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Wer nach Promotion und Auslands-Postdoktorat in der chemischen oder pharmazeutischen
Industrie forschen will, beschaftige sich moglichst frih mit Organischer Synthese.

Wer Molekule und deren Eigenschaften jenseits der Moglichkeiten lebender Systeme
gezielt verandern mochte, der auch.

Ebenso der, der eigentlich lieber Architekt geworden ware.
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1 Importance of Organic Synthesis

Eribulin mesylate, a microtubule
destabilizing agent, has gained
approval in the US for patients who
have received at least two
chemotherapeutic regimens for the
treatment of metastatic breast cancer
(MBC), with prior therapy including an
anthracycline and a taxane.

m, rategies of Synthesis

Mechanism:

suppresses microtubule
polymerization, but has no effect
on microtubule depolymerization

Eribulin (E7389, Halaven)
antitumor

eastern section of halichondrin B,
made by Chemical Synthesis (62
steps, based on Kishi's work, JACS
1992, 3162)




1 Importance of Organic Synthesis

Halichondrin B

from the sponge Halichondria okadai,
isolation and structure elucidation: Uemura
et al. 1985, cytotoxic (ICsy < 1 nM)




1 Importance of Organic Synthesis

Sometimes, partial synthesis is better.

Pseudomonas fluorescens produces
cyanosafracin B, used as precursor of ET-
743 partial synthesis

18 steps (instead
of originally 46)

cyanosafracin B ecteinascidin 743




1 Importance of Organic Synthesis

ascidian
i Ecteinascidia turbinata

(PharmaMar Inc., Madrid)

Ecteinascidin 743
(= trabectidin, Yondelis)

HO

1986: isolation by Rinehart et al.

2007: EC approval for treatment of soft tissue
sarcoma after failure of anthracyclines and
ifosfamide

2009: EC approval for combination with pegylated
liposomal doxorubicin for treatment of relapsed
platinum-sensitive ovarian cancer

Review: D'Incalci and Galmarini, Mol. Cancer Ther. 2010, 9, 2157




1 Importance of Organic Synthesis

from: Nicolaou et al., Angew. Chem. 2000, 46:
"Der Stand der Totalsynthese zu Beginn des 21.
Jahrhunderts"

Total synthesis comprises the
construction of natural products

from commercially available

starting materials.

Woodward Barton Corey

ynthesis




1 Importance of Organic Synthesis

Woodward Barton

Corey

Why total synthesis?
Quantities of natural products
Structure elucidation

Access to derivatives

|sotopic labeling

Test of new synthetic methods
Inspiration for new chemistry
Fun

Education




1 Importance of Organic Synthesis

from Nicolaou et al., Angew. Chem. 2000, 46:
"Der Stand der Totalsynthese zu Beginn des 21. Jahrhunderts"

[T o
OH OH O O ©

T s HO" Me0,C" ™ MeO
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. there are more such Figures in the article ...




1 Importance of Organic Synthesis

Recommended literature: as cited, but there are also good books on older beautiful examples:

IR | N .
Nicolaou - Sor bl Nicolaou - Snyder e Nicolaou - Chen m
Classics Classics Classics
in Total Synthesis in Total Synthesis Il in Total Synthesis Il M LE L
Targets, Strategies, Methods More Targets, Strategies, Methods Further Targets, Strategies, Methods 0 c U E S
S ea—— 'I'HAT CHANGED THE

1996 2003 2011

Terpineol, Aspirin, Penicillin, Taxol(TM), D-Glucose, Urea, Camphor, Tropinone, Haemin,
Morphine, Strychnine, Penicillin, Longifolene, Prostaglandins, Vitamin B12, Erythronolide,
Monensin, Avermectin, Amphotericin, Ginkgolide, Cyclosporin, FK 506, Rapamycin,
Calcheamicin, Palytoxin, Taxol, Mevacor, Zaragozic Acid, CP Molecules, Brevetoxin,
Ecteinascidin, Epothilones, Resiniferatoxin, Vancomycin, Quinine

nthesis




1 Importance of Organic Synthesis

1. Allgemeine Einleitung
2. Farbstoffe

Bernd Schafer 2.1 Indigo

2.2 Purpur

2.3 Alizarin

Naturstoffe der 3. Riech- und Aromastoffe
3.1 Damascon

chemischen Industrie 3.2 Jonon

3.3 Jasminoide
3.4 Menthol
3.5 Vanillin

3.6 Muscon

4. Aminosauren

2007

5. Pharmawirkstoffe

5.1 ACE-Inhibitoren

5.2 B-Lactam-Antibiotika
5.3 Opiate

5.4 Tetrahydrocannabinol
5.5 Aspirin

5.6 Prostaglandine

5.7 Tetrahydrolipstatin
5.8 Coffein

6. Hormone

6.1 Steroide

6.2 Thyroxin

7. Vitamine

7.1 Vitamin-A-Carotinoide
7.2 Vitamin D

7.3 Biotin

8. Pflanzenschutzmittel
8.1 Aminosaureherbizide
8.2 Strobilurine

8.3 Pyrethroide

8.4 Pheromone

10



1 Importance of Organic Synthesis

1-epiaustraline 3 B
11-Gorgiacerol
12R-ButenolideLabdane
12R-DihydrofuranLabdane
12R-TetrahydrofrandiolLabdane
12R-ThiopheneoxideLabdane
13-Desoxydelphonine

18-epi-Latruncolol A

19-Hydroxysarmentogenin
2,18-Seco-Lankacidinol B

2014 Background on methods is needed:
2058 training website "Chemistry by Design"

3-Demethoxyerythratidinone
4-Deacetyl Griseusin A
6-Deoxyerythronolide B (2)
6-epi-Ophiobolin N
6-epo-Castanospermine
7,20-Diisocyanocadociane
7,8-epoxy-4-basmen-6-one
7-Deoxyloganin
7-Deoxypancratistatin  (2)

7-methyl Omuralide 7]
2032 sequences

http://chemistrybydesign.oia.arizona.edu/app.php

[l Sestegs o sy | ;




2 Efficiency criteria

|deality of a synthesis

Commercially
available
starting

materials ——p

The Ideal Synthesis

Today's Total Synthesis

T Palau'amine

from Gaich, Baran, JOC 2010, 4657; DOI: 10.1021/jo1006812

[ Lindel, Strategies of Synthesis




2 Efficiency criteria

One way of defining the ideality of a synthesis:

Yoideality =

[(no. of construction rxns) + (no. of strategic redox rxns)]

100
(total no. of steps) .

Construction reactions, as defined by Hendrickson, are those which form skeletal
bonds (C-C and C-heteroatom).

Strategic redox reactions [...] establish the correct functionality found in the final
product, such as asymmetric oxidations and reductions or C-H oxidations.

Concession steps: the rest (e. g. protecting group operations)

from Gaich, Baran, JOC 2010, 4657; DOI: 10.1021/jo1006812

M, !rategies of Synthesis




2 Efficiency criteria

natural product steps non-strategic PG mani- FGI strategic con- % |deality
redox pulation redox  struction rxn.
palau‘amine (16) 25 6 4 7 1 7 32 %ideality _
axinellamines (18 25 5 5 6 2 7 36 ] .
{19) [(no. of construction rxns) + (no. of strategic redox rxns)]
massadines (17) 25 5 4 7 2 7 36 (total no. of steps)
sceptrin (19) 11 2 2 3 1 3 36
stephacidin A (30) 16 1 7 2 0 6 38
avrainvillamide (29) 17 1 7 2 1 6 a1
_kapakahine Fi - nqystrial synthesis of citral (BASF):
ageliferin (21
nagelamide (2
vinigrol (33) CHO
stephacidin B
: - H,0 )\/\O [3,3] N~ [33] NN
chartelline C + —_— 0O —» (@)
haouamine (3 >\) Claisen — Cope N
4-epi-ajanal (3 NN
hydroxyeudes OH
pygmol (36) =
eudesmanetetraol (37) 15 1 0 4 5 5 66
11-epi-eudesmane-
tetraol (37a) 15 1 0 4 S S 66
cortistatin A (32) 15 1 2 2 6 4 66
fischerindole | (26a) 8 0 0 2 2 4 75
hapalindole U (27a) 4 0 0 1 1 2 75
psychotrimine (22) 4 1 0 0 0 3 75
welwitindolinone A (25) 9 0 0 2 3 4 78
ambiguine (27b) 6 0 0 1 2 3 83

x 100

from Gaich, Baran, JOC 2010, 4657; DOI: 10.1021/jo1006812

14



2 Efficiency criteria

Heathcock et al., Science 1990, 248, 1532: 50% Baran ideality

oLi construction CO,Bu
)\/ka Fpom )\/\/I\/\/\ coBu 2 HeD* )\/\)\/\/k/\/c"o
N X = .3 25N L . 5
] construction OMe ConceSSion)\/\/I\/\/\
Br N N
/vn:m CO,Bu
3
construction lLDA
concession

CO,tBu CO,fBu OH
1. MsClI
-(i X X = N
2.DBU 6 CO,iBu

concession

1.DIBAL-H | non-strategic redox

2. Swern-{Q] [ non-strategic redox

construction P P 10 steps

1.NH, ideality 50%

2. HOAc yorTe
construction i 18% overall yield

9:dihydro-protodaphniphylline

from Gaich, Baran, JOC 2010, 4657; DOI: 10.1021/jo1006812

[ Lindel, Strategies of Synthesis 15




2 Efficiency criteria

Another way of defining the ideality of a synthesis: one step, 100%

The key goal of research on the total synthesis of natural

Efficiency in product is
Natural Product
Total Synthesis EFFICIENCY.

Pei-Qiang Huang

Thu-dun Yag ("... to prevent the pursuit from being given up by society.")
Richard P. Hsung

Catalysis, no waste.

