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1. Catalytic Reactions involving Allenylidene Complexes as Intermediate

1-1. Background
» The isolation of the first allenylidene complexes

Fischer, E. O. et al. Angew. Chem. Int. Ed. Engl. 1976, 1

5, 623.

Berke, H. Angew. Chemie. Int. Ed. Engl. 1976, 15, 624. : X . -
Fisch Berk - Readily available by dehydration of propagylic alcohol
i r erke
sener Selegue, J. P. Organometalics, 1982, 1, 217.
OL 115 1 lix?: Hally 2 ™ 4P 1
(co)Nfc Lolls  —— CollPMeslaRu—CI + HC=CCIOHIPh, —5n
Hw SN(CHy), " . T H I+ 4,0 _-Ph
oo saf % C,(g—ocu, EE L ) lle)(PMe;)zRu=C=B<C oH| T | copMegpu=c=c=c
canEese SNCH); | O L i Ny Pn Eh
f1) M =Cr, EX,; = BF; (3) 1) ("’(CHE},CZNC(CH‘J’ L
t2) M =W, EX; = Al(CyHgy  (4) 11
RoM o R Pt s :@/F‘a (" ARlbaiy o the Eloctsontc Siructuresof the Compleses Os(r” CIHACHC-C-CRIP) (9.
R2rRE BT R R A { (05 7-CsH (C=C=CH){(PHz)al™ {14). and [0s(y3-CsHsHC=C=CH,) (CO) (PH|* (15)' '
" O ; Distreibution of the LUMO on the C Atoms of the Allenylidene (%) ]
propargylium structure allenylium structure ‘ ol € ‘
3 R, i EH :
“CmCaECa[M] = . C=C=Ca=[M]' I 15 28 3 :
Rg 'd B [ ] Fr!jt;ni"!: allzny:i:’dfwle (:]omp[sx ! Distribution of the HOMO on the C Atoms of the Allenylidene (%] !
' e Ca Gy 4
alkynyl complex with cationic y-carbon 13 l4‘ 0!
e, ; 0
q_’/Coc-,Cy:electrophilic % : {é : . ;
“-Cp___——> nuculeophilic s S omomsm im0 O '
+ Propargylic Substitution Reactions
Traditional method : Nicholas Reaction Nicholas, K. M.et al. J. Organomet. Chem. 1972, 44, C?
- . -
R? Co(CO
Brensted R;\ZI Pk Nu
OR Cos(CO) OR ;s orA ; & Co(CO)3 N Nu [O] g2
02 8 ewis Aci u 4 3 .
R;;‘\ R;gky?o(CO)a I P — RzRa C|30(CO)3 R® 3 -
R! “Co(CO); R2R3 (I:G(CO)3 "Co(CO)a of
R’ *Co(CO) Pauson-Khand
L R 3 | reaction

stabilized propargylic cation

ex.) Tanina's total synthesis of ingenol

Ac J. Am. Chem. Soc. 2003, 127, 1498.

0(CO)3
. / gj;ﬁCD(COh
MEAi—" O NO \ OH:

-

?wowom

Co(CO)3

- Cationic Ru-allenylidene complex as an equivalent of propargylic cation.

- Stoichiometric amount of Co,(CO)g is wasted.
- Sevral steps are necessary to obtaine propagylic
derivatives.

- Catalytic propargylic substitution reaction
by cationic mono-Ru catalyst
Gimeno, J. et al. Chem. Commun. 2004, 2716.

M'e_<\.:j [SbFe

cationic mononuclear

® : R N
?H [Ru]-CI Rl—l Nucleophile . % Ru catalyst /R\U p p p =dppf
H— \ R? ) [Ru=C=C=C__ . (Ruj—C=C—c ocC b_)
1 R
R cr ®) i, el 2
H
2 on . OR H
Nu . l 2 (5 mol%) e .0 Ph
it k|
@ H“Z—(Q"uRZ \"Bh T ROH/7SC \ P —
e B Ru=c=c R o y ® i @ " U
s
[ R (Rul=—NzcMme | D R = Me : 80%/10% (6/7)
D) N ) R = allyl : 94%/4% (6/7) €€
- demetallation by MeCN - 2 catalyzes substitution reaction of propargylic alcohol
with an aliphatic alcohol, while an evidence for a
Ru-allenylidene intermediate is not obtained.
1-2. Sulfur bridged di-Ru Catalyst
- Preparation of chalcogen-bridged di-Ru catalyst Y. Nishibayash, S. Uemura et al. Organometallics 2004, 23, 26.
syn & anti complete
mixuture stereoselectivity ~
Cl R by . *
LS i Yy, L T o ;/Yre' Oty (LR '
[Ru] Cl ,_s-— + 'RY/I"‘ oTf R I R?
[ I o THE RV """” Rv/ o M0 &R AgOTS T R \F_{YR
Cl— Ry \R=MeY=5 = synda 71%. \ o THF RY/ haSv \ OH :
R=Me, ¥ =Te] “s5yn2a ~54% anfi-2a 15% 1 Cp4 B0 o A ) S Yo Gl O o e Cph  _[-5YR  NHBF, L
[Cp*Rufuy-Chly R=Me,Y=Te; sy-3a 83% ] - Ru4 u "F% E Me. _s_;n“ 57%‘ ﬁ&’Ru’ ——M \F'J.uf'!—ﬁi’iYR
- " = = . ' * o g o A h u Y
(Rul=cpRu  RIEtYaS, omte 0% antizb 79% | O L YasRer ondc s NG T (RiRee R o
R=EtY=Te; syn3b 80% ' : = g RR= ’PG .syn-;d' :;: (R, R2= Ph, H) (o]
5 i ' = Se, R=Me; syn-2a' formation of
R="Pr,¥=8, synic 78% ! = = Et; -2h' 969 aenh
R ="Pr Y = Se, a anti2e 50% ‘t = g: E = Eén gﬁﬁ:fg ggq&{ s sfsnyidens complexes
o =q ¥ o) ! Y =Se R='Pr; syr2d 86% N T = 3
Al 4N 03 :J{g';g acn ] Y=Te R=Me synda 72% - Anti -catalyst is ineffective against
¢ Y=Te R=Et syn3b' 93% propargylic substitution reactions. 2/12



