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o Alkylation of Ketone

(1) enolate alkylation

eO (0)
1. strong base 2. R-X
. —_—— R
deprotonation é

Problems
1. Strong bases (such as LDA) and alkyl halides are required.
2. Self-condensation, over-alkylation and E2 elimination could compete.

(2) Stork enamine reaction

SRS

o) N N 0
H 2. R-X

enamine formation

Problem

1. Reactive alkyl halides is still required due to the reduced nucleophilicity of enamines versus
metal enolates.

2. N-alkylation compete with C-alkylation.

Stork, G.; Dowd, S. J. Am. Chem. Soc. 1963, 85, 2178.
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Approaches to Ketone Alkylatlon

catalyst (0 : ‘.
_/ - : :
\)l\/ pH/redox neutral R : !
1 1 1 L S —— 4
' cheaper reagents ' '
X atom economical A byproduct free
oxidattive : ' reductive
addition v v elimination
0 . 0 ' H
)‘\/[MJ\ =/ )‘\/[MJ\)\
H ‘cccccaaa.. >»
1 1 . 1 1
1 1 migratory 1 1
insertion
Problems
1. Oxidative addition of ketone o, C-H bond (sp3) was difficult.
2. Site-selective oxidative addition was nedded.
¢ inspired by the Stork enamine reaction.
To solve these problems, a secondary amine was used as a cocatalyst.
NR'R? NR'R?
\)l\/ NHR1 R? H y H\)\/[M]
XY 2 TR A T

' s:te-selectlve sp’ y SP oxidative " '
' enamine formation addition

Mo, F.; Dong, G. Science 2014, 345, 68.



Optimization for Reaction Conditions

Rh catalyst
ligand (5 mol%)
0 TsOH+H,0 (10 mol% ..
amine cocatalyst P
H,C=CH, toluene (0.2 M) N N
2 \—/
o/ 1 300 psi 130 °C, t'me IMes
(~ 20 atm) coe = cyclooctene
entry Rh catalyst (mol%) ligand amine cocatalyst (mol%) time NMR yield of 3 (%)
1 [Rh(coe),Cl], (2.5) IMes L1 (50) 24 > 99
2 [Rh(coe),Cl], (2.5) IMes L1 (25) 48 87
3 [Rh(coe),Cl], (2.5) IMes L2 (25) 48 0
4 [Rh(coe),Cl], (2.5) IMes L3 (25) 48 0
5 [Rh(coe),Cl], (2.5) IMes L4 (25) 48 0
6 [Rh(coe),Cl], (2.5) IMes L5 (25) 48 0
7 RhCI(PPh3); (5.0) - L1 (100)

(L QL G m (I]

1. Several amine cocatalysts (L1-L5) were exammed but only L1 acted eff|C|entIy (entry 2- 6)
2. The Wilkinson's catalyst RhCI(PPh3;);, which was commonly used as a MOCC catalyst, performed
poorly in this case (entry 7).

Mo, F.; Dong, G. Science 2014, 345, 68.




Substrate Scope (1)

[Rh(coe),Cl]5 (2.5 mol%)
IMes (5 mol%)
0 TsOH+H,0 (10 mol%) 0
L1 (25 mol%)
toluene (0.2 M)

Hzc=CH2 >
< 1 2 130 °C, 48 h < 3
300 psi
R =
d MeS HN
Meo—§
Br MeO,C (0]
82% 71% 71% 60% 84%
dr=1.7:1 dr=2:1 dr=2:1 dr=1.8:1 dr =1.9:1
Me,N Meo_z\ HO TBSO
(0]
52% 62% 96% 95% 62%
dr = 2:1 dr=1.3:1 dr=1.3:1 dr =1.6:1 dr=1:1

Mo, F.; Dong, G. Science 2014, 345, 68. 9



Substrate Scope (2)

[Rh(coe),Cl], (2.5 mol%)
IMes (5 mol%)

0 TsOH+H,0 (10 mol%) O
R L1 (100 mol%) R
_ H,0 (10 pL), neat
—/ ay
1 9 130 °C, 48 h 3

0.5 mL 0.5 mL MHZ (50 mol%)

TON = 3 (mol)/[Rh] monomer (mol)

