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4.3. Metal-Ligand Dual Activation: Cyanide Addition

Corey: Asymmetric Cyanhydrin Synthesis: Dual Activation with Lewis Acid and Basic Ligand
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(1) Corey, E. J.; Wang, Z. Tetrahedron Lett. 1993, 34, 4001-4004.



4.3. Metal-Ligand Dual Activation: Cyanide Addition

Shibasaki: Al-Phosphinoxide Bifunctional Catalysts
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(1) Takamura, M.; Hamashima, Y.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem., Int. Ed. 2000, 39, 1650-1652.



4.3. Metal-Ligand Dual Activation: Cyanide Addition

Saa: Bifunctional Al-Amine Catalyst for Cyanophosphorylation of Aldehydes?
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CI—AI\ BINOLAM
0O NN
Et,N A |v/ 9
-"\-OEt o 26-98% ee
R™ 'H NC™ HE¢ toluene, 23 °C R)\CN
then 2 M HCI
Shibasaki: Cyanohydrin Synthesis with a Li-Binol Catalyst?
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N X | 10 mol%
Q 10 mol% LiO'Pr oTMS 85.99°
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(1) Baeza, A.; Casas, J.; Najera, C.; Sansano, J. M.; Saa, J. M. Angew. Chem., Int. Ed. 2003, 42, 3143-3146. (2) Hatano,
M.; Ikeno, T.; Miyamoto, T.; Ishihara, K. J. Am. Chem. Soc. 2005, 127, 10776-10777.



4.3. Metal-Ligand Dual Activation: Cyanide Addition

Model for Selectivity: Influence of Additive
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(1) Hatano, M.; Ikeno, T.; Miyamoto, T.; Ishihara, K. J. Am. Chem. Soc. 2005, 127, 10776-10777.



4.3. Metal-Ligand Dual Activation: Noyori Hydrogenation

Noyori: Transfer Hydrogenation of Ketones with Ru-Diamine Complex!
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(1) Yamakawa, M.; Ito, H.; Noyori, R. J. Am. Chem. Soc. 2000, 122, 1466-1478. (2) Noyori, R.; Ohkuma, T. Angew.
Chem., Int. Ed. 2001, 40, 40-73.



4.3. Metal-Ligand Dual Activation: Noyori Hydrogenation

Classical B-Elimination-Insertion Mechanism for Transfer Hydrogenation?
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(1) Yamakawa, M.; Ito, H.; Noyori, R. J. Am. Chem. Soc. 2000, 122, 1466-1478.



4.3. Metal-Ligand Dual Activation: Noyori Hydrogenation

New Pericyclic Mechanism Proposed by Noyori!
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\__/ HsN
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(1) Yamakawa, M.; Ito, H.; Noyori, R. J. Am. Chem. Soc. 2000, 122, 1466-1478.



4.3. Metal-Ligand Dual Activation: Noyori Hydrogenation

Calculation of the two Possible Mechanisms for Noyori Hydrogenation?
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(1) Yamakawa, M.; Ito, H.; Noyori, R. J. Am. Chem. Soc. 2000, 122, 1466-1478.



4.3. Metal-Ligand Dual Activation: Noyori Hydrogenation

Wills: A More Stable Catalyst for Transfer Hydrogenation?
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Noyori: A New Catalyst Precursor Allowing a Base-Free Protocole?
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(1) Hayes, A. M.; Morris, D. J.; Clarkson, G. J.; Wills, M. J. Am. Chem. Soc. 2005, 127, 7318-7319. (2) Ohkuma, T;
Koizumi, M.; Muniz, K.; Hilt, G.; Kabuto, C.; Noyori, R. J. Am. Chem. Soc. 2002, 124, 6508-6509.



4.3. Metal-Ligand Dual Activation: Noyori Hydrogenation

Mechanism for the Noyori Hydrogenation
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(1) Abdur-Rashid, K.; Clapham, S. E.; Hadzovic, A.; Harvey, J. N.; Lough, A. J.; Morris, R. H. J. Am. Chem. Soc. 2002,
124, 15104. (2) Sandoval, C. A.; Ohkuma, T.; Muniz, K.; Noyori, R. J. Am. Chem. Soc. 2003, 125, 13490. (3) Dub, P. A;;

Henson, N. J.; Martin, R. L.; Gordon, J. C. J. Am. Chem. Soc. 2014, 136, 3505.
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4.3. Metal-Ligand Dual Activation: Noyori Hydrogenation

Model for Enantioselection
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(1) Abdur-Rashid, K.; Clapham, S. E.; Hadzovic, A.; Harvey, J. N.; Lough, A. J.; Morris, R. H. J. Am. Chem. Soc. 2002,

