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0. Introduction

Currently, selective C-H and C-C bond activation by transition metal complexes has attracted much attentions.
Advantages: Ubiquitousness of C-H bond and C-C bond, atom economically good ...

This seminar's topic

C-C bond activation
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Compared to C-H activations, the development of related C-C activation
reactions lags behind.

Difficult point in C-C bond activation (T T T T TS mmmmmmm e ooooooooo-oooo-o-o-on

I/’é-C Bond Activatior,Rarely developed...
. (oxidatvie addition).” c

e = ) \ |

1. High directionality of C-C bond

2. Steric effect (substituents) L o+ M = M
c C-C Bond Formation c

3. Statistical abundance of C-H bond

90kcal mol™" per bond (reductive efimination) 20~30kcal mol™! per bond
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1. Basic strategy

In order to facilitate C-C bond activation, two basic strategies can be applied.
1. Increase the energy state of the starting materials
2. Lower the energy state of the C-C bond cleaved complexes

a. Strained starting materials

/\ + Ptcl, — [CPW{I” — :i>%t<>

Tipper et al. J. Chem. Soc. 1955, 2043.

Figure 2. Cyclopropane —metal orbital interactions. Left: o bond formed
Chatt et al. J. Chem. Soc. 1961, 738. | by the interaction of metal p, and cyclopropane ¢ orbitals. Right: 7 bond

: formed by the interaction of metal d,, and cyclopropane o* orbitals.

+[{Rh(CO),Cl},] —»?% ?% [RACICO212 [ PPh3
o \ / o
| Ci—Rh
Cl 1

Halpern et al. J. Chem. Soc. Chem. Commun. 1970, 1082. oo 0 0
Halpern et al. J. Am. Chem. Soc. 1970, 92, 3515.

b. Aromatization

C9H17 C9H17
[Fez (CO)q] CeHe
Cp"Ru 80°C
CH
Cp = C Me,
HO sMes| Lo Ru*C . Fe(CO

Eilbracht et al. J. Organomet. Chem. 1977, 135, c2.
Chaudret et al. Organometallics. 1993, 12, 955.
c. Chelation assistance

[Rh(CaHy)Cll2

Me P'Bu, PBu2 Me, T‘BUZ = RhCI{PPhy)a = |
ME  pE—XR, CI—\—£h
~

a: XR, = P'Bu, b: XR, = NEt,
Milstein et al. J. Am. Chem. Soc. 2000, 122, 9848.

Metal C-C bond interaction (agostic interaction)

What is agostic interaction?

Interaction of a coordinately-unsaturated transition metal with a C-H bond (sometimes C-C bond), when the two electrons
involved in the C-H(C-C) bond enter the empty d orbital of a transition metal, resulting in a two electron
three center bond

Structural and spectroscopic features (C-H bond)

R [ ettt "
w ! example CH, |

E .. 041 A 2 + electrophilic metal

, ‘ 859"\ 146 A1  steric influenece

) P~/ T | A tc

Agostic : /Tl\ H T 1244°(OH,
3—center—2—electron E /P\ ‘ Cl 99-_4\'0 1.02 A E
interaction ! Cl 2.29A H !
dM-H)=~1.8-23A b !
MG = 00 - 140" Brookhart et al. PNAS. 2007, 104, 6908.

dy upfield of
uncoordinated CH 2/15



C-H activation (sp2 C-H bond)

Scheme 2. General Intramolecular C(sp®)—H Arylation Mechanism?
Z Rt
e ( Do
R2
E >/ \<
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O)OH ///YC(O)o-
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f Pd]
| [Pd] H '.
\ \ Y III \f
N Y , c

) ~concerted - - ’
metalation-déprotonation

“[Pd] = Pd—PRj complex; Y =
0, or C=0.

Agostic interaction assists non-acidic
C-H bond deprotonation.

Fagnou et al. J. Am. Chem. Soc. 2010, 132, 10706.

Bu or O7: Z = no atom. CR,, N—R,

7 BAIF
[ 4] (OH)5-Binor-S
1.501(6), 1.512(6) A 1.520(6), 1.509(6) A
1
[Rh]/ 4
- - =1 1.510(2), 1.502(4)A
1 \ . 604(4) A ‘,

C-C bond is lengthened by ~0.1A

Coordinated C-C single bond with atransition metal has been characterized
structurally, spectroscopically, and by theoretical calculations.

Examples of metal C-C agostic interaction

Figure 1. Solid-state structure of the cationic portion of 1. Thermal
ellipsoids are shown at the 50% probability level. Hydrogen atoms on
the phosphine ligand, apart from those associated with C2, are
omitted for clarity. Selected bond lengths [A] and angles [°]: Rh—P
2.2693(7), Rh—C11 2.032(3), Rh—C15 2.042(3), Rh—C21 2.352(3), Rh—
€25 2.369(3), Rh—C2 2.901(3), Rh—H2a 2.52(3), C21-C25 1.604(4),
C21—C26 1.510(4), C25—C26 1.502(4), C11—C15 2.204(4), C21—H21
0.97(3), C25-H25 0.95(3); P-C1-C2 109.7(2), P-C1-C3 117.1(2).

Weller et al. Angew. Chem. Int. Ed. 2006, 45, 452.

Classification of catalytic C-C activation

catalyst

Main topic

—> Strained molecules (summry)

—| Unstrained molecules

2.1 Direct cleavage of C-C bond by transition metal catalysis

JAN 0

uf
[

Strained starting materials

Metal(cat)

ct ¢

4- or 5-membered metallacycles

Catalyst turnover

™
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&/OSiMeg (PPhg)sRNCI )\/OSiMeg
9 Ha(4 atm), 130°C "
J[Rh] H2/[Rh]I
[Rh] H
_P-hydrogen ppy )H
elimination
Me3SiO Me,SiO Me;SiO
12 10

Chirik et al. J. Am. Chem. Soc. 2003, 125, 886.

