Chapter 18: Catalytic C-H Functionalization -
Y. Shimizu

18.1. Overview

C-H activation: Catalytic or stoichiometric reactions of transition metal complexes with the unreactive C-H bonds
of alkanes, arenes, or alkyl chains to form products containing a new metal-carbon bond.

(Fiedel-Crafts reaction or ortho lithiation are not C-H activation.)

major challenge: eselective activation
ecatalytic process
sterminal C-H bond functionalization (sec. or tert. C-H: radical approach)
emethane to methanol

Difficulties
eThe reactions are thermodynamically unfavored in many cases.
Oxidation by many oxidizing reagents is downhill.
o]

@ + CO — d” AH = 1.7 koalmol - (18.2)

R-H + HX — RX +H, AH = 22 keal/mol
for R = CgHyy, X = OH (18.3)

ROH;CHy —+ RSN L o AH = 30 keabmol

for R = CaHg (184)

cat.
eThe products are typically more reactive than the reactants. R-H+A ——» R-FG+B
Protect the products by steric or electronic effect.

]
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remarkable stability

EWG: prevent the further reaction
cf. Polyoxometallate (H4PV,M0190,40) can act as a mediator of oxidation by O,



mechanism

see chapter 11

via 6-com

see chapter 6
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18.4. Carbonylation of Arenes and Alkanes
oxidative carbonylation

stoichiometric in Pd by Fujiwara

Pd(OAC), co 0 HOAC

—H®

Ar—H Ar—Pd-OAc

Ar Pd-OAc

catalytic in Pd

Ar-CO,H + Ac,0 + Pd(O)

sp? C-H COH sp3 C-H
10% Pd(OAc)s VO(acac)./K25,0g
— = CH, + CO CH5CO.H
@ * 00 S0,/ TFA 4 TFA, 80 °C, 20 h g2
AT, 20 ) Yield: 93%
Yield: ~100% TON: 18
alkylative carbonylation
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direct carbonylation to aldehyde

R—H'= heteroarene..

directed reaction
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endothermic process (thermal conditions were inefficient)

Photochemical processes partially succeeded the reaction.

RhCI(CO){PMeg)p 0.7 mM, hv

co
NN Room temperature, 16.5 h

CHO
NG N N NN

27 TON < 0.6 TON Mot detected
(18.33a)
+ N+ Su” + CHgCHO + CHyCH,OH + n-CgHysOH
93 TON Trace
(from Morrish type | cleavage) 22 TON 15 TON 9.2 TON
. s . f—'a R. -0 Branched aldehyde
A radical trap inhibited the formation of the bragghed aldehydeay v . «
\h—”- Linear aldehyde

X = Rh(PMes)o(CO)(CIH)(R)

alternative use of isocyanide (weaker multiple bond)

s
hv N Buf RuH,(dmpe), N
Fe(PM63}2{CNCHzBu’}3 CeDg, 140 °C =
+ = 0.5 mM H NC o N
=EN— 5 h H
' 82% conversion 1.5 equiv.
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5.7 TON



18.5. Dehydrogenation
Early works by Crabtree and Felkin

Catalyst

" MBy high temperature condition
Crablree: Catalyst ~ [I(PRy)y(<%0pCCoFs)aHal" R = Cy or CeH,CFs catalyst stability limits turnover numbers
35 turnovers with acceptor; 35 turnovers without acceptor in open reflux

Felkin: Cataiysl = {.'.'Prsp}gll'Hs, [{P'FCSH4]3PI2|TH5, or [{p—FCGH4)3P]3HUH4

45-70 turnovers with acceptor

Pincer complex

I _H
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— Byt PRe
Bu!

+ trans isomer

Bu! (~ 300 turnovers)
300-800 turnovers

BE Prf (~ 800 turnovers})

thermaly stable complex

applicable to polymers and amines
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Ir see chapter 6 most stable
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O-PBu% (resting state)
POCORP cat.
most reactive

dehydrogenation cat. + olefin metathesis cat. = alkane metathesis

(PCP)IrH,
Schrock’s metathesis catalyst

Catalytic ‘BuCH=CH,

2 TN

H30—0H3 L N P N

Schrock’s metathesis catalyst:
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(HsC)(F4C)oCO,. N
‘; Ma
(H3C)(F5C),CO