* Propagylic substitution reactions

Table 1. Propargylic Substitution Reactions Catalyzed by
[Cp*RuCl{2-SMe)RuCp*Cl] (1a)
R2 =
. \*/ RGH —e 18 R‘\/
NH45F4 OR
3 4
run RLR? R time yield of 4
1 3a Ph, 11 Et 15 min 4aa 88
2 3a Ph, H Me 15 min 4ab 84
3 3a Ph, H Pr 15 min 4ac 91
e 3b Fe.H Et 60 min 4b 88
5 Je "CsHy  H Pr 13 min 4c 75
6¢ 3d —(CHy):— Et 30 min 4d 57
78 e —(CHa)s4+ Et 30 min de 54
8 3f Ph, Ph Et 20h 4f G2
9 3g p-Tol. p-Tol Et 20h 4g 6l
07 3a PhH O] Ph___ . GOmin___ dad G5
o 14 3a Ph, H R*le 60 min 4ae 80 | =—
129 3a Ph.H R*f  G0min  daf 92}
V13d 3a Ph, H R¥3g 60 'min dag 69!
V144 3a Ph, H R¥4l 60 min 4ah 431

“ All the reactions of 3 (0.60 mmol) were carried out in the presence
of 1a (5 mol %) and NH4BF; (10 mol %) m alcohol (15 mL) at 60 °C.
? Tsolated vield. © At room temperature “ Reactions were carried out
W 1th 3a (0.60 mmnl) and al:.ohol ( 3.0 mmol) m CICH,CH-CI (3” mL}

CH{Me )Ph'. R = (8)-CH(Me)EL.
Ph 4
NMeCOPh
30 min
_____________ PhGONHMe | =7
' 2z H
\Ph._F CHg—@—SH i
: 1/ ; Ph._Z  HPPh F’h\/
H . 4h ih PPh
' \©\ ! osan OH 2 56% i
[Pl A CHa
2h
U NOE—O—NHZ e

pn. # - Several heteroatom-centered
ﬁ/ nucleophiles are available.

"L
NO.

#All the reactions were carried out with 3a (0.60 mmol) and
weleophiles (3.0 mmol) in the presence of 1a (5 mol %) and NH4BE,
10 %mol) in CICH.CH:C1 (15 mL) at 60 °C.

exceptional
case

2

N Cp* Cp*, LCpjoTe |
! Ru=Ru o Ruz=Ru !
T e el e |
' R =Me, Pr,"Pr cationic methanethiolate-bridged |

diruthenium complex {1e)

. ’ R H
rRLA 5 moldele LA
+ R + HO

yield of
nn propargylic alcohol thiol 3, %"
1 2a,R'=Ph,RP=H R*=Ph R*=Ph 3ad. 70
2 2a,R'=Ph R°=H.R*=Ph RY= CH,CH,CO:Me 3ae, 92
3 2aR'=Ph,RP=H.R*=Ph R} = CH.CH,CH-C1  3af, 90
4¢ 2a,R'=Ph.R*=H.R*=Ph Rt = CH,CH,OH 3ag, 52
5  2b,R!'=Ph,C=CH R*=H,R*=Ph R'="Bu 3ba, 96
6 2¢,R!=PhC=C.R*=H.R'=Ph R¢="Bu 3ca, trace
7 2d,R!'=Ph,RZ=H,R*="Bu R*="Bu 3da, 87
§ 24, R'=Ph,R?=H,R*="Bu = CH,CH.CHMe. 3db. 90
9 2e, R!=Ph,R*=H, R* = "hexyl +="By Jea, 83
10 2f R1=Ph R*=H R'="Bu R*="Bu 3fa, 86
11 2f,R!'=Ph R*=H R*= Bu R*= CH.CH,CHMe,: 3fb. 87
12 2g R!=p-MeC,H;, R2=H,R*=Ph R*="Bu 3ga. 90
13 2g R!=p-MeC¢Hy, R? = H, R =Ph R*= CH-CH.CHMe: 3gb, 92
14 2h.R!'=Ph,R*=Me,R*=Ph R4 = "Bu 3ha, 84

@ All the reactions of 2 (0.30 mmol) with thiol (1.50 mmol) were carried
out in the presence of 1e (0.015 mmol) in CICH;CHC1 (8 mL) at 60 "C
for 1 h. ® Isolated yield. € 10 mol % of Te was used.

(lsomers was obtained. (isomer ratio : ca. 1:1)

Y. Nishibayashi, M. Hidai et al. J. Am. Chem. Soc. 2000, 722, 11019.

Tol
' TDIV cp Cp_|BF¢
' Cpr Cp* OH Ru=A, Tol -
: T 3g Mesé/ [~eme EOH 1ol \Z
: MaS""/ I‘hsm NH.BF, C' i 60°C,20h  QFt
: rt,1h ’ BY%%
: ta TnIJLToI 84% °
; 5a 4g
L via allenyliden{in(ermediate
. T o
S 3g T peka e
N

- when chiral alcohols were used, a mixture of two diastereomeric

~ generalmechanism via allenylidene intermediate

(Rul—IRu)
Cl Cl
L Fl'\///
l NH,BF,, OH
. Z
Ay [HUI—IR;]-;

OR
/
=1 =
\’/ H,U\ro ([ Ha0
OH i
A R

Ryl
4 Ru] [Fliu]
[RuI—IRu] o

Cus
ol

5
= ol
OR u
D H m
.

electrophilic,
Rul—Ru|
Lll Il ROH

less
hindered

H
c R ’ .
Ty nucleophiles are exclusively
introduced at the 3~carbon.

M. Hidai, S. Uemura et al. J. Am. Chem. Soc. 2002, 124, 15172.

not only terminal alkyne but also internal alkyne are available.

stoichiometric reaction

" +1BF,
e A CP\ /C;-} "BuSH
Ru=hu u Z
RU—F\ G, __OH 4ames™] g I1J‘§3Me L
MeS SMe TrmE | :
NH,BF, c, ! “c,6h  SBu
C Saa

H Ph
alienylidene complex (6}

-Not via allenylidene intermediate.

|

- Nicholas type activation by coordination
of acetylene unit of propargylic alcohols on
the diruthenium site?
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« Enantioselective Friedel-Crafts Reactions

Y. Nishibayashi et al. Angew. Chem. Int. Ed. 2007, 46, 6488.

Ar. #
p 5 mol% [Cp*RUCI(SR*)]a
Ar% 10 mol% NH4BF,
+
OH CICH,CH,CI
NMes NMe;
up to 94% ee
Furan y
P 5 mol% [CP'RUCISRY), A7
Ar. 7= 10 moi% NH4BF,
+ 770 )
OH = CICH,CH,CI 2
up to 94% ee

Indole Y. Nishibayashi et al. Org. Lett. 2007, 9, 5561.