Utopy:

the ideal total synthesis comprises one step of 100% yield.

2018

m, !trategies of Synthesis




2 Efficiency criteria

Atom economy = (molecular weight of desired product) / (molecular weight of all reactants)

Bad atom economy: Wittig olefination, Gabriel synthesis, Cannizzaro reaction, ...

Good atom economy: pericyclic reactions, ...

~o
+ PhsPMe™Br~ + Buli
Atom economy
M, 112 LGS/ 5 B = 110/ (112 + 357 + 64)
21%
N - And wast
— + PhsP=0 + LiBr + BuH | Andwaste.
M, 110 M, 278 M, 87 M, 58

[ Lindel, Strategies of Synthesis




2 Efficiency criteria

redox economy: "the overall oxidation
. . . L
level of intermediates should linearly =
]
(7]
escalate during assembly of the <
s
molecular framework." S
o
isohypsic = redox neutral
-
Number of steps
O starting material — redox economic (linear)
—— redox economic (exponential)
. g — non-redox economic

---- isohypsic extreme

from Hoffmann, Baran, ACIE 2009, 2854; DOI: 10.1002/anie.200806086

[ Lindel, Strategies of Synthesis 18




2 Efficiency criteria

Almost isohypsic (Johnson et al.): 1. kinetic OBn
1 resolution
N 0
0 (1 equiv) CO,Bu 2-cu’u\’08" O\ ¥ COOtB
— . u
CO,tBu H* 2
BuO,C~ ~TBS 2. BUOL ras ? 3.0, TBSO CO,Bu
(2 equiv) BuO.C Args
Qen 1. LDA; TMSCI
Br A~ TR 2R
1. KOIB e onq OHR
: u
. 1. TsOH,
2. tBu-Rgt. MeOH  TMSO
tBuO,C
3. NaOMe 2
4. Bu-Rgt. MeO,C 2.TBSOTf  1ggo” X 'CO,Bu
TBSO CO,Bu
1. Pd/C, H, OtBu Me., Bn
2. Ac,0 tBu-Rgt. = )\
iPrN NH/Pr
N 0
AcO AcO al
g el 4 stepst®53 “ 0
Bn\w : CO,fBu P Bn\/\/\J~ -0 CO,H
[
: CO,Bu —_— : O COH
Me tBuO,C Me HO,C 4

ynthesis

zaragozic acid C

from Hoffmann, Baran, ACIE 2009, 2854; DOI: 10.1002/anie.200806086

19




3 Non-radical retrosynthesis — 3.1 Basic cuts

Naturliche Polung: Alternierende Partialladungen,

ausgehend von einer polarisierten Bindung. 50
) 2}
'l \‘/\'l \‘/
z. B. X PN NS

Carbonyl-O-, a-, y-Position: neg. Partialladung (Donor-

Synthon, "d")
Carbonyl-C-, B-, 5-Position: pos. Partialladung R@ _APh
(Akzeptor-Synthon, "a") % ©)
R, Ph
Polare Bindungsknupfung: HOMO des Nukleophils + \ N R@ X Ph

LUMO des Elektrophils (also 2 Moglichkeiten)

Synthon: Verallgemeinerter, durch Retrosynthese erhaltener Synthesebaustein, der ein Reaktionsprinzip
verkorpert (Corey).

d" und a™, (d: Donor, a: Akzeptor), wobei n und m den Abstand der reaktiven Stelle vom Heteroatom
bezeichnen (Seebach). Das Synthon-Konzept beschrankt sich auf 1 <n <4 und 1 <m <3.

. egies of Synthesis




3 Non-radical retrosynthesis — 3.1 Basic cuts

O

O
R)J\ H

0
RJ\/

0O

N

R Cl

. 9., Weinreb amides, acid chlorides

. 9., aldehydes, acetals

. 0., a,p-unsaturated carbonyl cpds

. 0., enamines, silyl enol ethers,

B-ketoenolates

. g., doubly deprotonated alcoholates

. 9., vinylogous metal enolates

21



3 Non-radical retrosynthesis — 3.1 Basic cuts

)

R

1

a d!

® .0

|

@)
N, )j\/
X R R
al a’

R
)]\N/O\ + ClMg/\/

22



3 Non-radical retrosynthesis — 3.1 Basic cuts

How would you make this?

OCHj

es of Synthesis

23



3 Non-radical retrosynthesis — 3.1 Basic cuts

Umpolung: m
X .
J . s><s NC><OS|Me 02N><802Ph
Umwandlung eines Donor-Synthons RO R "L R” L R™ TLi
in ein Akzeptor-Synthon und P
umgekehrt X MeO”~ ~O

R)@ @ )\Li

Ziel der Verknupfung eines Donor-

Akzeptor-Synthonpaars in geradem
Bindungsabstand X Q o/_\o CH2
R)J\ 22 R)J\/Br R></Br R)]\/BI’
Haufigste Redoxumpolung ist die ®
EinfUhrung bzw. Entfernung zweier X
Elektronen (s. rechts). o)
R)\@) a’ R/<]
X /_\ OMe

je. 4

d

R R></\|v|g|3r R/&C%/Li
0

(@)
o) . Bn
R)\/ d K/\,_i

: egies of Synthesis




3 Non-radical retrosynthesis — 3.1 Basic cuts

Corey-Seebach umpolung

X )
/
16 BnO
cheap BnBr cat. Pd(PPh3)4 CHO
benzaldehyde K2003 @ Cs,C03
- OoTf OTf aq. EtOH, PhMe

derivative DMF
OBn
29 4% \MePPhygr [ 30: X =0, 72% OMe
NaH, THF 31: X = CH,, 76% 32, 90%

NaBH,, MeOHlDCM

Ok
23 cat. BnO

()

50D GO

N SH SH Pd(OAc),
B ———— -
PPTS KaPOy4 OH
@ DCM, reflux @ OH  DMA, reflux
@ @ OMe
35, 99%
OB OMe OBn OMe ’
33,91% 34, 75%
still not outdated ... from: Harrowven et al., EurJOC 2016, 5738

25



3 Non-radical retrosynthesis — 3.1 Basic cuts

Corey-Seebach umpolung: an old horse

TsNHNng NaOAc, aq. THF, reflux

OMe
OR
() ° (Y

@ NiCly6H,0 Q

S NaBH,, DMF

\) nBuLi THF, 59% @
s. | B -
THF then H,

@ X 78 °C tor.t.
high dilution
OBn @

OMe OR
36: X = OH, 91% MsCl, LiCl 38,48% gg;. pcM[— 39: R=Me, 74%
37: X = Cl, 88% <— DBU, DCM 3 —» 5:R=H, 92%

s Pd/C, MeOH
\) DCM

from: Harrowven et al., EurJOC 2016, 5738

el Sategies o Syrihesi 2




3 Non-radical retrosynthesis — 3.1 Basic cuts

Two electron umpolung: Stetter-Reaktion catalyzed by N-heterocyclic carbenes
Bn

/
N® 7
/\)I\> i
S .
1,4-Diketon
NH;

z. B. Pyrrole

O o)

Umpolung \ ------------------------------------------------------------------------ \

Bn

/ ©) Bn

/
| N\@ O @N /) g_@j

S> R7<H Mechanismus /\)I W\\(
HO l HO S R 0

Pn Pn IBn

N OH N® OH ., N® OH

R R

HO ° HO ° HO S R 0@

['Lindel, Strategies of Synthesis 27




3 Non-radical retrosynthesis — 3.1 Basic cuts

Two electron umpolung: Stetter-Reaktion catalyzed by N-heterocyclic carbenes

BF,

yr

O
=N
STNON

\=
CHO ©\ 0 7o
@ OCHj o
0 " co,Et DBU

o

94% ee
94% y

The formally 6+ aldehyde and 3 carbons are coupled.

Rovis et al., JACS 2002, 10298

g gies of Synthesis

28



3 Non-radical retrosynthesis — 3.1 Basic cuts

Two electron umpolung: acyloin coupling catalyzed by N-heterocyclic carbenes

OH
=
Cl
NS
Raky” H EtsN , EtOH, 80 °C, 1.5 h Ralkyl)H/ —
6 8 examples, up to 88% yield . OH

Selected examples

CH C4H CoHqg CqH
HSC)H/ 3 C4H9)Kr 4119 CQH19)S/ 9 C11H23& 117123

(68% (79%) (88% (83%)

from: Barik and Biju, Chem. Commun. 2020, 15484

s of Synthesis
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3 Non-radical retrosynthesis — 3.1 Basic cuts

Two electron umpolung: acyloin coupling catalyzed by N-heterocyclic carbenes

=N BF,
N\ CoFs o R?
19 (10 mol %) )H/’\
NHBoc > 5
3 equw) z 70°C,4h 28

13 examples, up to 73% yield 19:1dr

selected examples

: MNHBOC
NHBoc
o Y
54% yleld, 11.1 dr :
62% yield, 10:1 dr WNHBoc

? OH
NHBoc

OH 519 yield, 12:1 dr 65% yield, 10:1 dr

from: Barik and Biju, Chem. Commun. 2020, 15484

ies of Synthesis
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3 Non-radical retrosynthesis — 3.1 Basic cuts

The Breslow intermediate (postulated in 1958) has been crystallized in 2018!

Dipp Dipp

[ o HJ( [08]THF E ﬁ

Dupp i DIPP

1a-Dipp 2e 3ae-Dipp
Dipp

169.9 ppm [ ) ( TFA
62.8 ppm C::Fs
Dlpp CF,COY

3ae-Dipp- TFA

Dipp: 2,6-diisopropylphenyl

from: Berkessel et al., ACIE 2018, 8310

s of Synthesis 31




3 Non-radical retrosynthesis — 3.2 Oligocycles

Sesquiterpene (+)-
longifolene from Pinus
ponderosa, one of
Corey's early target
molecules (1961/4)

I

Nobel Prize 1990 to Elias James Corey for the
development of theory and methodology of Organic
Synthesis, in particular of retrosynthesis.