Ph
£h o [Rn(@od)Cll- Ph o @\““\OH
dppe Hy -
@j Hs (50 atm), (%[Rh] “'Me
140°C
13 14

cod = cyclooctadiene
dppe = thPCHzCHQPPhQ

Murakami et al. Nature. 1994, 370, 18.

2.2 B-alkyl elimination of strained molecules

il>3<] e L Rh ¢ N

3 5 oxidative /|><> | CO insertion

R e addion Ry, CO R e 0

1a 3 4
(R = BnOCH,)
0]

Rh

p-carbon r!eductive lsomenzatmn

Sl minai

elimination R Me elimination Me Me
5 2a

Murakami et al. J. Am. Chem. Soc. 2007, 129, 12596.

* -
/
Pd(PEt3);
Cp*Rh(PMe3)H,
i
15
Ph

C0,"Buy

o

"BuO,C, Pd(PPhs),

) N OO
Ve, P

(dippe)Ni(C 0)2

RY,
Rr2*

R®
OH

R?
0-M

B-alkyl elimination

Metal(cat) R?,

R2

— A
R R®

Futher conversion

—_—

Currently,many enantioselective p-alkyl eliminations are reported.

R! OH

>O< + ARy 2Mol% Pd(OAc),, 10 mol% L2

oTf
©/5 mol% Pd(OAC);,

o Ph O
H . R2 Cs,CO;, toluene, 50 °C R'g 10 mol% L2 @M
H Me ‘ Cs,CO3, toluene, 50 °C Ph
. N/ ) Ph OH 65%. 88 %
H . ) o, b ee
|+ ArPAXL, S Reductive ;- pdL*,
! -HX - Base 2 elimination’ H 6 Ph
v ‘ __ <
L2 | Ph — OAC Ph Ph o
This bond is cleaved M
0, 0,
R1 / OPdAIL, L ArPd 5 mol% Pd(OAc),, 10 mol% L2 . Ph
<X  Enantioselective _ ? C52C05, toluene, 50°C \f o T o
H 7 R2 p-carbon elimination H R2 > °ee
R
8 Uemura et al. J. Am. Chem. Soc. 2003, 125, 8862.
Rh
R This bond [RR] | [RhJH Me
is cleaved R '
3.5 mol% [Rh(OH)(cod)], R=H Isomerisation
8 mol% (R)-Tol-Binap Reduction
O[Rh] 0" o o~ o
toluene, rt 27 28 30
R =H, Alkyl 1,4-Rh shift l R#H
Pheny!
Me, R [Rh] MeO,C Me. Et
. R
Cfi Protonation 1.4-Addition
R=Et
(0] o
32 0" "o > C0,Me 33 oo

68-92 %, 77-94 % ee 3

75 %, 97 % ee

Murakami et al. J. Am. Chem. Soc. 2007, 129, 12086.
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HRA(DH)cod)}] (2.5 mol %) HO R ; on |
aOH Difluorphes (6 mal%) @ E R 3\R 5
' C-C Activation R _OH Coordinat n%o-mh]
" . C-H Activation R ; — (;;h] - RO, R w-C-Ehmination !
Addition up to 88 % yisld bR |
up to B8 % g I R ORI [Rh] :
up to 20:1 dor. : éj\ﬁ
! . R
Cramer et al. Angew. Chem. Int. Ed. 2009, 48, 6320. wd R "‘;
R OH ey th{M Additio\ [Rh] Me O /1,4—Rh shift
C—C Bond Cleavape .____________________________6 ______________________

Mgt 8
o Y D% S3%er

3. Activation of unstrained molecules
3.1 B-alkyl elimination of unstrained molecules

Ruthenium-Catalyzed B-Allyl Elimination Leading to Selective Cleavage of a Carbon-Carbon Bond in Homoallyl Alcohols

Mitsudo et al. J. Am. Chem. Soc. 1998, 120, 5587.

Noz¢d  — Lo
/CTC\ D M-C-C-R
' -L [
M-R
_____ L I
=G ——  m-o-¢c-Rh ———— C-C bond activation
o N : allyl transiton chemistry
-R '
irreversible
Table 1. Catalytic Activity of Several Transition-Metal Complexes RuCl,(PPh
in Deallylation of 1a to 2a® R'R2 R® 2(PPhals R1\f( R2 3
Me [Cat.] Ph.__Me HO CO 10 atm, ~~.OAc 0 ®
;(/\ \[r S g
H X CO, .~ OAc f6) 180°C, 15 h, - A
1a 2a 1a: R'=Ph, R?=Me, R°=H 2a: 91%
catalyst yield of 2a (%)? 1b: R:=H2=Ph, RZ=H 2b: 87%
1¢: R'=R“=Bu, R°=H 2¢c: 71%
RuClz(Pplh)j, (91) . 2’ 3 R o
Cis-RUCT(CO)(PPhs)s 65 1d: R'=Ph, R*=Me, R°=Me 2d: 85%
Cp*RuCl(cod) 64
Ru;,(CO)n” 45 (0]
RhCI(PPh;); 53 RuClx(PPhg)s M
NiBr,(PPhs), 0 CO 10 atm, ~~_OAc A
PdCPligIPlglgil’ g 200 °C, 60 h 3 (8-en:7-en=26:74)
cis- 2(PPhs)» 1e (total 76% yield)
9 Compound 1a (4.0 mmol), catalyst (0.20 mmol), allyl acetate (30 o
mmol), THF (8.0 mL), CO (10 atm), 180°C, 15 h. ® GLC yield (isolated PtO, /[K)\/\)\
yield). € Rus(CO);z (0.067 mmol). 4)

Role of carbon monoxide and allyl acetate
The presence of both carbon monoxyde and allyl acetate was crucial.