5 mol% [Cp*RuCI(SR*)]z
10 mol% NH4BF4

CICH,CH,CI

z

N
SilPr3

< SiPry
T up to 95% ee

H, Me, or TMS, etc. —= low enantioselectivity

chiral ligand
Thiophene Y. Nishibayashi et al. Organometeﬁh’cs 2009, 28, 2920.

5 mol% [Cp"RUCI(SR*)]>
10 mol% NH4BF4

CICH,CH:Cl #

5 mol% [Cp*RuCl{SR*)]z H
10 mol% NH3BF4 R
_ \\- 7
CICH,CH4CI W 5
up to 92% ee

. Enantloseiecnve allenylidene-ene type reaction

fun time yield of 3¢ syndant-2° e of
(h (%) syn3?
OH w
A "3
S 40
NN Q™
o Ar 5
8 1 s
1 R=H,Ac=Ph(1a) 8 851 171 ES)
2 R=dMe Ar=Phif 8 () 141 30
3 R=0Me, Ar =Pt (1g) 8 s3a(ag) 171 82
4 R=4ClLAr=Pn(in} 5° B5(3) A %0
5 R=HAr=pMeCeH, (1) 7 8 (%) 231 0
L X )
L2 XY
2 1R o 3
& R=Ph{ij) 23 8 AW %
7 R=pCiCeHs (1K) 24® 72 (3K) 3 E:]
B R=CHCH,CH=CMe, (1) 24 63(a)  >e<t 8

* Al reactions of 1 (0.20 mumol) were carried out in the presence of 2
(001 mmot) and NHiBF; (002 mmol) at 60 °C in CICH.CHLCI (5 mL
Fsolated vield. © Determined by "H NMR. ¢ Determined by HPLC. <2
(002 mmob and NH:BF: (084 mmol} were used. / CICHCHCT (20 ml
P R ot S s ko o e

Scheme 3

Y. Nishibayashi, S. Uemura et al. J. Am. Chem. Soc. 2008, 130, 10498.

Scheme §

g 5 mol% 2a 1 L
22N i Sy
= ‘ \\\ 10 mol% NH,BF, | R Ar i = Ar
= e CICHzCH,CI = =

g Ar 50°C S sym7 S antit

Ar = Ph (6a); 5 h, 91% isolated yield (syn-Ta/anti-Ta = >99/<1), 83% ee of syn-Ta
Ar = p-MeCgH, (6b); 2 h, 87% isolated yield (syn-Tblanti-Th = 17!1), 88% ee of syn-7b
Ar = p-CICgH,4 (6¢); 6 h, 90% isolated yield (syr-Telant-Te = >99/<1), 86% ee of syn-Tc

chiral ligand

Scheme 6
OH 10 mel% 2a J l
J\ 20 mal% NH4BF, m "Ph, ( \I
AN
'\., N /J\ CICHaCHLCI o
Ar 80°C,24h Ar Syr-9 Ar arti-9

Ar = Ph (8a); 65% isolated yield {syn-9alanti-9a = 14/1), 98% ee of syn-9a
Ar = p-MeCgH, (8b), 45% isolated yield (syn-9bfanti-9h = 20/1), 94% ee of syn-9b
Ar = p-CICgH, (8¢); 80% isolated yield {syn-9c/anti-9c = 13/1), 95% ee of syn-9¢

-
Ar . <) o N v
o, 0
n rt, 30 min 4
aTi 2 R R CICH,CH,CI )
S RTR
run  2° 3 4 yield of 4,(%) isomer ratio (E/Z)
I Ar=Ph(2a 3a Av 91 (4an) 0¥l
2 Ar=pMCH 20 Ol 3y T 7 (dbu) =900
3 Ar=pCcl 2o R ) s
Ar
4 Ar=Phw L 3 #2¢ (dab) S99l
5 Ar=pMeCH, (20) U“ N L?)/@ o S5 (4bb) 29911
6 Ar=pOICH, (20 b ‘O’ 42¢ (deb) =00i<)
Ar
7 1 (2u) 0, o 3 B/Y (due)
8 MeCgH, (2b) 3 LT,)’ o Bidbe)
9 Ar=pCICH, (20 3 ‘Q’ 77 (dee)
PR
Ph
10 s OO 30 F‘n)“?_)/@ a4 iddy ~907c]
oTf 2d Y:‘FD
1 ru Q*io’ﬁ 29 (den) 09l
o 2¢ ‘@‘D
12 Ar=Phiza) © 33 5 93 (4ad) 92
°\‘1‘f°

7 All reactions of 2 (0.30 mmol) with 3 (0.90 mmol) were carned out in
the presence of Ia (D009 mmol) in CICH-CH:Cl (8§ mL) at room
temperature for 20 min. * The isomer ratio is shown in Supporting
Information. ¢ Isolated yield. 7 Detenmined by 'H NMR. ¢ The reaction was
carried out in the presence of la (0.015 mmol) for 1 h.

