

R R R
I\ s I N\ s I\ s
s \ /7, S N\ /[ /, s \ /7,
R
head to head tail to tail head to tail
HH TT HT

Figure 4-2 R YU F4 7 = v ONLE BEMER

1992 412 McCllough 5 1%, Ni it 2% Kumada 7 v 7V > 7' 2 2RI+ 5 Z &
T, @ HT &R T A7 = L OBEAZHFTHO TER L ® (Scheme 4-2a), & D
#%. Rieke 5 Negishi 7 v 7V 7' M2 k0 | @ARERIN 72 P3AT 2695 Z LiZ
f%Zh L7="° (Scheme 4-2b), (2 1999 4E(Z1% Grignard A # & A{EI2 XV | P3AT %15
HT BRI A N TERT D Z ENalfeL 72 572" % (Scheme 4-2¢), £7-. Zh
OIS THERIND R Y ~—DOECEL sy f &3k L % 20-35kDa, 47 F &40 1.2-1.4
ThO ., B TENODTESMORNR) FAT7 2 2GR TEDLFIETHDL EN X
D
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R R
@ 1) LDA, THF, -40 °C /(_Si 0.5 mol% Ni(dppp)Cl, B
. o > / \ o ° > S (a)
s~ ~Br 2)MgBr,-OEt;, -60°C gy, 7 Br 5 to 25 °C

s N/,
20-69% R

(91% HT)

R . R R
/@\ Rieke Zn /(_S\ 0.5 mol% Ni(dppe)Cl, X
o i\ o > s (b)
Br S Br THF,-78°C BrZn S Br THF, 0to23°C S \ /
n
73-97% R

(>97% HT)

R : R R
/(_S\ R'MgX 0.2-1 mol% Ni(dppp)Cl,
> > c
Br 8 Br THF, rt or reflux /@\ rt or reflux /) S ©
s YT hg” 72 s\ //,
Y =MgX, Z=Br, < 85% 6a R
YIB% Z ek <ton e

Scheme 4-2 Ni it 2 W2 7 a2 » 7V 7 ZF| 45 P3AT DA%

F 7 P filiE 2 B Stille 7~ 77U > 77t TES KON Suzuki-Miyaura 7 > U 7 B
f HT @IRAY72 PIAT OERKICFIH SN D, 2 b DAL Iragi 36 KX O Guillerez &
FTNEND T N—TIZ L > THES N 20 (Scheme 4-3), Zi 5 DHETIL, 96%
LLED HT BRI CHEANETT 5 2 EITMZ, BOoNDIRY FA T = D580
bl kL 12-14 &5, Lo, B85 K€ 10-16 kDa & HLiH K+ &
ThHZLPMETH-T2, L, TOROIIFEIZEY | @mEWARAT 4 VLT %
0 Pd iz V5 Z LT @ T RO PIAT NAEKTE 5 Z EMNAM SN,

1) LDA, THF R
-80 to -40 °C /@\ Pd(PPh;),
R 2) BuzSnCl Bu;Sn S 1 solvents, reflux N\ R
-80 °C to rt
ﬂ\l s

S 1) LDA, THF, -40 °C R S \_/

n
2) B(OMe)s, -40 °C to rt /@\ Pd(OAc),, K,CO; R
3) H;0" > (neo)B™ s” i FiEtonn,0 Stille: >96% HT
4) reflux Suzuki-Miyaura: 96-97% HT
HO OH
Et,0, rt

Scheme 4-3 Pd itz W5 7 a2 7)) o 7 %K 9 5 P3AT DA AL
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F|Z Ozawa 5%, Hermann filii & (0-Me,NCgH,)sP DfiAG DR 2l L, F4 7
=V 5D C-HEARTEMALIC L DR F47 = OB RRITHET L= (Scheme4-4),

nHex 1 mol% Hermann's catalyst nHex Me
2 mol% (O'MezNCSH4)3P

: 2 o%\o
/ \ > / \ S E P\ / \
s” Br 1.0 equiv Cs,CO; s N/ : Pd Bq
THF, 120-125 °C n : OxO0P

5 T An
"Hex Me
M, =30.6 kDa, 99% ! Ar = 0-MeCgH,
98% HT Hermann's catalyst

Scheme 4-4 C-H {&MALZ2FI 9 2% P3AT DAL

Fle. 7a Ry T T RISOEWVALEERMEZTEHT 5 2 & T, WoDRRDT
U—NVHEPEBR L IZTF A7 = o 28RS RT 5 FED tami 51 X > THESL S vz,
PeHITET, WOMBEBAI L7z RAEER BT RERFAT 7 A ML DOMAE D
BEMBEE T2 3-A M2 T A7 =D 200K C-H 7 U — /LG, Pd filifit %
H2 4, 50K C-H T V—bRISENEXRITHS 2 TRI TV —VTF AT =
ZARLTWD, ZOB BIRERNZ L2, WD F2ZET 5 2 LK IEEs
BIRALENEINET C-H 7 U — /b EIT 4%, £ D%, BBry 2 W 2 KR IO A F
B TRO Z W5 N U 77— MEIZH: X . Suzuki-Miyaura 77 >~ 7°V > 7 %4795 Z & T,
TRITV—NTFFT 2 OEREER LTS (Scheme 4-5),

Me
p-MeCGH4I O
OMe Phl OMe PdCl, OMe
U RhCI(CO){P[OCH(CF3),]3}» /\ P[OCH(CF3),l3 R
s Ag,CO; o s Ag,CO, o s
m-xylene, 200 °C m-xylene, 120 °C
73% 84%
p-FsCCGH4I
’:‘92‘:?32 . PdCl,
m-xylene, 120 °C 2,2"bipy
Me OMe Me Me
O Q p-MeOC¢H,B(OH), O OTf O
Pd(PPh 1) BBr,
I - (PPh3)s I <BE
oH o oo oY
FsC "BuOH/H,0, 65 °c  F3C ipr,NH F3C
75% (2 steps) 70%

Scheme 4-5 7 a 25 w7V U ITRIGCE DT T 7 V) —vF 47 = OfERIE K
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F 72t Nishikata 5L -7 h = ATV ZAF LD [B+2ABRLISETER L, [FlEE
DT " TFTTV—=NFHT7 = EEER LT (Scheme 4-6), BAMIZIX, £3° Cul
& TPMA OFHBRE DR E M &+ 2 T 2 BB+ B LA N I L V0 . 25-2 7 U —
NPk R 7T EEk LTz, b=V Ku 7 F 12 Lawesson i3 & /EH S &
t et 7z ~EBHLT-%, Hi< DDQ ZHAW S BiKFELSEHRILIZEI D F47 =
CEPREOINETER Lz, £D0%, Pd iz W27 029 7Y v 7 ROGIC &
OWFF7 =2 3ANENART V=it T 52 TT I TV —AFF T = OEKEE
LT 5D,

o o COzMe 1) Lawesson's reagent

X CuI TPMA toluene, 110 °C
* OMe
MeO ! T O O 2) DDQ, toluene, 110 c
r CH,Cl;, 100°C  MeO
Me

CO,Me i CO,Me 1) aq. NaOH
\ 1) NBS, MeCN . A\ dioxane, 100 °C -
O s O 2) PACI,(dppf) O s O 2) PACI,(dppf)
MeO p-MeC¢H,B(OH),  MeO p-CF3CgH,B(OH),

48% (3 steps) Na,CO, 77% (2 steps) Cs,CO;, MS4A
DMF/H,0, 80 °C mesitylene, 170 °C

Me CF3
Woa'a®

68% (2 steps)

Scheme 4-6 p—7 F = AT /L & AF L v OB+ ZdtET5T h 7T UV —b
FAT = DERR

INOOBENESNDEY 7 Ay TV T RISEFRAT 2 Z & THEIRNT U —
NFHAT = ELEICERTE D, — T BIRNRERIETHLHT20, HMERT 47
= U DERITITZ KRR, RHEET 5,

—H T, 25-VT V= NFH T = 05 1,3-V A ¥ LS GIRO[4+1BAL UG % FV
%2 L TEEICARTE D, Il Hua Hi%, 7==ATEF LD Glaser 7
V7PN KD 13-V A L OTEAICHES NaS ORI R & A G bE D Z Sk Y,
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25-V 7 2= VFF T 2% QBWILETEKRT 5 Z LIl LTW5 27 (Scheme 4-7a),
% 7= . Cadiot—Chodkiewicz 77 v 7'V v 72  CER LTZFE R 1,3-0 4 v 2 HWS Z L T,
IR 25-T V=T AT = OB H ARETH S (Scheme 4-7b), K52 Rao & 1%,
CITRELFVT 4 NHEOT RET VX EAKL, Cadiot-Chodkiewicz 7~ 7V 7z K
BHIERFR 1,3-T A4 Ak, NagS & D[A+1BRALAMTIN IS 2 D R > R TIT, Bk 72 2,5-
CTV—NVTF T 2R T H I LI FI LTINS (Scheme 4-7c), fHL, Zih
D NI TRIE IS LB R T O B REEEIAFIEICHIIR RN o D Z LTz, T4 7 = 34
MACEHREZBEATE WD, BT IR E A7,

1) 5 mol% Cul
DMSO, 80 °C /@\
Ph——= > (a)
2) 15 mol% KOH Ph™ g7 ~Ph
1.0 equiv Na;S-9H,0 93%
80 °C

3 equiv 1/8 Sg
7\ Ph 6 equiv ‘BuOK N\
— T 7 T'BuOH/IDMF (1/3) // S
80 °C 66%

/ Ph (b)
=N

1) 10 mol% Cul
1.5 equiv p-tol——=
Br 3 equiv K;P0O,
Br 4 equiv BuyNOAc 7\
I\ / DMF, 90 °C § N Ng (c)
s 2) 5 mol% Cul Me

10 equiv Na,S-9H,0
90 °C

\

78%

Scheme 4-7 13-4 » OA+BRILEIGIC L D 2,5-V T V=L F 47 = DAL

123-FT7 VT =) ESLERT A7 = VEIREE L CRHAT 2 FESL H < B
ENTWD, Thbb, FTUT7Y—NLVORRRMEETH D o-T TV FA I NVR=VIT
*f LIRS BEA L EMN S 5. b L UTINECCERAMRIRAHC L 0 2= 05817 L.
FHT— R RTFA Ll fxOEMT KA 525, T bICk L, @7 v
VEERASELZ LK OEOSBERT AT 2 o3 EbN D, L L, 2B DKIG
D AIMLEFIRMEICZ LW, EREFARRRT X VICREIND ., @IREEFS
R PORBESEZA LTS, TOED, IS ORISIIEEARIZIGHT S Z & 03K
#Tdho72%" (Scheme 4-8a—c), L7 Lixit, Gevorgyan Hi%, 7 Y7 ' —/L & Rh
flE s 5 R A S T2 Rh LR UBER & TV U OBUM NG L 0 2 BHBRT A7 <«
CUINARTEDLZ L R M LZ? (Scheme 4-8d), Rh I LU SEAIIEIFN 22 ST
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YD Z LT, TvF v & OBUAINEE & BRI T 5 72 TRIEAV
FEE— % b2, ZOTDARBISIL, BUERE SNVTWDLTF 7 V7 Y —/L & HHEE
ETHEBHT AT 2 VEROF TR OERANRFIETHLE VX5, LL, T
FT VTV IIE RSB 5 Z LIz, REERT-OEMRGEN#HE LV E
WO ED B D

CO,Me

RLi _ MeO,C—=—CO,Me
Ar—=—5Li - /\ @)
Ar—\g~~CO,Me
RZIN‘ I
B L
R1” S RS R2 CF,
F,:C———CF
DS —— ' » )[&. (b)
hvor A gas phase rxn. Me™ Ng” ~CF3

R1
Ph Ph
Ph —
Fe,(CO -S Ph Ph
\&» ji‘?Fe(CO);; _—— /ﬁ\ (c)
/ 0 °C Ph Ph
Ph™ “Fe

15 s

(CO)s
Rh(cod)CI 2 3
2 R? [Rh] R3——R* H
—— 7\ (d)
-N, RS R! s R4

R = Ar, alkyl, ester, Si

Scheme 4-81,23-F 7 V7 V' — & HBEFE & T HLEWHBT 47 = ARk

— T, TovF oA L SR D [2+2+ 1] BRI INBUS IR, RO T v L3
AFAGTHLZEIIMAETIRTEERT A7 = 2GR TE 2BNT-FIETH D,
REL GBI T OFERD Y | — DTSR TCOBTFRERT VR 25051 L
Sg D[2+2+1)BALA IS TH D (Scheme 4-9a), & 5 —DoM, TAF L 1 Lte&ER
HNGAELDAZ TV aXZ o % L, RE A ZEH S8 5 FET
&% (Schemes-9b), HiFE L Liu LML L72—HBlIORIZEE->TEY ., I E ik
ATWIRN Y =05 BFIIH LS DO SN TEBY, xR T A¥ B L0 B
DFLAEDEE WD FIERRE SN TWD, U TFIZZEDOHZRT,
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1.0 equiv KOH R! R!

