Nucleophiles and Electrophiles: The Basis of Organic Chemistry
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Synthesis 1: Strychnine

Woodward, 1954
- Nobel 1965
Classics I, 21

Reactions:
- Fischer indole synthesis
- Indole addition
- Dieckmann condensation
- Allylic rearrangement

Concepts:
- Retrosynthesis
- Substructure Recognition

Properties:

- A poison from Southeast Asian rainforests

- Known in Europe from the 16" century

- Isolation in 1818 (Pelletier and Caventou)

- Structure determined in 1946; X-ray in 1956
- 6 contiguous stereocentres!

Definition:

strychnine

notes 02

Retrosynthesis - A technique for transforming the structure of a synthetic target
into a sequence of simpler structures, along a pathway which
ultimately leads to known or commercially available starting

materials.

o NHCH, o) o) o _
Xy L, = AT = (1T
o) 3 O (e}

ecstasy

- E.J. Corey, Nobel 1990

safrole
notes 04



Retrosynthesis:

known (KOH / EtOH)

’ reduction

E

— CIN

\\_/ nucleophile
conjugate bond addition
addition migration V\
strychnine OH
- allylic
reduction rearrangment
isostrychnine |
Lactam Formation
Homologation
I?G
N o Dieck
Lact: ieckmann
o Fofni:t?;n Condensation F.G.M.
R ——
L —] [ —
u Z ~CO,Me
X -CO,Me

Oxidative Degradation
1] methyl glyoxylate
1 :
H

~o
NH.
Imine /\ : ° C-3
Formation | Alkylation O |
[— ] OMe C——— N OMe
N H
S
OMe OMe

Indole
Alkylation

notes 03
Methodology:
1.1 Fischer Indole Synthesis:
o
©\ + HC OMe polyphosphoric acid CH, 2. [3.3]
NHNH,

+ _— A
OMe (H") HN.\ 7 OMe HN. OMe
phenylhydrazine acetoveratrone H
OMe OMe
500g ~ $60 500g ~ $300

HN N OMe
H

OMe

notes 05
- most commonly done with ZnCl,



Continuing Steps:
|
N®

Wy

‘ > NMe, CN
OMe CH,0 / Me,NH | [ 1. Mel O [
N - - . OMe|— OMe OMe
H H,0 / dioxane Ny N 2.NaCN / DMF N
OMe AcOH H
A OMe OMe OMe
Indoles are nucleophilic 1. LiAIH4
at the 2 & 3 positions 2. o)
\OJKH/H
o

methyl glyoxylate

NI o
1. NaBH, _ pTser [ o—
OMe Pyridine N OMe
2'ACZ.O./ }l| O
pyridine OMe OMe
O3
AcOH
H,O
29%

o
'”'/LO/ bond migration
2> Co,Me MeOH / HCI
2CO,Me N

29 steps

< 0.01% overall yield
( Ac ’ y
deprotection k\J

lactamization strychnine
notes 06
- How does the ozonolysis work here?
- Let’s come back to that after the next section.
Other Syntheses of Strychnine:
Magnus, 1992 — J.Am.Chem.Soc. 1992, 4403. - 38 years from 1% to 2™ synthesis!

Stork, 1992 — lecture (Iscia Porto, Italy).

Kuehne, 1993 — J.Org.Chem. 1993, 7490.
Overman, 1993 — J.Am.Chem.Soc. 1993, 9293. -  Ist enantioselective synthesis
Rawal, 1994 — J.Org.Chem. 1994, 2685.

Martin, 1996 — J.Am.Chem.Soc. 1996, 9804.
Bonjoch, 1999 — Angew.Chem.Int.Ed. 1999, 395.
Vollhardt, 2000 — Org.Lett. 2000, 2479.
Shibasaki, 2002 — J.Am.Chem.Soc. 2002, 14546.
Mori, 2002 — Angew.Chem.Int.Ed. 2002, 1934.
Bodwell, 2002 — Angew.Chem.Int.Ed. 2002, 3261.
Fukuyama, 2004 — J.Am.Chem.Soc. 2004, 10246.
Padwa, 2007 — Org.Lett. 2007, 279.



Synthesis 2: Progesterone
Marker, 1943

Reactions:
- Oxidative degradations
- General metal oxide degradations
- Lemieux-Von Rudloff oxidation
- Ozonolysis
- Jones oxidation

progesterone
Concepts:
- Semisynthesis notes_09
Properties:

- Steroid hormone involved in menstruation
- Orally available analogues administered along with estrogen as the birth-control
pill.

The problem of access to progesterone for medical studies was solved by Marker’s
isolation of diosgenin in large quantities from a Mexican yam.

HO

diosgenin progesterone

isolated from the roots of cabeza de negro
(a giant mexican yam)

notes 10



Methodology:

2.1 Oxidative Degradations:

R R" R R"
CrOg
— or >: o o :<
R' R™ KMnOy4 R' R™

or
KMnO, / 18-crown-6
R R" . R R"
= ———— o o<
RO H R OH

Cyclic precursors can be particularly useful:

R @ NalO, / RuO, (cat.)

_0
R 7
\AO

Similarly...

R R" Ho,orPbOAc), R R
" w———————= =0 o=
W R -

2.2 Ozonolysis:

Zn / AcOH
or
Me,S
or
MeO;P

ozonide

NH; /H, / Pd

R™OH /HCI

Handout #1: Oxidation

More modern conditions: HIO4 /MnOy4 (cat.) = Lemieux-Von Rudloff

NalO4 / RuOy (cat.)

These allow you to stop at the aldehyde:

R>:<R"

R" H R

R R"

=0

NalO,4 / RuQy (cat.)

A plausible mechanism:

T @ O\l\/n(_n_z)+ e
n
| I //'\llb" 2 ,
R' e} R' O R o
) M
H
The above reactions are equivalent to a 'one pot' dihydroxylation / cleavage.

Once at the diol stage, compounds can be very sensitive to oxidizi

ng conditions.

notes 12
~
Ym0 o
o [e] .
. ®.. 0.0
R A QTGN 3dipolar 0/5]0
most cycloaddition
pe significant _— H .
transformations R a R" RR HR
R R" R’ \H
o o<
R’ OH
J
R R ©
R R" O>/ @\_/i = o’o j\
R—)—OH HO—$H o H R R)@ H R
H H © ) R
o
R R"
R'*NHz HzN%H " 0-0 R
H ¥ %
R" O H
R R
O O
R OR"

notes 13



Synthesis:

diosgenin

HsC OAc

Why the selectivity?

testosterone
estrone

HC-L- HC-r- estradiol
Zn < CrOg v
HOAc o aq. 1,80, (g
acetone g
Br Jones Oxidation '
progesterone
AN ST LA AL
¢ XA K AP
; v I [ - S . —— HH
—_— +
HH ) ) HBr , . I *
@—Br NN J'\/}(‘l RN "
* Br S] HH

Synthesis 3: Prostaglandin E,
Corey, 1969 and onward

- Nobel 1990
Classics I, 65

Reactions:

- General discussion of olefin-forming reactions:

notes 11

- Wittig reaction
- Horner-Wadsworth Emmons reaction
- Still-Gennari olefination
- Julia olefination
- Corey-Winter olefination
- Peterson olefination
- Barton-Kellog extrusion reaction
- Asymmetric Diels-Alder reaction
- Baeyer-Villiger oxidation
- CBS reduction
- Jodolactonization

PGE,

notes 14



Properties:
- The prostaglandins are a large family of lipophilic C-20 hormones.
- Isolated in the 1930’s, structures in 1960’s.
- Originate from action of COX1 and COX2 on arachidonic acid.
(aspirin targets both enzymes, vioxx selectively targets COX2)
- Various prostaglandins may control:
cell growth
hormone regulation
inflammation
sensitivity to pain
constriction / dilation of muscle cells
- PGE, and PGF, are used to induce childbirth or abortion

Synthetic Strategies:

The most obvious approach:

R,CuLi (Gilman reagent) TBS = -:—Si//k
R,CuCN)LI; higher-order A
R(thiophene)Cu(CN)Li, | cuprate E;p?);égir;aﬁ)h;s

©

or

o Q R-X Q F
RMgBr / Cul (cat.) d (X =Cl, Br, I) R

Sj TR g

regiochemistry controlled by

TBSCS cuprate additon (soft nucleophile) TBSOJ T886
stereochemistry controlled by approaches opposite
sterically demanding TBS group to the large TBS group

Corey's approach:

o OVR
R* ~ge R”

bicyclo[2.2.1]ring structure

Retrosynthesis:

cis-selective olefination
(Wittig)

y IR G

trans-selective olefination Corey lactone

notes 15

%

NC™ cI

notes 16



Methodology:

3.1 Olefination Reactions:

Wittig olefination:

7
R) Phsp” R

(George Wittig; Nobel 1979)

when R'is alkyl, typically gives the Z-olefin }
stabilized ylides typically give the E-olefin

- but can bias to Z-selectivity in acid-free MeOH
"Kishi footnote" JACS 1982, 1109.