124, 15104-15118. (2) Sandoval, C. A.; Ohkuma, T.; Muniz, K.; Noyori, R. J. Am. Chem. Soc. 2003, 125, 13490-13503. 12



4.3. Metal-Ligand Dual Activation: Noyori Hydrogenation
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Dub, P. A.; Henson, N. J.; Martin, R. L.; Gordon, J. C. J. Am. Chem. Soc. 2014, 136, 3505-3521. 13



4.3. Metal-Ligand Dual Activation: Ketene Activation

S
Lectka: Cinchona-In-Catalyzed
Synthesis of B-Lactams N
~OBz
H \
10 mol%
MeO yZ |
NS
o) sy N Ts. O
10 mol% In(OTf) Nj/
)k/R1 + J]\ 3 v o
cl H” ~CO,Et Me,N  NMe, )

(I

toluene, -78 °C
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(1) France, S.; Shah, M. H.; Weatherwax, A.; Wack, H.; Roth, J. P.; Lectka, T. J. Am. Chem. Soc. 2005, 127, 1206-1215.



4.3. Metal-Ligand Dual Activation: Ketene Activation
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(1) France, S.; Shah, M. H.; Weatherwax, A.; Wack, H.; Roth, J. P.; Lectka, T. J. Am. Chem. Soc. 2005, 127, 1206-1215. 15



4.3. Metal-Ligand Dual Activation: Chiral

Acid/Metal
Rueping: Silver-Chiral Acid Addition of Alkyne Mechanism
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(1) Rueping, M.; Antonchick, A. R.; Brinkmann, C. Angew. Chem., Int. Ed. 2007, 46, 6903-6906.
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4.3. Metal-Ligand Dual Activation: Chiral Acid/Metal

Hu: Addition of imines on carbenes Ar
L
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(1) Jia, S.; Xing, D.; Zhang, D.; Hu, W. Angew. Chem., Int. Ed. 2014, 53, 13098. 17



4.3. Metal-Ligand Dual Activation: Acid-Metal

Masson: Switching the selectivity with calcium?
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(1) Alix, A.; Lalli, C.; Retailleau, P.; Masson, G. J. Am. Chem. Soc. 2012, 134, 10389. 18



4.3. Metal-Ligand Dual Activation: Enamine/Metal

List: Combining Enamine Chemistry and Electrophilic Allylation

R Ph Mechanism
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RZJﬁ( Ph)\N/\/\R3

H CHO ,R R1. _CHO
° SO0 iR g TN R
Y H 2
R' R P~ R
HO '\ OR*
OR*
MS 5A A
MTBE, 40 °C H20
Then HCI, Et,0 H:NR
el OR* / el P “OR*
R2 OR*
. . R1
1.5 mol%
\Gﬂ OR*
3 mol% Pd(PPh,),
v " Q

o (o)
40-89% C p2
70-97% ee R

. R? R’ Lkpd ‘N R
R A__H
\/\/S( “\51\[’)\

(1) Mukherjee, S.; List, B. J. Am. Chem. Soc. 2007, 129, 11336-11337.



4.3. Metal-Ligand Dual Activation: Enamine/Metal

Bandini: Combining enamine chemistry and gold catalysis?

tBu\ ;Bu
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Carreira: Complete control over stereochemistry combining amine and iridium catalysts?
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(1) Chiarucci, M.; di Lillo, M.; Romaniello, A.; Cozzi, P. G,; Cera, G.; Bandini, M. Chemical Science 2012, 3, 2859. (2)
Krautwald, S.; Sarlah, D.; Schafroth, M. A.; Carreira, E. M. Science 2013, 340, 1065.



4.3. Metal-Ligand Dual Activation: Enamine/Metal

Bandini: Enamine-Gold Catalysis?
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(1) Chiarucci, M.; di Lillo, M.; Romaniello, A.; Cozzi, P. G,; Cera, G.; Bandini, M. Chemical Science 2012, 3, 2859. (2)
Krautwald, S.; Sarlah, D.; Schafroth, M. A.; Carreira, E. M. Science 2013, 340, 1065. 21



4.3. Metal-Ligand Dual Activation: aldehyde/Pd

l CHO
OH 10 mol%
= ! OH
X SiM93 R \NHZ

/\/\ - N R 21-75%
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Guo: Combining aldehyde catalysis
and m-allyl chemistry.
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Chen, L.;; Luo, M. J;; Zhu, F; Wen, W.; Guo, Q X., . Am. Chem. Soc. 2019, 141, 5159-5163.



4.3. Metal-Ligand Dual Activation: Enamine/Metal

MacMillan: Vinylation of aldehydes combining enamine
and copper catalysis?
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(1) Skucas, E.; MacMillan, D. W. C. J. Am. Chem. Soc. 2012, 134, 9090. 23



4.3. Metal-Ligand Dual Activation: Carbene/Metal

Glorius: NHC-Palladium catalysis
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Guo, C.; Fleige, M.; Janssen-Muller, D.; Daniliuc, C. G.; Glorius, F. J. Am. Chem. Soc. 2016, 138, 7840-7843.