[o) .
R-—=—4 t::'o equ:‘;:fc > R2 [/ \_ R? (a

R2 oluene, s

0 o
RI-—=—R? R R? R® R R
— ML SX;
— R‘l_\S\R“ = R1_)/_§_R4 — /A o T WX (B)
R3-——R* M €] R™Ng” "R
n

Scheme 4-9 77 /L% > LR L HARD 2+ 2+ 1B LA IS IC K A LB T 47 = D
Ak

1970 4212 Miller 5%, 1,7-¥ 4 > & Wilkinson $§A Dk S pr# v 7 nr X
TEUAZH L, 0, SBL N Se ZEHSED Z L THIET DT 1 — L3 PR DL
THLNDZ EE R LY (Scheme 4-10a), F7-. Z O#AE L [FFHIIZ Wakatsuki ©
X, V7 2= AT EF L L CodER bRl a vy su R gyl =
fa YR8 SBIOSe Z1EHSESZ & T, b T 2T r—ARNGELND D
EEHREL TS (Scheme 4-10b), ZNHDFETHEKTE H AT —/UE, 77
V. TFF Tz vr—, B 72 ORI E > TV e, L LE D%, Fagan
& Nugent 52X Y Negishi BRI OB IV rat vy aXux v ok
Z 5 Tk (Fagan—Nugent SRR S22 L2k 0| #ix L @Efi~T7T o —/1
NERTED X HIT7->7-°" (Scheme 4-10c), L L. 2N S DOIEWT N B
IGTH DD, KSEIZEEOEBBEFEYNAE L S, F7-. Fagan-Nugent KISV S
Negishi AREE( TRV VR TLIEZ D72, BReAIMFHENHIRS D L) REDR &
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o
=—Ph _RRCIPPhy)y PPh3 _ 0285
_ xylene reflux xylene, reflux E=0,15% @
—Ph PPhs , E=S | 62%

o h E = se, 40%

98%

0.5 equiv CpCo(PPh3)2 PhNO S, Se
Ph Ph benzene “PPh benzene E E = NPh, 34% ®)
0,
3 70-110 °C E=S,75%

Ph E=Se, 77%

80%

"Cp,Zr(ll)" R
LG R
Negishi reagent Cp
R———R > Z - —»
ML|Cu‘ /M E=B, N, S, Se, P, As, Sb, Si, Ge
Sn, Ga

Scheme 4-10 A X T 7 a X 2o o RRld 5 ~T 2 —LE/K

— 5T, BEARMBEEHVD TR T ERE A GR O [+2+ 1B LA INEUG
IZ KDL BT A7 = U ARIEIL, Kajitani HIZ X > THE S 7= Rh itz Huv 5
DMAD & Sy OBALAINEIGE OB ME—TH % °® (Scheme 4-11), £, ZOFELT
A7 = L OULEPMEN FE M RE S TO RN 8 BEEDRIA TR L Tz,

<

|
0.3 mol% Rh

ﬂ_/\j MeO,C.  CO,Me

1.5 equiv 1/8Sg MeO,C S CO,Me
xylene, 130 °C, 16 h

MeO,C—==—CO,Me
35%

Scheme 4-11 Rh filifi: 2 A5 DMAD & Sg & ORIGIC L B F 47 = Ak

ZORRIZ, ER &AL Z T S s B [2+2+ L BRAL AT EUS O YL 72 F151%
ICELETHESN TV, ZORISFFENNEERHH & LT, E(bEWrE
Ba B OTEME RIS AL L, M2 KIESETLED ZenBF o577, £
DIZ8 | ARBISBAFE & R D 7201213, Ts b B IAFT 2 504 T T b RIS IHE

SHUT S WIER Z25%G T D LE RN H 5,
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—7J5. Yamashita © 23BA%E L 7= CpRufill#ifZ F\ % DMSO & & 357 /L% D
R+2+1BALMINBISIC L B 7 Z B TIE, AT IVANLT ¢ R & L THE
U220 Bl s 251795 (Scheme 4-12a), Z D Z LD AR ITA
B LA LD SR JIENE Z 0 IZ< WEB X HNLHT-%, 2O Ru il
ERWS Z L TUA L OREBER2+2+ 1) BRI N & D F 47 = AR ER
T&E 5 EEZ. BEta1T>7 (Scheme 4-12b),

: ® O
Ph 5 - PFg
/—=—Ph 9@ 3 mol% [CpRu(MeCN);]PFg = : @|
o\—: Ph *_s® DMF, 140 °C, 4 h >0 O AN @ MeCN™" [\ cwme
Ph MeCN
90% i [CpRu(MeCN);]PFg
R
/—R cat. Cp'Ru* Cﬁ?
X + S-donor ---eeeeoeee... » X S (b)
=R =
R
Scheme 4-12 (a) DMSO % B3 fil 5412 FA\ N 5 il 7 5 > Ak (b) CpRUEER 2 AV
HF LT o B

4-38i BERBEOOAS ) —=v 7

FT. MEEORA YV —= 7 &7 o7z, BARBIZIE, 3 mol% D [CpRu(MeCN);]PFs
DIFE T, VA > 4-1a & 1.2 Y EOFEIRZ DMF #1140 °C OS5 TIEE 2170,
FH T = 4-2a GBS R LTZ (Scheme 4-13), = OFER., AREARKIZB WL TR
HEZ N HHEIRTH D S, Lawesson 73, Na,S, Na,S,0; B LU= A /L7 ¢ K& HWT
H MBI EDIT R BN oTe, =TT 8T AFNLFA T LT (TMTU, 4-4)
EHWDZ EICEY, FTEOTF A7 =2 4-2a S MWBETEHDLNTZ, ZORERLD,
FF I VAR = AL E DR [2+2+ 1)BALAT IS O IR & L THATH 5 2 L85
MmElpot=, (HL., ZOBIZEIBIG E LT Garrat—Braverman B3 T L, 7 & L
VERER 4-3 8 10%INE TR B0,
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Ph Ph
/—=—Ph 3 mol% [CpRu(MeCN);]PF¢ =
o} +  S-donor > O S +0
_— pn DMF, 140 °C, 4 h =
Ph
4-2a 4-3

4-1a 1.2 equiv
S-donor
OMe : )
& ., f NG
Ss Na,S Na,S,0; P‘\s‘s," P/ SNTONT
Vi ﬁ ; I
S s :
MeO : 44
_ : 4-2a: 44%
no reaction . 4-3: 10%

Scheme 4-13 FiggIiD A7 V) — = JHER
A-AEh  FREBEBR[2+2+1]BRALAIN RS D IR _E oD 72 OGRS
FA 7 x> 4-2a ODNFER EEZHE L, ER55M0M5 21T o7, ARG B

HEITLRWERRK E LT TMTU 22 B IEBEI S EIT LZBRICAE T 5 EHEE S D e
VA5, RS EZTRE L CWA T TH D E# 2 7= (Scheme 4-14),

Ph
/——Ph 8 [CpRu(MeCN);]PFg = .
o + L » O S * eNT NM
\%Ph Me,yN NMe, 3 (=7} (-7}
Ph
4-1a 4-4 4-2a 4-5

Scheme 4-14 LBz X 2 il i oo BHLEE

Z 2T, HAER RIS 2 BRE L WERE R LAY~ L BT DTl R
CEIRT A0 ORMA S L= (Scheme 4-15), HAKH)IZ1X. 3 mol% d
[CPRU(MeCN)s]PFs DTFTE R, YA v 4-laZET VHE L L, 1.2 Y ED TMTU Z itk
Ji& L, DMF H 140 °C, 12 h O SIS THRIFI OB R At Lo, BRI, 5 4 &
?D H0,'BUOH, Y7 ==L 7 F L 7 a~dh U BNz 5508 L 0mETAE
PAT (1 atm) ORISR & Fhis Uiz, FRER18 5. W OBIMA 2N x 7= 54+
BWTYH, IIAIZINZ 720G & X T 4-2a OIERFIEE M E Lo Tz,
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/——=——Ph S 3 mol% [CpRu(MeCN);]PFg _
o + A > O S + O
\_—_— ph Me,N” “NMe, 5 equiv additives =

DMF, 140 °C, 12 h

Ph
4-1a 4-4a 4-2a 4-3
1.2 equiv
Additives
none H,0 ‘BuOH Ph—=—Ph O 0, (1atm)
4-2a: 44% 4-2a: 37% 4-2a: 22% 4-2a: 38% 4-2a: 18% 4-2a: 49%
4-3: 10% 4-3: 10% 4-3: 24% 4-3: 24% 4-3: 13% 4-3: 11%

Scheme 4-15 #INA| OGS

4'5ﬁ'ﬁ fz“ﬁ/l/ﬂi“::/lﬂﬂg/a\%g)xy J—=y

FNT, FEINR=AEEYMD AT ) —= T aFEiTHZLI2L0, T4 7o
4-2a D= L2 B L7 (Scheme 4-16), £ 97, F4 7 L 7 HOBEHILMF 21T > 1=,
1-3 BEHDOF AT LT (4-6-8) & Wit W ZBRIT, 4-2a IMERIRICE E 7=, £7=.
JRRIIARATH B0, 47 ZAVTZERICIE 43 P REDIRTE LN, SMIREED
AN LD OStEm 2R L, BRIRTFA T LT, 47 I FBXOF AT AR=11k
B (4-9-11) % AW CTHRET 24T > 7278, 4-2a DILRIL 20% AR T > 72, HW\ T, fix
DR T = VRROTFFINVR=ALEY (4-12-18)D A7 ) —= v T &7 o1,
ZFORER, B REZ LI NARUDNAR Y FHY VS —)L-2-F 4 4-15a & V=8
AIZDO I 10 min LIPS TERE L, 4-2a 23 3% IR THEONZ, T OB, 4-3 DE
AlTe R IR o T,
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Ph Ph
/———Ph S 3 mol% [CpRu(MeCN);]PFg _
o + A > O s + O
\__— ph R' "R? DMF, 140 °C, 12 h =
4-2a Ph 4-3

4-1a 1.2 equiv

b i, OO Wi 1
Me. - .
Me,N” “NMe, H,N” “NH, HJ\H e HJ\N:> Me N\_/N Me

44 4-6 4-7 4-8 49

4-2a: 44% 4-2a: 5% 4-2a: 4% 4-2a: 9% 4-2a: 20%

4-3: 10% 4-3: trace 4-3: 46% 4-3: 21% 4-3: 23%
s s s

4-10 4-11 4-12 413 4-14
4-2a: 16% 4-2a: 4% 4-2a: 3% 4-2a: nd 4-2a: trace
4-3: 9% 4-3: 15% 4-3: 23% 4-3: 33% 4-3: trace

S S S S
O/U\N,Bn S)I\N’Bn HN)I\NH anN)I\N,Bn
4-15a 4-16 417 4-18
. 4-2a: 27% 4-2a: 4% 4-2a: 1%
4-2a:10 min, 93% 4-3: 5% 4-3: 36% 4-3: nd*

4-3: not detected

Scheme 4-16 F A B NVKR=UAULEMD AT V) —= T HER

468 AUV AFY N2 F A RRER LT 5 RSRE

ATEI ORI LV | 4-15a ZEIRICHV, BOGSKRMEZ ik L7z (Table 4-1), £,
SOSIREZ 80 °C & L, FEBAEEA fISLd 2 72 0B R RHR T CORISE BT LT,
ZORER, 4-1alT 1 h DINICIER L, Ar RSN TS Z 920 L72FE (run 1) & fffae
WIERT 4-2a MG 6172 (run 2), & 2T, LIEOKISSREOBRGFHIZEREZHES T 1T
5Ll L, ARRIGIE50°C THEfE L TH 8h LINIZTER L, 93%INHE T 4-2a 355
M (run 3), #EWVC, LR A 1 mol% E T 5 L3R, run 1-3 ORI D H
NMR TGRS, BENCHIN L7200 4-15a BARIED £ EHRFEL TS Z LA
WINToTosd, 4-15a % 1 YRR L TS EITo 7o, ZOREE. 24 h %6 KOGIE5E
FEE, 4-2a DULERIT 41%I2 £ > 72 (run 4),
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Table 4-1 St~ 540 el

)S]\ Ph
/—=—Ph 0” "N-BN [CpRu(MeCN);]PFq :Ié
g + > O S
\—=—pn DMF <
Ph
4-1a 4-15a 4-2a
run Ru 4-15a conditions 4-2a
[mol%] [equiv] [%]
1 3 1.2 140 °C, 10 min, Ar 93
2 3 1.2 80 °C, 1 h, air 92
3 3 1.2 50 °C, 8 h, air 93
4 1 1.0 80 °C, 24 h, air 41

478 RUVAXFYY V2T A OER FEREOE#EL

RSO FE 72 AR Om &2 B L. Xy A F % —-2-F 4 Ot
W& FEhi L7z (Scheme 4-17), £3, B RoMBEHETH L 4-7 v DL 3-
saaNy Y 4-T7Fa X DV ERL LT REE (4-15b-d) & S W2 L 2
AL WPFRE WV ZERIC b EERAR 4-15a Z2ERE T ALV b F 4T 2 4-2a D
WRILA B U7z, RFIZ, 4-15b Z W2 BRIC R b RWINER T 4-2a " bivic, £72, Bl
BRVEN Z & 2K DMF Z388E & U CTRWZBRIZIE, 4-2a OIEEDN 35%F TR F L7z,
ZORERE Y . RGN FBICHEITT D 72DIZITAKNMETH D Z ENRBE I N, —
Ti. BTHLENED 4-A b F RV VEBEK (4-15e) & HIV T2 BRI 4-2a DIRIT 5%
FTIKF L7z, 72, 7 == VEBIK (4-150) % W T2 BRIC b B OISR T 4-2a 356
iz, LU, 4-15F [ ZERPHEORRE D T L7 a~ T 57 4 —TIT I LEND
HI-DERBEMTH L Z LITa, BILES 24% LK<, REERGPEETH D
(Scheme 4-18a), —J7. 4-15b |ZHHEEERE TG 21T 2 O THIMMT 25 2 &2
Z IR 81% &< . KREMG LAY Th D (Scheme 4-18b), & Z T, 4Rl 4-15b
% il IR R IR E LTz, F 72, 4-15g B XY 4-15h 2 W= BRI BUG A EE T L 72
Mmool
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OJI\N‘R Ph
,——=—Ph 1 mol% [CpRu(MeCN);]PFg =
o + > S
\%Ph wet DMF, 80 °C, 24 h =
under air Ph
4-1a 4-15a 4-2a
1.0 equiv
S S S S
O)LN/D o)]\N/\Q OJ\N/\Q/CI O)LN/\Q
@ @ (o] @ @ F
4-15a 4-15b 4-15¢ 4-15d
41% 1% 64% 64%
35%*