Y. Nishbayashi et al. J. Am. Chem. Soc. 2008, 130, 2908.

stoichiometric reaction

Cpt Co* |+ TIOH Ph
'ProNEt P\Ru’s"—\ﬂﬁ a Cpi_ SO nH,cl
1a+2d ————» T ] RU——=R0{ 4 Ph
e t, 20 min ci ?B‘HE“ - S'/ ®0C 3N clé
! o
CICH,CH,CI| Me ﬁ\‘p Me \\ CICH,CH,CI
63% i 87%
cr Ph— ~Cl Cl
Ph
PH L , P
not isolated
R [Ru* [Ru]s gRu])

\\ -HOTf \\.a+ NuH \
i > i\ - | e — 3 Z
AQ \\\6;+ \\’) \\"‘\H AQ Z—TA v

BA)\‘E” )\N it Areft * ;.

via butatrienyl:dene intermediate

A OTf

3/

G Nu ;
predominant |

steI nc” . formation
repulsion of (E)-isomer.
4/12



1-3. Mechanisticl study of Dimetallic Effects in Proparaylic Substitution Reaction

- Nishibayashi et al. proposed di-Rh type mechanism. Y. Nishibayashi, M. Hidai, S. Uemura et al. Organometallics 2004, 20, 5177.
postulated catalytic cycle
___________________________________________________ :1‘1q It
~ uj—[Rul
cf) g Hblnsergon of Alkane Wlth Dirhodium : Cp'\, P ’ []:':I] [F.l]
; arbene Complexs ' Ru=Ru
; g l Mesq' g"\""SMe HJH/OH 19
‘ ' | Ph
: /T\ H ' 1a A
. ! +
5 B 9. : S e Tyt
: AR Ahd=cyR RRE—RN? ! PhZ Ru— R ¢ ol
| ARV E A | CIHl_ Ph b
' (E=CO,R?) . e _{OH HJLph
' NG . B
) X H—c’c 5 NuH
: H™ ™ L':_'H‘ s T | S j/
; i Lo v —+ :
1 )H\ )H\ -l L R i | r—lha
| ; +Co ; l & i :
B e el T °
: f"f’ ﬁ'hi,_ ! ity e 1 | Ph P weak € P Nu—H
i 71 Fell g E . |ligand exchange | MNuF | back-donation
: - Rh® atom acts as an electron ; step L : l
; donor to the Rh® atom in the : o
4 C-H insertion step. ‘ : OH © works as an [Ru]-—[Ru}
----------------------------------------------------- TS A L electron poolor " L° I
: AU --Rul '+ mobile ligand to JJ\I’NU
: al H_l: :F’“ +another Ru site. D' H r
"B 1
él rl-l
H Nu
Ph
-Experimental results
{
©Ar Ph
P o1 Ar\\// Co G |OTt Ph,\/
/ |'-~. Ru
MeY Yt H 4b OH 4c
Q M Y_/,./-"’ |E~. YMe : e
1b; Y S, 87“/: (Ar = p-tol) Cl |f EtOH
2b; Y = Se, 89% - -
3b; Y =Te, 72% C|CHECHEC| /u\ 60 C, 8h
stoichiometric
reaction Ar™ CAr
1¢; Y =8, 93%
2c; Y = Se, 94%
3c:Y=Te, 91%
Ar Ph
AL Z 4 Ph
OEt OEt - in the tellurolate case, either the step of
5h 5¢ a nucleophilic attack on C, in the allenylidene
o o moiety of 3¢ doesn't proceed smoothly or
Y=38,38% (5b) and 70% (5") the ligand exchange with another propargylic
alcohol does not occur readily.
- cyclic voltammograms of 1b and 2b revealed two reversible waves - the oxidation (namely, an electron transfer) of 1b and 2b
at Eyp =+ 058, + 1.15Vand £ypp = + 0.53, + 111V, respectively, —" proceeds more smoothly than that of 3b.
bl he red les [Ru"/Ru"] and [RuV/RuV] . e : .
assignable to the redox couples [Ru"/Ru"] and [Ru™/Ru’]. ) - the higher oxidation state of Ru'Y reducing the back-donation
- in contrast, the cyclic voltammogram of 3b exhibited one irreversible ability from the Ru to the coordinatede alkyne moiety.

wave at £, =+ 1.91V.
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« Theoretical Study by DFT Calculation

E, Nakamura et al. J. Am. Chem. Soc. 2005, 127, 9428.

H
+ +
(Ru] IRl :H - Calculation also showed the important @5 - e }% '@ .
+ e + role of protic molecules (e.g., MeOH) RugT—Ru+ Hap® Ru
H—=—\ that mediate smooth proton transfer CII S :h Fl’
OH Hp0--(MeOH), in the propargy! alcohol-allenylidene Me 3
1 ) transformation. 1a 1b
{(MeOM),, [Rul* =1aorib, n=0-2 el it
- Synergistic dimetallic effect
R ]+ H PRSI TN, i
u +2.2 ! i '
1b’|a; d[_RE;R -14.6 [Ru]____g E a B FY/OH !
:mono-Ru — ' _— h
+ .C-OH H—C=C—C;upq ¢
H s ! '
3] A H ! \ 1
"C~CEC-H 2a (+2.2) . H
HO 2b (-14.6) S N S S o S
Ru®G(Cp) Ru-C{Cp)
2.082 2200
uﬂ

di-Ru catalyst )
front view

HCECCH,OH 2

1a

- The Ru®-RuP distance is elongated significantly
upon z—complexation (2.684—=2.855 A):-

side view

aIIenyIidegae complex 5 ‘ monoélﬁu catlyst

c-CP bond length : (2a: 1.241 A, 2b: 1.248 A)
CP-C%-H angle : (2a: 155.8°, 2b: 154.7°)

° \ )
. C*-CP-C" angle : (2a: 161.3°, 2b: 154.6%) AN Vi oy
- While the distance changes less siginificantly T — bR IR
in the following process(2a—=8a : 2.814~2.855 A). B e ey, o L i
P L kee
Changes of natural charges
+1.6 [Ru°-IRL
- Cli%es. %
+1.2 g (BuCRU) i =~ fie Z
R\/ (AP Fl\]/'
Nu ¢ oH
+0.8 LA J
{Hy"l—(ﬂuﬂf: iHy"]—lhw’i? ”
+0.4 Sy ‘i: { Cly *: (
B Nu 3 B OH
0 I I
[RF"]-{[H@}: , mFD;m(Hu“i‘:
; (o : a oy
di-Ru catfllyst y ¢ H . i ) as
H E;l : O,Me [Ruj=C=C=(, c' : c
"G-C=C-H [Ru]---q [ 5 @ M ey
H-Q G ,'H ==l IR}J"I"IBU_"]’:
‘H 'Q H‘\g_o‘ \07 ’H*O( Cl
Me H H H’ NuH HC
LT
1 9 8

- The [Ru?] fragment is less positeive than the [Ru®] fragment throughout the reaction pathway (except 1),
while the valence formalism indicates a positive charge at the [Ru® moiety.

