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Introduction & History

P P

At first two men were a
pair, two women were a
pair, and to shouts of
“ catalyst! " they crossed
over and became two
couples.
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Introduction & History

_ _ The Nobel Prize: Yves Chauvin,
'[;‘,d“Str'a'rt(?heT'StS: Robert H. Grubbs and Richard
ISProportionation o . rock: Metal-Alkylidene  R- Schrock

fP I
T rropylene Complex to Catalyze

Metathesis
1971 1988 2010+
1950s 1980 2005
Yves Chauvin: Improving...
Olefin Metathesis _
Mechanism Grubbs: Ruthenium

Carbene Catalyst
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Basic Reaction Types

 Cross Metathesis
* Ring Closing Metathesis

* Ring Opening Metathesis Polymerization

* Acyclic Diene METathesis

CM
R1‘\ff + f\RE - -
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Classical Mechanism

* Most Important Intermediate: Metal-Carbene

R1
—[M]
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RLJR' R . R RluRz
B . D For Olefin Metathesis:
/ \ Suitable?
/=] /—M]
R? A R!
Rgijz,\ R2 ///\th C/Rz Ln M— \
U S T R
FanN
R2 R
G

Chatvin ¥ Angew. Chem- e 24,2006, 45, 3740.



Types of Metal-Carbene: Fischer

e Low Oxidation State Metal Complex Ligands
« Late Metals
 Electrophilic Carbon
» Singlet-Like Carbene

Luo Group Meeting (CCME@PKU)



Types of Metal-Carbene: Schrock

. * Normal-Schrock:
R Less Polarization
=" e Triplet-Like Carbene
R « Metathesis Suitable

* High Oxidation State
- Early Metals

R Extreme-Schrock:

r* Nucleophilic Carbon
« Contrary to Fischer

Luo Group Meeting (CCME@PKU)



Classical Metal Center: Mo & Ru

« Second Transition Series

 Moderate Electronegativity Fc N
. : ot 3 | Ph
Vgrlable Coordination Number Fsc7\\0“;Mo\ CH,
 Different Between Mo & Ru? F:C o CH,
 Accidental Discovery & Rational Design Fg°C7<CF &
3 3
Cl
@ 0 \\\\\\Cl
A AlMe2 THF—14==CH-t-Bu NN
Qé !
> Clrn ="
THF c1” Ph
PCY3

Grubbs, R. J. Am. Chem. Soc. 1982° 04 Y4 nSehfoE R, Chem. Soc. 1974, 96, 6796.
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Schrock: Structure & Mechanism

« d% Hard and Hard to Form Normal Alkene-Complex
* Direct Four-Membered Ring Formation
« Steric Sensitive and Tolerance

=)

Schrock, R Ao Cham it Fd"5086 45) 3748. 12



Schrock: Nucleophilic Carbene

* Nucleophilic Mo=C Bond Ar Ar
 EWG Enhance Mo=C Bond L L

> Polarized Carbene: °*Mo=C?® [ kon |

» Oxyphilic Metal-Center RO\“‘YMO\C/tBu ~——— RO,

RO ‘ RO |

Ar
A

/H %0 d  wH ﬂ C/R R=CMe3 kS/A ~1 S-1

C ‘\R - '
\ - -
R i R=CMe,CF, ks ~1075 571

anti syn

Q ROMP Q PhCHO Q
—> Mo LCHR —> PhCH= =CHR

"X ) X
Mo=CHR cat - Mo=0

Schrock-FO &gk N lIEhem- $6624693) 115, 11831. 13



Grubbs: Tetragonal Pyramid Catalysts

i PCy;
(X ’2Rﬁ‘_/ Clm..Rlu ~H
PR, o’ | “Ph
k_1 ki PCy;
+PR3 —PR3
Grubbs |
(X),Ru—"
% Ru-alkylidene ko [\
+olefin —olefin N V N
- LR Y
(X)QRU R (X)zRU:/ CI,“' — \\\H
R—/ 7 | SRUTNp
K s k3 (XW K3 ks PCy3
R Grubbs Il
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Efficiency Determination: k; & k_,/k,

Initiation Propagation
kq (per PCys) K/lky
PC
c, | % Ph N -
‘Ru=" 96+0.2s 13,000
| ai
PCy3
1 better better
initiation propagation
A\ / \ &
—Q—N N~SZ>—
CI / T \\Ph
"Ru=— 0.1320.01s 125 ||
| i )
PCy3
2

Grubbs, R:% 5110 A Ehih C§0654801 k3, 749.
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Roles that NHCs Play

« i
NHC vs. Phosphine = 5%

2.41
« Strong Donor A8 243 (RuCh
¢ 2.41
Weak Accepter S
* Trans-Effect? s G
\o—-lo 171.7 (CI-Ru-Cl

4 164.4 (PRu-P)

k. Ik,

Alkene vs. Phosphine
« Weak Donor

« Strong Accepter
 Circulation Efficiency 231 (Ru-Cl)

Q 0
2.05 5 43 (Ru-Cl)
o 2.44 (Ru-Cl)
2.44
=52
\)'"\i)
I\ ) 176.4 (CI-Ru-Cl)
165.1 (P-Ru-Cnpc)
P

£

01,82y —232 (Ru-C)

231 (Ru-Cl)

