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Challenges of Cross Metathesis

Problem 1: Homo Metathesis R1v/"'4 R Homo metathesis (undesired)

2

1 1
R T Re&” > Rv/"'ﬂRz Cross metathesis (desired)

2
R\/""' R2 Homo metathesis (undesired)
Problem 2: Methylidene Complex

1
+H methylidene complex

L,
2 R
H N .
L"MRR1_> << \) L"M;H decompose readily
] (ex. dimerization)
R? R\_

_ 1
s 2 D
— R1\/
Problem 3: E/Z- Selectivity
L, L,
R! M R M
—_— \— R — 1/_\ , Z-isomer:
o2 R R” thermodinamically
R2 R2 unfavored

1) Chatterjee, A. K.; Choi, T. L.; Sanders, D. P.; Grubbs, R. H. J. Am. Chem. Soc. 2003, 125, 11360.
2) Xu, C.; Shen, X.; Hoveyda, A. H. J. Am. Chem. Soc. 2017, 139, 10919.
3) Hoveyda, A. H.; Liu, Z; Qin, C.; Koengeter, T.; Mu, Y. Angew. Chem., Int. Ed. 2020, 59, 22324.



Selective Cross Metathesis

reactivity: A=B

cat. [M]= R R? R2
Ve = —S + /=5 4 /—s_
R1 R2 \ R1 R1 RZ
A (1eq.) B (1eq.) T AA (25%)  AB (50%) BB (25%)
reactivity: A<B
slow R’
Ve—E = ﬁe’ /-—s
R R’ R!
A A — AA
RZ
moderate /=gf
— o+ V—
R’ R? \ R
A B = AB secondary metathesis
. /—_
fast
/= + /= ,—S‘_ ,—§
R? R? \ R2 i
B B — BB
R2 B

1) Chatterjee, A. K.; Choi, T. L.; Sanders, D. P.; Grubbs, R. H. J. Am. Chem. Soc. 2003, 125, 11360.
2) 141213_LS_Kengo_Masuda



Classification of Olefins

olefin
sterically electron reactivity
unhindered  rich Type | - rapid homodimerization
A A - homodimers consumable
Type Il - slow homodimerization
- homodimers sparingly consumable
Type Il - no homodimerization
_v v Type IV -inertto CM
sterically electron - but no deactivation of cataylst
hindered deficient
Type | Type Il Type lli Type IV
Type | statistical selective selective homodimerization
Type Il non-selective selective homodimerization
Type Il non-selective no reaction
Type IV no reaction

1) Chatterjee, A. K.; Choi, T. L.; Sanders, D. P.; Grubbs, R. H. J. Am. Chem. Soc. 2003, 125, 11360.
2) 141213_LS_Kengo_Masuda



In Situ Methylene Capping

Ru-1 (1.0 %) /—\ (20 0q) MesN NMes
u- .0 mol%), Me Me eq
R1/\ + %\RZ ) . R‘1 - \Rz ,' \S
(1eq) (3 eq) THF, 22 °C, 1-16 h; 6' S
Ru-1 (4.0 mol%), THF, 100 Torr, 22 °C, 1-8 h Ru-1 Cl
HN

BnOzC\_/=\_/C02H — CO,H HO\_/:\_/COZBn

(86% conv, 74% yield, 97:3 Z:E) (88% conv, 58% yield, >98:2 Z:E) (95% conv, 56% yield, 95:5 Z:E)

/N

( without e Me :<5% conversion)

Strategy: Capping of terminal olefins

RTTR S Me R —
[\ Ru-1 Hl, [—\
Me Me T Me” RuL, » R! R2
O R2 — O R2 —_
Mé Ar Me R2

H., :
~—RuL, Is not generated
H

1) Xu, C.; Shen, X.; Hoveyda, A. H. J. Am. Chem. Soc. 2017, 139, 10919.