*Dry DMF as solvent

Y e,
SQ. &
5%

4-15f
82%

S S o
O)LN OJ\N
RO Ry

4-15g 4-15h

incompetent reagents

Scheme 4-17 X2 F X H ) — L2-F F > DaEFE FEBILOMREHE R

S
1.0 equiv Cl
OH q CHOOC' OH \/©/ 1) 2.0 equiv NaBH, o)I\N
NH, 1.0 equiv MgSO, Ny EtOH, rt, 9 h /\O\
. . (a)
THF, rt,1h 2) 3.0 equiv CS, Cl
3.0 equiv KOH
30 mmol 4-15b
reflux, 10 h 81% (3 steps)
o 10 mol% Cul o
1.1 equiv )]\ oo " o )]\
OH c1” “OEt OH 20mois I o” "n-Ph
NH i N { 4
2 1.8 equiv NaHCO; _ “CO,Et Bu Bu . @
H,O/CH,Cl, (1/1), rt, 90 min 2.0 equiv Phl
55% 2.0 equiv Cs,CO; 45%

S

0.6 equiv Lawesson's reagent OJ\N,Ph
> (b)

toluene, reflux, 24 h

4-15f
94% (24% for 3 steps)

MeCN, reflux, 20 h

Scheme 4-18 4-15b 3 X TY 4-15f D& R
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A-8 i FRIRFBENRY [2+2+1]BRALAT IR s DS fRAT

FeN T, AREFHBEIR[2+2+1] L O SN BT 2 MR E2 5 572D, W< Do
FRiF SRR 2 9206 L 7=, £ 97, Yamamoto 512 L » THE ST F A 7 Lk 4-16
& 4-15b & O EGaG A FERE L= (Scheme 4-19a), 14 E? 4-15b B LN 1.1 ¥ ED
AQPF fF£ . 4-16 Z DMF 1, 80 °C T 1 h B 21T 7=, T DR, FTLD 4-2a
D BA%IETH LN, ZORMEN S REININVT TV A 7 VR & H L CHELT
LTWBZENHALMNE ST, FEWT, KIFE T TORMISO AR ZREE LT
(Scheme 4-19b), & D#ER, 4-2a 25 90%IR TR LD & T, A/VALT I R 4-17b 78
T6%I R TH: b LTz, 4-17b 1%, 4-15b 7 SRR BEISS S AT 2 & 1T, KRBT
HIEWZEoTHERLTND EHEETE D, 2T, 6 4D D0 b LI H,P0 Dt
{7 T Chitsa BBV [2+2+ B LI 2 T o 7o & 2 A 9% EKF{L SRV AT
R[D]4-17b ¥ L O B0 #55#k S 7= [P0)4-17b N ENFNE S NTZ, ZOFEEN S, 4-17b
DAERRITITAKNEESE L TWD Z ERHLMNE o T,

S
Ph M Ph
\_ _Cp* o N 1.1 equiv AgPFg —
0o | “RuZ + » O S (a)

4 Cl DMF, 80°C,1h =

Ph ci Ph
4-16 4-15b 4-2a, 54%

1.0 equiv
v =1653 cm™
rh OH CHO cl
2 mol% [CpRu(MeCN);]PFg _ ]
» O S + N (b)
wet DMF, open air =
80°C,5h Ph
90% 76%
or
4-15b . 18 4-2a 4-17b
1.0 equiv 6 equiv D,0 or H,'°O
dry DMF, Ar 99% D v=1635 cm""
80°C,5h OH CDO OH (I:H130
NvAr NvAr
[D]4-17b ['®0J4-17b

Scheme 4-19 FEIERRAT D 7= 8 O FRGIE S BR
D OFER 2 TN AR OHEERBEY A 7 V% LU FIZRd (Scheme 4-20), 57,

DA Ll Rufiift & ORRLAIBRILIC X 0 LT A 7 AR YR 4-18 D3AERT S BT
4-18 DOREFHIIR N RFEA 4-150 76 OEEBEN NS EIT L, B8R 4-19
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IR % &I, RV LAT I R 41T AT 5, 5l &< o FNBRILRISIZ L Y 7
7 = UEEIR 4-20 D3R D, 1. Yamashita 512 & o T &7z DMSO % iRt 5
KET D04 v OBBBERR2+2+ 1AL MG TS, RO AR T 7 7 V8RR
Bl EnD Z ENBESNTND 2, BRIV A V41 L ORI FAZHUC LY | T4 7
A2 B LND EIT, 418 NEAT D,

: A
— N/\
X S
Y
H0
42 R >\:/< 415
RuCp OH CHO
/%R
X
41
CpRu
R
X S
4-20

Scheme 4-20 ¥ A > O EE BB [2+2+1 B AT N I O HEE kD1 7 L

WEBBSIGIZ L D 4-18 725 4-19 MR S5 BRSO RE 7B X R T b 5 723,
LT 2580 OENE 2 5% (Scheme 4-21), — > H A, RulZBINLT 25 Z & TRE
FHNTTEVEAL ST TF AT VR =V FEIT%E LT AKDRIZHEE T 58 TH S (path A),
T OETIT, BRBIRRE TSigie Z8H L THNARUIRFB~OIEB ISP EIT L,
4-19 L4 417 BT D, SO H 2N, 4-18 2 B EERICH BB OGS ST LT 4-19
EITAFH VY T LT R 420 NERRT D TH D (path B), Z ORMETIX
FlERE< 4-21 LAKDBISIZ R Y 417 BEKT D EEZBND, L, AF TV T UL
AN AIREEIRATFE T D720, EREPARLZENT D N TREND, D
b, VT F v urZ ) AOiEBERSIEFEIC path A2 X > THEITT S
HDOEEZTND,
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o ®
R2 > _0 — “Ru =~ ~—> Ru™ +
o pathn A I &%s =
.R|u® Ar\/N X R X R?
Ru_ 4-19 417
R2 S&O ] - =
Y TS18.19
Ar N
. O".\‘ Ar
418" direct sulfur-atom-transfer > 419 + N— H,0
path B
4-21

Scheme 4-21 V7 FH A 7 )L ~DHk &R 8 B [ O HE T s

4-9 i MEBBRR+2+1BRLANKIC BT 2 KOWMENRKGEEICE 2 D HE8

TN T ARBIGIZIT 2K OBIMED R SHE G- 2 DB HONW TR D2,
[ FEBR A 1T > 7= (Scheme 4-22), E{AAIZIE, 2 mol% > [CpRu(MeCN)s]PFg filt i D 77 7E
T WEEME L L TAF VT AFARCEB U2 M0, 1480 4-15b 2R E L, K
t L< X "PrOH Z ¥R L, %K DMF 180 °C ¢ 75 min JIEE £ 44T 9 ST 4-1a H»
5 4-2a DAERT DHME LT, FORIEK, BEARRMTIIRISOEITNIEFIZES .
75 min & D 4-2a DILERE 29%IC E -7, ZOFE, AALT IR 4-17b ITEBE L)
AR Le o T, — 5T 1~3 Y EOKZ M L7z St TIEEEC NI HETT L, 4-2a
BLO 4170 NEEBMICER Lz, £72, 1 48D D,0 2R M LB L RO RTH
ofc, ZDOT EMNG, O-D e OUIMERNFEIEERE TRV EBHLNE o7,
Fio, 6 BEOKEZRMNT 2 &SR T Lz, BBRENZ 210, RRRIE LY E
D "PrOH ZIRINT 5 Z L2 K> THANE L. 75 min #1213 4-2a 73 80%U R T H 7,
Z OB, 4170 1 TAERE T, bV ICEMERIEA MBI S T,
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Ph

/—Ph 2 mol% [CpRu(MeCN);]PFg _
[0} > O S + 417b
\;Ph 1.0 equiv 4-15b =

T x equiv H,0 or "PrOH Ph
4-1a 0.3 equiv CgMeg 4-2a
dry DMF, 80 °C, 75 min

100 -

ol —— 0 equiv
®

o —e—1 equiv
<t

s —— 3 equiv
o .
i —<— 6 equiv
=

—+—1 equiv DO

——1 equiv "PrOH

time [min]

T 75 min % D 4-2a DILER 1 1 equiv H,0, 96%; 3 equiv H,0, 94%; 6 equiv H,0,
76%; 1 equiv D,0O, 94%; 1 equiv "PrOH, 80%

Scheme 4-22 & i 25k

4-10 8 FRFEBENR [2+2+ 1 BRALA IS RS D EE — M o et

BT AMBELS ORE A2 TE L, £, VA OSSN R KIE T
B HOWTFHN7Z (Scheme 4-23), 2-5 mol% D [CpRu(MeCN)s]PFfillit D FE/E T,
HDA-15bZ fi IRV, DMFH, 80 °C, Z2RFRFHA T CHIEMIE#R 21T 5 2 & THix
BAEH A OV A VAN DFTEDF F 7 = VAN RIFRINRTE LN, £2. K
FOSIE R VT I R, ALVT 4 R, ARy, =R, =m2F)L Ry, TIFEB
FOV I T —F Ve BIEIRVVERREE R IAE T T 2 AT L7 (4-2a-), Z Ot
A BBEEEZ O T VA L UFERL-2kSC, T/ T T M2l T A T = UEFER4-20
HEIETH LN, £, 42k BIX RIS G DT 7o XERAE s S 7
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FrC T OEEZHER L WD, 2, L7-P4 v EEEICHWTARMIGZ FE i 5 =

WXV, BERMMER LT A7 = VR EZ G TE D, BAERNICIE, 4H-F/

[3,4-C]17 b A VEEEL2MB LT 7 b [23C]1F 4 7 = -4,9-U A4 VFHEIK 42008 %
NENBT%I LTSI TR Bz, W, Miller b3l kIZ, EmEor XY A 7L
ESg L DIRISIZE Y | 4-2nD362% R TH O D Z L ZHE LT 5 2 (Scheme 4-10a),
FThbb, AFEZANWSZ LICLD, 4208 K 0 EVIETHE LN A2 T,
T 5482 it &I KHTE 2 2 LW LN E o7z,

Ph
X/—: Ph  1cpRu(MeCN);]PFs
- S
\%Ph 1.0 equiv 4-15b S
DMF, 80 °C, air bh
4-1 4-2
Ph Ph Ph Ph Ph
—
o [ s TsN(:i?S s\/:ﬁés o:\s/;ﬁ?s EtOzC‘CQS
== == == (o)g S
Ph Ph Ph Ph Ph
4-2a,90% 4-2b, 88% 4-2¢, 71% 4-2d, 73% 4-2e, 85%

5 h, 2 mol% Ru

4-2f, 84%
20 h, 2 mol% Ru

O Ph
(X s
O Ph

4-2k, 90%
7 h, 5mol% Ru

11 h, 5 mol% Ru

TBSO _
8
TBSO
Ph

4-29g, 83%
3 h, 2 mol% Ru

//a)f

L\‘ e

XRD data
of 4-2k

6 h, 2 mol% Ru

(o] Ph
s
~Y
o Ph
4-2h, 90%
14 h, 2 mol% Ru

|

4-21, 92%

11 h, 5 mol% Ru

24 h, 5 mol% Ru

(0} Ph
0 —
X 1§CQ
o
o Ph
4-2i, 84%
20 h, 2 mol% Ru

Ph
)
~ s
o
Ph
4-2m, 87%

Scheme 4-23 A L difEHE 0 B2

12 h, 2 mol% Ru

10 h, 2 mol% Ru

\N (o] Ph
—_—
O=< ic@s
N
/o Ph
4-2j, 85%
24 h, 2 mol% Ru

-
)

o Ph

4-2n, 75%
6 h, 5 mol% Ru

BENT, T R EIRIEDOREIZ SO\ THiET L7- (Scheme 4-24), & 1B &7
U—VEHIEZ OV A v 4-lor 1E, FaESEEIZB W CTHIISRIGET L, kT

LFHT = 4201 BEIER TR LN, —H o mm o-7 =3 VR E $-oY A 4-1p
I EEREEDME D> 72728, 10 mol%® Ru fillii sz W5 Z L2k, FrEOF 47 = v
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4-2p 7 80%IL R T HILZ, FIZ, NP UBRICp-7 A r, p-I— R, p-ARo g
T A= VT AT NVENENEIER L=V A > 4-1s-u 725 % 2-5 mol%d Ru fififi: 2 H
WHZ EIZKk, HIETEF AT = 4-25-u B 0%LL EDINETHE LT, AN
I ESAR N BT V=N b ) —HICEFARRT U — VA2 HFT 5 push
—pull LD A > A-1v-x ZHE & L CTHWTH R <17 L, %95 push—pull L5
F7 = 422v-x BEIRTHE O, TORRT A7 = RITA KGR O JE A
ELTHAZED TS, EEE 4-2w 1 365 nm OEIMRE BT 2 2 L1k - T,
BEAREECH F a2 335 (Figure S4), ®iZ, TAF U RiglcFz=1E%E o
AV Aly-za EIHELT DI LT, X—F AT = VEDN 6T-2%INETE LN D,

JFe WAREHE p-ARINT 2= VBN p-PAF AT ) 7= Vikd oV A v
4-1zd B I 4-1ze ZHE L L THRINMTEITE S, FFEOTF 47 = 3G o nZeiro
7=
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OMe

(o}

(D
O

Me

4-20, 81%
5 h, 2 mol% Ru

F
=
o S
=~
F

4-2s, 92%
11 h, 5 mol% Ru

NPh,

o
O

4-2W, 90%

3 h, 2 mol% Ru

4-2za, 67%
4 h, 5 mol% Ru

/—="R" [CpRu(MeCN);]PF; _
> S
__— R? 1.0 equiv 4-15b =~
_ DMF, 80 °C, air 2
4-1 4-2
Meo ~ OMe 0~
O OMe O o
- —
OMe (o] S o s
- Y ~
o )
=
OMe
Q OMe o
MeO OMe o J
4-2p, 80% 4-2q, 88% 4-2r, 96%

