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HCI, MeOH
95%

HO OH H l 050,
Jon Winter R }(Q\(R

Tetrahedron Lett. 2001, 42, 971 E, Klein and W. Rojahn R;—!O o ‘R

Synlett, 2002, 1223. D. Walba, o
J. E. Baldwin, Jj\
K. B. Sharpless, n O N CCl3
R. C. D. Brown, HO OH H
C. Stark
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Os

Catalytic in osmium

o OsOy (cat.)
Me3NO, H,0, acetone
)\/\)\/\ N JJ\CC'3 —_—
! CSsA

H
95%

UNIVERSITY. OF
OXFORD
(0]
Jo r}l)J\cm3
HO OH H

H
HO OH  HO © uprolide D 0s0y (cat.) tolerant of other solvents and acids
cis-sylvaticin (0] Me3NO, H,0, acetone BUT pH<1
. 4 o
oxy-substituted 2ubi:)|tuents on THF J\(\/K/\ L
.. . THFs ackbone
1) Catalytic in osmium? ao N” el
OH H
2) Stereospecific and selective? >10:1 (75%)
3) Single enantiomers?
4) Explore variations in THF ring
S Wl pectenotoxin-4
How to make single enantiomers?
I-ii.
| 0804 (cat.) 0304 (cat.) 3
UNIVERSITY OF UNIVERSITY OF
| MesNO CHzClz Me3NO CH20I2 O OXFORD 050, (5%) OXFORD
HO OH By 4 HOO
60% 2% )\/\)\/\ —’ace one. e
stereoselective OBn MesNO (4 eq.) b © OBn
TFA (6 eq.) HO OH
88% >98% ee
cat. OsO, (DHQD)2PHAL rackmic
B 0s0, (cat.) Bu Bu (DHQ),PHAL| 87% H*
UWBU —_—> (0} K3FeCN
Me;NO, H,0, TFA H-H 3 6
acetone HO OH 050, (5%)
SO, o
93% 5'\/\)\/\ acetone, H,O w
S
e O Y OB
stereospecific (syn) HO™ OBn Me3NO (4 eq.) \ 5 "
OH TFA (6 eq.) —0s~
83% Y
Bu 050, (cat.) >98% ee
4 Bu Bu
/\/\/ —_— Y 1N07 1Y
Me3NO, H,0, TFA W MR
Bu acetone
83%

Angewandte Chemie, 2003, 42, 948

Sam Butterworth

Angewandte Chemie, 2005, 44, 4766




0s0, (5%)

Do other functional groups participate?

Angewandte Chemie, 2006, 45, 8025

/
O\?SQO
L
OH 050, (5%)
H acetone, H,0 L\
o MesNO (4 eq.) A A
3 €q. HO OH
NHTSs TFA (6 eq.) Ts
90%
0.2mol% 0sO;  68%
OH 050, (1 %)
X [ N
Me3NO, CSA (6 eq) HI1H:
HO OH
NHTs CHoCly, RT Ts
99% ee 92% 99% ee

e Y —_— x B 050y (5%
¥z (DHQ),PHAL OH Bu Me3NO (4 eq.) wo 1M Gh : \ acetoﬁef HO)O
B >95% ee TFA B eq) >95% ee : OB ————»  HO RO oBn
’ 71% OH OH Me3NO (4 eq.) OH
TFA (6 eq.
>98% ee ©ea) 81% >98% ee
on o8 050, (5%) JOBn

Ho H H n/ acetone, H,0 0o 050, (5%)

NS Me;NO (4 eq.) A0°H " N/U\(\/\/\/\ acetone, H,0O
TFA (6 eq.) HO OH 2 TMeaNO (4 eqy

3NO (4 eq.)

>90% ee 76% >90% ee OH TFA (6 eq.)

