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Baconipyrones

» Baconipyrones A-D (1-4) were isolated from
baconipyrone A (1), R = Me Siphonaria baconi collected from intertidal
baconipyrone & (2), R =H rock platforms near Melbourne, Australia.

* No biological activity was reported.

» Its first total synthesis was reported in 2000
by Paterson group.

baconipyrone G (3), R =Ms
baconipyrone D (4), R=

Paterson’s retro synthesis:

B aldol Sn{ll) aldol

LA\H,H N I\H/LDBH TIF‘SOJ\"/I .
0 0
13

(R)-12 (R-9

Paterson, I.; Chen, D. Y.; AcelLa, J. L. and Franklin, A. S. Org. Lett. 2000, 2, 1513
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Hoveyda’'s Retrosynthetic Analysis
for Baconipyrone C

(NHC)Cu-catalyzed
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= (+)-baconipyrone C HO._ N — W| / 5 /’m\
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Scheme 2. Retrosynthetic analysis for baconipyrone C. AAA = asymmetric allylic alkylation; AROM JCM =asymmetric ring-opening/cross-meta-
thesis; PG =protecting proup; LG =leaving group.
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Mo-catalyzed Asymmetric Metathesis: ROM-RCM

MOM =% OMOM
R R 5 mol % 2a :
ol N @{Me CgHg, 18 h
‘I‘MD 'WR' H
Mo 21 22
Ar 35% ee; >98% conv
with 1 equiv THF 75% ee; »98% conv

2a R=i-Pr R =Ph
2b R=Me R =Ph
2c R=Cl R'=Me —_—
Ar = 2.4,6-(i-Pr)3CgH3 —

{+j-africanol

» Chiral Mo-based catalysts effect asymmetric asymmetric ring-opening metathesis
(AROM)/ring-closing metathesis

» Catalyst 2a was applied to (+)-africanol synthesis via desymmetrization of the starting
material 21

* Mo-based Catalysts have stability issues and polymerization process often competes

Weatherhead, G. S.; Cortez, G. A.; Schrock, R. R. and Hoveyda, A. H. Proc. Natl. Acad. Sci. USA 2004, 101, 5805

Chenbo Wang @ Wipf Group 5/13/2007



Ru-catalyzed Asymmetric Metathesis:
Grubbs Il based catalvst, 15t Generation, RCM

Ra Rs
j " Table 1. Enantioselective D ization of Tri 10—12
N N = ale 1. nantioselective ES}’IIH]IﬁTI‘lZﬂTlOll (8] rieies —
e @—;‘1 ‘}X@ by Catalysts 8a—c
O /RT_\ entry substrate catalyst  product ee(%)® ke cONV(%)°
= — 2 8b 0 23 16 95
R RiR{ R et Ra 3 W 8c 23 16 96
4 8b+Nal 38 22 18
5 10 8c+Nal (S)-13 39 22 20
Proposed Stereochemical model: P
0
Ph Ph 6 8b+Nal ° 17 14 78
Ph,  Ph /_< P, 7 8c+Nal \— 35 21 90

N N’-PE:‘ " (S)-14
@_‘ % ‘@ LPr )q/ DM . I
63 44 90

2 8 8b+LiBr e}
Rup= h 9 8b+Nal 85 123 91
i . = § 10 | | Sc+LiBr = 69 55 90
N é 11 8c+Nal 90 19 82

12 (Sy15

Seiders, T. J.; Ward, D. W. and Grubbs, R. H. Org. Lett. 2001, 3, 3225
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Ru-catalyzed Asymmetric Metathesis:
Grubbs Il based catalyst, 2"d Generation, RCM

triene product catalyst (mol %) ee (%)°  conversion (%) yield (%)

o~ o

Ph’;.—( o iPr ﬂ )Q 2b (4) 90 ~98 64
Ri.. P

HQ’Q N N\@\H 2 12
My Pr Hlfl\ B, 2 oSl o Sie f
ci | Ph j/l\( )\% 5a (0.8) 92 98 77

