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1. Introduction

1.1 Goal and Structure of the Lecture

1.1.1 Goal of the Lecture
Scientific goals:

Realize the limitation of classical carbonyl and olefin chemistry in organic synthesis
Understand the synthetic potential of rearrangement and cycloaddition reactions in
organic chemistry. The focus is on a qualitative understanding of the mechanisms, which
allows you planning chemo-, regio- and stereoselectivity in synthesis.

Understand the synthetic potential of radical and photochemical reactions.

Introductions to the concept of reactivity reversal (Umpolung).

First glance into to power of modern transition-metal-based methods in organic chemistry.

Main difference to Bachelor level: the reactions are now used in a specific and applied context in
more complex, real-life problems, and not anymore limited only conceptual examples

Technical/pedagogic goals

Deepen ability to draw reaction mechanisms and molecules in three dimensions
Learning to recognize simple retrons and synthons in complex molecules.
Application of simple principles in a new situation

Increase independency from the lecture notes and the teacher

The goal of this course is to complement the basis of bachelor lectures to have a qualitative
understanding of the mechanism of reactions and their synthetic potentials. The tools developed will
then be used in the target synthesis course.

1.1.2 Structure of the lecture

The main part of the lecture is an ex-cathedra lecture on the blackboard. The blackboard lecture will
consist mostly in illustrative and applied examples, as the general reaction model is presented in
the script. There are 4 one hour exercises and for every week the POW (problem of the week).

Lecture notes: The lecture notes will include all the important concepts and model of the
lecture, but only few or no examples. Notes and the blackboard lectures are expected to
complement each other and should always been studied in parallel.

Problem of the week: The problem of the week will be in the style of an exam question
relevant to the topic of the last lecture. They are expected to be turned in. If more than
80% are handed in and completed, a bonus of a two question pick will be given at the
exam. The solutions will be available afterwards on moodle.

Exercise sessions: Exercising is essential in organic chemistry. It is only through
exercising that the concept can really be acquired. During the time of the exercise, teacher
and assistant will be at the disposition for questions. The solutions will be available
afterwards on moodle.

Exam: The exam is oral and 15 min long. A transformation will be given without
preparation and the candidate will be expected to discuss ad-hoc possible mechanisms
and rationalize the selectivity observed. The question will be in the same format, but not
identical to exercise questions.
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1.1.3 Bibliography in Organic Chemistry

In the lecture notes, main bibliography references or reviews will be given for each chapter. The
expected knowledge is based on the lecture notes, exercises, problem of the week and blackboard
lecture. Nevertheless, it is always good to have a more comprehensive and deeper source of
information of the topics to understand it better.

1.1.3.1 Basic knowledge, absolutely essential to follow this lecture:

EPFL course: AIMF I-Il, Fonction et réactions organiques I-llI

Peter C. Vollhardt, Neil E Schore, Organic Chemistry: Structure and Function,
Palgrave Macmillan. (édition 5, 6 prévue en 2010)
—One of the best introductory book in organic chemistry.

Jonathan Clayden, Nick Greeves, Stuart Warren, Peter Wothers, Organic Chemistry,
2001, Oxford University Press.

1.1.3.2 Advanced book in organic chemistry

General:

Francis A. Carey, Richard J. Sundberg, Advanced Organic Chemistry Part A and B
(two volumes), Fifth Edition, 2008, Springer.

+ Very complete book (2500 pages), often used in other countries, good description of
reactivity, several chapters can be used to complete this lecture

- Repetitive content, week in stereochemistry, poor quality of the drawings

Lazlo Kurti, Barbara Czako, Strategic Applications of Named Reactions in Organic
Synthesis, 2005, Elsevier.

+ Excellent drawings quality. Very good overview of classical named reactions.

- No structure, dictionary of reactions

Erick M. Carreira, Lisbet Kvaerno, Classics in Stereoselective Synthesis, 2009,
Wiley VCH.

Created from Master Course in Organic Chemistry at ETH Zurich

+ Specialized in the problem of stereoselectivity (good complement to Carey-Sundberg),
good graphical quality.

Michael B. Smith and Jerry March, March's Advanced Organic Chemistry: Reactions,
Mechanisms, and Structure, sixth edition, 2007, John Wiley & Sons.

+ Lots of information, good for consultation on specific topic

- The information is too dense, cannot be used to learn

Reactions mechanism:

Reinhardt Bruckner, Organic Mechanisms: Reactions, Stereochemistry and
Synthesis, 2010, Springer.

+ One of the best books for mechanisms in organic chemistry at the qualitative-
gquantitative level.

- No applications in synthesis.

lan Fleming, Molecular Orbitals and Organic Chemical Reactions, 2009, Wiley.

+ Description of molecular orbitals at a level accessible for organic chemists. Cheap
student version available.

- Explication of concepts only, not oriented towards synthesis.

Synthetic strategy: (books more relevant to lecture target synthesis)

K. C. Nicolaou, E. J. Sorensen, Classics in Total Synthesis, 1995, Wiley VCH.
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http://www.amazon.de/Marchs-Advanced-Organic-Chemistry-Mechanisms/dp/0471720917/ref=sr_1_1?ie=UTF8&s=books-intl-de&qid=1261563452&sr=8-1
http://www.amazon.de/Marchs-Advanced-Organic-Chemistry-Mechanisms/dp/0471720917/ref=sr_1_1?ie=UTF8&s=books-intl-de&qid=1261563452&sr=8-1
http://www.amazon.de/Marchs-Advanced-Organic-Chemistry-Mechanisms/dp/0471720917/ref=sr_1_1?ie=UTF8&s=books-intl-de&qid=1261563452&sr=8-1

+ Historical collections of important synthesis in organic chemistry. Very well described
and explained, including breakthroughs in methodology.

- The chronological and molecule-based structure makes it less adapted to support a
lecture, unless the basic tools of organic chemistry are already known.

- K. C. Nicolaou, S. A. Snyder, Classics in Total Synthesis Il, 2003, Wiley VCH.
Follow up of the preceding book, less well done.

- Stuart Warren, Paul Wyatt, Organic Synthesis: The Disconnection Approach, 2" edition,
2007, Wiley.
+ Detailed discussion of retro-synthesis. Level is basic and easy to follow, even without
experience in the field and correspond well to the level of Target Synthesis
- Structure of the book is difficult to follow

Online Information :

- EPFL Moodle page for all course material in pdf-format
- Evans Lecture (look after Evans chem 206 in google). One of the best lecture in
advanced organic chemistry.
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1.2 Basic Concepts in Organic Chemistry

' The concepts presented in this summary are required for lecture and examination!!!

1.2.1. Important Principles in Organic Chemistry

In general, structures which can stabilize electrons are favored.

1.2.1.1 Electronegativity and "Octet" Rule

electronegative element.

The electronegativity describes the ability of atoms to attract electrons. The nearest to octet (closed shell)
the strongest the electronegativity. The electronegativity is weaker for larger atoms.

On chemical structures and during chemical reactions, the electrons go to the more

example:acidity Me3CH MezNH MeOH HF
pK, 53 > 36 > 16 > 3.2
electronegativity 2.5 3.0 3.4 4.0
Indirect effect: inductive effect
0] (0]
F3CJ\OH Me)kOH —

pK, 025 < 4.76

Effect of hybridization:

The conjugate base is more stable
for more electronegative atoms!

Transfer of the influence of electronegative
atoms through sigma bonds.

electron in orbitals with more s characters are more stabilized (more probability next to the nucleus)

example: acidity H H
Me;CH D H H
H H
PKa | 53 50
Hybridization | Sp® Sp?

1.2.1.2 Stabilization through Delocalization: delocalized charges (electrons) are more stable

1.2.1.2.1 Delocalization onto 1 atom: large atoms are more able to stabilize charges (= polarizable)

. | HF HCI HBr HI
examples 1) acidity:
pKy | 3.2 > 8 > 9 -10
electronegativity | 4.0 3.2 3.0 2.7
———> | Delocalization is more important than electronegativity in this case!

2) leaving group ability in substitution reaction

R/\F <
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1.2.1.2.2 Delocalization on two atoms: the chemical bond
Important for organic chemistry:
1) o bond is stronger than = bond for C=C bond, but not for C=N and C=0

2) Delocalization is better between atoms of the same size (orbital overlap)

3) For strong polar bonds: ionic part can become important and compensate the
weaker covalent bonds: prediction is more difficult

examples: size effects
obond: C-H C-C C-N C-O0 C-F C-F C-Cl C-l
energy in Kcal 99 83 70 86 117 117 81 52
n-bonds C=C C=N C=0 C=0 C=S
energy in Kcal 64 77 92 92 49

——— | Important practical consequence: in organic chemistry, losing C=C and making C=0 is often favorable!

