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CAN WE POSSIBLY SYNTHESIZE THESE NATURAL
POLYOLEFINS BY THE ZIEGLER-NATTA POLYMERIZATION?

0 0
Oﬁ)\)\)\/’\)\/‘\)\)\rcwwﬂ'n 19 steps N
0 —2 70
HO \/VI\SEt 8% - SEt

O OH
QZC\rY\r\rY\r\rC16H33'” e Key reagents: MeMgBr, 1% Josiphos-CuBr
0O ® For a recent synthesis of phthioceranic acid (1), see:
-n

ter Horst, B.; Feringa, B. L.; Minnaard, A. J. OL, 2007, 9, 3013

O O _CygH
15M131
0SO5H \(r)l/
(@)
%HH HO,C CgH33™
OZC/'\/'\/'\)\)\)\/'\)\‘/CHHM'“ \‘/\‘/\r\r\‘/\r\r
OH phthioceranic acid (1)

Sulfolipid-] , a virulence factor
in Mycobacterium tuberculosis

Nature does It, but......



Zr-CATALYZED ENANTIOSELECTIVE
CARBOALUMINATION OF ALKENES (DISCOVERY)

R2
1) R%Al, Cat. (-)-(NMI),ZrCl
: 20172 R1/K,0H

1
RTS 2) O,
R? = Me, 68-92% vyield, 70-90% ee
2 _ -
(-)-(NMI),ZrCl,= R4 = Et, 56-90% yield, 85-95% ee
S, : a 21C R? = Higher primary alkyl groups, 74-85%
/é\ /N yield, 90-95% ee
Early Contributions Contributions by Others
« Kondakov, D. Y.; Negishi, E., 1995JACS10771, 1996JACS1577. s Erker, G. et al. 1993 JACS 4590
« Huo, S.; Negishi, E., 2001013253, « Wipf, P.; Ribe, S. 2000 OL 1713

* Huo, S.; Shi, J.; Negishi, E., 2002ACIE2141.



(-)- AND (+)-(NMI),ZrCl, CATALYSTS PREPARATION

+
TsClI, pyridine Li
97% > > \
THF, reflux
- OTs

OH
50%

(-)-Menthol (1R,2S,5R)

n-BuLi
THE \ ZrCl,(THF), :
s 3

toluene, -78 °C

\i\ ==‘
+ 0
Li @ 61%

2 equiv. (-)-(NM1),ZrCl,

(+)-(NMI),ZrCl, can be prepared similarly from (+)-menthol
Erker, G.; Aulbach, M.; Knickmeier, M.; Wingbermuhle, D.; Kruger, C.; Nolte, M.; Werner, S.

J. Am. Chem. Soc. 1993, 115, 4590.



Zr-CATALYZED ENANTIOSELECTIVE
CARBOALUMINATION OF ALKENES

Et,AL 2 "OCt 0]  n-Oct oH
> AEt —>
/ hexanes OH

o (o)
n-Oct~ .~ 3 (65% ,33% ee)
\ EtsAl, 2 0] Oct
3A n OCt);/\A|< X\OH
° CH2Cl, H Et H Et
© 7 (63% ,92% ee)
. > ZiCly
N

Kondakov, D. Y.; Negishi, E., JACS, 1996, 1577



WHAT CAN HAPPEN IN THE FOLLOWING REACTIONS?

?

R™X + R'-MX, + ClLZrCp,

Me H
H-Transfer R/& * R)\/MLm

Hydrometallation
E. Negishi and T. Yoshida
Tetrahedron 1980, 1501.

Acyclic

Bottom Line (No. 1): Avoid (i) H-transfer hydrometallation
(i) Polymerization 6
(iii) Cyclic carbozirconation



Comparison of the ZACA Reaction with the
Ziegler-Natta-Kaminsky Polymerization

Ziegler-Natta-Kaminsky
Polymerization

Feature

Degree of

polymerization (DP) > 1— ensemble of polymers

of various DP

Alkyl group to R'R2CHCH, except
be added in the very first step

) Tacticity (relative stereochemistry)
Stereochemistry

is critically important but not absolute
chemistry

Comparison of the ZACA Reaction with the
Zr-Catalyzed Carbometalation Proceeding via Cyclic Carbozirconation

Feature

Alkyl groups

Heteroatoms

Countercation

Mechanism




PROPOSED ACYCLIC FOUR-CENTER MECHANISM FOR
ZACA REACTION

C, symmetric

*
et SEEEEEREEERTEE VA T T N

MesAl + Zr R

e (/ .......... we Yol - o= R AN
associative R B B AIMe,Cl CIMeAlY

-
path " T RE
R* =

Note: C; vs. C, a non-issue



THREE PROTOCOLS FOR ENANTIOSELECTIVE
SYNTHESIS OF METHYL-SUBSTITUTED 1-ALKANOLS

cat ZrL’
| R1/\ + | Me+-AIR, J\/NRZ

Yields: Good to excellent
ee: 70-90%

Me
)A/OH
Me cat. ZrL",,
1__ .
I R'—AR; + \ J\/Ale )\/
Me
)*\(\/)/OH
m

Yields: Modest to good (need improvement)
ee: 85-95%

RoAl o
3
Il R'—AIR, + L\/ cat. Zr.,
n m=1,2, 3etc

Yields: Good to excellent
ee: 90-95%

Bottom Line (No. 2): (a) 3 discrete protocols are available.
(b) Minimize methylalumination.