Me /t-Bu n-Bu

TON 18 TON 28 TON 7

Ph TMS

TON 14.5 TON 22

Mo, F.; Dong, G. Science 2014, 345, 68. 10



Deuterium Experiments

[Rh(coe),Cl], (0.5 mol%)
IMes (1 mol%)

0 TsOH+H,0 (2 mol%) 0 - N
L1 (15 mol%) N
toluene (3.3 M) I P
Hzc=CH2 » N N
130 °C, 48 h H/D H
Me 1 2 75% yield R 3 82% D  \_ L1 y,
(o and a'-D 93%) 300 psi (a and a'-D 53%)
[Rh(coe),Cl], (0.5 mol%) 68% D
IMes (1 mol%) H/D _Ph
9 Ph TsOH+*H,0 (2 mol%) O
L1 (15 mol%)
/ R toluene (3.3 M) Ph
/ | >
NZ N 130 °C, 48 h
1 Ph L1 H 75% yield R 3 82% D
(oo and a'-D 93%) (a and a'-D 53%)
2 : 1 : 1

These experiments suggest that an a hydrogen of the ketone substrate transfer to the terminal
position of the product.

Mo, F.; Dong, G. Science 2014, 345, 68.




Mechanistic Study - Wang's Group -

[Rh(coe),Cl], (2.5 mol%)

IMes (5 mol%)
TsOH+H,0 (10 mol%) O

H L1 (25 mol%)

toluene (0.2 M)

H2C=CH2 -
) 130 °C,48 h

300 psi ( )

»
i 7~
1. enamine
N
formation 5. hydrolysis
\_ L1

S—

\ \ \ /
\ [Rh(coe),Cl], Z ethylene 7 N
N ﬁ

~ e | L
2. oxidative M 3. coordination M 4 reductive
h™-H . Rh
H addition N migratory L, elimination
insertion
Ph

Ir=z

A—=Z

-

Ph

Quentions
1. Regioselectivity of enamine formation
2. Coordination mode of Rh intermidiate.

Dang, Y.; Qu, S.; Tao, Y.; Deng, X.; Wang, Z. -X. J. Am. Chem. Soc. 2015, 137, 6279.



Initiation of [Rh(coe),Cl],

2 IMes
coe Cl .coe \ coe Cl IMes
12 Ry RN ~N > 112 R R
coe \CI \coe Mesl \CI \coe
2 coe
[Rh(coe),Cl], [Rh(coe)(IMes)ClI],
AG = - 37.0 kcal/mol
L1 L1 2 L1
coe
IMes IMes :Mes
coe—Rh'—ClI 7  “N—Rh'-cClI 7  “YN—Rh'-cClI
I H — | — | H
N N NH coe NH.N N
" "
. LD
AG =-2.9 kcal/mol AG = - 2.7 kcal/mol AG =+ 0.9 kcal/mol
(most stable) (least stable)

Wang's group used the most stable 3cat as the initial active species to compute the catalytic
mechanism.

Geometries were optimized and characterized by frequency analysis calculations to be minima or transition states
(TSs) at the B3LYP/BSI level in the gas phase, where BSI denotes a basis set combining SDD for rhodium and 6-
31G(d,p) for nonmetal atoms. The energies were then improved by M06/BSIl//B3LYP//IBSI single-point energy
calculations with solvent effects simulated by the SMD solvent model, using the experimental solvent (toluene).

Dang, Y.; Qu, S.; Tao, Y.; Deng, X.; Wang, Z. -X. J. Am. Chem. Soc. 2015, 137, 6279.



Enamine Formation

—
\ / \ 7/ TsOH
N N Rh! N N H,0 o
(o) ; H 7 Et i Et
H,O — L1
Ph Ph Ph
PH 1 AG =+ 7.3 kcal/mol obtained
TsOH
+ ——
| R
7~
N
N" H
L1

not obtained

AG = + 6.9 kcal/mol
Enamine formation of 1 with L1 giving 1b and 1b’' is kinetically favorable and endergonic by 7.3 and

6.9 kcal/mol, respectively.
Therefore, the regioselectivity must be kinetically controlled by the late stage involving Rh catalyst.

Dang, Y.; Qu, S.; Tao, Y.; Deng, X.; Wang, Z. -X. J. Am. Chem. Soc. 2015, 137, 6279.



