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MAP(monoaryloxide pyrrolide) catalysts
~

® First Z-selective Catalysts

@® Basis design of Z-selective catalysts

Central Design Priciple:
Size differential between rotating large monodentate aryloxide ligand
and smaller imido group leads to high kinetic of Z-selective

Hu Group, SIOC lbrahem, I.; Yu, M.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 3844.



MAP(monoaryloxide pyrrolide) catalysts

® First Z-selective Catalysts

Br Q’ 0 Br Q’ O
TBSO O Br TBSO Br
Mo-1 Mo-2

® Z-selective ROCM( ring-opening /cross-metathesis)

TBSO OTBS
5 mol % Mo-1 1 mol % Mo-2 Ph
<2% conv - @ >
10 equiv styrene 2.0 equiv styrene X O =
CgHg, 22°C, 1 h CgHg, 22°C, 1 h

> 98% conv, 80% yield,
95:5 er, >98:<2 Z:E

Hu Group, SIOC Ibrahem, I.; Yu, M.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 3844.



MAP(monoaryloxide pyrrolide) catalysts

® Z-selective CM(cross-metathesis) reaction

g// Mo
- o Br Q’ O/ Br Q’ .
TBSG Br TBSG O Br TBSO ’

\/&Ph

Mo-2 Mo-3
® Z-selective CM of enol ethers with terminal alkenes
X0 1.2 - 5.0 mol% Mo-3
SUOn-BU o \©\ N G _ G  OnBu G O OMe
OMe 7 CeHe, 22°C, 2 h =/ or =/

10 equiv 2.0 or 10 equiv

Hu Group, SIOC Meek, S.J.; O'Brien, R.V,; Llaveria, J.; Schrock, R.R.; Hoveyda, A.H. Nature 2011, 471, 461.



MAP(monoaryloxide pyrrolide) catalysts

® Application of Z-selective CM(cross-metathesis) reaction

Si(iPr)s
\/O\/ step1: 2.5 mol % Mo-3 CGHG! // ﬁMe?,
22°C, 2.0 h, decalin, 1.0 torr / Q
+ - H33Ci O - . _Po
step2: 5.0 equiv nBuyNF, — 5 S—’te s Q © (')@O
X CreHas THF, 22°C, 2 h P H33016J O\(O
85% overall yield
(2.0 equiv) >98% Z C1sHay

C18 (plasm)-16:0(PC)

® Z-selective CM of allylic amides with terminal alkenes

OBn
N(Boc),
\/v\/o & oen
BnO O8N pen CpsHsy  OH
8.0 mol% Mo-2 H29C14  N(Boc), o HO HN” O
+ - \/v\/o oBnh — 0 O/ ™~0oH
[¢]
2014~ BnO OH HO
(5.0 equiv) " o/ vi
94% cogé,o/f5z/o yield, KRN7000

Hu Group, SIOC Meek, S.J.; O'Brien, R.V,; Llaveria, J.; Schrock, R.R.; Hoveyda, A.H. Nature 2011, 471, 461.



MAP(monoaryloxide pyrrolide) catalysts
s

® Z-selective CM of different a-olefin coupling partners

TBSO PMBO (pin)B (pin)B
A A = —
silyl-protedcted allylic ether benzyl-protedcted allylic ether (pinacolato)allylboron (pinacolato)alkenylboron

TBSO TBSO R

G NF A 43-89% conv, 37-86% yield

Mo-3 (3.0 mol%) G (78:22) to (95:5) Z:E

or + ZOR ' - or
7.0 torr, CgHg, 22 °C, 8.0 h

P (2.0-3.0 equiv) PMBO R 43-93% conv, 39-87% yield

90:10) to (>98:2) Z:E

G N (90:10) to (>98:2)

Hu Group, SIOC Mann, T. J.; Speed, A. W. H.; Schrock, R. R.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2013, 52, 8395.