7N

iPr
CHC/(CHg),Ph

0



18.6. Hydroarylation

overview
Murai et al. 1993
fe] o]
R R! R = 1 . .
N UH,(CO)(PPhg)s o R ioneering work
R2— P + AR Toluene, reflux R=1 o P g

synthesis of lithospermic acid

~CO,Me
i -
CHO I ™

8020 L 0._.0
| | CHO co,Me HO
# ”‘S‘Aé ol 5% ~ — o %,
reflux Me

OMa a) 10 mol % [RhCI{coe)lz L o OMe >
30 mol % FePCy, \f OH
Toluena, 75 °C, 20 h OMe OMe

2b) HCI, Ho0 88% 73% e

{56%, 99% ee after recrystalization)
(+ }-thhusparmm acid

mechanism
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C-H H N N o
activation /
Ru ortho EWG
Y accelerate the process
resembles to migration process (by calc.)
Y O
O |
Scope La

DG part: imine, pyridine, carbonyl, heterocycles

imine ketone
R ='Bu (OEi)25i
1 i nguu o
1 2 mol % [RhCI(FPPh;)5], ) Ly 3
@/l “:lj;:”z‘s“ *C.2h E/\ e Ef;”Hz" s RUH(CO)PPha)s _ ]\
=7 ’ \\i‘l-u?;\ f i EEFE l .ﬁ'l*\ " Toluene, efiax Lﬁ\-)
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N }=/Hz 5% [RhCICOEN]; %’er - Z [RhGI(cyclooctene)sly/ Z
Crp d e (e L —~ o)
' N J * SIOBYs  —HE735+C, 5n N7 ]
S (E0)5S1 =
catalyst
ketone DG: RUHz(CO)(PPhg)g, [RUHz(Hz)(Pcy3)2], [Cp*Rh(CzHgslMeg)z]
imine DG: RU3(CO)12, [Rh(PPh3)3C|]
pyridine DG: [RhCI(COE)] + PCy,
alkynes
_ Pd(OAc) . . . o
—H + H—=—COet —2%2. ' more likely via electrophilic substitution

TFA
—( N\_co,et

85%
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18.7. Functionalization of Alkanes and Arenes with Main Group Reagents

Borylation of Alkanes

Hartwig's land mark reaction
0.5% Cp*Rh(CeMeg)

3 P -
sp + Byping 150°C, 30 72%
144 tumovers
) N _ 0.25% Cp*Rh(CeMeg) Bpin *+ Mz
sp [ ) 7 Beime 150°C,45h
82%
328 wrnovers
X Cp*Rh(CgMeg) X )
heteroatom 4, H —prEn ™ Bpin
- pin = Pinacolate
= RO, RC(ORY),, F, CF4(CF ), or RN
Ir catalized borylation of arenes
With OMe precursor
1/2[I((OMa){COD)/ctbpy
. (3 mol %)
Boping + 2H-Ar 2Ar-Bpin + H,
1.0 equiv./B Hexane
Room temperature

WBDM +Hy

terminal C-H slective
less hindered position
not at the a position of heteroatom

little electronic preference
controlled by steric effects
complements to electrophilic substitutions

mechanism
Rh cat. isolated (catalytically active) Ir cat.
G *
i Bl
Rh\.;_n W, | ooin
in pinB* “Bpin f N .
Baping H{---Bpin HBpin ) ELpinBP'" turnover limiting
16e step
Cp* Cp* ﬁ ke
| / HBpin , @
N,  «Bpin
H/Rh Boi . B/Fm\\B . ( A
pin Cp= PI pin Bypin, N7 | “Bpin Oxidative addition or
| /\ Bpin o-bond metathesis
RBpin Rh. R-H Potential B~H bond
pinB“;{/ \H"Bpln (N WH CN,, &Bpln
. e
Nlé:Bpin /B|\Bpm
R=H :isolated P pIn
(catalytically active)
PhBpin

p-orbital on boron assists in the C-H bond cleavage step (chapter 6)

silylation of C-H bonds

with DG
S HSiEt; N
S i B i .
CO Catalyfic Ru3(CO) 13 g7 LAb Sikfe,H Catalytic Pia(dbaly SiMe;Fh
N N T 110°C,84h °C,84h
HaC i H;C\S.M SiMezH SiMesH
Toluene, raflux Wies 87%
2om hydrogen acceptor without hydrogen acceptor
without DG
B + [ ) 4 = SR CRRNHLSEG, S s PhySik, + 150 atm CH, 107 CP"25cMe__ b jiogin +
~ Bu’ A Y : “ CeHi280°C, 7days | 2
X X