7 h, 10 mol% Ru

o

4-2t, 98%
4 h, 2 mol% Ru

NPh,

(2
O

4-2x, 89%
2 h, 5 mol% Ru

—
~
Me

4-2zb, 62%
3 h, 5 mol% Ru

5 h, 2 mol% Ru

Bpin

&
O

Bpin
4-2u, 93%
5 h, 5 mol% Ru

/s
—

o s
=
—~
\_-$

4-2y, 92%
3 h, 5 mol% Ru

—
(o] S
Y

4-2zc, 50%
21 h, 5 mol% Ru

5 h, 2 mol% Ru

OMe
—
o S
N
F

4-2v, 93%
1 h, 5 mol% Ru

4-2z, 74%
3 h, 5mol% Ru

R = CHO, 4-1zd
R = NMe,, 4-1ze
incompetent substrates

27 98

Scheme 4-24 7 /L% o RigEHLEL D 2



4-1zd I LW 4-1ze DEEE DSOS L7 WK Z B 5 2329 5 72912, Glorious 512 K >
T S407= robustness screening & S0 L7-** (Scheme 4-25), §72bH, 2 {EON
YATNATE R LAEINN-U AT AT I RUBHET | EELIEIZ T 4-1a Ot
ERBEVR 2+ 2+ 1B ISR 2 F2i LU, 4-2a DMF BN D0 &R, ZOREE,
A7 NT e RIE T TlE 4-2a 28 83%ILETH LD LI, RUXT AT R KD 64%
EINENT-, ZOFERLY ., 4-1zd 1ZARA I AEOEFRIMEI L0 KEHEME T LT
WHZERBHLNERST, — 07 NN=U AT AT ) RUBUHFTF T, 4-2a O
IR 1% E TR F L7z, ZOREND, 4-2ze 1T AF T I 7 K05 Ru il 2Bz
L OB S ZBLE L TWA Z ERH LN E o T2,

Ph
/—Ph R’ 2 mol% [CpRu(MeCN),]PFg >
o + > O S
\%Ph 1.0 equiv 4-15b =
DMF, 80 °C,5h Ph
4-1a 2.0 equiv open air 4-2a
conditions A:'R=CHO 83%
conditions B: R = NMe, 31%

Scheme 4-25 Robustness screening @i 5

BB, YINATVA CEEBICHWTRIGEIT 272, £3. TAF U AREZ TMS
EELH, ) —HIZ p-T =3V ELODE ) VI LT A VU 41z ORIGERFHLTZ
(Scheme 4-26), ZOfER., FTLEOT VAT A7 = 3 GFLNT, b7 v MY
JABAK 4-22F 73 56%ULE THL N, 2O, WAERMTHD 4-1Tb D7 = ) —)b
KIS 2 U AL ST AL AW 4-22 BHUVAERM O 'H NMR TBIllS vz, E72, 2o
FAT = 0F, TR RIBEERL Y AV 4-1zh DTS LN -T2, 2D DER
FEMNG, 4-22F [Z[2+2+ 11BN ST L7211, 4-17b b L <3RBT 7 Mk
VUM EBIEEILTER LTSI LD EEZ NS, I T, 7u M U ks
T2 HT, &EWTBS a2 L OE /U LT A v 4-1zg # VTG EIT -T2,
ZOFER, FTEOV VLT T = 429 N AQ%NRTEHEOLNTZHL DD, 7r ki
WAL Z SERICHHIT 2 Z L 1T TEJ, RBIAERY & LT 4-22f 73 36%ILRTH LT,
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OMe OMe 0si CHO

N Ar
/%OOMe 2 mol% [CpRu(MeCN);]PF¢ _ _ 4-22
o > O S + O S : tentative
__— gj 1.0 equiv 4-15b = = :
DMF, 80. C Si H : .
open air = < >—
Si =TMS, 4-1zf Si=TMS,2h - 4-2zf, 56% O\ S
Si=TBS, 4-1zg Si=TBS,18 h 4-2zg, 49% 4-2zf, 36% : 4-1zh
-1z

Scheme 4-26 €/ 2 U VA v &2 FE &3 2 RO

BHRIZ, AT I FEEHEEZ B OEA NI AFAS YLD A 2 417 #EE LT
AV, EESRE TIC TR EIT T2, TOREE., MEREY 25-MEWT 47 = 4-2zh
DHRRE DI TH b7 (Scheme 4-26),

/—=—TMS 2 mol% [CPRu(MeCN);]PF

TsN > TsN<I>S
_— 1M™mS 1.0 equiv 4-15b =
DMF, 80 °C, 8h
41z open air 4-2zh

53%

Scheme 4-27 B AT U LA v % 3E &3 D [2+2+1]BALA NS

4-11 8 RS EOBFH A

BB EDOIAERY TH D 4-17b ZHFHMESAFIC A & BlA L I A L3 AT L,
N FHY Y —)-2-FF o 4-15b OEMTHETH D p-7/ mr XL T I 481
2N 81%ULR T H 7z (Scheme 4-28), Z D Z & X V. 4-15b [T EEHE SR D FhREA &
LTHAMHTED Z e s T,

EtOH/H,0 (1/1) EtOH

reflux, 4 h

4-17b 4-S1
81%

g J

e A
cl I
OH CHO OH H ¢ Cs, OJ\N
N 3 equiv KOH N KOH
@

Scheme 4-28  4-17b ORI v I WAL s
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4-12 8 HEER

[CPRU(MeCN);]PFg flRIEAFAE T, X A F 4 —)L-2-F 4 4-15b % i g5 v
DL TUA v ORTEBEN2+2+ 1B MBS D EIT L, iR T A7 = v AT
DR FIEORFICRE) LTc, RRONIEH S CTH#ITT 2720, (EROZERT 47 =
VARIE & IR TERERSZ AMEN G, TS, BB bR L
WD EBRBWERTECH D L W o L FRE AT 5, £z, WL O ORGEFEBRORKE T
DB RRRIEY A v & Rufillit & OFLRBRLIZ L > TE T 20T 14 o1 7 Lk
R L CETT 5 Z &, MEBEOWRIX, VT YA 2 VICENL LT A AR =
VEEITHR U CARDSREE S 5 2 & CHBICHEITT 5 2 2L L, £/,
AR O R LD ARSI 1 Y&\ EOKRL "PrOH 2342 Z LI k> TR S 1
HT xRN LT,
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Chapter 4 Experimental section

General considerations

All air- and moisture-sensitive reactions were performed under an argon (Ar) atmosphere in
dried glassware. Analytical thin layer chromatography was performed using 0.25 mm silica gel
plate (Merck TLC Silica gel 60 F,.,). Column chromatography was performed on silica gel
(Cica silica gel 60N) with solvents specified below. Melting points were recorded on SRS
OptiMelt MPA100. NMR spectra were recorded on JEOL ESC-400 spectrometer (*H/400 MHz
and *C/100 MHz) for samples in CDCl; solutions at 25 °C. *"H NMR chemical shifts are
reported in terms of chemical shift (5, ppm) relative to the singlet at 6 7.26 ppm for chloroform.
B3C NMR spectra were fully decoupled and are reported in terms of chemical shift (5, ppm)
relative to the triplet at 8 77.0 ppm for CDCls. Splitting patterns are designated as follows:
s, singlet; d, doublet; t, triplet; q, quartet; quint, quintet; sext, sextet; sept, septet; m, multiplet.
Coupling constants are reported in Hz. Infrared spectra were recorded on JASCO FT/IR-230
specrometer. High-resolution mass spectra were recorded on JEOL JMS-T100LP mass
spectrometer. UV-Vis absorption and fluorescence emission spectra were recorded on JASCO
V-530 UV-VIS spectrophotometer and JASCO FP-6200 spectrofluorometer, respectively.

Reagents and Solvents: PdCl,(PPhs),' , [CpRu(MeCN)s;]PFs*and [Cp*Ru(MeCN)s]PFs*
were prepared according to the report. Cul (Kanto Chemical), S (Kanto Chemical), Na2S203
(Wako), Lawesson’s reagenst (Wako), thiourea (Wako), tetramethylthiourea (Aldrich), and H
18O (Taiyo Nippon Sanso) were purchased and used as received. Other solvents and reagents
were purchased from chemical suppliers (Aldrich, Kanto Chemical, TCI, and Wako) and used as
received.

Diyne Substrates: Most of diyne substrates have been reported in the literatures®. Unknown
diynes were prepared as described below.

Thiocarbonyls: Most thiocarbonyls were known compounds and can be purchased (4-6) or
were prepared according to the literature®. Other known compounds 4-9°, 4-167, and 4-18°
were synthesized as reported.

Synthesis of Diynes Synthesis of S1: To a solution of

Jd O NPh2 3-(4-(diphenylamino)phenyl)prop-2-yn-1-ol (381.9 mg, 1.3 mmol) in dry
_ DMF (3 mL) was added NaH (60% dispersion in mineral oil, 56.8 mg,

1.4 mmol) at 0 °C under an Ar atmosphere. The reaction mixture was

S1
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stirred at room temperature for 1 h. To this reaction mixture was added propargyl bromide (0.15
mL, 1.7 mmol) and stirring was continued for 30 min. The reaction was quenched with water
(10 mL). The aqueous phase was extracted with hexane/AcOEt (1:5, 12 mL). The combined
organic layer was washed with brine (10 mL) and dried over MgSQO,. After concentration in
vacuo, the obtained crude product was purified with silica gel column chromatography
(hexane/AcOEt 10:1) to afford S1 (218.2 mg, 51%) as an orange oil; * H NMR (400 MHz,
CDCls3, 25 °C): 6 2.46 (t, J =2.4 Hz, 1 H), 4.32 (d, J = 2.4 Hz, 2 H), 4.48 (s, 2 H), 6.96 (dt, J =
8.8, 2.0 Hz, 2 H), 7.03-7.12 (m, 6 H), 7.24-7.31 (m, 6 H); *C NMR (100 MHz, CDCl3, 25 °C):
5 56.4,57.4,74.9, 79.1, 83.1, 87.0, 115.1, 122.0, 123.6, 125.0, 129.4, 132.7, 147.1, 148.2; IR
(neat) 3290 (=CH), 2226 (C=C) cm* ; HRMS (DART) m/z calcd for Cy4H;oNO<H 338.1545,
found 338.1548 [M+H]" .

Typical Procedure for Unsymmetrical Diynes — Synthesis of 4-1x: To
/T C ? a solution of S1 (218.2 mg, 0.65 mmol), pnitroiodobenzene (162.5 mg,

= No, 0.65 mmol), and in 'Pr,NH (0.4 mL)/ ' BuOMe (1.2 mL) was added
4-1x PdCI,(PPh3), (4.6 mg, 0.0065 mmol) and Cul (2.5 mg, 0.013 mmol)
under an Ar atmosphere at room temperature. The mixture was stirred at room temperature for 1

o

h and then filtered through a pad of Celite®. The filtrate was concentrated in vacuo, and the
obtained crude product was purified with silica gel column chromatography (hexane/AcOEt
6:1) to afford 4-1x (275.1 mg, 92%) as an orange oil; * H NMR (400 MHz, CDCls, 25 °C): &
4.54 (s, 2 H), 4.57 (s, 2 H), 6.97 (dt, J = 6.8, 2.4 Hz, 2 H), 7.04-7.12 (m, 6 H), 7.25-7.32 (m, 6
H), 7.60 (dt, J = 4.8, 2.4 Hz, 2 H), 8.19 (dt, J = 4.8, 2.0 Hz, 2 H); *C NMR (100 MHz, CDCl,,
25 °C): 6 57.1, 579, 829, 84.7, 87.4, 90.1, 114.8, 121.9, 123.5, 123.6, 125.0, 129.4, 132.5,
132.7, 147.0, 147.2, 148.3; IR (neat) 2209 (C=C) cm' ; HRMS (ESI) m/z calcd for
C3oH2,N,04Na 481.1528, found 481.1537 [M+H]" .

Following unsymmetrical diynes were also synthesized according to the above procedure.

Analytical data for 4-1v: pale-yellow oil; * H NMR (400 MHz, CDCls,

,—<: >—F
d 25°C): 8 3.81 (s, 3 H), 4.52 (s, 4 H), 6.84 (dt, J = 8.8, 2.8 Hz, 2 H), 7.01
%@om (tt, J = 8.8, 2.4 Hz, 2 H), 7.41 (dt, J = 8.8, 2.8 Hz, 2 H), 7.42-7.47 (m, 2
4-1v H); *C NMR (100 MHz, CDCls, 25 °C): § 55.1, 57.1, 57.5, 82.8, 84.2,

85.5, 86.7, 113.8, 114.4, 115.4 (d, J = 21.9 Hz), 118.5 (d, J = 2.8 Hz), 133.2, 133.6 (d, J = 8.5
Hz), 159.7, 162.5 (d, J = 248.9 Hz); IR (neat) 2238 (C=C) cm™* ; HRMS (DART) m/z calcd for
CioH1sFO,+H 295.1134, found 295.1133 [M+H]".
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. Analytical data for 4-1w: pale-yellow oil; * H NMR (400 MHz, CDCls,

d D W s °C): & 4.518 (s, 2 H), 4.523 (s, 2 H), 6.95-7.12 (m, 10 H), 7.24-7.32
\+QF (m, 6 H), 7.44 (ddd, J = 8.8, 5.6, 2.4 Hz, 2 H) : *C NMR (100 MHz,
41w CDCl3, 25 °C): 6 57.2, 57.6, 83.3, 84.2, 85.6, 87.1, 115.1, 115.5 (d, J =

21.9 Hz), 118.6, 122.0, 123.6, 125.0, 129.4, 132.7, 133.7 (d, J = 8.6 Hz), 147.1, 148.1, 162.6 (d,
J = 247.9 Hz); IR (neat) 2208 (C=C) cm* ; HRMS (DART) m/z calcd for CaH,FNO-H
432.1764, found 432.1767 [M+H]" .