>98% ee
0s04 (5%) OH
acetone, H,0 H >90% ee 0s04 (1%)
o R — , TSHN ™ 0Bn acetone, H,0
H Me;NO (4 eq.) ‘0 s —_— >
z H Me3NO (4 eq.
07k TFA (6 eq.) OH oH TelgA (G(eqe()] )
>90% ee 67%
OH 1 OH
LA o) L) 0 Nefe X-R
O b OoH s g : : H
HO OH HO 0o wo ' Hén ho o TS-N\?SQO
cis-sylvaticin J. Am. Chem. Soc., 2006, 128,13704 sylvaticin  J. Am. Chem. Soc., 2009, 131, 12854 L
Can we make nitrogen heterocycles? Ts

How to rationalise the cyclisation of diols

/I\/\/K/\OBn

0s0,
Os(VIIl)

Os(Vl)

HM

OBn

Om
I

—_—

0s0y (5%)
acetone, H,0O

Me3NO (4 eq.)
TFA (6 eq.)
88%

H*
MAOBH

\ N
;O\S’O
\
o
additive yield of THF
none 30%

O 83%

Osmium(VI) good, osmium(VIll) bad




PNO is an oxidant that oxidises Os(IV) to Os(VI) but not to Os(VIII)

Lewis acids can replace H*

OH
1 mol% K,0s0,(OH), 5 mol% K,0s0,(OH),
HO N SN2 X _—_— NI
NHCbz PNO, TFA, H,0 HO HYH OH NHBoc PNO, MeCN, H,0 HO H | H OH
acetone, 40°C Cbz Cu(OTf),, 60 °C Boc
>95% ee 95% >95% o6 Z u(oTf),,
° | pH 6.5 buffer
o NG 81%
5 mol% K,0s0,(OH), o !
HO X - > SN2 O o
NHCbz PNO, TFA, H,0 ho 1 i bH on /‘\/\/K/\ 5 mol% Ko0sO,(OH),
acetone, 40°C z PNO Ho T op —mM» H (0} OP
>95% ee 90% >95% ee OH PNO, MeCN, H,0 HO OH
Cu(OTf),, 60°C
MeO,C >98% ee pH 6.5 buffer >98% ee P=MOM 92%
O CO,Me 2 P=TBS 68%
5% K30s0,(0H), after
_—
HO N PNO, TFA, H,0
NHCbz acetone, 40°C o) (!‘,b OH OH 2 mol%
87% * & A K,080,(OH)4 \_OH
>95% ee >95% ee Y — B
&H SiMe.Bn PNO, MeCN, H,0 SiMe,Bn
95% ee Cu(OTf), 88%
MeO.C, 0  COMe
5% K,0s0,(OH), :
MO N PNO, TFA, H,0 HO o
H H ' 2 NHCbz i) BnBr, NaH OBn
(0] Cbz OH acetone, 40°C
>95% o6 90% J. Org. Chem. 2009, 74, 6394 i) TBAF/ H,0, BnO OH
Angewandte Chemie, 2008, 47, 2872 Chemical Communications, 2010, 46, 7310 74% 95% ee Ben Pilgrim
™
OAc Me3S|JI\ Ac
o s o
A 0,
700 51%
NHB
Bl OH 5% K,0s0,.2H,0 HO H /\ * MeO_ OMe #\O A~
0 KoUsUy.2H) - E 1] O, - CO,'B
I HO OH o 0s0 Ho. S o7 coBu S 2 0z ,Bu
{)X)P POAOQ : s  —
Woerpel 4 Cu(OTH),, : H* T
PO ® _— o) CO,'Bu 2 (o)
i = Y J. Org. Chem. 20086, 2641 2 MeCN:H,0 A OH 83% A OH
OPN )( 88% TPAP, NMO
d MeCN, mol sieves
o I3, PPhg, o i) Zn/Cu, DMA,
Imidazole Benzene
- > —_— CO,'Bu
'BUOJ\;/\OH CH,Cly, 95% ‘BUOJ\;/\' then A, Pd(PPh;), 2 -
NHBoc NHBoc HMPA, Benzene NBoc 82%
ii) NaOMe, MeOH 79%
NH,
Sakai - 26 steps, 1.8%, Org Lett 2001, 1479 HO /\ 6M HCI
HO. 2 COLH 60 °C, 6h
Lygo - 15 steps, 23%, Tet Lett, 2005, 6629 og >
COzH 97%