SYNTHESIS OF 3-DIMETHYL-1-ALKANOLS VIA
Zr-CATALYZED ASYMMETRIC CARBOALUMINATION OF
3-BUTEN-1-OL

1. ELAI (2.5 eq)
IBAO (1 eq)

5% (-)-(NMI),ZrCl,
n |
One Pot! 2 HO'

> OH
1."Pr,Al (2.5 eq) (R)-8, (92%, 90% ee)
IBAO (1 eq)
ll\/\ 5% (-)-(NMI),ZrCl,
2. H;0"
OH

%

?

OH
1. "Pr;Al (2.5 eq) ] TG,
IBAO (1 eq) (R)-9 (88%, 91% ee)
5% (+)-(NMI),ZrCl,
2. H;0" -
3 > -

OH
(S)-9, (88%, 90% ee)

Negishi, E.; Tan, Z.; Liang, B.; Novak, T. Proc. Natl. Acad. Sci. 2004, 5782-5787
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STATISTICAL ENANTIOMERIC AMPLIFICATION

Statistical Enantiomeric Amplication —— Kinetic Resolution

Ex. | (ka/ks)= 90/10 + I (kelks) = 90/10 Mass Action Law

k
kR Taser | 90% (R) x90% (R) —— | 819% (R, R)
o R
aster
ower 90% (R) x10% (S) ——>| 9% (R, S)
[ sm |—
t ke
) ! Master”  10%(S) x90% (R) ——| 9% (G.R) |
S 10% (S) —H diasteromer !
slower IS |
H S|0Wer 10% (S) XlO% (S) . 1% (S, S) ;
' enantiomer |
kinetic resolution
81-1 80 0
- == = SY  x100 = | 97.6%
Overall ee for | + 11 8171 x 100 82

Note: If another round Il is added the overall ee will be | 99.7%

Bottom Line (No. 3): (a) Cleverly exploit the statistical enantiomeric amplication principle.
11



ASYMMETRIC SYNTHESIS OF CHIRAL COMPOUND
CONTAINING TWO ASYMMETRIC CENTERS?

R/S (or S/IR)

. ;a::yan: . Es‘;matcE(‘;',/‘j)h Dr Overall ee (%) Max. Yield (%)
85/15 70 2.9 (~3) 94.0 75
8713 74 3.4 (~3.5) 95.6 77
89/1 78 4.1 (~4) 97.0 80
90/10 80 4.6 (~4.5) 97.6 82
91/9 82 5.1 (~5) 98.1 84
92/8 84 5.8 (~6) 98.5 85
93/7 86 6.7 (=7) 98.9 87
94/6 88 7.9 (=8) 99.2 89
95/5 90 9.5 (~9.5) 99.4 91
96/4 92 12.0 (~12) 99.7 92
97/3 94 16.2 (~16) 99.8 94
98/2 96 24.5 (~25) 99.9 96
99/1 98 49.5 (~50) 99.98 98
100/0 100 oo 100 100

aThe same R/S ratio is assumed for the

2 asymmetric centers
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How MANY ASYMMETRIC PROCESSES OF 51/49 SELECTIVITY
(COMBINATIONS, STEPS, REPETITIONS, ETC.) ARE NEEDED TO
REACH AN OVERALL ENANTIOMERIC EXCESS OF 98% ee?

Could it be Nature’s trick to
Produce ultra pure amino acids and peptides?

n Enantiomeric Excess (% ee)
1 2.0

100 96.4

114 97.8

115 98.0

13



SYNTHESIS OF 2,4-DIMETHYL-1-ALKANOLS VIA
Zr-CATALYZED ASYMMETRIC CARBOALUMINATION

(c) Me;Al (1.5 eq)
\/'\/\ MAO (30 mol%)
OH 5% (-)-(NMI),ZrCl,

¢

OH

(2R, 4R)-10

(8 and then O,
o,
@ E)\?i/g.rn 81%over 85%
(b) Wittig > StePS
(c) Me;Al (1.5 eq)

MAO (30 mol%)
5% (+)-(NMI),ZrCl,
and then O,

89%

;

dr (react. mixt.) = 8/1
dr > 50/1, 78% recovery

e

OH
(2S, 4R)-10

dr (react. mixt.) = 4.5/1
dr > 40/1, 60% recovery

(a) and (b) (86%)
(c) (84%)

?

|

-

OH

(2R, 4R)-11

(a) and (b) (84%)
(c) (85%)

dr (react. mixt.) = 8/1
dr > 40/1, 78% recovery

{

OH
(2S, 4S)-11

dr (react. mixt.) = 6.7/1
dr>40/1, 79% recovery

49% over 4 (3-isolation) steps (dr >50/1)

40% over 4 (3-isolation) steps (dr >40/1)

50% over 4 (3-isolation) steps (dr >40/1)

40% over 4 (3-isolation) steps (dr >40/1)

Negishi, E.; Tan, Z.; Liang, B.; Novak, T. Proc. Natl. Acad. Sci. 2004, 5782-5787

For use of MAO, see Wipf, P.; Ribe, S. Org. Lett. 2000, 2, 1713.

Bottom Line (No.4): R'J\)\/OH

Can be readily purifiable by a single round of

chromatography (Silica gel, EtOAc-hexanes).