— pn Typical Procedure for Symmetrical Diynes— Synthesis of 4-le: To a

Et0,c—( — on solution of ethyl 2-(prop-2-yn-1-yl)pent-4-ynoate (656.0 mg, 4.0 mmol) and

4-1e iodobenzene (1.63 g, 8.0 mmol) in'Pr,NH (4 mL)/ '‘BuOMe (8 mL) was
added PdCI,(PPhs), (6.7 mg, 0.0095 mmol) and Cul (3.5 mg, 0.018 mmol) under an Ar
atmosphere at room temperature. The mixture was stirred at room temperature for 12 h and then
filtered through a pad of Celite®. The filtrate was concentrated in vacuo, and the obtained crude
product was purified with silica gel column chromatography (hexane/AcOEt 6:1) to afford 4-1e
(1.18 g, 93%) as a beige oil; *"H NMR (400 MHz, CDCl;, 25 °C): & 1.29 (t, J = 7.2 Hz, 3 H),
2.88-2.94 (m, 5 H), 4.23 (q, J = 6.8 Hz, 2 H), 7.28-7.30 (m, 6 H), 7.38-7.41 (m, 4 H); **C
NMR (100 MHz, CDCls, 25 °C): 8 14.3,21.2, 43.9, 61.0, 82.5, 86.2, 123.4, 127.8, 128.2, 131.6,
172.7; IR (neat) 2234 (C=C), 1735 (C=0) cm* ; HRMS (DART) m/z calcd for C,,H»0,*NH,
334.1807, found 334.1802 [M+NH,]" .

Following diynes were also synthesized according to the above procedure.

o Analytical data for 4-1h: beige solid (mp 96.5-98.5 °C); * H NMR (400
><:§<i”‘ MHz, CDCls, 25 °C): & 1.88 (t, J = 2.4 Hz, 6 H), 4.27 (g, J = 2.4 Hz, 4 H),
LT " 446 (s, 4 H), 7.29-7.34 (m, 6 H), 7.43-7.47 (m, 4 H); °C NMR (100 MHz,
1 CDCly, 25 °C): § 3.6, 57.1, 57.2, 74.4, 83.1, 84.5, 86.5, 122.5, 128.2, 128.4,

131.7; IR (neat) 2234 (C=C), 1700 (C=0) ecm™ HRMS (DART) m/z calcd for CpsH»40,*NH,
386.2120, found 386.2107 [M+NH,] * .

TBSO — pn Analytical data for 4-1g: colorless oil; 'H NMR (400 MHz, CDCls,
TBSO:X;P,, 25 °C): 6 0.08 (s, 12 H), 0.92 (s, 18 H), 2.55 (s, 4 H), 3.66 (s, 4 H), 7.27—
4-1g 7.30 (M, 6 H), 7.37-7.41 (m, 4 H); *C NMR (100 MHz, CDCls, 25 °C): § —

55, 18.3, 22.1, 25.9, 44.5, 63.7, 82.4, 87.2, 124.1, 127.5, 128.2, 131.6; IR
(neat) 2221 (C=C), 1257 (Si-CH;), 836 (Si-CHs) cm™ ; HRMS (ESI) m/z calcd for
CasHas0,Si,*Na 555.3091, found 555.3090 [M+Na]" .
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— Ar Analytical data for 4-1p: orange solid (mp 94.2-96.1 °C); *
°::A, Ars §_©_°""e H NMR (400 MHz, CDCl, 25 °C): 6 3.92 (s, 6 H), 4.96 (s, 4

41p H), 6.97 (d, J = 8.8 Hz, 2 H), 7.01 (dd, J = 7.2, 0.8 Hz, 2 H),
7.26-7.31 (m, 2 H), 7.39 (dd, J = 7.2, 1.2 Hz, 2 H); **C NMR (100 MHz, CDCls, 25 °C): § 55.4,
69.8, 111.3, 120.9, 122.7, 127.2, 128.6, 129.4, 142.9, 155.7; IR (neat) 2233 (C=C) cm* ; HRMS
(ESI) m/z calcd for CyoH1503°Na 329.1154, found 329.1159 [M+Na]" .

—=—Ar , Analytical data for 4-1u: colorless solid (mp 131.3-
Ar = OBpin

e 132.3 °C); *H NMR (400 MHz, CDCls, 25 °C): 8 1.34 (s, 24
4-1u H), 4.55 (s, 4 H), 7.45 (d, J = 7.4 Hz, 4 H), 7.75 (d, J = 7.4 Hz,
4 H); ®*C NMR (100 MHz, CDCl,, 25 °C): § 24.9, 57.5, 84.0, 85.6, 86.9, 125.1, 130.9, 134.5;

HRMS (DART) m/z calcd for CsgH3sB,05°NH, 516.3093, found 516.3092 [M+NH,]".

—=—Ar /s Analytical data for 4-1y: brown oil; ' H NMR (400 MHz, CDCls,
o\%Ar A=t 25°C): 6 4.51 (s, 4 H), 7.13 (dd, J = 5.2, 0.8 Hz, 2 H), 7.27 (dd, J =

41y 9.2, 2.8 Hz, 2 H), 7.47 (dd, J = 2.8, 1.2 Hz, 2 H); *C NMR (100 MHz,
CDCls, 25 °C): & 57.4, 81.9, 84.0, 121.5, 125.3, 129.3, 129.9; IR (neat) 2217 (C=C) cm™* ;
HRMS (DART) m/z calcd for Cy4H;00S,*NH, 276.0517, found 276.0513 [M+NH,]" .

— A gr Analytical data for 4-1za: brown solid (40.0-41.2 °C): * H NMR
S r S
SN 5—@ (400 MHz, CDCls, 25 °C): & 4.50 (s, 4 H), 6.93 (d, ] = 3.8 Hz, 2
4-1zd H), 6.98 (d, J = 3.8 Hz, 2 H) ; *C NMR (100 MHz, CDCl,,
25 °C): & 57.6, 79.3, 89.3, 113.5, 124.0, 130.0, 133.0; IR (neat) 2219 (C=C) cm*; HRMS
(DART) m/z calcd for Cy4HgBr,0S,eH 414.8462, found 414.8479 [M+H]" .

—=—Ar Analytical data for 4-1zd: colorless solid (mp 115.7-
T EOC“ 116.3 °C); L H NMR (400 MHz, CDCl,, 25 °C): 5 4.58 (s, 4 H),

4-1zd 7.60 (d, J = 8.4 Hz, 4 H), 7.83 (d, J = 8.0 Hz, 4 H), 10.01 (s, 2
H); *C NMR (100 MHz, CDCls, 25 °C): & 57.6, 86.1, 88.2, 128.6, 129.5, 132.3, 135.8; IR
(neat) 1699 cm™ (C=0); HRMS (ESI) m/z calcd for CxHy,03*Na 325.0841, found 325.0846
[M+Na]" .

Gereral Procedure for the Synthesis of Compound 4-15b
j\ To a suspension of 2-aminophenol (3.28 g, 30 mmol),
o] N/\Q\ p-chlorobenzaldehyde (4.22 g, 30 mmol), and MgSQ, (3.70 g, 30 mmol) in

Cl

4-15b
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THF (30 mL) was stirred at room temperatures for 1 h. The reaction mixture was filtered, and
dried in vacuo. The crude mixture was dissolved in EtOH (30 mL), then NaBH, (2.252 g, 59.5
mmol) was added in 10 portions over the period of 30 min. The resultant mixture was stirred at
room temperatures for 9 h. To this reaction mixture were added KOH (5.05 g, 90 mmol), CS;
(5.4 mL, 90 mmol), and EtOH (60 mL) at room temperature. The mixture was then allowed to
reflux for 10 h. The reaction was quenched with 10% HCI (15 mL) and distilled water (20 mL)
and stirring was continued for 15 minutes. Then precipitates were filtered and dissolved in
CHCI; (200 mL). The resultant solution was washed with water (30 mL) and brine (30 mL) and
dried over MgSO,. After the concentration in vacuo, the obtained crude product was purified by
recrystallization from CHCI; and hexane at 4 °C to afford 4-15b (6.70 g, 81%) as a beige solid
(mp 189.2-191.9°C) ; 'H NMR (400 MHz, CDCls, 25 °C): § 5.40 (s, 2 H), 6.96 (dd, J = 6.8,
2.4 Hz, 1 H), 7.19—7.26 (m, 2 H), 7.31—7.38 (m, 5 H); **C NMR (100 MHz, CDCls, 25 °C):
5 48.8, 109.7, 110.5, 124.5, 125.0, 129.1, 129.2, 131.4, 132.3, 134.4, 147.1, 180.9; HRMS
(DART) m/z calcd for Cy4H10CINOS<H 276.0250, found 276.0236 [M+H]".

Other 3-benzylbenzo[d]oxazole-2(3H)-thiones were also synthesized according to the above
procedure, except for 4-15a, which was prepared according to the reported procedure”.

s Analytical data for 4-15c: colorless solid (mp 158.4-159.0 °C) ; 'H
0" "N ot NMR (400 MHz, CDCls, 25 °C): 8 5.41 (s, 2 H), 6.96-6.98 (m, 1 H), 7.20-

b/ 7.26 (m, 2 H), 7.27-7.31 (m, 3 H), 7.37-7.39 (m, 2 H); 3C NMR (100
MHz, CDCls, 25 °C): 6 48.8, 109.7, 110.6, 124.5, 125.0, 125.8, 127.7, 128.7,
130.3, 134.9, 1358, 147.1, 181.0; HRMS (DART) m/z calcd for
C1H10CINOS+H 276.0250, found 276.0256 [M+H]".

4-15¢

s Analytical data for 4-15d:  colorless solid (mp 189.2-191.9°C); 'H NMR

OJ\N (400 MHz, CDClj, 25 °C): 6 5.40 (s, 2 H), 6.97-6.99 (m, 1 H), 7.02-7.06 (m,

/\Q\ 2 H), 7.19-7.25 (m, 2 H), 7.37 (dd, J = 6.4, 2.0 Hz, 1 H), 7.41 (dd, J = 8.8, 5.6

Hz, 2 H); *C NMR (100 MHz, CDCls, 25 °C): & 48.8, 109.7, 110.5, 116.0 (d,

J =21 Hz), 124.4, 124.9, 129.7 (d, J = 8.6 Hz), 131.5, 147.2, 162.7 (d, J =

246.0 Hz), 181.0; HRMS (DART) m/z calcd for C14H;pFNOS<H 260.0545, found 260.0536
[M+H]".

F
4-15d

s Analytical data for 4-15e: colorless solid (mp 157.2-158.4 °C) ; 'H
OJ\N NMR (400 MHz, CDClg, 25 °C): 6 3.78 (s, 3 H), 5.37 (s, 2 H), 6.87 (d, J =
/\Q 8.8 Hz, 2 H), 6.88-7.01 (m, 1 H), 7.19-7.26 (m, 2 H), 7.33-7.38 (m, 3 H);

OV 13c NMR (100 MHz, CDCl,, 25 °C): & 49.1, 55.3, 110.0, 110.4, 114.3,
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124.3, 124.8, 126.0, 129.3, 131.6, 147.2, 159.6, 180.8; HRMS (DART) m/z calcd for
C15H13NO,SH 272.0745, found 272.0746 [M+H]".

Ruthenium-Catalyzed [2 + 2 + 1] Cycloadditions

ph Typical Procedure—Synthesis of 4-2a from 4-1a: To a solution of diyne 4-1a (73.9
o\/:iés mg, 0.30 mmol) and benzoxazolinethione 4-15b (82.6 mg, 0.30 mmol) in DMF (1
\Ph mL) was added [CpRu(MeCN);]PFs (2.7 mg, 0.006 mmol) and the solution was
4-2a stirred at 80 °C for 5 h. The reaction progress was traced by TLC analysis. After
cooled to room temperature, the reaction mixture was diluted with AcOEt/Hexane (5:1, 6 mL).
Organic phase was washed with water (10 mL) and brine (10 mL), and dried over MgSO,. After
concentration in vacuo, the obtained crude product was purified with silica gel column
chromatography (hexane/AcOEt 10:1) to give 4-2a (75.5 mg, 90%) as a colorless solid (mp
149.3-151.6 °C); ' H NMR (400 MHz, CDCls, 25 °C): & 5.08 (s, 4 H), 7.26-7.30 (m, 2 H),
7.35-7.43 (m, 8 H); *C NMR (100 MHz, CDCls, 25 °C): § 68.8, 125.8, 127.2, 129.1, 130.4,
133.6, 142.2; HRMS (DART) m/z calcd for CigH;40S+H 279.0844, found 279.0840 [M+H]" .
Further elution (hexane/AcOEt 2:1) afforded 4-17b (59.8 mg, 76%) as a beige solid (mp 157.2—
158.4 °C); a mixture of rotamers (major/minor = 3:1); '"H NMR (400 MHz, CDCls, 25 °C): &
major [minor] 4.83 [4.94] (s, 2 H), 5.92 [6.68] (br s, 1 H), 6.82-7.08 (m, 3 H), 7.12-7.29 (m, 5
H), 8.21 [8.46] (s, 1 H); *C NMR (100 MHz, CDCls, 25 °C): major+minor & 48.4, 53.8, 117.4,
120.2, 120.8, 121.4, 125.0, 126.7, 127.0, 128.6, 128.7, 129.1, 129.17, 129.23, 129.9, 130.2,
133.6, 134.0, 134.1, 134.9, 151.3, 152.5, 163.3, 164.1; IR (neat) 3244 (OH), 1653 (C=0) cm™ ;

HRMS (DART) m/z calcd for C14H;,CINO,*H 262.0635, found 262.0636 [M+H]" .