MAP(monoaryloxide pyrrolide) catalysts

® Z-selective CM of different a-olefin coupling partners

Cl Cl
(pin)B—\:
OH
5.0 mol% W-1
+ - - | GinB—__ CaHy | PNOHO_ - Z Ph
100 torr, CgHg, 1.0h CgH47
CgH17
—/ 22°C,2.0h
72% vyield, 92:8 dr
W-1
CgH Ph ,
/%" (0.2 equiv) —/ (5.0 equiv)
(pin)B CgHq7 5.0 mol% Mo-3 (pin)B 3.0 mol% Mo-2 R (pin)B o
— - o . B

ambient pressure,

o]
91% conv, 68% yield, CeHe, 22°C, 24 h

90:10 Z:E

Hu Grogjese\wétter, E. T.; O’Brien, R. V.; Yu, E. C.; Meek, S.

100 torr, CgHe,

22°C,4.0h .
87% conv, 72% vyield,

95:5ZE

J.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2013 135, 6026



MAP(monoaryloxide pyrrolide) catalysts

® Z-selective RCM(ring-close metathesis)

o o]
(N, N
e O/H 5.0 mol% W-2 o~ W&
/‘\\ , . \ /w /
”M NH 0.6 torr, mesitylene, NH Br Q’ )
nPr 22°C,1.0h nPr TBSO Br
epilachnene
92% conv, 82% yield, 91:9 Z:E
w-2
A
H
5.0 mol% W-1
N_ <« > ; .6 7-
S 1.0 torr, toluene, >98% conv, 63% yield, 94:6 Z:E

@ 22°C,8.0h

nakadomarin A

Hu Group, Wdfg, C.; Yu, M.; Kyle, A.F.; Jakubec, P.; Dixon, D.J.; Schrock, R.R.; Hoveyda, A.H. Chem. Eur. J. 2013, 19, 2726.



Chelated Ruthenium Catalysts

® Z-Selective Terminal Olefin Homocoupling

NYN—MeS NYN—Mes Ny_N-DIPP
Ru—=
/
Ok /‘ O/R‘U— O/RU—
o o N e |
tBu / o N0 O o N=0 o
iPr iPr iPr/
Ru-1 Ru-2 Ru-3
® Improved activity of Ru catalysts by altering the structure
cat loading conv yield Z%
Ru-catalyst Ru-1 20mol%  >95 81 92
_~_-Ph -
2 = > AL ¢+ — Ru-2 0.1mol% - 91 92 TON: up to 1000
THF (3.3 M) Ph Ph
350G Ru-3 0.1mol%  >95 - >95
Ru-3 0.01mol% - - >95 rt, TON 7400

Endo, K.; Grubbs, R.H. J. Am. Chem. Soc. 2011, 133, 8525.
Keitz, B.K.; Endo, K.; Herbert, M.B.; Grubbs, R.H. J. Am. Chem. Soc. 2011, 133, 9686.
Hu Group, SIOC  B. K. Keitz, K. Endo, P. R. Patel, M. B. Herbert, R. H. Grubbs, J. Am. Chem. Soc. 2012, 134, 693.
L. E. Rosebrugh, M. B. Herbert, V. M. Marx, B. K. Keitz, R. H. Grubbs, J. Am. Chem. Soc. 2013, 135, 1276.



Chelated Ruthenium Catalysts

® Computational Studies show the mechanism and origins of Z-selectivity

side-bound vs bottom-bound (steric and electronic effects)

N/_\N
\r “Mes
_‘Rliuno
=l
(o]
13
AG=84

ﬁ’ T “Mes

o/Ruﬁ ’Ru-»- T
Je8 Ef? | T |
O:RUT\
7-TS )& 9-TS )(; é =
AGT =41 Agf t-hz1u2 10
AG -4.9 T AG =186
N\ 1
ﬁNTN‘Mes ﬁ' T “Mes
~—Ru~o A\ ——\‘——Ru‘o I\
O’/K ﬁ/”NTN"Mes ‘ o &N N"Mes
"Rlu«o \iRu«O
12-TS i—b 14-TS S \ )
Path 2 0 Path 3 ©
favored G1-1 i AGH=227 1_5
AGF= 114 AG=-1. AG=18.2
VA + I\ t
N_ N_ N_ N.
T Mes \]/ Mes

Barrier: bottom-bound over
side-bound ~ 3.1 kcal/mol higher

U"'Rufff:
Pl sl M 4 (Gin
OAc ‘s, OAc
Ru Ru—#
17-TS | 19-TS |
Path 4 OAc AGT=107 OAc
18 20
AG=-73 AG =101

4 pathways in side-bound

Hu Group, G@®; Xu, X.; Dong, X.; Keitz, B.K.; Herbert, M.B.; Grubbs, R.H.; Houk, K.N. J. Am. Chem

Side Pathway

7-TS, AG* = 4.1 kcal/mol

Bottom Pathway

25-TS, AG* = 14.5 kcal/mol

. Soc. 2012, 134, 1464.