______________________________

After the reaction, RuCl,(PPhs3); was quantitatively converted into

cis-RuCly(CO),(PPhs),.

In the case of maleic anhydride

Me/\
H X o

1a  maleic anhydride 2a 0
50eqy 65% vy.

[Cat.] Ph___Me

, A~0Ac

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

' Carbon monoxyde and maleic anhydride may coordinate to an active !
' ruthenium center and promote the reductive elimination of propene
from a (hydro)éallyl)ruthenium intermediate, as well as control the !
: electronic condition of an active ruthenium center.

Ha (1 atm), r.t., 2 h
4

(overall 73% isolated yield )

. Allyl acetate: unclearﬁit is required for generation and |
+ stabilization of a catalytically active ruthenium species?) !
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Mechanistic study Proposed catalytic cycle

375
Ph Me RuCl(PPhs);  Ph_Me : /37
AL @ ! :

AcO N co, L onc \lof * x 6 : Rl |
5a E Ra [Ru] R2 OH '

Ph Me RuCl(PPhs)s Ph_ _Me E/g 1 E
\ﬂ/ + (6) ! !

HO CO, ~~OAc lo) ! .
6a : E

: RS !

Ph H RuCly(PPhg)s P :> ! R3 R3 . i
K/\ T one OJ\/\ @) ! R/ :
"o 00, o Ohe : A or =§ RN :
e 8a T O-[Ru]-H !

65% (E 100%) ! [Rul-H [Ru]-H :

1a RuCly(PPhg) Ph A :

utly 3)3 |

PhCHO + { or ooF ®) |
1d CO, /\,OAC : 1 , E

(- Ph\rrMe) 8a:R=H : 68:/0 R YH :

ul 9a: Me : 35% : X ) |

5): First step of the reaction is oxidative addition of a hydroxy group to ruthenium.
6): Driving force of this reaction is the formation of an allylruthenium species.
7): In the presence of B-hydrogen, unsaturated ketone is formed predominantly.
8): Formation of an allylruthenium intermediate

Palladium-Catalyzed Oxidative Alkynylation of Alkenes via C-C Bond Cleavage under Oxygen Atmosphere
Uemura et al. Org. Lett. 2003, 5, 2997.

+ In precedent work...
(0]

' TMS TMS E
: Vi a / . arfission™=- - Cl:[// I
: Pyl . '
; OH b (- TMS—=—1[Pd] ; 0 o} sp3-sp bond cleavage occured in preference to sp3-sp®!

@Wﬁ?md} ‘x.b S « « bond cleavageof the cyclobutane ring.
—
- 7 NIE “Stws  Uemura et al. J. Am. Chem. Soc. 1999, 121, 2645.

U

Scheme 3. Working Hypothesis of Oxidative Alkynylation via
C—C Bond Cleavage

XPdO

OH
_ cat. Pd(ll) _
RTF RI RTF RI
Rl
R
o

HI
B-carbon .
2

— \ X
— =P N

HPdX

AL

R R

OH ~ Pd(ll) (10 mol%%) o

J— idi O,
Ph—$R+ #CO,Et Pyridine (200 mol%) \/\
MS3A (40 mg) =

R CO,Et
1a (R = Me) or tolliene (2 mL) 2
1b (R = Pr) 80 °C, Oz (1atm)

(0.2 mmol) (10 equiv)

Table 1. Effect of Pd(II) Salts

entry substrate Pd(ll) salt  time (h) GLCyield (%)  pg(acac), was found to be the most effective palladium source.

1 la Pd(OAc), 24 30° DMF was the best solvent.

2 la PdCl;, 24 tr

3 la Pd(acac); 25 492

4 1b Pd(OAQ), 48 41

5 1b ' Pd(acac)a! 48 57

6 la Pd(acac), 48 57

70 la Pd(acac); 24 | 0 What is the role of pyridine?
8¢ la Pd(acac), 24 4

9d la Pd(acac); 48 61

used as a solvent. 6/15



The effect of pyridine

Uemura oxidation

(py)2Pd"(OAC), ) L o . o
Without pyridine, only stoichiometric alcohol oxidation
H.0 RCH.OH is observed with concomitant formation of palladium
""""""""" 2 2 black.
! Stage | ' Stage !
' Catalyst Oxidation I I Substrate Oxidation
:_[_ pyfit_jira_e_er_oquf_effl J: [pyridine inhibited]
112 Oy RCHO
+2HOAc +2 HOAc
(py)2Pd®
Stahl et al. Org. Lett. 2002, 4, 4179.
Result
entry alcohol GLC yield (%) of 2 entry alkene product isolated yield (%)
OH Ph
1 Ph%% 57 S
2 612 T2 N 49
1a COMe \/\cozme
OH Pho_ 2
3 Ph—=—|ip 57 2 A~ A 7
b ’Prr Z ~CO.Bu \4/\ COLBu 5
OH Ph
4 Ph—= 45 4 7 Ph \//"Ph 540
1c
________________________________________ 5 (cisftrans = 1/4)
! OH
|5 Ph—— 6002¢ Ph b
: 1d 5 A, = 33
i Ph .
""""""""""" o 6
6 Ph—— Ph 52¢
1e Ph Ph%<j
T o : s () ! 40
L7 — %6 | Ph%@ (7/8 = 211)
i Ph T HPh 322 | B-hydrogen elimination 8

2 DMF was used as a solvent. ? Isolated yield. ¢ The formation of the
corresponding eliminated ketone was also confirmed.