Me M
eSS L eS

/ U\S_/RL:( H IRU\ /F!u"‘ H
o W // gl %de /
OH OH

Me Me '
@ s% ng S.. ) !
ﬁui—/ﬂua ,Hui ,H A |

S S S Z

cl Me ¢ Me !
H H |
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* Wiberg Bond Analysis

3.0
ChCP
—complexation
" . U\(}/ ‘\{.—\ allenylidene
20 complex
wnyhdene CP. O‘/m—"""’E
complex

- Ru®-RuP bond becomes weaker when there is
back-donation from the Ru? atom.

'._fl * .‘._',R‘ua..pr
12 13 14 15 16 17 8

0.29~0.32 (from 9 to 8)

- Product-substrate exchange step (catalyst turnover step)

di-Ru system g "

Ru"i—g.ﬁ-
9 Me 3 \
%D\_S__H% Cl Me D
O e " oH N
\ H—
_—— e, OH
7 ‘Product-substrate exchange {MeOH)y
[ can readily take place in this , ., 46=22 fg;ﬂg
di-Ru system. S +19(n=2)
-
N e
1 why?
[Rg"l [F;U“! [Ru®)- gRuﬂ]
I H CI |:|
OR' .
! R
H——
AW—[R aF OR'
{ gl R g - Ru® center acts as an electron
H=—== <OH' accepter for the Ru® atom in the
= — critical ligand exchange step.

mono-Ru system &2,

H JRu—0O

HaP"I

s ©- . (MeOH), Hop

R e +

HaP'1 | P

O OH

(MeOH),,
- Smooth exchange of the product AG=+14.6 (n=0)
with the substrate on the mono-Ru —— +20.4 (n=1)
center is difficult. +20.5 (n=2)

[} b - 1
: RhD ﬁha:c;:s

-0

g
RhP—Rh2
e 71 7]
- 2
(E = CO,R?) "
\ T /C'
B -G
1 gR A
H \e H ol
! I} R =N :
| 9‘_\ .?_A H‘) 0' ‘0 fh !
‘ B RM=Gomt " RRO--Bh-LCemt
: 2 PR RS

E

- Rh atom acts as an electron
donor to the Rh? atom in the '
C-H insertion step. |

.

/— coordinative unsaturation : 16 e
#Z h p_#
- The energy loss due to coordinative unsaturation L [Rp"]-{:[i’l't‘;'_j" P \/
can be compensated by relnforcement of the Ru Ru bond. Nu g OH
terpart.) P!
4 ¥ r ¥ 3 uf
AR AW, By : 1) BT o PR
~ | d,t (R** C!H\“@\ (H E | G -— G, L (|
Nu vt Nu i [ OH 1 OH
| [Ru-(RYT [Ru® R Ay AU {Ru?)— (AU
! 1 ] 1 i ]
[ - G ol L5
5 1" Nu " Ny i K 0 OH
i & vi a 1 f-_.i &
- In the ligand dissociation step, the RuP center accepts T ; l
electrons from the Ru® center, which have been offered i
for the back-donation in the z-domplex. iAW"-(R) : AR
s ol s /it Ay
Vi R Nﬂ’w w ot
H
|
;Hu”] P AR 1
ol ]
NuH HaO
A!Ienyhdene com plex 7112



2. Catalytic Reactions Involving Nitride Complexes as intermediate

2-1. Background
Classical Catalyst System for Alkyne Metathesis

- More Practical Catalyst
Mortreux, A. et al. J. Chem. Soc., Chem. Commun., 1974, ?86~

- The First Effective Alkyne Metathesis Catalyst

y i E Me :
: Bailey, G. C. et al. Chem. Commun., 1968, 1548. | ‘ '
! e O Mo(COJg cat. O O ;
! — B mmczemcames 1 resorcinol '
I tungsten trioxides & silica w . 2 — :
12 ——~————/ Q + ‘ : I | decaline ﬂ * | i )
] 200-450 °C bt o ! : 160°C. 3h :
i - hardly relevant for preparative purposes. ! O O O :
R rm— O LA 1R : :

: 55% 21.5% 23.5%

Katz. T. J. et al. J. Am. Chem. Soc. 1975, 97, 1592.

M=—R? R’ R M R
M= M It

+ — ~-—p- || — [ + |

R' R R' R' R! R

- metallacyclobutadiene intermediate.

- An example of the application to the natural product synyhesis
A. Furstner et al. Chem Commun. 2001, 1057.

LWOR  cal. Mo[N(t-Bu)(An)];
B —

CH,Clyftoluene. 80 °C
80%

Lindlar Hy _—<\]\)

(‘H Cl,

=,  Epothilone A

(9] OR

R=TBS
aq. HF
Epothilone C (82): R = H (79 %)

- Precedents for the alkylidene-to-nitiride conversion
Schrock, R. R. et al. J. Am. Chem. Soc. 1982, 104, 4291.

(Me,CO);, W—CR +i(Me,CO),W=N, - irreversible reaction.

- The first example of a conversion from the alkylidene-to-nitride complexes
Johnson, M. J. etal. J. Am. Chem. Soc. 2006, 128, 9614.

Scheme 1. Reversal of Nitride versus Alkylidyne Ligand
Preference in W versus Me Complexes

CR'
i + R"CN. 30 °C N
it S en————_—— N ‘W
RO¥ “OR -RCCR Rr?o" ®qE T T e
minutes to <24 h

R = 2,8--Pr,CgHa, C(CF1)Me,, Si-f-BuMe,
R', R" = aryl and see refs. 27-29

As mentioned above, the formation of nitride species
from alkylidene complexes and nitrile is well-known process.

h n'ﬁ + EtCCEt, 95 °C EuEt ! .
: Ré)o;’"“’ or  —EcN . RouMOLo! The alkylidene complexes are formed irreversibly from
i 14.5h ko ] the nitride complexs, but with a large activation barrier.

| R=C(CFy),Me, C(CF,)) ]
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2-2. Tungsten-nitride complexes

Scheme 3. Syntheses of Tungsten-Nitride Complexes

1) 3 LIOC{CF3);Me, 19h N
1 THF toluene, 65°C Me(F,C),CO.,. 1||

0.25[NWCh), 11DCE —yTOME BO% Mn(Fac)zCO OC(CF,)ZMe

1 DME
3 LIOCMe,CF, 4 LIOG(CF);Me Et \)
okienc toluene, 18h g DN&E HG%? ge
18h, 53% 53% Litdme), ol wel
| N=W(OCMe,CF )3 5 | ! L
3 N
e o n
EICN| e(F 3 = (CFa)oMe
%I:eu:’e. 95°C 2 OG(CFJ)zMB

W,(OCMe;CFyls

Johnson, M. J. et al. J. Am. Chem. Soc. 2007, 129, 3800.
J. Am. Chem. Soc. 2008, 130, 8984.

