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0. Introduction
reactions picked out for today

A + B + C
Alkene-Aldehyde Non-Reductive Coupling

O

ref) my lit. seminar (B4)

Byproduct-free = ideally atom economy

1. Alkene-Aldehyde Reductive Coupling Reaction

two pioneers in this area

John Montgomery

Timothy F. Jamison

eLate-transition metal catalysis has potentical advantages:
(1)simpler preparation and handling of the catalysts
(2)better combatibility with Lewis basic functionality
(38)weaker M-O bond (= more efficient catalytic turnovers of R-O-M intermediates)

(4)access to reductive elimination chemistry

eNickel has additinonal properties:
-chaep

-air-stable (unless powdered Ni(0))

-stable in the presence of hard organometallics

Ni(0)-catalyzed alkyne-aldehyde reductive coupling to form allylic alcohols

/
Intermolecular, alkylative:

, Intramolecular, reductive:
Montgomery's work <

Intermolecular, reductive:

-

Jamison's work .
Intermolecular, reductive:

(first report)

E— product
. i SiR
Ni(0) cat. OSiR3 OSiR,
. R
INF R, & R Ry
N M-A DR
A=B * C=D * M-R 8-c
L L
N 1 Lt
A*B + D — aNip — 4
B © B-C
1
MR I|'
M—A  D-Ni-L M—-A D-R
B-C R B—C
2 3
0 Ni(cod), R OH
Rl——R2 + T . " R R
R "H R,Zn R2
Ni(COd)Q OH
R 0 PBus
\/\)L
H Et,Zn R T
Ni(cod}z H OI
. ) . i NHC ligand 1
R'—R 17 3
ROH P . R 8 R
Mes™ 7 "Mes
Ni(cod), H H
0 PBus 0
| —— 2 + B T ) 3
R—=—R R:}JLH Eth R1 = R




background & challenges

first reports of Ni(0)-catalyzed multi-t-component coupling reactions

via nickelacycle

— Reppe: 1948
Ni(CN), or Ni( CO)4

60-70 °C, 15-20 atm

000 L

W. Reppe et al. Justus Liebigs Ann. Chem., 1948, 560, 104.
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™ Wilke: 1963

2z

G. Wilke et al. ACIE, 1963, 2, 105.
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"modern" biomolecular C-C bond formation
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Micalizio, G. C. et al. EJOC, 2010, 391.

Regioselectivity Stereoselectivity

o JO\ Trans? Or cis?
RSJ‘I\H R3 H
!\ Which site? '[
2R ’ Reductant
Rl_— R2 RI——~R? .-

basic challenges

Homeo-dimerization vs. cross-coupling
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Regioselectivity: Site-selective C-C bond formation
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other isomeric products possible based on the combined
issues of stereoselection and regioselection:
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oligomerization reductive dimerization
(pinacol formation)




1-1. Some System for Alkyne-Aldehyde Coupling Reactions

Montgomery's first system: Ni(COD),/PBuj system

a conceptual framework
L L 2 O L /L / L L 2 L\ ,L /
°> N S Ni_R? —> Ni Ni_R?
\/ 1\// R / O\/ 1‘\// (8] /
R R —~ )Fi ~—
R' 14 R' 12
Is it possible to develop a new catalytic processes via analogous oxametallacycles ??
a discovery leading to develop alkyne-aldehyde reductive coupling
=M HaC T Ph
= . 3 = .
Q + MeLiszncl, NI(CODR HO  /)=H (3 o + PhMgBr/ZnCl, —N(COD) HO'  )—CHs 5)
H H
70 % 64 %
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= i o HaC
= Ni(COD); HO CH = .
i Ml 777 e o + CHli/zncl, _NICOD), HO ~ )—Fh )
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73 %

in the absence of phosphine ligands — alkylative
in the presence of phosphine ligands — reductive

« alkylative cyclization CIS,
o] Ni(cod)o e @
Rl—=—=—R2Z + — R R3
R “H RoZn R2

e ynal reductive cyclization (the first report)

Ni(cod
R 0 ;:(.CB?J )2 trans @'
\/\)L
H Et22n “"‘"

substrate scope

substrate scope

Table 1. Yool Alllalive Crelications Table 2, Yoal Reductive Cyclizalions
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Table 3. Thrss-Componznl Couplings

i . ﬁ;’ﬂ?. R, WO, oH kY
R Hi- H;-J»\.
Ry Al E R wed ()7

1 Fn Ph Rz F

= Fn CigHe- A L] T4

3 PR LigH nBu 71
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5 oy Pl CiCHO-CH;
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Montgomery, J. et al. JACS, 1997, 119, 9065.

alkylative coupling
©high chemo-, regio-, stereoselectivity (only E isomers)
©no direct addition (intramolecular)
©no competitive B-H eliminnation (intramolecular)
©broad scope of organozincs (intramolecular)
®direct addition (intermolecular)
®cometitive B-H elimination (intermolecular)
®limited scope of organozincs (intermolecular,
only spthybridized)

reductive coupling
©high stereoselectivity (only Z isomers)
®limited to intramolecular




What is the role of a phosphine ligand in promoting reduction instead of alkylation?
(Why pretreatment of Ni(COD), with a basic phosphine resulted in reduction?)

proposed mechanism for reductive/alkylative couplings

Scheme 1. Proposed Mechanism for Ynal Cyclizations and
Three-Component Couplings

L L
=l R
R?—=—R’ i O _Ni _
o LaNi(0) \\: 1\% large substituent
+ z
F!"JJ\H Hi Flzv small substituent
(or tether chain) r
in the presence of phosphine ligands . a common intermediate
much more electron-rich at the metal center-. __ ST for both pathways:

H B

J G ] L L ..
LN R | - pay, LN 2 RS R, N 03 << the electron-deficient

HdznOJ B H RZn0Os 'f » W Ni(Il)-r complex
- 2 1
R? ) IR TELLEAN R 2 L
R' H elim. R"H " R
2 . 1
RE 1L= THF
in the absence of phosphine ligands
OH H OH R!