Cleavage rate
sp3-sp > sp®-sp3(cyclobutanol) > sp®-sp2, sp®-sp

@ Reaction conditions: Pd(acac), (10 mol %), pyridine (0.8 mmol), 1a
(0.4 mmol), alkene (4 mmol), and MS3A (80 mg) in toluene (4 mL) at 80
°C for 48 h under O, (1 atm). ® In DMF (4 mL).

Rhodium-Catalyzed Asymmetric Rearrangement of Alkynyl Alkenyl Carbinols: Synthetic Equivalent to Asymmetric

Conjugate Alkynylation of Enones

Hayashi et al. J. Am. Chem. Soc. 2007, 129, 14158.

Steric Tuning of Silylacetylenes and Chiral Phosphine Ligands for Rhodium-Catalyzed Asymmetric Conjugated

Alkynylation of Enones

Hayashi et al. J. Am. Chem. Soc. 2008, 130, 1576.

Under one of the standard reaction conditions for the rhodium-catalyzed asymmetric addition...

SiMe,'Bu

___________________________

: o E

| Rh catalyst i

o] . . i

| % + =—=]—™R —mM8M8M8M8Mm™m™m :

)I\/\ [Rh(OH)(cod)]» 0 | : H1J\/\H2 L\,,/\ :
Ph - (5 mol % Rh) o | l _ . . |
(R)-binap (6 mol %) ! / i

2a: 6% 1 | |

+ toluen, 60 °C, 3 h Y " :>5 [Rhl—=—R N :
=—SiMe,'Bu fBuMeZSi = N E i N fl\/\ vak)\ |
i 68% SiMe,Bui 5 R R R/ |

Wrong reaction pathway is caused by the presence of a terminal
alkyne as a stoichiometric reagent, which is more reactive than -
substituted enone toward the insertion.

7115



New approach ~asymmetric 1,3-rearrangement~

R
R
[Rh] p-alkynyl —
HO / 7 [Rh]-OH ) // elimination ol[RN—=—R
Sl I
R1 Z RZ —H20 R 1 = R R1 F R2
3 B

2
R R ¢
conjugate
addition 0 | Q I
1 l 2 1 2
R R R
Rh] »

Free terminal alkynes are minimized in the reaction media.

Result
Table 1. Asymmetric Rearrangement of Alkynyl Alkenyl
Carbinols?
entry alcohol product
SiMe,Bu SiMe,Bu
1 H%\ 3a j\J\ 2a: 88%, 94% ee (S)
P P Ph
SiMe,'Bu SiMe,Bu
2 H%é\/ 3b )O‘\J\/ 2b: 91%, 98% ee (S)
Ph Ph
SiMe,Bu SiMe,Bu
HO g o M
3 OI 3c o 2¢: 89%, 91% ee (S)
\ Q]
SiMe,Bu SiMe,Bu
4b H% 3d:R=CH; © | 2d: 78%, 98% ee (S)
5 A R 3e: R =CgHyy R 2e: 78%, 81% ee (S)
SiMe,Bu SiMe,Bu
wo o M
6° _~_ (EE)-3f 2f: 78%, 96% ee (S)
P \
Bh
SiMe,Bu SiMe,Bu
wo // o
e L NG O G Ll

SiMe,'Bu

0o
‘ ae
8d QQ 3g / 29: 86%, 71% ee (S)

N\
SiMe,Bu
a Reaction conditions: alcohol 3 (0.20 mmol), [Rh(OH)(cod)], (5 mol
% of Rh), (R)-binap (6 mol %), toluene (1.0 mL) at 60 °C for 3 h.
Enantiomeric excess values were determined by HPLC analysis. The

absolute configuration of 2b—g were assigned by consideration of the
stereochemical pathway. ? At 50 °C for 12 h. ¢ For 6 h. ¢ For 24 h.

sy
O

Toward asymmetric conjugate alkynylation of enones...

o]

@rH % OQ A
o) D Bu Rh’ H
<o O@O OMe \Si

Bu

(R)-DTBM-segphos

SiMe,Bu
0 o/
op AN+ Li—=—SiMe;Bu ——— X
1a
SiMe,Bu 3a @
[Rh(OH) (cod)],

{5 mol % Rh) Il

(R)-binap (6 mol %) ®) 1) TBAF, 90%

Sterically bulky substituents on the silicon and Fhos horus atoms
should hinder the acetylene from approaching the alkynyl-rhodium
intermediate?

(R)-DMM-binap

Me
Ar =
PAF2 OMe
PAr2
1)

o]
toluene, 80 °C,3h  py 2) RhCI(PPhg)g PhM

2a;88%yield & 2 83%

SilPry
V4 Q

[RhCI(C,Hy)ol (5 mol % Rh)

HO
QQ (S,8)-Ph-bod* (6 mol %)
3h

Cs,C03 (10 mol %) \

toluene, 80 °C, 15 h oh

91%, 97% ee (R
(S,3)-Ph-bod*: P“‘@& ")

Ph

4:93% ee (R)

@)

SiPrg

Table 1. Rhodium-Catalyzed Asymmetric Conjugate Addition of

Silylacetylenes to Enone 1a?