14



13C NMR SPECTRUM OF
(2R,4R)-2,4-DIMETHYL-1-HEPTANOL

INDEX FREQUENCY PPH HEIGHT
1 5138.970 68.134 49.2
2 3095.738 41.044 58.4
3 2932.613 3a8.881 78.9
4 2489.558 33.007 67.8
5 2239.261 29.689 66.3
[ 1525.482 20.225 7z.0
7 1496.712 19.844 65.4
8 1298.776 17.219 67.7
3 1076.961 14.279 64.9
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OPTIMALIZATION OF THE ONE-POT
CARBOALUMINATION—CROSS-COUPLING
TANDEM PROCESS

(i) zvl)e(g,l/\?llvl(ﬂ)fz f(?ll (3 mol%) y (ii) édlditivcte(3 ! e
A e olvent (3 m
oy CH2Cla 16 h, 23 °C “Hex)\/ A, | ;I;:r;lpyiature, 2h L
2 mmol generated in THF
Br X (3eq)
16 h, 23 °C
Transmetallation Conditions Cross-Coupling Conditions
Additive (eq) Solvent  Temp., °C Catalyst Yield, %
ZnBr, (1) THF 60 Pd(PPhs), (5%) 14
ZnBr; (1) DMF 120 Cl,Pd(DPEphos) (5%) + DIBAL-H (10%) 36
ZnBr, (3) DMA 120 Cl,Pd(DPEphos) (5%) + DIBAL-H (10%) 12
ZnBr, (3) NMP 120 Cl,Pd(DPEphos) (5%) + DIBAL-H (10%) 36
ZnBr; (3) DMSO 120 Cl,Pd(DPEphos) (5%) + DIBAL-H (10%) 30
ZnBr; (3) DMF 120 Cl,Pd(DPEphos) (5%) + DIBAL-H (10%) 63
Zn(OTH), (1) DMF 70 Cl,Pd(DPEphos) (3%) + DIBAL-H (6%) 71

T. Novak, Z. Tan, B. Liang, E. Negishi, J. Am. Chem. Soc. 2005, 127, 2838.
16

Bottom Line (No. 5): One-pot homologation by one propylene unit.



RETENTION OF CONFIGURATION IN THE ONE-POT
CARBOALUMINATION—-CROSS-COUPLING TANDEM
PROCESS

MesAl (1.5 eq)

(-)-(NMI1),ZrCl, (3 mol%) Me o Me
CH2C|2 2
- AlMe = /k/OH
Hex” X "Hex 2 "Hex
75% ee, based on
Mosher ester analysis
(i) Zn(OTf), (1 eq), DMF, 120 °C
(ii) Cl,Pd(DPEphos) (3 mol%)
DIBAL-H (6 mol%) 1) KMnO,,NalO,,K,CO4
BrCH=CH, (3 eq), THF 'BUOH, H,0
2) Me
HoN
Me Naoh Me O Me

90%

p I
NCP(O)(OEt),, Et;N, DMF 0N
nHeX/k/\ > ”Hex)\/ H)\Naph

75% ee, based on HPLC

The enantiomeric purity does not change during the transmetallation and cross-coupling steps.

T. Novak, Z. Tan, B. Liang, E. Negishi, J. Am. Chem. Soc. 2005, 127, 2838. 17



ZACA REACTION OF ALLYL ALCOHOL
AND ITS SI-PROTECTED DERIVATIVES AS

WELL AS 1,4-PENTADIENE

(i) (+)-ZACA
(ii) 1o, THF - Pd-cat. -
iif) TBSCI, DMA : vinylation :
HO -~ (iif) e ~|TBSO _~_| g8—%>TBSOM ™)
ca. $1/mol 1(91%S) | 73% from 2 (91% R)
' allyl alcohol

80% (0% ee)

L)-2ACA, == = Oz \)\/\
NN MeZQ = } ‘_ﬂMez HO ~ @

Me,Al

(1) MesAl (5 equiv.)
5% (+)-(NMI),ZrCl,
H,O (1 equiv.) =
(o] =
o 220 70 _A_oH 3)
(2) O
Z Yield (%) ee(%)
TBS 65 74
TBDPS 83 75

Z0

B. Liang, T. Novak, Z. Tan, E. Negishi, J. Am. Chem. Soc. , 2006. 128, 2770-2771.

18



Pd-Catalyzed Cross-Coupling Reaction of Tsso

ns
)

(i) zincation

\/:\/I
(i) zincation
(ii) BrCH =CH, (i) PhBr Me
z > 7 A _Ph
NS 87% 81% NN
(i) zincation (i) zincation
Me (i) ICH= CH Hex (i) 1___T|\/|S Me TMS
o Hex <€ O\/z\/
O 84% Me 85% z
(i) zincation ZO\/z\/I (i) zincation 4
EtHC CEtl M
ge Et (i ) 1(91%S) (||) BrCHzPh ) ?e
ZO B~ 50% 89% NN
(i) zincation ) zincation
Me (”) Br/\r CH3COC|
Z0. ~ Z=TBS
64%
R=CO,Me Me

] =
)
O

» 70
70 %

i

2A: 5% Pd(DPEphos)Cl,, 10% DIBAL-H, THF-ether, 23 °C, 12 h; B: 5% Pd(PPh3),, THF-ether

23 °C, 12 h; C: 5% Pd(DPEphos)Cly,, DMF-THF-ether, 23 °C, 12 h; D: 5% Pd(DPEphos)Cls,
THF, 23 °C, 12 h. “Zincation: 'BuLi (2.1 equiv), and then dry ZnBr, (0.6 equiv)

19



STYRENE BASED PROTOCOL FOR THE SYNTHESIS OF
o,w-DIHETEROFUNCTIONAL DEOXYPOLYPROPIONATES

(+)-ZACA- (+)-ZACA-
-)-ZACA—- Pd-cat. vmyl Pd-cat. vmyl
Pd -cat. V|nyI
70%, 89% ee

+)-ZACA, then O,

~OH A A _OH A OH
50% from Styrene, dr=7/1 29% from Styrene’ >97% pure 25% from Styrenev crude
(i) Ac,0, Py. (i) Acy0, Py. (i) /cho,tpy._ ]
(i) cat. RuClynH,0, NalO (if) Ru-cat. oxid. (i) Ru-cat. oxid.