Chelated Ruthenium Catalysts

side-bound transition state

bottom-bound transition state
{ ) L} M\
N N“M N, N“M N. N
. es . es \Mes
O~ 0NN,
(“O )—(‘O
7-TS

I,’

7.T8 /&o === 25.TS
d — 7* (NHC) d — 7* (alkylidene) d — 7* (NHC) and d — 7* (alkylidene)
backdonation backdonation backdonation involving the same Ru d orbital

Z-selectivity vs E-selectivity

Z-selective pathway

[ Noeets

y ‘ L feor\]
32-TS, AG* = 14.6 kcal/mol  33-TS, AG* = 14.4 kcal/mol

E-selective pathway

34-TS, AG* = 16.1 kcal/mol ~ 35-TS, AG* = 18.8 kcal/mol

Hu Group, G@®; Xu, X.; Dong, X.; Keitz, B.K.; Herbert, M.B.; Grubbs, R.H.; Houk, K.N. J. Am. Chem. Soc. 2012, 134, 1464.



Chelated Ruthenium Catalysts

® Z-selective CM(cross-metathesis) reaction

Ru catalyst
A e s T ~ (-0Ac \
THF (0.5 M) . N N—Mes
10 equiv 35°C,5h Y
heromone =
P O//R’u
Ru-2, (0.5 mol%) Ru-3, (0.1 mol%) NS g
67% yield, 91% Z 60% yield, >98% Z o "/
-r
Ru-2
. . . . Ny N-DIPP
® Z-selective CM(cross-metathesis) of Allyl-substituted olefin
O/R‘u =
N
_O/ O /O
Ru catalyst iPr
0] (2 mol%) /(:\_)7
X .
</7/\ + \/Pﬂg\ > o) ( Ru-3
o THF (0.5 M) K/O 9
4 equiv 35°C
Ru-2 Ru-3
87% vield, 76% Z 92% vyield, 94% Z

B. K. Keitz, K. Endo, P. R. Patel, M. B. Herbert, R. H. Grubbs, J. Am. Chem. Soc. 2012, 134, 693.
Hu Group, SIOIC E. Rosebrugh, M. B. Herbert, V. M. Marx, B. K. Keitz, R. H. Grubbs, J. Am. Chem. Soc. 2013, 135, 1276.
Quigley, B.; Grubbs, R. H. Chem. Sci. 2014, 5, 501.



Chelated Ruthenium Catalysts

OH

N

l l 2 steps (46%)

o)
él N
"
A VNS S

TT 2 steps (51%)

WBr

DCE, CH,Cl,
35°C

32% yield
>95% Z

®Synthesis of mytilipin A via a seven-step longest linear sequence

Cl
o)
o x_Cl
ll 2 steps 62%
Cl  0SOLI
o Cl
Cl Cl Cl

mytilipin A

Hu Group, SIOC chung, W.; Carlson, J.S.; Bedke, D.K.; Vanderwal, C.D. Angew. Chem. Int. Ed. 2013, 52, 10052.



Chelated Ruthenium Catalysts

® cis-selective ROM polymerization

o

7 Ru catalyst (1 mol%) [\
> Ns_N—Mes
THF o” ’n Y
O/Ru =
Ru-5, rt, >95% vyield, 67% Z Ru-2, - 20 °C, 80% yield, 91% Z NG /|
o ©° 0
iPr
Ru-2
® Z-selective RCM —\
Mes—N._N—-Mes
Cl
O o RU?\
s
o) 0 cl Ph
M?\: Ru-2 (7.5 mol%), 20 mTorr 17 PCys
24h, 60 °C, DCE (20 mM) RU-5

71% yield, 89% Z

Keitz, B.K.; Fedorov, A.; Grubbs, R.H. J. Am. Chem. Soc. 2012, 134, 2040.

