Problem Session (3)
Please provide the reaction mechanisms.
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Problem Session (3) -Answer- 2017/12/22 Akira Hirose

Topic: Metal-catalyzed cyclization of multiynes

related PS/LS ->100904_PS_Hidenori_ TODOROKI: Rh-catalyzed [5+2] cycloaddition
101127_PS_Shin_KAMIJO: Gold catalysis
110425_PS_Masanori NAGATOMO: Ynolate
120707_PS_Tomomi_GOTO: Ynamide
170127_PS_Tokumoto_Kotaro: Ynamide

121013_LS Komei_Sakata: Aryne ene reaction
161024_LS Takahiro KAWAMATA: dehydro Diels-Alder reaction etc...

— silicon-initiated carbometalation

1. hydrosilylation cat.
R.Si H SiR3
[ — 3 iH

R R' cat. = peroxide (1947~), metal (1949~)

1-4 1-5

- reaction mechanisms
H SiR3 H SiR3
1-5 1-5
) Rl

reductive LalM] reductive
elimination 1-A elimination

. 1) ; modified 2

- R4SiH H
SiRs Chalk-Harrod 7| RsSIH™ Chalk-Harrod | |
H ML mechanism . L.[M] SiR3
n oxidative mechanism
R’ Pd, Pt, ... addition Ru, Rh, .. R'
1-C ! 1-D
H
insertion to L [M]/ insertion to
[M]-H bond n \SiR [M]-Si bond
3
Rl T 1'4 1-B 1'4 Rl T

1) Chalk, A. J.; Harrod, J. F. J. Am. Chem. Soc. 1965, 87, 16.
2) Schroeder, M. A.; Wrighton, M. S. J. Organomet. Chem. 1977, 128, 345.

2. Studies by Ojima

- silylformination Co,Rh,(CO) 1
(0.1 mol%)
PhMe,SiH (1.1 eq)
CO (10 atm) CHO
— toluene, rt \
= - L\
98% SiMe,Ph
1-6 1-7

Ojima. et al., Tetrahedron 1993, 49, 5431.
- silylcyclocarbonylation (SiCCa)
- silylcarbocyclization (SiCaC)
- silylcarbobicyclization (SiCaB)
- silylcarbotricyclization (SiCaT)
- carbonylative silicon-initiated cascade carbotricyclization (CO-SiCaT) — problem 1

-



Rh(acac)(CO), (1 mol%)

PhMe,SiH (1 eq) 0
CO (1 atm)
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1-2: 40% EtO,C CO,Et
1-3: 22%
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QOjima, I.; Lee, S.-Y. J. Am. Chem. Soc. 2000. 122, 2385.
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elimination elimination * PhMe3SiH  SiMe,Ph
®
PhMe,Si i
Y CO alkene
E1O,C Rh'(H)L, insertion insertion
EtO,C N g g
CO,Et
Et0,C COzEt EtO,C CO,Et
1-15 1-16
(0] (0]
PhMe,Si
L,(H)RA! B elimination
n >
EtO,C CO,Et \ EtO,C CO,Et
EtO,C CO,Et L (HRA-SiMe,ph  E1OC CO,Et
1-18 (racemic) 1-2



— non-metathetic reaction of Grubbs catalyst

o Q Ymg;% s

Ru-
a” e SRU= cI’

PCy3 O

PCy3 \<

Grubbs | Grubbs I Hoveyda-Grubbs |l

Example of non-metathetic reaction of Ru carbene
1. Kharasch addition

Grubbs |
(2.5 mol%)
CHCI; (10 eq)
PO 65°C clH Cl
Ph™ X
8 PhMCI
99%
2-2 2-3
active species
olefin
Ru metathesis decomposition .
Grubbs |
Tallarico, J. A.; Malnich, L. M.; Snapper, M. L. J. Org. Chem. 1999. 64, 344.
2. Hydrosilylation Grubbs |
(5 mol%)
Ph3SiH (1.5 eq) .
/\/ CH,CI,, 45 °C SiPhy
97%
2-4 2-5
active species
insertion SiPh
Rlujﬁph Ru— into Ru-Si IFhs .
Ph3Si  Ph -
PhsSi—H 3 R—= R
Menozzi, C.; Dalko, P. I.; Cossy, J. J. Org. Chem. 2005. 70, 10717.
3. Hydrogenation Grubbs |

(10 mol%)
Et3SiH (1.5 eq)
\2 f/ C3H2CI2, 40 °C { / \ / \

{ 76%

2-6 2-7 2-8

active species
olefin
tathesis Rus= Ru
Ru=- me 4) | —
Ph « H SiEts
Grubbs | H=SiPh;

Menozzi, C.; Dalko, P. I.; Cossy, J. Synlett 2005. 2449.

problem 2(a) —» enyne metathesis
2(b) — hydrovinylative cyclization via ruthenacycle
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(a)

MeOZC
MSOZC

(.
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Grubbs Il (5 mol%)
1-octene (5 eq)
CHJCl,, 40 °C

80%

TES

I
MeO2C><jij\
MeOzC A

I

TES

CeH13

2a-2

Yun, S. Y.; Wang, K.-P.; Kim, M.; Lee, D. J. Am. Chem. Soc. 2013. 135, 4668.