4.3. Metal-Ligand Dual Activation: Palladium/PTC

Toste: Palladium and phase transfer catalysis R
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Nelson, H. M.; Williams, B. D.; Miro, J.; Toste, F. D. J. Am. Chem. Soc. 2015, 137, 3213-3216. 95



4.3. Metal-Ligand Dual Activation: Bromonium/PTC

[Co*I'Br* (12)
Z (lon Pair) L tBu with A-(S,S)-12
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Jiang, H. J.; Liu, K.; Yu, J.; Zhang, L.; Gong, L. Z. Angew. Chem., Int. Ed. 2017, 56, 11931-11935.

26



4.3. Metal-Ligand Dual Activation: Nitrene/H bonding

Bach: H-bonding directed nitrene insertion

selective
C-H bond

12 mol%
| 4A MS, CH,CI, 21 insertion
X
Rl 7" “NHNs  29.88%
§ o 83-97% ee

Annapureddy, R. R;; Jandl, C;; Bach, T. . Am. Chem. Soc. 2020, 742, 7374-7378. 27



4.3. Metal-Ligand Dual Activation: Radicals

Liu: Combining radical chemistry, copper catalysis and chiral phosphates

o
Ar? o)

R Q
_Ar S
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Lin, J. S.; Dong, X. Y.; Li, T. T,; Jiang, N. C.; Tan, B.; Liu, X. Y. J. Am. Chem. Soc. 2016, 138, 9357-9360. 28
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4.4 Dual Activation on Two
Metal Centers

4.4.1 Aldol and Mannich Reactions

4.4.2 Addition of Metal Alkyl Reagents

4.4.3 Other Additions to Carbonyl and Imines
4.4.4 Conjugate Addition

4.4.5 Other Reactions



4.4.1 Aldol and Mannich Reactions: Shibasaki

Shibasaki: LLB Catalyst for the Direct Aldol Reaction?

20 mol% O
i it P
28-90%
N 1 > 1 44-94% ee
R”"H Me” "R THE, -20 °C R R b
Shibasaki: Aldol-Tischenko Reaction?
(0]
10 mol% La(OTf), J\
OH 0O~ ™Ar!
= 60-96%

0 30 mol% (R)-BINOL
- JLH — > :
Ar r 56 mol% BulLi Ar Ar! 85-93% ee
THF, 23 °C R

(1) Yamada, Y. M. A.; Yoshikawa, N.; Sasai, H.; Shibasaki, M. Angew. Chem., Int. Ed. Engl. 1997, 36, 1871-1873. (2)
Gnanadesikan, V.; Horiuchi, Y.; Ohshima, T.; Shibasaki, M. J. Am. Chem. Soc. 2004, 126, 7782-7783.




4.4.1 Aldol and Mannich Reactions: Shibasaki

R? g
Q ,Cﬁ"”"" $
R H
oA g \(\
HZ
General Mechanism O~M 0-.M_g_&
for the Aldol Reaction? . C » CH H
O—LA--0=< . m
Fl
OH OA o Rz/
J - ;§ LA : Lewis acid
pe
#7 H‘l
v ®

2 O
R A CH ~ M : Metal of Brensted
o

—LA o base
: Chiral ligand

Aé o
Ar’ R H~ fArz_FAHEFHV/' AL
M 5-  0Y.[0 0. .0
4 M+ OO0 -~ M
+ 2 8
5 Arl A 5 Mechanism for the

R R
R IS T{L\ﬁg #62 Tischenko Reaction?
1 1 1
Af'—( H~/AP  Arl'—LH (AP
(4 isomers) ‘—)rf - If’

(1) Yamada, Y. M. A.; Yoshikawa, N.; Sasai, H.; Shibasaki, M. Angew. Chem., Int. Ed. Engl. 1997, 36, 1871-1873. (2)
Gnanadesikan, V.; Horiuchi, Y.; Ohshima, T.; Shibasaki, M. J. Am. Chem. Soc. 2004, 126, 7782-7783.




4.4.1 Aldol and Mannich Reactions: Trost

Trost: Direct Aldol Reaction with Bis-Zn Catalysts

(o) (0]
RJ\H ¥ Me)l\Ar
(o) (o)
RJ\H ¥ %Ar
OH

Ph_ _OH HO_ _Ph
Ph Ph
N OH N

5 mol% Prophenol

Me
10 mol% Et,Zn

15 mol% Ph;P=S
MS 4A, THF, -20 °C

Ph OH HO_ _Ph

Ph Ph
N OH N

Prophenol
2.5 mol%
Me
10 mol% Et,Zn

MS 4A, THF, -40 °C

(0

nQ
I

¢

24-79%
Ar 56-99% ee

62-97%
> 81-98% ee
R/'\|)J\Ar 3:1-30:1 dr

OH

(1) Trost, B. M.; Ito, H. J. Am. Chem. Soc. 2000, 122, 12003-12004. (2) Trost, B. M.; Ito, H.; Silcoff, E. R. J. Am. Chem.