1.2.1.2.3 Delocalization on more than two atoms: resonance structures
Resonance structure = obtained by moving electron without changing position or connectivity of atoms

Resonance structures are essential to understand structure and reactivity in organic chemistry!

good resonance structure<—> octet rule for 1.raw elements, no charges, charges on electronegative
atoms, more bonds, "better bonds", aromatic structures

stabilization through resonance (delocalization) is maximal if the resonance structures are identical

"reality" = weighted sums of the resonance structures

key examples:

e) O
&,
0] o i - i -~ 1
)J\ - )\ R ®R ~ R
R™ R R™®'R | | ®
/+
best stru.ct-ure best structure
reactivity of carbonyls conjugate reactivity
S
o) O o} o

R)J\O@ o R/go R)K@ ~ R&

identical structures
a-acidity of carbonyls and reactivity of enolates

acidity of carboxylic acid

0 o 'h'@ N
Il N® N®
N.© N©
R/@\O —> R"® O -~ S
R)J\R R/I\R

identical structures
best structure

structure of nitro and diazo compounds
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Stabilization of carbocations by neighbouring heteroatoms or bonds

Limitation of resonance structure: descripition of aromaticity

aromatic stabilization: cyclic conjugate n-system with 4n+2 electrons (Hiickel's rule)

O] [

identical structure identical structure?
stabilized destabilized!

— Higher level model is needed: orbital theory

Benzene Cyclobutadiene

_ ng Benzene: all electrons stabilized
- in bonding orbitals
Cyclobutadiene: 2 electrons in
non-bonding orbitals, no
~ - : <g> stabilization
I LUMO = Lowest Unoccupied
HOMO % % g E Molecule Orbital
HOMO = Highest Occupied

#_ Molecule Orbital

In organic chemistry, many observations can be explained by FMO (Frontier Molecular Orbital, LUMO and HOMO)
considerations. This model is more powerful and precise than resonance/Lewis structure considerations, but need
more time to apply.

Test for part 1

M
0 0 0 0 N e 0

M Me)J\NRz M PR A M

OR Me Me Me H Me Cl

Me Me Me

Classify this carbonyl compounds in order of increasing reactivity towards nucleophile addition.
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1.2.2. Important Nucleophiles and Electrophiles in Bachelor Level Organic Chemistry
1.2.2.1 Nucleophiles

& & & & &
ROH RNH, RSH PR3 R,N—NH, neutral
alcohols amines thiols phosphines hydrazines
Heteroatoms
o © o
RO RNH RS x® charged
alcoholates  amides thiolates halogen anions
& S
Hydrides (H) sources NaBH,4 LiAIH,
borohydrides  aluminium hydrides
& o
& & oM oM 0
RMgBr RLi . M=Na, K, Li
C Nucleophiles Grignard alkyl lithium enolates stabilized enolates
& 3
NR2 S =0 ED
- CN __ &  ED = Electron-donating group
R1/§ o 5 5 \—
enamines cyanide electron-rich aromatic
compounds and alkenes
1.2.2.2 Electrophiles
R®.R 5"
)
m® R76"X R75™X R)&gx 5©6+ =
proton alkyl halogenide  carbonyls imines iminiums electron-poor aromatic
metals compounds and alkenes

EWG = Electron-withdrawing group

1.2.2.3 Hard and Soft classification of Nucleophiles (Lewis Bases) and Electrophiles (Lewis Acids)

Hard <— charged, localized electrons, highly electronegative/positive, reaction under charge control
typical hard electrophiles: H*, Mg?*, RCI, ROTf
typical hard nucleophiles: RMgBr, RLi, RO, RNH", F-, O atom of enolates

Soft <—— less charged, delocalized electrons, reaction under orbital (HOMO-LUMO) control
typical soft electrophiles: Pd?*, carbonyls, electron-poor double bonds and aromatic compounds

typical soft nucleophiles: C atom of enolates, stabilized enolates, electron-rich double bonds and
aromatic compounds, I, RNH,, PR3

Principle: | Hard-Hard and Soft-Soft interactions are favored!

— Competition basicity-nucleophilicity: especially hard nucleophiles are usually also strong bases,
because proton is hard (hard-hard interaction)
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1.2.3. Important Classical Reactions in Bachelor Organic Chemistry

3.1 Substitution Reactions

1 R] X@ R’
sN 2‘ 6+ -
RRs)\ X Rzé\R3_
R! R! i
5* o
SN2 RZ\J\X + NU Nu__sk_x
R® R? R3
® ® El
seAr [N g
A\ | H
R N
L R
X [ O Nu
SNAr N + Nu
| . | X
R I ’\R

©
-X
E, H X
6+
E, H X base
& o
b
E.p  H X _base
S\f

1.2.3.3 Addition to double bonds

O}

+ Nu

R1

" Nu/k;.\;gz

racemization

inversion

o E
| P better for R electron-donating
R in ortho-para
X El
| better for R electron-withdrawing
N in ortho-para
R
base o
- X@

In principle: all mechanisms for elimination are possible in the reverse sense!

Special case: dibromination

Br2

—_

Br)
YACANN

Br
bromonium ion

Br

N

Br
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1.2.3.4 Chemistry of Carbonyls
1.2.3.4.1 Nucleophile Addition

Grignard
O 8+ -
58" BrMgO,_ R? H,0 HO_ R?
RSUZMgBr — g T ¥k
Hydride Reduction
@
Na @$H3
0 ) -
3 o H H,O HO_ H
2
R)&gw + NaBH, g1 D
S et
R5TOR! + NaBH,4 no reaction
©
Li® AlH;

i LiAIH o . 86§<H - . L®R OAIH )OJ\ _LiAH, /F
+ | +
R5OR! 4 > R%H ‘thent,0 R H :

Alcohols: acetal formation under acidic catalysis

® _H

o) ® o; H o ® R2
)J\ +H ) +R20H HO><O—R2 H-0y(0-R? - H20 O/R
R R! R7 R OB<
0 H '('ci‘ -R20H  R7R! +HO0  REOR!
R?7H
-R20H || + R?0OH
Equilibrium is on the side of the ketone
—— ltis necessary to remove water to drive reaction! ® @® H
R2-0 O-r? _*H R2—o’><o—R2
RR H® R™ R
Acetal
Alcohols: ester formation under acidic catalysis
® H 2
e 4O o H o R ®_H
L )1\7 +R’OH HO_ O-R? HO) O  -HO  Q 1o 9
RS™OH =& @ R7 OH " g2 = & .H o ,
( -R?0H R” "OH R7507 +H0 R7TOR? ,© R”OR
"O-.
RZ°H H

Equilibrium is nearly 1:1

——> Use excess alcohol to drive reaction
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Ester Hydrolysis
© ©. S) ©
e 2 B gew Be § o e g
(POR2 O 2 B -H,0 >
R™8* OR “OH R.(”.OR R™ "OH + OR2 R™ "OH 2 R O
9%y
Stability of carboxylate ——— completely on the side of product!
Amine addition and imine formation
2 o HH ZH _R?
i +RNH, O, 0 ®N-R? H—O}(<'N—R2 - H,0
Sl 1 DE— E—— 1
R §*' R _RZNH2 R( R R! R R! +H,0 R R
T
N
R2 \H
Water removal necessary for ketones, reaction easier with aldehyde
1.2.3.4.2 Enolate chemistry
Enolate alkylation R2
o
i O- Alkylati
hard electrophile R)\ ylation
R1
0 i ob 0°
i ase
S O RN
R R R'
soft nucleophile hard nucleophile 8R2| 0
. 2
soft electrophile R)K(R C-Alkylation
R‘l
Aldol Reaction
O O O @o H OHO H O
)J\@ ZJ@-‘- M 2 + H® 2 base )H/\ 2
R 7 R?,H R R R R . R ~ "R
R1v R R Or:c(')d R’
Aldol product -2
Aldol Condensation
Claisen Condensation
S)
O (0] O .0 rR? O O
s YA
OR3? R OR3 R R?
R’ R’

©
R)J\.' + R2
RN

Other related reactions: Knoevenagel condensation, Perkin condensation, Dieckmann condensation.
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Wittig Olefination o @

R" R R" R R" R

B
+O) /X cis-olefin Er:t?i;[izing
N

X —— = » PN 3 R
2)base R PPhs O PPh | )\_H — =/ B

Rl R R R Y R stabilizing
L . trans-olefin anion
betaine intermediates

For non-stabilized ylides (A), formation of the cis betaine is favored and irreversible, leading to cis olefin. For
stabilized ylides (B), an equilibrium lead to formation of the more stable trans betaine and finally to trans olefin.