[Rh(u-OAC)(CaHa)lo
0 (5 mol % Rh)

ligand (5.5 mol % ;
Ph)l\/\+::23i gand ( ) Ph)K/\

1,4-dioxane
1a 80°C,12h
Si = SiMe,Bu, SiEty, SifPrg

2a-4a Si

entry ligand Si product yield (%)?
1 (R)-binap SiMe,'Bu 2a 9
2 (R)-binap  SiEts. 3a 10
3 (R)-binap ' Si'Pr3! 4a 35
4 (R)-segphos SiPr; 4a 36
5 (R)-DMM-binap ___ Si'Pr 4a 49
6 ' (R)-DTBM-segphosi  Si'Pr; 4a 87
7€ R®:-DTBM-ségphos’ Si'Prs 4a 99 (91)7

@ Reaction conditions: enone 1a (0.20 mmol), silylacetylene (0.40 mmol),
[Rh(u-OAc)(CoHy)z]> (5 mol % of Rh), ligand (5.5 mol %), 1,4-dioxane
(0.4 mL) at 80 °C for 12 h. ® NMR yield. ¢ For 24 h. ¢ Enantiomeric excess
(%) determined by HPLC analysis with a chiral stationary phase column:

Chiralcel OJ-H.
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Result
Table 3. Asymmetric Conjugate Addition of

(Triisopropylsilyl)acetylene to Enones? Table 2. Rhodium-Catalyzed Dimerization of Silylacetylenes@
entry enone product isolated yield and ee? [Rh(u-OAC)(CoHy)ols (2.5 Mol % Rh)
o - ligand (2.8 mol %) Si
: H i /
1 )’\4\ Ph)K/\ 99%, 91% ee (S) 2 H St T adioxane .
i X 40°C, 0.5h Si
SifPrg
; entry ligand Si conversion (%)°
2 % 88%, 91% ee (S)
SifPry 1 (R)-binap _SiBt; | 95
o . 2 (R)binap + SiPrs! 86
3 '(R)-DTBM-segphos; SiEt; 25
O °° DO .
3 G)k/\ < T 99%, 93% ee (S) 4 {(R)-DTBM- segphOSI Si'Prs 4
4c sikg 000 esemee-e-----Re--
O =
: 9 Reaction conditions: silylacetylene (0.40 mmol), [Rh(¢-OAc)(C2Hy)2]2
NN N 9%. 959
4 Ph/\)j\/\ Ph/\)k/\ 78%, 95% ee (5) (2.5 mol % of Rh), ligand (2.8 mol %), 1,4-dioxane (0.8 mL) at 40 °C for
4d SiPr 0.5 h. ? Determined by GC.
7
5 )J\%\ )j\/\ 90%, 95% ee (S) Streric bulkness of silicon and phosphorus part reduces
4 gipy dimerization.
(¢] H 8
6 \)J\/\ \)k/\ 92%, 92% ee (S)
A
a SifPrg
o 7
7 )J\/\/ )f\/\ 80%, 89% ee (S)
Ph \\
49 SifPrg
o) 1) Can
8 A~ 90%, 97% ee (S)
sH11
1h SifPrg
o)

e
1i
o}
10
1]
@ Reaction conditions: enone 1 (0.20 mmol), (triisopropylsilyl)acetylene
(0.40 mmol), [Rh(u-OAc)(C,Ha)2]2 (5 mol % of Rh), (R)-DTBM-segphos
(5.5 mol %), 1,4-dioxane (0.4 mL) at 80 °C for 24 h. ®» Enantiomeric excess

values were determined by HPLC. The absolute configurations of 4b—4j
were assigned by consideration of the stereochemical pathway. ¢ For 42 h.

67%, 88% ee (R)

O:o ]

4i \\
SifPry
54%, 95% ee (S)

%o

0 N\

SiPrg

3.2.1 Milstein's chemistry (PCP system)

For an unclear demonstration and mechanistic evaluation of metal insertion into a C-C bond,
it is desirable that this process would be irreversible and that the C-C activation product would

be stable and readily characterized.

H,C PPh, H,C PPh,
CH, + HRh(PPhy), — 113 Rh-DPh,
rt
H,C PPh; THF H,C PPh,
1 2

Me PR,
Me
Me PR,

Scematic representation
of the PCP ligands

——> Disire structure for C-C bond activation

1. Cye-Cary bond is not weakened
relatlve to%I

2. There is no distortion from
aromaticity.

3. To maintain a fovorable s uare-
planer arrangement around t

bond is formed.

rhodium atom, a relatively weak Rh-C

9/15



C-C activation pathway Proposed mechanism

______________ irreversible

P e e e
HiC, PPh, | H,C PPh, H,C PPh, ; .
b ! ' ' 2 3 '
! . ! '
o ' H !
CH, + HRh(PPhy), rhy Rh-PPhy | — 2= Rh-PPhy+ CHj 1 !
’ H o 1o%0°C ' Hy -CH, H
' \ PPh, '
! | ' - PPhy 's H
HiC PPh, ' HC PPh, HiC PPh, : |
! 3 '
1 , 2] ! h, Ph, Ph, '
! I 1 HC P HyC P H,C, P H
: ! ! | o \ o !
o4 o ! " H - a1
' D, /25 °C] ] My /25°C 1 PMey (excess) / H, '1—11{119’1%\))4 ! A e e !
, ' ? ! A / ) W
! I ! H H
!
! . ' HyC P H,C P HoC 3 '
' HC PPh. I I Ph, Ph, Ph, '
1+ Hy 2 ' H,C PPh, | !
! D D ! I 6 7 !
! ' | '
! j I '
! i I '
! N I '
! . I '
! . I '
! . I '
! . I '
! . I '
\ ' I

In this reaction, C-C activation process is
thermodynamically more favorable than the
overall C-H activation sequence.