1 electron-poor at at the metal center
R ’j\\)\rﬁ R ’)\KLH"* (by m-acceptor properties of the spectator ligand)

__________________________________________________________________________________________________________

in light of the previous Montgomery's work (Ni(0)-catalyzed cyclizations of alkynyl enones)

R2 BuZnO LnNi 2
eFrom these results, at least two pathways are operative: R J — =\ / R? . 4R
1. B-H elimination (major) R! R

2. protonation on workup,
most likely of an alkenylzinc spicies (minor)

Montgomery, J. et al. JACS, 1996, 718, 1996.

. Cyclization with Alkylation® Reductive Cyclizations®

: Q 2 2 0 R i Bu,Zn/BuZnCl A "

! R“sZn [ R=ZnClI 1 uzZn / BuZn 1
: Ph R e VA L R' o Ve
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| 1 2
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i H
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Jamison's system

Ni(COD), (10 mol%)
0 BusP (20 mol%)
Ri—=—R, + J_ Et3B (200 mol%)
H™ “Rq

toluene or THF

Ry = alkyl, aryl
R» = alkyl, H, SiMeg
Rj = alkyl, aryl

o the first report of catalytic intermolecular reductive coupling

n/ﬁ)\ Rs

OH

Rz

optimization of reaction conditions

Table 1. TlTects of Phosphine, Solvent, and Temperaure on
Intermalecular Reduetive Coupling of 1-Phenvlpropyne and
Aldehwiless

MDDz (10 male CH

u] prosshine (20 mo) . (_J.
H——F. * HJ]'"FLJ E:8 200 makal Ry HT Ry .
190 maks 100 mofs ekl 2500, 18h Re
18 Ry =70, My = Me 2a Iy =Th e - 128
1bRj=2n Az =5ikez 2B Fa=n-Pr
TeRy=2Ha=H ¢ Bg = Hapt

1d Ry = /B, Ry = SiMey 2d Fa = 2B
e Ry =rHex Ho=H 28 Fy = o-Tal

entry  aldehyde  phosphine  produce yield®  reginselecrivity

1 Za ia Thi%. TT:2d
2 da AL, al1:H
3 ia T4 92:H
1 2h 1a A%, ERE
3 | da 6% Q0:10
B {r-BunP da 85% a2:3
e {r-BuiP da 26% 92:3

¢ Lxcepl whers notsd, ol rensons wers conducted using the conditions
indizared iroeq I {inical concentration of alkyne and aldehvds = 0006 M,
Ar atmosphere, THO # Combined selaied vield of regicisomers. © Minor
cepluerners (3 4b) nel shown, Remoselecioaly wis determined ether
Iy separation of regioisomers (siliea gel chrmatography ) or with a TH NMWR
spectrim of the product mixiure . # Beacton conducled w40 *C. 7 Reacion
cuemducted in lolusne.

strialkylphosphines's effect
smaller: yieldl regioselectivityT
larger:  yieldT regioselectivity\
=BusP gave the best combination

©high regioselectivity (except internal aliphatic alkynes)
©compelete stereoselectivity (exclusive cis-addition)
©broad substrate scope (both intra- and inter-molecular)
©commercially available catalyst and reagents

©a 1:1 ratio of alkyne to aldehyde

©no reductive coupling of ketones (e.g. acetophenone)
®competitive [2+2+2] cyclization of alkynes ‘/

applicapable to site-selective fragment coupling reactions
at rate stage in complex molecule snthesis ??

Hypothesis

substrate scope
Table 2. Intermolecular Catalytic Reductive Couplings of

Internal and Terminal Alkynes with Aromatic and Aliphatic
Aldehydes®

j ield,*
entry alkyne  aldehyde major 'yle L
product regioselectivity
OH
14 la 2a FhA\I/kph 32 T7%[(92:8)
Me
OH
2 la pl SR M”'H 4a  85%|(92:8)
Me
OH
34 1bf 28 prcen Sa 49%|(>98:2)
SIMB;
OH
4 1b 2 o tept 6a 89%((>98:2)
SiMe;
. OH
1 5 .
5 I 2¢ pn/‘“‘vl\mm 7a 45%|(>98:2)
OH
6 1d 2¢ H_BU/%KI\”_HSN Sa  58%|(>98:2)
SiMes
OH
4 -
7 le 2a o~ A 93 76%|(96:4)
i 41%](94:6
& la 2d Ph’W\Me 10a (94:6)
Vo e (66:34 dr)
i 31%|(>98:2
9 1b 2d >98:2)
PR Me lla -
A AR LU
OH Me
10 la 2e pp™ 12a 83%((93:7)
ME ——

9 Except where noted, all reactions were conducted using the conditions
indicated in eq 2 (1 mmol of alkyne, 1 mmol of aldehyde, toluene, Ar
atmosphere).  Combined isolated vield of regivisomers. © Minor regioiso-
mers (3b—12b) not shown. Regioselectivity (ath) was determined either
by separation of regioisomers (silica gel chromatography) or witha 'H NMR
spectrum of the product mixture. ¢ THF used as solvent. ¢ 200 mol % used.

/ Reaction conducted under reflux. £ Reaction conducted at (0 °C.

Jamison, T. F. et al. OL, 2000, 2, 4221.

due to an electronic differentiation between alkyl- and aryl- substituents.
(This is found not to be compelely correct later.)