Crystal structure of 1-DME

- Lewis acidity of the W center increases.

+ The effect of ligand (in case of Mo)
Z, Lin. et al. Organometallics, 2006, 25, 1812.

(a

- for an ident

A e eTact ol e, Z, Lin. et al. Organometallics, 2008, 25, 1812
|
(a) Covesid
[l ome
Meo v T \
oM
AE AER{W-OR} = | AE(Mo-OMe) = AEp(Mo-OMe)
8.1 keal/mol 24,4 keal/m¢ | 15.3 kealimol Ts1C -33.5 kealimal
' .i, : g
> /
| i i d l i it o
We ILOM : c Mo - _OMe _ |
l(|:l + MeO’ \DDMME Meo " 4 I('; Il + Meo ‘oOMnie Med’ “JI v
C - oM \ c Ofe \
| AEpgfornl W carbyne) = | AEpetarm(Mo carbyne) =
| 24 1keallmol A TS1B-frag 31.2 kealimol 4 Ts1C-frag
| Epetornl Alkyne) = 8.4 keal/mal E AEgeram{Alkyne) = 17.6 kealimol A
( the greater spatial extent of the d orbitals in W as compared to Mo
N should lead to a diminished barrier to metalacycle formation for W
Me(FsC)CO, Il ... ___ complexes.
Me(Fac)ZCo_ IQQ_{QEa)zMe _\
high / A - weaker donor ligand favors the formation of an alkylidyne relative to
oxidation state (V1) the nitride.
1-DME i

ical set of ancillary ligands, there is a greater positive

at the metal center in the nitride complex than in the alkylidyne complex.

1 ]
H :
' :
H \
i Mo i - T O s~ -
' i ; ; : : : ]
| e oM AE,{Mo-OMa) : : + Impact of alkoxide on relative energies of alkylidyne :
' 153*==HV Ta1e -33.5 kealimol i ' and nitride complexes. H
H ; ; ‘ ‘
Vo g : '
. \om NL' -OMe. :ff ) ; !
t Il + MO “owe ' ' i '
' c oF, " b ) OMe N ' ' Decreasing :
i AEpptormiMo carbyne) = ! ' Ikoxi .
1 | L 2kealimol ) Tstctag -0.08165 au 1 ' CR Donor :
. AE pusanm{Alkyne) = 17,6 kealimal LUMO ] ! N Strength !
] | : | FRo? oR :
b [ & i i N cR :
! o M’:) OMe 0108880 | ] l|| i :
i &; e -c MeO™ - ] ) R' 0“"‘ oWV W, f
:. G0 ehar gy Dite LUMO ; ; I RF?O’ “Sor' i l
! ;%.‘x,‘,f:iﬂ 781D 50,8 kealimol TS1C-frag T e T
i { c '
e i L Mook
. g ‘
i & 5 -0CH,F Oi OEHE '” FHCO™ s :
j w v FH,cc OCHzé FH,CO" bete <, Tsf)(;H;F 1
i ' | iEudgmiM‘;;;mTﬂ } T81D-frag D E
“ A paerm(Alkyna) = 21 7 kealimol ¢ ‘
] '
2-3. Catalytic nitrile-alkyne cross-metathesis

El

¢

Me(F3C);CO.., Ili Me(FaC)CO.., III
Me(F;CRCO W, OC(CFs)Me —?ﬁg—:;%— o S S9(CFkMe
5 mol %1-DME
it \) ArC—CE[ - P \) 2.0 NEC-Q—OME + Et—=—Et tol-d.. 95°C
= 57 ___________________________
|oluane 172.;:|55°C 95°C 2 5-DME :

CFy c
Me(F4C),CO. Il
1 MB(FaC]}CO*\FlV:gC(CF:)zMG
0\)
C Ry
Me(F:C),C0.., IIl #

Me( JC)gcowi\t OC(CF3)Me 7-DME

/0\)

8-DME reversibl formation was possible.

after 21 h
symmetrical diaryl alkyne was the major product.

912



« Three possible cycles for formatioon of symmetrical alkyne

. N Et '
' Me(F,C);.co.,‘\lA!. L '
T | Mo(F 1C12C0— W OC(CF )M

£ 1 Me(F5Ch S graMe Me(F1CLCO.,. Iﬂ !
! o\ MelFaCHCO— WS OC(CF e
! o :
! % N /0\ ) i
: 1-DME b I
. e 5-DME :
| o MeO '
' |
i |
! :
i ¢
! Me(FC1;cO. ; .
: Me(F;’C};CD*\T;OOEILCF;hMe i R i e
' 6> S
! ’ N\ i
‘. 4.0ME o ‘.
J '
; '

less electron donating ligand

more electron donating ligand

Organics Key: | |- 7 777111111 IIIIIIIIIIIIIIIIIIIIIILL
a EL-CZC-Et : :
b Ar-CEN : I(I‘J‘Et :
c DME : W '
= o ~ '

d EtC=N | [NS=SW(OCMe;CFy)) 3 FaCMe;CO' g :
e Ar-C=C-Et : 3 F3CMe,CO . OCMEZC&E
f Ar-C=C-Ar ; (S"E Eg ‘.
c [of ,

: I} 'S !

Il X X \

: R SR !