C-C versus C-H activation ~thermodynamics~
Milstein et al. J. Am. Chem. Soc. 1995, 117, 9774.

Employment of h¥drogen in the above mentioned process masks the relative thermodynamic stability of the C-H and C-C
activation product...

Scheme 1. Direct Insertion of a Rhodium Complex into a
C—C Bond and a Reaction Sequence Proving That This
Process Is Thermodynamically More Favorable Than
Insertion into a C—H Bond

Me PMe, Me PMe,; Ci
[
CIRh!(PEt
Me SEn s, R — PEt,
150°C
—PEt
Me PMe, Me — PMe,
Me

4

w

Figure 2. Perspective view (ORTEP) of complex 4, clearly showing

o
80 C that the rhodium atom has selectively-inserted into one of the aryl—
carbon bonds. Bond distances (A) and angles (deg, errors in last digits
PhRh(PEty), -PhH in parentheses) are Rh(1)~C(1) = 2.094(3); Rh(1)—C(9) = 2.114(3);
100°C Rh(1)—P(1) = 2.287(1); Rh(1)—P(3) = 2.372(1); C(1)—C(2) = 1.409-

(5); C(3)—C(7) = 1.511(5); C(1)—Rh(1)—=C(9) = 88.4 (1); C(1)~Rh-
()—P(3) = 178.2(1); P(1)—Rh(1)—P(2) = 157.64(3).

Me PMe, Me Rh insertion into the C-C bond in this system is thermodynamically

PMez\\\Cl more favorable than insertion into the C-H bond.
— HCl o
Rh—PEts — Rh—PEl;  Reaction 3 to 5 indicates that C-H activation is kinetically favorable
-30°C in this system.
Me PMe, M M
5 ¢ & Total stability(caluculated from bond strength) and strong Rh-aryl
H 6 bond is a driving force.
C-C versus C-H activation ~mechanism~ Milstein et al. J. Am. Chem. Soc. 1996, 118, 12406.

How about reaction mechanism?
Is the mechanism polar or nonpolar?
What is the role of the aromatic ring in this process?
Is it a direct process or does it require prior C-H activation followed by some rearrangement to the C-C activation product?

Experiment1: Comparison of different rhodium olefin precursors Result

P'Bu,
" 'Lh_..\.“n 1. Initially, parallel formation of the two
> e complexes occured (3a:4a = ~1.25:1). See Figure 2(next page)
t
P'Bu, PBu: 12 3a was converted into 4a within
e 3ab several hours.
R + [Rh(alkene),Cl],
CeHs 3. In NMR analysis of crude mixture, only 1a, 3a and 4a was
P'Bu, "t | CHe  |obserbed.
fab 2abe pigu, |4 Ligand reactivity order: 2b>2a>>2¢
—— > R ‘h—CI U
ché""a“2
1,3,4: (a) R=H; (b) R=OMe. Initial coordination of the diphosphine ligand to the rhodium
2: alkene = (a) cyclooctene; (b) ethylene; 4a,b olefin complexes is the rate-determining step .

(c) tert-butyl ethylene.
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Experiment2: C-C and C-H bond activation by iridium 100 -
P'Bu, )
. | wcoE 80 - , o ®RhCC
Ir, o °
i p Lo
o .
P'Bu, . bP Bu, ‘% 60 . °
a, & ° :
R +  [I(COE),CI], = 4 40- ° L a a IrG-H
CeHs . g 01, =3 , @t
P'Bu 100°C | CeH, o ° LI
2 closed vessel . g LI IrC-C
201 “ T eeme e o
1a,b 5 o g c o+ 0 o
T‘BUz T Rh C-H
—™ R Ir—Ci + COE 0+ T T T T T 1
0 1 2 3 4 5 6
HyC —P'Bu, .
COE = cyclooctene 7a,b time, h

1,6,7: (a) R=H; (b) R=OMe.

Result

Figure 2. Followup of the C—C and C—H activation reactions of [Ir-
(COE),Cl1]; (5) and [Rh(COE),Cl]; (2a) with the DTBPM ligand (1a)
in CeDs at 30 °C.

1. Parallel formation of 6a and 7a, in approximate 2:1 ratio was observed.
2. In 6a, COE is coordinated to the metal(stable in benzene or THF).
3. 6a is converted into 7a and free COE at 100°C.

From experiments above...

3a and 6a are irreversibly converted into 4a and 7a.

Experiment3: Solvent and temperature effects

Table 2. Ratio between the C—H Activated (6a) and C—C
Activated (7a) Complexes at Different Temperatures in Benzene

and THF (by *'P{'H} NMR)

Iridium and rhodium insertion into the C-C bond is

:> thermodynamically more favorable than their insertion
into the *-FI bond.

Result

The ratio between the products is constant at different
temperatures during the reaction course and remain the
same after the reaction is complete.