PCya 13 14

2a (Ry, R.. A3 =H), o~ o

2b (X =)

3a (R; = iPr; Rs, A3 = H), ﬂ ) Q 2b (4) 90 =98 77

4a (R, = £Bu: As = OMe; Ay = H), 15 16
5a (R,, R, = H: Ry = i-Pr), jj’:fmf )@ 2b (4) 85 5 o
| 17 18 5a (2)" 76 93 92

o o

j/l\( )Q 2b (4) 85 ~2° nd

19 20

CEe

jl/'\( j'}ﬁ) 5a (1) 92 65 64

21 "

e~ ~sf.

lf.:(f_ j\Q 2b (4) 78 >08 98

23 24

Funk, T. W.; Berlin, J. M. and Grubbs, R. H. J. Am. Chem. Soc. 2006, 128, 1840
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Ru-catalyzed Asymmetric Metathesis:
Grubbs Il based catalyst, 2"d Generation, CM

catalyst (5 mol%)

OTBS OTBS
CH,Cly, 40 °C
F:h,_ Ph W - WOP‘C
iPr ; { "Pf 15a AcOﬂOAc ( 5 equiv) 17a
- : 16

,;: IeN N
iP \[/J{ f

r‘, H—a iPr Table 4: ACM with cis-1,4-diacetoxy-2-butene using catalyst 5a.

b | Ph Substrate Product ee [36] Yield [%6]
PCy, oTIPS oTIPS
Sa.b s se A OAc 52 54%
1
T™MSO,  OTMS TMSO,  OTMS
a: X=Cl, b: X=I — \—onc
Bu Bu fBu fBu
D,Sl._g C}EID 37 48F
SN = OAC
OH
Y\T; - n.r. n.r.
OTES OTBS

PN s A 0Ac 4 231

[a] 5 mol9 5a, 5 equiv of 15b relative to 16, no solvent, 40°C, 6 h. [b] 5
mol % 5a, 5 equiv of 16, no solvent, 40°C, 6 h. [c] 5 mol % 5a, 5 equiv of
16, 0.25m in CH,Cl,, 40°C, 6h. TIPS =triisopropylsilyl, TMS=tri-
methylsilyl, n.r. = no reaction.

Berlin, J. M.; Goldberg, S. D. and Grubbs, R. H. Angew. Chem. Int. Ed. 2006, 45, 7591

Chenbo Wang @ Wipf Group 5/13/2007



Ru-catalyzed Asymmetric Metathesis:
Hoveyda-Grubbs Il based catalyst, 15t Generation,
ROM-CM

Cl.i'kr‘
5, o =, R
_ 10 mol % 3 O 5mol % 3
P SN . air, undistitled THF 16a
C’Ao o RO 0)%0 A ~ph 22°G, 1h 96% ee, 66%, >98% trans,
13 14a-c 86% recovered catalyst
- OAr DArs
temp (°C);  conv (%)% recov. ee 15 0.5 mol % 3 Fh
eniry R time (h) yield (%)°  cat. (%) wanswcis®  (3%)¢ THF.22°C. 1.2 h = =
1 Ph. a :30; l.CI_ :»:'98; ?1 96 :»:'98: 2 i 80 a Ary, = p-CFaCeH, 16b
2 n-CsHyp b 5015 =98 57 92 =98: 2 =98
3 c 50:1.0 =98 60 23 =gQg- 2 =98 b Arz = p-OMeCgH; g95% ee, 76%, =98% frans,