Caveat. Currently, retrosynthetic analysis
will suggest methods and building blocks
known to the literature.

© The Nobel Foundation

“If a definitive history of
twentieth century science is
ever written, one of the high-
lights may well be a chapter
on the chemical synthesis

of complex molecules,
especially the total synthesis
of naturally occurring sub-
stances.” E.J. Corey

: egies of Synthesis




3 Non-radical retrosynthesis — 3.2 Oligocycles

CH3 CH3 CH3
HC HC
1. nucleophilic addition
/ — ® CHali
©
- CHs =o
=CH, —
CH;s CHj
CH , , |
’ "synthons" "synthetic equivalents

Retrosynthese: Mehrstufige Rickfliihrung einer Verbindung auf verfliigbare Synthesebausteine.
Retrosynthetische Transformation: Einstufige Ruckfiihrung einer Verbindung auf Synthesevorstufen.

Synthon: Verallgemeinerter, durch Retrosynthese erhaltener Synthesebaustein, der ein
Reaktionsprinzip verkorpert (Corey).

Synthesedquivalent: Realer Baustein mit der durch ein Synthon geforderten Reaktivitat, auch
mehrvalent (conjunctive reagent, multiple coupling reagent).

FGI (dt. FGU): functional group interchange, Umwandlung einer funktionellen Gruppe in eine andere.

[ Lindel, Strategies of Synthesis




3 Non-radical retrosynthesis — 3.2 Oligocycles

Synthesis of complex carbocyclic skeletons: rings in longifolene

I
I
I

I

l
l
I

Where to cut first?

4,8,8-trimethyl-9-methylenedecahydro-1,4-methanoazulene (IUPAC)

1 3,7,7-trimethyl-2-methylenetricyclo[6.3.0.03°Jundecane ("tricyclo name")

s of Synthesis

34



3 Non-radical retrosynthesis — 3.2 Oligocycles

Synthesis of complex carbocyclic skeletons: strategies

Corey et al., JACS 1975, 6116: General Methods of Synthetic Analysis. Strategic Bond
Disconnections for Bridged Polycyclic Structures

"A primary ring is one which cannot be expressed as the envelope of two or more smaller
rings bridged or fused to one another."

Secondary rings: all other

PRy

primary rings secondary rings sized <8

"strategically significant rings"

. egies of Synthesis




3 Non-radical retrosynthesis — 3.2 Oligocycles

Corey et al., JACS 1975, 6116: General Methods of Synthetic Analysis. Strategic Bond
Disconnections for Bridged Polycyclic Structures

vintage
A A 4
[ ' / * |
d -~ -J—J\ P J’-
’\ Y\ / L
a C ~ +
\\‘_/" \\_4/ \‘—-Jl
R Ri 1 2 3 3 5 6
Times Rings N
412, 4,5,6]] 4{1,3,4,5 115 21,2 4(1,2,3,6 1
Bridged | Bridged To d| T | 15! .2y 4l NEERIEY
Bridgehead . . .
g | J 1 3 3 R 3
ites (9]
Sites O @ - . " .
3 2
Bridged otV 2 . 2

"Of the six synthetically significant rings comprising structure 10 (primary rings 1-4 and secondary rings 5
and 6), ring 2 is bridged at more sites (four) than any other ring and hence is defined as the maximal
bridging ring. Ring 6, which contains as many bridgehead sites as ring 2, is not a maximal bridging ring
since it itself is bridged to other rings only at two of these sites (a and d). The above analysis further shows
that the number of times a ring is bridged is not a valid criterion for determining maximal bridging character.
For example, although ring 5 of structure 10 is bridged by as many other rings as ring 2, it is not a maximal
bridging ring since it is bridged at one less site than ring 2."

m, rategies of Synthesis




3 Non-radical retrosynthesis — 3.2 Oligocycles carbocyclic systems

Corey et al., JACS 1975, 6116: General Methods of Synthetic Analysis. Strategic Bond
Disconnections for Bridged Polycyclic Structures

"Strategically significant rings": primary rings, secondary rings sized < 8

Among them, selection of the "maximum bridging ring" (maximal number of bridgeheads of
non-zero bridges):

8
9
= = 3
1
maximal number (4) of red: core bonds (no retrosynthetic cleavage)
heads of bridges > 0 blue: strategic bonds (retrosynthetic cleavage recommended)

Cleavage of a core bond would generate a primary ring sized > 7.

: egies of Synthesis




3 Non-radical retrosynthesis — 3.2 Oligocycles

The first retrosynthetic cut, according to Corey's rules:

ChemDraw:
use ctrl-alt-c,
then ctrl-alt-p
(SMILES code)

G-
&

@

synthons, charges arbitrary

8
9
3
1
©
®

! gies of Synthesis
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3 Non-radical retrosynthesis — 3.2 Oligocycles

The first retrosynthetic cut, including stereochemistry

longifolen

42.7

"cut + 2 H"
MM2 energies [kcal/mol]

[ Lindel, Strategies of Synthesis




3 Non-radical retrosynthesis — 3.2 Oligocycles

4. Pinakol-Uml. w 2. a-Alkyl. CHs | CH3
5. Wittig-R. i
3. Michael-R. }4/\ HC ' HC
' - ® i CHaLi
CH3@ i o)
CHs CHs
"synthon" "synthetic equivalent"
o ®
(@) ©) @ (0]
synthons HE HE
(Corey): 4—: © 4—: 4—:
~o Michael o Pinakol ~o Wittig
CHs CHs CHs
OTos
/
S OH S 0
®
-5 ﬁ 5 =0 z %O
"Robinson © @ "a-Alkyl. o S
CHs; CHs; CH3®

['Lindel, Strategies of Synthesis 40




3 Non-radical retrosynthesis — 3.2 Oligocycles

. 66 %
Steps from the basic courses 0 ::H orl
1. HO™ N g
"TsOH, PhH, A N 1. 0s0,, Py, E,0, 0°C
m 2. PhP=CHCH, \/@é 2. TsCl, Py, CH,Cl,
o)
90 %
, _ [} Pinakol-Umlagerung g
"Ur-Pinakol": 2,3-Dimethyl-2,3- e ' Q
butandiol (Pinakol). m e {;b _avma
CaCO, THF EtOH, 100°C
hier: Pinakol-Umlagerung ors 45 % gesamt 66 %
verlauft Uber das stabilere
Allylkation.
; . o
0.1 M LiCIO, beschleunigt in . o da _TeNe, BO1
Ether die lonisierung v. Alkyl- Bt 2257 Mel
15 % gesamt H 60 %

tosylaten um 10°! )
0.36 M LiCIQ, in Et,0O ionisiert so
schnell wie reine HOACc.

Winstein et al., JACS 1959, 5511.

Hg~SH LAH, E,0, A
—_—
BFg‘EtzO
Corey et al.,
JACS 1961, 1251; ibid. 1964, 478. 72 %




3 Non-radical retrosynthesis — 3.2 Oligocycles

Na, NH,NH,, 195°C CrO,, HOAc
OH
1. MeLi, Et,0, A :
. (¥)-Longifolene

2. SOCl,, Py, 0°C
H H

Bredtsche Regel: keine Eliminierung zum Bruckenkopf.

70 % gesamt

(+)-Longifolen, wenn
> Z

E. J. Corey et al., JACS 1961, 1251; ibid. 1964, 478. (Diastereomerentrennung) HS SH

SIS
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3 Non-radical retrosynthesis — 3.2 Oligocycles

Total Synthesis and Structural Revision of a Harziane Diterpenoid.
Honig, Carreira, Angew. Chem. Int. Ed. 2020, 59, 1192-1196

r7: Nagata cyanide Michael addition

r4: cuprate Michael addition

r2: aldol addition

r6: Negishi cross coupling
....... r1: Wittig methenylation
temporary bond

r3: cleavage: glycol cleavage
r9: formation: Bestmann-Ohira alkyne synth

~

e i R T Y

s r8: Au-cat cyclobutahexadiene synthesis
r10: Petasis cyclopropylidenation

[indel Strategies of Synthesis | 43




3 Non-radical retrosynthesis — 3.2 Oligocycles

Keywords:

The Corey retrosynthetic Al PRS-
. . terpenoids
analysis of polycyclic systems total synthesis

cuts one bond at a time.

For heterocyclic systems,
selection of strategic bonds
must be modified.

Reality often sees
simultaneous cuts of two or
even more bonds (e. g., "retro
DAR").

Ang, dte

Chemie

from: Sarpong, Hoffmann, et al., ACIE 2020, 10722

[t S o Symess | z




3 Non-radical retrosynthesis — 3.2 Oligocycles

HsC~ CHs

d. AIdoIkond.—\>< 4. Cuprat-Add.
VAN

C.ycloaddition
2. a-Alkyl.—" |
CHsj

— 1. Ay
/\f N
3 2
S

Retrosynthese nach Johnson

45



3 Non-radical retrosynthesis — 3.2 Oligocycles

Longifolene |

2 t-BuLi, 1-lod-4-hexin, Et,0, tiber a-Bromketon

-78 °C; 0.5 [Cu(Pn-Bu,),l],

1) 2 Meli, Et,0, 0 °C; LA, E
1) RZCuLl Br,, CH,Cl,, 78 °C 0°C htzo’
2) AcCl 2) MesitylCO, NMe,,
Aceton, 25 °C, 1 h 0 92 %

84 %
I (Gilman-Cuprat, in Et,O als Homodlmer)

= —

v

v

76 %

allyl cation + alkyne \
o s

‘\
TFA, Et,0, HO ZnBr,, NaBH;CN,
0 °C, 3 min Et,0,25°C, 2h
[2+2] n
75 % 94 %
RE

11 R'=H; R?=CH,

v

1) p-TsOH, 25 °C, 30 min

2) 1 mol-% RuO,, NalO,-H,|Og4, H,O-tBuOH, 25 °C, 18 h 12R!=H:R:=0
W. S. Johnson, > 13 R'=CH;R? =0
JACS 1975, 4777. 3) 10 LDA, 10 Mel, THF, -78 °C nach 25°C 50, \ 14.R! CHJ’ R
s = -'5; =

4) MeLi, SOCI,-Pyridin.

