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Regioselective Reductive Cross-Coupling Reaction
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0. Introduction

Homo-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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difficulty in control of reactivity and regioselectivity

!

Micalizio's strategy
Ti-mediated alkoxide directed reductive cross coupling

f [Ar]3d24s2 :
E-oxidation states : +4, +3 or +2 E
\*coordiantion : 4-coordinated complex, 5 and 6 |
E-bond energy : Ti-F > Ti-O > Ti-Cl > Ti-N > Ti-C (Ti-C <Zr-C)E
'polarized Ti-C, cationic Ti :
\sreactivity of RTiL, is affected by the ligand at Ti |

Yukikinzokuhannouzai -handbook , Kagakudouzin (P. 93)
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Why did Micalizio focus attention on Ti-mediated strategy?
1. The ability of Ti alkoxide to undergo rapid and reversible ligand exchange.

paste

mechanism of katsuki sharpless epoxidation in
Strategic Applications of Named Reactions in Organic Chemistry (Kagakudouzin)

Sharpless et. al. J. Am. Chem. Soc. 1991, 113, 106.
Katuski T. et. al. Org. React. 1996 ,48, 1.

2. Cp,Ti-m complex are known to participate reductive cross coupling.

—_ - z

T~ (21)

- a2 - -——

Cp'2TiCly +

[Cp'aTila(u-Ng) + ||

Me—== Me / MeCHO‘ \\coz

Me

___Me 0-_Me 00
Cp2Ti Cp‘zTi/\j Cr 2T'\j

70% 31% 80%

Bercaw et. al. J. Am. Chem. Soc. 1983, 105, 1136.
Sato. et. al Chem. Rev. 2000, 100, 2835

3. Ti alkoxide could be employed to acess similar reactivity seen with Cp,Ti-r comples (Kulinkovich, Sato)

RCOR —————————— oo .
f 'R__OTi(OR"); w+ ROH
" e 28
Ti(O-i-P1)q ;ﬁ : X @8
+ J CTi-iPrp - ~77
2 EtMgBr ﬂ

CoHg
Kulinkovich et. al. Zh. Org. Khim. 1989, 25, 2244.
R R metal-mediated .R
\ + /x reductive cross-coupling /\)x\
R R RS R
R
[b] [b]
reagent quantity required 2] Cost Qost
(Strem - 2008) (Aldrich - 2009)
Stoichiometric Ti(OiPr),: 1 mol $18 $18
10 mol-% Ni(COD),: 0.1 mol $591 $633
5 mol-% [Rh(COD),]OTf: 0.05 mol $4,391 $3,337
5 mol-% [Ir(COD),]BARF: 0.05 mol $6,465 -
5 mol-% Ru(O2CCF3),(CO)(PPhj),: 0.05 mol $11,612 -

[a] Quantitiy is based on typical procedures reported in the literature for representative reductive cross-coupling reactions
[b] Cost depicted does not include additional required reagents. In the case of Ti-mediated processes, 2 equiv. of iPrMgCl
is typically employed (cost on this scale is $184). For the catalytic processes depicted, the cost of additional ligands is not

included in this analysis.

the cost of stoichiometric Ti(OiPr), is significantly less than known catalytic systems based on Ni, Rh, Ir or Ru.
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(see the Supporting Information for details) “Compound 39 i not the
major somer from this coupling reaction. “CIT¥04-Pr)s, o CsHMgCl,
=78 © =30 °C, then —78 °C and addition of rminal alkyne.

+O-protected alkyne gave products with moderate rr.

3/16




TABLE 2. Highly Regiosdective Alkoxide Directed Reductive Cross-
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complex in the transition state for carbometalation and proposed Ma Mo No Mo Mo Me
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i-PrO, QiPr iPrQ, OFPr ! functionali mtion of the internal alkyne (A /B) determined by "H NMR
AT\ Rg T, _R ! of the product mixture afier a simple filtration cohumn (see the Support.
\ / ' g Information for details) In a few s, ohservable qua ntities of the
R{ ! minor regicsomer “C™ {as defined in Table |) were observed (entryd ~
minor major i 12, entry 6 = &L entry 7 = 17:1)

Figure 1. Background to the control of regioselection in group 4 metal-
mediated coupling reactions of internal alkynes with terminal alkynes.