2~ Selective Cross Metathesis

Mo-1 (1.2-5.0 mol%)
benzene, 22 °C, 2 h

1 2 R2 OR!
R+ R~ — \—/
H.;Cs On-Bu On-Bu Cy OPMB
\—/ ph0_<_\=/ \—/
(0
76% conv, 68% yield 76% conv, 73% yield 81% conv, 73% yield
98:2 Z:E 98:2 Z:E >98:2 Z:E
Me Me
N \F)\
r2 I N 1
Mo OR R2
| > \__/
underside is shielded by Z-isomer

large aryloxide ligand

Me Me
N
|

ﬁ-"MO\
4

Ph

1) Meek, S. J.; O’Brien, R. V.; Llaveria, J.; Schrock, R. R.; Hoveyda, A. H. Nature 2011, 471, 461.
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1)
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Trisubstituted Alkene in Natural Products

(0]
MQ
% N N
OI Me H 0

phemactin A Me sponalisolide

(PAF antagonist) (antibacterial, antifungal)
7 Me
Me
k%\/':,'

ambrein Me
(valuable perfume) Me

Me
Me

OH

Me Me

HO
OH

muqubilin
(antileukaemic)

peloruside A
(anticancer) Qo Me

O

1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.; Mu, Y.; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774.



Approaches to Trisubstituted Alkene

Mori (1990)
N Me 3. Li. Et;NH; |
\\/"': 1.Cp2ZrCl;, Me3Al; pe K t-BuOH ambrain
> >
Me 4. HCI, AcOH 23%,
Me (74%, 2 steps) 4 steps
Me >98:2 E:Z
Me
2. Ac20
(31%, 2 steps)
Akita (2006)
N=NPh Me
N
\N/)>s":'l\/ 1. LiIN(TMS), ambrain
0~ ™0
Me 72%, 4 steps
Me 53:47 E:Z

2. HCI, AcOH

1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.; Mu, Y_; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774.
2) Mori, K.; Tamura, H. Liebigs Ann. Chem. 1990, 361.
3) Fujiwara, N.; Kinoshita, M.; Akita, H. Tetrahedron: Asymm. 2006, 17, 3037.
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Strategies using Cross Metathesis

Direct cross metathesis
G Me cross metathesis Me
% * al N, e eeeeee--- s
G problematic
E-product dominant

G = H or Me G'=H or Me

G or G'= H: Homo-metathesis, unstable methylidene complex
G or G'= Me: Low reactivity

2 steps strategy
Me
O\)\Me " Q
Me\)\ Br
Me Z Me BR2
T E R PP » N e » Z
w ' cross metathesis Me cross coupling Me
: Z-product
( ) I\ : Me ( ’
Me : \)\ Me Me
M Br BR;
0\7 R bt I, e I Z
cross metathesis Br  cross coupling
readily accessible E-product

1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.;

Mu, Y.; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774.



CM of Two Trisubstituted Alkenes a

Previous study F., F
F o
CI/\r E E
Cl N Me F
. . N'l II \
(5.0 eq, 94:6 Z:E) Mo
+ —_— O' Ph ——3» TBSO Cl
Me X Me Ar Ar
Ar=(2,4,6 without additive: 5% conv
TBSO Me ' (-Et3C)6H2 —
with Et Et (10 mol%):
(1.0 eq) Mo-1a (5.0 mol%) 76% conv, 70% yield
] benzene, 22 °C, 12 h
Rationale F
F. F
’ ?IA
R Et Et =
F F > ; N, || more reactive
(=T N fast Mox Et than Mo-1a
N.,, || 2d
., . Ar<0O
Mo ~.
’ Ph “~._slow Ar’
O Seel |
Ar Ar \ M‘e‘ -* \ N"' II
R/Y 'MOQ/R
Mo-1a Me Ar?0

1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.; Mu, Y.; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774.
2) Liu, Q.; My, Y.; Koengeter, T.; Schrock, R. R.; Hoveyda, A. H. Nat. Chem. 2022, 14, 463.



Small Alkene Additive

Cross metathesis with Z=1

Ar=(2,4,6)
-Et,C¢H,

~ N Me

Mo Br

Mo-1a (5.0 mol%)
benzene, 22 °C, 12 h

Et Et results

Br
Me\)\
Me
Z1
+
Me Me
R
TBSO Me
(1.0 eq)
21
2.0 eq
2.0 eq
5.0 eq
5.0 eq

- 66% conv. 59% yield,
>98:2 Z:E

10 mol% 71% conv. 66% yield,
>98:2 Z:E

- 83% conv. 68% yield,
95:5 Z:E

10 mol% 89% conv. 82% yield,
95:5 Z:E
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1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.; Mu, Y.; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774.