[ Lindel, Strategies of Synthesis




3 Non-radical retrosynthesis — 3.2 Oligocycles

CH
H3C\ / 3
3. Simmons-
— 5. Retro-Aldol
7. Acylierung

6. [2+2]

| 1. Ay
/ CHj
2. a-Alkyl.

Retrosynthese nach Oppolzer

esIS
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3 Non-radical retrosynthesis — 3.2 Oligocycles

Longifolene o

-
OO

\ 4

1: X = OH
2: X =l
OR'
3 atm H,, 10 % Pd/C,
HOAc, 25 °C, 18 h
0 Retro-Aldoladdition

83 %
(1:3)-Gemisch

R'=Cbz

Oppolzer, JACS 1978, 2583.

RTO

CbzCl, Pyr, O Hg-Hochdruck-L.,
5°C,8h Pyrex-F., 15-30 °C
88 % 78 %
R =0OBn

1) Ph;PMe* Br, Na tert-Amylat,
PhMe, 25 °C, 90 min

2) 6 Zn-Ag, 3 CH,l,,
Et,0, 35 °C, 60 h

v

3) 3 atm H,, PtO,, HOAc,
25°C, 18 h

9:

Endgame wie Johnson. 10:

Y = 0,

R=H
Y = 0, R=CH3
11: ¥ .‘:Hz, R=l:H3

m, !rategies of Synthesis




3 Non-radical retrosynthesis — 3.2 Oligocycles

HsC ~ CHs
3. 1,3-Verschiebung \

2. a-AlkylL—" |
CHs

Retrosynthese nach Schultz

\— 5. Birch-Red.-Alkyl.

esIS
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3 Non-radical retrosynthesis — 3.2 Oligocycles

Longifolene 1,5-Diazabicyclo[4.3.0Jnon-5-en
|
CH,0 CO,R N-Bromacetamid, CH,gHJo CO,CH, 1) DBN, PhMe, N 0 CO.CH,
MeOH, 95 % 8 2) SiO, (Chromat.)
> r >
CH; 85 % CH;
CHY enlocH,), CHY x

CH
1 CH(OCH,), 5a X=CH(0CH:)2

3a R=CH, Aceton, p-TsOH b x:=CHO
(aus Methyl-2-metho?<ybenzoat R,NNH, c X= CHN—N' CHPh —CHPh
und lodalkan unter Birch-Bed.)
d X=CN T
0 CO,CH, © CO,CH, "Eschenmoser-
Hydrazon"
PhMe, TN 366 nm, PhH
> > CH, CH,
43 % CH, CH,
CH
- Stilben =N Xylol, ™ | L Xyl TV
(via Nitren) | oL >
40 %
+ Nebenprod. 5d ° CO,CH,
CH, CH,
Schultz, JOC 1985, 915. H,, 5 % Pd, 8a R:=CO,CH,
- - (o)
> QUI}ONO{ Am;pr;w;aﬁgof l-awz-phﬁwlllnzingh;i(un}amge EtOH, 92 % R b R=CO,H KOH, MeOH-H,0, 85 %

St e Wininer € s Eechosmmosr, A O Sy 978, 5 o ¢ R=H PhMe, TV, 86 %
114), it exploded during storage at room temperature, causing minor injuries. I nte rmed iat bel -
The cause of the explosion is unclear at present. Thus, it is desirable to use d R:=C HJ

a pentane solution of 1-amino-2-phenylaziridine for the preparation of N-
aziridinyl imines.

Johnson und Oppolzer R

g gies of Synthesis
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3 Non-radical retrosynthesis — 3.2 Oligocycles

Analysis of the putative or proven biosynthesis

(+)-longifolene non-classical carbocation

: H
H H
X
X X A OPP farnesyl pyrophosphate

i e —— g




3 Non-radical retrosynthesis — 3.2 Oligocycles

Biosynthesis of longifolene: done by a single cyclase ...

(R)-NPP D F

(consider black
mechanistic arrows,

only)

himachalyl non-classical

) ) (+)-longifolene
cation carbocation

from Rinkel, Dickschat, Beilstein JOC 2019, 1008; doi:10.3762/bjoc.15.99

g gies of Synthesis 50




3 Non-radical retrosynthesis — 3.2 Oligocycles

Polar retrosynthesis (charges indicate the polarity of the retrocut and forward direction)

Pinus ponderosa

— \ \ \

OPP

Corey, JACS 1961, 1251.

1,3-cyclohexandione, Mel,
:> methyl vinyl ketone, ethyl bromide, MeLi

53



3 Non-radical retrosynthesis — 3.2 Oligocycles

N
H

diterpenoid alkaloid hetidine

red: "Corey's core bonds"
blue: "Corey's recommended bonds"

Only one of currently known
syntheses of hetidine-type
compounds exploits Corey's
retrosynthetic approach.

In all of the syntheses, at least one
two-bond formation is involved.

Enjoy reading the article!

F
N~

O (sarpong 2013)24

Stage Rings

At Start A, D
Closure 1) E

Closure2) B,C,F

(Li 2018)127]

Stage Rings

At Start AB,C
Closure 1) D, F
Closure 2) E

Me

N’l\
2

)\ OH 'OH

0” “Ph

(Qin 2016)[2]

Stage Rings

At Start A ED
Closure 1) B, C
Closure 2) F

TP
3 '}' 2 "
Me

(Ma 2018)[28]

Stage Rings

At Start A, D
Closure 1) B,C
Closure 2) F
Closure 3) E

from: Sarpong, Hoffmann, et al., ACIE 2020, 10722

) ies of Synthesis
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4 Selected carbocycles

Total Synthesis and Structural Revision of a Harziane Diterpenoid.
Honig, Carreira, Angew. Chem. Int. Ed. 2020, 59, 1192-1196

4 [Au(l] (cat.)
>
=
1) enol triflation (NaHMDS; then Comins' reagent, THF)
O 2) Negishi coupling (Pd(PPhs), (cat.), ZnMe, THF) o
3) dihydroxylation-glycol cleavage (RuCl; (cat.), NalO4, H,O
4) aldol addition (LIHMDS, THF)
> OH
X Pd(OAc), (cat.), diamine ligand
>
Z 7

[indel Strategies of Synthesis | =



4 Selected carbocycles

Synthesis of carbocycles (for heterocycles, see class "Heterocycles")
Cyclopropane derivatives
already discussed: Corey-Chaykovsky, Simmons-Smith, Kulinkovich, Wurtz

Rh(Il)-catalyzed cyclopropanation of alkenes with a-diazoesters, e. g.:

CO,Me  Arl CO,Me
N2 = A
) Rh,(R-BTPCP), |
(0.01-1 mol %) Are
Ar? CH.Cl,, 23°C
>20:1dr
86-97% ee Rh,(R-BTPCP),
an alkyl cyclopropanecarboxylate ... and many more ...

from Davies et al., JACS 2011, 19198; doi.org/10.1021/ja2074104

IS Syess | -




4 Selected carbocycles

Cyclobutane derivatives

already discussed: [2+2] photocycloaddition, cyclization of open-chain precursors

Crossed Intermolecular [2+2] Cycloadditions of Acyclic Enones via Photocatalysis:

0 o O O

5 mol®%

Ru(bipy)sCl;
Me - n

sunlight
4h

from Yoon et al., JACS 2009, 14604; doi.org/10.1021/ja903732v

o7




4 Selected carbocycles

Cyclobutane derivatives

already discussed: [2+2] photocycloaddition, cyclization of open-chain precursors

Crossed Intermolecular [2+2] Cycloadditions of Acyclic Enones via Photocatalysis:

-+ Li
-Pr,NEt ~o'
Ru(bipy)<*
f-Per Ft %' ( py)S J\L JI\L
Ru(bipy)s°**

\ —  product
hv Ru(bipy)s**

(after SET to 'Pr,NEt*e)

from Yoon et al., JACS 2008, 12887

s of Synthesis 58




4 Selected carbocycles

Cyclobutene derivatives

[2+2] cycloaddition of alkene and alkyne components

R1
1 R? AulL* _
Rl—=—= + 4 \/L - R3
RIANRps  CH.Cl, rt.
RY R2
+ - — + -
AP | soF6 o\, 1 svFs
P-Au—NCMe A A
/' A:FI:!Bu,R::R::H AuL
O R-CyRofopr  EA=246MeCe, Ph
D:R=Cy, R'=OMe, R"=H L =24.6(MeO)sCeH,CN 7
R' ' ' F: Ar = 2,6-i-Pr,CqHa, L = PhCN
Ph
! Ph Ph Ph
(J P“
- » »
Ph 6r (68%) 6s (53%) 6t (48%)

from Echavarren et al., JACS 2010, 9292
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4 Selected carbocycles

Cyclobutene derivatives

[2+2] cycloaddition of alkene and alkyne components

from Echavarren et al., JACS 2010, 9292
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4 Selected carbocycles