B (iii) BH, THF (iii) BH3 THF

HOO Ohe HO A ~_OAC HO I I Z o
5% , 55% over 3 steps, >98% pure ; 49% over 3 steps
and 2 purifications,

K2003 MeOH 99% pure
i) dil. HCI

ionomycin borrelidin

20
T. Novak, Z. Tan, B. Liang, E. Negishi, J. Am. Chem. Soc. 2005, 127, 2838.



SYNTHESIS OF A KEY INTERMEDIATE FOR
THE SYNTHESIS OF DOLICULIDE

TBSO_A_-!
1 |
v o
TESOA A doliculide (4)(1"]
2 (73% from allyl alcohol, 82% ee)
(1) (i) (+)-ZACA A

(ii) Pd-cat.vinylation ;
2) (i) (+)-ZACA :
(2) (i) (+) NaH. BnBr  steps

(i) O, (1)
(2) nBuyNF (TBAF)
(3) Dess-Martin oxid.
(4)
7

N—"

EtOOCCH=PPhy : i .
7% over 4 steps  EtOOC” X-RNENVE)N ¥

5 (17.4% over 8 steps
from allyl alcohol)

6 (52% from 2, dr = 10/1/1/1;
31% after purification, dr = 43/1,
23% over 4 steps from allyl alcohol)
B. Liang, T. Novak, Z. Tan, E. Negishi, J. Am. Chem. Soc. 2006, 128, 2770 — 2771.

21



Synthesis of (2R,4R,6R,8R)-2,4,6,8-Tetramethyldecanoic Acid,
The Acid Component of Preen-Gland Wax of Graylag Goose,

10 steps
12%

/\/OH

I\)\/OTBS

(1) (i) (+)-ZACA
(if)Pd-cat.vinylation
(2) (i) (+)-ZACA
(if)Pd-cat.vinylation
/\/'\/ (3) (i) (+)-ZACA
Y~ OTBS (i) O, o

2

Py = pyridine; TBAF = nBuyNF.
TPAP = tetrapropylammonium perruthenate;
NMO = 4-methylmorpholine N-oxide;

MS4A = molecular sieves, 4A; TsCl

8 (29% from 2, dr = 9/1/1/1/1; --_

= Tosyl chloride;

Anser Anser

\w/(!ﬁcoom

7 (96% from 9, dr > 50/1)

-~
s

(1) TPAP, NMO, MS4A
(2) NaCIO,

AN o

9 (86% from 8, dr = 12/1.3/1;
59% after purification, dr>50/1) .. __

(2) MeLi, Cul
(3) TBAF

\
Ho\)\)\/k/k,oms

Tm) TsCl, Py

|||||||||||||||

L]

20% after purification, dr = 12/1 31)

Y T

o L

RS
L] | an 20 1k

nnnnnn

B. Liang, T. Novak, Z. Tan, E. Negishi, J. Am. Chem. Soc. 2006, 128, 2770 — 2771.
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(S.R,R,S,R,S)-4,6,8,10,16,18-Hexamethyldocosane

* Isolated from the cuticula of the cane beetle Antitrogens parvulus
» Kitching, W. OL, 2003, 5083

» Syntheses:
* Breit, B., et al. ACIE 2005, 5267; EJOC 2007, 3512.
» 34% yield in 13 longest linear steps. 31 steps total
» Stoichiometric manipulations of “ Roche esters” and

stoichiometric use of
QCOZH ($ 9,000/mol)

PPh
- Burgess, K., et al. OL 2007, 1391 ?
» Use of catalytic asym. Hydrogenation but >30 steps and low
yielding.

23



ZACA ROUTE TO HEXAMETHYLDOCOSANE
Zhu, G.; Liang, B.; Negishi, E OL 2008,1099.

Synthesis of the C1-C13 Fragment

(-)-ZACA-oxid.?
- —_— —_—
o (S)-p-citronellal ~

(from TCI >98%S5) 2 (95%)
1) I, PPhy (+)-ZACA-oxid.?

2) Pd-cat vinyl.© with MegAl
HOL A~ N~ S e

3 (81%, dr = 6/1; 4 (79% over 2 steps)
60% from 2 after
lipase-cat. acetyl.?

dr>95/5)
(-)-ZACA-oxid.?

z with MeyAl g :
M—h- HO\/-\/I\/-\J\/WI\

5(70%) 6 (80% crude, dr = 4/1; 45% from
5 after chromatography on silica gel
(EtOAc/hexanes from 2% to 5%)
1) TsCl, EtsN dr>98/2; 14% over 6 steps
2) EtMgBr, 5% Li;CuCl,
3) i) NMO (3 equiv), 1% OsOy

bl /\/\/'\/\/'\/\
> CHO

7 (89% over 3 steps;
13% over 9 steps)
) MesAl (2 equiv), (NMI),ZrCly (4 mol %), CH,Cly, 23°C. i) O,
bamano PS Lipase (30mg/mmol), vinyl acetate (5 equiv), CHzCls.
%) 'BuLli, ether, -78°C. ii) dry ZnBry, THF. iii) CH;=CHBr (3 equiv), Pd(PPha) (2 mol %)
9j MesAl or "BusAl (2 equiv), (NMI),ZrCly (3 mol%), CHzCl. i) Evaporation of CH,Cly and
MesAl. iii) dry Zn(OTf)2 (1 equiv), DMF, 2h, 70°C. iv) Pd(DPEphos)Cl; (3 mol%),
DIBAL-H (6 mol%), CH=CHBr (3 equiv), DMF

Yields

Synthesis of the C14-C22 Fragment

(+)-ZACA-vinyl.# (+)-ZACA-vinyl.?
4\)\/\/ with MezAl > HO\/l\/k/\/

with "BujAl
2 —
8 (67% crude) 9 (77% crude dr =6.7/1;

48% from 8 after chromat.