High regioselectivity observed with aryl-substitued alkynes is likely



Jamison's system -Asymmetric induction-

o the first report of catalytic asymmetric reductive coupling

OH @
Q%Me 1a (10 mol%)

3 Ni(cod), (10 mol%) N @ N o
O Me Me

EtsB (200 mol%
HJ\/Me 35 (@X0 mors) 69% yield @

Mo EOAC, 23°C o545 regioselectivity

55% ee 1a

Substrate Scope )
6a,b: R'=c-CgHyqy, R2=Me,R¥=iPr

'“'IH:T'.JI#. [“" naf) QH ?H 7 R1= R2 = n-Pr, Rs =FPh
. o ] Ta-h {10 mula) R1/YR3 + RzYRs 8 R'=R2=R3=pn-Pr
R=—r"+ M. 1.8 (200 moPs) R? R’ 9: R'=R%=n-Pr,R3=i-Pr
Fifie, 73 *fC 6a-10a 6b-10b 10ab: R'= c-CgHyq, R =Me, R®= n-Pr
TABLE 22
caley Liggand product® R! R* E* wickl (% acke coa i ce b (%7
1 Busl Ga, Bl el e iPr 55 2.0:
z FlPisi-Bu) Ga, Gl el e iPr 36 1.9:
3 PluPiCy) B, B - Celly, Me LPr B2 2.0: ;
4 Gia, 6h ol f:H-_-_ e “Pr £l the higest .
3 Ia fia, 6h eUaH,, Ve i“Pr G5 up to that point
[ 1b lia, 6h e=UgH e i-Pr 27 of this particu|ar
7 o fia, 6h eUH ), e P 53 .
) 1d Gia, Bh eUoHy, e iPr 31 reaction
4 le fia, 6h =LaHyp We i-Pr [l
10 1If fia, Gh =LaHip We i-Pr [l
11 1y B, B - Cellyy Me LPr 46
12 ih Ba, Gl - Callyy Me iPr 33
13 11 G, Bl o-Cally Me iPr a0
14 12 By, Bl - Cellyy Me iPr 40
15 13 Ba, Gl -Gl Me iPr 22
1& (@) 7 nPr P Pl BS
17 1c 7 HPr -Pr Fh B
18 1r 7 HPr -Pr Fh B1 na 12 na
14 Ig 7 n-Fr n-Pr Fh M nAa —2H nAa
20 1h 7 P n-Pr Fh H7 na —E na
4 Ia k] n-Hr n-Pr n-Fr Hl E] i H) A
22 la ] n-Pr n-Pr i-Pr H nAa s nAa
23 la 10a, 10b =LipHyp We -Fr Ml | BT 1,1

3 All reacrions were ennducted using 10 mol % Mileod)., Wmaol % ligand, and 200 mol 4 KrBL See Scheme 3 and Fxperimental Sertinm
for details, Reginselectivities and enantioselectivities were determined for unpuritied product mixtures, 2 Major and minor regisisnmers,
See Srheme 3. ©Comhined yield of all allvlic aleohol products. © Reginselectivicy (azh) determined by 'H NMR. ¢ Enantinmeric sxcess nf
reginisnmer a. Ahsolute configurarion of lia assigned by Mosher ester analysis. Absnlute configuratiom of 6h, 7—9, and 1a—h assigned
by analngy. Megarive signs indicare npposite sense of induction. ¥ Fnantiomeric excess of reginisomer b,

ein all cases exclusive cis-addition (>98:2) Jamison, T. F. et al. JOC, 2003, 68, 156.
CHaRT 1 the model for these results
@ @ Me
F- g Py vPh Py 'ph SCHEME 4
F‘@ “‘\ 'x\ @ F@ D o Phue cy
Mo Fe e y =
H‘huu = = Z i~ .
Me , —_— Ni—PR3
16 1c 19 H ,BEB@ : o]
)=0 E H BEy
i-Pr e

)
:—.l"r.

i o syn to a small Me

% by Az

P, Fozriy @ (away from a much larger Fc)
FV FH g @Jph -
=y oy, =y || =Ni-H 0Bk,

Fe
= — : — X .
—_— P
b i Cy . Pr Cy/\l/\"_ T

O
I

CTTART 2 1d 1h Me
- Me 6a
I e _
A I — e1a has
Sl I P ) . . .o
ne gy, =, i the greatest difference ®low to moderate regio- and enantioselectivity
e Bc in steric demand ®limited to only a few cases

I, . 1 between Fc vs. R(Me) (alkyl-C=C-alkyl)



othe complementary system
Ni{cod)s (10 mal%e) OH Me
0 {(+)-NMDPP (20 mol%) :
H1 — H2 + 173 3 (1 Me o
HJJ\F{:3 Et3B (200 mol°s) R /\|2/\H M j :
EtOAC:DMI (1:1) R Me PPh;
R'=Ar R%=Alkyl R®= Ar + 100% cis addition (+)-NMDPP
CH,OTBS Alkyl * 90:10 to >95.5
CH3NHBoc regioselectivity
SiMe, * up fo 96% ee

sustrate scope

Teble 1. Caltalylic Asymmetric Heduclive Allcyne Aldebyoes
Couplings®

2niry! szl o), gR
ooz ! R RE regivselecliviy (%)
I P Me -Pr LI
2 Ph Me =Ll ElN]
K [ Me [ 73
1 M M2 n-Pr ]
i (p-BetPh o M -Pr RE
& {p=C0M by =Tr A3
T I -nashrhyl Me -Pr 0
i M Ft T a3
o M Ft a-UaHy "3
10 M a-rr T a1
11 [ i-Pr -Pr Ll
12 Ph [ EECMRNE L -Pr HE
13 Ph L B i-Pr £l
14 [ Sulvles x-Fr L
15 5-Fr n-2r -Pr =2

T Hee o L Laperimentul procesurs (see Supporing Informaiion): A
anlution of Wifendy: (005 mmel ), (H-SMMOPP LT mmal ), and E=R 000
el 1 i ErCkae THAT (100, teetal walume TRA00 mT ) weas conlod tn — 25 500
Arn elhvme 1030 mrmal ) was added vig seringe, und then an aldelvde (00
el ) weas added via syringe ever 8 b The seluion was allewed oseie 36
b, ard silica gel chromarngraphy affordzd allylic alenhals 1=15. Regiose-
lctrerly wis determinesd by 1 NME: snuntoselscivily was determined
by chuzul GO or HPLC anaivsis, © Perlformed on 5.0 mmel scale. < Some
allylative conpling was absorvad (ransfer of Frogrewp tinsread of HY from
Ltzkhp.