Ph Analytical data for 4-2b: colorless solid (267 °C decomp.) ; ‘H NMR (400

TsNCZ?S MHz, CDCls, 25 °C): 6 2.41 (s, 3 H), 4.62 (s, 4 H), 7.27-7.35 (m, 4 H), 7.41 (d, J

ph = 4.4 Hz, 8 H), 7.81 (d, J = 8.0 Hz, 2 H); *C NMR (100 MHz, CDCls, 25 °C):

4-2b 51121.5,49.7, 126.0, 127.5, 127.7, 129.1, 130.0, 132.6, 133.1, 134.0, 136.6, 143.9;
HRMS (ESI) m/z calcd for CysH,:NO,S,*Na 454.0911, found 454.0918 [M+Na]".

ph  Analytical data for 4-2c: pale-yellow solid (mp 151.0-152.5 °C); 'H NMR

S : s (400 MHz, CDClj, 25 °C): 6 4.13 (s, 4 H), 7.30 (dt, J=0.8, 7.6 Hz, 2 H), 7.41 (t, J =

b 7.6 Hz, 4 H), 7.51 (d, J = 8.4 Hz, 4 H); "*C NMR (100 MHz, CDCls, 25 °C): &

4-2¢ 31.4, 126.8, 127.4, 128.9, 131.8, 133.9, 142.9; HRMS (DART) m/z calcd for
C1sH1S,#H 295.0615, found 295.0606 [M+H]".
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ph Analytical data for 4-2d' °:  colorless solid (mp 212.2—214.0 °C, lit. mp 214-
0,8, s 215°C); HNMR (400 MHz, CDCls, 25 °C): § 4.43 (s, 4 H), 7.36-7.41 (m, 2 H),
b 7.43-7.47 (m, 8 H):  3C NMR (100 MHz, CDCly, 25 °C) : § 55.4, 127.2, 127.3,

4-2d 128.4,129.2, 132.6, 138.5.

ph Analytical data for 4-2e: brown solid (mp 130.3-130.7 °C); 'H NMR

EtO,C : s (400 MHz, CDCls, 25 °C): 8 1.31 (t, J=7.2 Hz,3 H),3.23(d, J =84 Hz, 4

b, H), 3.69 (quint, J =4.8 Hz, 1 H), 4.21 (9, J=7.6 Hz, 2 H), 7.26 (t, J = 7.2 Hz,

4-2¢ 2 H), 7.39 (t, J = 8.0 Hz, 4 H), 7.55 (d, J = 6.8 Hz, 4 H); *C NMR (100

MHz, CDCls, 25 °C): 5 14.3, 31.9, 49.1, 60.9, 126.3, 126.9, 128.8, 132.1, 134.3, 143.0, 174.4;

IR (neat) 1730 (C=0) cm™; HRMS (DART) m/z calcd for CyH,,0,S*NH, 366.1528, found
366.1541 [M+H]".

pn  Analytical data for 4-2f: beige solid (mp 191 °C decomp.); 'H NMR (400

N°><I?S MHz, CDCls, 25 °C): & 3.74 (s, 4 H), 7.34-7.38 (m, 2 H), 7.42-7.48 (m, 8 H);

= 3C NMR (100 MHz, CDCl,, 25 °C): & 38.2, 40.2, 115.8, 126.5, 128.1, 129.2,

4-2f 132.8, 135.3, 135.9; HRMS (DART) m/z calcd for C,;H14N,S*NH, 344.1221,
found 344.1225 [M+NH,]".

pn Analytical data for 4-2g: pale-yellow solid (mp 92.4-92.8 °C); 'H
TBS°><:|i<<S NMR (400 MHz, CDCls, 25 °C): § 0.01 (s, 12 H), 0.87 (s, 18 H), 2.75 (s, 4
= H), 3.60 (s, 4 H), 7.24 (t, J = 7.6 Hz, 2 H), 7.38 (t, J = 7.6 Hz, 4 H), 7.56 (d,

429 J=7.6Hz,4H); *CNMR (100 MHz, CDCl,, 25 °C): § —5.5, 18.3, 25.9,

33.9, 57.1, 65.5, 126.2, 126.6, 128.7 131.9, 134.7, 144.3; IR (neat) 1257 (Si—CH,), 836 (Si—
CHs) cm™;  HRMS (DART) m/z calcd for CssHas0,SSioH 565.2992, found 565.2992 [M+H]".

o pn  Analytical data for 4-2h: colorless solid (mp 213.6-214.6 °C); 'H NMR

=g (400 MHz, CDCls, 25 °C): 8L/ (s, 6 H), 2.72 (s, 4 H), 3.43 (s, 4 H), 7.27 (d, J

Y \Ph = 14.4 Hz, 2 H), 7.39 (t, J = 8.4 Hz, 4 H), 7.53 (dd, J = 8.4, 1.2 Hz, 4 H);

4-2h C NMR (100 MHz, CDCls, 25 °C): & 28.3, 30.6, 33.9, 51.3, 126.3, 127.0,

128.8, 132.3, 134.1, 140.6, 205.7; IR (neat) 1694 (C=0) cm™; HRMS (DART) m/z calcd for
C1H340Si,*NH, 423.1395, found 423.1390 [M+NH,]".

o pn  Analytical data for 4-2i: colorless solid (mp 245 °C decomp.); 'H NMR

><° =\y (400 MHz, CDCls, 25 °C): 5 1.82 (5, 6 H), 3.64 (5, 4 H), 7.28 (t, J = 7.6 Hz, 2
°N %, H).7.39(t J=7.6Hz 4H) 7.49 (dd, J=7.6, 1.2 Hz, 4 H); “C NMR (100

4-2i
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MHz, CDCls, 25 °C): 6 29.1, 40.1, 58.5, 105.3, 126.4, 127.3, 128.9, 132.6, 133.8, 140.1, 169.9;
IR (neat) 1730 (C=0) cm™; HRMS (DART) m/z calcd for CpyH,00,S*NH, 422.1426, found
422.1433 [M+NH,]".

o pn  Analytical data for 4-2j: brown solid (mp 254 °C decomp.); 'H NMR
\
o=<” : s (400 MHz, CDCls, 25 °C): 6 3.34 (s, 6 H), 3.54 (s, 4 H), 7.27 (t, J = 8.0 Hz,
AR \, 2H),7.38(t,J =76 Hz 4 H), 749 (dd, J = 8.0, 1.2 Hz, 2 H); BC NMR
4-2j (100 MHz, CDClj3, 25 °C): 6 29.1, 39.1, 62.0, 126.3, 127.1, 128.8, 132.4,
133.9, 140.4, 151.2, 171.3; IR (neat) 1679 (C=0) cm™; HRMS (DART) m/z calcd for
C24H20N2038'NH4 4341538, found 434.1539 [M+NH4]+.

o Analytical data for 4-2k: colorless solid (mp 230.5-232.0 °C); 'HNMR
’;. s (400 MHz, CDCls, 25 °C): 6 3.41 (s, 4 H), 7.21 (m, 4 H), 7.35 (t, J=8.0 Hz, 8
O = H), 7.57 (d,J=7.2 Hz, 4 H), 7.72 (d, J = 7.6 Hz, 2 H); **C NMR (100 MHz,

Ph

4-2k

CDCls, 25 °C): 6 41.0, 62.7, 119.8, 122.6, 126.4, 127.0, 127.7, 128.8, 132.6,
134.4, 139.4, 144.1, 151.6; HRMS (DART) m/z calcd for CzHx,SeH
427.1521, found 427.1515 [M+H]".

ph Analytical data for 4-21: pale-yellow solid (mp 202.6-203.5 °C); 'H NMR
s (400 MHz, CDClg3, 25 °C): 8 7.42-7.50 (m, 4 H), 7.54 (t, J = 7.6 Hz, 4 H), 7.73 (d,
O b, J=84Hz 2H), 7.86(d,J=72Hz 3H),7.88(d, J=7.2Hz 3 H), BC NMR

4-2| (100 MHz, CDCls, 25 °C): 6 119.1, 125.7, 127.5, 128.2, 128.3, 128.9, 131.3,
133.0, 133.9, 135.1, 140.3, 140.4; HRMS (DART) m/z calcd for CysHi6SeH 361.1051, found
361.1057 [M+H]".

pn  Analytical data for 4-2m: colorless solid (mp 161.7-163.6 °C) ; 'H NMR

0" Y™ (400 MHz, CDCls, 25 °C): 6 5.19 (s, 2 H), 6.76 (dt, J= 1.2, 7.2 Hz, 1 H), 7.03 (dd,
\Ph J=84,12Hz 1H), 714 (dt,J=16,8.0Hz, 1 H),7.21 (dd, J=8.0,1.2 Hz, 1

4-2m H), 7.36-7.48 (m, 8 H), 7.54-7.56 (m, 2 H) ; *C NMR (100 MHz, CDCls, 25

°C): 6 66.1, 117.8, 121.7, 122.2, 125.5, 127.9, 128.0, 128.3, 128.4, 128.8, 128.9, 129.5, 131.8,

132.9, 134.1, 135.8, 136.3, 154.4; HRMS (DART) m/z calcd for CpsH;s0S+H 341.1000, found
341.0092 [M+H]*

o pn Analytical data for 4-2n: yellow solid (mp 235.6-237.6 °C); 'H NMR (400

A MHz, CDCls, 25 °C): 3 7.38 (t, J = 7.6 Hz, 4 H), 7.46 (tt, J = 7.6, 2.0 Hz), 7.61
' (dd,J=8.4,16Hz 4H),7.68(dd, J=6.0,3.2Hz 2H), 7.93(dd, J=6.4,3.2
fo) Ph

4-2n
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Hz, 2 H); *C NMR (100 MHz, CDCls, 25 °C): § 127.3, 128.3, 129.6, 129.8, 130.9, 132.1, 133.8,
135.1, 152.1, 179.9; IR (neat) 1664 (C=0) cm™; HRMS (ESI) m/z calcd for CpH10,S*Na
389.0612, found 389.0600 [M+Na]".

Ar Analytical data for 4-20: beige solid (mp 166.8-168.3 °C);
o@s Ar= §_©_0Me 4 NMR (400 MHz, CDCls, 25 °C): 5 3.84 (s, 6 H), 5.03 (s, 4
Ar H), 6.90-6.94 (m, 4 H), 7.28-7.32 (m, 4 H); **C NMR (100

420 MHz, CDCls, 25 °C): & 55.3, 68.7, 114.4, 126.5, 127.0, 129.3,

140.8, 158.7; HRMS (DART) m/z calcd for Cy0H1303S+H 339.1055, found 339.1045 [M+H]".

Ar MeO Analytical data for 4-2p: beige solid (mp 136.1-137.0°C) ; 'H
O(IES Ar=} NMR (400 MHz, CDCls, 25 °C): 6 3.92 (s, 6 H), 4.96 (s, 4 H), 6.97
M (d, J=8.8 Hz, 2 H), 7.01 (dd, J = 7.2, 0.8 Hz, 2 H), 7.26-7.30 (m, 2

4-2p H), 7.39 (dd, J = 7.2, 1.2 Hz, 2 H); **C NMR (100 MHz, CDCls, 25

°C): 6 55.4, 69.8, 111.3, 120.9, 122.7, 127.2, 128.6, 129.4, 142.9, 155.7; HRMS (DART) m/z
calcd for CyH103SH 339.1055, found 339.1068 [M+H]".

Ar OMe Analytical data for 4-2qg: pale-yellow solid (mp 207.5-

/\:\i( _ 208.8°C) ; 'H NMR (400 MHz, CDCl3, 25 °C): 5 3.88 (s, 6
o [T s ar= §—< :>—0Me
\ o H), 3.92 (s, 12 H), 5.06 (s, 4 H), 6.58 (s, 4 H); *C NMR (100
r e
4-2q MHz, CDCls, 25 °C): & 56.1, 60.9, 68.6, 103.2, 129.1, 130.2,
137.6, 141.7, 153.6; HRMS (ESI) m/z calcd for

C24H2607S*Na 481.1297, found 481.1290 [M+Na]".

Analytical data for 4-2r: beige solid (166.8-168.3 °C); 'H

o(ﬁ _@:’ NMR (400 MHz, CDCls, 25 °C): 8 5.00 (s, 4 H), 6.00 (s, 4 H),

6.81-6.86 (m, 6 H); *C NMR (100 MHz, CDCl;, 25 °C):

4-2r 5/168.6, 101.3, 106.3, 108.8, 119.6, 127.8, 129.5, 141.1, 146.9,
148.2; HRMS (DART) m/z calcd for CyH,,05S*H 367.0640, found 367.0641 [M+H]".

Ar Analytical data for 4-2s: colorless solid (mp 150.2-151.8 °C);
°CE§S A=} ¢ "HNMR (400 MHz, CDCls, 25 °C): § 5.04 (s, 4 H), 7.07-7.12 (m,
. 4 H), 7.32-7.36 (m, 4 H); *C NMR (100 MHz, CDCls, 25 °C):

425 8 68.6, 116.0 (d, J = 21.9 Hz), 127.4 (d, J = 7.6 Hz), 129.2, 129.7

(d, J = 2.9 Hz), 142.0, 161.9 (d, J = 246.9 Hz); HRMS (DART) m/z calcd for CgHy,F,0S+H
315.0655, found 315.0657 [M+H]".
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Ar Analytical data for 4-2t: beige solid (mp 238 °C, decomp.); ' H

oﬁs Ar= §—©—| (400 MHz, CDCls, 25 °C): 8 5.02 (s, 4 H), 7.09 (dt, J = 8.4, 2.0 Hz,

e 4 H), 7.71 (dt, ) = 8.8, 2.0 Hz, 4 H); *C NMR (100 MHz, CDCl,,

4-2t 25 °C): 0 68.7, 92.6, 127.4, 129.7, 132.8, 138.2, 142.9; HRMS
(ESI) m/z calcd for CigH;,1,0S+H 530.8777, found 530.8771 [M+H]" .