1) 15, PPhy dr=40/1
2) i) BuLi 1)1, PPh,

i) HCHO 2) PPh,, toluene ’\/'\/LH’
—» HO — |PhyP A

10 (83% in 2 steps) 11 (85% in 2 steps

23% over 6 steps)
Final Assembly of 1 from 7 and 11

l\/\/|\/\/|\/\CHO

7 (13% over 9 steps
from (S)-p-citronellal)

’\*/LH’ Bl
IPh3P 3 —

11 (23% over 6 steps
from propene)

1 (85% over 2 steps;
11% in 11 steps from
“See footnote d of Scheme 1. (S)-p-citronelial)
bSee footnote a of Scheme 1.
“The crudely isolated 12 was characterized by comparison of its 1TH NMR spectra with

that of pure 12 prepared via Pd-catalyzed cross-coupling reaction (see text).

1:11% in 11 steps from B-citronellal (>98% S, $406.5/mol), requiring a total of 17 steps

7 : 13% over 9 steps
11 : 23% over 6 steps

Note: 1) Except for the use of >98% S- [3-citronellal, all of the other 5 asymmetric centers were

constructed by ZACA reaction (catalytic).

2) This synthesis suffers from a low yield (relative to Breit's), since all asymmetric purifications
were performed in the main lines of the synthesis.



Fully Reagent-Controlled Asymmetric Synthesis of (-)-Spongidepsin

\\\\ O \\\\

2

\\\\ // H OH \\\\
4 Ph” ¢ M
— J: e _ 2
0” ~OH
X z
> ! /\/\/?\H/(
(-)-spongidepsin (1) TBDPSO

3
1) Forsyth, C. J. et al 2004 ACIE 2148.
2) Ghosh, A. K et al 2004 OL 2055.
3) Cossy, J. et al 2006 OL 3441.

i) (+)-ZACA - | : i) (+)-ZACA
HO\/\ i) 1y iii) TBS(Z ZO\/:\/I Pd-cat. vmyl.= ZOM i) Oy
81%, 82% ee  °' %
s g (1) Swern = = (1) TBAF T =
ZO A __OH (2) Wittig 20 _A Az D PDC HO,C NN
76%,dr=5.5/1 80% (2 steps) 72% (2 steps) 2

(45%, driY40/1) (18% over 7 steps)

Zhu, G.; Negishi, E. 2007 OL 2771
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The ZACA Reaction of Internally Hydroxylated 1-Alkenes

QHE) i) (-)-ZACA, ii) O,

"Pent

{

OH i) (-)-ZACA, ii) O,

-

g

"Hept

0Z i) (-)-ZACA, ii) O,

;

"Hept
6b
i) (-)-ZACA, ii) O,

y, 2

é

OH 7 \\ i) (+)-ZACA, ii) O,

.

Lo

i) (-)-ZACA, ii) O,

o /
ZO(CHy) )0\/\

3
i) (4)-ZACA, ii) O,

>
-

OH(2)

(eq 1)

"Pent OH

< 2%

{

©)
I

(eq 2)

2_
s

"Hept
8, 75%
oy4

(eq 3)

Z_
}

"Hept

)
.

OH 9a
78%, dr = 7.7/1

OH

{

OH 9b
79%, dr = 4.5/1

)Oi/'\/
H
ZO(CH,) ©

3

11a, 67%, dr = 5.5/1
(40%, dr = 40/1)

(eq 9)
OH

H
ZO(CH,)3 O

11b, 69%, dr = 3.5

(35%, dr = 40/1) 26



1) TBDPSCI, OH
2) Swern allylboration (+)-ZACA OH =
HO(CH,)s0H 55% (2 Stoon ZO(CH2)4CHOTZO(CH2)4M = o
o( seps) (V] ZO(CH2)4
73%, dr = 3.5/1
after chromat. 42%, dr = 40/1
Boc
TEMPO o O gg\?v'%f\'-'H OH = Ph_}—N'BOC o, N ;g;FéDcn
BAIB ittig 5 ; ‘TN ,
0 Aj\ : LA o e P Me et
88% ZO(CH,), 73% (2 steps) ZO(CH,); 5 DCC, DMAP 00 = 83%
89% /k/:\/
ZO(CH,)4 <
0 N N
w 1) Grubbs' 2nd Q W
generation cat. B 1) Dess-Martin P’ o

N. * 2) TBAF N

/"l, /
Ph Ph/ ’, N
__ 3)H, Pd/C Me
0o
_ 82% o~ 0
RO(CH
LY HO(CHy);

Zhu, G.; Negishi, E. 2007 OL 2771

Me

23

« 2) (MeO),POC(N,)COMe

K,CO3
79% (2 steps)

> %
13
(-)-spongidepsin (1)

10% in 13 steps from HOCH,CH=CH,
10% in 15 steps from HO(CH,)sOH
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=L ipase-Catalyzed Kinetic Resolution of Racemic Mixtures

e A 0Ac i Me /Mke/
OH ¢ . 1pase ~_OAcC OH
racemic mainly S mainly R
Me
hydrolysis :

R(é)\/OH

Il. Preparation of (S)-2-Methyl-1-alcohol (over 98% ee) from Racemic Mixture

Initial ee,, (%) glal Max. yield (%)I2-] Initial ee, (%)  Elal Max. yield (%)@-!
0 (racemic) 100 <2
90 0
20 100 <35
80 ~20
60 0
50 100 <70
50 ~55
40 ~25
30 0
50 ~65
30 ~25
20 0