Cyclopentene derivatives

already discussed: olefin metathesis, enyne metathesis

from donor-acceptor cyclopropanes: Previous work

1 Lewis-acid D
R or
D A Transition-metal R!
@ |« V’
R2 R2
A
D
. Lewis acid - NG &
D A *
S e o I 39
CN
HgN A H2N A
R=H
MeQ OMe - Lewis_acig_ o D
icrowave irradiation
@ "N Y O
R2 R?
T A .. AU, . S
This work

1 MeOQO,C_ CO,M it i
H s 2VI€ | ewis acid
o K
SyV-type
Ets” “SEt  Ar WA s COMe
from Wang et al., ChemistrySelect 2020, 11399 COe

see also Werz et al., Eur. J. Org. Chem. 2020, 2560
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4 Selected carbocycles

Cyclopentene derivatives

Au(l)-catalyzed [3+2] carbocycloaddition

[IPrAu(CH3CN)][SbF g]
1
NCOZ v PiNB A s (25mol%) Q/
N2 CHzclz, RT pinB\\ R2
Q/COOEt Q,COOEt
c) a)
{ ph {  'Ph
Bpin OH
8aa, 82% 9aa, 98%

from Lopez et al., Chem. Eur. J. 2020, 6999
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4 Selected carbocycles

Cyclopentene derivatives

Au(l)-catalyzed [3+2]
carbocycloaddition

from Lépez et al., Chem. Eur. J. 2020, 6999

pinB

pinB

3/4

RZ

esIS

63



4 Selected carbocycles

Cycloheptadiene derivatives by [4+3] cycloaddition

.ll\OH

(—)-barekol

This is no cycloheptadiene.

Sarpong, Davies, et al., JACS 2010, 12422

[Cindel, Strategies of Synthesis | 64




4 Selected carbocycles

Cycloheptadiene derivatives by [4+3] cycloaddition

(—)-barekol a 1,4-cycloheptadiene precursor

Sarpong, Davies, et al., JACS 2010, 12422

i e —— -




4 Selected carbocycles

Cycloheptadiene derivatives by [4+3] cycloaddition

(—)-barekol

[Rh]a_ CO,Me
e
OTBS

what the master may have to look up what the master knows

Sarpong, Davies, et al., JACS 2010, 12422

es of Synthesis 66




4 Selected carbocycles

Cycloheptadiene derivatives by [4+3] cycloaddition

via the divinylcyclopropane and [3,3]

COzMe COzMe
OTBS OTBS
ha(PTAD)4
hexanes
reflux
catalvst ratio dr yield
y (4b/19) (20/21) (20 + 21, %)
Rh,(R-PTAD), 5:1 6:1 65 (479
Rh»(S-PTAD), 3:1 1:9 63

“Isolated yield of pure 20.

what the master still has to investigate

from: Sarpong, Davies, et al., JACS 2010, 12422

g gies of Synthesis
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4 Selected carbocycles

Cycloheptadiene derivatives by [4+3] cycloaddition

TOZAr
N_H
Q*( > HPTR
. o /|
A N O-Rh
O
) H
SO,Ar
Ar = p-Cy5H25CeH, B a
Tetrakis[(R)-(+)-N-(p-dodecylphenylsulfonyl)- Tetrakis[(R)-(-)-(1-adamantyl)-
prolinato]dirhodium(ll) (N-phthalimido)acetato]dirhodium(ll)
Rh,(R-DOSP), Rh,(R-PTAD),

STREM Chemicals

[ Lindel, Strategies of Synthesis 68




4 Selected carbocycles

Cycloheptadiene derivatives by [4+3] cycloaddition

Rh,(S-PTAD),

95:5dr
78-90% ee

A;XL =

R3 R

>95:5dr
98% ee

CO,R

N>
J@/\ . ©)LCN Rh,(S-PTAD),
R
N>
RHKWRz L RN Rhy(S-PTAD),
0
0
Me Me
R OR
2 2 1 + VZ = = Me

Ry
Me'"

Me
91% ee

Me

STREM Chemicals

[ Lindel, Strategies of Synthesis
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4 Selected carbocycles

Cycloheptadiene derivatives by [4+3] cycloaddition

Pointing away
from carbenoid

MOMQ
T i OTBS a divinylcyclopropane
/ Diene approach
H from front face MOMQO _ OTBS
TBSO Matched reaction ~ i~ _0TBS

¥ . _CO,Me - CO,Me
[ H
Rhy(R-PTAD),
or Rh,(R-DOSP),

Cope rearrangement
(boat TS)

5b

>

from: Sarpong, Davies, et al., JACS 2010, 12422

s of Synthesis
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4 Selected carbocycles

Cycloheptadiene derivatives by [4+3] cycloaddition

COzMe
Pd/C
, oTes 1.DIBAL-H O
a9 _ 4OPSiH; _ 0 2. PPTS _
99% yield ee 64% yield ee
22
Gevorgyan procedure
(JOC 2000, 6179 ) 0
1. B(CgFs)a, HSIEty o
DIBAL-H @ 60 2. m-CPBA ee
— o
95% vyield 58% vyield
24
(+)-barekoxide (1)
.wOH
HCIO,
DMF 0
—_—m
73% vyield

(-)-barekol (2)

from: Sarpong, Davies, et al., JACS 2010, 12422
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4 Selected carbocycles

Cycloheptadiene derivatives by [4+3] cycloaddition

a) Toste (2009):
) el L'AuCI (5 mol%) R " Q
AgSbFg (5 mol%)
R = & (1Bu)P
CH.ClI,, rt
)\n 3.1b L1
3 5 examples
x/\// 75-85% yield BuXPhos
\/\/\ m R R T
<y H | tBu
Jda 5 . E
X = c(cone)z, L<AuCl (5 mol /o) X
C(SO,Ph),, NTs | AgSbFg (5 mol%)
] H (o) tBu
CH.Cl,, rt 3.1c P 4
9 examples L2
43-92% yield
b) - -
+
z [Au] [Au]
e
1 & — "
[Au] X X X
h / - 3.1d y 3.1b

from: Lam and Lautens, Synthesis 2020, 2427; 10.1055/s-0039-1690875

s of Synthesis
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5 Radical retrosynthesis — 5.1 One-electron umpolung

It is sufficient to introduce or remove one electron, which leads to the formation of nucleophilic

radicals from electrophiles or of electrophilic radicals from nucleophiles (one-electron polarity

reversal).
"No RN +e® ™0 )C\N : )CN O o
—
R)\X R) ® R) y R™ "H RO R™*
al dl d* a'

A qualitative approach to determining the "philicity" of a radical
1. Consider the oxidized (cationic) and reduced (anionic) forms of Ae
2. Determine which of the forms is more stable

3. Assign the "philicity" of the radical:

a. If A+ is more stable, A« is a nucleophilic radical because it wants to lose an e—

b. If A— is more stable, A- is an electrophilic radical because it wants to gain an e—

m, !rategies of Synthesis




5 Radical retrosynthesis — 5.1 One-electron umpolung

B electrophilicity [eV]
O nucleophilicity [eV]

from: De Proft et al., OL 2007, 9, 2721

74
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5 Radical retrosynthesis — 5.1 One-electron umpolung

E. g., Mn(lll) enolate -> Mn(ll) + enoyl radical

0
CO,Me O o
Mn(OAGC)s, Cu(OAC),, AcOH 24o
N e s
/
Mn(OAC)3 A
— Cu(l) | Cu(OAc);
oMl 0 o
‘/K}/ Mn(Il) [ _COzMe
—_— —
R CO,Me N \./\

nucleophilic enolate electrophilic enoyl radical

75



5 Radical retrosynthesis — 5.1 One-electron umpolung

0 0
>‘NBn Mn(OAc)3, HOAc, 60 °C >\‘“NBn
BnN Z . BnN y
-2 H- "'|I:I|
O 7 O
SET oxidation o

Mechanism?

Chuo Chen et al., JACS 2012, 18834

. egies of Synthesis




5 Radical retrosynthesis — 5.1 One-electron umpolung

E. g., Sml, + alkyl bromide -> Sm(lll) + nucleophilic radical

electrophilic alkyl bromide

Br
1 J/” R Smi,, THF, HMPA, -BUOH _
BnO O
BnO/({ Sm|2

O

Sml2

s fosfon

nucleophilic alkyl radical

BnO

)
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5 Radical retrosynthesis — 5.1 One-electron umpolung

A. Strategic and Tactical Analysis

« Strategy: cycloaddition coupling Me
« Tactic: [4 + 2] Diels-Alder 7 ; CHO
+ Electronically programmed I:>

CHO [4+2] —

* Indirect strategy for accessing pme
* 13 steps, 46% ideal Strategic Strategic
Difference Kerr Difference

target scaffold 8
2003
Br
AcO _

14 3 Me ppizati

: 1993 “H 'NCS 2004 ERS
[Pd] - G— —> ! base;
‘.& ;‘ [CU]
) H li : leQ(1 m
apailindaoie
" P (1) .
2 TIPS 4 H
i SRS . Tactical Difference en2iand .
» Strategy: sp=—sp* cross-coupling » Strategy: sp=—sp* cross-coupling
» Tactic: 2 e~ enolate/aryl coupling * Tactic: 1 e~ enolate/aryl coupling
* Programmed selectivity * Innate selectivity
* 8 steps, 50% ideal + 5 steps, 80% ideal

from: Baran et al., Acc. Chem. Res. 2018, 1807
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5 Radical retrosynthesis — 5.1 One-electron umpolung

mechanistic blueprint:®

carvone (3
( )K Base
-

indole (2) —/

2_
O] J,
? Me
C -
N
2-

0
S
Me
H
3_ —
(@)
Me
H
3 L ] —

Baran et al., JACS 2004, 7450
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5 Radical retrosynthesis — 5.1 One-electron umpolung

Table 1. Selected Optimization Results of 2 + 3 — 4
indole (2) THF, Base, then [O]

carvone (3) [O] = FeCly/DMF (Fe) or 4
Copper(ll)2-ethylhexanoate (Cu)
Entry Conditions Yield (%)@
1 2(1.0eq),3(3.0eq), LDA (4.0 eq), Fe (4.0 eq),-781023 °C calds
2 (1.0eq), 3(3.0eq), LDA (4.0 eq), Cu (4.0 eq), —78 t0 23 °C 24
2(1.0eq),3(1.0eq), LDA (2.0 eq), Cu (2.0 eq),-78t0 0 °C 24
),

2 (38.0eq), 3 (1.0 eq), LDA (4.0 eq), Cu (4.0 eq), 78 t0 0 °C 32
2 (2.0 eq), 3 (1.0 eq), LHMDS (3.0 eq), Cu (1.5 eq), —=78 °C 53 (70)?