C—H:C—-C C—H:C-C C—H:C—C C—H:C-C U
temp, K 1 benzene m THF  temp. K inbenzene m THF
C-C and C-H activation processes are kineticall
293 100:60 313 100:56 100:43 controlled, while the constant ratio demonstrates that
303 100:56 323 100:56 100:46 the complexes are formed in two independent
305 100:42 333 100:57 concurrent processes.
Postulated route
e ¢ ‘o The temperature independence of the ratio between the C-C and C-H activation
coe  CL ,COE g gj\m/ \M/ﬁ products (iridium) and value of the ratio (~1:2)
coe” i “coE el N U
'Bu, 'Bu,
. o Overall processes leadind to C-C and C-H activation proceed by very
puz Ew, similar pathway (via a common intermediate).
—_— 2% M—Cl — C'I_'l .
tp/ w In the case of rhodium., the reaction proceedas via the intermediate Y.
Bus C-C
v Rhodium complexes bearing two bulky phosphine ligands in trans configuration
are unlikely to coordinated bulky olefin. (as some precedents show)
-COE || +COE Both COE and ethylene rhodium dimers give the same ratio of C-C and C-H
activated products’at the beginning of the reaction.
E\u; /COE
Zgjg/m\ In the case of iridium, the reaction proceedas via the intermediate Y.
'Euz ¢ An excess of free COE did not affect the ratio between 6a and 7a.
X Sterics in X is unfavorable for approaching the hidden C-C bond.
L=DTBPM Unsaturated three-coordinated Ir has high reactivity in oxidative addition.
COE = cyclooctene
M =Iror Rh
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M=Ir, 0.3 kcal
AAGH (293) T
M=Rh, (.5 kcal x»

C-C and C-H activation proceeds via Y, the ratio between 6a and 7a
is equal to the ratio between the rate constants.

Thermodynamics caluculation

AG#C-C/\__ P\ N

Surprisingly, the C-C bond activation process is slightly
kinetically more favorable than C-H bond activation.

1. Specific directionality of C-C and C-H bond in the Y
2. Interaction of the metal with the n-system of the aryl ring

3. Ring strain difference in the transition state (different chelating size)

li’ Me

/
{zl—cl
Figure 3. Reaction coordinate for C—C and C—H bond activation. |

Experiment4: Toward insights into transition state ~effect of ligand~

Me Pt-Bu, Pt-Bu,
Me — Me Same reaction condition No change in the reaction rateor in the products ratio
was observed.
Me Pt-Bu, Pt-Bu,
1a
Small substituent effect
+
1a(1eq), 1b(1eq), 5(1eq) Independence of solvent polarity
C-C bond cleavage most probably proceeds through a
’ three-center nonpolar transition state.
—almost 1:1

N — T

3.2.2 Pyridine directed type activation
There are mainly two types.

1.

Metal

—, Futher conversion

Temporal directing group (j
: (L CI SO

Q catalyst N Metal N .
M _> Futher conversion o ]
R "R2 R1 R2 R1 Rz See Shimizu-san's lit sem (D3)

Most of the reaction above are just fragmentation reactions...

S N e
: | _ Direct trapping | _ i
5 |\,\'/l| """"""""""" = Atom econoically good !
'R o o :
Insertion
i B !
i R N !
R"M (0]

““““““““““““““““““““““““““““““““““““““““““““““““““ : 12/15



Catalytic Carbon-Carbon s Bond Activation: An Intramolecular Carbon-Acylation Reaction with Acylquinolines

Working hypothesis

Douglas et al. J. Am. Chem. Soc. 2009, 131, 412.

=
Rh(1)CI N
o _Ander Gl—Rh—=
C—C X, 0
activation A~
0 \{
/\l\f s
1 (x)-2
Intramolecular trapping by alkene group
[t TTITnITTTTIo oIt vttty . Result
i Table 1. Optimization of Catalytic Conditions !
' ' entry ubstrate cond. product % yield”
’ 96 ’
! N ' '
; catalyst, ligand ' 1 94
| O o PhMe, 130 °C :
' O/\( |
! 1 Me 2 ‘
i entry catalyst mol % [ yield 2 (%) E 2 32
' 1 {RhCI(C,Hy), }» 5 none 95 '
' 2 Rh(OTf)(COD), 5 none 62 '
' 3 RhCI(PPh;), 10 none 96 i
' 4 RhCI(PPhs); 2 none 90 |
oS {RRCIC;H, ), ) 5 PCy; 62 : \
L6 {RhCI(C>Hy), )5 5 PMe; 53 | 3 80
b7 Rh(OTf)(COD), 5 PMe; 72 !
! 8 Rh(OTf)(COD), 5 BINAP <5b '
! 9 Pd,dbas 5 none 0 '
i 10 Ni(COD),» 5 none 0 |
! 11 Pd,dbay, 5 PPh;, 0 : 4 81
: 12 Ni(COD), 5 PPh; 0 E
E @ As determined using '"H NMR spectroscopy after 48 h. ” The major E
' product resulted from alkene isomerization to an enol ether. “ Cleavage |
' of the allyl ether to the corresponding phenol was the major product. ' 5 25
. Phosphine did not gave positive ffect.
i In the case of BINAP, alkene isomerization took place
+ rather than C-C activation. :
: ! 6 75
; Steric bulkness around metal center? ;
1 Other late-transition metals did not gave TM. 7 93
The cyclization of 7 required the addition of 10mol% of
hydroquinone to inhibit thermal polymerization of methacrylate
ester. ¢ &

In the case of 11, B-hydride elimination did not appear to be

the main problem. Rather, cleavage of the all

| ester to phenol

proved to be the dominant decomposition pat%way.

In the case of 13, diminished reactivity of the phosphine free

catalysts was obtained.

17 Me

“Isolated yield after chromatography with SiO,. ” Reaction stopped
after 24 h. © Condition A: 5 mol% {RhCI(C,H,),},, PhMe, 130 °C, 48 h.
Condition B: 5 mol% Rh(OTf)(COD),, PhMe, 130 °C, 24 h. Condition
C: 10 mol% RhCI(PPh;);, PhMe, 130 °C, 24 h.