(adopted from Professor C. J. Sih's paper: JACS, 1982, 104, 7294)
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Enantiomeric Purification By Kinetic

Resolution

- Enzyme _
1. (-)-ZACA : CH,=CHOAc E
HO -~ HO | HO |
e 2.0, NN THRML0, 23°C ~TNS
80%, 82% ee
Enzyme Cat./Substrate Cost/Substrate Conversion Time Recovery ee
(mg/mmol) ($/mol) (%) (h) (%) (%)
PPL 80 10 30 0.33 64 90
Amano PS 80 125 17 3 71 04
Amano PS 80 125 31 4 65 98
Amano PS 32 42 25 8.5 68 97
Enzyme
N 1. (-)-ZACA oH CHy,=CHOAc OH
©/\ 2.0, THF/H50, 23°C
85%, 89% ee
D. Y. Kondakov, E. Negishi, J. Am. Chem. Soc. 1995, 117, 10771.
P. Wipf, S. Ribe, Org. Lett. 2000, 2, 1713.
Enzyme Cat./Substrate Cost/Substrate Conversion Time Recovery ee
(mg/mmol) ($/mol) (%) (h) (%) (%)
Amano PS 68 106 22 3 68 03
Amano PS 136 212 50 4.5 43 96
EEIS 68 9 31 8 62 99
[BTIL 34 4 14 6.5 78 98
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Enantiomeric Purification of (R) and (S) Isomers of 2-Methyl-1-alkanols

1. (-)-ZACA

2.0, (R)
Sh

85%, 89% ee

1. (+)-ZACA
2.0,

1. (JZACA
2.1, (2.5€eq.) (R)

80% , 82% ee

/\/OH

1. (+)-ZACA
\LN—@

2.1, (2.5 eq.) S)

ol

80% , 82% ee

(S)
85%, 89% ee

PPL

on __CHa=CHOAc - OH

THF-H,0, 23 °C, 6.5 h,
14% conversion

78% recovery, 98% ee
(66% vyield from styrene )
PPL =

CH,=CHOACc ~ OAc

THF-H,0, 23 °C, 4 h,

80% conversion 729, recovery, 98% ee
(61% yield from styrene )

Amano PS

CH,=CHOAc . Aco\)\/l

THF-H,0, 23°C, 4.5 h (R)
68% recovery, 98% ee

( 54% yield from allyl alcohol )

69% conversion

Amano PS lipase
CH,=CHOACc » HO A
THF-H,0, 23 °C, 8.5 h (S)

74% recovery, 98% ee
( 59% yield from allyl alcohol )

24% conversion

30



=L ipase-Catalyzed Kinetic Resolution of ZACA Products

AIM t.(-)-(NMI),ZrClI /I\'/Ii/ Ve Me
e, cat.(-)- 2ZrClo Enzyme, vinyl acetate =
N L 1 OH y yl acet R/k/OH r 2 _onc
Initial Yield Initial ee Solvent, Temp. Final ee R
Initial Intial Conversion Recovery Final
R Yield (%) ee (%) Enzyme Solvent Temp.(°C) (%) (%) ee (%)
Ph 85 Amano PS  THF/H,O 23 22 68 93
Amano PS  THF/H,0 23 50 43 96
PPL THF/H,O 23 31 62 99
PhCH, 85 PPL THF/H,O 23 48 51 77
Amano PS  THF/H,O 23 40 59 99
Ph(CHy)s 84 PPL THF/H,O 23 30 64 99
Amano PS  THF/H,0O 23 38 56 99
"Hex 71 Amano PS CH,Cl, 0 44 52 98
CH,=CHCH, NA Amano PS CH,Cl, 0 19 76 98
31
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=>E Factors

R\)\/OH E Factors:

E=33 | = proximal hetereoatoms

'\)\/OH (halogen, oxygen, etc.)
\/\)\/OH

— proximal m-bonds

"Pent (aromatic groups, double bonds, etc.)

n =
HeXMOH E=22 ||

”Pent\/k/oH E=6
= others
'V'e\/k/OH E<6 (increasing the difference of R and Me)
E (enantiomeric ratio): E In(A/A,) ValKa R
enantomeric ratio): = - - ) ) ) .\
In(B/B,) Vokg [(1-C)(1-ee)] / In [(1-C)(1+ee)]

C = conversion
ee = ee of the unreacted alcohol

(adopted from Professor C. J. Sih's paper: JACS, 1982, 104, 7294)

32
Huang, Z.; Tan, Z.; Novak, T.; Zhu, G.; Negishi, E., Adv. Synth. Catal. 2007, 349, 539



\\\OR / \\\OR
— —
O @)
NH NH

1: a (R = H, fluvirucinine A4)

// WOR =
—
0 Z ., 0
NH
5 NH,
3

OH “OH
Route | 1. Swern
1. TBSCI 2. Ph3P=CH,
2. (-)-ZACA
HO A~ 20 TBSO OH 73—>é;B(2Ft )HO yZ
0 steps
oo e ) (R)-5 U 1 MsON\_  38% in 8 steps
>98% ee, 75% recovery 2. NaN; from 4-penten-1-ol
after lipase-cat. acetyl. 3. LiAlH4
1. MsCl H2N\/\l/
2. KCN
bofon N _opammen ) iemiuienia
-\7)” 3. TBAF _ ) o
N OH .
HO ™ 84% (2 steps)  1BSO )6 76% (3 steps) O
90% ee

>98% ee, 80% recovery
after lipase-cat. acetyl.
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1. TBSOTHT,
2,6-lutidine
2. OSO4, Na|o_4
83% (2 steps)

\\OH
TBSO )

. TBSCI
2 OsQy, NalOy4 Crotylboration -
87% (2 steps) TBSO 85%
dr >98%

1. NaClO, 1. Dess-Martin 3, EDCI,
TBSO wOTBS 2.3 NHCI ~OTBS 2. PhyP=CH,_ ~OTBS _ HOBt
83% (2 steps) 87% (2 steps) 90%
HOOC

98% e

HOOC

dr >98%, 44% y|eId over
9 steps from (—)-(S)-citronellol

S\ ongionee [\ on e ({,i
o) 92% 94%
NH
2 7 Fluvirucinine A; (1a)
Liang, B.; Negishi, E. Submitted. 299% pure, 34% yield over

13 steps from (—)-(S)-citronellol
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Naturally occurring compounds of biological interest containing
2,4-dimethyl-1-penten-1,5-ylidene and related fragments.

