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Introduction: General Mechanism

_ M7 - C-C BDE: ~90 kcal/mol
c-c C—M™—C 4 ¢ BDE: ~40-60 kcal/mol

Themodynamic and Kinetic issues:

C-Hvs. C-C

1} Easier approach (sterically) of metal to C-H bond vs.C-C bond
2) Statistically more C-H bonds than C-C bonds

3) Higher Activation barrier of C-C bonds vs. C-H bonds
Thermodynamic considerations:

C-H bond activation meore thermodymaically favorable than C-C bfc

M-H bonds gernerally much more stable than M-C bonds (15-25 kecal/mol),

though C-C
bond cleavage is not thermodynamically forbidden.

Kinetic considerations:

Because the microscopic reverse of C-C bond activation is reductive
elimination which is kinetically more favorable, the kinetic barrier for
oxidative addition is much higher than for C-H activation

Qxidative addition depends of the nature of the C-X bond. For C-C

bond activation, two alkyl groups must rotate to optimal trajectory for
oxidation to happen. Basically, C-H is easier to insert b/c of rotational

sterics (see figure below).
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Initial Approaches to C-C Oxidative Addition:

Ring Strain Relief:

First Report: C. F. H. Tipper, J. Chem. Soc. 1955, 2045.

Cl
Pthz <> pY |
D > Ptclz :Pt
Py (|3|<>

Later confirmed by NMR and IR by Chatt:
D. M. Adams, J. Chatt, R. Guy, and N. Sheppard, J. Chem. Soc.. 738 (1961}

Later confirmed crystaltographically
M. Keeton, R.'Mason, and D. R, Russell, J, Organomet. Chem,, 33, 259 (1971).

Walsh Orbitals can show interactions for oxidative addition:

Figore 2. Cyclopropane ~metal arhital interactions. Left: o bond formed
by the interaction of melal p, amd cydopropane o orbitals Right: x bood
formed by the interaciion of me1al d,, and eyelooropene 0% orhitals

Other early examples:
L. Cassar, J. Halpern, J. Chem. Soc. Chem. Commun. 1970, 1082,

é [Rh(CO),Cl; F%

-Rh—C -G Cx
el o\ /o
|
Halpern has also shown similar reactivity with cubane cl
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Other early examples (Ring strain con't):

R. A. Periana and R. G. Bergman, J. Am. Chem. Soc., 1884, 106, 7272.

? * hv, -60 °C
th(H)z D /é “rh

Me;P H, MesP”
R RR >
Mesp” [ M Me;P

C-C Activation due to aromatization:
R. H. Crabtree, R. P. Dion, J. Chem. Soc. Chem. Commun. 1884, 1260

Me. Me Me,_ Me Me
[lsz(MEzCO)sz]SbFﬁ .
e L7 O

P. Eilbracht, P. Dahler, J. Organomet. Chem. 1577, 135,

@:—}O [Fe(CO)sl
{CO);Fe

M. A. Halcrow, F. Urbanos and B. Chaudret, Organometallics, 1993, 12, 955

=
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C-C bond activations utilizing carbonyl moiety and strain:
Employing the reactivity (and stability) of metal-carbonyl bonds

First example of utilizing carbonyl group
Rusina A, Vicek AA (1965) Nature 206:285

0
RhCl,

RhCI(CO)(PPhs),
PhaP

solvent
a) Wong W, Singer SJ, Pitts WD, Watkins SF, Baddley (1872) J Chem Soc

Chem Commun: 672, b) Visser JP, Ramakers-Blom JE (1972)
J Organomet Chem 44.C63

_PPhg
04 + PHCHp=CHp)(PPhg)y — = o=<L. _pi
CDCly N
Vo oncl e PPhs
PhyP, PP
P{
— > O Yy
-30 °C
Me

Evans JA, Everitt GF, Kemmitt RDW, Russell DR (1973) J Chem Soc
Chem Commun:;158

PhsR  pph
o : \Ptf 3
CEE + Pi{PPha)y —* o
0 benzere
rt 0
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Liebeskind LS, Baysdon SL, South MS (1980) J Organomet Chem 202:C73

Liebeskind LS, Baysdon SL, South MS, lyer S, Leeds JP
{1985) Tetrahedron 41:5838

o Fe(CO)s 4
(j:( . ROCHPPhg)y M—L,
o CoCI{PPhs)a
CoCp(CO), 0
M-Ln = Fe(CO)
RhCI{PPha);

CoCI{PPha)z
CoCp(CO)

Using reactivity of metal decarbonylation:
Kaneda K, Azuma H, Wayaku M, Teranishi S (1974) Chem Lett:215