Luo G Meeti CCME@PK
Chen, P. et al. J Am. Chem: goc. 20@, 188 3496. 16



Influenced by Phosphine Ligands

Mes—N N—Mes

To

Phosphine: Increase k,/k_,
 Electronic Deficient

Ru—
o | » Large Cone Angle
PR,
Ru-2-1-PR;
Entry Catalyst-PR , (s keer”
I Ru-2-1-PCy; 0.13 + 0.01 1.0
I Ru-2-I-P(n-Bu); 8.1 x 10’ 0.006 |
T Ru-2-1-P(Ph),(OMe) 1.7 + 0.4 13 ‘ J ) )
I\ Ru-2-I-PPh, 7.5 + 0.6 58 ﬁ\r
Vv Ru-2-I-P(p-CF,C H,) 48 & 2 369
VI Ru-2-1-P(p-CIC H., )5 17.9 + 0.4 138 “es pr
VII Ru-2-1-P(p-FC H. ) 8.5 + 0.2 65 4%
VIII Ru-2-1-P(p-CH5); 7.5 £ 0.6 58
IX Ru-2-1-P(p-CH;CeH,); 41+ 0.2 32
X Ru-2-1-P(p-CH,OC . H, |, 1.8 + 0.1 14

Grubbs, R-ef al. I-Am Ehatn' Coc 2603 125, 10103. 17



Mechanism Detail: Intermediate & RDS

/ kcal mol”

AG?

transl.

40 -

TS 1(AB,)cis ° 1 RDS + 2 RLS

35.5 TS 1(BC,)cis .
— 27 * Alkene Selectivity?

TS1(AB,)trans § % TS 1(B,C)trans

! —
H

30.4 i28.8 % TS 1(BD,)cis

-'. -,.‘.. 26.5

if -, TS1(BC)crs T (D)l
o1 i S F 21053 ", 222

:5:';' TS 1(AB) ‘—" i '._"'.-.:-“...-‘._...' .
Hop— .,1(33’"3”3.: e TS 1(CD,)cis
dop Ny 228 A

E:':: I \ -'. ;'.: .": _.-f'.. \ ..'-‘.‘\ -—“ ﬂ
i Voo ST NG ,
i fof 194 % 1C) d NN

# \ 1(B,)cisi 4 TSUBC) Nz 134
i \ 161 :

1(B) Q @ZI

“\a g) P

9
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Electron-Rich & Less Steric Hindrance

Substrate Product Yield Yield
E E R E'a, E With 1 With 2
R
R = Et (11a) R = Et (11b) 93%  (100%)
R=/Pr (12a) R=/Pr (12b) 98% (100%)
R = Bu (13a) R = Bu (13b) NR 96%
R =Ph (16a) R =Ph (16a) (25%) 97%
R =C0OoMe (17a) R=CO2Me (17b) (5%) 89%

Groyp Mesting (CCME
Grubbs R et al” ) B Chermn. 19 )7310.



Regioselectivity & Fischer Tendency

 Regioselectivity for Alkenes NBO Distribution of
- Steric: Ru-Part Favored Ru=C 1 Bond

- EDG vs. EWG: Inertness vs. Activity s{ {

« Polarized Carbene: Ru=C°%*

CY3P
«Sl
207 o~ ar TN

PCya
Cy3P
| \Cl
R

u—=
c1” | Ph Z > Ph &
PCy; CysP
Iu\\Cl
cr | Vs
A g PCy3

PBEO(D3BJ)/def2tzvpp
Grubbs. Ko &t A O ananetalice 2602 21, 2153, 20



Regioselectivity & Fischer Tendency

» Regioselectivity for Alkenes NBO Distribution of
« Steric: Ru-Part Favored Ru=C 1T Bond
« EDG vs. EWG: Inertness vs. Activity
« Polarized Carbene: ©-Ru=C»°* 9
Cys
cl
Cysll:’ cl Z g‘:;_ -
* | cr PCYS T Ty
CI PCy3 o
Z = CO,-methyl Z = COz-methyl
Z = CO,-p-tolyl Z = COy-p-tolyl I
Z = CO-t-butyl Z = COy-t-butyl
Z = COs-i-propyl Z = COs-i-propyl
7 = COz-cyclohexyl Z = COz-cyclohexyl J*-
Z = CO,-1-adamantyl Z = CQO,-1-adamantyl

PBEO(D3BJ)/def2tzvpp
Grubbs, Kot a1 Telishadrbn Lol 2800° 21, 4689. 21



Comparing Schrock & Grubbs Cat.

* More Reactive * More Stable
Nucleophilic Mo=C Bond Electrophilic Ru=C Bond?

Polarized Carbene: °*Mo=C® « Polarized Carbene: >Ru=C®°"
Ring Formation Determining Coordination & Ring Formation

« Hard Metal-Center  Soft Metal-Center
YQY RedePos
F.C N : N
3 | ph Effect on Metathesis? H
F3C+0“;MO\ CH3 CI'N.,RU-—— o
F3C (0] CH3 Cl/ Ph
F3CA H PCy,

FsC CF,

Luo Group Meeting (CCME@PKU) 29



Schrock RCM: Killed by Coordination

Bn \ (@)
rll Mo cat N I|3n
N\ AN > N
\([)]/\/\ o . ~ OI |[M]
----[Mo
Bn
Bn ]
Bn |
N Mo cat. N__O /\/N\“/ﬁ[Mo]
e )o-1 > Ej &
O XH o
Bn
Bn 4 Mo cat. ,{| o)
lll >
P 80% U
(@)

Grubbs, R-e€al. J"Am Ehatn' oo 1862 114, 7324.