Soc. 2001, 123, 3367-3368.



4.4.1 Aldol and Mannich Reactions: Trost

Mechanism

~
¥

3 equiv ethane
2 3a

Ph Qs
s R e R
o Ph Ph 2 equiv EtzZnpPh” n / Ph
<N OH N: 3 '- N O NG
0

(1) Trost, B. M.; Ito, H. J. Am. Chem. Soc. 2000, 122, 12003-12004. (2) Trost, B. M.; Ito, H.; Silcoff, E. R. J. Am. Chem.
Soc. 2001, 123, 3367-3368. 33



4.4.1 Aldol and Mannich Reactions: Trost

Trost: Aldol Using Alkynone as Nucleophiles

Ph_ _OH HO_ _Ph
Ph Ph
N OH N

Prophenol
5 mol%
o o Me OH ©
10 mol% Et,Zn = 68-84%
R%J\H + Me)\ > RW\ 37-98% ee
EtG OEt A TES MS 4A, THF, 0 °C EtO OEt TES
Inversion of the ee During the Reaction!

9 O cat i ?H i
Me%kH ' Me)\ , = NN Me?(\)\
EtG OEt X TES MS 4A, THF, 0 °C EtO OEt TES EtO OEt TES

24 % 72%

-69% ee after 1 min
96% ee after 22 h

(1) Trost, B. M.; Fettes, A.; Shireman, B. T. J. Am. Chem. Soc. 2004, 126, 2660-2661.



4.4.1 Aldol and Mannich Reactions: Trost

Effect of Adding the Product to the Catalyst Prior to Reaction

100 100
75 50
9 —
< 50 0 E
° 8

>
25 -50
0 ——t————— e ' -100
0 2 4 6 8 10
time (h)

—e—yield aldol unmodified e- - - yield aldol modified
—=a—— yield elimination unmodified  ---e-- - yield elimination modified
—a— ee unmodified ---®-- - ee modified

(1) Trost, B. M.; Fettes, A.; Shireman, B. T. J. Am. Chem. Soc. 2004, 126, 2660-2661. 35



4.4.2 Addition of Metal-Alkyl Reagents: Zn-Zn Activation

Noyori Seminal Discovery: Addition of Alkyl Zinc to Aldehydes Catalyzed by Amino Alcohols

NM92
H ()-DAIB
0] OH
L+ rz 2 m°'% .~ : 59-91%
R H 24N toluene, 0 °C R”SR  81-98% ee
The Principle of Dual Activation with two Zn Centers
P
N"'CH3 Enhance Electrophilicity of Aldehyde

Enhance Nucleophilicity of Zn-R Group

(1) Kitamura, M.; Suga, S.; Kawali, K.; Noyori, R. J. Am. Chem. Soc. 1986, 108, 6071-6072. (2) Noyori, R.; Kitamura, M.
Angew. Chem., Int. Ed. Engl. 1991, 30, 49-69. 36



4.4.2 Addition of Metal-Alkyl Reagents: Zn-Zn Activation

Detailed Mechanism

n:CHsﬁa ‘CH"' CENCH,
i e |
I% \ 7 i oo ¢ {GHa)pZn
|'.:;|-|‘1;|.'i " {EHB:'!
(25.2'S) (2R.2'A)- 2
H%\ u Khﬂr‘rm “ .
EEHa}eZn Hl ) (CHa)aZ
R {cﬁi‘ﬂz J’,f o /
Qs+ el T3
4 ° R
HsCHO {2,:5}“1 I&-‘?:H CeHsCHO
o o Khetero h . GeHg
(CHal, | e
Cefls N\ZHICH 2 " : p
| ec |
2 "
o i e QZnCHs CgHsCHO
(CHale v ¥ o en, i
(25,2'H)-2 (A)-5

37

(1) Kitamura, M.; Suga, S.; Oka, H.; Noyori, R. J. Am. Chem. Soc. 1998, 120, 9800-9809



4.4.2 Addition of Metal-Alkyl Reagents: Zn-Zn Activation

Non-Linear Effect and Transitions State

106 T
80— IC,H;I;Zn
60
ee
(ts)-Product) 4
(%]
40
] I
20 - y
J‘ *:-':‘:'
I
0 F—F————T1—— T
0 20 40 60 80 syn-trans j

ee ((-1-DAIB ) (%) —

(1) Kitamura, M.; Suga, S.; Oka, H.; Noyori, R. J. Am. Chem. Soc. 1998, 120, 9800-9809. (2) Rasmussen, T.; Norrby, P.
0. J. Am. Chem. Soc. 2003, 125, 5130-5138. 38



4.4.2 Addition of Metal-Alkyl Reagents: Zn-Zn Activation

Brase: Cyclophane Catalyst for Addition of Diethyl Zinc to Imines?