Hatakeyama - 21 steps, 14%, J Org Chem, 2006, 4227 (0]
Sasaki - 24 steps, 0.74%, J Org Chem, 2006, 5208

H
(-)-neodysiherbaine A

Angewandte Chemie,

2011, 7604. 7 steps (24 % overall yield)

(-)-neodysiherbaine A




Pectenotoxin 4: A progress report

OBn

OH A_OH
7 steps
OPMB

¢ 1st cyclisation

OPMB

Total synthesis: D. A. Evans,
Angew. Chem. Int. Ed. 2002,

K20s0,(OH), (0.05 eq.)
PNO (4.0 eq.)
Zn(OTf), (0.50 eq.)

MeCN/buffer pH 6.5

OPMB

x

T. Nakata, UNIVERSITY. OF

M. Brimble OXFORD

Q"N PG Do
“{ Me o F A Eae Hes
Bn
Zn(OAc),
(aq.) DMF
e )(l)\ o oTES
68% O\__{‘
° Me
Bn

Radek Lipinski

pectenotoxin-4

MeCN/H,0 (3:2)

4 steps
i) PPhg, I,
MeO 0 Me  H |Zn o
e ‘NWOTBS -
Me ii) Hp, Pd/C
77%

66% | ) DIBAIH
ii) PhgP=C(Me)CO,Me

OMe Me H

O

MeO,C
" O HO oH i) TBSCI OO oH
0.y i NoTRS € 20K
I:/I ii) MezAl
e MeNHOMe
70%

pectenotoxin-4

Atorvastatin (Lipitor)

“"Me

(R)-(+)-muscopyridine

41, 4569 pectenotoxin-4
CO,H
. HO. CO,Me
3 3
UNIVERSITY. OF HO. UNIVERSITY OF
P OXFORD
1 mol% Kp0s05(OH) F | |/
o o PNO (2eq) N
o J\l/\[(\/k/o citric acid (0.75eq) \ M o
o —_— NHPh ——
Zn(0TH), (0.5 eq) P 4 G ©
with
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RCM as a Basis for the Construction of Aromatic Compounds

1) Unsaturated linker

UNIVERSITY. OF
| Schrock cat. OXFORD
13 mol % A
| B n-Pr
0~ n-Pr hexane, 60 °C (¢}
87 %

R. H. Grubbs, J. Org. Chem. 1994, 59, 4029.

MeO. Grubbs Il
© X 7.5 mol % MeO N\
A
MeO N PhMe, reflux MeO N
)
OMe Ts 83 % OMe T8

A. Nishida, Angew. Chem. Int. Ed. Engl. 2002, 41, 4732

2) Oxidation
Grubbs Il
\( f 10 mol % = [0 7\

—_— —_—

N o N N

1

Bn cl cl Bn Bn
cl cl 50 %

o]

60 °C, ultrasound C. V. Stevens, Arkivoc 2005, 92

3) Elimination

OH OH UNIVERSITY. OF
N . Grubbs Il 5mol % N o N OXFORD
4 TSOH ; -Hy
¢ | _ToH 1] M0
N > CH,Cly, RT N 4% N
SOzNMe; SO,NMe, SO,NMe,

C. J. Lovely, Tetrahedron Lett. 2003, 44, 1379.

4) Tautomerisation

o 0 OH
™S Bt Grubbs 117.5 mol % TMSUH TMS\©/Et
/ - - -
_ CH,Cly, RT
97 %

Yoshida and Immamoto, J. Am. Chem. Soc. 2005, 127, 10470

Ring Closing Metathesis as a Basis for the

De novo Construction of Aromatic Compounds
UMIVERSITY. OF

OXFORD

Step 1 Step 2
Metathesis to form ring
Construct backbone

(form X-Y bond) R

RCM — Modif -|=
z j/ ------- . LG/Q(D - LG/g-Y>
LG =X~y

Step 3 '
Eliminate to i-LG i-Le
aromatise Y \J
s
(in situ?) Ff

\ A
/ Y [ Y

x” X
MesN_ _NM
es es
o, |
R Ru=
I en a”h
pr3 i-PrO

Grubbs Il Hoveyda-Grubbs I Angewandte Chemie, 2006, 45, 2664.