Trans Effect and Trans Influence

The trans effect refers to the observation that certain ligands increase the rate of ligand
substitution when positioned trans to the departing ligand.

The trans influence refers to the impact of a ligand on the length of the bond trans to it
in the ground state of a complex.

(strong) CO, CN-, CH,=CH, > PR3, H" > CH;~ > C¢H;~, I" > Br~, CI~ > NH;, H,0 (weak)
Strong trans effect = strong c-donor + strong n-acceptor

trans effect Ly > L, The d,, orbital interact with ©* orbital of L.

L': \‘LT

M —_—
1% L 1’ L

M-L; bond is weaken by Ly because Lt and L; share the same d orbital (trans influence).

Ex) 2+ _ + _
) HN,, uNm ci H3N,, "Nl-ﬂ cl HoN,, I
3 3 2 3 ,
trans effect CI~ > NH; transplatin
2_
Cl., C'_l NH; Cl', Cl_l Cl., .Cl
lPtII —_— I || ;Pt"
trans effect CI~ > NH, cisplatin

1) Quagliano, J. V.; Schubert, L. Chem. Rev. 1952, 50, 201. 2) Appleton, T. G.; Clark, K. C.; Manzer, L. E.
Coord. Chem. Rev. 1973, 10, 335 15



Oxidative Addition and Coordmatlon

\Gso| - e
(kcal/mol) " TN .
_ A\;‘
v NMes MesN v NMes v N \ 7
2 22 A (/‘ ) p— _
N\Rh ‘CI N\R"‘Cl = F- =)
MesN__ NMes
" . ‘\T X
MesN_._ NMes g "y
ey ¢ ~{ | [\
Ph 203 A 359 \3;{""-\ MesN__, NMes
Pha) atCl p— g ] ]
TS4 11 Rh / -
319 318 ] Ql“/ é(r:‘ Rn”\m
™\ , " 'y v 4
MesN__ NMes Path A2 = — 4 é
— H e o, T =—=
[\ Pha] . | @ / S Y ?i
MesN NMes ——" RH / paind
7// \E‘}/ | TS2 : '
i e / ==\ — ::4
coe—Rh—Cl -‘/ / TS1 1R s MesN._ NMes 4 )
/ 1 - y
? l V. Z1U_ Path A1 N Sl bail] - 23 1
H N “, 189 — e — 4 _,-"’
| R ’: /=\ . ¢ N——Rh—H
L1+ e MesN__ NMes ~\ M“NYNM“ d” —
“H=C W H MesN___N
CHCH; H \r & MSNVNMs 0 esN__ NMes
3cat \ Ph W H P Rh Ph
42 = ) 74 3 Cl | \H N— »
ﬂ’\ 1 ,'/{ 106 R

oe
N\Rh‘m :
Rh 4 agostic complex

TS4is 10.4 kcaIImoI higher than TS2 owing to the strong trans-effect of IMes ligand.

The direct coordination of ethylene to the empty site of 5 is forbidden because 6 and 7 were high-
energy structures. Therefore, the ligand in 5 rotates to give 8 with an empty site trans to IMes. Then
ethylene occupies the empty site of 8 to form an 18e Rh"! octahedral complex 9.



Migratory Insertion and Reductive eI;mination

AGsoi MesN\\,/NMes

(kcal/mol) _ /\‘ | 211A

MesN_.__NMes é/"“f?,h*cu
’ GEES ~ e Y f‘““ b“ H:""’
/—;\ \./ NMes N }T\Rh—CI \
MesN_.__ NMes t? K
CI - Ph
N T Q\Rh { )

Rh —H \ Ph MesN_.__NMes TS8
V\ i< = 228A il
b /w 325 Ne b
C — N H —Ci / !
TS6 13 \ L\ o \
TS5 28.2 2R3 \ y

262 TS9 X / TS10
12 — 30.2 308 —\
9 238 MesN___NMes o 14 \ MesN_._ _NMes
224 / 20.9 \ Y
Y MesN._ NMes \ | c

A/::;A W (1 17
agostlc complex p"D/Rh \ -1.0 o

The higher 14 and TS8 than 16 and TS10, respectively, can be attributed to the strong trans-effect of
IMes ligand and ethyl in 14 and TS8. The equatorial ligand in 13 first rotates to give 16 with an empty
site cis to IMes. Subsequently, reductive elimination occurs to form Rh! complex 17. 17