Hu Group, S10C Marx, V.M.; Herbert, M.B.; Keitz, B.K.; Grubbs, R.H. J. Am. Chem. Soc. 2013, 135, 94.



Chelated Ruthenium Catalysts
s

@Z-Selective Ethenolysis

— (5atm)
Aot HZ N, * AcO+), (\-OAc - Aot + 2 yyOAc
7 7 THF, 35°C 7
E, 80% 7 £
80% >95%,
®chemoselective cross metathesis
Nx_.N—Mes
O/Rlu =
N
— Ru-2, 1 mol% — o (@) /O
NN ), (M-oH g (-OH iPr
[ THF (0.5 M), rt, 5 h / 8 Ru2

68% yield, 88% Z

Miyazaki, H.; HerberttM. B.; Liu, P.;X. Dong, X. Xu, B. K. Keitz,T. Ung, G. Mkrtumyan, K. N. Houk, R. H. Grubbs, J. Am. Chem. Soc. 2013, 135, 5848.
Hu Group, 510 Cannon, J.S.; Grubbs, R.H. Angew. Chem. Int. Ed. 2013, 52, 9001.



Other Ruthenium Catalysts

®Simple and Highly Z-Selective Ruthenium Catalyst

Mes—Nys_N—Mes

Mes—Ny_N-M
T\\\CI SK €s—Ny— o es
SRu= +  Ph Ph THF, 40 °C, 5 h R
a” | - -’
0 81% s” |
iPr Ph Ph (,)
Ph iPr
2nd Grubbs-Hoveyda-type catalyst
Ph
Ru-6
Mes—N._N—-Mes
Y (Nco
/R‘u‘ —
Ru-6 R = hexyl, 55% vyield, 85% Z,10° bar S
RN - R _ o, 90T YIe L 2R Ph. pn O
THE R R = CH,SiMe3, 11% yield, 95% Z, 1 bar |
R = CH,OAc, 100% yield(NMR), 81% Z, 1 bar iPr
Ph
Ru-7

Hu Group, Sloc ~ Occhipinti, G.; Hansen, F.R.; Tornroos, KW.; Jensen, V.R. J. Am. Chem. Soc. 2013, 135, 3331.
Occhipinti, G.; Koudriavtsey, V..; Tornroos, K.W.; Jensen, V.R. Dalton Trans. 2014, 43, 11106.



Other Ruthenium Catalysts

®Rationally designed Ru-based catalysts for efficient Z-selective

Design Principles

more steric
repulsion

—Ru—TIig

less steric I
repulsion

= large; s = small;
lig = neutral or anionic

I

Hu Group, SIOC

Scenario with Commonly Used Ru Catalysts

strong

(‘ pole

CI—Ru—CI u—CI

electromc
repulsion

less favored:
Z-selective

R> Haml

more favored:
E-selective

Bidentate anionic ligand:
Olefin binding syn to NHC;
Efficient?

Highly Z-selective?

X = heteroatom

Mes N/_\N M
- —Ivies
Y.o
Ru—=
a” |

o/
iPr

NaS SNa

68%

82%

NaS SNa

NC CN

Khan, R.K.M.; Torker, S.; Hoveyda, A.H. J. Am. Chem. Soc. 2013, 135, 10258.

Mes—N._N—Mes

HoT .S
s
| s

,,/ \\\S CN
d' o
Ru-9



Other Ruthenium Catalysts

®excellent reactivity and perfect selectivity for ROMP

0.1 mol% Ru , .
~ - Oy ~
n Mes—Ny_ N—Mes

22°C, CH,Cl,, 1 h

H, S
%, _Ru‘
Ru-8, 93% vyield, >98% Z, 930 TON ‘ \S:©
Ru-9, 90% vyield, >98% Z, 900 TON 0
Ru-9 (0.002 mol%), 86% yield, >98% Z, 43000 TON \iPr
Ru-8

Mes—N._N—Mes

®excellent Z-selective ROCM H, _Ru‘\\\\SICN
| Ss=—cN
G o
1.0 mol% Ru-8 \ )i Pr
+ /\G > 1y, aw Ru-9
22 °C, THF (0.5 M)
HO OH 20 equiv HO OH

G = CgHs, >98% conv, 92% yield, 97% Z

G = m-FCgHy4, >98% conv, 93% yield, 96% Z
G = p-MeOCgHy, >98% conv, 82%yield, 98% Z
G = Cy, 88% conv, 61% yield, >98% Z

Hu Group, SIOC Khan, R.K.M.; Torker, S.; Hoveyda, A.H. J. Am. Chem. Soc. 2013, 135, 10258.