67% for X = CF;

via Cp*Rh (Sl Et3)2

via o-bond metathesis



18.8. Hydroacylation

mechanism
o
H’/\)J\H decarbonylation
L,Rh(1) is problematic . .
poisoning the
co catalyst cycle
0 /
e S Mo — LRR=R 5 (,Rh—CO
\/\ H
\—'( R—H
/\/\)‘\ Cat. Rh(CzHg)z(acac) 1
= = - tehaklacs) - /\/\/’u\/
Rh cat. H T = CHCly, RT, 48 h \84%yie]d
o o}
25 mol % {15-CsMes)Co(CoHaSiMes) : )
H ) 2y 3l2 =

Co cat. /@A + 7 SiMley Toluene, AT, 24 h | Sites

MeO ' Meq” 82%

O . -
Cat. [Rh((R)-BINAP)ICIO, The use of cationic R_h complex
. containing chelating ligand
intramolecular CHCl2 ! s
RT,05-2h suppresses poisoning of the

asymmetric

directing group

imine derivative

catalyst by decarbonylation.

92% yield; > 99% ee

/\O Cat. RCI(PPhy); Z | z
3
T R SN N
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(o] Rh™ ™0

stable metallacycle

| (catalytic amounts)

NH; o
RhCI(PPhy)y
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180°C.24h 67% stable metallacycle

1 +
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X
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H Ph S
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18.9. Functionalization of C-H Bonds by Carbene Insertions " (*\ a-Donation l@ﬁ/
Rh2 Rh1 Rh Carbenoid
) ) bond energy _ — Formation K N
secondary C-H > tertially C-H > primary C-H = ] qteric factor H ¥ \e
favorable at sites that stabilize a buildup positive charge /FT;‘ §| EC\EH s :ﬁon/T n‘| =S
(favored: o to O, N disfavored: a to ester, OAc) ' e

aliphatic C-H > aromatic C-H

H ¢ |Dissoclation H
/L %" of .
s H o |Rh- Catafyst 0 L
|

jn'J ﬁq‘i"'fﬁ_fii:“ ¢-C Bond R',‘n_n.‘

Formation / | /|




Cu catalyst

The first work was conducted with copper complexes.

intramolecular

intermolecular

H
. CO,Et
[ Me Me Tp'Cu 2
ML, - GOZEI Calvst o
R
0 0 N, ,N\I) =) 98% yield
1:n=1 14:n=1 B AU By N |
2:n=2 15:n=2 N
R H. e .«N" ™R
L
R / 1 S
=M N\ |
R R .
Tp' i R = 2,4,6:-“.49303?"2
Rh catalyst
intramolecular reaction
. . jAr CsHs e Rha(S-BSP),
asymmetrlc reaction j p 'EuGBH4 ~ - Rhy(S-TBSP),
"L e My P, MASD0SP),
X :
AL o
0" g o]
ForR = Bn: Rhy{4SMEOX); 51%ee MEC‘zC MeO,G
Rh,(5A-MEPY); 72% ee :
Rho(4A-MPPIM), 91% ee o | N 0 o } Ah N
| CTT Y Al T e
for total synthesis N—Rh-{——0 » N Rh—- o 4
Q COsMe COgMe
2 2
N =>_0 00
: Ria(S,S-MEPY)4 R=CHy “Rh, = (45-MACIM);
R = BnCH, Rhy = (45-MPPIM);
. Rh,[4 S-MPPIM], R =/p-CgHy1CH, © Rhy = (45-MCHIM),
7N CH,Cl,, 40°C
— Figure 18.3. McKervery's and Doyle's catalysts for enantioselective carbene insertions.
0.0 0.0

67% yleld, 95% ee (+)-isodeoxypodophyllotoxin

intermolecular reaction
major problem: self coupling to form olefins

(see Mr. Takasu's lit. seminar (D))

No
p n-Donor-n-acceptor type carbenoids have moderate reactivity.
Ar @ It worked well for intermolecular C-H functionalization.
Donor Acceptor
a to heteroatom
MeO,C com
-Ar . Me 56-74% yied
C0,Me OcHan 23-81% yild =<°°2M9 (_7 ~50°C ( 7,‘( A\ 41-60%do
Nz Ar ha(S—DOSP) -.,J(CHQJ" 90-96% oo Ar 1; th(S DOSP), 95-98% ee
for total synthesis
(o]
Na, - COMe N COoMe MeO /(
If 0
¢ I/Y 850 / o HO e
Rhy(S-DOSP),
OMe 2,2-DMB, 50 °C \OM
OTBS C}TBS

44% yield, 92% ee
18.10. H/D Exchange

R

7
B - LnM\hD — LM-H+R-D

FI
LMD—-L,,MH
‘D

(=) Ccnldennnn

I | Label compounds directly from natural products or synthetic

Dy, CgDg, or D0

products.