OO ODN

@ Isolated yield after chromatography. ? Yield based on recovered sm.

Baran et al., JACS 2004, 7450

: gies of Synthesis 0




5 Radical retrosynthesis — 5.1 One-electron umpolung

a. LHMDS,
L-Selectride
T
then CH3CHO N\
N
H
- 5 _
b. Martin
sulfurane
Me
o) Me -"‘x
H B c. TMSOTT 0
N N
H H
8 (75%) 6 (75% overall, dr = >20:1)

Baran et al., JACS 2004, 7450

T — 8




5 Radical retrosynthesis — 5.1 One-electron umpolung

Dehydration of alcohols and of trans-diols to epoxides

HO = Ph
Y A cFs )_( $-OR 0
S0 Ph - F
Ph” ™

CF3 : H Ph \O 11
I = Ph’SC btk > t & —* X + Ph’S‘ Ph
CFa ey ORr  —-RgOH O

CF5 )
Martin Sulfurane Hy _ ORF

Martin, J. C.; Arhart, R. J. J. Am. Chem. Soc. 1971, 4327

(el Stategies of Syniess | m




5 Radical retrosynthesis — 5.1 One-electron umpolung

ketone ketone
(65%, | d. NH,OAc, d. NH,OAc, (61%,
65% bsm) NaBH;CN NaBH,CN y66% bsm)

9 (dr=10:1) 7 (dr=6:1)
(60%)ie. CS(imid), e. CS(imid); l(63%)

- +Me
N Me

H
(—)-12-epi-fischerindole U (+)-hapalindole Q (1)

isothiocyanate (10)
Baran et al., JACS 2004, 7450

[ Lindel, Strategies of Synthesis 83




5 Radical retrosynthesis — 5.1 One-electron umpolung

hapalindole Q (1)

® Me
Y + U F

N Me

H

Albizati et al., JACS 1993, 3499; Baran et al., JACS 2004, 7450
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5 Radical retrosynthesis — 5.1 One-electron umpolung

LDA, THF
Br .78°C.1.5n ©Of
P PO
then Ac,0, Bu,SnOMe,  Br

0O -78°C-0°%C 7 OAc Cl,Pd[(o-tol)3P};
6 —
1) NaH, DMF PbCH;.sll(‘f °C, 5h o\ N
TIPSCI 10 TIPS
S8, Qb —
g [ 2) PyH Bry o TIPS
67%

Albizati et al., JACS 1993, 3499

: egies of Synthesis




5 Radical retrosynthesis — 5.1 One-electron umpolung

Na « Naphthalenide
THEF, tetraglyme,
- 78°C, 15 min

10 -

then 20 equiv CH;CHO
-78°C, 1.5h

81%

1) NaBH,CN
NH4OAC
MeOH, THF

0 °C, 3h

13

62%

25 °C, 7 days
0, -
f@ 2) CS(imid), |
N CH,Cl,
H

1) MsC), Et3N
DMAP, CH,Cl,

2) Nal, HMPA
130 °C, 36h

52%

Albizati et al., JACS 1993, 3499
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5 Radical retrosynthesis — 5.2 HAT radical cross coupling

Functionalized olefin cross coupling via hydrogen atom transfer

A. o) { e

2e” OBn
synthons )Kl L synthons
-|BnO Me - (o
Me © 2e¢ 1e . Me

® o o\ |:> | ./\[r

(o) BnO i BnO" o)

BnO 23 OBn o4

5 20 OBn @ 5

OBn OBn
Li [Fe]
Me [Cu] PhSiH,

- unstable lithiate  * stable olefin BnO"”
* low accessibility * readily available
21 OBn, tactically indirect - tactically direct 25 OBn 22

+ 3 steps to 20 1 step to 20 .
1 e™ precursors

22
2 e~ precursors

Noguchi et al., JACS 2007, 758 Baran et al., Nature 2014, 343

from: Baran et al., Acc. Chem. Res. 2018, 1807

g gies of Synthesis
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5 Radical retrosynthesis — 5.2 HAT radical cross coupling

Functionalized olefin cross coupling

Olefin cross-coupling
1 step, 68% isolated

BnO

BnO*"

30 mol% Fe(dibm)s ,],
mild heating A

O ot
HRGID

BnO’

OBn OBn
78 79
Conventional route 27
| 3 steps, 52% overall T

ynthesis

Excess HClg), n-BuzSnCl,

LiNap, n-BulLi
cryogenic temperatures

from: Baran et al., Nature 2014, 343
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5 Radical retrosynthesis — 5.2 HAT radical cross coupling

Functionalized olefin cross coupling HAT
b Postulated mechanism with potential compli ns H
2 2
% — X
G L,Fe™ H H
» Chemoselectivity * Premature reduction
» Regioselectivity L,Fem1 * Trappin_g wif[h C_)2
PhSIH * Homodimerization
roof with PhSiD |
P * "ROH’ | 7 ene
m
H L,Fe H
anion RTJY\' < A R1JY\° radical
2 * Compatibility of X 2
A ? EWG with intermediates % F: EWG
H * Homodimerization
| H ¢ Intramolecular hydrogen
= > R2 atom abstraction
Sl * Oligomerization
K

* Product stability to reaction conditions

from: Baran et al., Nature 2014, 343

ynthesis
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5 Radical retrosynthesis — 5.2 HAT radical cross coupling

Functionalized olefin cross coupling

OTBS O

18 2

ynthesis

FeL3

(5 mol%) Yield
>

Catalyst
TBSO

EtOH, 60 °C

<1%
32%

Fe(acac)s

PhSit, Fe(dibm)s

NasHPO4
19

dibm: diisobutyrylmethane

from: Baran et al., Nature 2014, 343
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5 Radical retrosynthesis — 5.2 HAT radical cross coupling

Functionalized olefin cross coupling

@) /C\ R
Ph _~ . Me N o
TBSO Me Cbz
Y 47: R = CN (65%) X
e Me ‘R = 0 35 (75%
3 (78%)" 48: R = C(O)NMe, (67%) (75%)
Me Me OTBS ®
Bn< . OMe
Boc O OMe
Me B(pin)
61 (47%)

4 (70%)*

from: Baran et al., Nature 2014, 343
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5 Radical retrosynthesis — 5.2 HAT radical cross coupling

Olefin hydroamination with nitroarenes

2e synthons

e

2e” precursors

NHBz

Me @ Me
37 Ar

| 1. Fe, ACOH 2 sN1 38

- engineered, sensitive aziridine - necessary reduction step

B.
NBoc NBoc
Nl HN : Me N :26‘
Me NO /E ﬁl‘l
ol Me NI R & Me”® Me NI N
47 = 45 Z
| 1.H, Pd/C 2.[Cu],47 3.Raney Ni .4

» multiple reduction steps - activated electrophile needed

PCT Int. Appl. WO 2007046747, 2007

1 e~ synthons

1 e~ precursors

@:: ) /[NHBZ @\ ):NHBZ

39 Ar

.

37 Ar
[Fe]. PhSiH3 |

- stable olefin - readily available precursors - tactically direct — 1 step

NBoc
£f> HN’Q
'@/NH i
I Z 43

N

NBoc
Me

’fﬁf
45

[Fe], PhSiH,

« stable olefin -« readily available precursors - tactically dlrect 1 step

Baran et al.,

from: Baran et al.,

Science 2015, 348, 886

Acc. Chem. Res. 2018, 1807
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5 Radical retrosynthesis — 5.2 HAT radical cross coupling

Olefin hydroamination with nitroarenes

A 1. I;EOHMG Me Me Me
NO G
2 > PhoyeN 107 N X__NHC(O)Ph
N conventional route
N (2 steps, 24% overall) A\
N N
\ — —> N
7\ J-I\/NHC(O)Ph
Me _
—_— U (3 equiv)
F Fe(acac)s (30 mol%)
106 PhSiH4 (2 equiv): 108 ¢
¥l B HCl(aq.)