Q '9 RhCI{PPhg), 9
Me—-C~C—Ph ——— Me—C—Ph
toluene
110°C,6h

C 9 RhC{PPh,), s
Me-C-CHp,~C-Ph ——— Me—~CH,—C—Ph
toluene
110°C, 6 h

Miller E, Segnittz (1973) Liebigs Ann Chem:1583

Ml
Ph-C=C-C—C=C-Ph + RBhCi{PPhg)y >~
xylene reflux, 2 h

Ph-C=C-C=C~Ph + RECO)CHPPh,),
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Cyclic ketones can be shortened by decarbonylation:
Murakami M, Amii H, ito Y (1994) Nature 370:540

L
oy H H2 “\\\OH
"’Me "’Me
Ph

Hz/ Ph
o]

0
: Q—_J( RhCI(PPhy) Qﬁnhcuﬂ.
;Ph Ph

Ph Ph

O 4+ RhCIPPhg)y —

toluene
Ph o9 reflux, 8 d Ph o
O
+ RhCI{PPh —_—»
(PPhg)a —_—
150°C,3d
20%
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« Murakami, lto JACS, 2002, 124, 13976
+ Two plausible mechanisms for 1st rxn:
' how can you determine which one is likely?

\ 5 mol%
—~ {Rh{nbd)dppp]PF¢ :-fl
10 mol% BHT O

C-C bond activations utilizing carbonyl moiety (con't):

Murakami M, Amii H, Shigeto K, Ito Y {1986} J Am Chem Soc 118:8285

5 mo!%
[Rhy(cod)aClaj 2

+ 2 AsPhy P"CO?(CHERV
*

xylene, reflux 17 70% & m-xylene, 135 °C, 90 min 28 81%
PhCO{CHy)s 85d 1a
. 5 mol% :'
6§ O [Rha(cad)zClal2 5 ‘
+ dppp PhCO,(CHz)4 .
- >= Co
xylene, raflux Me b
12h 18 86% ]
Murakami and lto ACIEE, 2000, 39, 2484, : E
Provide products and mechanisms D
5% [Rh(cod),]BF 2 products }
12% PcyPh, A
o OH m-xylene, Ar l
oxidga;ive
5% [Rh(cod); BF . Produets E y _ addition M. olefin
o 12% PcyPh, ; —-C=C~ ——» C- —»
HO m-xylene, Ar ' C=0C
T ' oleéip reductive c—C
. y insertion  elimination -
Me' 5% [Rhicod)BF, | Product -—C/M\C- - - - -
o 12% P{p-OMe-Ph);

HO m-xylene, CO
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Murakami, Ito JACS, 2002, 124, 13976

Other rxns involving carbonyl cleavage (tandem cleavage):
Murakami, Ito JACS, 1997, 119, 8307

5 mol% o E
1a [Rh(nbd)dppe)PFe = : Ph Ph
A - Me ! LN 9nd 5m0l%
10 mol% BHT 9 51% ' .l.--- claavage Ah catalyst
mxylene, 140 °C, 12 h : 1t . o
‘ eseras 18 (=5
: " cloavage xylane refiux b
I 1 2
rirse— ket 5
{Rhi{nbdkippe|PFe . elimination : hcarbon '
10 mol% BHT : alimination reductive
m-xylene, 140 °C, 12h O eimination
: ’ Q Ph ()
reductive | 4
elimination '
—- :
Me : Isomerizatian
# 8 51% ! — [Rh(cod){dppe)]BF, (18h) 28%
: Ph o [Rhidppe)ICi (10h) 80%
| 5 [Rh{dppp)2lCl (17 h} 89%
5 mot% H
[Rh{nbd)dppb]PFy :
1a - :
10 moi% BHT ! Ph 5 moi% Ma
mxylene, 140 °C, 3 Z 12 3% : Rh() catalyst
: —_—
| xylena, raflux (o)}
'; 9-48h  pn 14
5 mol% _ ; 13 o) {Rh{dppe)oICl  64%
{Rh(nbd)dppb]PFs decarbonylation : [Rhidppp)jC1 72%
1a = - .
10 moi% BHT | : (Rhidppe)BPh,] 84%
m-xylene, 140°C,3h O N\pge 10 : .
l Eh 5 mol% Me Me
H p-hydride  reductive . (Rhidppp),ICH Ph
elimination  elimination ‘ - +
/ —=- - H xylene, retiux
oc-Rh 11 Z 12 93% | X 36 h D P O
' 15 18 43% 17 29%
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C-C acitvation due to chelation:

a) J. W. Suggs, C.-H. Jun, J. Am. Chem. Soc. 1984, 106, 3054, b} J. W.