Grubbs RCM: Well Developed

* Functional Groups Tolerance

* Reactivity & Regioselectivity NOT Very Important
« Stereoselectivity Controlled by Substrates

« Various RCM Strategies in Total Synthesis

CH5Clo, reflux, 3 h
82%

Richard, U at'al. 07! Eefr 200476, 1817. 24



Grubbs CM: Early Stage

(5 mol %)
PC¥s  CHyCly, 45°C RE P
Cllu., )
a” | Ph Y
PCy3
Grubbs | R1WR2
H-IMes
l -\\\CI
H>IMes N (30 equiv),
| Cl' BF,~ CD,Clp, —45°C, 3'h,
/RU:\+ - o
Cl PCy; then cool to -87 °C H,IMes
| ‘\\\CI
CI"'RU
CH,CHj;

Cross vs. Self
 0,0: Non-Productive
« “Excess” Strategy

* Alkene-Steric-Determination
* Distinguishable Alkenes?

H,IMes
l \\\CI

I"'Ru‘

CH3CHy'™

CH3CHy

CH>CH3
()
H>IMes
I \
l,,Ru“‘ Cl
CH,CH3,

Blechert, S. et al. Angew. Chem. Int. Ed:2003°43, 1800/ “Grusbe. & et al. J. Am. Chem. Soc. 2011, 133, 6429.
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% Conversion

Grubbs | CM: Restrictions & New Cat.

Cyja\f‘ ZER | Cyﬁu\gr « Electron-Rich First but Bad
c1” ILCQR c1” ILC?ER « EWA Restricted by k1/k_1 & k2
R ph (ta er=ochch 6% ° EVVA: Grubbs Il Work

R = CHC(CHg), (1b) ER=SCHCH.71% o Catalysts More Suitable?

5
6

7 ER=SPh, 87% )
8 Er=nNeabazae,77% ° DY Accident
9

ER = N(pyrrolidinone), 86%

OBn
100 |
- g Me 5 mol% Gl
o0 AT — X
N (0) Me < 2% REACTION
60 |- EtO,C CO,Et
C =z S
40 |- Cl CI
N 5 3 mol% cat., 60 °C \B
. 6 O—>I|Ru-PCy3
9 H
0 i ATIE EWEE S
0 2 4 6 8 10 12
time (h)

. Luo Group I\/Ieetir|1_<r:1 (CCME@PKU)
Grubbs, R. et al. Organometallics 2002, 21, 2153.; Hoveyda, A et al. J. Am. Chem. Soc. 1998, 120, 2343.



Grubbs CM: E-W Alkenes

- Start from Non-Electron-Withdrawing Alkenes [Ri]:<+
+ Correct Regioselectivity 82\8
* Ring Formation Prefer EWG EWG

. |
Late but Work! Cat. A vs. Grubbs Il in RCM?

BZOW cil » BzO 2 EWG
ased orrAkene-Complex ~ kk,[RuP][Alkene

r - -
EWG = COzMe 91% 1
k_, [P]+k2 Alkene|
EWG=C NP
Cl Ci
8_8 cat. A H \s
WOBZ EWGWOBZ )\O*ll?u—NHC

2eq. ZCN H
2eq. A co,Me ~ EWG: CNICO,Me > 20:1 cat. A

Grubbs, R. et al. J. Am. Chent-Soa. 20009254785 VEI&Rhait/s. et al. Synlett 2001, 3, 430.



Electron-Withdrawing Alkenes

Substrate Product Yield (Z/E)
« (Catalyzed by Grubbs Il or Cat. A
dlalyze rupps i or vat. A
= A OCOPh 88 % (4:1)
N Nocorh 10
9 CN
entry terminal a-functionalized isolated £/ A/\/\ocopn 68 % (2:1)"
olefin olefin (equiv.) product yield(%) /. 1
CN
81 % (3:1
TBSO )\ 0.5 N Non WOH (3:D
1 W cocH, (05  TBSO N C0,CH, 62 >20:1 12 13
47 7 7 13 0 CN 0
91 % (4:1)
\/\/U\H M
L 14
2 BZWI f\CO'zCHn (2.0) BZOWCOzCHg 91CI 4.5:1
N H ’ D H on
az, .
5 o 14 R N S~ OOH R~ ~_COp 6% (D)
" W > W 17

A W . XY 16
R ty _’X'R Ru—— ]
c W [ (0.5) ACOM / g2 o CN
I ' ]
8 ,I 3 | I ] ) R WCOEE &/\rcoaa 9% (3:1)°

1£ | ! CO,Et CO,Et

CI |1 6 )
! ! \C 02M e / 18 1
1 [} \\\\ ,— /
—_ I
L—— 1Y A~ AcO Z ‘ cN
4 CHO  (2.0) ‘(-/):\/‘“cno 62 1.1:1 o coe \ come s34
10 16 C N NHBoc NHBoc
Ph 20 21
AcO o Ph
5 6 Y o Y 99 >20:1 M\
© ? (o} o_ O CN o. 0
1 17 x X 83% (9:1)
6 6 AcO ~ MeO,C” MeQ,Ca™
X o v d 95 >20:1 2 23
0
12 18 © (o] CN (e] 6
0% (4:1)
‘\\/\)J\O/\/ wo/\/
24 25

Grubbs, R. et al. J. Am. Chent-Soa 20009255755 VBI&Rhait/s. et al. Synlett 2001, 3, 430.