Regioselectivity of Alkylation

(1) path A

- IM “‘Ph IMes .:Ph
SR e
NN C,¢'fh |Mes/é§ C,;'fh Et
H_> H"Rhl N N —
cl” N olefm s |
—_ 1 \ / insertion \ Ph

AG = 13.0 kcal/mol AG = 22.4 kcal/mol AG = 30.6 kcal/mol obtained
less stable TS10
(2) path B
H
— “\Ph
Y/ IIV||e e — Nj/\"' o)
N Rh'yY Mes ]I
N cI? N., e ( Et
y — NN L B TR Pt o\ >
e | —— olefin
& —_— insertion Ph
PH AG =12.2 kcal/mol AG = 23.1 kcal/mol AG = 36.7 kcal/mol not obtained

TS13

more stable

The rate-daterming TS10 in path A is 6.1 kcal/mol lower than TS13 in path B, well accounting
for the experimental regioselectivity.

Dang, Y.; Qu, S.; Tao, Y.; Deng, X.; Wang, Z. -X. J. Am. Chem. Soc. 2015, 137, 6279.



Proposed Catalytic (:yc:h?4

/ ‘||Ph
\ IMIes
o) "': RN oxidative
L1, H* Cl | addition
—_— \
—~
“Ph
H,0, H* IMes
Ph Ph IMes H
"Rh'"
I‘ ”
,Rh Cl I
CI* | H
N N
g
N
N
ligand isomerization;
H,0, H* Et exchange olefin coordination
2 H
hydrons:s IMles vPh IMes
H"
{Rh"‘\ “Ph o Rh,':l
CI™ | H IMes ] —
NN £, A\~
7 ;Rh"l
| Cl | /
N reductive olefin insertion;
elimination isomerization

\

Dang, Y.; Qu, S.; Tao, Y.; Deng, X.; Wang, Z. -X. J. Am. Chem. Soc. 2015, 137, 6279.
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Concepts

(1) Previous results: linear selective alkylation

R Rh catalyst o
\)l\/ —_ amine cocatalyst H\)j\/\/R
—_—
' Sp 1 1
1 1
enamine reductive
formation elimination;
hydrolysis
DG
] ]
H, — H X Rh \)%/ Rh \)\
SP" oxidative ' 2-lnsertlon |

addition !

(2) Branched selective alkylation
If 1,2-insertion occured instead of 2,1-insertion, branched alkylated products would be obtained.

R1N/\DG R R1N/\DG
: I =/ : I
H N Rh\l_I ----3 H X _Rh R .. .3
. . 2,1-insertion . . reductlve . .
! ! elimination; ' '
H hydrolysis

1) Mo, F.; Dong, G. Science 2014, 345, 68. 2) Xing, D.; Dong, G. J. Am. Chem. Soc. 2017, 139, 13664,



Branched-Selective Alkylation by Bower's Group

[Ir(cod),]BArF (5 mol%)

Et,N 0 dfppb (5 mol%)  EtaN me  d7ppb = 1,4-bis(di(pentaflurophenyl)
H l d|$8(:22 (185:1\") -phosphino)butane
R r cod = 1,5-cyclooctadiene
(4.5 eq.) BArF = tetrakis[3,5-

bis(trifluoromethyl)phenyl]lborate

Et,N (0] Et,N Et,N
Me e Me
O O 5)\(1 O O ’
Me

78% quant. 92%

branched : linear >25:1 branched : linear >25:1 branched : linear >25:1
Et,N (0 Et,N (0] Et,N (0]
Me Me Me Me
I R Me Me

~

79% 78% quant.
branched : linear >25:1 branched : linear >25:1 branched : linear >25:1

Crisenza, G. E. M.; McCreanor, N. G.; Bower, J. F. J. Am. Chem. Soc. 2014, 136, 10258.



Optimization for Catalysts

é\n-CGHw(m eq.)