Suggs, C.-H. Jun, J. Chem. Soc. Chem. Commun. 1985, 92;¢) J. W.
Suggs, C.-H. Jun, J. Am. Chem. Soc. 1986, 108, 4679.

z - HyC=CH, -
\N + [(HgC:‘-CHg)thCI]z e N
benzene CI-—~I!Ih o
RS0 rt T W
19 R=CHgPh
20 R=CD,Ph
21 R ="CH{OMe)Ph pyridine N 23 R=CH,Ph
22 R=Et — | 24 R=CD;Ph
Cl—Rh -
- 5 25 R="CH{OMe)Ph
oy 26 R=Et
“ [R(CaHyy,Cll, o C ,
=N CHa=CHy (Batm} _ ./ o+ N7~
100°C
RTQ Ph Et O
;47 { R=Me, CHPn,—&H )

OMe

-{RR]

S.-Y. Liou, M. Gozin, D. Milstein, J. Am. Chem. Soc. 1995, 117, 9774.
Must go through C-H activation first:

PBu's

Ma +  [ARCHa=CH3oCll, ———=
barzane

PHU r

Mg PR
- J‘ ol
Corbes
Me Bu'y
34

quant, 34:35=125:1—0:1

Can not detect C-H activation in this example:

M Bty Me
Me +  [Bh{CHe=CHzlaCllp —————»
banzeng
" NEL rt.amin M

Thermodynamically favorable due to formation of 5-membered ring
metallocycle.

PPr,  Hp (1.7amj  Me ~ ,—PPA
RhicotxCl
. {RhicoteC ]2:_ @ Y ¢ CH.
; dioxana . ;
PP 180 °C Me PR,

80 91 108 wrnovers in 3 days
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Chul-Ho Jun's work using chelation: Chem Eur J, 2002, 8, 2422
In situ imine formation to direct cleavage

Ph \
.y {trace)

.
Bu
—/

Ring contraction:

8 (10 mol %)

Q 0
9 (100 mol%) \é é
- Et-
+
toluene, 150 °C, 48h
20b 20¢c

. (PPhy)sRhCI . 20a
o 2-amina-3-picoline (87} 27 % (20b /20¢ = 67/33)
O N e
; ) 2
- “Ph g - ) i1 L
_ o NN N™ "N NN
58 58 (84%)) 208 —— — B . Ry
- Y ( Y\h
r i 21a 22a _‘2;3
U j
o i e B RR : -
S, W X e oy (0 O L X
Ph CHy T oh Chy ﬁpn s | W N x NN NT N NT N
172 . = mmd = R = I
. {Rh} [Rh] {Rh]
T TR R .l
] :f, @ —/ ) 21¢ 16¢ 23b 22b 21b
N N S p: ! ~
) - N : ' H,0 H,0
[ N S R : Ph e ; l ’ 1 i
B H e ==/ S ] e’ H O 20¢ 20b
| — 192 :
1 . Ring formation: Douglas, J. Am. Chem. Soc., 2009, 131 (2), pp 412413
—/ 1
| 7 .
= , l o Y 7
ﬁ‘ N RR 5 +H,0 ' r
I N @ ~ Ao Do ’ N
H CH;§ :Bu’\)l‘-cm \ ! : 5 " . ARG | GI_F?L
Bu 180 ™ : @:‘§ actli;v-glon @\\ ©
T o
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Now alkyne insertion and entry into Ni catalysis: I Not direct cleavage but B- carbon elimination:
alkyne insartion Murakami, M. et. al.JACS, 2005, 127, 6932
transition |
) _ metal ¢ c— 9 Pr 10 mol % Ni(cod), i
e + = . o 20 mol % P(c-Hex), Pr
tolsene (1.0mL)  Ph b
P’ "Me Pr 100 °C, 3 h Me r
1a 2a 32 95%

Baba A, Ohshiro Y, Agawa T (1978) J Organomet Chem 110:121

Ph NGOy

Pk {10 mol3t)
04 + Q= =G‘: —_—
' Ph DRF
Ph 55-80 °C
. oo [
NG
5 h

Huffman MA, Liebeskind LS (1991) J Am Chem Soc 113:2771

Ni{cod) o]
0 (10-20 Moi%) £t
/Er + Et-C=C-Et —— 7 -t
ph G QC Ni=- -C
OH Ph 1

Et Et
—_—
Ph Et 70%

(0.20 mmol) {0.30 mmol)

Matsubara, JACS, 2008, 130, 17226.