Grubbs CM in Total Synthesis

MeO

Me

Simeprevir (TMC435, Olysio)

Blechert, S-atal Angon. Chem int EG 2003, 42, 1900.

(2.0 equiv)

Ru-2-1X (20 mol %)

O PhMe, 80 °C, 62%

CO,Me

29



Schrock CM: Priority Inversion

¢\CN + 2 R 5% Mo catalyst _ _~ R R\%R ¢ EWG FaSter
CH2Clz, 3h (\ + .
CN (undesired)  Active EWG Carbene
NCCH=CHR «s: RcE=—cir ° Rate vs. Regio
b

entry R (%)  twans® (%) « E-D Alkenes Work!

1 (CH)sCH; 56 (75)  9:1 4b o

2 (CHy)CHs 72(92) 8.5 4 « Stereo-Improve-

3 (CH,):Br 45 7.3:1 11°

4 (CH,),Br 17.5 9:1 20°

5 (CH,)OBn 77 9:1 0°

6 (CH,):0Bn 60 7.6:1 <] ‘ A B

7 (CH,),OBn 40 4:1 0¢ He _H i NC. UH

8 (CH.):OTBS 90 6.7:1 7¢ H A N HRY _H

9  (CH,);0TBS 68 5.6:1 0 N=M o

10 (CH,),OTBS 73 5.3:1 10° NCONH KON
12 0-MeOCsH,CH, 72 9:1 9b ' 7

13 (CH,)¢CH=CH, 53d 8:1 19% methylene synlrohhr:or
14 (CH,),C(O)OBn 44 5.6:1 6 = syn rotamer — cis oletin
15 (CH,);CH(OMe), 79 7:1 11

16 CH;CMe,CH,CH(OMe),  64¢ 3:1 0

Goldberg, D't 5l Y X5 Eieivi 605 G005 117, 5162. 30



Schrock CM: Selectivity Explain

/ 7/, / / ‘., ,
/ ! Q Kz Q K "y
—

N CN
R || |
\\ p—
RO / \ Ro\\ Mo _\ Ro\\ Ro\\\yo
H
RO R RO R RO H

Luo Group Meeting (CCME@PKU)
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Restrictions of Classical Catalysts

« Stereoselectivity Controlled by Alkenes Rather than
Catalysts.

* Multi-Substituted & Functionalized Alkenes?

« Types of Catalysts & Types of Problems?

« Make the Best of the Both Worlds?

Luo Group Meeting (CCME@PKU)
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Grubbs: Change Attacking Direction

* Normally: Bottom-Bound Favored
« Side-Bound leads to Asymmetric
 Destroy Advantages?

e Turn Waste into Wealth? / \
N—Mes
L
ClI R
RL:J:/ 0— Ru—

IL_/ :ottom-bmmd/ qR )&O/ !

R

X),Ru—" + —/ |L cl R \(
_/
side-boun;\ Ru

pal
—% K
R

Luo Group Meeting (CCME@PKU) 34



Grubbs lll: Z-Selective Metathesis

C Ru cat. — [\
: r od MOAC ﬁNTN\MeS
sso—/  \_ons

up to 89% Z O—Ru=

C¢|
S
Ru cat. e i-Pr’ b
/= - /=\ * CH
R R R 1
upto>95%Z

Grubbs, R &t AP AR Cham” She 9012134, 693. 35



Z-Selective Mechanism: Theoretical

Side Pathway

7-TS, AG* = 4.1 kcal/mol 12-TS, AG* = 11.4 kcal/mol

Bottom Pathway

25-TS, AG* = 14.5 kcal/mol 28-TS, AG* = 13.5 kcal/mol

Luo Group Meeting (CCME@PK
Houk. K. oCal 7 A S (515642 134, 1464. 36



Hoveyda: Restricting Bond Angle

R
. Side-Bound Only o, Sommeme Y (LY
- ®
20 equiv R~
° Oxygen vs. Sulfur thf (0.5 M), 22°C, 1 h
° Ste reOS e I e Ctlv I ty MesN/\._/\NMes MesNDNMes
 Tolerance T T
=RuU Q =Ru Q
N AN
— P 1a /\' 2
L
| Cl /R with 1a with 2
c (RT entry product R conv ("i?);b conv(°/;>);°
7] = ZE;
bottom-bound ==\
L R / R 1 \ RB a CeHs >08; 55:45¢ >98; 97:3
I / R 2 fhan, wtt b CH,OH <2;na >98; 88:12
(X)ZRU_ > :/ | C , 3 @ ¢ (CH,),OH <2;na >98; 87:13
side-boun;\ / LIJ— R
RC 4 \\ ‘B a CgHs <2;na >98; 97:3
>98% CONnv |intermediate| 5 HO b CgHy4 <2;na 88; >98:2
HO

4
Hoveyda, A.ct 8l A Chishi “§0a=5814 Y36, 14337, 37



Theoretical Study: O vs. S

MesN ——NMes

1o

MesN ——NMes

MesN ~——NMes

AG (kcal/mol)

average over 3 qualitatively similar approaches: _4q 1 p‘_’ézdo
wB97XD/basis2, DCM(SMD) // BP86/basis1 DCM(SMD) mcb Z-0 '
MOB/DaSiSZDCM(SMD) // BP86/basis 1DCM(SMD) -14.1
BP86(D3B.J)/def2-QZVP peysmp) // BP86/basis1 peyysuo) PC2e.0 _

Reaction Coordinate

O ORu-a

-

dxz.yz

weaker 1t + T stronger 7t
>

bonding bonding

C—C m¢cc

Hoveyda, A St a1 O/ am: Cham S0a=5814 136, 14337.