Jamison, T. F. et al. JACS, 2003, 125, 3442.

X-ray diffraction study of NMDPP
Me

, po AUC=CR

AulA
’ ClA CA

Hackless, D. C. R. et al. J.Organomet. Chem., 1997, 544, 189.

the model for these results
Scheme 1. Froposed Stenc and Electoric Control in Catalviic

Agyrnmelrc Raductive Couplings —
H, .R H, .R
- o
Me qd Bho o
4] e 0 P
stancaily pp~ STON R (]
.-fl:'rl':-JI.IT.l!T:I'.l' .rl-*:-"'.-,l'”'-‘ _,-'_'"_"__-"___‘.'M"-‘ ety s
m;:ug;ggwf Ll Fa—— eeciocary
4 ; ANetsvars
=] Ma !
— = . - .
o o ST [y 0wl
16} gy P =l Iy ’j
siarcaly Ph, U".,..-—-'FI. Rt ¥ U"....----F - iy
favored, RT T MLLHE R Me srarteally and
sactronically demren e S mectranicaly
frits el [ I'-."h.-f P '
Ph OH
Me :
— Et3B
D — Ni-PRg — Ph/\(\n
“~0

~— Both the ax placement and the orientation
of a M-PPh, group over the Cy ring of NMDPP
have been observed in the solid state.
(See above)

ea cooperative effect
-steric properties of the ligand
-electronic differences of the alkyne substituents

From this framework...

Can more steric differentiation

of the two aldehyde coordination sites
enhance enantioselectivity ??




Montgomery's second sytem: Ni(COD),/NHC system

0 R Ni(COD), ELSIO H
+ = + EtySiH ) )
H A R’ nz/ ’ — R’ J\%\ R
2 R?

B
Mes™ ™ 'Mes

&iry 7 R R yighd {regea e vily) ) . o ) ) .
I ©high regioselectivity (except internal aliphatic alkynes)

1__ E‘EH.. H_} ﬁ:\' ﬁjc " E:f:;: ©compelete stereoselectivity (exclusive cis-addition)
1 P H M 7145 (2083 ©broad substrate scope

4 s H Mo 720082 ©Ostable & easilyhandled reducing agent

- M CH; CaHy GRS ©unprotected alcohol tolerance —entry 10

fi #Ru H; h B e e K e

7 C<HHH; Hs Mh nis (=032

i M F'h CiCHy = H: R = 0d2)

) Fh 11 LB S S L 1 Sl R F Ty |

1 Fh 1l RS ERTLO IR gt e F S

8 Bepctions were curmied oulm TR ol 25—23 *CF © Use of methy lborane
or dicthvlzine as a raducing agent or NiCl; as & procatalysr lad o loweer
vields, 7 A0 1521 palie of diastereomers was chlnned, © Perlenmed with 1.5
soure ol the wlkvne.

Montgomery, J. et al. JACS, 2004, 126, 3698.

»Why is there a significant difference of substrate scopes between two systems ?7?

crossover deutrium-labeling experiments

Table 2. Inlarmolecular Crassover Experimeant Tabie 2. Intramalgsular Crossover Expariments
u} . X
. - NGO, .
A NGO, 80 X a] Ph 4 ELSID . FIQSID\,_R— Fh
H™ “Pn : 4 N _— i
N EL"SI,D - . - Wf + Py ligand I
P PLEiH 1 F = "Ph H -\f)
= ; CH, 3 a
H,C F
ralaliva %
&4 4 aradiek raatiee
R X oraduct framr 1 frcm PBus
Fi H 2a = |
Ft N h L Fr H da w1 25
it H e a0 Fr ] 4h bk 3
T ] 24 B F'r H 4 Al ek
P'r N dd =0 18
plausible mechanisms from crosspver experiments
Scheme 1. Possibla Mechanisms
Klechanisms Congslanl wilhe Mo Crossouer . ) )
L L Mechanisms Consistent with Crossover
tf Pr b At RLEI0 LM Ph H
H
PN, o M, ey AAH T J A
‘%.. ¥ 8T f‘“rn LNl —= anl.—{
CHjy
Ph I_.H 'y 0 H
] "h 5 CH, CH, th \ '
neutral Ni' 7 LnNhO H
Bh L L or cationic Ni'
H L H " "Nii L Ph 2~ en
BT | —— RS D H — - L
Ra5i—Mi |‘| H.E-I—\.Il—e_ i 2 o i \Ni'H / CHs
- . i g Ph
L CH H CHy Ph cal = - \-/ .~ O lﬂgSlH
6 F=Ren " CHy N 4 ]
Ph CH Ph CH3 2 + L Ni—H
neutral Ni' 8
or anionic Ni°




1-2. Mechanistic Analyses
assumption 1: formation of oxanickelacycle

> Although no metallacycles derived from OA of one alkyne and one adehyde
have been isolated, ...

confirmed oxonickelacycle fomation by X-ray anaysis
(coupling of alkynes and carbon dioxide)

_r..,:._;_z __Mﬂf: -".._ P =
| ML+ oo+ s=—= - [ oW

] RO N
r\.'.l.:.z 1'-1'.:5; -

Tsay, Y.-C. et al. J. Organomet. Chem. 1984, 266, 203, "™ Mot desdelorin &

assumption 2: B-hydride elimination vs. reductive elimination

>»Some phosphine ligands prompt B-hydride elimination.