. Mitcod ), (30 melisl
y Phde, (45 molid)
Q- g - . afdisve (20 malSa!
' Fr—=—P ecn 8c-C.1zh
1 1.288
ia 2o
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Application to total synthesis: Hiyama, JACS, 2008, 130, 12874

N a ~CK P \ cN .
@ O
“"N SN
Me Me
(5-2d (57
BO%, $6%ee 40%, 86%ee

MeO. j M
7 3>(\NH g MO NMG [’
N NKQ -
Me y B

F
Me ﬁp £
S.R)-8 .
5454., uE%ee ‘-9’2?,5?’9235’;‘26 (R, APt~ Foxap
MeO CN o 5 CN '
\@,/\/K
1
g {A)-2p
2%, 92% e
CHO rat 19 PPhe
“BO\EIS m:.. HO ' i :
g ‘ Peh,
(RS9 (=reptazecing P
B3%, 92% oo p {R.Ry-ChiraPhos

“ Reagents and Conditions: (a} Ni(cod)z (10 mol %), (R.R)-i-Pr-Foxap (20
mol %), AlMe;Cl (40 mol %), DME, 100 °C, 10 h; (b} PhIO (6.0 equiv),
CHzClz, room temp, 2.5 h; (¢} LiAlHy (4.0 equiv), THF, room temp, { h, then
reffux. 0.5 h; (d) HCHO aq (5.0 equiv), NaBH(OAc) (5.0 equiv), MeOH, 0
1.5 h; {e) neat, Ni(cod); (5 mal %), (R,R)-ChiraPhos (6 mol
%), AIMezCt (20 mol %), 120 °C, 1 k; (I) DIBAL-H (2.0 equiv), toluene,

°C to room temp,

—78 °C, 2 h, then 1 M HCI (ag). THF, 0 °C to room temp, 2 h.

Hiyama, JACS, 2007, 129, 2428

cat. Ni(cod), "
1PPh(t-Bu) Me CN

MeCN + Pr—==—p¢ >—_—<
cat. AlMes Pr B
15
M |
Me  CN--AlMe; Me Ni—CN---AlMe,
MeCN- -AMe;—= NI
Pr er
12 13 14
Hiyama, JACS, 2006, 128 (23), pp 7420
0
CN
Q Ni cat.
A+ 7w R'O ge * RO R?
R'0” “CN
= Et(1a) 2 2 NC
Bn (1b) major minor
Hiyama, JACS, 2006, 128 (22}, pp 7116
Rl cN Ni{cod), (10 mol %) CN
\/\:: P(4-CF5-CgHalg (20 mol %) \/\y)\
jate  CHsCN,80°C R® 4 P
+
Pr——~"r R* = H (3aa); Me (3ba);
2a 1-Bu (3da); Ph (3ea)
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C-CN Bond Activation
Blum J, Oppenheimer E, Bergmann ED (1967) J Am Chem Soc 89:2338 Hiyama, JACS, 2004, 126, 13904
Murahashi S|, Naota T, Nakajima N (1986) J Org Chem 51:898 F5C F1C
0 RhCI \©\ 10% Ni(cod)s
(PPh3)s - R—CN CN 20% PMe; CN
CN —r—r——— - —_—
R or Pd(PPh3), Pr——=——FPr toluene Pr Pr
Nozaki K, Sato N, Takaya H (1996) Bull Chem Soc Jpn €9:162%
CN
‘ . Ar
B 4 P{0)L, (20 malt) vﬁ( , M%p‘m.( 0 A—CN
plolyi-C-CN  + H-C=C-Ph - H

CICHLCHCL, 70 °C
H  Ph

* pqaly%c( CN
\ 74%

J. A. Miller, Tetrahedron Lett., 2001, 42, 6991; J. A. Miller and
J. W. Dankwardt, Tetrahedron Lett., 2003, 44, 1807

O
CN R—-M: Ar—MgZ (Z = OBu-f, SPh)
©/ —] R~MgZ
R—==—2nBr
cat. O
Ni{CN), - 4H,0/CsF x

s
Li—N

0
i
ptolyl—C—Pd~CN ]

cat.
NICla(PMes)s

R—M

MesR, Ar oN \B g Ar
" ,,»N*Y)( Mo, )a(“ Mef, ¢
€3 R2 Ni ,Ni-—-lNii

R Me,F” CN Af Me,P
7 8 5
MesP. Ar
Al=—R2 Ni
Ri < R2 Me::,p CN
6

Simultaneously published: Jacobsen, JACS, 2008, 130, 12594

5 moi% NiCly OME NC
CN 9 mol% (S.5.R,R)-TangPHOS e
@/\f {0 mot% BPhs
_ 10 moi% Zn
th Me PhMe (1.0 M}, 105 °C, 40 h 2b