Catalytic Cycle (1)

Step 1: Catalyst initiation

F Me
ke F O\%k
‘ Me
Small slow
E F | mee--- R R >
~ N .
\
g: Il A Me Ph
Moy —
4 Ph /—\
0 Et Et Me
Ar r fast
Large
Ar=(2,4,6)
-Et;CgH,
Mo-1a \j_ LN O\/k
Et Ph ‘o, M M
_ 'MOQ/ Et

Et

Me
~
e
\ >
Me
Me

\
N.., 1
Mo
’

\\
Mo~
q

1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.; Mu, Y.; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774.
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Catalytic Cycle (2) and E/Z Selectlwty v

Step 2: Cross Metathesis

Br
0 Me\/k
g 1l \Q Z Me
Z1

>

Me
Me. ~
Br
E1
favored unfavored
Me Br
Br Me
E-product Z-product
major minor

favored unfavored
Br Me
Me Br
Z-product E-product
major minor
\ \N
o, Il after this step,

MO\/Me this Mo alkylidene

is generated

1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.; Mu, Y.; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774.

2) Nguyen, T. T.; Koh, M. J.; Mann, T. J.; Schrock, R. R.; Hoveyda, A. H. Nature 2017, 552, 347.



Catalytic Cycle (3)

Step 3: Completion of catalytic cycle

O\)\ \ 2nd cycle

\ N,' “ Nl', II \Q >
Mo\/Me \ - lMO\
Et Me
Me
\ O\)\ e 2nd cycle
AR e " i S
>
o\/ o ’ o >

1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.; Mu, Y.; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774.



Roles of Small Alkene Additive (1) 19

In case of Previous study

Without additive Cl Cl
CI\)\ C'\)\ Ar’ N YD‘
<7~ NAr Z Q/ NAr' Z g

N.., | - el AGt= cICl Mo Cl
S cl o C 19.0 kcal/mol |
ArZO Q)\ ArZO . cal/mo I
=
AG = 0.0 kcal/mol F AG=-17

-1.7 kcal/mol F O
product AG=12.0 kcaIImoI
: AGH = Berry
AG+ = 16.3 kecal/mol J, Pseudorotate
17.5 kcal/mol
Ar'N N - s
Me S o
\)\ Cl. ¢ ||¢s g
P e Cl. ~J-Ma * |
NoAr? o
AG = 10.7 keal/mol F R O e
_ 4 [
. AG = -15.9 kcal/mol v P,
. =i-Pr/\/"77z |
calculated with E E stable and inactive
M06/SDD(Mo)-6-311+G8d,p)/ Mes square pyramidal complex
SMD(C¢Hs)//B3LYP-D3/ 1_ ) o
SDD(mo)-6-31G(d) Ar'=F $ A= 2
F F Mes

1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.; Mu, Y.; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774.
2) Liu, Q.; My, Y.; Koengeter, T.; Schrock, R. R.; Hoveyda, A. H. Nat. Chem. 2022, 14, 463



Roles of Small Alkene Additive (2)

In case of Previous study

With additive cl
Ar'N
N.,, || > N, || AGt= CICl Mo
'MO\ ol ,Mo\/CI imol |
Ar20 19.0 kcal/mo

ArO QL |
“Z F
AG = 0.0 kcal/mol F AG =-1.7 kcal/mol OAr?
product AG = 12.0 kcal/mol
" AG* = AGHt = Berry
AGT= Ar] N Yl 13.2 kcal/mol 16.3 kcal/mol | Pseudorotate

17.5 kcal/mol

CIMeMé AFIN m
_

o |l

OAr?

F
AG = -15.9 kcal/mol

stable and inactive
Et  square pyramidal complex

-8_.5k_cal_lmol

1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.; Mu, Y.; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774.
2) Liu, Q.; My, Y.; Koengeter, T.; Schrock, R. R.; Hoveyda, A. H. Nat. Chem. 2022, 14, 463



Roles of Small Alkene Additive (3) =

In case of main paper
Without additive Br Br

Me\)\ Me\)\ Ar'N .
@/ NAr' Me =T NAr' ||
N

\
“, | - N",,” AG* = Me Br. Mo
Moy Mo S Me |
Y Br / 24.0 kcal/mol
Ar20 O\/l\ Ar20
~
AG = 0.0 kcal/mol kcal/mol

product

AG =19.7 kcal/mol

AGt = : Berry
34.5 kealimol | Pseudorotate

AGH =
20.9 kcal/mol

Me _&
N\
AG = 6.6 kcal/mol | V_w—l,(,( il

r
calculated with
M06/SDD(Mo)-6-311+G8d,p)/ R F Mes square pyramidal complex
SMD(C¢Hs)//B3LYP-D3/ 4 _ ,
SDD(mo)-6-31G(d) F=F S A= §
F F Mes

1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.; Mu, Y.; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774.