Ar Analytical data for 4-2u: pale-yellow solid (mp 240.0-
oﬁs Ar= ;_@_Bpin 242.0°C) ; 'HNMR (400 MHz, CDCls, 25 °C): 5 1.35 (s, 24
H), 5.08 (s, 4 H), 7.37 (d, J =8.4 Hz, 4 H), 7.82 (d, J = 8.4 Hz,
4-2u 4 H); C NMR (100 MHz, CDCls, 25 °C): § 24.5, 68.8, 83.8,
124.9, 130.9, 135.5, 136.0, 143.0; HRMS (DART) m/z calcd for CsH3sB,0sS*H 531.2548,
found 531.2547 [M+H]".
Analytical data for 4-2v: beige solid (mp 136.5-137.1 °C);
Ar'  Ar =§—< >—F y J (mp )
i 'H NMR (400 MHz, CDCls, 25 °C): § 3.84 (s, 3 H), 5.03 (s, 4
o) S
= H), 6.93 (d, J = 8.8 Hz, 2 H), 7.08 (t, J = 8.4 Hz, 2 H), 7.29-
Az Ar? =§—< >—0Me 13 .
42y 7.35 (m, 4 H); ~C NMR (100 MHz, CDCls, 25 °C): 4 55.3,
68.6, 68.7, 114.5, 116.0 (d, J = 21.9 Hz), 126.2, 127.1, 127.3 (d,
J =7.7 Hz), 128.1, 130.0 (d, J = 2.9 Hz), 130.4, 140.9, 141.9, 159.0, 161.8 (d, J = 246.0 Hz);
HRMS (DART) m/z calcd for CygHy5FO,S*H 327.0855, found 327.0838 [M+H]".

C ] Analytical data for 4-2w: pale-yellow solid (219.0 -
_ 221.0°C) ; 'H NMR (400 MHz, CDCls, 25 °C): 5 5.03 (s, 4
o@; et wen, IZ-Iz) 305—7.08 (m, 6_H), 7.09-7.13 (rT1, 513H), 7.22 (dt, J = 8.4,
42w D .0 Hz, 2 H), 7.27-7.35 (m, 5 H) ; ~“C NMR (100 MHz,
CDCl;, 25 °C): 5 68.6, 68.8, 116.0 (d, J = 12.0 Hz), 123.3,
123.4, 124.7, 126.6, 127.2, 127.3 (d, J = 7.7 Hz), 128.2, 129.4, 130.0 (d, J = 3.8 Hz), 130.5,
141.1, 142.0, 147.2, 147.3, 161.8 (d, J = 246.0 Hz); HRMS (ESI) m/z calcd for C3yH,,FNOS<Na
486.1304, found 486.1317 [M+Na]" .

Ar'  Ar =§

Analytical data for 4-2x; orange solid (m 271.0-
Al Ar' =§4<i>—No2 Y J (mp
@ 273.0°C) ; 'H NMR (400 MHz, CDCls, 25 °C): § 5.05 (s, 2
(0] S

= H), 5.10 (s, 2 H), 7.06—7.10 (m, 4 H), 7.13 (dd, J = 8.8, 1.2 Hz,

A2 Ar? =§ONPh2
4 H), 7.24 (dt, J = 8.8, 2.4 Hz, 2 H), 7.29 (tt, J = 8.8, 1.6 Hz, 4
H), 7.45 (dt, J = 8.8, 2.4 Hz, 2 H); **C NMR (100 MHz,

4-2x
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CDCl3, 25 °C): 6 68.8, 69.0, 122.8, 123.7, 124.6, 125.0, 125.6, 126.2, 126.4, 126.9, 129.5, 134.0,
140.0, 141.6, 145.5, 145.8, 147.1, 147.9; HRMS (ESI) m/z calcd for C5oH2,N,03S+H 491.1429,
found 491.1435 [M+H]" .

Ar Analytical data for 4-2y: brown solid (mp 157.3-158.1 °C); 'H

o\/:zés Ar= §_</;3 NMR (400 MHz, CDCls, 25 °C): 8 5.01 (s, 4 H), 7.12 (dd, J = 4.8,

Ar 1.2 Hz, 2 H), 7.17 (dd, J = 3.2, 1.2 Hz, 2 H), 7.37 (dd, J = 5.2, 2.8 Hz,

4-2y 2 H); C NMR (100 MHz, CDCls, 25 °C): & 68.7, 119.8, 124.6,

125.8, 126.8, 134.3, 141.3; HRMS (DART) m/z calcd for Cy4H100Sz*H 290.9972, found
290.9960 [M+H]".

Ar Analytical data for 4-2z: beige solid (mp 145.1-146.5 °C); 'H
o\/:z?s Ar= §_(/j NMR (400 MHz, CDCls, 25 °C): 6 4.97 (s, 4 H), 7.03 (d, J = 3.2 Hz,
Ar 4 H), 7.26 (t, J = 3.2 Hz, 2 H); 3C NMR (100 MHz, CDCl3, 25 °C):

4-2z 5 68.7, 123.4, 123.8, 125.0, 128.1, 136.1, 141.7; HRMS (DART)

m/z calcd for C14H100S3eH 290.9972, found 290.9969 [M+H]".

Ar Analytical data for 4-2za: yellow solid (mp 178.0-180.2 °C);

°<I§S Ar= §_(/1 '"H NMR (400 MHz, CDCls, 25 °C): 6 4.91 (s, 4 H), 6.78 (d, J =

. ST7Br 4.0 Hz),6.98(d, J=4.4Hz, 2 H); *C NMR (100 MHz, CDCls,

4-2za 25 °C): 4 68.5, 112.0, 122.7, 124.0, 130.9, 137.3, 142.2; HRMS
(DART) m/z calcd for C14HgBr,0S;*H 446.8182, found 446.8177 [M+H]".

me Analytical data for 4-2zb: pale-yellow solid (mp 82.0-82.5°C); 'H NMR

o T (400 MHz, CDCls, 25 °C): 6 2.35(s, 3 H), 4.77 (s, 2 H), 5.01 (s, 2 H), 7.22 (t, J =

\Ph 7.2 Hz, 1 H), 7.29-7.31 (m, 2 H), 7.34-7.38 (m, 2 H); *C NMR (100 MHz,

42zb  CDCl3, 25 °C): 6 13.7, 67.2, 69.2, 125.5, 125.7, 126.7, 128.8, 128.9, 133.9, 140.8,
143.2; HRMS (DART) m/z calcd for C13H1,0S+H 217.0687, found 217.0677 [M+H]".

ngy Analytical data for 4-2zc:  colorless oil; 'H NMR (400 MHz, CDCls, 25 °C): &

oﬁwﬁg 0.92 (t, J=7.2 Hz, 6 H), 1.37 (sext, J = 7.2 Hz, 4 H), 1.57 (quint, J = 7.6 Hz, 4 H),

259 (t, J = 7.2 Hz, 4 H), 471 (s, 4 H); *C NMR (100 MHz, CDCls, 25 °C): &

4-2zc 13.8, 22.2, 18.3, 33.1, 67.5, 129.4, 140.6; HRMS (DART) m/z calcd for
C14H,,0S+H 239.1470, found 239.1471 [M+H]".
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OMe

4-2zf

OMe

I\

TBS
4-2zg

-
<

4-2zh

Analytical data for 4-2zf:  colorless solid (mp 109.0-110.3°C); 'HNMR
(400 MHz, CDCl3, 25 °C): 6 3.83 (s, 3 H), 4.84 (s, 2 H), 5.01 (s, 2 H), 6.71 (s, 1
H), 6.89-6.93 (m, 2 H), 7.29-7.33 (m, 2 H); *C NMR (100 MHz, CDCls, 25
°C): 8 55.3, 67.9, 68.8, 110.3, 114.4, 126.4, 127.2, 131.9, 140.0, 146.4, 158.9;
HRMS (DART) m/z calcd for Cy3H3,0,S°H 233.0636, found 233.0637 [M+H]".

Analytical data for 4-2zg: beige solid (mp 150.0-151.2 °C) ; 'H NMR
(400 MHz, CDCl3, 25 °C): 6 0.26 (s, 6 H), 0.95 (s, 9 H), 3.83 (s, 3 H), 4.83 (s, 2
H), 5.01 (s, 2 H), 6.88-6.92 (m, 2 H), 7.30-7.34 (m, 2 H); **C NMR (100
MHz, CDClj3, 25 °C): 8 -5.00, 17.7, 26.3, 55.3, 68.6, 68.9, 114.4, 122.2, 126.5,
127.3, 137.2, 140.9, 154.6, 158.9; HRMS (DART) m/z calcd for
Ci19H»60,SSi*H 347.1501, found 347.1510 [M+H]".

Analytical data for 4-2zh: colorless solid (mp 128.5-130.7 °C) ; 'H NMR
(400 MHz, CDCls, 25 °C): 6 2.41 (s, 3 H), 4.39 (s, 4 H), 6.88 (s, 2 H), 7.31 (d, J =
8.4 Hz, 2 H), 7.75 (d, J = 8.4 Hz, 2 H); **C NMR (100 MHz, CDCls, 25 °C): &

215, 48.9, 115.3, 127.6, 129.8, 133.8, 140.1, 143.7; HRMS (DART) m/z calcd for
Cl3H13N0282'H 2800466, found 280.0474 [M+H]+

Control Experiments

Ph

O,
i
(%)

s
Ph )I\
A _cp o N 1.1 equiv AgPFg
o || 'Ru? + -
/ Cl DMF, 80°C,1h
Ph c Ph
4-16 4-15b 4-2a, 54%
1.0 equiv

Stoichiometric Reaction of Ruthenacycle 4-16 with 4-15b: A solution of 4-16 (10.8 mg,
20umol), 4-15b (5.6 mg, 20 umol), and AgPF6 (5.9 mg, 23 umol) in DMF (0.5 mL) was stirred

at 80 °C for

1 h. The reaction progress was traced by TLC analysis. After cooled to room

temperature, the reaction mixture was diluted with AcOEt/Hexane (5:1, 3 mL). Organic phase

was washed

concentration

with water (5 mL) and brine (5 mL), and dried over MgSO,. After the
in vacuo, the obtained crude product was purified with silica gel column

chromatography (hexane/AcOEt 10:1) to give 4-2a (3.0 mg, 54%) as a colorless solid.
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S 99% D

)]\ Ph OH CDO
/—=—Ph o N 2 mol% [CpRu(MeCN);]PFg = N._Ar
d . > O s + ~
\—— ph 6 equiv D,0 =
cl dry DMF, Ar Ph
41a 4-15b 80°C,5h 4-2a [D]-4-17b
1.0 equiv

Reaction of 4-1a with 4-15b in the Presence of D,O: To a solution of diyne 4-1a (74.0 mg,
0.30 mmol), 4-15b (82.6 mg, 0.30 mmol), and D,O (32 pL, 1.8 mmol) in DMF (1 mL) was
added [CpRu(MeCN);3]PFs (2.6 mg, 0.006 mmol) and the reaction mixture was stirred at 80 °C
for 5 h. The reaction progress was traced by TLC analysis. After cooled to room temperature,
the reaction mixture was diluted with AcOEt/Hexane (5:1, 6 mL). Organic phase was washed
with water (10 mL) and brine (10 mL), and dried over MgSO,. After the concentration in vacuo,
the obtained crude product was purified with silica gel column chromatography (hexane/AcOEt
10:1) to give 4-2a (74.2 mg, 89%) and further elution (hexane/AcOEt 2:1) afforded [D]-4-17b
(46.8 mg, 59%, 99% D) as a beige solid; *H NMR (400 MHz, CDCls, 25 °C):dmajor [minor]
4.83 [4.96] (s, 2 H), 5.58 [6.65] (brs, 1 H), 6.82-7.08 (m, 3 H), 7.12-7.29 (m, 5 H); **C NMR
(100 MHz, CDClj, 25 °C): 6 48.4, 53.8, 117.4, 120.2, 120.8, 121.4, 125.0, 126.7, 127.0, 128.6,
128.7, 129.1, 129.17, 129.23, 129.9, 130.2, 133.6, 134.0, 134.1, 134.9, 151.3, 152.5, 162.8 (t, J
= 27.2 Hz), 163.8 (t, J = 32.4 Hz); IR (neat) 3245 (OH), 1636 (C=0) cm*; HRMS (DART) m/z
calcd for C4H1;DCINO,*H 263.0698, found 263.0705 [M+H]".

oH cH®o Reaction of 4-1a with 4-15b in the Presence of H,'®O: In a similar manner, the

NA" reaction of 4-1a with 4-15b was performed in the presence of H,**0 (6 equiv) to
afford [**0]4-17b (53.2 mg, 67%): IR (neat) 3219 (OH), 1635 (C=0) cm™;
01417 pMS (DART) m/z caled for CiHi,CINO™®O-H 264.0677, found 264.0673
[M+H]".

Ph

/——Ph R 2 mol% [CpRu(MeCN);]PFg CE?

o + » O S

\——=— ph ©/ 1.0 equiv 4-15b =,
DMF, 80 °C, 5 h
41a 2.0 equiv open air 42a Ph

R = CHO, NMe,
Reaction of 4-la with 4-15b in the Presence of Benzaldehyde or
N,N-dimethylaminobenzene: The reaction of 4-1a (74.0 mg, 0.30 mmol) with 4-15b (82.7 mg,
0.30 mmol) was performed in the presence of benzaldehyde (64.4 mg, 0.60 mmol) in DMF (1
mL) at 80 °C for 5 h to afford 4-2a (69.3 mg, 83%) along with unreacted 4-1a (5.9 mg, 7%).
In a similar manner, The reaction of 4-1a (74.0 mg, 0.30 mmol) with 4-15b (82.5 mg, 0.30
mmol) was performed in the presence of N,N-dimethylaminobenzene (73.1 mg, 0.60 mmol) in
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DMF (1 mL) at 80 °C for 5 h to afford 4-2a (25.9 mg, 31%) along with unreacted 4-1a (44.3 mg,
60%).