Me
_p Me
N
OH
2 2 mor i
mol'/o
A : HNJ\H 94-99%
+ ZnEt > 2 o0
Ar” > S0,Tol 2 hexane, 0 °C Ar Et 75-95% ee
Carreira: In-Situ Formation and Asymmetric Addition of Zn Acetylides?3
Ph Me
22 mol%
HO  NMe,
0 20 mol% Zn(OTf OH
J. + H—=r? 0 mol% Zn{OTh: 2 45-91%
R' H 50 mol% NEt; R1/\ 86-99% ee
toluene, 60 °C R2

(1) Dahmen, S.; Brase, S. J. Am. Chem. Soc. 2002, 124, 5940-5941. (2) Frantz, D. E.; Fassler, R.; Carreira, E. M. J. Am.
Chem. Soc. 2000, 122, 1806-1807. (3) Anand, N. K.; Carreira, E. M. J. Am. Chem. Soc. 2001, 123, 9687-9688.



4.4.2 Addition of Metal-Alkyl Reagents: Zn-Zn Activation

Trost: Addition of Zn-Acetylide Catalyzed by Prophenol Ligand

Ph. _OH HO. _Ph
Ph Ph
N OH N{

Prophenol
Me
O 10 mol% OH
L+ H—=—R® + Me,zn > A
R" 'H toluene, 4 °C R /\
2
CHE Hf R
_,fnf'c'HE \‘\\w‘}”,-/
5 u-"H ‘l F Z"I ..-’T1 \h -~
R = . VOONT O NN |
Mechanism
H 2
Ra CH R' 7
; 3 H 1
F'I’/f!%i z1. /%f R ﬁi{] fHa Hf'f
y \ l N 0' :'r{} “x%:;:-JH ///{( | Fi
i all n .?-I"I i D"-l D
LN 0T NGNS, =/{ [, zn 7n N
LN O NI
iii \—/’/ i

74-95%
68-97% ee

(1) Trost, B. M.; Weiss, A. H.; von Wangelin, A. J. J. Am. Chem. Soc. 2006, 128, 8-9.
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4.4.2 Addition of Metal-Alkyl Reagents: Zn-LA Activation

Seebach: Ti-TADDOL-Catalyzed Addition of Alkyl Zinc Reagents

Ar Ar

R2 O OH

3>< TADDOL

R Yo OH

Ar Ar
(0 20 mol% OH
56-95%
R1J]\H + Rzzn Ti(olpr)4 > R1J\R 91'99% ee

toluene, -76 °C

Ligand Accelerating
Effect of TADDOL

- steric hindrance to - aggregates or solvated,
coordination higher coordinated Ti
~ fast dynamics of - slow ligand exchange

ligand exchange

(1) Schmidt, B.; Seebach, D. Angew. Chem., Int. Ed. Engl. 1991, 30, 1321-1323. (2) Schmidt, B.; Seebach, D. Angew.
Chem., Int. Ed. Engl. 1991, 30, 99-101. (3) Seebach, D.; Beck, A. K.; Heckel, A. Angew. Chem., Int. Ed. 2001, 40, 92-138. 41



4.4.2 Addition of Metal-Alkyl Reagents: Zn-LA Activation

Structure of TADDOL

(1) Seebach, D.; Plattner, D. A.; Beck, A. K.; Wang, Y. M.; Hunziker, D.; Petter, W. Helv. Chim. Acta 1992, 75, 2171-2209. 4



4.4.2 Addition of Metal-Alkyl Reagents: Zn-LA Activation

Structure of TADDOL: Comparison with BINAP

Sy

L\k, b BINAP % BINAP
N (FUXSUM) (JAPXAZ)

\\l TADDOL

(1) Seebach, D.; Plattner, D. A.; Beck, A. K.; Wang, Y. M.; Hunziker, D.; Petter, W. Helv. Chim. Acta 1992, 75, 2171-2209. 43



4.4.2 Addition of Metal-Alkyl Reagents: Zn-LA Activation

Different Models for Selectivity

tetrahedral trigonal bipyramidal octahedral
(bimetallic)

Pentacoordinated Bimetallic

H

Norg !
o8 |0
L,M—OR

(1) Seebach, D.; Plattner, D. A.; Beck, A. K.; Wang, Y. M.; Hunziker, D.; Petter, W. Helv. Chim. Acta 1992, 75, 2171-2209.