Substrate scope is limited based on
factors influencing reactivity and resioselectivity. J””Ti (OP)
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Figure 2. Directed carbometalation reaction for 1 3-diene synthesis.
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Figure 3. Presence of the tethered alkoxide and the length of the tether
influence reactivity as well as regioselectivity.

the tetherd alkoxide plays a central role
in determing regio selection.
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1.2 Alkyne with Alkene Micalizio et. al. Angew Chem. 2007. 119, 1462.
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Table 1: Examples of the regioselective carbometalation reactions. . R 64% X

nBuli, toluene, =78 °C

OH then » OH R? b T (R =1:MB)
£ iPrO, OiPr 3
WR ‘-n f xR a) nBuli, toluene, -78 °C, then ’P'QTQ'Pr
1 z o E ©Z 19
R* R A\ R'R" R PMBO_ /=\  oPuB
R R
then, H* -7810-30 °C
Entry Unsaturated First Yield Major regioisomer® Bnok/i"ok/\el“?\/t 5 starting
alcohol 7 electrophile®  [% = = _78 1030 °c Material
P [%] e 20, L or 21 ~T8030°C ary,
OH — OH OPMB
N S OPMB Scheme 3. Intermolecular alkoxide-directed coupling of substituted
| OR RO ) olefins and alkynes. PMB = para-methoxybenzyl.
1 R=Me,22 R=PMB,25 56
2 R=Bn, 23 50
3 R=TMS, 24 63
OH
N Ph—=——Ph
4 Me 58
22 29
OH
OPMB
5 25 58
31

Micalizio et. al. J. Am. Chem. Soc. 2007, 129, 15112.

allylic alcohol case —F =
OH OPMB
O = -
65%
PMBO OPMB
PMBO

alkyne (1.0 equiv), CITi(Oi-Pr);, PhMe, CsHgMgCl, -78 to -35 °C, N g
then recool to -78 °C add Li-alkoxide of allylic alcohol (1.0 equiv) + via formal [3,3]-rearrangement route

(-78 to 0 °C).

5/16



<Blank Space>

6/16



1.3 Allen
1.3.1 allene+ alkyne

Micalizio et. al. Chem. Commun. 2007, 4531.

oLi* )Rz iPrO, Oi-Pr OH OPMB OPMB
» (o 'EI . .%
R2 R4 RS + — —_— OPMB
RS Me PMBO
. F}ij\,_//_xro R . 74%
i % .
R?_"éi_er? alkyne (1.4 eq.), Ti(O*-Pr)4 (2.1 eq.), c-C5sHgMgCI (4.2 eq.),
B PhMe (-78 °C to -30 °C), cool to -78 °C then add allenyl
o = alkoxide (1 eq.), (-78 °C to 0 °C).
. RITNZ ~R°|  not
R? R®
3

Fig. 2 Proposed pathway for site- and stereoselective bimolecular
coupling of allenes and alkynes.

HO ., R3\N titanium-mediated KN 1.3.2 allene+ imine  Micalizio et. al. Synlett, 2008, 735.
)l == q:kgz n N
R‘ H N i Pr r\
1 2 3 /I I NH
+ Cl —Cl
. JOHPhn (FPIO), R3 v | S
\"T'\N/F‘3 T\l/\N%R2 iP
gy r
o =1 63%, E/Z = >20:1
R! R2 I
4 . R!

Typical reaction conditions: imine (1.0 equiv), CITi(Oi-Pr)5
(1.25 equiv), c-CsHgMgCl (2.5 equiv), Et,0 (-78 °C to -40
°C), then add allenyl alkoxide (3-4 equiv, -40 °C to 0 °C).

directed carbometalation

C formal metallo-{3,3]
then syn elimination

rearrangement

Scheme 2 Plan for allene-imine cross-coupling

Micalizio et. al. Tetrahedron 2008, 68, 3437.

OPMB

0
N Y i
rR2 R R® R 2 OH
9 7 A R 8
PN OPMB

directed formal metallo- OPMB 14
carbometalation [3,3]-rearangement a
HO L~ * |l e & @31
¢ L ¢ 53% OPMB
OPMB
o 1 g3
OH R R* K ” 12 13 N N\ OPMB
MR )r\/
R' R? R2 15
10° 11° a = alkyne (1.0 equiv), CITi(Oi-Pr); (2.0 equiv), c-C5HgMgCl (4.0 equiv), PhMe
a = formation of a titanium—alkyne complex followed by introduction of the (=780 —30 °C), cool to 78 °C, then add lithium alkoxide of allene (0.7 equiv)

allenic alkoxide.
b = obtained after aqueous work up.