1.2.3.5 Oxidation Reactions

Chrom(VI)

Cro VI VOH  R_O +H,0 R__OH

R._OH . Sg R ‘Of(/Cr\,OH /Cl/f\ . P ><Q

2904 H'O O HO O H -H, 0 H OH

Jones Reagents

CrO3

Second oxidation step possible only VI

in presence of water! IVOH  rR__O R, G-~ -OH

- Y e
Cr\ HO /7 \\

/7 N \1
HO O OH H OO

In practice also often used PDC (pyridinium dichromate), PCC (pyridinium chlorochromate)

Moffat-Swern

DMSO, (COCl), R 0

R._OH

~N

base

Mechanism

o . Qe
SN CY 6& Gl

-8 + . ——  sY o ——= 5@ + CO, + CO
Me” "Me Cl%( Me”( "Me Me/S\Me 2

0 Cl o
© R\/O\ 7
H
l - HCI
R R
_S. R__O (C|) H base Ol)\H
Me” "Me * \’7 /sg'J D— 3@
H Me @ Me/ Me

In practice, there are many more methods!
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Dihydroxylation, Ozonolysis and Epoxidation

e mCPBA 0] . .
Epoxidation — /\ mCPBA = meta-chloroperbenzoic acid
_ OsO4 HO  OH
__/

Dihydroxylation =

_ R 1) 04 o) 0
Ozonolysis /ﬁ o R)J\H

R

These reactions will be rediscussed in more details in the lecture
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2. Repetition of the Chemistry of Olefins and Carbonyls

(For a more detailed description, see lecture "synthése asymétrique")

2.1 Synthesis of Alkenes
2.1.1 Elimination
0_(/ ’

(H

:0Bu
©

E,, trans elimination

2.1.2 From Acetylenes

Pd/CaCO4
Lindlar cat./' R1 o R2
R'] — R2
\ R2
Li/NH5 /:/
R1
Reduction

SCH,4
7 e
Y

Chugaev syn elimination

R—

M =B, Sn, Zr,...

+ M—H e

.o
(o 20 °C

Se-Ph 20 C __
L Y —

Selenoxide syn elimination

M
/:/ — cross-coupling
R

Hydrometallation

2.1.3 Olefin Metathesis (see inorganic chemistry lectures)

2.1.4 From carbonyls

2.1.4.1 Aldol Condensation

2.1.4.2 Wittig and Variations

Original Wittig
S) 0]
@ /\
PO + EE—— 1
R” “PPhy R1LH R R
phosphor ylide
Mechanism
R = alkyl RH R = Ester
// H Ph P/\\\H
/P ! Ph/ /
h Phy” R’
PhH
Puckered Planar

l R
Ph3|? — cis
(@]
R1

Puckered

R‘l
—/ cis for R = alkyl
trans for R = CO,R'
iCO iCOzEt
e Rl
’ Ph/ %
R1
Ph H Pho? R'
Planar

l CO,Et

thj
trans - .
o—,

”,

R1

Two transition state are possible: puckered and planar. For alkyl groups, the reaction is controlled by sterics and the
puckered TS is favored (less interactions with bulky Ph group). For esters, the reaction is controlled by electronics
and the planar TS is favored (better Dipoles orientation).
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Schlosser Variation

© 0 P 1
e @ PhLi, LiBr R
AN + —_— = trans for R = alkyl
R PPE3/ RJ\H then H* R/—/ y
R Br@ Br@ Br@ . R
PhsP @ R . @ R @ L Ph.P—
s LiBr  PhsP PhLi  PhsP—f, PhsP—/, Bt Teh
o) —_ _— o Li =—— o R —— 0o — trans
R! o 1 / 1 ./ 1 R?
Li R Li R Li R

General problem with Wittig: Strong base is needed! It cannot be used for base-sensitive substrates.

Milder Variations:
Horner-Wadsworth-Emmons (HWE)

1 S ST
ase X
Et0-P + —— R OEt
EtO OFt R“JJ\H
HWE is trans selective and weaker base can be used: very often used in total synthesis.

Cis-selective variations:

F;CH,CO
Still-Gennari Ando
2.1.4.3 Julia and Variations
Julia-Lythgoe
O
i HO.__R' 1
PR 1) Buli, R1LH Ac,0 AcO_ R
R SO,Ph >
2)H0 R” ~SO,Ph R” >S0,Ph
l Na, Hg

1
J/R'I ACO‘j/R Na, Hg AcO R‘l
R R™© R

Highly trans selective, but multi-steps
Julia-Kocienski

R O//S\b N Highly trans selective, milder than many Wittig methods
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2.1.4.4 Peterson Olefination R2,Si ’/\;O@ R2,Si—0 R’
o) base R R R R! R
SiR?, ) trans
PR 1) R" “H R%Si OH
R” “MgBr —
2) Hzo R R1 (OHZ

2 qj 1
* H,0 R“3Si ~ R
L T YT

OH, R R

® cis
If high selectivity can be achieved in the first step, the Peterson protocol allows obtaining trans or cis olefins
depending on the reaction conditions.

R

2.2 Hydroboration of Alkenes

2.2.1 Important Boron Reagents and General Mechanism

H Me
0]
Ol L
borane //% Me (0]
9-BBN catechol borane pinacol borane
1 1
1 H,0,, NaOH REOR
R+ RbGSBH —— A~ _BRY 272 RSB OH —= _~ _OBRY,
l lH202, NaOH
cross-coupling R/\/OH

Regioselectivity: H goes to more stabilized carbocation, because the mechanism is asynchronous:

Partial positive charge —~—
! tertiary carbocation > secondary carbocation > primary carbocation

2.2.2 Control of Diastereoselectivity

Hydroboration with BH3: Minimize strongest Allylic strain, BH; comes opposite from R

H H,B—H HB
Ry, "X Rs  BH; Rwm H: R, H H H20, R R,

~ — H —_— iz B
RM H R2 & R2 RM H R2 R3 RM liz
L

A3 Minimized

R H R R
R N
RL NS R3 RL ! BH2 H202 RL R3
”, T | H H -
Rw H H H I Ry -
H R
H—BH2 M

A'2Z Minimized
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Hydroboration with bulky boron reagents: Minimize reagent-substrate interactions

Ri H=BR, Ri
BR,H Ruy~ H R :
RLW R3 2 R1®:R\H3 H202 R|_ R3
RM H H RL RM OH
A'2 not minimized
RL
R \R3 A, , minimized but
1 | ’ .. . .
. H strong steric interaction with reagent!
—— Reagent control is important! H R'M j‘/
H—BR,
2.3 Alkene Oxidation
2.3.1 Epoxidation
2.3.1.1 Directed Epoxidation with m-CPBA
m-CPBA cl Cl
T
OH directs m-CPBA
™~y o P OH
H o o-H O o)
BH ‘ \\ H H \\\H O
R, %\KH 3 H \\\R HO R, —— R
- 2
HO H R, R4 H_ H R, OH R,
A3 minimized
OH OH
Prediction easy for cyclic substrates: m-CPBA o)
Directed reactions often allows for good selectivity in organic chemistry!
2.3.1.2 Directed Epoxidation with metal catalysts
General Mechanism
Ho/\/ |IQ .
O.
0.
R I-m-1M\
L ROOH Cl)
n o) Often used MLn: VO(acac),, Ti(OR),
LM
/\(I B
HO
£ 0 Q0
ROH ROOH Lm'1M‘o
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Catalytic Asymmetric Version: Sharpless Epoxidation

conditions: 5 mol% Ti(O'Pr),, 5 mol% DET, 'BuOOH, molecular sieves, CH,Cl,, -20 °C

HO  OH

DET = diethyltartrate a cheap member of the chiral pool

EtO,C  CO,Et

Substitution at R4 is not tolerated

Allylic O binds to Ti: directed reaction R
5
OR E \O 0 AR
RO-..___ | O)—| = Ro Rg ;:Z
O/ TI \EO/TI HB
|

RO +-Bu K

(The view down O'-Ti bond axis)

Important:
-'BUOOH does not react until bound to Ti = Catalysis is possible
- Face of attack of the peroxide is determined by the chiral diester ligand, not the conformation of the substrate =
very good reagent control

The Sharpless epoxidation is very often used for the synthesis of complex organic molecules!

2.3.1.3 Epoxide Opening and the Fiirst-Plattner Rule

RA [O] Rﬁéoé
\_ZR1 @/‘ R’ also for bromonium opening

1

R R R
OH =1 favored product
Nu NU Nu
thermodynamically more stable twist boat, high energy directly to chair

—— The thermodynamically more stable product is not observed, because an unvaforable twist-boat intermediate
has to be formed.
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2.3.2 Dihydroxylation

General Mechanism

0\8"/,0 0,0
S 7/
_—— + 0304 — > O;j s\co - OQ§O H20 HO OH
r~ \ /
= -/

Problem with first method: Stoichiometric use of very toxic and expensive OsO,4

Sharpless Catalytic Asymmetric Dihydroxylation: Ad-mix

OMe
5 mol% K,0s04(OH), (catalyst)

KsFe(CN)g (stoichiometric oxidant)

sold as Ad-mix
cinchona-derived amines (chiral ligand) MeO

Inorganic Base

(DHQ),-PHAL

example of chiral ligand

The Sharpless dihydroxylation is the most used method for the asymmetric synthesis of diols.