tune by additon of
salts or solvent

R'

fast with aldehydes, slower with ketones (esp. hindered ketones)

®
,
Ph3P:/+_?AQ —— Php

R’

® ©

base
o~
PMP/\R' ™ PhsP” R

(BuLi, LDA, NaH, etc.) phosphorus ylide

Horner-Wadsworth-Emmons olefination:

o] Q R’
J . Il base _/ typically gives the E-olefin
R (EtO),P<_R R
Arbuzov reaction: L
(0] o
/\ ~ \/O‘I-l’/\ , I
(EtO)P:/  + R —— QO, ® o 7 (EtO),P.__R'
X
triethyl phosphite b phosphonate
Still-Gennari olefination:
(0] .
ﬁ . Il LiHMDS gives Z olefins even with electron-withdrawing R’
~~0-P~_R" 3. 6 /T
R F?—'CC/\O crown: R R
3
notes 17
Origin of Z-selectivity in Wittig reactions :
The 3™ Year Mechanism:
®
® H
PhePo o PhaP H T . ) php R
Tk N @R& e ™
: H™ R
R H Yo 97 R 0" R R
The 4™ Year Mechanism: betaine intermediates oxaphosphetane (driven largely by the
strength of the P=0 bond)
[ R R ml
R
S N
Ph— Ph—p H
/P o H /
Ph Ph H "
® Planar cis-selective TS Puckered cis-selective TS R R’
O _/pph, X PhyP
i — PhRRINH —— | ||
R7A_OR y 0" ™H R
H
R oxaphosphetane
Ph__ )\ Ph__ 0/ _R
Ph—p y Ph—p R'
/ O H /
Ph Ph H
Planar trans-selective TS~ Puckered trans-selective TS

A concerted - but asynchronous - cycloaddition

notes 18



Other notable ways to make olefins:

Julia olefination:

or PhCOCI

1. O [/
O\\SP nBuli_ Q[ R” H R
Ar” Ar” \e/ 2.Ac0  ArO,S

X, =
=,

base R'

or other reductive
desulfonylation conditions

-

OAc Na(Hg) R o
R EtOH \

R'

gives predominantly E stereochemistry

may give E, Z or mixture, depending upon
counterion in the base, solvent, etc.

N~
2 N

Ar= !
N-N

L1 O "
@ A

Julia-Kocienski

N~
=R

Peterson olefination:

Q
7/ N
< :s>l(<o—</S]©
R R’

Smiles rearrangement

separate diastereomers if a mixture

-

o
SiMey R’ H Me;Si OH Me;Si
H“)‘ f'r ' ,
R™ "MgBr R HR R
acid base
H,SO4 KH
H,O / THF THF
HZO: ’_\ PN 5
MesSi, :\HR' Measi:\ 3
Vg H ’IRv
R {OH, R H
anti-elimination ® syn-elimination
/TN /_/ )
_ —
R R' R



driven by the formation

Corey-Winter olefination: oo e pae
of a strong P=S bon
S/\ We0) P@ F
€0)3
i N Ni
HO  oH CI)KCI o Yo (MeO)P: A@ - (MeO);P =5 /Q -co,
H g —— o o o o) "o /N
R HR - H g 111°C 'y R R’
thiophosgene R H H‘H’R' H'z R
(-2 HCl) J R H R H
improved: Ph
P
Me\N N,Me
25-40°C
A neat application:
A
0 ©
R:  Rs  mcpBa R/A\ o _ Ho o OH c”cl R, Ry
= IR R Ve, —, S — _
Ri R4 1 Ry R R34 2. MeO)}sP: R, R,

3

H HO Rs
\__[:Ry4
r Rz”>_{)H
® Ry
H;0
= /¢ detected by trapping
with dienophile

notes 21

Barton-Kellog Extrusion Reaction:
(Derek Barton Nobel 1969)

||
% N Rs™ "Ry Ry Rs
)J\ —_— )j\ — Useful for the preparation of extremely hindered olefins.
R TR, R7” "R, 2.PRs/A R, Ry
S] N N /\
~NH,
N 0 Il 1l R R4
I [O] @\ ® N> S\H/
S

j\ HoN-NH, be
R R o
1 2 Ri” "R,  eg. (CFsC0,),IPh R1)LR2 RH\R&/

. 3

hydrazine hydrazone

P-$
1,3-dipolar S—Py
cycloaddition { = S
Y
~0 Lawesson's reagent
o th:\g . Ry Rs R,
4 FN
Ri_“pPh, Re~{ AW A N o
P e B e (0 X
R—7—g R, S =N, R:” R,
Rz R, Ry Rz R; Ry

|

Ry
Rs~\-pph, -PhsP=s RZ/\l[R1
Ry = Ri” "Rs
R2

notes 22



Synthesis:

~o ¢l MeO

MeO
JJ\ MeO MeO
@ (MOM-CI) & CI” "CN (+£) 7 KOH mCPBA EX
Cl 7 _— 4
NaH / THF Cu(BF4)2 H,0 / DMSO Baeyer-Villiger ox. o
CN o)
synthetic equivalent of:
7 NaOH
o H,0
HO._-©
Baeyer-Villiger [e) © \f
]
H
OMe

jodolactonization 0.0
) o F e R\OJ\R, ( \f Q
o) o} Lo —_—
2 A (o o ?—lﬁGVOME
0" ~_R* R H :
Cl

HO
o) HO
Kls
& NaHCO,
3°>2°~aryl>1°>Me

Cl iodolactonization

radical dehalogenation [e)

CN \- \- QJ{
- IN=N) \ %,} BusSne™, . )¢, ——= [ )—H "q
‘Fk “Na NC HDSnBu |) S HDSnBu3 *SnBug : OMe
O 3 | o
1. Ac,O / pyr.
2. n-BuzSnH
(I} AIBN/PhH / A
o 0sp Y NaH
o)
o 0
2N 7 W oA o
: oH - Zn(BHo, O\%\“/\/\/ ° s 1.BBr3 ~
1 Pra ~ 3 H-W-E O\/ 2. CrOz=2pyr. O\/OM
™ AcO X o T ) e
OH Acd ollins rgt. AcO

Corey lactone

DHP = dihydropyran  THP = tetrahydropyran
1. Separate
2. K,CO3/MeOH | ;
3. DHP / TsOH P

(o] OH O
o% Q/« —_— /\|‘/<H coy oH
R Dibal-H —~ e Phgp” @ZAACOQH
<.j\¢\/\/\/ GWW N N
N K 3 B THPO -
THPO Shp THPO STHP OTHP
1. HyCro, AcOH
2. ACOH / Hy0 H,0

0 OH
NN A e P
CO,H COH
N = : =
HO OH HO OH

(+/-)-PGE; (+1-)-PGFy,

notes 23 & notes 24
Problems with the synthesis:

- racemic
- Zn(BH3)4 reaction

Methodology 3.2:

- Catalytic, asymmetric Diels-Alder reaction
- CBS reduction



Catalytic asymmetric Diels-Alder Reaction:

Tryptophan is available in
either enantiomeric form.

I\
NH NoHo pr s
— BnO— H H)zs\ Y
Z O o/ I_! (e}
HH fo)
o BnO ?B/
~N_ O H BnO
Br Ts B H
H + 7 oxazaborolidine O=g=0
H notice the . 4 CHO
. formyl CH-O
2-bromoacrolein interaction Br
exo-adduct
95% 92% ee
NH,OH
BnO
Several other chiral auxiliary- BnO TsCl BnO
or chiral catalyst- based approaches ; NaOH (aq) ; S ;
are known. See handout for more information. e — CN  pyridine =N-OH
S Br Br
92% ee
notes 25
Corey-Bakshi-Shibata (CBS) reduction:
H PR Ph pyee —
(both enantiomers clive species:
N\B/O are available) H Ph_‘\Ph
(1-10 mol%) l‘\/Ie
another oxazaborolidine! QH T\B/
A\
RS R BH,~THF RS R, BH, Me
(o] o
H PR Ph
Qe DooQ
N~

jo)
B (10 mol%)
Me

(@]
o
%/—/

the extra-large protecting
group is used to further
bias the stereochemical control

Synthesis 4: Periplanone B

BH; THF
90%

notes 26

Still, 1979  (largely credited with the invention of flash chromatography)

Classics, I, 211

Reactions:
- Anionic oxy-Cope
- Rubottom oxidation
- Selective epoxidations

Concepts:

CH;
periplanone B
notes 27

- Use of medium- or large-ring conformation to control stereochemistry



Retrosynthesis:

O
o anionic o
oxy-cope
O ==
CHj;
CHs U CHs
PGO
periplanone B PGO

notes 28

Methodology:

4.1 Cope-type reactions:

3,3-Sigmatropic Rearrangments

A T20°C o KJ{\ >100°C  _z A ~
N x oz T Ox, RN\{/ =  RNg

Cope Rearrangment Claisen Rearrangment aza-Cope Rearrangment
© €]
HO o o
Ho X 7 100°C )z 0 X "25°C LA workup 0
C=0—00 =000
Oxy-Cope Rearrangment Anionic Oxy-Cope Rearrangment