7 1% recovered catalyst

van Veldhuizen, J. J.; Kingsbury, J. S.; Garber, S. B. and Hoveyda, A. H. J. Am. Chem. Soc. 2002, 124, 4954
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Ru-catalyzed Asymmetric Metathesis:
Hoveyda-Grubbs Il based catalyst, 2"d Generation, RCM

e o"% E Om ~ Me
\,rl\“, 5 mol % 3d T Me Meﬁme i Me\“)\“’ME 10 mol % 3d
------ : *
solvent 60°C Oy ||/ ’ ; THF, 80 °C o7} "]l/ME
: 24 h
24h 29 30 | 35 36
in THF 7% ee, 1:1, 60% ; 66% e, =88% conv., 62%

in toluene G68% ee, >98.2, 58%

Me O~ — Me D/\f]; Me D%
H smol%3d [\, : 10 mol % 3d Q
| sowent Eﬂ °C HJ |  cicHaeclL0°C O |
Me 24 h H |

M
Me
31 : 37 38
in THF ?2% ee, 1:1, pss% COnv. 76% ee, >98% conv., 58%
in toluene  72% ee, >88:2, >98% conv. |
o T~ 25% (due to volatility) : o i
10 mol % 3d 5 10 mol % 3d
. <5% desired product E e, @
I I toluene, 60 *C : | | THF, 60 °C ) J,,l
; 24 h
Me 34 Me 24h Mg Me e
39 40

42% ee. =98% conv.. 55%

Van Veldhuizen, J. J.; Gilingham, D. G.; Garber, S. B.; Kataoka, O. and Hoveyda, A. H. J. Am. Chem. Soc. 2003, 125, 12502
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Ru-catalyzed Asymmetric Metathesis:
Hoveyda-Grubbs Il based catalyst, 3" Generation,

Ph

Mes—NomeN—= .2

ROM-CM

Ll
—F‘f”w 1
Qi-Pr
Ph
in situ complex 10 complex 1b in situ complex 11 complex 11 complex 1c
entry  substrate product conv (%);° 1 (h), conv (26):7 t (h), conv (%);°t (h), conv (%):2t (h),  conv (%);°t (h),
yield (%) ee (%)°  yield (%) ee (%)° | yield (%) ee (%) | yield (%)F ee (%)° yield (%)F ee (%)°
#F, ‘_,,.}{:_/Fh
] Q >98; 0.1 >98; 0.3 >908; 2 >98; 2 >98; 4
P ' 59; 84 60; 70 62; 89 50; 90 72; =98
oﬁi\of"&o O;\O}\}O
12 13
OH OH
> - : >98; 0.5 >98:1.5 >08: 0.5 >98; 1 >98; 2
82,74 80; 94 89; >98 71,93 81; 97
PN o
14 15
(0] @]
a =88;1 50; 48 =08;1 =898;1.56 <2: 48
ANy ~ 84; 71 66; 67 87; 83 73; 84
Ph
16 17
48 @ =98; 1 =08; 1 =98;1 =98; 1 =98; 1
/\/0 57: 84 20: 46 66; 93 52:90 71:43
18

2 Reactions carmed out with 5 mol % Ru catalyst in THF (except entry 3 performed in the absence of solvent) in the presence of 5 equiv of styrene at
22 °C. See the Supporting Information for detailed conditions. ¥ Conversions determined by analysis of 400 MHz 'H NMR spectra of unpurified product

mixtures. © Isolated vield after silica gel chromatography. ¢ Enantioselectivities determined by chiral HPLC (see the Supporting Information for details).
¢ Reaction performed through slow addition of substrate to a solution of the catalyst and styrene 1n THF.

Van Veldhuizen, J. J.; Campbell, J. E.; Giudici, R. E. and Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 6877
Chenbo Wang @ Wipf Group
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Cu-Catalyzed Asymmetric Allylic Alkylation
(AAA)

Et,Zn
CLIC|;.'2H;-G {2 mﬂl%] .
P . ‘ ‘_
= 10 {1 mol%) Ve /eré -
Mea. = Me Dll:l-"{CrEt}z THF, =15°C
me 1f © y; Me (s)-2g 96% ee

? }—_f.? r i
[} e
<D Ag_A
— -
e II." J’I"l
Ni_Z% 4 10

« Cu-catalyzed allylic alkylation allows the use of hard nucleophiles
(RMgX, R,Zn) with high Sy 2’ regioselectivity.
 The asymmetric version has emerged recently.