(1 step, 52%)

from: Baran et al., Science 2015, 348, 886

) ies of Synthesis
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5 Radical retrosynthesis — 5.2 HAT radical cross coupling

Olefin hydroamination with nitroarenes

1. Hy,

pac Me Me

2. CuCl No
- LU, CI \
3. Raney Ni A

B
NBoc
MeN
N7 NO,
| 2
109

conventional route
(3 steps, 43% overall)

Me

Me R (5 equiv)

Fe(acac); (30 mol%)
PhSiH5 (3 equiv)
(1 step, 41%)

from: Baran et al., Science 2015, 348, 886

g gies of Synthesis
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5 Radical retrosynthesis — 5.2 HAT radical cross coupling

Olefin hydroamination with nitroarenes

A. Mechanistic hypothesis JL

NH, Me Me

(Transfer of protons and L,Fem1 S4
water molecules are

omitted for clarity) S3 /E H

L,Fe™-H

L,Fem-H
Me Me L,Fem-1

NO, N. S5
"0
Me Me
OH
S1 S2
>—< Me >k?
N Me
L,Fe™-H L,Fem-1 *Me +
e
PhSiH,(OEt) S7 Me
+H*
Zn% + HCI
[L,FeM]*
PhS|H3 + EtOH ||gand *Me MeM
tdlssociation )( i S9
Fe(acac); e

from: Baran et al., Science 2015, 348, 886

s of Synthesis
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5 Radical retrosynthesis — 5.2 HAT radical cross coupling

Olefin hydroamination with nitroarenes

B. Proposed pathways for S6 from S2

S2 S5 *

L,FeM L,FeM]*
?_
N Me

2N Mo

EtO EtOH S18

from: Baran et al., Science 2015, 348, 886
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5 Radical retrosynthesis — 5.2 HAT radical cross coupling

Olefin hydroamination with nitroarenes

A 0 Me
NO, Fe cat.
PhSiH;
+ Me_ -~ Me J} N
Zn, HCl(aq_)
MeO M Me Me
115 €v MeO 116 (43%)
. Fe cat., FhSiH3 EAdditionaIexampleS'
/ \ Figh HCI(a ) : .
cl - Cl:
—_ (1 step, 41%) - Me Me
O ! R
117 NO, » e NH ! \)(NH
Me —>» :
W I Me E NHAc
Cl :120: R = C(O)Me (W, 440/0)
Me "~ 'Me o) 1121: R = CONH, (X, 40%) [X-ray]|
— 77— Me 122:R=CO,Et(Y, 40%)
119 NH, Michael addition 118 '123: R = CH(OEt), (Z, 41%)

from: Baran et al., Science 2015, 348, 886
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5 Radical retrosynthesis — 5.3 Redox-active ester radical cross coupling

A. Acid Activation @
- o - o MezN NMe
« R activation » ubiquitous 2
R;.'R —> Jl\ P Jl\ . stable N
I R OA’ R OH * easy to purify | R \ ePFG
isolated or in situ X/ N:'G-)
A*= X  Activatingreagents (OO0
X x X X X= N; HATU
XN : X=C; HBTU
N '
LA Z Y x DX 0
x~ N | o
o STON : N
X= N; HOAt nnnn P :
X= C; HOBt " O >—NM92
Barton ester X=H; NHPI : X=H;HITU pa N
X=Cl;TCNHPI *+ X=CI;CITU 2@

TCNHPI: N-Hydroxytetrachlorophthalimide

: egies of Synthesis

from: Baran et al., Acc. Chem. Res. 2018, 1807




5 Radical retrosynthesis — 5.3 Redox-active ester radical cross coupling

B. 2e" synthons

OO O"

Br 1 e” synthons

ﬂ

48
o activation;
[Fe], [Ag] [Ni], EtzN
-1:150/pratio - cheap acid (Ho)zB

* innate selectivity
* 45 mol % Ag
2 e~ precursors

Friedel-Crafts alkylation-type

* programmed
* tactically selective
1 e~ precursors

from: Baran et al., Acc. Chem. Res. 2018, 1807

: egies of Synthesis




5 Radical retrosynthesis — 5.3 Redox-active ester radical cross coupling

HO\
(e
o o ¢ HO' Br

(2, 3 equiv.)
O0-N 20 mol% NiCl, 6H,0
20 mol% L1
- cl >
o EtsN (10 equiv.) F
F . Cl 1,4-dioxane:DMF (10:1) g
1 (1 equiv.) 75°C,12h 3 (82%5, 78%°)
entry  deviation from above vyield (%)? : entry deviation from above yield (%)®?
1 1,4-dioxane 20¢ E 8 L2 64
2 THF:DMF (10:1) 10 9 L3 58
3 DIPEA 68 v 10 L4 82
4 BusN 43 M NHPI ester <5
5 K3PO4 <5 v 12 w/o L1 <5
6 CS2003 <5 v 13 w/o NIC|2 6 H20 <5
7 40 mol% L1 4 14 w/o Et3N
X X
(3 ) 5Bt N <\/ \;:\(\ /,>
e —
—N N N L4 N

a 0.1 mmol. ? Yield determined by GC using dodecane as internal standard. ¢ Isolated

yield.
from: Baran et al., ACIE 2016, 9676
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5 Radical retrosynthesis — 5.3 Redox-active ester radical cross coupling

C. Cyclopropyl opening experiment

o o G
D\)I\ -
o-N
cl
43 C

HO\
HO 2
As for Table 1 N
'

85°C

[radical ring-opening] 44, 36%

from: Baran et al., ACIE 2016, 9676
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5 Radical retrosynthesis — 5.3 Redox-active ester radical cross coupling

D. Proposed mechanism tBu
[
g Et3N
BocN tBu
reductive
Boc efmination transmetalation

N
tBu Cl !
~ (o) /N
~=N. <l SNi'-Ph
'N LN (o] = N7
N Ph O
tBu OTCNHPI
addition/ @ Bocl\O/g
recombination N|" Ph
v
. Cl
O=N
fra mentation
J BocN (\\) Cl
Boc -CO, o O n

Cl

from: Baran et al., ACIE 2016, 9676

ies of Synthesis
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5 Radical retrosynthesis — 5.3 Redox-active ester radical cross coupling

cl
cl
cl
o]
0 o) - TIPS TIPS
,[( quinine .CO,H  TCNHPI N / //
i DIC, DMAP &0 BrM
o MeOH - , g -
'w« toluene/CCl, CH,Cl, 1 FeBry°H,0 1) Me3SnOH
-55 °C COMe NMP/THF DCE, 80 °C
67% 60%, 98% 46% 2Me  2) TCNHPI
Cc1 ° c11 0 B0 7:00 C12 c13 DIC, CH,Cl,
Me CpyZrCly Me Y
NN_-0TBS DIBAL-H, rt Br ‘. _OTBS
= \/\/\/
then NBS - —
C20 THF C21 TIPS
0°Ctort Mg, I, //
90% ZnCl,
., 0
s, o
H H Me I N
(0] disiamylborane < Cl
THE Y Zn (\/\/\/OTBS)Z 0
NaBO3+4H,0 104 o
- - Cl
i Me then NiCly*glyme
Ye 81% /\/\/ ditBuBipy c1a Cl
/\/\,OAC OAc THF/DMF in situ activation
105 c22 3) TBAF — -
: . . 4) Ac,0, DMAP
intermediate of Nicolaou's NEts, CH,Cl,
epothilone synthesis 4 steps (45%)

TCNHPI: N-Hydroxytetrachlorophthalimide

from: Baran et al., Nature 2018, 560, 350 (si)
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5 Radical retrosynthesis — 5.3 Redox-active ester radical cross coupling

€ Epothilone analogue fragment

O

..n\/ Desymmetrization Deprotection Three steps e

o —@ @ @ @ @ > . 105
"'u\ (First coupling) (Second coupling) “"Me 0
- Me
5 BrMg=——TIPS oS
C, 103 TBSO Zn Previously 15 steps
104 2

from: Baran et al., Nature 2018, 560, 350

ynthesis
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5 Radical retrosynthesis — 5.3 Redox-active ester radical cross coupling

a much longer sequence

v

AcO OAc

(a) lipase

(b) (COCI), (1.1 equiv), DMSO (2.2 equiv), Et;N (5.0 equiv), DCM, -78 °C; then Et;N, 25 °C, 5 d, 88% (2 steps)
(c) MeOCH,PPh,CI (1.15 equiv), NaHMDS (1.10 equiv), THF, -78 to 25 °C, 89%

(d) 0.12 N HCI (aq):acetone (1:9), rf, 1 h, 94%

(e) Wittig salt (2.0 equiv), NaHMDS (3.8 equiv), THF, 0 °C, 2 h; then TMSCI (2.0 equiv), 25 °C, 20 min; then sm, THF, -78
to 25 °C, 20 h, 83%

(f) (NCO,K), (20 equiv), AcOH (40 equiv), py:MeOH (5: 1), 25 °C, 48 h; then PtO, (0.05 equiv), H, (1 atm), MeOH, 25 °C, 20
min, 82%

(9) 10 wt % PY/C (0.02 equiv), H, (1 atm), EtOAc, 25 °C, 8 h, 96%

(h) TBSOTT (1.0 equiv), 2,6-lutidine (2.5 equiv), DCM, -78 to 0 °C, 20 min ACO/\:/\PPh3Br
(i) DIBAL (2.0 equiv), DCM, -78 °C, 5 min, 90% for 2 steps

(j) (COCI), (1.1 equiv), DMSO (2.2 equiv), Et;N (5.0 equiv), DCM, -78 to 25 °C, 97%

(k) MeOCH,PPh,CI (1.15 equiv), NaHMDS (1.10 equiv), THF, -78 to 25 °C

(1) 0.12 N HCI (aqg):acetone (1:9), rf, 1 h

(m) Ac,O (1.1 equiv), Et;N (2.5 equiv), 4-DMAP (0.02 equiv), DCM, 0 °C, 20 min, 62% (3 steps)

W

detail the steps!

v

"y, o
OAc Nicolaou et al., JACS 2001, 9313

. egies of Synthesis




5 Radical retrosynthesis — 5.3 Redox-active ester radical cross coupling

O X
) Aon

(0]

o}

90
Corey Lactone
(commercial)

(+)-PGF2,

Jones'reagent,
acetone 0°C

94%

= &

TCNHPI, DIC,

DCM, rt, 1 h;
Ni(acac)o+xH,0, BiPy,
MgBr4Et,0, DMF/THF,
m,12h

C|Zl"l.\/\/C5H11 O\/\/\/\-

76%'OTBS TBSO
>20:1 E.Z, >20:1 dr

SI-88 S1-89
NaOH, MeOH,
849,|60°C. 6 h;
°[ TBSOTY, CH,CI,
0 °C—rt, 30 min
_ e
0 TCNHP!, DIC,
!1“"15'%'-' /\‘j DCM, rt, 1 h; TBSQ *r
LiOH, Ni(acac)pxH,0, BiPy,
n, 2h TBSQ MgBro+Et,0, DMFITHF n,12h
58%, e N
>20:1 ZE
TBSO
- / /w
:'G\/\,/\/\Me CiZn TBSO
TBSO z S1-90