This reaction will be discussed in details in the course catalytic asymmetric reactions in organic synthesis.

2.4. Addition to Carbonyl

2.4.1 General Concepts and Models

Comparison with Olefins

- Sterics is different: only lone pairs on O
R" RS Rl &
>_< 5'>:O - C=0 bond is polarized: no issue of regiochemistry
2 RN
R? R R LA - Further activation of carbonyls with Lewis Acis is easy and allow to
Olefins Carbonyls modulate the reactivity

Felkin-Ahn Model e Burgi-Dunitz Trajectory
Nu\ /

R, Nu
R H:. _RM R OH Nuc OH
M%O —_— R1®—O B —— H 1 R - = RM\I/<R
R/ H R, M L !
R. L
-R_is Lto C=0

- Nu comes along the Blirgi-Dunitz trajectory (109 °C to C=0)
- Minimize Nu-Substrate interaction = Smallest Substituent on Bulrgi-Dunitz trajectory (Here H)

Polar Felkin-Ahn Rule 9N NNy

- H
Electron-deficient groups behave as R R wo'v' Favorable Interaction ny, to 6*c.x
) =

6 X=0R,F,Cl, Br, 1, ...
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2.4.2. Addition to Carbonyls not Following the Felkin Ahn Model

2.4.2.1. Chelate Control

1,2 Chelate control

R1 R1 O\
Ry M Metal M R 3 Nu SOH
R1 O:m A —— RMj)\Fq
- OR

RO H
@H, H™ ™0

- Metal forces two donors in plane through chelation
- Nu comes towards smallest substituent (H)

1,3 Chelate control

~Et OH OH

U Et,BOMe R; —0— B
—_— —_—
R R4 NaBH, @R o 2 R)\/I\R1
"Aldol Product" BH, syn-diol
R equatorial

axial attack (see Furst-Plattner rules)

Factors favoring chelation

- R group sterically not hindered:
good: R = Me, Bn, MeOCH, (MOM), BhOCH, (BOM)
bad: R = Bu, SiMe;, SiMe,'Bu (TBDMS or TBS), Si'Pr; (TIPS)

- non-coordinating solvents:
Toluene, CH,Cl, >> Et,0 > THF >> DMF, EtOH, H,0

- Strong Lewis Acid, with more than one coordination site available
Bad: Na*, K (too weak Lewis Acid), BF3 (only 1 coordination site), LiX
Good: MgX,, ZnXy, LiX, TiCly, SnCly, SnCly, LnX3, AICI; ...

Importance of anion X: If X is not too tightly bond to the metal, it can dissociate generating a new free
coordination site. F-, R™ generally don't dissociate, CI" and OAc™ can dissociate and Br’, I, OTf often
dissociate easily. For example BFj; is not a chelating agent, but BBu,OTf is a chelating agent.

2.4.2.2. Directed Reduction

ACO OAC
OH O o OH OH
_NaBH(OAc); _ OH =
H_\ OAc —> — =
o OAc OH Anti diol

"Aldol Product”
- Chair transition state chelate conditions give syn!

- All R groups equatorial

Sodium trisacetoxy borohydride is a very weak reducing reagent = Only intramolecular reduction is possible

Use of chelate conditions or directed reductions allow to acces both syn and anti diols from aldol synthons,
and are also essential methods for the selective synthesis of polyols polyketide natural products.
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2.4.2.3 Reagents Binding to Carbonyl during Addition

Borane Reduction

R, H—BR, H - OH
R | .
R. 0 ﬁ» RN: —HO - - Ri/>0" 7% _HO RL\l)\R
- RM H 1
Ry H R, Rwm
RL
-R_is L to C=0

- BR, bind to O during reduction
- Minimize BR,-Substrate interaction = Smallest Substituent towards BR, (H)

Other important examples where Felkin-Ahn models does not apply:

Allylation, Aldol Reactions via Chair Transitions States

2.4.3 Allylation of Carbonyls

Allylation
O
(0] H 5 OH
[ RCHO
—B. »
44”\/8\0 ’ é?:\o’ (6] R/L\//§§
R
Crotylation
o O H 9 OH
—B
| , ~
Me\/\/B\O > Me /Ii =0 (@) — R)\E/\
Me
O OH
? RCHO H EIB
é\ —_— /’);6/ \O R)\I/\
/\/ (0) R M
e
Me Me

- 6-membered, chair transition state
- Substituent in equatorial position
- Transfer from double bond geometry to stereochemistry ( E to anti, Z to cis)

Chiral Reagents For Allylation Reactions

. Ester group in axial position further away
COziPr CO,'Pr = interaction less important

0 RCHO H Q CO, P OH
l (Y] i \/B\ " 2 r
/\/B\O C02 Pr D //’\)EOI\O/ — R)\/\
R

Roush Reagent
Minimize ng-ng repulsion and dipole interaction
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HsC ?

= HaC
A RCHO H OH

H
- > CH —
(-)-lpc,B-allyl H BCHs H ’ R)\/\

Brown Reagent

2

Brown Ipc reagent is very reliable and often used in total synthesis.

2.5. Enolate Generation and Reactivity

2.5.1 Selective Generation of Enolates

Kinetic vs thermodynamic control

oK, = 22— o L, PKa=18 O@ H, is less sterically hindered, faster to deprotonate
a Hy Hy H and leads to the kinetic product with bulky base at
Hy Ph NaH H Ph low temperature.
20 °C

Deprotonation of Hb leads to the more stable
conjugated double bond, the thermodynamic

LDA, -78°C product, at higher temperature.
@O 20 °C Important bases for kinetic deprotonation:
H H
Ph Me
_ Me SiMes
o Li—N LDA |_i—N\ LiHMDS
kinetic product Me SiMe;
Me pK, = 35 pKa = 26

Deprotonation with LDA: cis vs trans selectivity

_-Li. :
O s | /LI.
H H=- _'Pr Q //lp R
For big X (CR3, NRy) \\F\ '}‘ - Hﬁ N r . x&/
o / R> ('PI" R iPr H

. Z (Cis) Enolate
XJ\/R + HN'Pr, X/R interaction minimized (o)
LDA
For small X (OR, H) (X N X ! OLi
’R\\\F\HQN’/'Pr — R\g/ﬁQN’/'Pr — X&/H
| |

H 'Pr H 'Pr R

X/'Pr interaction minimized E (trans) Enolate

exception for esters: Adding HMPA leads to Z (Cis) Enolate
@)

11
/P\ . . . . . g . . .
Me,N” | “NMe, HMPA: good ligand for lithium = Cyclic transition state is partially disrupted

M62
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Deprotonation of Imides with Bu,BOTf and NEt; (soft enolization)

Bu @ Bu_ Bu
O B\Bu /B
OTf O’ \O
o O Bu,BOTf H R
BBU2 + - |
—_— - HNEt;"OTf ~_R
PR T T RR N ? KY -wnerore Mo
A\NEt3 A\ Cis Enolate only
NEt;

Very strong A"3 with Imides!

Deprotonation of Ketones

Minimize R4/R TfO~ C
9-BBN-BOTf ’ TfO \ HNECPE*OTF %o
. - r i
NEtPr, @: 80) JEJ&( 2 - PN
/ 1
H .
o ‘\NEtiPr |-‘|\ | Cis Enolate
M r 2 NEtPr,
Ri
Cy
Cy,BClI R H /
— O——B\ C B\
NEt, R1®—Q Cy Ri—~ #\ Cy - HNEt;*OTf Y2850
H ol By RNAH N
I Cy I R1 N
\NEt, H°*  Minimize BCy,/R R
A\N|5t3 Trans Enolate

*The complete switch of selectivity is not well understood, some authors proposed an extra Cl-hydrogen interaction

2.5.2 Chiral Auxiliary and Enolate Alkylation

2.5.2.1 General Concept

J\/R )J\/R The chiral auxiliary X* should be:
Introduction - easy to introduce and remove
Base - able to create an efficient asymmetric induction
£® - cheap and recoverable
(o) o Disadvantage: multi-step protocol
.. R R Advantage: chiral auxiliary is bound covalently: good asymmetric
z Removal *X 3 induction and separation of diastereomers possible
E
E

2.5.2.2 Evans Oxazolidinone Auxiliary

Synthesis: easy from cheap natural amino acid

0]
Me Me Me Me
® I LiAIH, A A
S

—_— H.N I —— Oxazolidinone
HsN™ COj5 N \—&
L-Valine Me
Me
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Auxiliary Introduction

+ R
C|)K/
Me Me
Me

Enolate Alkylation

O o 0] 0]
O)J\NJK/R LDA O)k xR )L )K/R B pr e Me—d

N N " N7

\_&M \_S;M \_S;ME < o > o
e e e

Mé R)J\H R)J\

Me ~_ Me

Top face is blocked v |
13 different mechanism not:
Z only (A" effect)

Auxiliary Removal

o O
i 0 J
O N)K:/R ﬂ» Ho)J\_/R + O NH Many other alternatives possible (see lecture
E z target synthesis)
E Me
Me M
Me e