Larsen, A. O.; Leu, W.; Oberhuber, C. N.; Campbell, J. E. and Hoveyda A. H., J. Am. Chem. Soc. 2004, 126, 11130
11
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Synthesis of Baconipyrone D:
Left Hand Fragment by AAA

0O OPGO OPG (NHC)Cu-catalyzed
Et. _O double AAA Et OPG Et
Me Me Me Et " “Et => Et " Et 2T S N T
: : Me Me Me Me
Mg 1 1 1l
o —_— -
Me Me Me QFG"  (NHC)Ru-catalyzed ;i
5 < 5 Me.., Me AROM/CM Me, i _Me
o (+)-baconipyrone C = HUR/\I,,»H — /\l OM/C 3 Il,/q"“w.
| Gt P " Ol
PG'C OH OH P e g we <_7

A% A} Vi

Scheme 2. Retrosynthetic analysis for baconipyrone C. AAA = asymmetric allylic alkylation; AROM /[CM =asymmetric ring-opening/cross-meta-
thesis; PG =protecting proup; LG =leaving group.

substrate control = QPG =
- SR
| = e

_ Me Me
Et OPGEt :;:g:j:;t Et OPGE! Vit
LG LG 5/ LG
=y = =
(Me),M
11 e Vil
| Et OPG Et
AEEN

catalyst control i

The challenges: n

« Steric congested trisubtituted olefin

e S\2VS. S\2

» Substrate control vs. catalyst control in the second AAA 12
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Left Hand Fragment: Model Study

Table 1: Initial investigation of Cu-catalyzed AAA

M

OBn Et
Me A _OPO(OEt), THF e
e  rac? S

OBn QEIn QBn
R LS R
Me Me 8 Me

Me ent-8 Me lj'le

Et
9

Entry Alkyl metal Catalyst (mol %) Conv. t[h] 5,252 8:9 er[%] 89 ee[%)] 8!
[%]Ib]

1 Me,Zn CuCN (200) 10 24 =20:1 9:1 - -
2 Me,Zn 1(7.5); CuCl,2H,0 (15) <2 24 - - - -
3 Me,Zn 2 (7.5); CuCly2H,0 (15) <2 24 - - - -
4 Me,Zn 3 (7.5); CuCl,2H,0 (15) <2 24 - - - -
5 Me,Al CuCN (15) >98 4  >20: 91 - -
6 Me,Al 1 (7.5); CuCly,-2H,0 (15) 45 24 = 20:1 20:1 99:01 93
7 Me,Al 2 (7.5); CuCl,2H,0 (15) 15 24 nd 91  nd nd
8 Me,Al 3 (7.5); CuCly;-2H,0 (15) 638 1 = 20:1 2.6:1 97:03 94
9 Me,Al 3 (7.5); CuCl;2H,0 (15) 29 4.5 =20: 1.7:1 95:05 90
10 MeAl 3 (7.5); CuCl,2H,0 (15) 95 24  >20:1 151 94555 89

[a] Reactions were performed under N,. [b] Determined by 400-MHz "H NMR analyses of unpurified
mixtures. [c] Determined by chiral GLC analysis (see the Supporting Information for details). nd=not

determined.