81% (GC), 94% ee
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C-C bond cleavage rxns via R-alkyl elimination

_ Y o Mo
. M‘x_c’c R-carbon elimination Mg ¢
a B X=C,0 X=—=c

Early example of B-carbon elimination from du Pont
Watson PL, Roe DC (1982) J Am Chem Soc 104:6471

Me Ma Ka
T A o P
g™ m *n
{1= yapans site

S. Matsumura, Y. Maeda, T. Nishimura and 5. Uemura, J. Am.

Chem. Soc., 2003, 125, 8862

B
Ho, AP PaiOAd) csgmﬁ
%'Q‘m churaf ligar Ph 0

99% yiedd, 77 %oe

Ph

| B-carbon slimination |

eORR Ph"'C(
P
i ,\wuﬂ. yPh

25

PaiL*1-Ph

Uemura, S. et al.JACS, 2000, 122, 12049. )\/CN

Ph—<>= mm)zmmp. KiCO

B!NAPrbts(diphenﬁphwphlm:l WL,.GN -

biraphthyl 28
¢ [Pﬂcd} OPh OGP
£ (Pd)
Ph —

29

Y. Terao, H. Wakui, T. Satoh, M. Miura and M. Nomura,
J. Am.Chem. Soc., 2001, 123, 10407,

Me
Ny O Pt
e : pﬂickch’ppm Mew,.l/ ey

L 4 By
» Cas00,

. TI%
e rﬂam elimination

PP

Ma\._-___— ____'\r\:\

43

T. Nishimura, H. Araki, Y. Maeda and S. Uemura, Org. Lett.,2003, 5, 2997.

COEL
=/ ¢
+ Bl Ph. .
. ... S e
OH pyridire, Oy WCO £t
Pp—== Me

Mo § L= acetylacetonato

T. Kondo, K. Kodoi, E. Nishinaga, T. Okada, Y. Morisaki, Y. Watanabe and
T.-a. Mitsudo, J. Am. Chem. Soc., 1998, 120,56587.

Ph Me RUCI{PPhy )y

HGM __ dlylacalale Ph‘m'm ( ,‘Q\]
"

CO {10 atm), 180°C o
3
|
PRCOGCH, =
Ph>(_j“\ 7 _> /{A
Reg—

O—IRUJ H [Rul-H ¥

Ru]

8 Ph, Me 20 3
HO s { no reaction)
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Murakami, M. et. al.JACS2007, 129, 12596,

‘:P!ql GO, ﬁf’(“ /Pcnh 2! L R
5 - 1 »
f oddatve 1 bo CQinserion o

Me

Miscellaneous rxns:
Chirik, P. J., et. al. JACS, 2003, 125, 886

{_}\/GSMEJ (PPhshROCI LOSM%
9

Ha(4 atm), 130°C “ : 3 :
lmh} Hef[Rh]I : o 0
[Rh}~ , H i :
S-frydragen [RH] ' raductive T igomerization
alimination : siimination ﬂm RMB Me
Me3Si0 MeySio Me,Si0 : " a
12 10 !
C. Perthuisot, B. L. Edelbach, D. L. Zubris, N. Simhai, ! BriCHeloPPhoBr CHBls, NaOR g Br
C. N lverson, C. Mu” Yfer, T. Satoh and W. D. Jones, J. Mol. ! )L g :
Catal. A: Chem., 2002, 189, 157 : Ar” "Me DME. 76 °G AN CHClH,0. reflux Ar
! 4 (82%} r @ (54%) " Me
E (Ar = 4-MaCgH,) 12 13
I,.,;?“*-./ M _ | 0 0
§ . | loln) Me,Zn
o Ve ! Zn Rh()-DPPP Ni{acac),
1% ; AcOH N/F ] pxylene A Me EO.M AT UMe
! " Me 130;{0 Me (75%) Me Me
i, ! (56%) 1§ (82%} 2 {:z)-ﬁ-ct(:“p:)renone
O U9
’!"’ 1

T, %5 N H-?%/ Selected reviews:
{duppe;hl:{co}p_\ 1“-933}3 A’:«D"Rﬁtpﬁha}ﬂz - Murakami, M., Ito, Y. Topics in Organometallic Chemistry 1999, 97-129

ﬁ R‘ - Jun, C.-H Chem. Soc. Rev., 2004, 33, 610-618.

- Milstein, D., Rybtchinski B. ACIEE 1999, 38, §70-883.
e

-Crabtree, Chem. Rev. 1985, 85, 245-268.
GCh P e U
"BUOLC PP, P“m Ph

- C r?»—l]l S |
B - |
OO Yo A

.

-l