O: Over Stable PC

S: Ring-Forming RDS
Steric-Sensitive Step!
Similar to Cat. A

E-W Alkenes First?
Steric but E-W Alkene?

3@:@ i -G
dxy
weaker stronger w
back-bonding

back-bonding *

38



Z-|E-Trisubstituted Allylic Alcohols

Me 1.0 mol % Ru-1b, Me
/=<; /— 5.0-10equiv Zbutene, thf, 22°C, 1 h;
Me OH R > o OH
Z1b 2 5.0 mol % Ru-1b, 7.3 ArN ~—NAr
(>98:2 ZE; 100 torr, thf, 22 °C, 1 h, T o
5.0-10 equiv) then ambient pressure, 15 h S
=R
OH 1.0 mol % Ru-1b, OH C{ \
= s/~ 5.0-10 equiv Z-butene, thf, 22 °C, 1 h; _ -Pr Cl
Me Me R1 - Rl Me
E-1b 2 5.0 mol % Ru-1b, Ar = 2-F,6-Me-CgH3 R = H
(>98:2 ZE; 100 torr, thf, 22 °C, 1 h, E-3
5.0 equiv) then ambient pressure, 15 h
n-nonyl Me Me
BnO,C \_/=( 8oL, ~ BnO,C \_/=<_\
Me Ph -
16 15 14
70% conv, <5% vyield 79% conv, <5% yield 83% conv, <5% yield

Hoveyda, A.ct 8l A G “§0a=5817 Y39, 15640, 39



Steric Hindrance but E-W Alkenes

F —~ M F — Me F— Me
\ A—
w2 N\_/N‘%\ _/_:_;-, N+—N ol ______':/ Ny—N il
H MeO™ H
overall A B C
barrier 16.3 kecal/mol

17.9 kcal/mol

15.8 kcal/mol

[\

Al’NvNAf ArN ~__-NAr
. T
/|/'RU... 7 )

| less steric
ts1c (14.9 kcal/mol) P

ts2q (15.8 kcal/mol)

Hoveyda, A.ct 8l A Chishi “§0455817 Y39, 15640,

40



Challenge: Unstable Methylene-Carbene

“However, we have shown that the corresponding methylidene

complexes are too unstable (partly due to 1,2-shift of the sulfide
trans to the NHC to the carbene carbon),and thus reactions with
terminal olefins are typically inefficient (i.e., <10% conversion).”

R \
\/ LHM T -\‘\ ;

wH
LM=<) - //\F H
i ; i

| Decomposes readily

More stable Can cause post-metathesis
A iIsomerization
— R~

Hoveyda, A.ct 8l A Chishi “60455817 Y39, 10919, 41



Solution: In Situ Methylene Capping

BnO,C == CO,H
ST\

5a
RN 73:27 ZE 1.0 mol % Ru-2a 80% conv, 68% yield, 98:2 ZE F / \ Me

— thf, 22 °C, 1 h; é’ M
™ Me >
1 /\ e o 7
R 3 4.0 mol % Ru-2a, 0 <

s, ~

_ Me
(3.0 equiv) (27 equiv) thf, 100 torr, 22 °C, 8 h Me :-S 3
— CO,Bn Hi., RU
obtained from -
crude oil C{ \
' OH . S
-Pr C

cracking

89% conv, 70% vyield, 96:4 ZE

/ — \
/\R1 i G G
a Ru
— /Q\ L RUﬂ
A OB R
P — vi-1 G~ vii-1 /—RuL viii-1
a i favorable c v
S Ln unstable :
- : - R' R2
G G Ehed H.,, 1 less g L Ru_-"‘H + /N v or Au-2 N
A T— /—FluL ; . — q —» ©n \H G R ! > + A
avorable .
(excess) steric R ix il viii | Product
repulsion '
A R2 )T I B T e I e J
b iv favorable =\
L G " G
n
A must compete effectively Ru .H —
= L,Ru= //\ o
with a and b for efficient Fope G/Q\RQ ﬁ‘ nHu WRQ G R2
formation of v - ji- jii-
i vi-2 G\/ vii-2 g: —RuL, viii-2

v
Hoveyda, A&t &l amm %th”e%cg CE5847 939, 10919, 42



Classical E-W Alkenes: Elimination

Me CO.R

1a: R =Bn
1b: R=H

Et Et
(5.0 equiv.)

5.0 mol % Ru-1c¢

CO,R

2a
32% conv, 28% vyield, >98:2 ZE

32% conv, 25% vyield, >98:2 ZE

»
thf, 22 °C, 8 h Byproducts detected:
G
— 4a G =Me
n-Pr COBn 4bG=Et
S — o -
AvaNAr NHC LnRu
3
FT HS\F{U—H °
Hz-RU — AN
: 1 : R2  CO,Me o
2
| AR ome | r-allyl .
tS4H elim R °
saturated NHC: —
AG,g = 13.9 kcal/mol H , CO,Me
unsaturated NHC: R
AG,g = 15.3 kcal/mol trisub enoate
Luo Group, Meeting (CCME@PKU)
Hoveyda, A. et al. .Am. Chem. Soc. 2019, 141, 7137.