(\ LDA @ rt. @
(o} o (0] O
N~ -78°C ¥
°© Og ®
Ireland-Claisen Rearrangment

Stereochemical Consequences:

HO A\
H OH keto-enol O
O\/i - A\ w tautomerization M

NF

H L
note: the olefin geometry
is a consequence of the
transition state geometry

OH OH OH OH keto-enol o

N _ 220°C oo ~ tautomerization
J— —_ . st _ —_—
H H H H effectively irreversible

(usually a bit lower temperature)

notes 29



Synthesis:

1.LDA/ 0°C
2. J?\/\JS °C
=
0o H ) MesSn oTMS i (5.2 addii
crotonaldehyde o) o 1. LiSnMe; 3 1. Me,CuLi (S\2' addition)
3. Ac,0 , X 2. Me,SiCl - X 2. mCPBA (deptrotection)
EEO _~  OAc gEo”  ORe
EE= CHj protection of the
N )\ o~ a,b-unsaturated carbonyl o
-7 707 "CHs; a
Rubottom oxidation OTMs EEO/:
o base / TMS-CI )} _mCPBA _ )% OH
e T, X
PN ‘ Lz
OH

OTMS 18 Crown 6

X
_ workup MSQo _MCPBA_ _ THF 70°C CCY
PET :
EEO”

Rubottom oxidation

t-BuMe,SiCl
imidazole, DMF

OTBS

6 ®
CH,S(CHs),

sulfur ylide

attack from exposed face of olefin attack from exposed face of ketone

notes 30

Section 5: Palladium-Mediated Coupling Strategies

Reactions:

- General discussion of:
- Stille coupling
- Heck coupling
- Suzuki coupling
- Sonogashira coupling
- Negishi coupling
- Tsuji-Trost coupling
- Pd- Pt- & Au-mediated cycloisomerizations

Concepts:
- Catalytic cycles — oxidative addition, reductive elimination, etc.
- Increased synthetic efficiency using organometallic coupling strategies.



Methodology 5.1. The Stille, Suzuki & Negishi reactions - Related Mechanisms

Pd© (catalytic)

R'=M + R?*—X - RI—R?
ligand
M X R' R? Other Requirements
2 R S N
Stille Sn(alkyl)s I, Br, Cl, OTf, ‘)iP\‘OR
OR , , 0
RF L= . J\
(& sometimes alkyl) \
9 > { Base:
) OH  OR o PO N :
Suzuki . g/ g/ LBrCLOTE . .R-OR N © o~ @ Cs,C03, B(OH),,
" YoH' Tor OR . ‘ Na,COs, KoCOs.
WF = and alkyl Ba(OH),, TIOH, KF,
R o ' CsF, NaOH, etc.
. .
-;—B\ ~BF3 and alkyl
R
Negishi ZnX 1, Br, Cl, OTf, OAc oy R
=

Catalytic Cycle: Stille Coupling

R1—R?2

reductive
elimination

R!

note:

The addition of a halide source may
enhance the rate of the overall
reaction when starting from an aryl
(or vinyl) triflate, due to the ultimate
formation of a stronger Sn-X bond.

Br—SnBus

transmetallation

R2—Br
oxidative
addition

R'-SnBug

notes 31
Formation of alkyl stannanes:
BT 1B Ny SnBU)s
R— R_l
= 2. Cl—SnBus =
N Br  (Bu);Sn—Sn(Bu)s N Sn(Bu)z
R Pd(PPhs), R

notes 34



Catalytic Cycle: Suzuki Coupling
R17R2

0
L,Pd

note:
For many substrates, and particularly for
aryl chlorides, oxidative addition is the
slow step in the cycle. The rate can often
be enhanced through the use of bulky,
electron-rich ligands like P(t-Bu)s.

R2—Br

reductive oxidative
elimination addition

R? R?
e i
L4Pd L,Pd
Ny N
R Br
A
note:
L o+ transmetallation metathesis o The metal counterion in
OH the base can be very
R2 important. Larger metals
v like Cs, Ba often seem to
szd\ give better results.
HO > B ©
r
R! OB
Ve
R! note:
organoborate Many aryl organoboranes are commercially available, and have found wide use in the
organoborane 9 pharmaceutical industry for rapidly preparing libraries of compounds. Other
. ©OH organoboranes can be prepared via hydroboration, or by lithiation / quench strategies.

notes 32

Some useful methods for the formation of organoboranes:

A& oo
(0]
. 9-BBN
R©/Br 1. nBuLi B R~ (¢ ) R\/\B
F
O
7 L
0-8

O

‘<

_ -
j: 100 °C o@
OJ% /Of
R\/\B

Pd(dppf)CIz B HB,
R—‘ R—I\ ~0 R (e} P _0
_ NaOAc / DMSO T — CP,ZIHCI S
0°C-rt
/O
H-B
o
(o]
/
B

| PdCI,(MeCN), / EtsN
o AN 5 )2 / Et3l vy Bo
) (tBu)P P(tBu), R

notes 33



Synthesis 5.1. Some illustrative syntheses:

Stille Reaction

OMe

Suzuki Reaction

TBSQ, OH TBSO
1. PDC, Celite

2. CH3PPhBr / KOtBu

HO' /7/ °

(o)
N |
X
IX
Br N” "OMe
Ts
N gr| Pd(PPhs)y
S Na,CO3
PhH, MeOH,
(HO),B H,O, 1t

/Ts
N
N
X
D ——
o
Br N~ “OMe

First Suzuki rxn
proceeds in the
presence of two
aryl bromides!

Ho”

. BusS
1. Bus n\/\SnBu;;
Pd(MeCN),Cly / ENGPY),

Stoltz JAm.Chem.Soc. 2004, 126, 9552-9553.

2.CAN HO
3.HF HO" X OMe
(+)-Mycotrienol
Panek J.Am.Chem.Soc. 1998, 120, 4123-4134
notes 35
I\
TBSO Li/Q TBSO
1. Hy PAIC SEM
O 2. CDI/HN(OMe)M
© (OMe)Me CHs HO')Y /7]
(e} (@) N
OCHs <Em Pd(OAC),
Weinreb amide
TBSO
1. NBS 1.H, Pd/C H
2. n-BulLi 2. NaH / Mel
[9) 4 [
S o N
-PrO-B_ dEm o N
SEM
(o]
|
SEM= L Sgr~SIU NBS=  Br—N
X 6
Pd(PPh3)4
Na,CO,  Second Suzukirxn chi= N7 ONTONTY
selectively occurs at | \w/
PhH, MeOH, one aryl bromide.
H,0, 50 °C
;Fs
le) IS N
8 st N .
steps N
Br —— HoN P Br
MeO i N OMe
(0] N
H
(+)-Dragmacidin F (anti-HIV)

notes 36



Methodology 5.2. The Heck reaction:

base

R , Pd© (catalytic) R
2 R“—X AN
XTH Y ligand > TR?
base, heat
R? X base
S S l, Br, Cl, OTf, OTs, N,* 2° or 3° amine
’ KOAc, NaOAc, NaHCO4
or sometimes alkyl
(w/ no p-hydrogen)
base *HX
0
L,Pd

reductive oxidative

elimination addition
I, X X
L2Pd\H LoPd
H
0 . — . A
B hydrldg}(/erl;)mmanon coordination R%RC
RB

L2Pd~3 —~H RA/ “R2
RA' “RC RBJ\(H
RE  R? N

R
1L, X
L,Pd R2
. AV o, migratory insertion

rotation RRB =t H (syn)

notes 37



On the nature of " L,Pd° "

RsP<_ 0 [
Rgp———Pd n

14 electron complex
electronically and coordinatively unsaturated

Typical Formation:
Ph3P\PdG/PPh3 -2PPhs Ph3P\Pdo [H] PhsP 1 Cl
PhsP” “PPh, PhsP”” reduction by Phsp” al
ligand, reactant,
(or similar Pd° species ) (or equivalent ) solvent, etc. ( or similar Pd" species )
18-electron complex 14-electron complex 16-electron complex
stable - commercially available unstable - highly reactive stable - commercially available
added directly to reaction mixture not directly observed added directly to reaction mixture
pre-catalyst active catalyst pre-catalyst
Even Better: . . A
RAP common ligands: PhsP PhzAs (t-Bus)P | P
3PN 0 v
Pd 3
~
RsP
ligand or > —Pph O
Pd%y(dba); —————— . ] : PPh,
- . R Fe PPh
0 < 2
( or similar Pd” species ) p\ 0 @Pth
_Pd
P dppf
R ﬁ BINAP DuPhos
generated in situ And many, many others!
Chiral ligands allow asymmetric control of reactions.