Scheme 3. A titanium-mediated, alkoxide-directed allene—alkyne cross-coup-

R (0P, OPMB OPMB
] 1 1
el || § Ho, §
Hf = N OPMB X OPMB
M]
H c 15;R"=H

«

OKT,(om),,
IS R?
R‘g;_/z,

R?

D E

'(Of-Pr)“

>RT\0
f

H

Figure 1. Possible origins of the cross-conjugated triene product 15.

(-78 100 °C).

Scheme 4. A stereodefined 1,4-diene and cross-conjugated triene from an
alkoxide-directed allene—alkyne coupling.

OPMB OPMB

Me
BAG S
X

74%
OPMB

OH

XN OPMB

16 13 17

a =alkyne (1.4 equiv), CITi(O/-Pr), (2.1 equiv), c-C5H MgCI (4.3 equiv), PhMe
(-78 to —30 °C), cool to —78 °C, then add lithium alkoxide of allene (1 equiv)
(-78 0 0°C).

Scheme 5. Cross-coupling of 1,1-disubstituted allenes with internal alkynes
proceeds with high levels of site-selectivity.
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R! R® fitanium-mediated |
_— = R?
HO\A. v cross-coupling M

X R? R!
53 54 55
RZ
e W /R3 ttanium-mediated_ . _I_R®
—
11 R? 7z cross-coupling |
R'""H
56 54 57

Scheme 12. Allene—alkyne cross-coupling for the synthesis of 1,4-dienes or
cross-conjugated trienes.

t
R _Me(OHP),

-— 22| T~
1,4-diene -— vs. Y R&P _— aoss:;r:tejgated
Me G
non-bonded steric
interaction

Figure 3. Competition between directed carbometalation and formal metallo-[3,3] rearrangement with trisubstituted allenes.

OPMB
PN OPMB

OPMB OH Me 27
~ — + OPMB @)

64%
HO Me OPMB
Me N OPME
26 13 Z
HO 28

a = alkyne (1.4 equiv), CITi(Oi-Pr), (2.1 equiv), c-CsHgMgCl (4.2 equiv), PhMe
(—78 to —30 °C), cool to —78 °C, then add lithium alkoxide of allene (1 equiv)

(-78 10 0 °C).
0 R
Me 7i2 (O R
oA\ e o
. N7V R OH Me
M- M
? ¢ dilectes N E,E-1,4-diene
3 + | | — carbometalation
x
R [ oM Oi-P ]
Me ( j Dn R
26 13 JTi, Me = S~ UR
% R e
S \z\ HO
i R
non—dg;c,;eﬁd&' Z E-1,4-diene

Figure 2. Competition between directed and non-directed carbometalation.
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1.4. Imine
(Micalizio et.al. Angew. Chem. Int. Ed. 2007, 46, 391.)

Table 1: Stereoselective synthesis of unsaturated 1,5-amino alcohols

(o} 2
2 1 ,OiPr R
NR cross-coupling Ti. R H* NH OH
R’JLH with alkyne R’ =
R® R R?
Entry Imine  Unsaturated alkoxide Yield [%] Major regioisomer
nPr ) nPr.
N’ o’ NH OH
P Me — )W
1 P TH 65 PR NP
8 Me
7 9
ou g OH
R%/_ Ph)\(/\)
R
2 7 10: R=Et 60 TE R=E
3 7 12: R=iPr 53 13: R=iPr
4 7 14: R=TMS 55 15: R=TMS

[a] Reaction conditions: Ti(OiPr),, ¢CsHsMgCl, Et,0, —78 to —40°C, then
unsaturated alkoxide (—40to 0°C), quenched with sat. aqg NH,Cl. TMS=
trimethylsilyl.

aza-Pauson Khand-like annulation reaction for the
synthesis of tetrasubstituted y-lactams

Table 2: Stereoselective synthesis of tetrasubstituted «,p-unsaturated

y-lactams ®
Bn Pro, O g o
N" cross-coupling Bn\N'T' CcO, Bn~y
I — / — /
R "H  with alkyne - 2 Ri R?
Entry Imine Unsaturated alkox- Yield [%] Major regioisomer
ide
N8P 0 OH
ot Bn-
Ph)LH Ré/_ N J
16 P R
1 16 8; R=Me 66 17; R=Me
2 16 10; R=Et 61 18; R=Et
3 16 12; R=iPr 64 19; R=iPr
0 OH
o o Li* Bn\N
4 16 HS—=— 49 f
14 PH ™S
20
0 OH
N‘Bn Bn~
H —~oLit N /
5 Mem= 55 H Me
Me 8 Me
21 22
dr. =41