! 8 x=ocMecF; 0 '

« Stoichiometrric investigations of the proposed pathways for the formation of y_n\symmetncal alkynes

.‘\m D AGion T o) M=) - pXCHC=CE — EG=] | pRGHO=K
b NemlW1 - Eie= TR A
Cycle | ) W] & Ry < RiiW] By en!w calabsl | X WmN | W=0  W=CR WIGR| WeChr
: ent talyst W=N W=0 W=CR, W(CR; “Oe ¥
N o formation of ArC=CEt ot} caey (H - ) (G ! ':DMF ?}E‘; 7? '3 [2 ! s?} !
’B C from ArC=N 1 3 63 7 P 2 LDME LOMe! 6 0 Dso
T S T T e 7 e e ] 4 3 y CFa o 42 33 0 V250
NACM: A Et L2 o e L o 4 LDME (CB ! 13 0 I Do
e BT L et e ' iyt ' i
Et—=_F1 Et—=N {b) N=(W] + EIC=CEL&—EIC=[W] -+ EIC=N a) N + p-‘(C@ﬁt“si‘E'k EIC=]W] + pXCHC=N |
N enlry catalyst W= We==0 W=CR, W{C;Rs} entry catalyst X 1 WmN  WeD  WeCR WCR) | WeCAn
I m . L6 60 9 0 {25!
v | heees LSETFEETES L ERRERE boooaens 2 2 5DME 20 10 Lo
YN " i 3 2 . = NG = ! :
XX/ X X" W X ‘_2.-.__-_9\‘_5_[: ______ i B, o ey 3 6 64 s 4 g :
x 4 3DME 13 0 0 87
ik _—— N
AE—=SREL AARSH . . ¢ Room temperamure. )
- use of the less electron donating OC(CF3).Me ligand leads hopE infl h tal
to preferential formation of alkylidyne or benzylidyne complexes. - no significant electronc influence on the catalyst
€ ylidy! ylidy p
- reversible for both catalysts.
o} Ne==(W] + (et = - am| +
Cycle I {a) Nss[W] + pXCHCSCE -~ pRGHO=[W] + BIC=N Bt SaiomC R Od i~ phodh Y Lo
enlry  catalyst X Wall WO, WeCAr  WeCR, WICRil enlry catilyel £ Wamty *"' 01 w=Car
; gy | 3 OMe 76 7 7
1 3 OMe 75, 14 9 1 : ! ' .
secondargfformatwn 2 1DME  OMe 6 L0 80 14 2 1-DME” OMe 46 kil 54
ArC=CA 3F 3 CF, 42 ¢33, 25 0 3 3 CFy 100 gt 0
C (‘ Q. re=CAr 4 LDME  CR 300 87 0 4 1-DME CFs 67 L0 33
0= [ NACM:Ar—ar )
{p) N=W] -+ p-XCH C=CBl = pXCHC={W] + EIC=N 1d) N={W] + p-XCeHiG=C-p-CHiX + p-XCsHC=IW] + p-XCoH{C=N
Ar—=-Et Et—=N enty  cotayst 0:{ W“)N 1’W=:0‘: W"fﬁf We=Ch, “;“'iffﬂﬂ eniry calalyst X W=N  JW=0"  W=CAr
I )—& > foe ol : P9 OMe TN (3 0
2 7DME OMe 42 ! 0| 30 9 iy ! 3 51
LU n !ll 310 CFs 61 11 20 0 2 7TDME OMe 49 10 51
X Ny W 4 $DME CR 170 8 0 3 10 CFs 86 e 0
W xl X o 4 8-DME CF; 65 LoD 35
Ar—Ar Ar—=N “ Room temperature.
- the use of 1-DME affords substantial quantities of both nitride and alkylidyne complexes
at equilibrium, without the formation of the terminal oxo decomposition product.
Cycle 11l
) ) {a) EC=(W] + pXCH,C=CEt — p-XCH.O=MW] | EC=CEL {o) EXCos{W] + pXCHCmC-pCiHiX — pACHCmlW] + p-XCH, CamCEL
formation/consumption entry catalyat X Wa=CR. W(CR) WeCAr enlry calalyst X W=CR, W(C,R3) We=CAr
! 0 1 & OMe rese, T Dresent =6 e '
4 IMe present U present 1 6 TOMe ! wice ' oo
t ) ArC=CAr 2 SDME OMe 3l I 2 5-DME COMe | 6 : 9
: 8 Ch 3 - 3 6 'l 0 00
ACM: Ar—= Ar] 4 HOME.  EE 2l VP 4 BDME 1Ry | 16 Cos4
gt Ar—=Et Et—=Et ; o) Eg"i:“q’ PHCHE=CE xcﬁj‘cﬁf""’é + E‘CW*?E‘ : ‘ ) EC=W] + p—XCgH,C:E CafiX — pHCH.O={W] + p-XC;H;CAﬂCEt .
L Sl i 3 WimCH, WG : biimid entry catsyst | X W=CRWICR) 1+ W=CAr |
| 9 OMe present | present | T ' - i v
| | r f 2 T.OME OMe 52 a8 ‘ 1 % ; ‘()hit' i present | present
W "I W 3 10 CFy 33 |67 ! 2 7-DME OMe | 20 ! %0 :
XI ~x xml \x i 8. OME CF, 0 ') : 3 10 {CFs ! trace e !
X AR 1 8-DME ICFs | 0 '100 :
Ar—=—Ar Ar—=Et ; i
- the favored resting state of the catalysts - para-aubstituent anithe aryl substrate

did not appear to exert a significant
influence on the catalyst resting state.
10112

was the benzylidyne complex.



- The large difference in reaction rate between NACM and ACM at room temperture implicates
ACM as the primary process by which the symmetrical alkyne is formed over NACM.
(i.e., the symmetrical diaryl alkyne is formed principally via cycle Ill and not cycle |l, at least"

in the case of ligation by OC(CF3),Me.)

- In case of 3, the alkylidyne complexes required for ACM are present in only very small quantities,
but in case of 1-DME, a much larger fraction of the catalyst exists in the alkylidyne form, thus favoring rapid ACM.

..................

5 mol % cat

cal= 1-DME, 3
tol-dg, 95°C

10 min

Et

- There was no evidence of NACM
products at this time by "H NMR.

- NACM products began to predominate
in the reaction mixture.

- Preferntial formation of symmetrical alkynes

Alkyne Polymerization
- AP is known to compete with AM in some systemes.