EtOH/HZO (1/1)
reflux, 4 h
4-17b 4-S1
81%

OH CHO cl
f ﬁ 3 equw KOH f

Deformylation of 4-17b: To a solution of 4-17b (26.0 mg, 0.1 mmol), KOH (17.0 mg, 0.3
mmol) in EtOH (0.5 mL)/H,0 (0.5 mL) was refluxed under an argon atmosphere for 4 h. After
cool to room temperature, the reaction mixture was extracted with AcOEt (10 mL X 2). The
combined organic phase was washed with brine (10 mL) and dried over MgSO,. After the
concentration in vacuo, the obtained crude product was purified with silica gel column
chromatography (hexane/AcOEt = 2:1) to give 4-S1 (18.9 mg, 81%) as colorless solid.

Kinetic studies

Ph
/—==—Ph 2mol% [CPRu(MeCN);]PF¢ _
(0} > O S + 4-19%
\%Ph 1.0 equiv 4-15b =,
1.0 equiv H,0 Ph

4-1a 0.3 equiv CgMeg 4-2a
dry DMF, 80 °C, 75 min

Reaction of 4-1a with 4-15b in the presense of 1 equiv H,O: To a solution of diyne 4-1a
(73.6 mg, 0.30 mmol), 4-15b (82.7 mg, 0.30 mmol), H,O (5.4 pL, 0.3 mmol) and
hexamethylbenzene (16.2 mg, 0.1 mmol, internal standard) in dry DMF (1 mL) was added
[CpRu(MeCN);]PFg (2.7 mg, 0.006 mmol) and the reaction mixture was stirred at 80 °C under
an Ar atmosphere. Aliquots (30 puL) were sampled at 5, 10, 15, 20, 30, 40, 50, 60 and 75 min.
The obtained samples were diluted with AcOEt/hexane (5:1, 1.2 mL), washed with water (1
mL) and dried in vacuo. The yields of 4-2a in each time were quantified by ‘H NMR analysis of
each samples. The results of kinetic studies were summarized in Table S1
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Table S1 kinetic study results

water
min
0

5
10
15
20
30
40
50
60
75

water
min

10
15
20
30
40
50
60
75

0 equiv
thiophene (%)
0

9

13

17

20

22

25

27

27

29

6 equiv
thiophene (%)
0

12

22

31

41

54

61

66

70

76

water
min
0

5
10
15
20
30
40
50
60
75

D,0O
min

10
15
20
30
40
50
60
75

1 equiv

thiophene (%)

0

15
27
40
51
67
81
89
96
96

1 equiv

thiophene (%)

0

13
28
41
50
69
83
89
94
94
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water 3 equiv
min  thiophene (%)
0 0
5 16
10 28
15 42
20 53
30 67
40 78
50 86
60 91
75 94
"PrOH 1 equiv
min thiophene (%)
0 0
5 6
10 16
15 28
20 41
30 53
40 64
50 70
60 76
75 80



Single Crystal X-ray Diffraction

Single crystals of 4-2k was mounted on a glass fiber, and diffraction data were collected in 6
ranges specified in Table S1 at 103 K on a Brucker D8 QUEST diffractomter with graphite
monochromatized Mo Ka radiation (A = 0.71073 A). The absorption correction was made using
SADABS. The structure was solved by direct methods and refined by the full-matrix
least-squares on F2 by using SHELXL-2013.11 All non-hydrogen atoms were refined with
anisotropic displacement parameters. All hydrogen atoms were placed in calculated positions.
Final refinement details are compiled in Table S1. The supplementary crystallographic data for
this paper (CCDC 1486131) can also be obtained free of charge Vvia
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033; or
deposit@ccdc.cam.ac.uk).

Figure S2. Structure of 4-2k determined by X-ray analysis.
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Table S2. Selected crystallographic data and collection parameters for 4-2Kk.

formula

fw

crystal system

space group

a,A

b, A

c,A

volume, A3

z

D (calcd), Mgm”

U, mm’

F(000)

crystal size, mm

6 range for data collection, deg
index ranges

reflections collected
independent reflections [R(int)]
coverage of independent reflections
data / restraints / parameters
goodness-of-fit on F2

R; [3676 data; | > 20(1)]

WR, [3676 data; | > 20(1)]

R, (all data)

WR; (all data)

absolute structure parameter
extinction coefficient

. -3
largest diff. peak and hole, e A

R.M.S. deviation from mean, e A_d

Ry = Zl|Fo[FAll/ZIFol. WR, = {E[(W(Fo*F*))) Zw(F,")* 33"

C31H228

426.54

orthorhombic

Pna2l
11.5366(6)
16.8909(9)
11.1322(6)

2169.3(2)

4

1.306

0.166

896

0.6x0.4x0.2

2.19t0 25.03
-13<h<13, -19<k=<20, -13<I<13
12451

3727 [R(int) = 0.0535]
99.8%

3727/1/290

1.036

0.0334

0.0874

0.0337

0.0879

0.1(0)
0.0210(30)

0.227 and -0.225
0.056



10% [molem™]

—12lw
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Figure S3. UV-Vis absorption spectra of 4-2w (2.83 x 10° M) and 4-2x (2.67 x 10> M) in
CH,CL..

g —2v
§ 2

350 400 450 500 550 600
Wavelength (nm)

Figure S4. Fluorescent emission spectra (Aexe = 398 nm) of 4-2w (77.0 nM) and 4-2x (72.8 nM)
in CH,Cl,.
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AT LG SCHFSE TlE, VA > & [CpRU(MeCN),]PFs il BB S BT F v 7 1
Ny M) 2D BERIS RS T 22 RAUCEMOGRIERBE EIT o7, LIT
(ZZ DR ZREET D,

—F&ClE, Fischer #433 X OY Schrock %Y 71 LRSS RZ N OILZZIMEE ., B O
AHEARA~OISABNZ DWW TR L7z, BT, 7% 251 & CpRu'filiiin b
SNDHNT Ty uxX s Z N AIIEE DT NS RO E 2 R o e AL
NUMERT I EHRAR, EO2=— 7 REEETENT Z & TEERAERER O AL
BB~ L B CTE 5 2 & 2172 (Scheme 5-1),

R
/' R Cp Ru*
RuCp > X RuCp

R

Fischer/Schrock hybrid carbenoids \&» \/:Q

Scheme5-1 V7 F 7R X N DB RNV UANEZIER U7 il 5O
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fop —

FETIE, =V o OREBEANE BRI K bR A 7 ) v 7 13-
VDRI Diels-Alder # 7 ARUSDBAFEIC DWW TRz, A7 1k 2DH
FELRNZ S A » OKRFBEIIR TG & Diels-Alder [k % % 7 L4k L7213
HMOENTWER, ZOFITIEY = ) 7 4 VOKFELEMHE TERWEES - 7=, —J7,
AWFFETIZL Diels—Alder S %53 FP{bd 2 BERRGHI X D ZORMEA R TE 52 &
BFEAELMRYIOF CTH L, WEOZ DA L ZVA >, T7 VI, 7= /) —/Lin
LI G TEDTOEEOFEREEG AWM TE DL Z LITMZ, =% Y Vo M
ZEte b U R RMARAIE 725 % 272 # Diels—Alder St 1% endo SR A I ST
% (Scheme 5-2),

——Ar

X Ar
R
X J X
[CPRu(MeCN);]PFq N o
> —
_>

HO o One-Pot
EtOzc CO,Et Diels-Alder

Reaction

Me endo only

Scheme 5-2 = U4 » DO/KFEBENE LERL/Diels-Alder % > 5 A7 1tk A

FES, AWFRICHEE [Cp*Ru(MeCN)s]PFs Il DAFTE T, N=7 U LA/ LT I K&
WABYA D Ra st A U kB b5+ W Diels—Alder % > 7 ARG 31T
WD, ZOFEITIX exo KD ZBjIET 7 # ARBHRIIZE SN TS (Scheme 5-3),

lo) 'Me o 'Me
— o N N
/TPh 10 mol% [Cp*Ru(MeCN);]PFg¢ Ph Ph,,
o + HJ\N/\/ - > z — N
\%Ph 1 0.3 equiv H,0 (o] | o “H
Me dioxane, 100 °C X
10 equiv Ph Ph

48%, exo only

Scheme 5-3 A > Dt K B FE A ALER{bIS T Diels-Alder % > 7 A
ZOLEHIT, VA D R ERE{bE{bI5 TN Diels-Alder S DX o7 A7t

AF PSR OBFRFE T LY SRR ZERALEY ~ &SRB SE TR T 7 &
AT HFEL LTELT D Z LB SN D,
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BEETIE, = b ABEMRGERE TV VUL v OBFEBER[2+2+1] 81 AF
RIS X0 | 2-2 VT T o iR G T 2 BT FHED RISV TR~ 7z, AKX
JGOHFRETH D U NVERBLT T A 7 VT VI VEOESGESB I a- v =F
VEEACHRICE O RIEERKIBICIK T L WS, 22T, = huro%EH LEfLs
B D/INSWAFNELE T 52 L CHREBBIOBEMEOS KR ML, B it5MEo
p-7 =V NVEEERBAT D Z L THMERFORBMEA®mD D Z LT, YU NESRLT Y
AT NASDOBERBENCZFZBL LT, 7o, AR OA I DM RS % FHE L722 v
ZE BRI HIFIZEIT T 5K TH D (Scheme 5-4),

OMe  [CpRu(MeCN),]PF, >
DCE, reflux > XL
Si
s —|®PF6e T
CpRu* =
~Ru .© Ar
—_— \ R 0 )
X

No
Me Me /NQ/Ar
- \ - inert co-product

Tunable reactivity

x
o =
+
=
GD\
Z-0
| 2/@ 0]

Scheme 5-4 'V LA v OERFRBEIRR2+2+1|BALINEISIC L D 2-2 Vv 7 F oD
A hk

HIZ GO 2-2 U7 T 0Dy U VLR RN &3 D2 OB & FEh L,
ARAEFEICER T A7 709 — R7 7 ~OFERIEL I TRF L

(Scheme 5-5),
PMP

H
s —
o NTs o o)
— OMe =
H
™S ™S
- ~ — —
oirms - o NTs O 0 — OCQO
— — =~ ~
I ™S ™S |
TMS / \
= —
O§g:/\NTs o(:Qo
Ac

CO,Me
PMP = p-MeOCgH,

Scheme 5-52-3 U )L 7 5 > O#E R4l
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%@%fm\&Vfﬁ%%7~w%%ﬁyk§4V®%E%@ﬂ&%ﬂ%kﬁ%ﬁ

M L0 KEBERTF A T = v Al

B D FIEOBRIIZ OV TR

Zo RIS

BHREMBEL AT B IR < BT 5720, SIS OMEIT 21555, Thik., 7
L v ERREEALA] & DR+ N IIISITIE, FA & OGA b F im0 4Rl 3E

ZHOWHRERDH T,

— 7T ARRISIFINT T A 7 VRIS ENL T 5D 2 & TRE

FHNZTEMAL SN TR Y A X —L2-FT A DT A IR = VTR L, KR

BWET 52 TAT T A 7 NN~DREBEIKSMEES NS, F7-.
VAT X RPABESOS ZRE LW &b, RIS I
(Scheme 5-6), F7=. AL IFZER

MRZHY D,

HCEITT B0

[CpRu(MeCN)3]PFG

AR DR
ITT2ERTH D

(CEBRZERMTE D &V D

Cl air

wet DMF, 80 °C

x
=1l
AN A

inert co-product

Scheme 5-6 X Y A ¥ — )L-2-F A L DA v ORfEBENIR[2+2+ 1B AL ARG

B, HAERMOF L LT I R

HEEEMESRAF Tl L b S, Ny A F Yy —

NW2-FF L DHRURTH LR DL T I~ BB TEX % (Scheme 5-7), 372 b,
LA 2B 5 2 LT, it 5R s LTHAT 2 2 EBRETH D,

EtOH/H,0 (1/1)
reflux, 4 h

OH CHO ¢
f ﬁ 3 equiv KOH
_—

4-17b

p
Cl
OH H
'

4-S1
81%

cs,
_KOH

4-15b

Scheme 5-7 ¥ EEMESAETORNL LT I RORBLARL I LAl
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F7-. CpRUMEEA WD VA DIFFBENR [2+2+1 B LA IS iZ U v 7 7
BLOFAT 27200 Tl | 2O 2 R L EHA~T o — LERIC IS TE L7
REPEZRLD TV D, FEBR, FEHITHET 2T A b L UFEMMEEZ AW Z LIcky, oA v
DEFZBIR[R2+2+ 1 BRI MBS EIT L, MR E e — A NENER TR TEDHZ &
ZEH LTV (Scheme 5-8a), FFET NEZ LIz, AFEIER EB IO LK
ISR INVWVE BB A EAT 2 Z N TE D, EROZER Y 0 — VAL, BF LB
LT N F U RIRICEANTE 5 BEHRILICRKE 2623 H->7-% ° (Scheme 5-8b, ¢), =
NWETITRRTE 2125 b 20518 Y | RFEIFERIEZ % CIRIEOIEE — ML b

LSBT B —LARIEE LTELT D Z LR TE 5,

Ru-catalyzed [2+2+1] synthesis of pyrroles
R1

— R
/TR [CpRu(MeCN);]PFg¢
X + "NR" _ » X |_ NR (a)
__— R2? nitrene tranfer =
R2
R = alkyl, allyl, propargyl
p-anisyl, H etc.
conventional catalytic [2+2+1] synthesis of pyrroles 2
R
R’ : o
2 : 1
RI-=—R* NA ﬂ» ® = NA b : R1;<O RNH —>AQBF4 " - NR (c)
+ " " ! — + C
o r <A B 2 2 “Phi(OAc), =~
R'——R R2 . : R R!
R : r? fo)

"NAr": ArNH,, Wang
"NAr": ArN=NAr, Tonks

Scheme 5-8 &4 JE il 2 N 2 [2+2+ 1 BRAEAINEOR I K B @ e 1 — L D& Rk

P bEoiy A5 SC TR —#HDO D F A ML T =0 AilEE W5 VA >0
JRFBEVHBRAL T, B2 72 A U BEIRIE AW & PRSI CEBEMICAK TE 5
AR FIETH D, A% INODORIEPAR T FOEHA~EIEH SN TN Z & 22,

BHE BEIH
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