= o ~o OR
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4.4.3 Other Additions to Carbonyl and Imine: Cyanide

Shibasaki: YLB Catalyst for the Cyanation of Aldehydes

10 mol% ‘ ! o)
o o)
OJJ\OEt

79-99%
R” “H NG~ “OEt 30 mol% H,0 P 87-98% ee
10 mol% BulLi
10 mol% Ar;PO

THF, -78 °C

(1) Tian, J.; Yamagiwa, N.; Matsunaga, S.; Shibasaki, M. Angew. Chem., Int. Ed. 2002, 41, 3636-3638. (2) Yamagiwa, N.;
Tian, J.; Matsunaga, S.; Shibasaki, M. J. Am. Chem. Soc. 2005, 127, 3413-3422.
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4.4.3 Other Additions to Carbonyl and Imine: Cyanide

Postulated Active Catalyst

u

u

H\
O -H

'

”f S

|\o’"

Ar
O=p=AT
C—U:
';O
Me

Effect of Water

=cat™*CN"

secion A

section B

section C

100 4 —

]
(=]
1

&
(=
]

40 -+

enan tio meric ratio (er)

20 -

20
amount of water {mol %a)

30

40 50

(1) Tian, J.; Yamagiwa, N.; Matsunaga, S.; Shibasaki, M. Angew. Chem., Int. Ed. 2002, 41, 3636-3638. (2) Yamagiwa, N.;

Tian, J.; Matsunaga, S.; Shibasaki, M. J. Am. Chem. Soc. 2005, 127, 3413-3422.
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4.4.3 Other Additions to Carbonyl and Imine: Cyanide

OMe 4
Phosphine Oxide Effect [szo [x—@}—lﬂ:o X P=0
—( s 3 3
OMe X
3a X= H3b X = MeO 3f
Mﬁogg Me 3g
[=3
Catalytic Cycle Cl 3e
. . X OMe OMe
0 cat -CN 0 0
HD CN L1 . N 5
v H /AN P=0 7 |:'|I /N Fir(
P H’U‘H O=( \—/ |4 —/ 1"Ph —/ \"Ph
8 4 \_ Ph
(i) D!“"E
YLB, H-0 step A X =MeC 3h ) 3j 3k
Buli, Ars P=0 100.0
b step B | 88.8
cat CN ]
(i) 80.0 4 74.0 73.5
5
0 > 61.6
)—L\ step C '% 60.0 59.1
0 o~ 2
+, @
D)kOEl cat H’!\CN E 40.0
=)
Py 0 (i) g
R™* CN @ 18.9 19.3
5 NC)I\OEt 2004 66,6 W '>7 W 139
2 I

none 3a 3b 3¢ 3d 3e 3f 3g 3h 3 3 3k

ArP=03

(1) Tian, J.; Yamagiwa, N.; Matsunaga, S.; Shibasaki, M. Angew. Chem., Int. Ed. 2002, 41, 3636-3638. (2) Yamagiwa, N.;
Tian, J.; Matsunaga, S.; Shibasaki, M. J. Am. Chem. Soc. 2005, 127, 3413-3422. 47



4.4.3 Other Additions to Carbonyl and Imine: Reduction

Corey-Bakshi-Shibata Reduction (CBS Reduction)

Ph
EI Ph
N< ’O
o BI\? 10 mol% OH
+ ° > =
RL)J\RS BH;*THF RL/\RS

Specially Interesting: Highly Selective Reduction of Acrylates

Ph

nx

Ph
o
0 N v 10 mol%

R OH
1 H\RZ * BHsTHF ~  R? 8597%ee
R'Sr TR

2 1
m\

(1) Corey, E. J.; Bakshi, R. K.; Shibata, S.; Chen, C. P.; Singh, V. K. J. Am. Chem. Soc. 1987, 109, 7925-7926. (2) Corey,
E. J.; Helal, C. J. Angew. Chem., Int. Ed. 1998, 37, 1987-2012.
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4.4.3 Other Additions to Carbonyl and Imine: Reduction

Mechanism and Model for Selectivity

4 Ph y Ph
T_4—Ph BH3eTHF :_A—Ph
Ner = = Ner

4 R H;8 R

B
HCI, MeOH ' 0, ,CH3
H"-\-. ‘J /
B /
BH; wot fopn
HO, H i Eletrophilic Activation
% Ph, 9 Ph,
CH; R @ H/
-0, 7/ 0. /7 R
CH = CH S
INTEN ’ Nk ’
Ph T N\ _-On - Ph g~ O
H-B H HQE--»H-"
Nucleophilic Activation R
7 6 .