Other Ruthenium Catalysts

®lssues unaddressed by state-of-the-art catalytic olefin metathesis regarding several critical
functional units

O O
_?_H N\ HO
HO~\_§/> HO HO
Alcohols or phenols? aldehydes? carboxylic acids?

®Initial obervations

HO—\:/—OH NCN —Mes Mes-N/jN—Mes
. 3.0 mol% Ru complex R HO Ph u _ ", _Ru“‘\‘\s:©
_ THF, 22°C, 9 h - =/ . ’L /|b c\) s
"\ with Ru-2: 70% conv, 50% yield, 91% Z iPr
with Ru-8: 50% conv, 42% yield, 98% Z Ru-2 Ru-8

Hu Group, SIOC Koh, M.J.; Khan, R.K.M.; Torker, S.; Yu, M.; Mikus, M.S.; Hoveyda, A.H. Nature 2015, 517, 181



Other Ruthenium Catalysts

®Possible pathway for catalyst decompositon

Ar—N._ N-Ar

R1 7, /\T\\\\S
1y, — RU‘
H/&/\S

—
R

® Modified complexes Ru-8

Cl

SH H2N/\/NH2

SH Zn(OAc), » 2 H,0, iPrOH,
Cl 220C,1h

A
1,2-shift of PN N-Ar
anti-to-NHC
sufide _ R1
)\RU\
S \ (/
S
R
V\'\,‘,\’\%\,\A
probably
catalytically
inactive
[\ Mes—Ny_N-Mes
Cl Mes—N._N—-Mes
Yo .
\ a\\ H’o \“\S
Zn + - —Ru’
¢ d — \
O S
Cl iPr’ O\ Cl
! iPr
95% vyield _
stable white solid 2nd Grubbs-Hoveyda-type catalyst Ru-10, 85% vyield

Hu Group, SIOC Koh, M.J.; Khan, R.K.M.; Torker, S.; Yu, M.; Mikus, M.S.; Hoveyda, A.H. Nature 2015, 517, 181



Other Ruthenium Catalysts

®Excellent scope-extremely broad functional group tolerance with catalyst Ru-10

HO OH
=

2 equiv

73% conv (4 h), 64% yield
98% Z

=0
HO

86% conv (4 h), 80% yield
94% Z

5.0 mol% Ru-10

>

HO G
\—/

THF, 22°C

CO,Bn
HO
— NHFmoc

83% conv (4 h), 73% vyield

98% Z

O
HO‘\_/—/_<OH

86% conv (4 h), 70% vyield
96% Z

Mes—Ny_N-Mes

Cl
H, WS
"'_Ru'\
s
O\
ipr Cl
Ru-10
HO

HO

@)

77% conv (4 h), 68% yield
98% Z

0]
OH
HO

66% conv (4 h), 61% vyield
96% Z

Hu Group, SIOC Koh, M.J.; Khan, R.K.M.; Torker, S.; Yu, M.; Mikus, M.S.; Hoveyda, A.H. Nature 2015, 517, 181



Conclusion and Outlook

® Conclusion--current state-of-the-art

Mes—N<_N—-Mes

N Nyx_N-M
N " s~ N—lles
i, |VI|IO§/QPh \( Cl
7 o—Ru= H, | S
Br—S— O e /| —R“\
Br o 0O /O | S
iPr O

TBSO O .
e Cl

Mo, Hoveyda Ru, Grubbs Ru, Hoverda

® Outlook--next generation catalysts

E-selectivtity?
Z- and enantioselectivity?

Herbert, M.B.; Grubbs, R.H. Angew. Chem. Int. Ed. 2015, 54, 5018.

Hu Group, 510C Hoveyda, A.H. J. Org. Chem. 2014, 79, 4763.
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Hu Group, SIOC