the first example of the transition metal complex-catalyzed alkyl group isomerization

catalyst
i-C:H:MgCl + PhCl —— i-C,H;Ph + n-C;H:Ph + HPh (The product is in general a mixture.)

products using various phosphines plausible mechanism
Table I. Products from the Reaction of ~C;H:MgCl with PhCl Scheme I
in the Presence of Nil,Cl® Cl CH, CH;
Products distribution? 7 | . A
NiPh + CH
L. [
5 5 s
Total @
L, in catalyst yield}? % l
PhaPCH,CH,PPh 74 % 4 0 CH; . O
2 2 H
Me:PCH,CH,PMe, 84 9 84 7 N,/ conversion
Ph,PCH;CH,CH.PPh, 89 96 4 0 CH b CHs~=CHCH; . CH,CH,CH;
dmpf: 48 8 74 18 | p— —
dmped 7 12 g8 0 NiPh —b  HNiPh —c¢ NiPh
dppe* 18 78 1 21 L A L, L,
Ph.PCH=CHPPh. 8 92 8 0 1 2
2PEt; 9 1 11 88 /
2PBu, 8 2 16 82 la,’ e d
2P M1 % | & CH, - CHy,  CHe=CHCH,  CH,CH,CH
= To a mixture of chlorobenzene (5 mmol) and a nickel complex 3\’ : — s Hi
(0.05 mmol) in 5 m! of ether was added an isopropyl Grignard ,/ CH + Ph
solution (6.9 mmol) at 0°. The mixture was refluxed for 20 hr, J |
hydrolyzed, and then analyzed by glpc. * Determined by glpe J Ph HPh
using an internal standard. < 1,1'-Bis(dimethylphosphino)ferro- ’
cene. ¢ Bis(dimethylphosphino)-o-carborane. ¢ Bis(diphenyl- /
hosphino)-o-carborane. /
phosphino)-o-carborane g Kumada, M. et al. JACS, 1972, 94, 9628.
*The extent is dependent strongly upon electronic nature
of the phosphine ligand. it
-electron donating — n-propylbenzene )/
-electron accepting — isopropylbenzene S . . .
,/ information which serves as evidence for scheme 1
eBenzene is formed only in the cases )
where n-propylproduct is formed pregerentially. *1{S)}-2-methylbuty| chioride
(with a few exception) [«]"®D +1.68° (neat)
‘ . 98% optical purit: .
Ni(dpp)Cl o optical purlly w.k(olmpe)u2
"B-effect” /
Electron-donating ligands (+)-(S)-2-methylbutylbenzene (+)-(S)-2-methylbutylbenzene
increase elec_tron_ density on the metal center . []25D +10.54° (neat) [4]25D +9.56° (neat)
=lower the activation energy for the o-n conversion n25D 1.4869 (Iit. n2°D 1.4862) relatively low optical purity
=facilitate the B-hydride elimination . . . .
with a little loss of optical purity




mechanistic study 1: producted-oriented mechanistic analyses
<1,3-enynes (Jamison's system)>

R3 R aldehyde (n=0) L
= or |‘0 R H3 . . .. .
AN Z epoxide (n=1) R? Ni « N e I_-I/gh regioselectivity is
e Et;B < s . | R? = (1) just due to an electronic distinction
. R? n R R OH between two alkyne substituents, or... ??
R=aryl,  Ni(cod)o/CypsP R'" R _
alkyl (1°, 2°, 3°) (cat.) = 90:10 regioselectivity
Table 1. Alkene-Directed, Mickel-Catalyzéd Coupling Reactions o
Alkynes with Aldebydes and Eposidags
iy - K g ——— edue to neither the nature or size of the other alkyne substituent
{ P _ ™ ’ nor the dgree of alkene substitution
1 i R SR o5
: b
=
a® P ALl o fori, ,-J'-x_P_ o = B W
L Lo Some unique effects
. o 1)compelete reversal regioselectivit
O -~.=:[--1-~_-_p. %= Em 055 (1) P ] 9 y substrate scope
o e¢In the previous re:sult, (written again)
R vl L . I C-C bond formation favored on
4 . St 20 &4 HISE ; ) Pn/\/LPn 7% (92:8)
N distal to the allyl substituent. e
- | o e O
s 1a ey 2 £ 55 I PNy pe 85% (92:8)
m-Hex Me
. b TI o ? = A(OC 49% (>98:2
T F a - . N o (>98:
e L eIn the previous result, " s !
T WA 1 iy . _ C-C bond formation favored 'y
L, &% . ] EE =L . . P Sn-Hept  89% (>98:2)
proximal to the allyl substituent. Sites
OH
. e o . (See entry 1) S et 45% (598:2)
[ ( on
; ; i NAif PR e  41% (94:6)
- vl o A vinyl group is a significantly _ W R
N P TR o S S m o more potent DG than a phenyl ring ?? H
ke i L e ph/WMe 31% (>98:2)
N ) MesSi  Me (58:42 dr)
OH Me
w " a = =AEE (2)a remarkable increase in reactivity PN 3% 937
Me
¢{-BuC=C-C-alkyl and t-BuC=C-C-aryl don't react.
mn 1d = o =1 AT
iy oTaE
fRec oaq 1 Standand procksdues)fsee Suppering Tnformarinn): Taoa I
solurinn of Wijend )2 (103 mmel), tieyelopentylphesphine (Cwvp Py (0000
mrrolp and LD (10 mimely m DA 05 mb) ab U S0 were added .t-BUCEC-CH=CH2 underwent reaction,
F-BrC I (10 mmel) wnd the enyne (005 mmell. Upen consumptzon of the . . . .
chyne, parifeation by chromarngraphy provided dienes 2a— Xk © Regio- and with excellent regloselectlwty to favor C-C bond formation
selectivity determined by ' NMER. (- 1-Neomenthyldiphenylphosphing at the more hindered alkyne carbon!
used as lpund, € BusP oand (- T-octene oxide {2900 se ) wemd in pluce of
CypeP and PeCHOL FrOae amimed. # ield over rvo sizps, (See entry 2)

Jamison, T. F. et al. JACS, 2004, 126, 4130.