2.5.2.3 Other Auxiliaries

Myers auxiliary is often used for alkylation
reaction in synthesis, as the enolate formed
are more reactive than the ones from Evans'
auxiliary

Yyg
\
Z
Ao
"=
= (0]
&

N\

|

Oppolzer Sultam Myers Pseudoephedrin auxiliary
From Camphor

2.6. Aldol Reaction

2.6.1 Zimmermann-Traxler Transition State

H L
i OML, /LX ‘ OH O
+ Rys — |=g---M— -
R” “H 1%X A R/\:)J\X
H ° Ry
Z Enolate R
syn product
H L
)Ok OML, /Lx | OH O
+ Ho~z - oM~ — — :
R™H \H\X Ri% / Oo/ L R/\l)J\X
R1 R1
E Enolate H

anti product
- Chair transition state (Zimmerman-Traxler)

- R group of aldehyde equatorial
- Geometry of double bond transfered to stereocenter: cis to syn, trans to anti
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2.6.2 Aldol Reactions using Evans' Auxiliary

Evans Syn Aldol:

R R
P o R,BOTf o9 T
R4CH
wo M A RO e A N Rewo A
L NEt, L/ Me
Pr Pr up to 500 : 1
ipr
O/>\
H
)\N - Chair Transition State
o/ S~ Fli - Minimized Dipoles _
-0—B - Aldehyde comes opposite from 'Pr
/ 2
H /= R
]
Ry
Me Newman view from the left

Important: In order to activate the aldehyde for addition, B has to bind to the aldehyde. As B has only two free
binding sites, the oxazolidinone carbonyl is now free and rotates to minimize dipole interactions.

Crimmins Syn Aldol

Cl o o Cl
0 o oo OH O
TiCl R,CH Z
Me\)kNJ\O 4 Me\/l\ J\ ﬂ» R1/\:)J\Rc
\— base \ Me
Br P
0]
H}/E - Chair Transition State
Bn” Q ¢ - All Carbonyl bound to Ti
R N\O,/'Il'i/ - Aldehyde comes opposite from Bn
1T/ 1 ~Cl
H—/ O/CI
Me

Anti aldol with external Lewis Acid

R R
B
O O 00 OH O
R,BOTf R.CH
Me\)kN)LO RBOTE e A RicHO R1)\__)kRC
v NEt; v/ Et,AICI Me
ipr Pr

ol dso

\%\3
H /0
o}
\/Y

Me

/

R

- Free transition state (no chair)

- B chelates the auxiliary

- Minimized dipoles and steric:
carbonyl antiperiplanar to enolate

- Aldehyde comes opposite from iPr

- R4 group away from auxiliary
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2.6.3 Ketone (Paterson) Aldol

o ore R I O OH

RL\I)\/Me RyCHO /T ]

Ru Ry Ry Me 1
RL

o BR2 H H
R, O OH
R R;CHO O -- HO
L\:)\ - R\B///Os‘/ ,¥Ae 0 Me ——= Rp . g R,
R Me |IQ \'H H . H F:QM I\:/Ie
Ru™ "Re Rv™ 'R,

Minimized A'-3

- Chair transition state

- R4 group of aldehyde equatorial

- position of chiral group: minimize steric interaction with BR, for ¢is enolate, aldehyde comes towards Ry, not R,
minimize A"3 with Me of enolate for trans enolate, Ry, and not R, towards BR,, aldehyde comes towards H

2.7. Reaction of Imines and Conjugated Systems (Mannich, Michael Reactions)

2.7.1 Chemistry of Imines

Comparison of Reactivity as Electrophile

Me D M ®_M
N,Me o e N e ) e
< < <
Me)J\Me Me)LMe Me)LMe Me)J\Me
Imine Ketone Iminium Oxonium
d*onC +0.33 +0.51 + 0.54 +0.63

Imine are less reactive as electrophile than carbonyl compounds, but they are easy to activate as iminium

Reductive Amination

R1\ﬁ’R1 R .R!
o ] Na(BH3;CN) ) “N°
J R T sy T
R™ "H H) R
|
H—B—CN =— CN deactivated BH
o4

Because of the electron-withdrawing CN group, Na(BH5;CN) is not able to reduce carbonyls, but it is strong
enough to reduce the more reactive iminium.
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Mannich Reaction = Imine equivalent of aldol reaction

1 RL .X
oM RAG-X 0N
R/& + RZJ\H - - R)J\)\Rz B-amino ketone

2.7.2 Chemistry of Enamine and Metalloenamine

Comparaison of Nucleophilicity

R .H RL M . . - N
N OM N Enamine are easily formed from iminium, but less nucleophilic

& < /& < & than enolate. Metalloenamine are very reactive.
R? R R2

Enders SAMP Chiral Auxiliary for Ketone

o) N N o)
H NN 1) LDA H ~R
+ - OMe R~0OMe —(——
2) RX H,0
OMe

SAMP Hydrazone

H > - A highly reactive Li enamine is formed

- The Li metal is bound opposite to the enamine double
_(/._ bond to minimize steric interactions with the electrophile

Transition State O\l_| R" i , e
- The electrophile comes opposite to the pyrrolidine ring

RX

Proline Catalyzed Aldol: via enamine intermediates

HO
+& Oifo </ _& O OH

0 0 N° "COzH N o 0° N CO,H
)J\ Me H Ol —» O Me
Me” “Me = H A Me
- H0 Meﬁ/JL e +H,0 Ve
Me
96% ee
Me
2.7.3 Conjugate Addition and the Vinylogous Principle (Michael Addition)
Vinyl Principl
ihylogous Frincipie Regioselectivity
1
e} 02 1,2 -Addition favored for hard nucleophile (Grignard)
)J\ compared to 3+ R! 1,4 (Michael) Addition favored for soft nucleophile (Cuprate)
R7s+ R o
4
R™ "

T Electronic properties are "transmitted" by double bond = vinylogous
principle
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Important Applications of Michael Addition

Synthesis of (all-carbon) quaternary centers

O O
X + R2-M , X quaternary centers are generally difficult to
| R? synthesize!
R” "R R™ "R

Robinson annulation

0 > ©
Yo Meij y % PPN
Me” F N — e T
0 ) o>
0
Meo Me
Steroids - m +H i i ]
o - H,0 O o0

Wieland-Miescher
Diketone

The asymmetric variation of this method is possible with proline as a catalyst (Hajos-Parrish-Eder-Sauer-Wiechert
Reaction)
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3. Rearrangements
3.1 Sigmatropic Rearrangements

Literature: Carey-Sundberg, A. Ch. 10.6, p. 911-951; B, Ch. 6.4-6.5, p. 552-590. Carreira, Ch. 16, p. 515-551. Evans,
lectures 13-14. Bruckner, Ch. 14.5, p. 632-643.

3.1.1 [3,3] Sigmatropic rearrangements

3.1.1.1 General mechanism
H H H H
R1\/ﬁ R3 J\YQ%\ Y\/‘\ RY, R3
/ A ‘ \
— R1 [ R3 > R1 — R3 —
AAAN - 2
H H Y

In the concerted [3,3] sigmatropic rearrangement, the electrons are re-organized between sigma and pi bonds in a 6
membered transition state. The favored transition state is most often (but not always) a chair, which is 5 kcal/mol
favored over the boat transition state for the simple systems. This well-defined transition state gives an excellent
transfer of stereochemistry, whereas the transition state with the bulky group is in equatorial position. Usually, the
reaction has a high activation energy and is reversible, and perturbation of the system through substitution is
required to have preparatively useful reactions.

Analysis of the transition state

e S - - T
. .
= = 1

\ /
=7 — — [
/ \

3 - 7 T T -
niu

8%]?18]%% %@[8;@%%
3 L _ ‘. +

To understand the reactivity of different substrates, it is important to look on the transition state more in details. An
extrem representation of the transition state is when the sigma bond is broken, either homolytically to give two allyl
radicals (biradicaloids), or heterotically to give an allyl cation and an allyl anion. Recombination gives then the
product. This very simple model allow to understand why the reaction is possible (stabilization through allylic
delocalization) and how it could be accelerated (stabilization of the intermediate radicals, cations or anions). The
"real" transition state is still concerted, but all the resonance structures contribute to its stabilization. If one (or
several) of the resonance structures is particularly stabilized, then the transition state will be lowered.

A qualitative orbital model also allow to represent the mechanism. It is easy to understand how the reaction can be
very slow, as a very stable sigma bond is lost in the transition state. The favored structure will be determined by the
substitution. A quantitative discussion will take place in the lecture physical organic chemistry.
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3.1.1.2 Cope and Oxy-Cope

X
/ > \ = =
Q @ éG= 3% §K01al/mol runat T >200°C @ Retron
“ a .