P
3a | éNTN;@

Me
Hh, —Rl:l

<~ N

NHC-S Relation
trans-Influence
Unsaturated NHC
Variation

43



Unsaturated NHCs Avoid Elimination

F —
T L
Me TS cl };

Ha., -“\
Ru-1d ~=RU
= e LR S WA
G Me CO,H G CO,H d S
i-Pr
Cl
fe Ru-1d
O—< CHO
o]
- - - A
H 2
Oy \—/_\002H HN-/ COzH CO,H HO Me Me
3b 3c ad 3e 3f
Condition A: Condition A: Condition B: Condition B: Condition C:
60% conv, 33% vyield, 65% conv, 41% vyield, 86% conv, 52% yield, 86% conv, 49% vyield, 66% conv, 63% vyield,
>08:2 Z.E >98:2 Z.E >98:2 Z.E >98:2 ZE 98:2 Z.E
Condition B: Condition B:
89% conv, 52% yield, 92% conv, 65% vyield,
>98:2 Z.E >98:2 ZE
HQ Condition D HQ Ref. 14
Me/\/\:/\/\ . Me : N S -
TBSO TBSO CO,H
11 39
Prepared in 7 steps, 28% overall yield 71% conv. 53% vyield, stagonolide E
from comm avail materials >98:2 Z.E
Luo Group Meeting (CCME%PKU) 44
Hoveyda, A. et al. J. Am. Chem. Soc. 2019, 141, 7137



Any Z-Alkenes? Alkenyl-Halides

C-H Cl
O Olefin metathesis R
MeO catalyst 1a Olefin metathesis Br
ot ) s "ol () e (O
7M15 'y MeO—« ,— L I rmmmmmmmmmmmemmmeees > -
= Alkeny\-Cl reagent Alkenyl-Br reagent By
Methyl oleate Cl 2
1b
V4
OH =
C l \ ==
ross-coupling \—OH
catalyst , ,
- Tetrahydrosiphonodiol
(anti-tumour, immunosuppressant)
CsH1
HO
(S)-coriolic acid methyl ester T B(pin)
(anti-inflammatory) P Me
""'\/HE Olefin metathesis
catalyst
Hz) T
= e Alkenyl-F reagent
* Intermediate Me0,0°T
e
¢ Itse If From isopimaric acid

(potassium channel activator)

Luo Group Meetintg (CCME@PKU
Hoveyda, A. et al. Nature 2016, 531, 4509.



Grubbs: Stabiity or Stereoselectivity

MesN «_NMes MesN . NMes MesN . NMes MesN . NMes
T o T o T.o
Ru=— Ru=— Ru=%" Ru=:

I ~Ph > c1 X CI” | “PCys CI” |
X=CI, Br, or F
PCy, Cl PCy;
Ru-1a Ru-1b Ru-1c Ru-1d
Fischer-type carbene, Decomposition products
low activity with X = Cl and Br
n-Bu ~F g n—Bu\/w.Br
With Z-dichloroethene, With Z/E-dibromoethene,
5.0 mol%, 50 °C, 3 h: 5.0 mol%, 50 °C, 3 h:
A MesN x—NMes >98% conv., yield ND, 16% conv., yield ND,
=8 T wCl Z:E = 60:40 Z-E = 33:66
+ — e —
Cl™ F} PhS A
& X i-PrO o |
X(or H) With vinyl fluoride,
Ru-2 5.0 mol%, 23 °C, 24 h:
<5% conv., yield NA,
Z:E =NA

Luo Group Meetintg (CCME@PKU
Hoveyda, A. et al. Nature 2016, 531, 459.



Schrock Cat.: Rational Design

X X =
\—/ RNm X\_,G
X = Cl, Br or F? G X|U1 X
= NR |
Sl g |
N\ i OAr
/
ArO |
I
= >
RN u RN \N\ / G — NR
e o Ml e Tl ) G
NF \OAF \v /M\/x
i Ay (l)Ar v ArO iv P
\\K"”h RN Sl
— [|
%’}")/x
|
M =Mo or W vi OAr
A G =7 NR RN
N, | S N Mg
. OAr
Viil Vii
Luo Group Meetintg (CCME@PKU
Hoveyda, A. et al. Nature 2016, 531, 459.
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Steric & Reactivity & Stability

3.0-5.0 mol% Cl
Brw . CI\=/CI complex Br G
4a benzene Z-5a
(5.0 equiv;
used without purification)
Entry Complex; Time (h); Conversion (%)*;
number  loading (mol%) temperature (°C) yield (%)t ZEt
1 Ru-2; 5.0 4: 50 82; 59 58:42
2 Ru-3;5.0 4: 50 10; <5 NA
3 Ru-4; 5.0 4: 50 <10; <5 NA
4 Mo-1; 5.0 - 22 B7: 2D NA
2 W-1;50 4; 22 45; <10 ND
6 Mo-2; 5.0 2 22 43; <5 NA
7 Mo-3; 5.0 4, 22 00; 27 >98:2
8 Mo-4a; 5.0 4; 22 87;60 >98:2
9 Mo-4b; 5.0 4, 22 62; 40 98:2
10 Mo-4b; 5.0 12 22 95; 84 93:7
11 Mo-4c; 3.0 4, 22 90; 75 >08:2
Luo Group Meetmtg CCME@PKU
Hoveyda, A. et al. Nature 2016, 5317,