: N,Bn (o] OH
ln o e P AL, on] e W e OV . Bn\hﬁ/f
. R‘-N'T' H,O J\/ \) : 12 m-BrCH Pr
\kﬁz e ) ol s | B 23 2
i\ RZ ; . N.Bn o OH
4 ! o
ol 1 oL Bn«
4\)"1 - L7 “T o= 59 N)ﬁ///
> \) o 1 : Br x 10 p-BrCgH, Et
tm_0 Lo T RSN oH ! 25 26
SV Al WO VLN I R I I
N R ' [a] Reaction conditions: Ti(OiPr),, ¢CsHsMgCl, PhMe, —78 to —30°C, then
RZ\\ R? 17 ' unsaturated alkoxide (—30 to 0°C), then CO, (20 psi) 90°C, 48 h. Bn=
15 16 ' benzyl.
Fig. 4 Potential equilibria for alkene exchange. L o o ...
A. General reaction scheme:
A+ B — AB mx N8 |AD products resulling
= from fragmentation
cC + D — C-D c-D | C-B and recombination
B. Study performed:
Bn Q L, A-B| A-D o
OH N a Ti. _Bn Hzo D, Dy C. LAMS of crude reaction mixture:
ot I N (h-Quench with H,0 (I)-Quench with D,O
= H H { c-D| C-B
CeHs 2777 2787
D D
CeHs ) 7 2
"18. .20. - 22 - mix 2707 &
(A" (8" D 0°Cfor6h Rt D; M+H
DL o b+
Bn 0L A-B| A-D
OH ~ \ bn
N a Ti D D
D\ + _lL — l'N"B" 1 (]
DM H™ “CgDs \ 00 c-D c-8 1.6 o
CuD Dy D, J
19 21 23 “eUs T
('C") (D% observed products —— 2

not observed

215
Mass of potential products (Ms+H): Dg=270.2, D, = 271.2, D, = 272.2, D; = 273.2,

Dy = 275.2, Dy = 276.2, D, = 277.2, Dy = 278.2

“Reaction conditions: Imine (1 equiv), Ti{O~Pr)4, c-CsHyMgCl, Et,O (-78 to —40 °C),

then add Li-alkoxide of homoallylic alcohol (1.5 equiv) (=40 to 0 °C).

l

| carbometalation process is irreversible. |
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Toward complex molecule

Micalizio et. al. J. Am. Chem .Soc. 2008, 130, 16870
CITi(OFPr)3

a,b Ph/\/Y\/\OH OLI/ . Wms ¢CgHgMgCl| « R
Claisen-based Me ph/\)\/\n —_— Ph/V\)\/\TMS
oH pathway 24 (EZ220:1) E40 (7810 0 °C)
ca. 50% : 1,A=H 2 then HCI{1N) 3:R=H;66% (EZ=1:1)
Ph stersodivergent 4;R=Me 5. R = Me; 58% (E-Z= 1:1)
Me reactions OLi Me
10 c.d Ph /\/l\% . as above /M’)\
58% N OH Ph R * Ph ™S
reductive cross-coupling Me 6:R=H 7.R=H 64% (EZ=9:1)
with chiorodimethylvinylsilane 25 8 R =Me 9. R= 69% (E:Z=20:1)
(Z:E =20:1) oul
as above A N
Figure 5. A stereochemically complementary process with respect to the WW\R + 2 — x ™S
Claisen rearrangement. Reaction conditions: (a) Johnson o-ester Claisen I’M e“ Me
rearrangement; (b) reduction;? (c) 20, CITi(Oi-Pr)s, c-CsHoMgCl, ELyO (—78 N
to —50 °C), then cool to —78 °C and add lithium alkoxide of 10 (—78 to }g : - ue :; : - HM;?OBZ;, i (éi_ - %%11 ))

0 °C) then, HCI (1 N) (75%, Z/E = 20:1); (d) -BuOOH, CsOH-H20, TBAF,
DMF, 70 °C.

a) MeC(MgBr)CH, , MeC(OMe)s, EtCOOH (cat), reflux

Figure 3. Preliminary study of stereoselection in reductive cross-coupling
of allylic alcohols with vinylsilanes.