notes 42



A closer look at what those curved arrows are doing:
What You Need to Remember

A Frontier MO Diagram for (PhsP),Pd
‘ 0 PheP
Pd di PheP Somewhere in the (PhsP),Pd° frontier MO's is a filled orbital of the right symmetry
- T for interacting with the R-X antibonding orbital (+*) and an empty orbital of the right
symmetry for interacting with the R-X bonding orbital ().
5
Metal LUMO \ ‘
' interacts with
Pz hat R-X o orbital
o - \ ,
py //’ J \
— B LuMO PhaP ol H -
PhaP ~ " Metal HOMO
HOMO interacts with Q
R-X o” orbital 1 . "(
s (@) E— '
-/ R
’
o X X
S “ HOMO L,Pd - LPd
' < ) b R R
Something similar happens in the case of the subsequent addition of the olefin.
ey }
i PAd['I"'X n X
“ | N
PN RA” H
RE™ ™ B c
&2 H R R
) _
dyz A 1 For arrow-pushing purposes, the Pd acts simultaneously as a nucleophile and an
{ } l { L electrophile.
dxz ‘

X1

notes_38b



An example of an asymmetric “double” Heck reaction

(e} Pd,(dba);
OTf (S)-(-)-BINAP
DO S
o}
0 o
p 2. CAN
O‘ X
Z “PPh,
! i PPh,
(S)-(-)-BINAP
(+)-Xestoquinone

Keay J. Am.Chem.Soc. 1996, 118, 10766
notes 43



Some other noteworthy Pd-coupling strategies:

Methodology 5.3. Sonogashira coupling:

Pd© (catalytic) / Ligand

R1 ——H + RZ—X R1 e R2
Cu' salt (cat.)
base
R2 X Cu! salt base
oz *O I, Br, Cl, OTf Cul, CuBr 2° or 3° amine

0
L,Pd

reductive oxidative
elimination addition

notes 39



Methodology 5.4. Tsuji-Trost coupling:

Nz R’
\/\l/ R \/\rR' R AR
- X (0) i i or c
Nu—H . or Pd®) (catalytic) / Ligand Nu Nu
(or Nu6 ) ’ (may require a base) With soft nucleophiles With hard nucleophiles
R xR (retention) (inversion)
X (whenR>>R")
Y Y~o-TOR" </ o o " ““NO. / ““NR".
0" ™MR" 07 °NHR" ' © é)R?R o7 SRe OPh oH cl 2 d% 2

o O o O (@] NR" o@

O 0 2
ft nucleophiles = s - o ‘
soft nucleophiles R'"QJ\/U\OR'" R"')]\/U\R'" R"')K/\S/\Ph /& /g R"—OH R"—SH R"')J\NHZ etc

coordination

. oxidative
substitution addition
with inversion! with inversion!

attack typically occurs at
least-hindered positon, RoAaLR :
though this may be ( : 2

controlled by ligand set = Pd
and conditions. /Pd\ i \X
I ®
R ~ R' ligand
\/\/ exchange
\/ fy o
Pd X
L

notes 40 & notes 41



Methodology 5.5. Au- and Pt-Catalyzed Cyclizations of Eneynes:

=R Ry Rs
X R Ad or pt" Nt Z "R S
2 X | or X 1 or | or several other products
\_\ng R R4 X R4 depending upon R; - Ry.
3 2 R.
R 2
R: 2 R
®
Al “au—t (Au-L © L
1) . WA ® .
/ — 1 R1 7 R1 /_ZLR1
X R» — X R, X R, -— 4
\_\g—Rs § y { - Z R,
R4 R4 R, Ry
RS@ R4 R3
NS elimination S
XA Skt XA R
R, Ro
®
Au—L
[ ’ih{d:d:rsD'"ﬁ] [1,2 alky! shift]
4=
Rs Ry L L L R
2Ry (Au” o-hu R '
X ‘ A i fragmentation X::m:& [1,2 alkyl shift] XR1 fragmentation % ° elimination | X
T e SR, ——— — ¥
R, ® EFN~r, g, | R R
Rz Rj R, R3 R, 2
®AU*L

notes 44



Synthesis 6: Virantmycin
Back, 2004

Angew. Chemie Int. Ed. 2004, 43, 6493. O
. HO

Reactions: , ~
- Buchwald-Hartwig coupling TN
- Acid chloride / fluoride formation Buchwald-Hartwig H ‘>:<
- Curtius rearrangement
- Krapcho decarboxylation
- Enzyme-mediated reactions notes 45

(-)-Virantmycin

Concepts:
- Desymmetrization
- Stereodivergent synthesis

Methodology:

6.1 Buchwald-Hartwig coupling:

base
Pd,(dba); / Ligand

/R’

- :
X
\_// RN o (Ligand = BINAP, DPPF, etc.)

Base = NaOt-Bu, LHMDS, K,CO3, Cs,CO4
Pd,(dba); / Ligand

base
notes 47



Catalytic Cycle:
R1_R2
0
L,Pd

Ar—X
reductive oxidative
elimination addition

(may proceed via

-HX Pd-O¢#-Bu intermediate)

co-ordination R'
H-NR’, H-N
Ar \R'
lH/
L,Pd =
N

Base X
notes 48



Synthesis:

o I =
MeO 1. NaH/ MeO

MeO

2. NaH/ AN~

MeO (e}

Cl

(@)

dimethyl malonate

NaCl (aq)
DMSO /A

pPCcC NaBH,
Ar/ﬁ/\/ . Ar/\_/\’
OH OH
1. Ac,O / DMAP
2. BuyN*F
3. DPPA / DMAP
then NaBH,
N
o}
~o < NH
r(‘3Ac CHO
1. PdO etc.
2. NaOH / MeOH
3. 50Cl,
o
Cl
HO
O/

Pig Liver Esterase

o~ _—
b )= o )
meso 162 kDa serine hydrolase 95% ee
For a stereochemical model, see:
Jones JAm.Chem.Soc. 1990, 112, 4946
SiMe F
1.DCC/ Ho "M% Py
2. KOH(aq) / MeOH N“=N 7 pyridine
-KOH () 1 Me A
3 F F” "N” °F
’ N/IQN / pyridine cyanuric fluoride
|
PP
o
~5 o MeO
BrO
Me3Si
LIHMDS a5l
Acyl Halides:
A
F OH
75 A by
A @y Ay
o — N F )Kg‘)\N/ F F AL
idine . HO™ "N” "OH
pyn [S) acyl fluoride I
F cyanuric acid
o
o CI)H(C] .
PN o CO, (g CO (g) HCr
- = . 3 Cl 2
OH oxalyl chloride )kﬂ/ )J\CI
acyl chloride
2
o] _S. o O
P clI” el /gcgq 80, (g) H'Cr
OH thionyl chloride o ¢ Cl
€] acyl chloride
Cl
Krapcho Decarboxylation:
o (o]
) .0 OH o)
. ~ .
] O -— ’J\
(-COz)
Curtius Rearrangement:
IIDI
PhO7"~
pho s e

diphenyl phosphoryl azide
(DPPA)

7'1\)J\OH

NS

Trimethylsilyl ester deprotection:

(0]
kf\ Sl‘//\Fe
07

N >

\

(o}
1. Ac,0 @ )
~2 Nz nitrene
2. Na*N3” ‘ JJ\N <N
acyl azide
4 H o R-OH
P N . .:_N=C=0
\ \[O( R 2
~Si-F isocyanate
s carbamate

notes 46




Synthesis 7: Xanthatin

Martin, 2006
Tetrahedron 2006, 62, 11437

Reactions:
- General discussion of olefin metathesis:
- Ring-opening metathesis polymerization notes 50
- Ring-closing metathesis
- Cross metathesis
- Ene-yne metathesis

(+)-8-epi-xanthatin

Retrosynthesis:

o
lactonization
Tandem enyne /\’ =
metathesis / cross TIPS

metathesis Y o // . )=OTBS aldol

H
+ o 9
-3 TIPS ———>
e — SIS ﬂoﬁ o
— — \ /
| el

g,

Pd-catalyzed
carbonylation

notes 51



Methodology:

7.1 Olefin Metathesis: (Nobel 2005)

R R' catalyst R'
R;;é . Rfj:é _ 2 j:é

General Mechanism:

' R
R’ . — ' R’
_ Ph R Ea R
LnRu—/ LnF\’)UE[ L.,Ru E R’ LR L.Ru="
[ - - / : . —
R;s—‘gf ; R R R R R R F R

Ring-Opening Metathesis Polymerization:

= Fo oo

norbornene L-Mo=x n R ~Cl \c|
n u Ru
CI/ | C,/ N

"Living" Polymerization
Ring-Closing Metathesis:

C/ L, Ruj G’ %\Q %\Q
> Grubbs' 15-Generation Catalyst

Grubbs' 2"-Generation Catalyst

« Grubbs' catalysts are generally tolerant of oxygen-
and nitrogen-functionality - but not acids.

Cross Metathesis:

R L,Ru=x
/= =/
R

R R

~ Also: { "

R

see: Grubbs J.Am.Chem.Soc. 2003, 125, 11360.