CBn
Me\(‘\l)LEt

Me Me ent-9

'(-_:'.'BI"I
MeleLEt

Me hia'les

OBn Et
e eaaann Me = OPO{OEt),
Me  R7
QBn Et
- Me -~ __#N_-OPO(OEL)

Chenbo Wang @ Wipf Group
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Left Hand Fragment: Synthesis

=
s 1. tBuLi (2.1 eq.) then J/
= Et HCOOEt(05eq) B o Et 1. TBAF91%yield
ore 3 Tei TBSOAN BT 5 Nk, Hic=cHoHer  TBSOANAA_oTes (EtO),P(0)Cl, DMAP,
' ! 43% Et3N, 87% yield.
10 DMAP, Et;N 1 12 ’
72%
= = = =
7.5 mol% 3, 15 mol% CuCl2,
Et O  Et > Et O Et B o7 Bt Et O Et
(Et0),0P0._Is A _L_0PO(OEY), MesAl (4eq) - M P
13 14 61% yield 15 8% yield 16 27% yield
>98% ee >98% ee

1. Cp,ZrCl,, nBuLi, 80% yield
l 2. Og, pyridine/CH,CI,, PPh3, 65% yield

Et OH Et

P

14
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Right Hand Fragment: AROM/CM

Table z: Initial investigation of Ru-catalyzed AROM JCM I Ph,  pn
OR OR o, PPh3 X
Me., ~_ M  0.7-5mol % Me., ~_.Me “Hu
@ chiral Ru catalyst Q * ~Cl
PR S T QiPr
|
18 R = Bn no solvent 189 R =Bn
20 R = PMB 21 R = PMB Ph 22
Entry Substrate Catalyst Equiv TI[°C; Conwv ge
(mol %6) styrene t [h] [26]™; [26]
Yield
[%]Icl 2
1 18 5b (5) 4 22; 44 96; 55 80
2 18 6b (5) 4 22;15 =98;56 81
3 18 2+ 22+ Nal 4 22;: 14 =98; 44 3 ==X
(2.5) R 5
4 18 2+ 22+ Nal 4 22;14 ==98,46 73 1' R \D
(0.7) oiPr T_P
5 18 2422 4Nal 8 ~15;20 >98;64 89 L JCCe] T eaL=cCl
6 20 2+ 22+ Nal a8 —=15; 20 =98;62 88
(2.0)
[a] Reactions were performed under N,. [b] Conversions were determined
by 400-MHz 'H NMR analyses of unpurified mixtures. [c] Yields of
isolated product after purification. [d] Determined by chiral HPLC
analysis (see the Supporting Information for details).
15
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Preparation of The Right Hand Fragment
And Completion of The Synthesis

OPMB
s ", tBUOH, Et,0
Ph ¢} o
21
Ph - N
PMB OH
© 0 OH
25

1. TBSOTf (0.4 eq.), 2,6-lutidine
60% yield after four runs.

—
>

1. (EtO),P(O)CI, EtzN, DMAP  py,

1. CIMe,Si(CH,(H)C=CH,),

: : imidazole
Ph N P -
z 2.2mol% 4
PMBO  OH 3. H,0,, KF, KHCO;
23 73%

th
PMBO O
© Si

1. TBSOTT, 2,6-lutidine

24 Mez

L
>

2. MeyZn, CuCN

2. DMP, 98%

(+)-baconipyrone C

Chenbo Wang @ Wipf Group

2. (COCl),, DMSO, NEt,

3. NaClO,, Na,HPO,4, Me,C=CMe,,
1% 2 2 4 2 2 33 Et

: 2. O3, then NaBH,
PMBO OH 72%

PMBO OTBS

729
LDA 1. DMP
—_—
H 2. DBU
0,
PMBO OTBS et A Et PMBO OTBSOH O OTIPS 64%
29 30 31
O OTIPS
88%
1. 17, 1,3,5-trichlorobenzoyl chloride,
1. TAS-F 98% _ HoC O DWMAP, EtN, toluene, 68%
PMBO O O__ -

2.DDQ, 90%

\
MasMN s MMes

Ru

}

QP

4 16
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Summary

e (+)-Baconipyrone D was synthesized in 17 linear
steps with a total yield of 2.1%.

e Key steps include Ru-catalyzed asymmetric ring-
opening/cross-metathesis and Cu-catalyzed
allylic alkylation, both utilizing the newly
developed chiral N-heterocyclic carbene ligands.

17

Chenbo Wang @ Wipf Group 5/13/2007