' 2.OMeO—C/>—CEN + Et

5 mol %1-DME
toluene-dg, 95°C

Et

MaOOMe &&= — -~

Ez—:——@-om NzC@}—OMe

‘ remove volatiles

Et%@—OMe

Ar
\I] OC(CF3),CHy

H3C(F;C),CO-W-OC(CF3),CH3
_O’}
A
toluene-dy, 95°C
poly-3-hexyne

MEOMOME Et—=N

- simple removal of volatiles from the system, followed
by heating toluene often allows the unsymmetrical alkyne

: postulated catalytic cycle
: N CEt OMe
Wi, OMe W,
v - R - .
: gt RO YoR RO ‘O%R O
3 I I
: Et I
| L L]
' S OMe
: Et ¢ Et A
: Et\zﬁ:N ? Ar {?‘Et Et &-Ar
i ‘W A V=R W
v [[ROGRORl  |Etn RO bR RO 5r R
' RO'\g';O
! OMe
! Et )< OMe Et
! Et
; 1 : ‘ Ar
ol T\ B c@ f e e
| Wi, ih W Et
: SUNOR Moar
: RO "oR RO TOR
! R = OC(CF3),CHg,
: OC(CH3),CF5
: NACM CM
Moore. J. S. J. Am. Chem. Soc. 2004, 126, 329.
CHy CHy
Tt CHs Et CH, HC-==-CH, Et CHyg NHyC—==—CHy Et. - -CHs
] I ]l e o | —_— . |
uo(OR], l[' {RO)Mo o, {ROpMoO. = CHy (RO)sM CH,
CHy CH, CHy
Postulated AP mechanism

20 NEC—QOME

+
Et—=—Et

5 mol % NW(OR);
loluene-dg, 95°C

MEO—{:>——:- _<.«7-\>7 OMe Et-C=N
Et—= *@*OML‘ NECOMe

- In case of 1-DME, the "back reaction” of
the alkynes ArC=CEt and ArC=CAr with
EtCN occurred.

to be metathesized into the symmetrical alkyne and 3-hexyne.

- 3-hexyne is removed from the system by polymerization
or evacuation.

5mol %1-DME  Ar=="Ar

Ar—C=N + Et
. toluene-dg, 95°C A

——Et

removed
volatiles
1Et-C=N
R = OC(CF3pMe \ 3Et-C=N
loluene-dg, 95°C
¢ \ R = OCCF3;Me;
NEC—G—UMB no reaction
18% more
= thermodynamic preference
'2/\ =N + = _< :)———\: + 2 /=N

alkyne

'
i
i AH=-1.7 keal mol”!
:
:
'
.

/8H =132 keal mol T}

symmetrical
alkyne
Ar—=—Et 3 5-Me,CgH3 63%
3,5-{CF5);Celly  80% NACM-ACM
4-CH,CHCgH,  31%
removed (oluene-dg, —
volatiles gs°C grs Ve cArrs 950%
7 2613 o
35 (CFyCats 9% NACM-ACM-AP
o

4-CH,CHGeH,

(3)
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+ Calculated structure and relative Gibbs energies (kcal mol-1) for nitride-alkylidyne interconversion in a model system

Q, 1216 A N

153:A N 1.803 A

I
P
TS4B
223(8.1)

agt A Intd TS28 / Y,
4 1287A N ;
N 1853 A \ 10.3(-4.9)
y 1.813 A & g 45 _ / VB - 2B/ X H ,
/ - . - \
- 1.378 ¢ L16d A \ﬁa-a- 2y 94(7.1) 9.2(-7.1) \.\M
Fo— React. & 1607 A Prod 00(0.0) TL:’&- N 0.0(0.0)
1209 A A, G Cioma < Me-CN (W] = W(OMe)s £ @ S :
H ).68%3 N \ Int2 % . :
Foga a IEEIESISUTTOR e s B I S i R N s
Me 1+ Il P ! _ -
«0N MeQr “W\ oM azameaatlggglggt:éadlene Prod. 1762 A - The highest energy of the transition state
1 I
oK, MeQ PUE OMe NACM (29.6 kcal mol"), ACM (22.3 kcal mol)
b ok of OMe Ggands have been rerioved for clariry, oy
- : s A . - «OMe
- two distinct azatungstenacyclobutadiene intermediates. MEC:W‘OM
- Int 1 and Int 2 are best described as having distorted =
square pyramidal structure with the three methoxide
ligands occupying basal positions.
alkyne formation
Incompatible Substrates®
Products (% Yield) 3-hexy
Entry|  Starting Nitrile Unsymmetrical Alkyne  Symmetrical Alkyne Time (h) | (equiv] g Cat Decomp.
n ng Nitrile | 1.DME | §
DA i — 1 iy 81 8 1.0
1| meoOon | M= f weo-{=rome gLl Ja | 10s 1| O | N |y
2 Br—_)-CN er{ >“—'\-—— 0 Br{ >—<: ~ )>Br 100 15 20
:>_ s s \g/ i &an 5
8, = S, _
3 [ —= 19 =<1 41| H 20
Tyon L= = a | onhon | N |y
S
| 7 |
4 S © \\ 0 Ey“\\ 5 15| 2 | 20 o | mnon |y
N L&\ ) 0
FiC FaC Fs CF, s i O- | v |y
5 {_)-cN < Yz 5 Y = 95| 25 | 20 o
FiC Fi€ FiC Fa 6 (ﬁj'cN ¥
6 Q—CN D-}\ <5 = >05| 24 | 20 7| wo{Jren | Y
: | 8 -CN N Y
T ,/*VCN : \—:——\ 40 _L'—_'-'--\_| 33 -] 2.0 3“‘}9
Y L s Y 1l f
8 L Ven Y= m =) 4| 13 | 18 o | AnThen |y
0, Q, o] =, 0 ~_CN
9 el N 76 : = 24 24 3.0 0 HaN™ Y
ved <N | g k MG @4@%0%: z
- CN
g h " HN™ ¥
_ 06 23| 11 1.0 '
10 @3" Y cN Oﬁ\’/ B 19a = ¢ X a a a
- = 58 F =L 12| 25 10 - e i 1 g
SUAN g S =) z
~CN >\—< >—'\= 43° = 62| 200 | 207
" pud \=/C ButD BU'O A Y/ By
gb Sb ; 13 ¢ eN N N
12 7 coN 2 - 4 5&0,\:,\@0 12 1.0
,.?‘Q 2ER Ve (=L} ¢t 25 | e 18 —ten NN

13| N en M= e NO=CDON 13| 18 | 20

95 °C. toluene. * catalyst = 3,

*Y: This catalyst form is deactivated.

- Lewis basic substrates were found to deactivate

the catalysts.
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