"Mo"=\ Schrock
R Carbenes

Enyne Metathesis:

LRUﬂ /:/
e (- (B Qs
/_/ LRuJ

R

notes 49



Synthesis:

1,2-syn
o o — TBS
(o] OH O O 1. HN(OMe)Me o o)
//L)J\H * NJ\O Bu,BOTH J\ )J\NJkO Me,AIC /L JJ\N,OMe
= \ / i ~5 - ~
nPs” EtN(-Pr), A " \_J 2 TBSOTY Z \
B TIPS B T TIPS
| | B 2,6-lutidine ‘
Weinreb
amide
Evans Aldol
1. MeMgBr
* Reliably gives syn products T
2. AT,
T
KHMDS
(]
BuzB\O o )k
s A ROH TBS
N0 o OTf
-/
Bn é
Z-enolate TIPS”
1. Pd(OAc), (10 mol%)
Pd-catalyzed
carbonylation PPhs / CO / MeOH
Et;N / DMF
2. TBAF
(0]
Q )J\/
=
o (10 equiv) & o
-
(] MesN_ _NMes — 0
CI'| -
[}

ﬂ (20 mol%)

Hoveda-Grubbs Catalyst
notes 52



Synthesis 8: N1999A2 o

Myers, 2006 — J. Am. Chem. Soc. 2006, 128, 14825, Ho

OH
O O = 0
Reactions: HO o d
- Bergman cycloaromatization O ~
- Swern-type oxidations o’ och,
- Asymmetric epoxidations
- Asymmetric dihydroxylations
- Amide couplings with DCC / EDC / HATU etc. notes 62
- Corey-Fuchs reaction
- Glaser reaction
Concepts:
- Synthetic planning

N1999A2
(a 9-membered enediyne)

Retrosynthesis:

TBSO,,.
%
Et,(i-Pr)SiO SnBu3 *
4

OCH3
OCHs

notes 62
Bergman Rearrangment:

©L<:;‘

HO!

Sugar-0,,
HO'

S
O-Sugar

/
glutathione—SH

glutathione— SH R'
OH R
()¢ O’ DNA Damage
By RAA=CZS R
Neocarzinostatin / N1999A2
chromophore
Mechanism of DNA Cleavage:
HOPO obo obeo obo Loboo
‘ Base-H ‘ Base-H
Base Base Oz Base Base O o
H (-Ar-H g7
(AH) LOH *
(o H OH




Methodology 8.1: Asymmetric Epoxidation

Sharpless Epoxidation (Nobel 2001)

D-(-)-diethyl tartrate

[0] R R
%OOH
EtO,C CO,Et
R1j/\Rj Ti(O-i-Pr), (5-10mol%) 2 \ 2
| HO  OH
OH
R f(’jlgi]yﬁ;;r;; D-(-)-diethyl tartrate
[0] Ry O
L-(+)-diethyl tartrate
Jacobsen-Katsuki Epoxidation
RS R-
Rii'Re phio orNaoct or mePBA RingRe
| }O S e} ?
R3 Ry R3 R, H 2 /oH
< _N\M,N_
—N N= ~ n\
i g
© Cl © 4
Shi Epoxidation o
O
> Vo
o
o J.g< v
20-30 mol% o ,
R3 - made from D-fructose R3 ) ZKTR
- both enantiomers available “, o R
| -0 (0] © o
R17OR2 oxone (KHSOs) R'” "R2 7<
H,O /MeCN pH 7-10
Methodology 8.2: Asymmetric Dihydroxylation
Sharpless Dihydroxylation (Nobel 2001)
Empirical model: O//OS\\O
R1 R3 f : HO OH
_ chiral ligand . 0 B-face AD-mix-f
; oxidant (stoichiometric)
R? R oxidant (catalytic) R R

AD-mix-oc or  AD-mix-3

AD-mix-o.:  (DHQ),PHAL + K,0s0,(OH), + KsFeCN
AD-mix-f: (DHQD),PHAL + K;0s05(OH)4 + KsFeCN

I i I
chiral amine catalytic

(based on quinine) oxidant

oxidant
or quinidine

stoichiometric




Synthesis:

: o]
1. D-(-)-diethyl tartrate 1. TES—=——H
o : — TBSO,, TBSO,
Ti(O-i-Pr)4, t-Bu-OOH (o) i OTHP 1. (CH3),AICI/-78 °C
HO_~ 4 THPO < LiHMDS . (CHy)2 . H
2. TBS-CI, imidazole 2. pyrdine-SOg
2. TsOH/ @ x Et;N/ DMSO / CH,Cl, x
o TES TES
(dihydropyran)
1.CBry / PPhy
] CH,Cl,
Swern Oxidation Cl ( Cgsg;zﬁhs
CNE 2 CI 2. NaHMDS then
DMSO / (COCI), o o] (@) BulLi
R — ———— J| s é®
EtsN / CH,Cl, R N ~ (_C|
H
(-COy) y
Moffatt Oxidation R OH ((Sgl)) TBSO...
DMSO / DCC o
R” “OH g Hf\@ | =
H,PO, R H ® TES
s j;)(:é@) EtsN R/\O,S\
RO O 1. n-BuLi, BuzSnCl
Parikh-Doering Oxidation
2. CpZr(H)Cl
o DMSO / SOz-pyr (ﬂ) then I,
Et;N / CH,CI. R”
3 HLl R&O PN
Corey-Fuchs Reaction
Br, “ ™\
Br Br Br Br. Br :PPhs Br
BND  pphy —— oo — o Io 7 Php=(
B~ “Br—"" 3 ® Br (%Phg, ar
Br—PPh;
o
| wittig
R
Li  anti-elimination
I n-Buli B‘r\ILi n-BuLi B’TB'
Al
R™H R
halogen-metal
exchange

© _ 188
Ph3P\/

n-BuLi / Lil |

(HPYEL,SIO 1.
OH

0SBt (-Pry 3 NBS /CH;Cl

Glaser Coupling
(usually requires Cul)

Cu(OAc), /
Pyridine / THF

(i-Pr)Et,SiO., LiHMDS (1 equiv)
t-BuLi (4 equiv)

then HOAc

2. DEIPSCI /imidazole

-—

O/L"
o

(DHQD),PYR / K;0s0,+2H,0 H x
KsFe(CN)g / K,CO3 / CH3SO,NH, OH
t+-BuOH / H,0 “/oH
\\ 4
TBS TBS
1. FeCl; +H,0
MeCN
2.CSA OMe
OMe
TBSO, _~ !
SnBu.
TBSO. x 3 "
TES x
Pd(PPhs), / Cul OH
EtzN /PhH
Sonogashira TBS/// o
TBS
He:
S0
O,
, . - OH
- = OLi ) OSiEt,(i-Pr)
i —> (-PnEt,0" A
b — //\

notes 66



1. EtsN*HF
2.DCC/THF OH
(4
Et,(i-Pr)SiO OH
N1999A2 7 consecutive steps without O
ever concentrating to dryness!
stable! Cl OCH3
HS
trifluoroacetic acid ?O
OH
<z o OH

2. TESCI/ EtzN

1. TBAF / o-nitrophenol Ety(-Pr)SiO,

&, O/
~10SiEt, (-Pr)
§ 9 s J

3. TsCl/ DABCO propargylic group

HS
(0]
(o)
OTES
O~
Et,(i-Pr)SiO O"'
2(-Pr) O

¢’ OCHs

unstable

is selectively deprotected
under buffered conditions

Cl OCHj3 a little more stable
DCC-type couplings **Rxn goes faster with nucleophilic catalysts, e.g. DMAP**
L 2 0
N) (O
Q . < Ay NN
N=C=N N=C=N HN™ "O"{ 'R ’
o 1 1) dlcyﬁlrgr;exyl o
e P n X R
R o R™ 0 R™ X
4 dicyclohexyl _
carbodiimide X=0orN
(Dbce)
Improved Coupling Reagents: @O
X @N' S
R C) N, PFg
R [ N “pr, N
N=C=N ZN g N
N=C=N P, v® N
I e o
DIC EDC \ PyBOP N

X=C HBTU
X=N HATU

notes 67



Synthetic Planning (revisited)°

Sonogashira

s — OLi o X E — OH
‘} [— X .
= == UOTS == E ; ""OH

OCH3 J k \/\ Eglington coupling

transannular Darzens
addition condensation
OH
} H o 0
PG-O, _~ Y N o O
X + + PG-O OH
S o W
PG =~ "OH
PG Cl OCHj4
X, Y =Br, | or precursors thereof
hydrozirconation Sharpless
dihydroxylation
H
P H o
PG-0, Z AN o H o\
AN 0o
“ \ —
AN N Wittig
~3 (0]
PG PG
notes 68

Alternative Retrosynthesis:

, OH ﬁ o
EDC coupling

OH )
OH [/ HO o
o]
D E e
s : PG-0 OH pG_o.--<I
" +
N O Y
\\A cl OCH;3 X, Y =Br, |, OTH, etc.
Jacobsen
double | Epoxidation

Sonogashira

) oTBS o oTBS 5 (9 S0
[ a CBry/ PPh; [O OTBS  NaHMDS " [ ' 0 Still-Gennari g

° 0 0 N\, -Br then HOAc o N\-Br : Olefination
H e ——
Br : \ = "0
1. H;0* : PG
2. CBS Red'n

3. NaH / PMB-Br i

EtoNiPr 1. TBAF OTBS ! P Sharpless

OTf ' dihydroxylation
PMBO'- C(/ TENPh 80 O 2.Swern  pMBO:- q/ ’
X-Br X\_Br N\_-Br 4

notes 69




Synthesis 9: Tetrodotoxin
Du Bois, 2003

J. Am. Chem. Soc. 2003, 125, 11510 ortho acid
Reactions:

- Carbene insertion reactions

- Oxidative degradations

- Methylene-forming reactions

- Selenoxide elimination guanidinium

- TPAP/NMO oxidations

- Allylic oxidations

(-)-tetrodotoxin

notes 53
Also see: Kishi J. Am. Chem. Soc. 1972, 94,9217, 9219.