i- PrO

Cl

5 [\
MesN s_.N MesN s—NMes
r:}( @ ) "'_1;8%
d% %

G Mo-4aG =Me

Mo-4b G =/-Pr
Mo-4¢c G = Et

59. 48



Alkenyl Fluorides: Polarity Match

F F
\—/
Difficult to handle,
explosive,
expensive

Br F
\—/

4c

Easier to handle,
much less costly

Br F Br  F"
= == 4
H, H, H, H

5.61 p.p.m. 7.08 p.p.m.

1

H1 and H2
assigned on basis
of H-F coupling

F F
F, F F, F
FY Y F Y Y
o N L o N
7. st 7 ot
Mo ‘Mo G
=~ / I'. =~ More
" 0O Br & O E) steric
. D,K/F d h+“-\~'\,B" repulsion
Ar ot Ar O

Electronically
mismatched

Br F 5.0 mol% Mo-4c¢ G E
+ \__/ = Nf
benzene, 22 °C, 4 h
4c
(5.0 equiv.,

used as received)

MeO
B Me Me Me
_ TBSO )<_/—§_,F
// — o F
(i-Pr)Si 13a 13b 13¢c
>98% conv., 72:28 F:Br, >98% conv., 96:4 F:Br, >98% conv., 93:7 F:Br,
64 9% vyield of fluoride, 70% vyield of fluoride, 71% yield of fluoride,
>98:2 ZE >98:2 ZE 95:5 Z-F
Cl Br. 0
HN F
Q, F o
— — 13g Ref. 7
13e 13f (CM of TBS-amide/
78% conv., 96:4 F:Br,  88% conv., 95:5 F:Br, deprotection)

64% yield of fluoride,
97:3 ZE

Luo Group Meetintg (CCME@PKU
Hoveyda, A. et al. Natur

66% yield of fluoride,
93:7 ZZE

e 2016, 531,

60% conv., >98:2 F:Br,
55% overall yield of fluoride,
>98:2 ZE

59.

AcO

F

13d

84% conv., 96:4 F:Br,
72% yield of fluoride,

94:6 ZE
0 +
NHj3
0 F
14

GABA transaminase inhibitor
exhibits higher potency versus E isomer
and unique mode of action

49



Small
L I\ll Ak
NI"I,“' ”
/M =~ C .

Hoveyda A ePal Sliarids 2006 %52 6285,

Small
N
c IS g less
= eclipsing
B | interaction
F less steric
repulsion
Large
VI
Small
|
’n':eN less
FU M: G eclipsing
| interaction
bl
Cl steric
repulsion
Large
IX

E-Selectivity: Gearing Effect

Small
\\N
F ”.': G
U/QIY')/ F/G eclipsing
cl “l interaction
more steric
repulsion
Large
Vil
Small
e
ok @
o _§ ..
I Cl/G eclipsing
= }Sl interaction
steric
repulsion
Large
X
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E-Selectivity: Gearing Effect

N
Boc

5.0 mol %

~
\

Q/ [
F \/K”Ph
Boc Boc

(10 equiv.)
used as received

g

Mo-1d
>98% conv., 77:23 19a:4l
>98:2 E:Z for either product

Hoveydpa G/-{O P aIYle

Aryl

toluene, 22°C, 2 h

Mo-1a
>98% conv., 89:11 19a:4l
>98:2 E: Z for either product
82% yield of pure fluoride

Cianide 2006 %55 6285, 51



Z- & E-Configuration: Center-Control

More
5 reactive
(Detected
by "H NMR)
Small Small
|’\/’ A | <A
N
Rs me Rs Il ¢ R |5 ¢

Mo o AMo
R)\/Me |
—_— Y
- | Me Bf]
RL Rs
Steric

Large repulsion Large

I ]
More favoured (E) Less favoured

L Larger energy gap: J

93:7 to >98:2E.Z

FsOeN Vpym
N\ N NCst S 6” \\‘N
E-6 | z2 E-6 ci Me W Me
\' > Mo, Q/ Me T» iili D —— ]
ArO OAr
E-3a Me Cl Ph
vi \—=/ vii
More stable, More

longer lived stereo-differentiating

E-3a
Higher E:Z
Small Small
N N7 N N7

Rs ||~ cl Me R || Cl Rs

o Mo, Mo
I
Steric Me ‘ I I Steric —_—— RL/%
repulsion EL & repulsion Me
Steric
repulsion Large Large
v 1]
Less favoured More favoured (2)
L Smaller energy gap: J
21:79t0 9:91 E:Z