Table 1 control by minimization of A-1,2 strain:
(-PrO), [si| [isily, g© R?
OH Tl
mdm - R’W(m age o il } ~0 MW
"‘J\I/\n’ * \/ms CIOSS coupnng Wms R! o ~r ed L i R'
R? minor product H o, & R? ) cf
entry allylic alcohol  vinylsilane ¥, (% ) (ZE) dr product

*This empirical model does not yet address the number of

[,W — LYI(\/\ ligands presenton the metal center in the transition state.

*Others have suggested ate complexes as reactive
intermediates in the Kulinkovich reaction.

2% MeO \
\©\)\( 71 22001 - - .
Q\/\Am o  pranger th (0P,

)k + Ti(O'Pr),4 1)
Reaction conditions: (a) a-BuLi (1 equiv), vinylsilane (3 equiv), R OR
CITi(Oi-Pr); (3 equiv), CsHoMgCl (6 equiv) (—78 to 0°C), then HCI (1 )J\
N); (b) n-BuLi (2 equiv), vinylsilane (3 equiv), CITi(Oi-Pr); (3 equiv), R™ OR
CsHoMgCl (6 equiv) (—78 to 0°C), then HCI (1 N). octahedral ate complex

(Micalizio et.al. J. Am. Chem. Soc. 2009, 48, 3648.) . ___Kulinkovich et. al. Eur. J. Org. Chem. 2007, 2121.

Table 1. Initial Exploration of the Chemoselective Coupling Reaction

Our strategy: oMe ( OMe
T™S "
—_—
+ JNL ally! transfer g\)\R’ 91)\(\32 + )L ngcr 2 o
OH c-
Wl R" 4 ™S ol b o R' R?
™S (n= 1 or2) R!
H’ catiom:c " .N x entry alylicsilane  yield (%) EZ  dr major product?
N\,\ annulation ~“R3 HO HO HN'Bn
RZ 4 1 75 - -
™S ks Ph
e
Figure 2. Indolizidine and quinolizidine synthesis via (top) chemoselective 6 ™S 70
allyl transfer followed by (bottom) cationic annulation.
HO ™S .Bn
: i : 2 70 201 - '
OMe OMe SH - zZ Ph
OMe 4 OMe N s TMS Me o
(5) — TMS — H HO T™MS .Bn
N 55% NH o wf™* g 3 Me 70 - = HN
H)'\@,"‘ =z _ Me et o Ph
Me Me 10 TMS i
26 27 28
(E:Z220:1) (dr 2 20:1) HO ™S NB"
4 51 201 201
. . o . Me” 7 "Me 2
(d) Imine (2.0 equiv), Ti(O-Pr)4 (3.0 equiv), Y Ph
c-CsHgMgCl (6.0 equiv), 8 (1 equiv), Et,O. oy -
(b) HClI(aq), THF. a Reaction conditions: 5 (1 equiv), Ti(Oi-Pr); (1.5 equiv), c-CsHsMgCl

(3.0 equiv), allylic alkoxide (1.5 equiv), Et;0, —78 °C to rt. b The desired

homomoallylic amine product was isolated in 18% yield. “ The relative

stereochemistry of 13 was assigned by analogy to previous examples.®
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R? d
— R®
R2" Stereose lective
N | R >
R! J Ti-mediated
1 A 2 ge  cross-coupling
1,4-cycloheptadiene
b 7 8 9
H,, _Me I
A H 1
</ S a(H —_— Stereospecific E
" = N I fragmentation |
H' +
Me
3 B 4
Acydiic 1,4-diene R!
R3 I (l:l)
i 2.
I v | R MR
——— Rl \ Stereodefined I i
/ 1.4-diene R¢
R!
5 6 1" 10
sp'l stereochemistry
derived from the cyclopropane
A J

: N Sl'a
o ) N R
THmediaied coupling - - Rs\, A
fragmentation e = OH
=% 1 custnocs R
Vinylcyclopropane  Presumed metallacydic  Yield (%)" (EZ)* drt Product®
intermediate*
n B -
. 58 201 - P
2o (82% brsm)
Ti~orpr
AN !
L c i
[ w ":' I 54 201 - f)/\/ ~on
H’ . 'n:o;pf
H ey 24"
L D J
i . ] . N A
%[_L,O 50 201 N gl
H Ti~okpr
H ~/\[sq 257