The Cope reaction is the [3,3] sigmatropic rearrangement involving only carbon atoms. The reaction is slow for the
unsubstituted system. The reaction is reversible, and a thermodynamic driving force is needed to obtain a
synthetically useful reaction, which does not give a mixture of product and starting material. The retron for the Cope
(cyclohexa-1,5-diene) is easily recognized.

Synthetically useful methods:
A) Stabilization of the product

- Formation of more stable double bonds
i/\[Ph @Ph AG =-10.2 Kcal, K = 107 e
- E, = 24.0 Kcal/mol .
™
X Ph = Ph \/\Ph

runat T >65°C
stabilized biradicaloid

A possibility to favor the cope reactions is the formation of more substituted or conjugated double bonds. The
conjugation of two phenyl groups for examples gives about 10 kcal in energy. Furthermore, the stabilization of the
biradicaloid transition state by conjugation accelerate the reaction.

- Oxy-cope: enol-tautomerization to more stable carbonyl groups:

OH OH 0O ®
= — A - _~_OH _~_OH _~OH
X = = : ® -

X0 X0
AH = -3.2 Kcal, K = 200 AG = -5.6 Kcal, K = 10*
E, = 32.0 Kcal/mol (T > 180 °C) low E,

</\

In the oxy-cope rearrangement, an allylic alcohol is used. The obtained enol can then isomerize to the corresponding
aldehyde, and the more stabile C-O double bond drives the reaction forwards. The effect on the transition state is
weak: the reaction is only slightly accelerated when compare to the cope reaction. The small acceleration can be
explained by stabilization of the radical or the carbocation by the heteroatom.

- Anionic oxy-cope

S} O
) &) ©
= O X @) 0 /\/O . /\@/O /\/O /\70
N = = X X X0 X0
AH = -21 Kcal, K = 10" experimental values:
E, = 6.8 Kcal/mol (calculated) E, = 15 Kcal/mol
T>-176 °C! T>-60°C!

An important discovery for practical applications was the anionic oxy-cope reaction by Evans. The deprotonated
alcohols reacts up to 10" times faster and the rearrangement is now irreversible. The differences between the
calculated values and the experimental ones are explained by the fact that the calculation are for the naked anion in
the gas phase. In reality, there is stabilization by the solvent and the counter cation. In fact, the acceleration goes in
the order K™ > Na* > Li*. With Li*, which strongly coordinates to O, there is nearly no acceleration. The reactions can
be further accelerate by cation-binding ligands, such as crown ethers. The irreversibility is explained by the high
stability of the enolate anion.The acceleration by the stabilization of the allyl intermediates. In particular, the cation
intermediate is now perfectly stabilized and the reaction becomes highly asynchronous.
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Synthetic considerations

= R — /\)k + sz\/\M Retron
X RTNR =

R2

A further advantage of the oxy-cope rearrangement is the easier synthesis of the starting materials, for example via
classical addition of nucleophiles unto carbonyl compounds. In the retrosynthetic direction, the reaction is more difficult
to recognize. Because of the tautomerization, the classical 1,5-hexadiene of the Cope rearrangement is not visible
anymore, and we have now a 1-oxo-hexa-5-ene as retron.

Stereoselectivity:

H H H H
R1//, /o
% —— 1
R! OH Rz
\jj“ _ H H major product
A H 1
2 R
R R? _0
. R2 .
— [ 1 //H L
H R?
OH
low selectivity
H H H H
R1/, /O
17 — 1
R2 //> '/‘ 3 OH Rz R /R3 OH / 3
R R
R «OH 2
~ = H H major product
X H 1 H
R R o ) s R R’ _0
RZ7 R . R2
/\_/ H - = / H —x =
| H R2 R®
OH OH
strongly disfavored high selectivity

A disadvantage of the oxy-cope reaction is the small size of the hydroxy group (A value: 0.6 Kcal/mol), which leads to
low selectivity. A second more bulky substituent is needed to reach high selectivity.

B) Destabilization of the starting material

1 1 1 1
Ty — T —
R? X R? R2 X R2

E, = 19 Kcal/mol (T > 0 °C) T=120°C

Another possibility to make the cope rearrangement irreversible is to destabilized the starting material. A classical way
to do that is to introduce ring strain in the starting material. For example, the cis-divinycyclopropane rearranges very
easily to the corresponding cycloheptadiene. The corresponding trans-divinylcyclopropane cannot form a cyclic
transition state and needs high temperature to rearrange.
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3.1.1.3 Claisen-Type Rearrangements

Z>0 N0 AH=20K e
= cal .
. (; E, = 30.6 Kcal/mol ~ funatT>160°C | Retron
20 N © 0]

3 Kcal/mol 5 Kcal/mol

In the Claisen-type rearrangements, one of the carbon atoms is replaced by an oxygen. The formation of a C-O pi
bond, which is 20 Kcal more stable than the C-C pi bond, makes the reaction irreversible. The original Claisen was for
allyl vinyl ethers. The mechanism is similar to the cope, but the reaction goes at slightly lower temperature, due to the
possible stabilization of the transition state in an asynchronous enolate-allyl cation way. The transition state is also a
chair transition state, but the difference between chair and boat is smaller, as O is less encumbered than a CH, group.

The retron for this reaction is a 1-oxo-pent-4-ene.

Synthesis of allyl-vinyl ether

X OFEt /\o The classical reaction for the synthesis of the starting material is the acid
\) catalyzed condensation of an allylic alcohol with a vinyl ether in the
X presence of an acid catalyst.

<%

H* cat.

Diastereoselctive synthesis of olefins

O
PN 1
o == r R2 R > R2 H
R2 2 R1
H

R1
An important application of the claisen rearrangement is the stereoselective synthesis of olefins, based on the chair
transition state.

Synthetically important variations of the Claisen rearrangement

A/ Aromatic Claisen

OH o/m o X OH
/\/Br 180 °C = Retron
base

The aromatic Claisen rearrangement is often used for the synthesis of ortho-allyl phenols. The starting materials are
easily accessed using a Wilkinson ether synthesis. The obtained a-allyl carbonyl then rearomatized to the phenol.

B/ Rearrangement leading to the ester/acid oxidation state

B1 Johnson-Claisen ortho-ester rearrangement

EtO OEt OEt OEt

C(O ] ) O o o
\)OH —»Me+( = MeXO Etof] /‘\o = % 140°C_ K\./ = e Retron
A cat N S OEt OEt P

The Johnson method begins with the condensation between an allyl alcohol and an ortho ester. After lost of ethanol,
the formed ketene acetal rearranges to form the ester product. The reaction proceeds via a chair transition state and
uses easily available starting materials, but is usually limited to methyl substituted orthoesters.
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B2 Eschenmoser-Claisen ortho-ester rearrangement

MeO_ OMe
NEt,

Me~ “NEt : , o o —0
OH 2 XO MeOH o = /\/%\f’: 140°C_ ~__ = o Retron

N H* cat. < U NEt, NEt, P

The Eschenmoser method is very similar to the Johnson one, but lead to the formation of the amide instead of the ester.
An advantage of the method is the bulky NEt, group in pseudo axial position in the transition state: this lead to very
strong A4 ; interactions and higher selectivity than for the Johnson rearrangement.

B3 Enolate and Ireland-Claisen rearrangement

OTBS 5 o° 0 o® OTBS
R1\/\O TBSCI R1¢\O LDA, THF R1QKO LDA, THF ?\o TBSCI ’2\0
HMPA -78 °C R R
R4 R* _78°C R R* R
R2” "R3 R2” "R3 R2” "R3 R2” "R3 R2” "R3
I 1]
H H R? R?
0] 0] 25 °C o)
. H EXI.
Ry /LR Rz ~-_R* Ry /== /LR
r3 OTBS R3 H?TBS R  OTBS
leo
OH
R1
o Retrons
R2 N = R4
R3
©
H . (|)| 0
0] . 4
1
st%\J\Q!TLR“ _ JL + J\)\R — Decomposition
o: H™ "R R2™ OR3

The Ireland-Claisen is one of the most useful [3,3] sigmatropic rearrangements in synthesis. It gives access to the
corresponding carboxylic acids. Key features of this reaction are:

* The bulky group at the allylic position is in equatorial position, this allows the transmission of the absolute
stereochemistry of the starting material to the product.

*The relative stereochemistry is controlled by the geometry of the double bond and the enolate. Ireland developed
efficient methods to control the stereoselective formation of enolates (see next page for a repetition).

* The reaction is not very sensitive to steric bulk and is consequently often use for the synthesis of quaternary all -
carbon centers, which are difficult to access using other methods.