Retrosynthesis:

HO
OH
HO OH C-H insertion N
| —
OHC OH
diazoketone
C-H insertion HO™ "CO-H

(-)-tetrodotoxin

notes 54



Methodology 9.1: C-H insertion reactions

C-N Bond Formation; (2001)

Rh,(OAG), (cat)

(Justin Du Bois, Stanford)

"Rh
o f X,
~_O_NH, Rha(esp); (cat) N__O HN™ SO
) “enioaoaigo” | 1 > oL co
c esp
© 2/Mg R)vo R
J \,\ nitrenoid 3°, benzylic > 2°
oxidant base Carbamate — 5-ring l
o R/\/OH
HaN \]?O i HN— NH, 1. 0
(o) O acid or base OH )]\
O’ (, — Cle” “N=C=0
2. K,CO5 / MeOH
(0] NH.
| o oy
\/\/O\H/NHZ I HN™ O acid or base HN - OH o
0 /)_/ J—/
Stereospecific!
\\S// O\\//O
H,N"" "0 " aN-S o acid or base NH, OH
SN - NP A
R? R? R?
Sulfamate — 6-ring I
(2007) 0,0
PN NH
H HN™ 0™ "CCls Zn(Cu) 2 Intramolecular - 3° or benzylic
3 103 .
R‘ka Rh,(esp); (cat) Hel R’ RzR Stereospecific!

Phl(0,Ct-Bu),

notes 55



Synthesis:

dibenzyloxalacetate

: o O
/ NaOAc
[

(¢}

o O  (aldol reaction)  1.Hy/PdC
5 steps nti
_— R OTBS 2. (COCl), / THF / cat. DMF
o] 2. o 3. CH,N,
/ pyridine
D-(-)-Isoascorbic acid H™ ~O cl
100g ~ $20 pivaloyl chloride
Rho(HNCOCPhs),
(1.5 mol%)
Stereospecific
C-H insertion
OJ(
O,
>< 3. p-TsOH 1. NHs - BH,
o o MeO OMe 2.H,/Rh-C O
s  oPw dimethoxypropane J
reduced
" reduced
1. Me,NH -~ with BHg with H,
2. (n-PryN)RuQy4 (cat)
NMO Tebbe Methylenation
e o, F o (o
.~
- cr
L (oo e <ale \ .
o} g cl Tebbe reagent 1)]\ "
0 i - R'R
N = 1 2
&Ko <& (opTeo) R
g?aﬂloc%ne titanocene
ichioride Q methylidene
MeLi - A
%'\ (-CHy)
Petasis reagent
(dimethyltitanocene)
allylic oxidation
0=S8e=0
ene rxn Oxg ,OH [2,3] -Se. H,O mgre (e}
‘\Se : le) OH A OH [O]
A A LA SN s SENIN
can stop at either alcohol or ketone
selenoxide elimination O
PhSe Phsé’ PhS 2 H
[0] e)j r syn elimination PhSe—OH
S A A (rt) WY
o«k
Rh,(HNCOCF3), 0 1. PhSeNa steps
(10 mol%) /\O 2. m-CPBA ——= . tetrodotoxin
PhI(OAc), /Mgo  ClI -~ ~0
O 7 {\IH
[¢]
o

notes 56



Synthesis 10: Hirstutene

Curran, 1986
Classics I, 382

Reactions:
- General discussion of Radical Cyclizations
- Luche reduction hirstutene
- Stryker reduction notes 57
- Ireland-Claisen rearrangement
- Selenolactonization
- Radical deoxygenations & decarboxylations
- Barton-McCombie deoxygenation
- Tin-free variant of the Barton-McCombie
- Barton decarboxylation
- Diazene-mediated deoxygenation

Concepts:
- Baldwin’s rules for cyclization
THPO
I
d i 5-exo-dig \ S-exo-trig . \\ \\ Sy2' -anti \<
..... N Zeeds | oot — N St
5 radical B radical 5 = lactone
H H cyclization H H cyclization H H H H opening o
hirstutene o
H
notes 58

Methodology 10.1: Radical Cyclizations
X

-i- AIBN =
X =Br, |, SePh Y+ Ts—SePh X W on \
e NN e Y
A/OH BusSnH hv /' or (-N2) NC
-4- AIBN (cat)| or hv AIBN (cat)
~ A A
Barton
Deoxygenatio&\
Thermodynamic Considerations:
o) b %/\O % e %H 3°, benzylic > 2° > 1°
arton S — L . .
%)J\OH - Decarboxylation» -~ Kinetic Considerations:
T U U Baldwin's rules for cyclization
(0]
NN e
RS-H <"’ T >
AIBN (cat) Norrish
\ hv \Type |
BuzSnH
O _H AIBN (cat) | or hv o) ® As with carbene insertions, rxn passes through a high-energy intermediate.
Y A Y e Good for forming hindered bonds, 4° centres.
. -i-
OYSePh

notes 59



Baldwin’s Rules for Cyclization

(applies to 1- and 2-electron processes)

Terminology:
exo endo
Tet=sp® Trig = sp? Dig = sp
™ _Z Z
X X ~ X -
Q%J\_/%/‘\J% UYJ Yo
3 4 5 6 7
Exo-Tet \/ \/ \/ \/ \/
Endo-Tet x x
5-exo-trig
Exo-Trig \/ \/ \/ \/ \/ favoured
Endo-Trig x x X \/ \/ .
Exo-Dig X X 4 4 4
—
Endo-Dig \/ \/ \/ \/
\/ = favoured x = disfavoured
notes 60
Synthesis:
o 1. NaBH, / CeCly O/ko 1.LDA/-78°C /(QBS PhSe
Luche reduction then t-BuMe,SiCl 0% m PhSeCl d/\o)zo
2. Ac,0 / EtsN 2.CHCl3/ A @j otes 78°C )
Ireland-Claisen H o
selenolactonization
H,0,
Stryker Reduction
(0]
[(Phg P)CuH]e d/\o):o
Stryker HAC _ H
3

reagent

The Luche reduction gives selective 1,4-reduction of an «,f-unsaturated system.
By contrast, the stryker reduction gives selective 1,2-hydride addition.

1. Me3Si———

2. CsF

PhH/ A

H
n-BusSnH/AIBN % ]

1. O
S/
)

2. n-BugN*I-

H

hirstutene

00,
N N
“CF3 HO
(tr|f||c anhydride)

pyridine

THPO\></Br

Li naphthalenide | S, 2" -anti
then CuBr-SMe,

THPO
1.TsOH/EtOH " COH
2. LiAH, H H

notes 61



Methodology 10.2: Radical Deoxygenations & Decarboxylations

Barton-McCombie Deoxygenation:

S NaH
R )J\ , Rl s (n-Bu)3SnH R
R2 Cl OPh Rg\ )]\ AIBN / A Rz\/l\
R3™SoH or R0 X R H
1°,2°, 0or3° NaH, CS,, then Mel X =Ph or SMe
alcohol
SnBu SnBu
SN 1 - 3 s~ 3 R —~ 1
R' S -SnBujy R2 R S R2.| /~ H-SnBu 2 R
R2 - ~ L. I + ~J ! 3, R
Raﬂxo)lix T R3>‘Co)>x o)\x RS R3>‘\H
Tin-Free Variant:
Rzi S B(CHa)s / H,0 Rz\i
R3" ™07 “scH;  benzene, it R*"™H
$ e
Barton Decarboxylation: le)
N~ ® BU).SnH = SSnBug
o soch, 0 | J Na o0 N (mBugsn o i \
L | aBn/a |nlaNn (SN co, H-SnBu
R SOH O R” Cl — g oM RO |
(COCl), N-hydroxypyridine- s R.
2-thione sodium salt S “SnBus
Diazene-Mediated Deoxygenation:
NH.
R oH _PPhs/DEAD N 2 - ArSO,H NH .
e N —_— 1 R —_—
~ NBSH ~ SO,Ar R\/N R\ . ~
NO,
LA
S’N‘NHZ Note: all of these deoxygenation / decarboxylations also provide
O// \\O good entry into radical cyclization / oxygenation reactions.
o-nitrobenzenesuflonylhydrazide