NR'R?  Rh or Ir catalyst (5 mol%) R?R'N Me
H DIOP (5 mol%)

t-BuNHi-Pr (20 mol%) n-CeH1s
CPME (1.0 M)
-
1 130 °C, 24 h 2

entry Rh or Ir catalyst amide NMR yield of 2 (%) branched/linear

1 [Ir(cod),]BArF A1 91 > 20:1

2 [Ir(cod),]BArF A2 56 17:1

3 [Ir(cod),]BArF A3 56 > 20:1

4 [Ir(cod),]BArF A4 21 > 20:1

5 [Rh(cod),]BArF A1 <5 -
gi $S Fi (e X

NT O N O N O N~ O o PPh,

H H H H

A1 A2 A3 A4 DIOP

1. The desired 2 was obtained with high selectivity (entry 1-4). A1 gave the best results.

2. By using [Rh(cod),]BArF as a catalyst instead of [Ir(cod),]BArF, almost no desired product was
obtained (entry 5).

Xing, D.; Dong, G. J. Am. Chem. Soc. 2017, 139, 13664. 23



Optimization for Ligands

/\n-CGHn(m eq.)

[Ir(cod),]1BArF (5 mol%)
ligand (5 mol%)

o t-BuNHi-Pr (20 mol%) 0
N CPME (1.0 M) N Me
130 °C, 24 h n-CgHqs
1 2
entry ligand bite angle NMR yield of 2 (%) branched/linear

1 L1 98° 91 > 20:1
2 L2 92° 37 5:1 \\
3 L3 98° 60 17:1 M—P
4 L4 85 56 4:1 bite angle = o
5 dfppb (= L5) - <5 -

‘ PPh,

PPh,

(=L1) BINAP (=L3)

(=L2)

PPh,

O“‘ PPh, PPh, PPh,
DIOP O dppb

1. Ligands with a large bite angle
gave excellent branched selectivity
(entry 1, 3).

2. L5 gave a low conversion (entry
5). Electron-rich ligans were
required for this reaction.

1) Xing, D.; Dong, G. J. Am. Chem. Soc. 2017, 139, 13664. 2) Dierkes, P.; van Leeuwen, P. J. Chem.

Soc., Dalton Trans. 1999, 1519.



Substrate Scope

/ \ [Ir(cod),]BATF (5 mol%)
ligand (5 mol%)
t-BuNH;-Pr (20 mol%)

CPME (1.0 M)
R 130 °C, 24 h; (o) Me
-
(10 eq.) HCI, toluene, 1 h R
2
Me
/\n-CeHw P Me /\)\Me P N"oAc
71% 52% 55% 37%
branched:linear > 20:1 branched:linear > 20:1 branched:linear > 20:1 branched:linear > 20:1
dr=1.2:1 dr=1.7:1 dr=1.3:1
Cl
~
Me OMe F
70%2 66%2) 53%32) 38%")
branched:linear > 20:1 branched:linear > 20:1 branched:linear = 19:1 branched:linear > 20:1
dr=1.1:1 dr=1.1:1 dr=1.1:1 dr=1.1:1

a) The crude mixture was treated with Pd/C under H, (balloon) to convert oxidative olefination
product to the alkylation product. b) The corresponding enamide was isolated before hydrolysis.

Xing, D.; Dong, G. J. Am. Chem. Soc. 2017, 139, 13664.




Deuterium Experiments (1 )

7/ \ [Ir(cod),]BArF (10 mol%) / \
_ DIOP (10 mol%)
t-BuNHi-Pr (20 mol%)
D H " toluene-d® (1.0M) D
N O H \%\ 130 °C, 4 h;
Ar

D 0.43D
b (0.97D) > (0. 320) D e ( )
b D H b H(0.10D)
(4 eq.)
Ar = p-F-C6H4

%O

=

Me 1 Me 299, Me 289,
D i i (ca. 0.07D)
p” N7 T, (ca. %070)"'
D (0.11D) ZNar
D N\—H b
H (ca. 0.07D)
Me 9% (0.11D) recovered

1. Oxidative addition into vinyl C-H bond is reversible.

2. Ir-H insertion into alkenes does occur and is reversible.

Xing, D.; Dong, G. J. Am. Chem. Soc. 2017, 139, 13664.



Deuterium Experiments (2)

/ \ 7N\
[Ir(cod);]BArF (5 mol%)
DIOP (5 mol%) —
H ¢-BuNHi-Pr (20 mol%)
o j)\ CPME, 130 °C, 4 h N~ O
Ph

e

-
6* 8
(4 eq.)

not observed

1. Alkenylation product did not come from dehydrogenation of alkylation product.
2. Ir-C insertion into alkenes also occurs and subsequent 3-H elimination happens and is reversible.