Angewandte Chemie, 2008, 47, 7314.

A versatile synthesis of pyridones and pyridines using RCM

L3
UMIVERSITY. OF

OXFORD
OMe
activate ' eliminate o ,'\‘ R
U = v = U
X
Modify at each stage? ﬂ RCM
OMe QOMe

late O,
0. _Cl N__R acyl
J - A J




The prototype

o]

[
3
o =

BnO. _OBn X .0Bn UNIVERSITY. OF
\ i ! S N OXFORD
oMe ——> OMe ———» OMe
H Zn, THF Et;N, CH,Cl,
o NH,CI (aq) 0 86% o}
100%
GH-Il (5 mol %)
98% jCHZCIz, reflux
o ArNTf,, KHMDS i
NTf,, DBU, THF 0B
[N ~— o n
~_OMe THF, -78 °C ___OMe 94% OMe
70% H
o] o} o}

Mes—N<N~Mes

Cl N
P

Flexibility at C-2

Flexibility at C-3 and at C-6

BnO\N Me._~_ Br HN,OBn
OMe —_— OMe
HJ\[{ Zn, THF Z
(o] NH,4CI (aq) Me

90%

oTf
ArNsz, KHMDS
SN
|
% OMe THF, -78 °C OMe
60%
Me O

o)
\)J\m

—_—

EtsN, CH,Cl,
94%

DBU, THF
93%

UNIVERSITY. OF

(0]
PN OXFEORD
Z OMe

Me

GH-II (5 mol %)
97% lCHZCIZ, reflux

\Ru=—
clvy, Ph B
Cl \;}3 N™ "NTf, ST
0
GH-II —< ArNTf,
Flexibility at C-5 Flexibility at C-4?
0
YJ\CI o o
BnO.. _OBn F3C>)J\ _OBn um\ffnsm aF Ph (o) um\ffnsm aF
N BT HN o CF, >N . OXFORD BrO.,, P o pn-OB \)\m SN O FORD
OMe ——> e——— Me
HJ\[{ Zn, THF Z Et;N, CH,Cl, M HJHrOMe R oMe ——— > OMe
o NH,CI (aq) 8% 5 Zn, THF EtsN, CH,Cl, Ph
o NH,CI (aq) o] 91% o]
100% o
e GH-Il (5 mol %)
GH-Il (5 mol % - o mal o
75% JCHzCI(z, ,ef,ux”) y: CH,Cly, reflux
o PhB(OH), o OoTf o
o) e cat. Pd(OAc), S5 OBn
- - ~N .—-- i
\n ArNsz, KHMDS FsC " DBU, THF FsC N,OBn | N RT, DMF | N | N o <-<"" I N on
i = e e
“vE, 78°C | _ome 5% | OMe OMe phe"agth”’"”e Ph OMe  ph Ph
67% I o) 2 o o} o]

@ . oTf - oTf o

HsC 3o~ €O~ MeO

Sl Tl S e
N co,Me N-"Nco,Me

74%

-

R3 R! Br

o]

R4
@ X NH,0R
R4

o

R? N N

B(OH),
R

Organic Letters, 2008,
10, 285.