W 61 101 - )\/\) o

g Ti~okpr
./\lsq 28!
L E i
Mo on [ n" 1 s 201 200 TS
nPr —0 :
- | Toaorer AN 0w
oPMa /‘\ls'l
21 b— ~ 4 "

1)Reaction conditions for cross-coupling: vinylsilane, CITi(Oi-Pr)3, c-CsHgMgCl, Et,O (-78 to -50 °C), then add lithium alkoxide of
vinylcyclopropane(—70 °C to roomtemperature over 3 h). [Dxidation conditions: TBHP, H,O, CsOH.H,O, TBAF, DMF, 70 °C.

2)Oxidation conditions: KF, KHCO3, H,O,, MeOH, THF. CH,Cl,, Sm[Hg], THF, (85%, dr= 20:1). PDC, 4-A molecular sieves,
CH.Cl, (91%), then L-Selectride, THF (76% of desired isomer, dr=6:1).
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OH
e - w
+ —_—
™ = X - TMS
OTBS 249,

(82% brsm) H
a5 36

(1

/

T™MS c-e

2 oTBS

5
|

57%

30 35

H H
— OTBS
T™S As above
(3) . < 2 e
/—/ "OH 53%

30

VA
)

T™MS As above

) oTBS

|

57%

35 4

(a)CITi(Oi-Pr)3, c-C5HgMgCl, 35 (-78 to 30 °C), PhMe, then lithium alkoxide of 34 in Et,O (-70 °C to room
temperature over 3 h)

(b)TBAF, THF

(c)CITi(Oi-Pr)s, c-C5H9MgCI, alkyne (-78 to -30 °C), PhMe, then lithium alkoxide of the vinylcyclopropane in Et,O
(-70 °C to room temperature over 3 h);

(d) HF.pyr, CH3CN, CH,Cly;

(e) PDC, DMF, H20.

Yields reported are over the three-step sequence (c-e) and are adjusted based on the quantity of recovered

starting material (vinylcyclopropane). Isolated yields for each reaction sequence are 38% (equation (2)), 36%

(equation (3)) and 23% (equation (4)) over the three-step process (corresponding to average yields of 60-70% per

step).

total synthesis

Micalizio et. al. J. Am. Chem. Soc. 2009, 131, 1392. Micalizio et. al. Angew. Chem. Int. Ed. 2008, 47, 4005.

OH Me Me Me

Phorbasin C Macbecin |
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2. Mechanism of Ni-catalyzed reductive cross coupling reaction

Ni-catalyzed

(16) (o] coupling OH OH
| | + JL e R\/\)\R AT R
H” "R , J. Montgomery et. al.
e
R

Me J. Am. Chem. Soc. 2007, 129, 9568.
up to 6:1
R
- A"025~N lrthua)II‘i/:;d HN,SO;Ar HN .SOzAr
I HJLR - R\/\'AR * MY R J. Krische et. al.
Mo Me J. Am. Chem. Soc. 2007, 129, 8432.
1:10 8
Alkene-directed:
CsHi o N:-calalllyzed < OH
18 . coupling P
ae /\,x/ HJLR z \/\(\R F. Jamison, et. al.
Z CsHyy  J. Am. Chem. Soc. 2004, 126, 15342.
X = CH,, O, NBn, NTs rs =955

Figure 7. Examples of regioselective reductive cross-coupling reac-
tions of alkynes with carbonyl electrophiles where TMS-substitu-
tion or m-conjugation do not play a role in selectivity.

Ni(0) catalyst
o) H*/H,0 OBEt,

Ri——R, + S + BEtg > R /\H\R
1 3

Jamison and Houk et. al. J. Am. Chem. Soc. 2009, 131, 6654

((a) oxidative cyclization of alkyne and aldehyde to form a metallacycle intermediate, followed by
transmetalation of the reductant and subsequent reductive elimination of the product

(b) a similar mechanism but with the metal bonded to the reductant in the oxidative cyclization

(c) oxidative addition of the reductant to the metal and subsequent insertion of the two = components

(d) oxidative addition to one = component (alkyne or aldehyde) and subsequent insertion of the second
. component.