Olefins have the ability to form a favorable bonding interaction with Ni
in a high-energy intermediate 1 serving to lower the TS energy

conclusion

The alkene substituents appears to strongly direct regioselectivity and also significantly increase reactivity.
=complexation of the alkene to the metal center during the regioselectivity-determining step?

How about a remote alkene ??



<1,6-enynes (Jamison's system)>
»A remote, unconjugated alkene dictates regioselectivity??

Tabie 2. Highly Regiosslscliva, Calalylic Heduclive Caupling

Tate 1. Directing Effects of Tethered Alkenes? Reactions Directec by a Remote Alkene®
1 ; ol — vizkd.
HREHE Moty HOL s il pret regiossecibly 12 3)
+ {10 mos), OH o
e - rEE L e ,-':‘-\.\_. b e, 1 o gy
e B2 o A I e L 695 1=05:5]
tn ElCA: rhes e H e S Yo
1a-d 2a-d 3ad
T
regkasalaiily 0 e OTRE I
ey akyre 5 vad %) e 1a ”.-u\._.\?'-q?* R e Ea% |ea)
1 1 I =5 | .
2 1t 2 N nd o P
@ T 3 55 =055 ) n pobe TR e b e
. 1d 4 =5 i i !‘_& - o
3 w-penrel—C=C—a-hexyl 1.8, 8¢ Sinan - -
o override the sigric demand
o
H'u'ug. L T 4% 120551
remely e Bk (005 ml, and the sohainn was allnwed meostic 15 hoar o = T
T temaraniie, Jes Suspoering Intnonarion e derails, * Derermingd oy ¥
1 WME <|'.'.'.1:'l.-'.' GO mome alkylabive coupling (runsler of L Gom L LY . dgum j_ e 2% 10551
alao ohscrvad. L ,_tJ b
1 W OTRS
ey o UH
A W e et B DS
*Only one tether length provided the marked difference 1 g e
in reactivity and selectivity. ol
' L o N L, A2% 1555
T . ' . . . " PR N e Moy Rl
with little difference in the steric and electronic properties " H i ey
of the alkyne substituents .
T s TeERrly o Tz I
N s T B S
H W |
W ol FuEnly

A tethered alkene is sufficient to reinforce

" " f i “meseg Loleble L and Supsorting Informaiion, B = (0120 H=Cl L,
inherent regloselectlwtles. Pegossleciivity determined oy HL MME andfor G

Jamison, T. F. et al. JACS, 2004, 126, 15342.

»Tethered alkenes is affected by ligand-switchable directing effect. plausible mechanism

Tahle 1. Crupling Reactiars of Chim® |G- Tomes | Nehemc 2
. type | te A = WA —,
WFRCHD oH ZH Aldehyde FECATEE k3 * PR Ty
| e 1. B iR . M i [T R
oG e i Il T displaces L, ! R
fi I P Ba v M cis to C(A) and )
ER-E oL ADAR=E1 10EF - Ex the bound olefin. -
GR-rEs I T JAR-®J 11ER - Eu * A
rueckioat
eatry  cmene”  vondibivnst prucwcts AR drAY dr BY type I LU
1 H | WA, B =Wws 455 A_Idehyde . \\ Lo
B iH - En 1 ~5:05 .55 displaces olefin e, & \ 4
I 1Ll A5:F  S0:E0 1353 stereospecifically. PRk o L
4 B i AR »ben ~d60 —e e T el
[ - J— = I ’ - u 'l L A " ".I H \
g tH-eBal 1L ~ 505 AR S \
i 11 PrS FETH Y R oV Fores '
E dac i & el ow s S emplayal wolns sz ol wichinne, LR T t){[!el” (O g et ‘:
110 mel D £ 200 el %5 reaczion cocedifions 1 PCwme (20 el . ) St ]
B Tl seachineas | — PRy vl i) ¢ BResed o scansd - el 2 eq' Of phosphlnes *
* Damernined by 11 MBI are bound to Ni, - n
. and aldehyde AT
Jamison, T. F. et al. OL, 2006, 8, 7598. displaces one of them. P,
T
WIS B
Don't atom at propargy! position play a key role olefin PCys;
in the mode of diastereoinduction?? =the most weak  =more strong

bound ligand bound ligand



>0 and C at propargyl position have similar effect.

One possible explanation

Scheme 5
| L 1 aH Ef'_ Oxygen in the etheral tether was binding
'-T-u.ﬁ' el NS o B to the aldehyde via the boron??
£ Fi b L: e Mo j_{*{‘_\“
13 17 H e B N __-_'_.'_" directing the aldehyde to the top face

-

... But the effect is measurable different.

»The influence of the chiral center in the tether is minimal.