(1) Corey, E. J.; Bakshi, R. K.; Shibata, S.; Chen, C. P.; Singh, V. K. J. Am. Chem. Soc. 1987, 109, 7925-7926. (2) Corey,
49

E. J.; Helal, C. J. Angew. Chem., Int. Ed. 1998, 37, 1987-2012.



4.4.5 Other Reactions: Epoxide Opening

Jacobsen: Asymmetric Opening of Meso-Epoxides with Azides

—N N—
N
SN

‘Bu 0 ¢ O ‘Bu
t‘Bu t‘Bu .
LN\ 4+ Me.Si—N 2 mol% > - 65-91%
3 3 83-98% ee
R R R R

_N\C /N_ o) o) _N\C /N_

r r

By o’ ¢ro OJLM;U\O o’¢éo By
Bu Bu Bu Bu

(1) Martinez, L. E.; Leighton, J. L.; Carsten, D. H.; Jacobsen, E. N. J. Am. Chem. Soc. 1995, 117, 5897-5898. (2) Hansen,
K. B.; Leighton, J. L.; Jacobsen, E. N. J. Am. Chem. Soc. 1996, 118, 10924-10925. (3) Konsler, R. G.; Karl, J.; Jacobsen,
E. N. J. Am. Chem. Soc. 1998, 120, 10780-10781. 50




4.4.5 Other Reactions: Epoxide Opening

Mechanism and Results with Dimeric Catalysts

[, N
toe ] (monomer) |

19 5 5
& da (n=2) @ @
A 4D (n=4) 1bsL Ns
w4 (n=5) HN:’.
4d (n=6)

g
E
g
% Q4e n=7) . N5 @ Q
= | i o Ar::(]:> \
3 4f (n=R) - -
F N FARE YA
o . 04g (n=10}
’ 2+L
< 5 {monamer)
0.000 0.010 0.020 0.030 0.040 %
[catalyst] M
1beL

(1) Martinez, L. E.; Leighton, J. L.; Carsten, D. H.; Jacobsen, E. N. J. Am. Chem. Soc. 1995, 117, 5897-5898. (2) Hansen,
K. B.; Leighton, J. L.; Jacobsen, E. N. J. Am. Chem. Soc. 1996, 118, 10924-10925. (3) Konsler, R. G.; Karl, J.; Jacobsen,

E. N. J. Am. Chem. Soc. 1998, 120, 10780-10781. 51



4.4.5 Other Reactions: Epoxide Opening

Jacobsen. Kinetic Resolution
of Epoxides with Water

ol Bu ol o HO  OH
/Q + H,O > /Q + ;_/ S-Factor: 8-500
R o R R
LA 1*
E> = - x &>
Emat I I
O
Ho, A 0 CPIS ;
R\ o pa (L .
K'cat Ho0 H
. o5 | | T
R X OH .
AU e g
Co — Co | l _ Co
CCo < CP L |
L L

(1) Tokunaga, M.; Larrow, J. F.; Kakiuchi, F.; Jacobsen, E. N. Science 1997, 277, 936-938. (2) Schaus, S. E.; Brandes,
B. D.; Larrow, J. F.; Tokunaga, M.; Hansen, K. B.; Gould, A. E.; Furrow, M. E.; Jacobsen, E. N. J. Am. Chem. Soc. 2002,
124, 1307-1315. (3) Nielsen, L. P. C.; Stevenson, C. P.; Blackmond, D. G.; Jacobsen, E. N. J. Am. Chem. Soc. 2004,

126, 1360-1362. (4) Ford, D. D.; Nielsen, L. P. C.; Zuend, S. J.; Musgrave, C. B.; Jacobsen, E. N. J. Am. Chem. Soc.

2013, 135, 15595. 52



4.4.5 Other Reactions: Asymmetric Allylation

Hoveyda: Cu-Catalyzed Allylation of Organozinc Reagents

10 mol% Ar 0
Ar OPO(OEt;) + RyZn > X 58-92%
ﬁ/\/ ’ 5 mol% (CuOTf),*C¢Hg M}g\ 83-92% ee
Me THF, -15 °C
Proposed Model
EtQ })El
P
R AA1 /JH;/‘\ Hgﬁ."" 2.,
. - R 'R -
w 3 N’H NHnr-Bu R/ OPO(OEt)» w P JH MNHn-Bu
: M
O=—Cu "~ H 7/ O0—Cu H >/
® ®
alkylZn alkyl | AA2 alkylZn alkyl 11

(1) Kacprzynski, M. A.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 10676-10681. 53



4.4.5 Other Reactions: Asymmetric Allylation

Shibasaki: Cu/Pd catalyzed asymmetric alkylation

0]
OCO,Me
N
™ +
R1 R2 F3C S
N
\_
@)
A,
FsC S
N
1\ 7 |
both
in
catalytic
OCO,R2 |
N
2