0 QH
\/:\/\)\/kc’\/'u <§ OH /\:(on\f N N
o OH\/l\)\)\,J\N\/\N OH X 00
- 1
nafuredin (1)I"! S scyphostatin (2)3 O

(+)-ratjadone (3)B!

. w \ W
N O ) \ O
) ‘7,
\ ) O N O
\\ N \\\

milbemycin S, (4)4] Iacrlmln A (5) II'N
: # HO
OMe

Pl = N N )
Os. 0 H|O O
Y concanamycin F (7)!]
NH,

discodermolide (9)°!
RS
O -
/: Nz ~ N \/\J\
\/\/k,|(/ : COH
Z HO| O

(-)-callystatin A(10)[10] (-)-delactonmycin (11)1'"]

-bafilomycin A, (6)[®!

FK-506 (8)! OH O
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Two protocols for the conversion of 12 or 13 into 2,4-dimethyl-1-pentene

and 2,4-dimethyl-1,5-hexadiene derivatives.

Protocol |
=
\\/\

12
Protocol Il
R3Si\/\

\ \
13

MezAl\)\/\ steps (x) R\)\/\ ZACA. (X)R! \/k)\/A”V'ez
R, R, R?, R3 = Carbon groups, steps
X =1orBr, Z=0H, etc. R3
ZACA = MesAl, cat. (NMI),ZrCl,, WM/R?(Z) or R1M )
where NMI is 1-neomenthylindenyl. R
ZMA = MesAl, cat. Cp,ZrCl,

ZACA R3Si t
i \/k/AIMe2 = \/*k/RZ(Z)

steps

MeZAIMRz(Z)
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Synthesis of 14 as a key intermediate of nafuredin (1) via Zr-catalyzed
alkyne carboalumination and ZACA-lipase-catalyzed acetylation.

\ Me3Al, ZrCp,Cl \)\/\
S 3Al, p2Ll
\/\ > [Meo Al 2 \]_ i) dry ZnBr;
12 ii) cat. Pd(PPh3)4 =
1) Swern oxid. THF;?(D/I F . \/\/\)\/\
z 2) Bestmann - ° 16 ( =98% E,E)
~__OH| 3)HZrCp,Cl then |5 : |
\/\O/ - N W\I
15 (=98% ee 52% (3 steps)
i) (—)-ZACA § i
ii) Lipase-cat. \/M Dess-Martin \;\/\)\/L
acetylation NG OH oo NG S
17(77%’ 2% ee E) ’ 14 298% pure, 21% over 6 steps
52%, >98% ee, 298% E, 16% over 14 steps by Omura
' 2 0
\/\/\)\/k/\/"n :
O
shi - furedin (1 of
Zhu, G.; Negishi, E. Eur. Chem. J. 2007, in press nafuredin (1) o
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18 EEEL 23565 14.06 580,54 1870
13 5gEs 2035E £.3% 555. 61 L.852
20 EESE 37BEE 12.2% 55040 1.835
21 5747 2TIE4E B5.33 521.84 1.740
22 5748 25766E 83.1% 520.52 1.735
23 5B4E 578K 15,66 403.3% L.34¢
28 EEEL 3553% 2084 356,35 1.221
25 EET: 004K 25.84 289.53 1.233
26 58ES 2807E 2.06 282.54 1.275
7 El2z 320476 103.43 301.83 1.006
28 €lis 23584E 76.16 29429 0.981
23 €178 22834E 74.10 268,92 0.897
30 6lE4 16051E 51.82 285, 64 0.888
31 €180 227E4E 73.4% 262,41 D.875
32 6led 28283E 91.33 258.80 0.8e3
33 6208 108E6E 35.14 251.37 0.836
3¢ gE30 31782E  102.5% -0. 35 0.003 10
17
D 084 ¥
|
f
———— \-\-'I J-'-c'l'h-.-_hl_llu_l
T T 1 T T T T 1 T T T T 1 T T 1T T 711 T T T T 7] L L B T T T 1
B 7 5 4 3 2 PEM
“\ua’"\cﬁﬁ‘\¢ﬁﬁtm~fflay,ijFf sn Z A
"M ..'“3 ' @
m A - = o
7 L 3 . g,
- L] " N
8. | 2 : ¢ 8 v
R ; R ECE
. = - .-p-i
’ i ’ | : } | .
T ‘ :
o || .
| | R |
|

L
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a3 J03. 44T L. E4S Lb.2
kL 376.705 1.288 12.5
EH 2E1.043 L.070 138.%
ia 314,604 L.048 8.7 =
1 anL. 716 1.006 153.12 E
AP CHO
T T T T T T —— T T T T T T T T T T T T T T T = T T T
g ] a 7 ] 4 3 2 1 ppm
e _—— it —f i bod L b
b.72 .34 1.9 i.7 I.BR.17
0.33 §.01 2.1 i
: ' | |
HO
14 |
Lie o IJ-| ll"-:r'ﬂl_‘-.-.- v i il‘r L hl 'HIF . 2 “IJ " !
T L ) e o Trrrrl TTFT R T TTTT L LI L | LN N S o B NN B B e i T T |.|||||i"-|-. T
200 180 1EQ 14d 120 100 an L11] 40 Fd | ppe
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Synthesis of 18 as a potential intermediate for the synthesis of
milbemycin f;via ZMA reaction and ZACA-lipase-catalyzed acetylation