® |solated in 1959 from Streptomyces flocculus

e broad antiviral and antibiotic activities against
both Gram-positive and Gram-negative bacteria

® highly active against several animal and human
tumor cell lines

structure assigned in 1963 by R. B. Woodward

e absolute (M) configuration assigned in 2008 (Bringmann)

cross
couplin
P9 ome

5 steps, 17% yield
Weinreb 27 steps, 0.6% overall yield ———————— > streptonigrin

Kende 19 steps, 1.3% overall yield
OBn Boger 12 steps, 3.5% overall yield

cross

MeO.
o MeONH, HCI MeO. Crotyl bromide CPNH

A — -/
H™ "COEt EtOH, pyr, 5 h HJ\COZEt Zn, NH,CI (aq), N\cozEt

CH30H, rt, 5 h
99 % 97 %
serine  Q O 0,
OH Cl
H,N — N EtsN, CHyCly, 89 %
0°Ctort,2h
HO o}
O,
H quinuclidine, MeOH oM G-H Il (56 mol%), Toluene \
! then MeNH 7 e Benzoquinone (10 mol%) N
Oy N._CO,Me > O _N__CO,Et MW 140 °C i
- -~ MeO.
HoN Me 85 % PthN Me 76 %
= CO,Et

Me

84% l Tf,0 (1 eq.)

TfO.__N._-CO,CHs NBS. MoCN TfO__N._-CO,CHs
coupling L/TE ’ \c |
OMe H,N CHs 92 9% H,N CH3
Br
OMe : (0]
Louise Walport
MeO 6 steps P H4CO.
30% yield c-7
cHo OMe ﬂ COLHs Br, (4eq) gy CO2CH3
OMe MeO. _ o Me Py, CHCly
| MeO 1N OBn 100% NaN;, DMF
MeO,C.__N_ _OTf N™ “SnMes Weinreb 0°C, dark
' = OMe OCH3
P - OCH,
Me NH2  pd(PPhy), (5 mol%), o
Br Cul (20 mol%), CsF (2.0 equiv) (10 mol%)
Toluene, 110 °C Pd(PPhg),
o, Dioxane,
% aq. Na,COg3,
74 %
MeO OBn
OMe v J. Am. Chem. Soc. 2011, 133, 16418
fo) o
H3CO. MeO. H3CO. H3CO
(aq.) GAN CO,H CO,CH
L- COCHs  MeCN, 0°C CO,Me HoN 2 KO HN 2 A/ (cat), Hp
MeOH:EtOA«
CHy 90 % Ve Vo MeOH/ H,0 Me e c
OBn OBn OH 88% OH 57%
(+)-streptonigrin
22 % yield to formal OCHj OMe J?O}Inear Stlfp's;ld OCHs OCHs
intermediate in 10 OCHs OCEEIE OCHj3 OCHjy

linear steps




Cross-Metathesis to Make Aromatic Compounds?