1. C-C bond activation is slower because ketone is less electrophilic, owing to electron donation.

2. Anthranilic ketone coordinates to the catalyst, inhibiting C-C activation.

Total comsumption of 1 and the formation of 2 was obtained even in the presence of 13.

Chemoselectivity in Catalytic C-C and C-H Bond Activation: Controlling Intermolecular Carboacylation and

Hydroarylation of Alkenes

How about intermolecular reaction?

Proposed Cycle: Convergence

c-C
activation

intermolecular
carboacylation

/
N

R =0

¢._--Y384,R#H

T
, RS

Douglas et al. J. Am. Chem. Soc. 2009, 131, 412.

7

No syn B-hydrides
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Screening

Table 1: Carboacylation and hydroarylation with 5.

Result

Table 2: Variation of the quinoline and alkene substrates.

Quinoline Alkene

Cond.® Products Yield®

N Z
catalyst
s . :\N:E 1 @
solvent/T Ph =0 He o
=
5 9: C-C activation 10: C—H activation \/N O % 13
5 H H
Entry Catalyst® Solvent T Yield, 9/10% O o N
1 [Rh(PPh;);]Cl PhCH, 130°C >10%, —
2 [{RhCI(C,H,)}o] PhCH, 130°C 79%, 0:1
3 [{RhCI(C,H,), )] CH;CN 100°C 35%, ~1:20 & 6
4 Rh(cod),|BF, PhCH, 130°C 38%, 1:6 SN 5 Y |
5 [Rh(cod),]OTf PhCH; 130°C 56%, 4:5 o Ho oH
6 [Rh(cod),]OTf PhCF, 130°C 44%, 1:5
7 [Rh(cod),]OTf (CH,Cl), 130°C 62%, 1:7
8 [Rh(cod),]OTf CH;CN 100°C 41%,5:3 Z
9 [Rh(cod),]OTf 100°C 50%, 1:0 SN "
10 [Rh(cod),]OTf THF 100°C 20%, 1:0 7 o @
11 [Rh(cod),]OTf THF 100°C 12%, 1:0 g

[a] Yields and ratios by "H NMR spectroscopy with an internal standard.
[b] Catalyst loading 10 mol% unless otherwise noted. [c]5 mol%
catalyst used. [d] With 20 mol% PPh;. [e] With 20 mol% P(tBu),. The
values in bold show the most selective reactions. cod=1,5-cycloocta-
diene, THF =tetrahydrofuran, OTf=trifluoromethane sulfonate.

In the screening, addition of phosphine gave lower reactivity.

Alkene 13 and 15 did not undergo carboacylation.

(diol 15 cyclized)

Selectivity was compete under condition A and B (18,19).

More electron rich aryl ketones undergo C-H activation more

rapidly under condition B.

Mechanistic consideration

39%
(60%)

44%
(65%)

1%
(60%)

C@
o 21 24%

A
L

23 24%

[a] Conditions A: [{RhCI(C,H,),}5] (5 mol %), PhCH;, 130°C, 24 h. Con-
ditions B: [Rh(cod),]JOTf (10 mol %), THF, 100°C, 24 h. [b] Yields after
chromatography, (%) yields based on recovered starting material.

€ EN’: @ C [ j (\/?/
s R=Ph R=Ph
- N \N
Ph =0 r
$ X—Rh
@ el O RS0
R=Ph(5), exclusively.
9 : R =CH, (11)
lR=Me
Favored if X = OTf __ Favored if X = Cl
Z /
- N
Y | &
Cl—Rh —+ H.C =0
. (o) §
5
11l 12
3.3 Other methods
C-CN activation ) [4+2] Benzannulation
R CN
s LoL - [PhCOO(CO)CF3]
R i R R o
e <% P CH,  Cu(OTh), 103
g Sol I
N F 100°C, 0.25h
R? ,/M'L LoM° 6 '
\/\' oN e R-CN f\\Ph C3Hy (@ CaHy
) R® 100 101 102 (74%)
R E T
Ny Cu(OTf),
R LMC---N=—R" @ ]
L. /R‘ 1" complex A X0 Ph 7/OCOCF3;
:M” K T CaH7
" en optional X @)\ﬁi
’ . LA / Ph H CsH;
D ‘X T T (OTf),Cu 107
LoM2o|l|  or LoNi®----[I] 104
“ * compl p 24 CF2HCOH|-Cu(oTrY
W complexB LA l cycloaddition 2HCOZH|-Cu(OTf)
n* complex C .
(valid for R'# RCO) o 101 ph O
MO = Ni° M° = Pd® /+ 4—— 7 C3H7
R = alkyl, allyl, alkenyl, alkynyl, aryl R'=RCO Ph CH
Scheme 3. General mechanism for the carbocyanation of alkenes and Cu(OTf) Cu(OT) ¢ 7_

alkynes.

105 106

Alkene, alkyne metacesis

I is simply more apt toward migratory insertion than |
when chloride is present in a nonpolar solvent.

By switching to a more polar solvent with OTf as the
counteranion, the C-C activation pathway is selcted

etc...

14/15



4. Summary

Current situation of C-C bond activation

Various types of C-C bond activation have emerged.

Recently, enantioselective reactions or tandem type reactions appear especially in the C-C bond activation of
strained molecules.

Still, there are many hardships in this field.

1. In many cases harsh condition is needed.
2. C-H activation, B-hydride elimination

3. Substrate scopes are limited in many cases.
4. Mechanism is usually unclear.

5. In some cases stoichiometric waste is produced.
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