[CU(MeCN)4]PF6
DBU

<

Me
PAr2

RZ O
R1WLN

2 mol% :
Ph;P Walphos . FsC -
Me Me N\ /
Pd,(dba);*CHCIj
0.2 mol% 86-99%
O 90-99% ee
PPh, PPh,
Cu(l
b
(@) N=
FC A /| =
\ 0
- = WJ\
catalytic generation of R : N
amide enolate | o F3C -
N\
3 V
llz’d(ll)
R1V -

catalytic generation of

m-allyl-palladium

Saito, A.; Kumagai, N.; Shibasaki, M. Angew. Chem., Int. Ed. 2017, 56, 5551-5555.
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4.4.5 Other Reactions: Alkene Vinylation

Buchwald: Cu/Pd catalyzed olefin alkenylation

O A .
< O r _Ar Bu
(o] P

Ar= $ OMe
0] P ~A
/
<O O Ar ' ‘Bu
DTBM-SEGPH M
M S/ OTf 7 mol% SEGPHOS R
R1/\/ + 2 > S
R 6 mol% Cul, 4 mol% Pd(cinnamyl)(dppbz)ClI 2/\\
M = SiMe,Ph, BPin Me,PhSiH, NaOTMS, THF, 60 °C R
50-93%
LPd OTf 48-98% ee
LCu
R1 R% / (‘- n
XM \I'I n
OTf
LCuH Copper Palladium Pd
[M]
R;SiOR, 5
3! LPd—<_R1 o
2 ] 1
R .) ( )n R2° ~
LCuX k.v, R
R,SiH, 3 M
MOR

Levi Knippel, J.; Ni, A. Z.; Schuppe, A. W.; Buchwald, S. L. Angew., Chem., Int. Ed. 2022, 61, €202212630.



4.4.5 Other Reactions: Conia-Ene Reaction

Toste: Asymmetric Conia-Ene Reaction

o R t
S e L o
o) PCOTf
DTBM-SEGPHOS Pd o Ar= 3 OMe
< O l-(r Ar tB
o u
o 10 mol% _[? o)
'
R X . R=. /X 70-97%
20 mol% Yb(OTf)3 44-94% ee
X AcOH, Et,0
Proposed Mechanism
®
. —\2 2TFO°
* * P. *
N \ N\
PP P Bo P P, P
Pd oFdg OTf 0 - __ Pd 00
TfO OTf | Rl Vx H® o OoTf o/ Y x
R X > SNX > 4 Yoot
Yb(OTf), )y = - 3
~ Yb(OTf
X -HoTf Yb(OTH); (©Th: HOTF

(1) Corkey, B. K.; Toste, F. D. J. Am. Chem. Soc. 2005, 127, 17168-17169.



4.4.5 Other Reactions: Desymmetrization

Ar. _OH HO_ _Ar
Ar Ar
N OH N

Trost: Desymmetrization of Diols

5 mol%
)O]\ 10M ':c/e Et,Z )O]\
Ol'/o 2£N
+ N > AN
HO/Y\OH Z "0 Ph toluene HO = o Ph
Ar Ar
R, H
7 Ph
Proposed Mechanism GHSGHQj 0 OH Z~o0%0
= Alty Oz - O AT
A z0, 5% Toar R, HY

ThF % r
.f.pN 6 Nu"'

=
ﬂ
Al'h q’lﬂrz \Al’
r
23 N
FhCO. OH
Hl:r OH

() Trost, B. M.; Mino, T. J. Am. Chem. Soc. 2003, 125, 2410-2411. 57
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4.4.5 Other Reactions: Bis-Ni catalysis

Cramer: Cyclopropanation?

| SIr X
Me =z = Me
I N N | Me/
Ar N N ~ —Ar
Me Me
) 8 mol%
R r r R 1
R 4 RN » R /\W 46-97%
Cl 16 mol% NiCl,(DME) ) 76-92% ee
Zn, DMI, CPME, 0 °C R
Uyeda: [4+1] cycloaddition?
| Ir X
7 7
R O | N N i O R 1
10 mol% LNiy(OAc)
tBu tBu _ R2 42-83%
74-98% ee

R1/\C/ICI + RZI\Rj\

Zn, MTBE/DMA, 35 °C
R3

(1) Braconi, E.; Cramer, N. Angew. Chem., Int. Ed. 2020, 59, 16425-16429. (2) Behlen, M. J,; Uyeda, C. . Am. Chem. Soc.

2020, 742, 17294-17300.



A

DFT Model:

4.4.5 Other Reactions: Bis-Ni catalysis

Migratory
Insertion

+12.5

Behlen, M. J,; Uyeda, C. J. Am. Chem. Soc. 2020, 742, 17294-17300.

C-C Reductive
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