Roles of Small Alkene Additive (4) 2

In case of main paper
With additive Br Br

’ / |
=
AG = 0.0 kcal/mol O\)\Me AG = 0.1 kcal/mol Me Oar?

AG AG=0.1 r
product AG = 19.7 kcalimol
AG:I: = AG:I: - : AG* =
20.9 kcal/mol _ 17.7 kealimol v3 4.5 kcal/mol
Ar1ﬁ N=
Mele ‘MIO Ar1r\i m
Me ™
ME ¢¢ Me ¢'
Me\%Me Me | , 15.5 kcal/m B'><I/-M°\
OAr OAI'Z
= Et Me
20.1 kcal/mol AG = 6.6 keal/mol
\ \N HAH Et Square pyramidal complex
O\%k "MOQ/Et \—/
Me ’
Ar?0 AG=
-0.6 kcal/mol

1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.; Mu, Y.; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774.



Comparison of Deactivating Pathways =

1

. \N “Ar1
., 'MO\ Me
'MOQ/CI A
Ar?0 AG = 0.1 kcal/mol
AG = -1.7 kcal/mol
_EI_ —_— —1 Br AG* —]
AG* = Me 2 mey 24.0 kcal/mol
Cl = £ Y 19.0 kcal/mol
Ar'N ")
II ‘\“N
Cl \%MI}/CI
. F OAr2 r
kinetically g = 12,0 kcal/mol ' : kealimol kinetically
favored = ———T1~ disfavored
AGE = repulsion

16.3 kcalimol 'S Minimized

3 _

Ar'N Yﬁl 1‘ AN N~
e o el
Cl >ZI/—M6\ ! f.'k ><I/—Mo\

OAr? . ~ ,t ' OAr?

E_G = -15.9 keallmol | “F" 5 .:"'"‘4\ = 6.6 kcal/mol

stable and inactive . ) thermodinamically less stable

1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.; Mu, Y.; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774.
2) Liu, Q.; My, Y.; Koengeter, T.; Schrock, R. R.; Hoveyda, A. H. Nat. Chem. 2022, 14, 463



Substrate Scope (1)
-Trisubstituted Alkenes (2)-

Mo-1a (5.0 mol%)

Br Me /—\ Br
+ Et Et (10 mol%)
Me 2 Z y =
Me Me benzene, 22 °C Me
(5 eq) (1 eq)
o) Me
N Br Br
O>\S !
7 y/ =
O \%r Me O O Me
0 / =
70% conv, 58% yield 81% conv, 73% yield F, A
>98:2 Z:E 95:5 Z:E
Br F F
=~/ N
Z \
(pin)B/\)\Me Q: |
Mo
89% conv, 74% yield 0' Ph
95:5 Z.E
Ar Ar
Br Ar=(2,4,6)
-Et;CgH
~ 3LeH2
BnO/\)\Me Mo-1a

76% conv, 53% yield

93:7 Z.E 58% conv, 49% yield
97:3 Z:E

1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.; Mu, Y.; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774. 24



Substrate Scope (

2)

-Trisubstituted Alkenes (E)-

Mo-1a (5.0 mol%)

25

Me Me /—\ Br
+ Et Et (10 mol%)
Me. ~ Z o ~
Br Me benzene, 22 °C Me
(5 eq) (1 eq)
(0) Me
Hﬂ M M
N e e
O>\ S !
/2 Z ~
(@) \/Hr Br 0 0 Br
5 \_/ =
60% conv, 49% yield 83% conv, 71% yield F., F
98:2 E:Z >98:2 E:Z
Me |=a F
~ v 1 N
(pin)B/\)\Br N,,' ”
Mo
74% conv, 55% yield O' Ph
90:10 E:Z
Ar Ar
Me Ar=(2,4,6)
/\2\ -Et;C¢H;
BnO Br _
67% conv, 48% yield Mo-1a