* The rearrangement of free enolates is even faster. However, decomposition via the ketene is observed in this case,
and the yields are lower than with silyl enolates
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Deprotonation with LDA: cis vs trans selectivity

1
H H~: ’/Bipr - H /Ho//LIIPr R
N NTT — R'O
with HMPA i .
0 / R) (Pr R i H
k OR'/R interaction minimized Z (Cis) Enolate
R10 R+ LpA
without HMPA R@ R1O 1
~ =o--Li, o—Li, oR
s | e s |
R H\N/F’r R /H\N/Pr — RO H
| H |
Ho ipr 'Pr R
OR'/Pr interaction minimized E (trans) Enolate
@
MeZN’IT\NMez HMPA: good ligand for lithium = Cyclic transition state is partially disrupted
M62

For the Ireland-Claisen rearrangement, it is very important to control the geometry of the ester enolate. Without HMPA,
a tight six-membered transition state is formed and the A’ interaction between the R group and the 'Pr group on
nitrogen are strong. This interactions are minimized and the E enolate is formed. HMPA coordinates to Li and makes
the transition state less tight. The interaction between R and OR! (A1'2) are now dominating, and the Z enolate is
formed.

Special case: rearrangements on cyclic systems

OTBS H

R\%O 7‘(’ [ H
H

R ’

chair
\\\\ TBSO—<Q  , H o
I 1
R/ H - TBso/‘ﬁ/iii
H R
boat major product

Care is needed for the analysis of the transition state of cyclic substrates. In fact, new steric interactions are now
possible with the existing cycle in the transition state. In particular in Claisen-type rearrangement, the inherent
difference between chair and boat is not so important. If the new steric interactions are strong, as shown here, the boat
transition state can be favored.
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B4 Carroll-Claisen rearrangement

0] 0] 0] OH (0]
RMO - R)J\/\'\O . — |r
AN ‘\\/vd = =
retron

In the Carroll variation, the starting material is a keto-ester. The advantage is that the enol form can be accessed
without base. Heating then lead to rearrangement. Under these conditions, the product usually decarboxylates to form
the ketone. It is also possible to run the reaction under basic conditions at lower temperature to prevent decarboxylation.

3.1.1.3 Other heterocyclic variations

Al aza-Cope and aza-Claisen

aza-Cope

PN R - R
aza-Claisen Z°N - N
o -

"
|

® R’ @R’
azonia-Cope = - azonia-Claisen /\N\Rz - SN 9
\J ~ - "
R R
NE, N
\/' \/&)

The introduction of nitrogen into the substrate is also possible. The aza-Cope process is thermodynamically neutral and
has the same problems than the Cope. The aza-Claisen, in contrast to the Claisen rearrangement, is also nearly
thermodynamically neutral, because of the similar bond strengths of the C-C and the C-N double bonds. An interesting
effect on the kinetic is seen in the charged intermediates: these react much faster, because of the stabilization of the
asynchronous transition state through charge interactions.

oxy-azonia-Cope (aza-Cope)-Mannich sequence

R R

A, = G
—~H

S A

Mannich

retron Strychnine

As for the cope, the problem of equilibrium can be solved by the formation of a carbonyl group. A particularly elegant
solution is the direct use of the formed enol in a subsequent reaction. Overman developed the aza-oxy-Cope-Mannich
sequence, whereas the formed enol reacts with the iminium via an intramolecular reaction. The formed 3-carbonyl

pyrrolidine is a very useful building block for the synthesis of complex natural products, such as strychnine. This
example will be discussed in the lecture.
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B/ Overman rearrangement: imidates

5
H. =
OH N=—ccl “N” o H-N o) -N o)
— 3 /\V 140 °C H \%
= pl = lr/Rr2 = \&\/
RV\/LR2 NaH cat. R1MR2 R i—~4R R ~~R?
. CC|3 CC|3
Imidate "
1
NH; H,0 HN™ “CCl,
R1)\/\R2 base oracid 1N\ g2
retron

The rearrangement of imidates has been developed by Overman for the synthesis of allylic amines. Starting from
easily accessible allylic alcohols, reaction with trichloro acetonitrile gives the imidate. The sigmatropic rearrangement
proceeds with high transfer of chirality at 140 °C. Recently, catalysts have been developed to run this reaction at lower
temperature. The obtained amide is easily deprotected to form the allylic amine.

C/ Fischer Indole synthesis

R' R2? R'" R2? R' R2?
0] X 120 °C
,NH2 + e K|H - )LC’) —_—
N R1\)K/R2 ©\ NS T @NH NH
. N o Ve
R R R
R 1 R' R?
NH [ ﬁH
2 -
retron @E\g\/R -— méz - b
N N NH®°
R R R

The synthesis of indoles starting from hydrazines and ketones has been discovered by Emil Fischer in 1883. It is still
today one of the most important synthesis of indoles, which are very important heterocycles in pharmaceutical
chemistry. The reaction begins with the condensation of the ketone with the hydrazine to form the hydrazone. The
"iminium" is then in equilibrum with the enaminium. At this point [3,3] sigmatropic rearrangement becomes possible.
The obtained product then rearomatized. The last step of the reaction is an intramolecular attack of the aniline nitrogen
followed by elimination of ammonia. The fact that ammonia is lost makes retro-synthesis particularly challenging in this
case.

In this lecture, only the synthetically most relevant examples have been presented. Of course, there are many other

possibilities to substitute heteroatom in the sigmatropic rearrangement, but the mechanistic bases stay the same.
3.1.2 [3,2] Rearrangements and others

[3,2] rearrangement: general mechanism

2 X
..Y\ X) Y - .'@
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Resonance structure of transitions state:

o o © o
JX =X Y-X Y-X -
R/\/\Rz R1/\/'\R2 R1J\)\R2 RKK.)\RZ
o o © .00
Y-X @Y.—?(. Y-X yoxt @
@ -~ @ e S —~—
RV\/\Rz R(\/\Rz R’ 3 R? R“K)\RZ

In the [3,2] sigmatropic rearrangement, one of the double bond present in the [3,3] system is replaced by a pair of electrc
determined mostly by the more stable location for the electron pair. Again, either biradicaloid or charged resonance struc

Stereochemistry

o R
X
— X\Y =/ Rl = }\i slightly favored
[
% H RITIR?
I~y A
1v 2
R R R2
H o
© _ X o
— X\ = YR
Y/ R1J\/
R1
o R
X
X\ — _ Y 2]
— Y H = B strongly favored
[
@Y H R1/\/\R2
R™™7X R
A,
R? R2
1 ©
o R X2
— X|\~n - YR
Y/ R1J\/
H

The transition state for the [3,2] rearrangements is usually an envelope. Like for the chair transition state, the pseu
Consequently the selectivity are lower for the olefin geometry of the product when starting from E olefins. In the case of 2
to the Z olefin.

Synthetically important examples

Al [3,2] Wittig rearrangement

CO,R CO2R
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RV\/kRz R1N\/—>'\R2 R' R2 R R
retron
The Wittig rearrangement (Y = C, X = O) is probably the most often used [3,2] rearrangement. It is thermodynamically
favorable, as the electron-pair is tranferred from carbon to a more electronegative oxygen. If an electron-stabilizing
group like an ester is present, deprotonation with a base allow the generation of the carbanion. The unsubstituted
carbanion is difficult to access directly: in this case, a transmetallation from Sn can be used. The general retron for the
Wittig rearrangement is an homo-allylic alcohol.
B/ Evans-Mislow

© & Ph
0.5-Ph S- PR; OH ® Ph

- o~ R * _d
RV&/}'\)Rz R1J\/\Rz RJ\/ARZ RS

In the Evans-Mislow rearrangement (Y = O, X = S), the starting material is a sulfoxide. There is no strong
thermodynamical driving force for this reaction. However, the obtained sulfide ether is easily reduced with phosphine,
which allow driving the reaction to completion by formation of the allylic alcohol.

C/ Sommelet-Hauser

R4

rR“ - (R“ R* R3

base N

©\?N\—R3 — @%\—R3 — [ L N-R® —> Re

, R? , R , R

R R R R
ammonium ylide

In the Sommelet-Hauser rearrangement (Y = N, X = C), the relatively acidic alpha position of an ammonium is
deprotonated. After [3,2] rearrangement and rearomatization, a new benzylic amine is obtained.

[1,X] Shifts

[1,X] shifts usually occurs via reactive intermediate (see section 3.2). An exception are the H shift over pi systems,
which are particularly interesting for their mechanistic relevance.

H H H H
[1,3] S B extremely slow . - :
R2 R2 R2
[1,9] H XX - H | fast H XX -—
RY” >N RN R NS

The [1,3] shift is extremely slow and usually not observed with H. If occuring, the shifting atom is coming on the
opposite face (antara shift). In contrast, the [1,5] shift is fast, and the hydrogen is transferred to the same face of the pi
system. It is not possible to rationalize these results by Lewis structure only.
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R1/8\8/8\R2 A ng\g/g\Rz fr

wrong phase! Correct phase, but overlap difficult

R2 R2
supra +— s (H) antara
i o

[1,5]

correct phase wrong phase

It is only with the analysis of the symmetry/phase of the orbitals that the reasons for the selectivity in the H-shift become
clear. The symmetry of the SOMO of the allylic radical prohibits a supra (same face) transfer of the hydrogen. The
antara (different face) transfer is correct from the point of view of phase, but very difficult to achieve due to the small
size of H and bad orbital overlap. For the 1,5 shift, the phase/symmetry is correct for a supra shift. The reaction is easy,
as long as the correct geometry can be accessed. Logically, the [1,7] shift will be again an antara shift: in this case,
good overlap is possible depending on the structure of the substrate. These observations were a strong confirmation for
the Woodward-Hoffmann rules (see physical organic chemistry lecture).