. /—\
1) 1) MeLiN  NMe,
r‘BuLl (3 equiv)
CHO CH,OH =—ZnBr (2.3 equiv) CH,0H
III) then H;0* cat. Pd(PPh3)4, THF
2) NaBH,4 then H;O"
63% (2 steps) 7%
OMe
19 (Aldrich) .
1)"|)) MesAl, f.GC2C|2 i) (-)-ZACA
il) evaporation then O
) <7 2
iii) "BuLi then 5 ii) Lipase-cat.

/\/
=z acetylation

2) TBDPSCI, Imidazole /\)\/\/OZ

1) i) MesAl (2.5 equiv)
H,0 (0.5 equiv),
20% ZGC2C|2

i) 1o
2) TBSCI, Imidazole
74%

j\&TBS

OMe
20 (=98% pure)
(36% over 5 steps)

HO\/\)\/\/OTBDPS

12 74% (2 steps) 21 (>98% E 22 78% (crude), 75% ee
53% (pure), 98% ee
_ i) HZrCp,Cl OTBDPS OTBDPS

1) Dess-Martin i) dry ZnBr, ) HCI, THF
2) CBry, PPh3 - iii) 20, 2) Dess-Matin
3) "BuLi, then H,0 P 0z cat. Pd(PPhg)LL OTBS 3 ) NaClO, COzH

69% (3 steps) 23 81% 81% (3 steps

OMe

Zhu, G.; Negishi, Chem. Eur. J. 2007, in press OMe

18 (18% in 10 steps
from 12, 98% pure)
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Synthesis of a key intermediate 25 for bafilomycin A4 via ZACA-ZMA protocol.

(+)-(NM1),ZrCl, (0.5 mol%)

i) "BuLi, ii) CuBr Me3Al (1.7 equiv), B PhI(OAc), B
allyl bromide H,O (0.2 equiv —  AOH 1EMP 0
TIPS—= —— - rps—=— | 1202 00W) | ips—= . 9. Tps—=—"
95% 13b 28b(85%(crude), 73% ee) 79% 32
63% (pure), 97% ee
1) TBSOTf
borat .. ;)TZ%\: - 2) i) 0sO,, NMO - -
+)- H H H H i H H
(+)-croty oratlon‘ TIPS—=— : : ) e z L i) NalO, I : . _0
75% (dr = 92/8) NN 88% (2 steps) 70% (2 steps)
OH OH OTBS
33 34 9 0 35
iP."O'/P\HI\OMe
'PrO OMe
Ph3P=‘( = = - - KHMDS, = = OMe
COzEt | B B DIBAL-H B z 18-crown-6 S 8
e N~ = —— A AL A SLALEULLNS NG~ NF
89% COzEt 939, CHO  87% CO,Me
OTBS OTBS OTBS
36 37 25 (98% purity, 16% vield over 11 steps)
Zhu. G Negishi E. unpublished results. 18% over 15 steps from Roche ester by Roush

16% over 13 steps from Roche ester by Marshall
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= Synthesis of (-)-Stellattamide B Side Chain

(1) (-)-ZACA (Me3Al)
M then O, (2) Z>0Ac, Amano PS
N > NS OH N OoH NMO, cat. TPAP

1a 30% conversion 1a 85%
73%, 75% ee 66% recovery 98% ee
HWE Ref
M ef. [1] H Me
—> NS N —_— NS
CHO 71% COQEt 3 Steps X Y N\\‘ N Cr

(-)-stellettamide B o H

Ref [1] C. Kibayashi, OL, 2001, 3, 193
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= Synthesis of (+)-Stellattamide A Side Chain

(1) (+)-ZACA (MezAl)
/K/\)%/\/\ then O, _ N OH (2) Z>0Ac, Amano PS

1b 66% conversion
77%, 78% ee

proposed (1) NMO, cat. TPAP,
Me (2) PhgP=CHCO,;Me

i
ZT
»
<
(0
mn

D X S N\WN L N N y

4 (75% over 2 steps) ©

NS NS OAc

62%

(3) NaOMe, MeOH
97%
CH,Cl,

?

OH
1b
46% over 3 steps, 98% ee
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= Total Synthesis of Vitamin K

i) (-)-ZACA (MezAl)]

then O, (73%, 78% ee) (1) TsCl, pyridine

i) Z>0Ac, Amano PS (2) 23" MgBr
)\/W (55% rec., 98% ee) R )\/\)\/OH cat. Li,CuCly )\/\)\/W
40% including 81% over 2 steps

purification, 98% ee

i) (-)-ZACA (MesAl)
then Oy, (78%, 74% ee) N
i) £ 0oAc, Amano PS (1) TsCl, pyridine

(2) TMSG=CCH,CH,MgBr
0, o
(62% rec., 98% ee) )\/\)\/\/'\,OH (3) KOH, MeOH

— : .
43 /;I92;|Udlng F:Uéglcatmn 5 (14% over 4 steps, 98% pure, ~ 72% over 3 steps
b pure a >99.9% ee estimated)

F

i) MezAl, Cp,ZrCly (10%)
ii) Pd(PPhs), (5%), 6

_ D

o I
86%

cl S o)

OO (6) vitamin K

0]
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