Hoveyda, A- 6t al. Natlire 2017 852, 347. 52



Z- & E-Trisubstituted Alkenyl Halides

Me Me
X Me . _Cl
{jB‘OH“ 5.0 mol% Pd(PPhy), AmoNMey
+-Bu 0.83 equiv. E-7, aq. NaOH, t-Bu 50 equiv. 22, t-Bu
THF, reflux, 12 h CegHg, 22 °C,4 h
8 E9 E-3b
(Comm. avail.) 81% yield >98% conv., 90% yield
>98:2 E:Z7 >98:2 E:Z7
Me Me
Me Me MeO X _-Cl >~ _Cl
Me Me 3
0o . _Cl . x A CI
Mm PMBO\A\/Q Et0,C” " (pin)B
8
Chemoselective Chemoselective 0
E-3c E-3d E-3e E-3f E-3g £l

with 5.0 mol% Mo-2:
85% conv., 65% yield

with 10 mol% Mo-2:
96% conv., 86% yield

with 5.0 mol% Mo-1:
>98% conv., 91% yield

with 5.0 mol% Mo-2:
83% conv., 56% yield

with 5.0 mol% Mo-1:
90% conv., 87% yield

with 10 mol% Mo-1:
91% conv., 91% vyield

96:4 E:Z

95:5 EZ

94:6 EZ 93:7EZ >98:2 E:Z >98:2 E:7
Me Me
1.2 equiv. 9-BBN, THF, 0 — 22 °C, 6 h; 3.0 mol% Mo-2
PN -
PR y Ph b > Ph =X
e
z7 Me cl Cl z2 cl
Br)\\‘ (1.2 equiv.; comm. avail.) 76 (5.0 equiv.) 7.3a
Me 75% yield CeHe, 22 °C, 4 h >98% conv., 86% vyield
; . 9:91 EZ
5.0 mol% PdCl(dppf)*CHaCla, 1.2 equiv. KsPOy, <ERED
THF/DMF, 50 °C, 12 h
Me Me
Me Me Me NBn, Me
AN - ~
MeO,C in)B 4
Ci Fc’\/S : b o \)\ B“OECM c
EE cl cl ci cl Boc
Z-3b Z-3i Z-3j Z-3k Z-3l Z-3m

with 5.0 mol% Mo-1:
89% conv., 65% yield
21:79E:Z

with 3.0 mol% Mo-2:
94% conv., 89% yield
12:88 E:Z

with 3.0 mol% Mo-2:
96% conv., 94% vyield
12:88 E:Z

with 5.0 mol% Mo-2: with 5.0 mol% Mo-2:
>98% conv., 83% vyield

5:95EZ 14:86 EZ

Hoveyda, A- 6t al. Natlire 2017 852, 347.

>98% conv., 89% yield

with 2.0 mol% Mo-2:
82% conv., 78% yield
13:87 EZ
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Alkenyl Nitriles: Forced Depolarization

-n

F\\‘ F
I

N
Mo

: Z
[+
C
O

Ar
Ar
]

N

More stabilized alkylidene:

less reactive

X CN

Hoveyda, A. et

ot
0
\ %/CN

O NC |‘| ()‘4

A '
r K
5t

5
Ar

i
Highly polarized alkylidene
and alkene: strong coordination

(PN afre Gty 2019 11, 478,

. Nature Chemistry

F
- F
F F
_\/ \
N N
ne U en
<M/
|
I
@)
Ar\©/Ar
v

Metallacyclobutane
for non-productive process
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Alkenyl Nitriles: Forced Depolarization

Me CN
e CN 5.0 mol% Mo complex e~
MeO MeO

E-4a E-3 5a
(5.0 equiv.)
F F
F F - F
I (
-\ N |
F F E F
XS
MeosPhP;, ., ll\: . 1Ph o = N//, H . 1Ph
= M

>\
Mo-2b Mo-2c
(t(CgHg, 15 MoI% (CgFs)3B, 40 °C, 12 h)  (CgHg, 6.0 mol% (CgFs)3B, 40 °C, 12 h) 2 h)
54% co 67% conv., 49% conv. to 5a, >98% conv., 84% conv. to 5a, V. to 5a,
88:12 E.Z 78% vyield, 96:4 E:Z
Luo Group Meeting (CCME@PKU)
Hoveyda, A. et a FNature 8hemlstr 019, 11 478. 55



Alkenyl Nitriles: Forced Depolarization

Me
. _Me

MeO

12a
Prepared in one step
from comm. avail. materials
(80% yield)

Me

Cl . _CN

13b?

55% conv., 51% yield,

919 EZ

NC CN
\—/

zZ-3
(1.5 equiv.)

F
3 2
F\ F
Br—Z _
Now,, ||
Mo

L /e
) >
g

10 mol % Mo-2e
12 mol% B(CgFs)s, tol., 80 °C, 4 h

Me
0 . CN
(o]
13c?
60% conv., 59% yield,
89:11 E.Z

Luo G Meeti
Hoveyda,u,&). etr% .pNateuerem8h(

cPh

PKU

emistry 2019,

13d
56% conv., 54% yield,
90:10 E:Z

Me

mcb-1

. _-CN

)11, 478.

Me
. CN

MeO

13a
60% conv., 57% yield,
93:7 EZ

Me

. _CN
/4

N
Me

13e
75% conv., 47% yield,
8713 E:Z
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Summary

Normal-Schrock Carbene: Suitable

Schrock: Ring Formation Determining

Grubbs: Coordination vs. Ring Formation

Nucleophilic Mo Carbene & Electrophilic Ru Carbene
Electronic Effect of Olefins: Fast # Suitable

Complex to Ring: Electron-Withdrawing Preference
Grubbs System Improvement: Attacking Direction

Schrock System Improvement: Stereo-Differentiating
Carbene with Functional Groups: Back to Suitable Carbene

A Story of Catalyst Develoh)ment To be Continued..
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