[Ir(cod),]BArF (10 mol%)
DIOP (10 mol%)
t-BuNH-Pr (20 mol%) (ca. 0.04)
1,4-dioxane-d® (1.0 M) D H
130 °C 24(h ) N (o) (ca. 0.08D)
Ph : H A

D
D (0. 90D) y D (0.45D)
D . M
e

1. 64D (4 edq.) (1.00D) (ca. 0.11D)
( )

, 30/ ZIE = 7.5:1

0

1. Oxidative addition into vinyl C-H bond, Ir-H insertion into alkenes seemed to occur, but no

alkylation product was obtained.
2. Ir-C insertion into alkenes seems to be tha main productive pathway.

Xing, D.; Dong, G. J. Am. Chem. Soc. 2017, 139, 13664.




Proposed Mechanism

® ®
oxidative
addition;
coordination Ir-C insertion o. H
> > A
N
oa

O

(@) - O
H Y |' oy Iate -determing step
R
Ir-H Ir-H C-H reductive
2,1-insertion 1,2-insertion elimination
—l@ —l@
C-C reductive
elimination
N“No H o H Tt i N TMle
i NG
R R
. R
Questions:

1. What is the difference between Rh and Ir?
2. How do the ligands control regioselectivity?

Xing, D.; Dong, G. J. Am. Chem. Soc. 2017, 139, 13664.




Rh v.s. Ir - My Opinion -

1. M-H insertion
Ziegler's group studied the hydride migratory insertion processes in CpM'(PH3)(CH2CH2)H (M= Co,
Rh, Ir) by relativistic density functional theory.?

Relative enegies (relative to 1) of species were shown below.

- 1¥
M'es —— M!- e m!
H P~ ‘H\ HiP” S\ H3P” 3
L i H
1 TS B-agostic complex (2)
Co 0.0 kcal/mol + 0.3 kcal/mol - 3.4 kcal/mol
Rh 0.0 kcal/mol + 2.7 kcal/mol - 1.0 kcal/mol
Ir 0.0 kcal/mol + 6.1 kcal/mol + 3.7 kcal/mol

The migratory insertion of ehtylene into Rh-H is faster than Ir-H.

2. M-C insertion

Bond length
Rh-C <Ir-C

The migratory insertion of alkenes into Ir-C is faster than Rh-C.

Han, Y.; Deng, L.; Ziegler, T. J. Am. Chem. Soc. 1997, 119, 59309.



Effects of Bisphosphine Ligands

oxidative
addition;
coordination

2,1-insertion
linear-selective

favored with
small bite angle ligands

1,2-insertion
branched-selective

-—'-U

III -

/;' _ R

favored with
large bite angle ligands

Haung, G.; Liu, P. Acc. Catal. 2016, 6, 809.



Proposed Catalytic Cycle

S -

olefin
O—Ir"'—P coordination
_| @
Nl H ;

/ \ cod---lr |,0
— P < S I —p
e/

reductive steric repulsion (
NT e L P

elimination;
ligand
exchange

isomerization

olefin insertion P

1) Haung, G.; Liu, P. Acc. Catal. 2016, 6, 809. 2) Xing, D.; Dong, G. J. Am. Chem. Soc. 2017, 139, 13664.



Summary

(1) Linear selective ketone a C-H alkylation

[Rh(coe),Cl], (2.5 mol%)
IMes (5 mol%)

O TsOH+H,0 (10 mol%) 0 TN R
L1 (25 mol%) |
toluene (0.2 M) ~
H,C=CH, > N ”

Reaction mechanisms were changed.

(2) Branched selective ketone a C-H alkylation

[Ir(cod),]1BArF (5 mol%)
DIOP (5 mol%)
t-BuNH-Pr (20 mol%)

o CPME (1.0 M)
N N 130 °C, 24 h; (@) Me
-~ "R -
H HCI, toluene, 1 h

(10 eq.)

1) Mo, F.; Dong, G. Science 2014, 345, 68. 2) Xing, D.; Dong, G. J. Am. Chem. Soc. 2017, 139, 13664.