H i
5 N ! N H
Synthesis 11: ent-Sparteine N : N
Aubé, 2002 H ; H
Org. Lett. 2002, 4, 2577. ()-sparteine + (+)-sparteine
useful ligand for
asymmetric catalysis hard to get
$158 / 100g
. as the sulfate pentahydrate
Reactions:
- General discussion of ring expansions and contractions: notes 70

- Beckmann rearrangement
- Favorskii rearrangement
- Tiffeneau-Demjanov rearrangement
- Schmidt reaction
- Finkelstein reaction
- Mitsunobu reaction

Retrosynthesis:

(6]
( C2-symmetric )

(+)-sparteine
notes 71



Methodology 11.1: Ring Expansions and Contractions

Beckmann Rearrangement

hydroxylamine _OH COTS R! (o]
I NH,OH JNI\ Ts-Cl ( N acidorbase N H,0 OH HN—/<
B _— N= T )
RI"R2 —— 4 2 . 1 2 ® 2
RO RO (orMs-C) [RT R ] antif1 2bshit  ge R R R' R
oxime
(R'>R?)
Ts-Cl/EtsN HE_ P
HONH, DMAP / CH,Cl, / A w
H* /A a
Photo-Beckmann
OH © ©
1 O o
R__O _NH [dehydration] (. foN .
S . ROUN® o RN e M
A EALEEN ——> RN -— R” 'N
M
substituted nitrone

hydroxylamine

Favorskii Rearrangement

1 i 2 60) (@ /\ ©0 or 0 o)
R R’ “Base _ R! R? ROH b OR ROH OR
X H x) R! R2 R! R2 — R? R2

R! R!
X=Cl,Br,1,OTs ; i
goes to whichever side forms
the most stablized carbanion

Tiffeneau-Demjanov Rearrangement

OH OH -
NaNO, / H* =N [Recall:
NH aNO, NZ :
O/\ 2(AcOHorH 50.) (ﬁ% S N ® ors /. HNR
S o NO; + H" == g7 oH —— G‘NQPHZ O=N 2
(from a ketone + CN) nitrosonium X
(-Nz) fon (-H")
o} »
* N& R
Ng R "N, .R N R oo N
S\ N HO™ ° Q
O vt
Schmidt Reaction O
N ® o N ®|\J‘~N
0 HO. N’ Ne N H o
ST VY HO) N ¢ o

notes 72



Synthesis:

Hydrosilation

1.
1.HSICL, /[(@lyPaCl, "o TsOH 0 0
; -)-S-MOP ~"0H 1.H, Pd/C N, H o
(0}
) 2.H,0, Tamao-Fleming 2.LDA/ o OBn 7 O\) 2 ?E&D)/ PPhs O\)
norbornadiene 3. Swern OX. (0] BnO\/\)J\ 3)2
H Mit b H, approaches
($1217100mL) aldol fsunobu fiom exo-face
3.MsCl 4.DBU
TiCl,
Hydrosilation: Isntrhamgtlecular
chmi
. H L,Pd© A
R'—; S‘iR — = R q o)
3 SiRj -
**actual mechanisms may be quite complex™* I—'i\l
o}
Tamao-Fleming Oxidation:
H,0, 1. Lawesson's rgt.
Rssi/\R' HO™ 'R 2. Raney Ni
or mCPBA 3. LDA
Cl
17T
Mitsunobu Reaction: 4. Nél /acetf)ne
- ® [e) ® Finkelstein
o PPh, O PPhs e O PPhs
/\OJ]\N',N o — o N/N o~ R™, OH /\O)J\N{N ~
U Ei o~
¢} ] o) N
diethylazodicarboxylate Ho H (0]
(DEAD) )\ |
R' R"
QBOC
Other competent nucleophiles: PhsP=0 i j\ ® HN-Boc
OH 0 + 07 R RO @" PPhs K;CO4
| A )\ DMF
R// NH HN; R,/\Ru ( R SRt
(o}
e} attack with inversion! H o
oAy o
H o
Finkelstein Reaction:
acetone / A TFA
P
R™ °ClI + Nal -— R + NaCl then NaHCO,
soluble in insoluble in
acetone acetone 4AMS
hv
e 254 nm
N7 N LiAlH, N/ - N
H THF /A [ H N R o-N
o

notes 73



Synthesis 12: Zincophorin

Meyer and Cossy, 2004
J. Org. Chem. 2004, 69, 4626.

Zincophorin

Reactions: notes 74
- Diastereoselective aldol reactions (Review)
- General discussion of hydroborations
- General discussion of cyclopropanation strategies

Retrosynthesis:

diastereoselective
reduction

““Ho HO/ OH OH o o
HO,C A )
= ROEYT Y Y # Z — . P _
J (R = protecting group )
stereochemical diastereoselective
control element aldol (1,3-syn)
Hydroboration & -
OO Chain Extension &
< {——— RO.C , L
D B OR 2 oM OR

S A £

H92+
notes 75



Methodology 12.1: Diastereoselective Aldol Reactions

OM

RTX

E
o I
H® R

R

base

oM

R\

z

CHs

Boron Enolates: control of enolate geometry
(e}
Cy,BCl OBCy,
R Et;N / Et,0 R)ﬁ
78°C E
o}
Bu,BOTf OBBu,
R - )\/
(-Pr),NEt/Et,0 R
78°C z
B-OTf bond is more dissociated than B-ClI

Lithium Enolates: also controllable, but harder to predict
(0]

oLi oLi
LiTMP LiBr LiHMDS )\)\
R = R TR
E z

M i LiIHMDS ™
LiTMP -LiBr i /KX
RN - R - RTY

z

V4

Boron enolates give "tighter" transition states anyway

With an a-Stereocentre:

o) O
RL\_)H e
ém base

Same outcome for E-enolates (for a slightly different reason)
Though 1,3-syn addition is the "typical” result, tuning of conditions can afford 1,3-anti

RL\_)]\/?\R.

Ry CHs,
1,3-syn

notes 76



Methodology 12.2: Hydroborations

5 8t .
stereospecific ox. cleavage
H—-BH, syn H.O
)_(' addition H BH, g < ers NaoH H: OH
R (Markovnikov) 5/ R 3 R

net anti-Markovnikov
addition of water
hydroboration is complementary
to direct hydration or oxymurcuration

More hindered boranes are more selective

H
8
— H,O
BH; w R H B NaOH H: OH
R

R
9-BBN
cyclooctadiene  (commercially available) Br, NH,CI
NaOH (chloramine)
H  Br H  NH,
R R

Chiral boranes allow control of enantioselectivity as well as diastereoselectivity and regioselectivity!

B—H — ‘o
/—\ ~. H,O
BH, R R Ho B™°  NaoH Ho PH
7 — - X
2 R R' R R'
CH5
a-pinene (Ipc)2BH up to 98% ee
(both enantiomers available) bis-(isopinocampheyl)borane E-olefins react less well

notes 77



Simmons-Smith Reaction

R' CHyl, / Zn-Cu couple /A/R‘
/ R

R or
Et,Zn / CICH,|

(stereospecific)

Cyclopropanation with Diazo Compounds

\ Rh,(OAc), ,
_ R (or other) /A/R
R/ R" R" R
stereospecific
@',\,l carbenoid addition
eN

Charette Cyclopropanation

O O
\ /
N \LN
/ \ \
o. O
B
Bu

e Stoichiometric
RTX""0H

Zn(CH,l), / CH,Cl,

R/d/\OH

Diazoketones are available by hydrazone oxidation, diazomethane addition, or Regitz reaction.

Regitz Diazo Transfer

A

eo ¢
o o N:N*N*ﬁ@—
o

(from Ts-Cl + NaNjy)

base

o O Ts-N;
RMH base

O /base

M

H® "OR"
Claisen

R

Deformylative Regitz Diazo Transfer

|\/
R R ?\
(o]

0 oN
/N 1
SOLAr
SOLAr O3 SO.A
© 7Y 1 3.dipolar 0) NS A
cycloaddition \
—_— R \’N'N

o o
A
+ ArSO,NH,

notes 78



Synthesis:

1. BH3 *THF

o
[e] 0 1. MelLi (2 equiv) “
H\[HJ\O/\/ _Rh(MEPY), _ b then TBDPSCI / imidazole T/\ 2.NaOH/H0,
(0.1mol%) B 2. MeSO,CI/Et;N B OTBDPS 3. PCC L
N2 DMAP'/ CH,Cl, o > "OTBDPS
>95% ee
AR
-P
EtO~,
EtO OFt
NaH
i 2. H, / PtO,
chira
1. HF -Pvr auxiliary (o) 3. DIBAL-H
o : 2. Hg(O,CCF3) 0 . \)H
then BuzSnH / AIBN 6B at
7 > TN07- " oTBDPS = Y NNOTBDPS z
s i H H: 3. TBDPSCI / imidazole T DH A -—
opz — Bz * c-Hex,BCI/ EtNMe; o7 ™H " OTBDPS
0 0 1,2-anti 1,3-syn o
processed :
to diol and ll ex(’zgﬁlined
cleaved via: OTiXs
\// NS
TiCl4 / i-PryNEt H
then O oTBS : N :
H = = 1,2-syn

1. NaBH, (chelate-controlled red'n)
2. HF«Pyr
3. LiOH / H,O / MeOH

K

OH OH OH

Zincophorin

notes 79



Synthesis 13: Saframycin A

Myers, 1999
J. Am. Chem. Soc. 1999, 121, 10828.