Table 2. Coupling Reactions of Chiral, Ensoricierically
Fnriched | R-Frynes with Ferrocenyl-Containing Phosphings

HRMGHGD Nifodyp {10 mal %,
Ngand (20 mal %)
+ ™ — 104 + 10B
\\1/@""\-\., éf,’ -tG
B wero
Aq?_ ,-fp'n;'--F.: (F-18 Fi = farrocanyl
Lh J Ph
ligand ABS dr 1A (RIS E dr 10H8:
[H-TH AHAY AT 2HTE
[&1-1H AReAR HHRE fHn
FePPhy FREL L R4 AH:5E

* Based on isolated vields. * Conligumution of allylic aleeshol slersopenic
cenler. © Belatve stereschemnisiey nol delermined.

mechanistic study 2: kinetic

mch pathway the reductive coupling proceed ??
Scheme 1. Nickel-Catalyzed Aldelivde—Allyne Couplings
0 IT . 1
mifm), 1 M ) M
H’JJ“W . L,, Uﬁ..’:’ I\\f,'?f: — 0 l}:\_.|l~3
+ R P
A HiR AT 1 R
A Et35iH
or EtsB
N TH
MO 3—’2_Hu ZnR*% or MO \_{}—H-"
CpZrCIR!
ELN T Rl RE

3, M = ZnA%, Zroich; 2, M = 5ty or BEY

due to the conformation of the ring chelate

Jamison, T. F. et al. tetrahedron, 2006, 62, 7598.

enearly equimolar amounts of regioisomers
=via a type Ill mechanistic pathway

emodest diastereoinduction
in both the R and S phosphine ligands cases
=no influence of the enyne stereocenters
on the diastereoselectivity

conclusion

Phosphine is bound to Ni
during the C-C bond-forming step

Scheme 2. Mechanisms Initiated by Oxidative Addition to
Ft,SiH
RO
. H
. siete 2 M e .
E1,SiH Mo, L L,,Ni: B Rt ElSi J i
H 1 B
4 3] 2a A
Vid: o
- SiEt
o AH R ey LD
El,Si0 —(}_{r'.u_,, o Ty o ElSIi0 Mz
G ] :)_{'- rR! Rt
5a M° W b pt g 5e
=&

Et,5iH E138

I_| L

0 LoH
Ll — FTd'.;E‘-I" [ !:.:'S||_1;|
Ry R
R!

H
|\' .j_ns
Mi t
" RE

7

H R .
5 R

Montgomery, J. et al. JACS, 2011, 133, 5728.



a rate study of the cyclization of a ynal by in situ IR monitoring

) a
O . H - R F
Ni(COD)5 (10 mol %) _ = 1 =2
Ph ¥ : 3
iLH/Ph + EiSH  POys(20moi %) S g E a,-f"f 2t ﬁ,f“f
7z THF (0.1 M), rt z+4 r” 24 -
8 (1.0equiv) (2.0 equiv) 9 (86%) =, z,
0ol 00d G0E @9 0.8 nel 0ad 0@ 0
ynal: first-order dependence [E] (W MHICDDIZ] (W)
 Ni(COD),: first-order dependence ___ z
Et3$!|f| . ___ zeroth-order dependence _ . =
Bel 1,
a kinetic isotope ,t'affect study & a crossover-labeling study % 4
0 . . H/D n
.‘ Ni(COD)z (10 mol %) gy i Pl 06 81 02 03 04 64
ikH/Ph + EtySIH/Et,SiD _POys (20 mol %) [ERISIH] M)
= (3.0 eduiv each) ~ THF (0.1 M), it
\ 1' Fure L. I:Iebrrur.al'_:lr cl .-\_‘l"'l.c order of rezchion components. ._.OF
. \ 9, H/D = 50:50
8(1.0 equw) . "KIE ‘I ||| Al saglirrr ool ail bl s i sale '{I LT || 1|I [RIITEFE
' ___2_1_09 Wi PG e rale -||||_"H.|_l: I::ll:l__zl Ml I." il
Y anlen dopreadence o7 il.-|| asddim v v Kl SiH L Hepanla® calies

A II'h-III I"'|II Al AL L IIII'III LI \I""lllll.ll re

Ni(COD) (m mol %)
+ Et,SiD/Pr,SiH PCyg (220 mlx}/) tsslogph F‘rBSlogPh T BT HN T 1 st |.- desisivn D individeal roas,
3.0 equiv each _
(8.0 equiv each) ~ THF 1ML N c.f. PBus-promoted process originally reporeted

. 9,(R=H,5%) 10, (R=H,36%) Montaomery' n m
\‘R DSS%)\ (Fl= D, 4%) —See Montgomery's second syste

R \

eThese seem to be inconsistent with rate-determining oxidative addition of Ni(0) to the Si-H bond (Scheme 2).
U
eFor a mechanism involving the production of nickel hydride 4 to be consistent with the kinetic order studies...

a fast reaction between a PCy; adduct of Ni(COD), with Et3SiH
a slow subsequent insertion step

Is it possible??

in situ IR monitoring ~a8[ EwEH =08 =Lz I
. Y NN 15 ‘,/ E / e = J‘- 1
a solution of Et3SiH Ni(COD),/PCy3 T E 5
——————————————————————————————————————————— I P T
+ no consumption or change of the Si-H stretch . W93 Y 0.3 T
__________________________________________ . P T o o LHE
« e . . . nn |
oThis is |n.con3|s.tent with format|on of 4(Scheme 2), 1410 7200 3000 1=aa 400 Pon 0D 3SOD
but consitent with formation of 5 or 6 (Scheme 2). i S Tivea {Raconcs)
U — —m3{ FAH+ ﬁ_fﬁ 5 19| EwsHimae
a solution of Et;SiH+aldehyde Ni(COD),/PC 3 A
3 y (COD)./PCys E ) AT s e
a solution of Et;SiH+alkyne #~ ™ Ni I ) 2 R S
3 Yy Ni(COD),/PCy3 8 o T ua
T T T T T T T T T L ke T ] R n] e s
' no consumption or change of the Si-H stretch . . g LT Ty . e
"""" _"""_'"""_"'"'"_""""""" 1400 2200 EDOD BEDD 1400 I 2000 3300
eThese are inconsistent with formation of 5 or 6 (Scheme 2). Thoe |scceds] Tiina (eecanda)
Scheme 2 is ruled out! How about Scheme 1? Cigure 2, Laperimenss tracking silane depetozn, witk moeite=ng ot
silars [Lstrarck ok 2000 ez ) . bep debl B Sl D0 Daguee] 2 —;F
. . . . i, taen nomiskere ol N-.f_k."_" l_. IJ A sy SRS Iy D20 ey
in situ IR monltorlng b otep cigat] Tkl TL0 equeed wow ayervcicraol y .l.l:'
: ; NN aquaed ot =25 0 then fomoiers of MO0 Ly .1r.J
a SOIUt|On Of Et3SIH+ena| N|(COD)2/PCy3 Hea | | | I:. st n rl ki H I [ N T .-||.|| 1Y .,I
Steady dep|etI0n Of SI R ] vl 5O e s b il ""'\l Ml 'll | [RIFtH |
iy :L".lll'l_llir.l. | |:|-I..||' bll milH T | i f
B I\.:I.-I ".:'u:lC__Il'- (R '.|r.|||""\-\.| [ :I || ||| el 'I:_':.--_
HE R F R RTIo