- PCy3
Q g IVR + _ VR
RUW PCy3 +PCy, C6|-{1_3_ /
P _ —
e CeH13
Grubbs Il Generally speaking,
Ru of Ru carbene complex
Ph s (e.g. Grubbs catalyst) is bivalent (lI).
VRu Ph |v In this PS, however, carbene complex is
Ru= "CgHq3 regarded as double bond between
H15Cg metal and anionic ligands.
— Ru is defigned as tetravalent (V).
"Ru:\C - MeO,C — — [ES
———TES 6113
Moot . MeOLC' N === TES
A
MeO2C —— X T TES ><>< Hy Ru|V
HisCs™ -
2-1 2a-3'
I Ruthenium carbene '
Ru___\ 1
CeH13 reacts with alkyne X m(ee’(g¥r2]:sis
regioselectively due to Y
steric repulsion.
MeO,C ————TES
MeO,C =———TES
VR =
—
CeHi3
2a-3
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metathesis
B BE:
MeO,C — — TES MeO,C — — TES
MeO,C ——TES ~  MeO,C ——TES
P \
v \Y
Ru Ru C+H
CeH13 ors
- 2a-4 - -5- 2a-5
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TES —

/ s
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MeO2C __
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B TES -
2a-7
TES
olefin ?{\,&
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MeO,C 7 CeHia \
Il
|| Ru=~
CeHu3
TES
2a-9
TES
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rearrangement

MeOzC X

CeH13

TES

2a-2

Note: reactivity of alkene vs alkyne with ruthenium carbene

- energy barrier of enyne/olefin metathesis by DFT calculation

Ru= Ru=-x
| U“R - R
PMe3

A1 A2

t
Ru=- Ru= —Ru
¢ R ‘”“R | RR /"
Y 4 =l= Loz R
A3 Ad A5 A6
¢ AGag.a3 = 30 kd/mol
(rotation barrier)
Ru=-x .
z R resonance with
Z ruthenacyclopropane
R
TUAR RUTR & 4 R
Do R u—
a3 a4 a5 a6

Lippstreu, J. J.; Straub, B. F. J. Am. Chem. Soc. 2005, 127, 7444,

- energy barrier of enyne metathesis (= AGps.a41) > olefin metathesis (= AG,4.41)

— Enyne metathesis is disfavor.

Grubbs Il primary reacted with octene.
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TES

(b)
Grubbs Il (5 mol%) | |
ethylene (1.36 atm)

MeO,C ><iTES CH.Cl,, 80 °C Me02C><:|i
= — 74% MeO,C N

MeO,C TES
I

TES
2b-2

21

Yun, S. Y.; Wang, K.-P.; Kim, M.; Lee, D. J. Am. Chem. Soc. 2013. 135, 4668.

Q Q |VRuﬂ ethylene
Cl - .
Y Ph IRy=

RUW PCy3
— Discussion 1:
PCY3 . .
Grubbs Il active species
of the reaction
o Vo == oxidative
MeO,C : —  — TES Ru= MeO,C < N addition;
= IVRu:
MeO,C —————TES MeO,C \\
\
TTES
2-1 2b-3
TES
alkene B-hydride
M902C><:|i}R insertion elimination
u— >~
MeO,C \<le/
— Discussion 2:
| | [hydride elimination
vs
TES reductive elimination
2b-4
TES
reductive _
elimination M9020><:|i
\ MeO,C .
IVRU: | |
TES




Discussion:
1. Active species of the reaction

1-1. Another possible mechanism: path 2 (cf. 170916 PS_Fujisawa)

ethylene A
Grubbsll ——————F Igyg=—= ——mF—
MeO,C —— T TES
Ru—H ><
21 ~ MeO,C %TES
urH
2b-7
TES
B-hydride
™ elimination M902C><:|i\l€iﬁu
/ MeO,C~ X
Ru=H TES
2b-10
1-2. Control experiment
H
CysP- IU,CO
MeO,C :: — TES Cl” "'PCys;
MeO,C ————TES ethylene

2-1
Cy3ll3 Cl NaOMe )
Ru=
c’] Ph g
PCys MeOSHO/t?CI:uene
Grubbs I

toluene, 80 °C

Ru—H

Ru—H

alkyne
insertion

alkene
insertion

Me0,C_—=—=TES
MeOzC><;TES

21

1) Snapper et al., Chem. Commun. 2010, 46, 5692.

The reaction did not proceed by ruthenium hydride (both synthesized and in situ).

— Path 2 is not correct.
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1-3. NMR monitoring of the reaction

Ruthenium methylidene complex was observed as the major Ru species.
— Authors concluded that Ru=CH, is involved in hydrovinylative cyclization.