OH a
G-H Il (5 mol%) o
G R'__O_R? | CH,Cl, (0.25 M) \_/
1J\/ Cross FG alkene U (100 mol%) (250 mol%) cat. PPTS
R Metathesis isomerisation? 1 2 40°C. 24h
........ s R1)\/Yo somerisation? RN | R :
i ion?
Z O R2 aromatisation? u S
N 2
R derivatise? RWUR
) \ / B N .Cbz o
A | OBn N >95% ee
O _Me U O__Me  Ph(CHp)p—ON Me O __Me O _Me
oH o oH v L/ X L)
)\/ . G-H Il (5 mol%) P R
Ph(CHy); R | ———  Ph(CH,); - 65% 61% 76% 56% 53%
CH,Cl, (0.25 M) o
(100 mol%) (250 mol%) o cat.
40 °C, 24h PPTS
G-H Il (5 mol%)
PPTS (2.5 mol%) Ph(CHp)p— O R —— ~ M
\@/ G-H II (10 mol%)
CH,Cl, (0.25 M) o 2 [
—_—
B
40°C, 24h PPTS (5 mol%) ®)] )
Bu s OH
90%
TsN Proc. Natl. Acad. Sci. USA, 2010, 107, 3373-3376.
Ph(CHy)3— O\ -Me  Ph(CHy),~© Ph(CHy)z—© Q Ph(CHy)z~ O 4|
U \ / U oh \ 7 Highlighted in
Nature: Chem. 2010, DOI: 10.1038/nchem.588;
82% 54% 63% 56% Proc. Natl. Acad. Sci. USA, 2010, 107, 3279-3280;
'Editor's Choice' in Science, 2010, 327, 923.
Synthesis of trisubstituted arenes? HO HO H pd Ho O Re
0O Pd(ll)-Ar L o
OH Q OH Ry — > R K —_— . —H
G-H Il (5 mol%) R carbopalladation A H R bond rotation 1 " Pd
Ph(CHz)z)\/ MR GEEEETRPEEEE > pPRCHy) F 2 (syn) 2 Ar H
CH,Cl, (0.25 M) 3 trans-hydroxyenone
Both Fail B-hydride l
OH o OH elimination y (%"
. )H G-H I (5 mol%) homi-acetal
Ph(CHy),” ¢ 7 ) s > Ph(CH,) Z emi-acetal Oos_R
2 Z)Y I chycl, 0.25 M) >z g RO R dehydration o OH formation HO 2
\ / 2 - 1 R, _— P
_ R{ H
OH OH Ph(CH,), \0/ Me Ar Ar Ar
Heck reaction? aromatise? :
Ph(CHz)z)\/\( ----------- > Ph(CHz)z)\(\l( -------- AF\S—T cis-hydroxyenone
[¢] Ar O
OH o Doubleherss o) OH
Pd,(dba)s (5 mol% metathesis
oH H(dba); ( o) ) /\H\/ + Me)J\/ —)0 Me = a Me
_~__0O P(t-Bu)sHBF, (20 mol%) o 5 mol% HG(ll) OH S
Ph(CHy); > Ph(CHy), Me OH CHCl,
Me  CvaNMe (250 mol%) \ / 65%
Cross metathesis: 88% Ar-Br dioxane 70 °C Ar ° Double Heck Coupling

Aryl bromide scope:

Ph(CH,), \0/ Me

81%

80%

o o
Me Ph(CHy), \o/ Mo PhCHIa~Oo Mo Ph(CHI~ O e
J
I MeO
o 7% 79%

10 mol% Pdy(dba)s
40 mol% PtBugHBF,

Cy,NMe
1,4-dioxane
75°C, 18 h

@-Br (5 equiv.)

48%




Cross metathesis:
58% Yield

o Pd,(dba); (5 mol%) Ph
P(t-Bu); HBF4 (20 mol%)
)WO
Ph _— >
Me Cy,NMe (250 mol%)
Cross metathesis: Ar-Br p-dioxane 70 °C
89% Yield Me
OH o
N
Me
OH o
=
Ph(CH.
(CHy); S
OH Pd,(dba); (5 mol%) Ph(CHa), o) 2
o P(tBU)HBF, (20 mol%) \
Ph(CHy); _— »
Ph Cy,NMe (250 mol%)

Ar-Br dioxane 70 °C

55%

\ /

58%

Ph-©
\_/

(HoC)Ph

Nature: Protocols, 2010, 5, 2005

CM then [O] ‘\‘ ¥ [0] then CM
RI_N._R®  Heckreaction o 0 NH,
| B bbb RWWRs —— U
RN NH3 xe
R3
E Carbonyl
i a-functionalisation?
J0 o NH3
Hoode M L
RZ R4
(R)-(+) muscopyrldlne
= i. G-H (I1) (10 %) ~ Lo
o | CH,Cl, o) ii. NH4OAC EtOH 17% overall yield
y o "*Me | 42% Yield (2 steps)
)
8

6 steps, >95% ee

Organic Letters, 2011, 13, 1036

HoN

O i % _coom P Winship MeO OH L. Fishlock
Q >_/— R. Lipinski N L. Barbosa
HO" "0 COOH G. Churchill "2 C. Jones
OH K. Wheelhouse
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