Conclusion
All experiments support the nickelacycle mechanism (Scheme1).




mechanistic study 3: a detailed computational study
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appendix: free-energy for the full catalytic cycle
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Figure 51, Freo cnergy surtnce of the Milt-caralvzed reductive coupling of acervlone and acesaldebydz.



2. Akene-Aldehyde Non-Reductive Coupling Reaction

from alkyne to alkene

reductive non-reductive
more easily prepared
alkyne > alkene
(numoreous olefins commerically avilable &

abound synthetic methods for them)

have potential to eliminate compatibility issues _ .
with reducing agents > without reducing agents

Non-reductive have some merits, but both aldehydes and alkenes are intrinsically unreactive toward each other.

—See reductive coupling

i ?
How can these components are activated': of 1,3- and 1,6-enynes

carbonyl-ene reactions catalyzed by transition-metal complexes as Lewis acids

H 0 - N OH
N JL chiral Lewis acid ”\/,\
. H R R

L

»Transition-metal-catalyzed intermolecular coupling reactions of alkenes remained elusive.

»Historically, the most direct method for intermolecular couplings of unactivated alkenes and aldehydes is
carbonyl-ene reaction, and late transition-metal complexes (cationic Lewis acid complexes) catalyze it.

a pioneer woek (chiral Pd(ll)complexes) a Ni(ll) catalyst system showing excellent ee
Fable 3. Branueaclocass Gleasvlale-Boe Reaclens wilh (8] ) 0
L '-:;whﬁ:wd ﬂ:ld Trisubotitirted (lefin R_:,JL_‘W_.H L LE-Ni(BF )z 8H20 (1-5 mol%) Ri,—'u\jwaz
i *”\W'CEL 10 Mk 2h 0 : CH,CICH,CI, 60°C OH
gt P CHaCICHClsane 1 2 3 I
= WE b B A Ro=Anyl Al ete - Re=And Al upto 99?; ;ﬁ? g:-s:vsa% ee
3 1 e ey
R2*NCOH, - n'-IL“-’J'“]-fDE‘ Dﬁ“@@%o
2b = *(P’Pd‘uccug' 2); o 'Pr, N‘H,O OIH,N iPr
X = SbF «(P = (5)-Tol-BINAP A5 G—fpr fpr@
L6
crily : .5 - dinserepmer
yizld (G)" pe (50 ratio
= . ) Feng, X. M. et al. JACS, 2008, 130, 15770.
"*H.-‘“.:b;;_,_ Lk R&
. onJ*% " . ©excellent enantioselectivity
©a wide range of "simple" alkenes
: \:l w3 sw (1,1-disubstituted and trisubstituted olefins)
= ' ®limited scope of electrophile
. [l N & - (few aromatic or sterically demanding aldehyde)

LRI i U
0
5 o L] o 541

A lzalired pield. el sl Doy shiinal G307 o O plarlin o eHa
1AM 08 celuom, T AT moom lemapessiune,

Mikami, K. et al. OL, 2000, 2, 34059.

Develop a reaction with features
not amenable to exisiting carbonyl-ene methodorog!

-the ability to transform less activated alkenes
-enhanced and complementary electrophile scope
-the option to produce allylic alcohol in addition to
homollylic product



Jamison's unique system
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Jamison, T. F. et al. JACS, 2006, 128, 11513.

oSimple aromatic aldehydes
react efficiently.

¢0-Substitution don't deter
the reaction.

eEnolizable aldehydes
generally are not appropriate
(but some are tolerated

as in entry 14).

eHeteroaromatic aldehyde
are tolerated!

oE-rich aromatic aldehydes
are more efficient substrates
than e-poor ones.

. ®Some common sily! triflates
‘can be used.

Byproducts(resulting from a pinacol coupling)
are observed only in these enetries.

How about regioselectivity, if substituted olefins are used??

Ni{cod),
Ligand
TESOTH

0 OSiEty OSiEts

n-hex X + @J\ H

n-hex 4 mpents

Et;N
Toluene
n

allylic product (2b")  homoallylic product (2b)

Two distinct types of coupling products are typically observed.

How can the ration of them be controlled?

What occured??




ligand effect
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substrate scope (H)
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poposed reaction mechanism based on some observations and in analogy to the Heck reaction

scheme 1 nickel-hydride pathway
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oxanickelacycle model (in more detail)
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From the entirely difference of both substrate scopes of alkenes and aldehydes,
the direct precursor to the oxanickelacycle is a Ni(0) species, not a cationic Ni(ll) Lewis acid species.

3. Summary

Jmaison's non-reductive pocess, different from carbonyl-ene reactions of reductive processes,
conceptually serve alkenes as substituteds for both allylmetal and alkenylmetal reagents.
This system affords two type products with high selcetivity in either direction

Nickel-Catalyzed Alkyne-Aldehyde Coupling Reactions (Reductive):
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Nickel-Catalyzed Alkene-Aldehyde Coupling Reactions (Non-Reductive):
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