1-4. Difference of reactivity between IVRu:CH2 and IVRU—\C6H13 (my proposal)

\
\

\

=\

MeO,C. —=——=—TES Me02C><j—:TES MeO,C
TES MeO,C ==—=——TES faster MeO,C =,

j

In

MeOZC _ ; SIOW !
v (see 2(a) Note) Ve I or =
Ru R Ru= slower TES
depending on -R
2-11 2-9 210
- R = CH, (small): 2nd alkyne coordination is faster than enyne metathesis.
- R = CgH43 (large): 2nd alkyne coordination is slower than enyne metathesis.
2. B-hydride elimination vs reductive elimination
TES eclipse
Il TES
alkene ~H
Me02C><:|i Ry — insertion _ MeO,C H
MeO,C X )
<v'/ MeO,C
| | steric repulsion TES
TES (RU and C)
2b-4 2b-4’ 2b-5'
syn periplanar
TES. (C-Ru bond and C-H bond)
conformation \\ \\Rﬁ‘l_l H B-hydride
change \ elimination
X
TES
MSOQC : MeO2C ::
MSOQC MeO2C
2b-5" 2b-6'
2 carbon atoms ||| reductive
in 7-menbered ring elimination
(including 4 sp? carbon atoms) TES
are far. \ TES
reductive / v | |
elimination MeO,C Ru
e 2 MeO2C><ji
MeO,C N
slow 2 MeO,C AN
TES TES
2b-5
2b-2
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— hexadehydro-Diels-Alder (HDDA) reaction (cf. 161024 LS Takahiro KAWAMATA)

A conventional

Y method new method | |
@E — ©| ——> || +
K) HDDA Il

S) , :
Base aryne intermediate

Hoye, T. R.; Baire, B.; Niu, D.; Willoughby, P. H.; Woods, B. P. Nature 2012. 490, 290.

1. Reaction mechanisms

| benzyne R
=] e — o s
TTeel N ‘Cl R2

"diynophile" 1,3-diyne cumulene form alkyne form
— in situ aryne synthesis
— Discussion 1:
elucidation of reaction mechanisms

2. Synthetic applications
2-1. Intramolecular aryne trapping

— CO,Et CO,Et
——CO,Et toluene
{ 120 °C
TsN———
OTBS

3-3 3-4 3-5

- Metal catalyst stabilizes aryne intermediate. — problem 3

2-2. Intermolecular aryne trapping

Q CHCl, & ™S

85 °C R
| 54
6_
£,=135"°

3-6: R = -(CH),0Ac Zp=1197
3.7

a
Z

(ox

® o
O addition Br~ >~ NHaBr

)J\OH of AcOH bromination

o TMS
R
* Regioselectivity of the reaction of .O .O
aryne intermediate 3-7 can be OAc O Br
explained by, H

1. electoronic effect (by carbonyl group)

2. distortion effect (£, = 135 °, £, = 119 °) 3-9 310
89% 72% (regioselectivity 6:1)
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Ph

AgOTf (10 mol%) | |

< — — n toluene, 90 °C
TsN—k: — — 91%
N
Ts
3-1 3-2
Yun, S. Y.; Wang, K.-P.; Lee, N.-K.; Mamidipalli, P.; Lee, D. J. Am. Chem. Soc. 2013. 135, 4668.
diynophile relatively electron-deficient alkyne
—_———Ph ——Ph
{ VAN -
TsNAﬁg—k_ = — TsN2 =
1,3-diyne
31 31
hexadehydro
A Diels-Alder
reaction
Ph Ph
I Ag® I
N
N Ts ( .
Ts :Ag aryne-metal
9®
complex
3-11 3-12 forming
Ph Ph
s Ag S G
® Cag
3-13 3-14
Ph i

Ph
ll C-H Il C-H
insertion insertion
> — Discussion 2:
-’|\-IS NG reaction -'|\-IS JEH
@Ag ® Ag'!

i mechanisms of

315 C-H activation “ 316
B DR
Ph Ph
N ij \
J ! N
- - -11- 3-2

317



Discussion:

1. Elucidation of reaction mechanisms
Deuterium labeling study (the first example of this type Diels-Alder reaction)

580 °C
: 0 01 Torr @
31 3-19 3-20
86% 14%
— D
__ — °
— — D
3-3-d, 3-21

Bradley, A. Z.; Johnson, R. P. J. Chem. Am. Soc. 1997, 119, 9917.

— The path via vinylidene 3-24 was rejected.

e — oo

3-3-d, 3-22 3-23 3-21
cumulene form alkyne form obtained
*

D Bergman S D D
D cyclization
3-24 3-25 3-26 3-27
not obtained

2. Reaction mechanisms of C-H activation

OMe

AgOTF (10 mol%)

toluene, 90 °C Stereochemistry of

starting material 3-28 was

completely conserved.

— This step is a cocerted
mechanism than
stepwise process.

x radical
x cathionic intermediate

TsN dr10:1—10:1 (85%)

dr1.1:1-51.1:1(83%)

3-28 3-29
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