TCNHPI: N-Hydroxytetrachlorophthalimide

from: Baran et al., Nature 2017, 545, 213 (si)

SIS
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5 Radical retrosynthesis — 5.3 Redox-active ester radical cross coupling

€ Prostaglandins iz nC.H
n\/\/ 511

@)

CIZn/wgC}/

Me

0 Iterative radical cross-coupling
: 4 steps from 90 (R = 4-PhC,H,CO)
0 91 OTBS 92
: Cross- Cross- } HQ (+)-PGFy,
- ' i / AN TNTS
coupling coupling COH
\ on —@ . @ ® ¥ P o
RO g0 Oxidation >20:1 EZ Hydrolysis >20:1 Z:E ] ;
. H 0 HO 5
o |BaS >20:1 d.r. protection| 35% (4 steps) o4 93
(commercial)
Previous route; (R = Ac) 8 steps (Wittig, HWE) 0

from: Baran et al., Nature 2017, 545, 213
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5 Radical retrosynthesis — 5.3 Redox-active ester radical cross coupling

Decarboxylative Giese coupling

CO.Et

CO,H
X
NHBoc DIC, NHPI
\ -
N DCM, RT,2h
TIPS
9a

~CO,Et
A

N
N

CO2NHPI

NHBoc

TIPS
not isolated

10a

DMF or DMA
were best.

Ni(ClO4)26H20  EtO,C
Zn, LiCl

Solvent
Ar, RT, 12 h

DIC: diisopropylcarbodiimide; NHPI: N-hydroxyphthalimide

from: Yuhua Ge et al., OL 2021, 370

s of Synthesis
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5 Radical retrosynthesis — 5.4 Decarbonylative radical addition

Intermolecular decarbonylative radical addition to an aldehyde

. OX? TMSHNK/\"/

- [
H nucleobase

0 o OBz introduction

OTMS

X —> B HN
radical glycosylation
O addition to OBz OBz
aldehyde -
AcO,, N
' TePh

NPhth BzO

hikizimycin (17 step

from: Masayuki Inoue et al., JACS 2020, 142, 13227
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5 Radical retrosynthesis — 5.4 Decarbonylative radical addition

Intermolecular decarbonylative radical addition to an aldehyde

AcO,,1.0,,5 R? i. i-BuOCOCI, NMM
’[/E (PhTe),, i-Bu,AlH
BzO NPhth -

OBz
36: R? = CHZOH:| h. (AZADOL)
37: R =CO,H Phl(OAc),
HON
an alkoxy acyl telluride ><
O O O C:) benzene, 50 °C
AcO,, 7 9~
TePn H%B j. Et3B, air
BzO NPhth * x z g
— EtTePh

- CO

from: Masayuki Inoue et al., JACS 2020, 142, 13227
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5 Radical retrosynthesis — 5.4 Decarbonylative radical addition

Intermolecular decarbonylative radical addition to an aldehyde

X radical

O O © decarbonylation
7 9~
6 8
HJ\/l\I/\ j. Et3B, air
+ O O OBz >
X — EtTePh
- CO

from: Masayuki Inoue et al., JACS 2020, 142, 13227
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5 Radical retrosynthesis — 5.4 Decarbonylative radical addition

Intermolecular decarbonylative radical addition to an aldehyde

K.
BnOJJ\CF:;l: 6:R3=H (6-a:6-=22:1)
TfOH 38: R3=Bn

from: Masayuki Inoue et al., JACS 2020, 142, 13227

['Lindel, Strategies of Synthesis 112




5 Radical retrosynthesis — 5.4 Decarbonylative radical addition

Radical decarbonylation

O Et3B, 02_> Ete

TePh
14

N

A

EtTePh

CO

from: Masayuki Inoue et al., JACS 2020, 142, 13227
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5 Radical retrosynthesis — 5.4 Decarbonylative radical addition

Triethylborane liberates ethyl radicals (and Et,BOQO-) in the presence of air oxygen.

(a) Brown, Et4B initiates its own reactions 1960s
7 trace O eEL H.O Q
Et;B + \)]\ 2 N 2 -
25 °C
(b) Utimoto, Et4B initiates other reactions 1980s

8 4+ BugsSnH —— » \—/

B I -78°C

Figure 1. Key early contributions in the preparative radical chemistry
of triethylborane.

+ BUSSnI

kinetics: Curran et al., JACS 2016, 7741 (10.1021/jacs.6b04014)

m, ategies of Synthesis




5 Radical retrosynthesis — 5.4 Decarbonylative radical addition

OH (0]
AZADO:
catalyst (1 mol%) , NaOCI (150 mol%)
the better TEMPO Ph KBr (10 mol%), BuyNBr (5 mol%) @)k/\ P
CH,Cl,, aq.NaHCO3, 0 °C, 20 min
100 e'/ @&gv.
m ——
70 1 — \
£ 977 @W I
v 50 0
£ w0
el V4
20
4 s
0™ — rd
0 1 2 3 4 5 6 7 8 9 10
> Time (min)
Dropwise NaOCI

*Determined by 'H-NMR; using internal standard > <j> <> <

review: Yoshiharu Iwabuchi, Chem. Pharm. Bull. 2013, 1197




5 Radical retrosynthesis — 5.4 Decarbonylative radical addition

TEMPO: mechanism

R;
H :
H
oxoammonlum IO

ﬁé{ i tk},%omﬁﬂz
Oe 0o H

TEMPO 1 \A

R
\ Meon °
hydroxylamine
3

review: Yoshiharu Iwabuchi, Chem. Pharm. Bull. 2013, 1197

g gies of Synthesis
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5 Radical retrosynthesis — 5.4 Decarbonylative radical addition

Intermolecular decarbonylative radical addition to a cyclohexenone

o LiOH, THF/H,0
wl\n,oa
68%
0
8
I
CCl,/pyridine

83%

I_p"u(
o]

(-)-piperitone (4a)

5 33% 0

56%

10% aq H,SO,
MeOH

87%

ynthesis

(CH,OH),, p-TsOH, 100 °C;

0. 0 (1 equiv) EtB -~ -
x A (3 equiv) 7
4 air 10_~ 0
9:Y=OH — FBUOCOCI, NMM; bl VT SCN 4
(PhTe),, i 9
3d: Y= TePh e),, i-BusAlH, 68% _ EtTePh .
__(@equv) | -CO Wgﬁ\/
=
( _  Bd & 2db (10R:10S = 3:1)
50 CuCl\l N-n:ethyipyrrolldone Pd(OAc), (0.5 equiv)
4c: R = 120 °C, 87%; Cu(OAc), (1.5 equiv)
4b: R? = CN recrystallization THF
>99% ee from n-hexane, 68%
Li naphthalenide (l)_(|)
THF, -78 °C; e
H20

wf

1415 16

Smlz, EtaN
THF/H,0, 0 °C

AZADOL (10 mol %)
Phl(OAC)z, CH2C|2, 69%

37% (2 steps)

CCDC (1936421) L D =
HO
(R 208
N i N
OH W OH
15:Z=H,W=0H, 13% 5-epi-eudesm-4(15)-
23% 16:Z=0H, W =H, 24% ene-1B,6B-diol (1), 33%

from: Masayuki Inoue et al., OL 2019, 7619
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5 Radical retrosynthesis — 5.5 Summary of the selected steps

O,,[l\/|<“—1>] o @o Li® 0
\)|\ <M <1Mbs SET from enolates
ML
g o [MOIXL Q@ 0 SETf lat
| m rom enolates
)\)\ _ HX )]\/”\
\-\) [M(n)] N\ LHMDS A SET from
p ~ ~ deprotonated
N - M N N heterocycles

[Lindel, Strategies of Synthesis 118




5 Radical retrosynthesis — 5.5 Summary of the selected steps

. M) X
= P .
— MO, - X SET to alkyl halide
O[M(n+1)] O

[M®™)]
).\ - )I\ ketyl radical anion

).\ -« )\ hydrogen atom transfer

- MOYIL,

s of Synthesis 119




5 Radical retrosynthesis — 5.5 Summary of the selected steps

¢ o q
Cl >_< [M(n)]
N—O

c - M)
Cl O Cl 0
Baran Cl e)
- N
Cl
c O

- CO,
or photoredox:
Okada reaction

cat. [Ru(bpy)s](BF4)2,
blue LED, iProNEt

@)
_ Ete
PN -
PhTe

EtO,C CO,Et
o T X
N

H

— EtTePh, — CO e
0) Inoue
S)
- N
O
EtO,C | N CO5Et
_ N/
H®

~CO,

SET from [Ru(bpy)s]* to
N-oxyphthalimide

see class "reaction mechanisms" ...

[ Lindel, Strategies of Synthesis




5 Radical retrosynthesis — 5.5 Summary of the selected steps

e o

0
\)LOEt °

Michael acceptor

cyclohexyl
carboxylic acid -
3
Ir' 6
reductant
*Irll 2 Photoredox
oxidant Catalytic
Cycle
:‘J "rr’:r TLLE|

photoredox catalyst

household IF[dF(CF 5)ppyl(dtbbpy)*

light bulb

|
s

7

1,4-addition product

OEt
8

see class "reaction mechanisms"

from: MacMillan et al., JACS 2014, 10886; dx.doi.org/10.1021/ja505964r
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