BMe; d) MesR BMe; MesR

b)
PMes  xot=532 T 7 AGH=337 Ni—Me
__Ni_ _0 — NI\ ’I \ —_—
\\Waaw TS4 o JAY TS6 &
{ \ BMe;
1p Me 13 Me 16 17
AG =234 AG=138 AG=217 AG=26.4
c) PMe; PMe Me;R  BMe; MesR
1. cannot locate Th 3 \Ni/ AGF=408 Ni—Me
Mesp” NBE, TS5 Mesp n Et o Me
? " Be, M o 87 O-BMe,
14 15 18 19
AG =315 canhnot locate AG=328 AG =248
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oxidative

TS1-A
Path A

L BEts R4 \ N|~ .0 -BEty
e \'N'XO N

L_ cyclization

L
i Ni_
Ni R4 --BEt;
Ri 0 >\ \ Je
\
R Rj oxidative
6 cy_:_:léz1at|Bon transmetalation
(alkyl mlgratlon)
L

—BHEt
- O 2
N\ “Ni — Pathg R 1 \S_<
o 5 R2 H R3 7
. P H»\Rs ethylene
OBEt, * I
B-hydrogen
Ry Rs elimination and
R» reductive
—N . elimination
11 R, j\ ' TS3
\ * H Ry R, OBEt2
2 10 Rs
Ro
1

orbital interactions
in TS1-A

PMe3

PMe3

7 L T81-8
22.4 kealimol
b) o
200 19
] « R
5 L T81-A'f L
4.0 kealmol 35.5 kealmol 112 kea

Figure 2. (a) Alternative pathway of alkyne—aldehyde oxidative cycliza-
tion: borane coordination to the aldehyde oxygen. Bond lengths in A.
Energies relative to 3. Hydrogens in BEL; have been omitted. (b) Oxidative
cyclization of ethylene and acetaldehyde. Bond lengths in A. Energies
relative to the catalyst resting state, alkene(bisphosphane)nickel(0) complex
3.
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!

AG (AH) L, Ni(0) catalyst

al/ N i s

(kcal/mol) PMe;, BEty
e

Figure S1. Free energy surface of the Ni1(0)-catalyzed reductive coupling of acetylene and acetaldehyde.

3. Summary and Perspective

Micalizio demonstrated new type of reductive cross coupling based on the Ti mediated alkoxide directed
strategy. This system is applicable to many type of reductive cross coupling and also Micalizio is also
successful in to complex molecule. Further if possible....

1) catalytic
2) mechanism - ligand number and effect on Ti (transition state )

LR "8

N
R1J"\kH epimetalation

R2
N &
AMl—|
e .- }/l —L, RX/\/kR‘

A‘ 2~ R c D

*~;*  potential

/ for ligand exchange

’ catalysis?
/

! R7
Lt 2 1 L
2 iy R‘)NH T; :'”
s . \

Lo gl = | R -R R’ o
R (\/ R R
R’ H |

G o -
A '
\ R‘2 '
\ /
formal N\M/L”" ’
metallo-[3,3] * }' ,

’
~0 y
rearrangement R’ )/_1\ o
W Rs/\)\R, o

F

Scheme 2. Reaction design.

(Micalizio et.al. Angew. Chem. Int. Ed. 2009, 48, 3648.) 15/16



4. Appendix

Jamison and Houk et. al. J. Am. Chem. Soc. 2010, 132, 2050.

-

~

& F"Me3 =% PM es
Ni '\l‘i OH
PMQ;; R R N,
B2 i Yiadie o
Rz
MesP_ _PMe Pathway A Rz Me Rz Me
s i away A st 3A 4A
R==—, 1 e PMes r pMe, 1 PM
5 2 e e H
Ni_ R, Ni
Pathway B | Rz !z) — "2 P e R “Me
Ry Me Ry  Me 1
- T$1-B -~ 3B 4B )
( Oxidative Addition TS Metallacycle Intermediate )
pathway A
1 4-attack to enyne
AG* = 19.8 keal/mol
AE, Henyne) = 19.0 keal/mol
pathway A’
1,2-attack to enyne
; KA -
AE‘_x(enyncj = 542 kcal'mol AG = 4.7 keal/mol
pathway B
1,2-attack to enyne
minor regio isomer
il
Ni
Hoet 7{,
. A
AG* = 32.5 keal/mol
AE_ Henyne) = 58.9 keal'mol

TS1k-C
AG* =23.9 keal'mol

TSIkC'
AG* = 40.7 keal/mol

TS1k-D
AG* = 46.2 keal/mol
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