>98:2 E:Z

67% conv, 57% yield
>98:2 E:Z

1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.; Mu, Y.; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774.
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Substrate Scope (3) e
-Sterically Demanding Alkenes-

Ph Ph
Me y-
Br conditions A Br conditions A:
= * Me\)\ o B — Mo-1a (5.0 mol%)
Me Me
(1 06} (5 eq) Me e’ Et (10 mol%)
>98% com ‘;‘_5’:_/" yields benzene, 22 °C, 12 h
Me, Me Me Me conditions B:
traceless protection
HO Me  m .
>i/K/ + Br conditionsB © qu g HB(pin) (2 eq)
2 Me\)\ y Z M NEt; (10 mol%)
Me 63% convy, 44% yields € 50 °C. 2 h:
(1eq) (5 eq) 5982 Z-E » < 1
HB(pin) e e 1.0 Torr, 30 min;
i P Mo-1a (5.0 mol%)
MeOH —
Me  Me Me Me Et Et(10 mol%)
CM benzene, 22 °C, 12 h;
(pin)BO Me - (pin)BO Me Br MeOH
Z /
Me

1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.; Mu, Y.; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774.



Effects of Alkene-Substitution

Br
Me\)\
Me

Oy

COzMe
\
R1
WkRz

CO,Me
Mo-1a (5.0 mol%) @_\g
y

benzene, 22 °C, 12 h T\/\)B\r
Z
Me
(5 eq) (1eq)
substitution conv, conv to CM product selectivity yield
R'=R2=H 89%. 52% >98:2 Z:E 54%
R'=Me,R?=H >98%, 77% 97:3 Z.E 80%
R'=H,R?=Me >98%, 62% 98:2 Z:E 64%
R'=R%=Me’ 66%, 61% 98:2 Z:E 62%
* e substitutions efficiency homo metathesis
. ” R'=R?2=H high much o NAr
() = = | y
(6.0 mol%) g generates methylidene N.,, ||
was added 'MOQ
2
R' = Me, R2=H iddl less, thylied ArO
ana R =?_,|, T Me middle ess, no methyliedne methylidene complex
(unstable)
R'=RZ=Me low none

1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.; Mu, Y.; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774.



Total Synthesis of Ambrein (1)

1. HB(pin), NEt; (cat.), 80 °C, 2 h
1.0 Torr, 50 °C, 15 min;
Mo-1a (2.0 mol%),

Me

ve_ /=\
&S Br (5.0 eq), Et Et (6.0 mol%)

benzene, 22 °C; MeOH Me

2. TESCI, imodazole, DMF, 22 °C

28
F
F,, F
Y F
=~ N
\
N'l,”
IMO\ Ph
o
Ar Ar
Ar=(2,4,6)
-Et;CgH,
Mo-1a
Me
- ,OTES
Me
Y, /
'/\/\Br

(71%, 2 steps, 92:8 E:2)

1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.; Mu, Y.; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774.




Total Synthesis of Ambrein (2)

EL oy
EtO\ 0
() EtO —ﬁ

(o)
55%, 3 steps (cat.),
- M (o) >
Me © %\B/
Me | CuCl (cat.),
O NaOMe
. THF, 60 °C

73%, (>98:2 S)2":Sy2, 96:4 er)

1. m-CPBA
L, CHZCI2,0°C 2O
Me 2. H
B

Me

(used dlrectly in coupling)

THF, 60 °C

1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.; Mu, Y.; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774.



Total Synthesis of Ambrein (3)

Me
=0TES Me
Me M PdCl, (cat.)
Me Br NaOH aq.
THF, reflux Me
+ » Me
o 85% from A
Rsz:,"
Me
Me Me
Me
1.n-BuLi, WClg,
THF, 22 °C
-
2. (n-Bu),NF,
THF, 22 °C

ambrein
59%, 2 steps Me

1) Koengeter, T.; Qin, C.; Mai, B. K.: Liu, Q.; Mu, Y.; Liu, P.; Hoveyda, A. H. J. Am. Chem. Soc. 2023, 145, 3774.
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Summary

Me
QA i Q
Me\%\ Br
Me Me BR2
; / r ~
w cross metathesis Me cross coupling Me
Z-product
_— Mo catalyst
O\/\M Me Q
€ Me \%k Me Me
Br BR,
O\/ . 2 > Z
cross metathesis Br cross coupling

readily accessible E-product

Total synthesis of ambrein