Reactions:

- General discussion of auxiliary-controlled additions:
- Evans’ aldol
- Carreira aldol
- Pseudoephedrine glycinamide alkylation

- Pictet-Spengler reaction

- Strecker reaction

- Reductive amination

Retrosynthesis:
oxidation to OCHj OCH,
quinone CH3 '_! &
WO )
NH
HsC o HsCO Lo
3 OH !
HsCO CHO
NH NH-Fmoc
o¢\|¢o Saframycin A Strecker Reaction
CHj3

Fmoc Cleavage:

) I :Base
R "O — R-NH, + CO, + .O
» v

Fmoc

IZj

OHC™3

HCN

notes 80



Methodology 13.1: Pictet-Spengler and Strecker Aminations

Oxidation to Quinones

Pictet-Spengler Reaction

e donating Electrophilic ®
W m H" or LA. = T @] _Aromatic Substitution = -H 7 |
RS NH S NH| 7T & NH
S NH, /a a /2 7/
R R~ R R
R f He ke & R
R' (0] tetrahydroisoquinoline
R"
works better w/
aldehydes
Strecker Reaction
: ROR R HyO' R0
R.\R j\ LA. Ny N__CN — RN S oH
L — RN P
" m " - or OH " "
H ™R R Q (or TMSCN) R R" R R
S)
CN
Oxidation to Quinones
The electrochemist's perspective:
OH o
—_— @ + 2H" +2¢
OH o
PhI®VO +2e + 2H" =——= PhIY + 2H,0
The organic chemist's perspective:
[
Ph—I=0 Phi Phl
Ph Phi
v oA ~® OH MeOH
—O I-OH 0 2 O OH o
NVo R ( / Qo )
>0 < ~o > o < ~o i
o 0] o o}

notes 81



Methodology 13.2 Asymmetric Acylations and Alkylations

Evans' Aldol: (discussed eatlier) 1,2-syn
—
O o OoH
)CL o Bu2BOTS )‘1 )OiuZ 0 P
o N)H (-Pr),NEt o SNTXR 0" N Y TR
L&’ R CH,Cl,/0°C \_3' R
Z-enolate absolute stereochemistry
controlled by auxiliary
More Modern Asymmetric Aldol Reactions:
Carreira Aldol: Organocatalytic Aldol:
0.5 - 5mol% catalyst OH O o o
OTMS . [o} Et,0/-10°C « : or o} o 10 mol% L-proline J\)\
OR H™ "R then BugN*F" R + HJ\R' DMF /4 °C R T R'
silyl ketene acetal =
Recall: Mukayama Aldol:
OH O
OTMS o LA. or L.B. O OH o
RTR AN
R H™ TR X X R YR N COzH R
enol silane ® M, :
)Io) x Si~ p'r-:)Iine
(e}
SR
R @COZH ®
N” OoH N~ TCOH
{ |
catalyst = / R)\_)\R' R
O S )
\T' Br
i—
g " { <
o'\ o NN N7 ~COH
o) 0 r R o
NEEH ~_ __~ R =
Yy H
b
H® R
(e}
.
H;0 Ho R
or OH" S
Pseudoephedrine-Controlled Alkylation: R
(from LDA + H3N-BH3)
LiH,NBH; R
CH, \)?\ L CHs O LDA (2.25 equiv) o lithium amidotrihydroborate oY
- R R : .25 equiv, S
o Ior el (6 equiv) R 3
H N .
OH CHj OH CHj R'—X el L &
. & R .
pseudoephedrine often chrystalline THF/-78°C  iften chrystalline Li(EtO)sAIH )‘K/R
( Sudafed) H -
-diastereomer of ephedrine l R’
-both enantiomers are available, inexpensive d.e. upgrade o
R"-Li
RS R
R.

notes 82



Synthesis:

NH

pseudoephedrine glycinamide

D8

LiOMe / LiCl

LDA (2.25 equiv)

NH, LiCI (6 equiv) NH, LiH NBH3
: (o] o ) o~ T
OH CH; L nH SH CH, o THF / 0°C
2
O (Myers and Gleason)
glycine methyl ester Br
O/
OTBS OTBS OTBS
Orodoly
oo
N-hydroxysuccinimide
= good leaving group
CN ifmoc Fmoc ||=moc
NH NH
N o HO o
1. HOAc / TBAF O\) 1KCN/HOAc COCIZ/DMSO
2.DBU | N7 75 morpholine / BN/ CH.Cl, | .
CF3;CH,OH
== O/ 3L = O/
OH OoTBS OTBS OTBS

C-protected
amino-aldehyde

Na,SO,
CH,Cl,

N-protected
amino-aldehyde

)

LiBr/ DME
35°C

note: LiClO,4 / Et,0
gives exclusively trans

3. PhlO

saframycin A

Reductive Amination

1. CH,0 / NaBH(OAc)3

2. HOAc / TBAF
then DBU

0 | Na,S0,
CH,Cl,
FmocHN =H Iy
_0O
HO
ZnCl, / TMS-CN
D — ya
CF3CO,0H / THF o
F HN .
mocl HaC
9:1 cis-
selectivity ~ NC N/\

o
in MeOH - predominantly trans

(L)

(1,8- dlazablcyclo[s 4 Olundec-7-ene)

notes 83



Synthesis 14: Endriandric Acids

Nicolaou, 1982
Classics I, 264.

Endriandric Acid A Endriandric Acid B Endriandric Acid C
- isolated as racemates notes 74
Reactions:
- Electrocyclic Ring-Closing reaction
Concepts:

- Woodward-Hoffmann rules

The Rules: (Nobel 1981: Hoffmann & Fukui)

“In an open chain system with 4n electrons, orbital symmetry requires conrotatory
rotation during ring closure / opening.”

“In an open chain system with 4n+2 electrons, orbital symmetry requires disrotatory
rotation during ring closure / opening.”

A____D
VERVE
Al )B B/ \D
D AlJe cp B c
4n electrons : conrotatory rotation 4n+2 electrons : disrotatory rotation

“In an photochemical reaction, the effects are reversed.” notes 87



Biosynthesis / Retrosynthesis:

7 N\ 7 N\
N\ A N\ A
7 “COH = |
= = COzH
/ Ph \ / Ph \
8n 8 8 8
conrotatory conrotatory conrotatory conrotatory

/:/7 CO,H HOZCI
PH Ph
6 6 6
disrotatory disrotatory disrotatory disrotatory
H Ph / “ H Ph H H
H = coH = H HO,C H
HOZC —x_—~= -Ph = H 2 1 S COzH -~ =~ —~=_-Ph
H H H
hypothetical
Endriandric Acid D
Diels-Alder Diels-Alder H Diels-Alder
Diels-
Alder

Endriandric Acid A Endriandric Acid B Endriandric Acid C
notes 86



Synthesis:

SPh
MesSi——=—

1. LDA
2. |>"oTBS
HMPA (2 equiv)

3. AcOH/ THF / H,O
40°C

SPh

SPh

L SOs.pyr / Et;N / DMSO
M933'T<‘\; MesSi——
OH

1. CrO3/ H,S0, / acetone

( Jones Oxidation ) MEQOP

Diazomethane
©
_N
H (@N @

H

J\CH

OMe
NaH / THF

2. KF / 18-crown-6

2. CHyN,
3. KF / 18-crown-6

(/)

CO,Me

Sulfoxide elimination

o )

e

H

Me,OP.__~_Ph
LDA / THE

SPh

1. mCPBA
2.PhCH3/50°C

_ A C
RESO-H 8 y=( MeSi
A‘é‘ ‘l'j‘c (-RSOH) B D
( syn elimination ) M
E:z~1:1 Ph
(separated)
7 N
1. Hy "%
Lindlar's
SPh — catalyst
1. mCPBA — Z COMe
& 2. PhCH coMe 2 mrons =
; : 3 2 PhM
(5 equiv) . CO,Me 50 °C E 3. = &4 e Ph
CU(0AQ), / (separated)
2
pyridine Ph l
Ph endriandric acid A methyl ester
endriandirc acid D methyl ester
plus others
endriandric acid B methyl ester
endriandirc acid C methyl ester
plus others
SPh [ — 1. H, /N
B Lindlar's
(5 equiv) 1. nCPBA catalyst %
2. PhCH; E:Z ~t1[:11 7 2.100 °C
Cg\ﬁg\iﬁ);/ 50°C (separated) oo Mo phMe “ Y
Ph
Ph = CO,Me
Ph

The natural product endriandric acid D was eventualy isolated in 1982, shortly after it was prepared through synthesis.

see: Aust. J. Chem. 1982, 35, 2247,
Aust. J. Chem. 1983, 36, 627.
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