Reaction is allowed if there is a correct phase

Simplified version of the Woodward-Hoffmann rules: >
overlap/ symmetry of the orbitals

3.2 Rearrangements via Reactive Intermediates
Literature: Carey-Sundberg, A. Ch. 3.4, p. 297-332; B, Ch. 10.2-10.2, p. 851-956. Evans, lectures 31-32, 34-35 (in
part). Bruckner, Ch. 14.1-14.4, p. 595-632.

The most important reactive intermediates for rearrangements are carbocations and carbenes/nitrenes. However, there
are also some rearrangement via anions or radicals. Most of the considered rearrangements are 1,2 shifts.

3.2.1 Cationic rearrangements

3.2.1.1 On Carbon

1,2-Alkyl Shift: Wagner-Meerwein Rearrangement

R @ R 1 R ps RLe R
1\) R R, » R , ,_<, 3 migration order: aryl/H/vinyl > tertiary alkyl >
RR2 R4 R2 R4 R? RB cyclopropyl > secondary alkyl > primary alkyl

2 electrons - 3 centres
transition state

The alkyl (or proton) shift to carbocations is a classical reaction in organic chemistry. The transition state contains 3
centers 2-electrons, an "hypervalent" situation for the migrating group. This kind of non-classical bonds will be
discussed in details in physical organic chemistry. The best cation-stabilizing group is migrating.
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Stabilty of carbocations: Hyperconjugation

@ . The stabilization of carbocations through

H, OC-H / hyperconjugation can be considered as a "partial 1,2-

''H o D shift"/ partial hypervalency. Electron density is transfered

H H S 2 from the adjacent sigma bond to stabilize the charge. The

P oC-si —H—< hyperconjugation explain the relative stability of

® . ne A carbocations (tertiary > secondary > primary).The C-Si

iR3 ° _1+ bond is more electron-rich then the C-H or C-C bond, and

H.) ,I:C-Si OC.H K the carbocation is particularly well stabilized in this case
H H - _1+ (beta effect of silicium).

p

Synthetically important 1,2-shifts

In principle, 1,2-alkyl/proton shifts are reversible, as a new carbocation is formed in the reaction. If one of the two
carbocations is much more stable or is consumed in the reaction, the process can become practically useful.

A/ Pinacol and semi-Pinacol rearrangements

Pinacol Rearrangement

retron
. @ 3
HO  OH " H-0' @ o3 H,0 . R® H-o¥ R? + o R
H R 25\® 4 -H R4
W—Rd T NN — >—§ 4 =~ MR — M
RRZ RAR -HyO RRZ R R' R2R R! R2 R? R2
pinacol \H+~ H pinacolone
@ 3 @
\ R H- 3 3
RHO) ?—H , H2O>@ S s N T A Fa
7R _H,0 R 2 1 2 1
R2 R4 2 R R R R R2
—

originally: R'=R?= R3=R*=Me

The original pinacol rearrangement is the transformation of 2,3-dimethyl-butan-2,3-diol (pinacol) to metyl tert-butyl
ketone (pinacolone). The reaction more generally describes the rearrangement of vicinal diols to ketones under acidic
conditions. The driving force for the reaction is the formation of a more stable oxonium cation, which gives the carbonyl
after deprotonation. Depending on the conditions, the reaction can proceed either via the formation of a first isolated
carbocation, which leads to a lost of the stereochemical information, or through a partially synchron mechanism. In the
latter case, the migrating group is anti-periplanar to the leaving group (interaction with the sigma* orbital of the C-O
bond). A major disadvantage of the pinacol rearrangement is the low regioselectivity sometimes observed in the first
step.

Semi-Pinacol rearrangements

Same Starting from: HO Br HO N2® gox
R1\\“ Z:,RB 1\} 2” 3 R1\ I:R3
RZ R ke RE R

In the semi-pinacol rearrangement, one of the two hydroxy groups has been replaced by a better leaving group. This
allow to control the formation of the first carbocation and the regioselectivity of the reaction. An especially useful
variation is the Tiffeneau-Demjanov rearrangement: the reaction starts from 1,2 amino alcohol an begins with nitrosation
of the amine. After dehydration, a diazonium is obtained and semi-pinacol rearrangement gives the ketone. Another
possibility is two start from an epoxide: opening in presence of a Bronsted or Lewis acid then generates the carbocation.

Tiffeneau-Demjanov rearrangement H®
H 10 OH N
Hoo / TN iz 3
HO NH, HNO, HO @ NlN -H* HO “N=N -H,0 H_\Q (N@) (@] :R 4
R1\2 II4R3 H+ 1\H’l 3 1\Hl/ 3 R']\ ,,R3 ] R
R R RR2 RAI$ RRZ RB RZ\/ R4 R R2
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Prins-Pinacol cascade

Nu
The prins reaction
S)
® y The Prins reaction is the cyclization of double bond onto
X carbocation. A special case is the cyclization on oxonium, which are
) g -H* two reactive to make a sigmatropic rearrangement. The resulting
Z : ; . TR
0] (0] \ = carbocation can either form a double bond via elimination, or be
® O trapped by a nucleophile
@)
H
R! | R, H /™ H
“, OR LA HO™ ~ _ - 3 Prins @® 3
HO = = R —~ ) R
0" "R ® 1 RZ @ R?
R
Overman developed the idea to use the formed lPinacoI
carbocation in a pinacol rearrangement. A good way to H
generate the oxonium is from acetals in the presence of (0] H
a Lewis acid. The transition state for the Prins R1—/,[ H
cyclization is a chair, with the most sterically - R3
encumbered groups in equatorial position. After [ \ = o) o
cyclization, the migration of the ring bond is favored and R2" o “R3 R2
leads to a five membered ring. The Prins-Pinacol R
sequence allow the stereoselective synthesis of 3- retron
carbonyl tetrahydrofurans.
B/ Benzilic acid rearrangement
0] 0O O H
R1 R1 @..} O 2 O ()|||R2
/> R2 — R2 —_— O R2 — Oﬁ/&n’lR — R1
: HO
"8 o ? HO R oH ®0

The benzilic acid rearrangement is the transformation

of diketones into the corresponding alpha-hydroxy acid. The

reaction is initiated by the nucleophilic addition of hydroxide onto one of the ketones. The 1,2-shift this time takes place

towards an electrophilic carbonyl center instead of a ca
intramolecularlyto form a much more stable carboxylate,

3.2.1.2 "Cationic” rearrangements on heteroatoms

A/ Baeyer-Villiger

rbocation. The formed alkoxide can then deprotonate the acid
which drives the reaction forwards.

Q o0 N _Hcat -.dHo@ - HOR o
A, © RO Sy A,
R R R R2 R OR
Criegee Intermediate
(0]
) o 0]
Order of reactivity for R: )&H > > )k > H > tgy
F3C Me™
mCPBA

Cl

The Baeyer-Villiger oxidation is the transformation of a ketone to the corresponding ester. The reaction begins with the
acid-catalyzed formation of a mixed acetal with a peroxid (the Criegee intermediate). Their is then a 1,2-shift onto the

electron-defficient oxygen with release of an alcohol

or acid. The group that stabilized best the positive charge

migrates. The more reactive reagents for the Baeyer-Villiger are the electron-deficient peracids, as they are able to
catalyze the formation of the acetals and form a better leaving group for the 1,2-shift. Peroxides can also be used, but a

Lewis or Brgnsted co-catalyst ist needed in this case.
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special case: synthesis of lactones 0 e}
ij mCPBA 0o retron

A particular useful case of the Baeyer-Villiger is the transformation of cyclic ketones to lactones. It is important to see
that esters and lactones are not reactive enough to be further oxidized. Aldehydes also react to form the formates, but
the formates are usually unstable and are decomposed to the alcohols.

B/ Oxidative work up of hydroboration

1 1
H,0,, NaOH R\@/R H,0,, NaOH
R ~BRY2 272 RSB (OH —» R ~OBR, =

The oxidation of boranes to alcohols is another classical reaction that proceeds via 1,2-shift onto electrodeficient
oxygen.

C/ Beckmann rearrangement

A
0%
g,[\ll\ H
H+
o . on TRUTRIN (i R/ OR . 9
1 HONH,+HCI N N ., N® HOR . R=H 1 L
- + R. = > 2
R1 R2 NaOAc R»])J\Rz h\ dr\ifo-rs/( @”\Rz ::‘\)'2 -H N R2 H R
Oxime
base R R2

The Beckmann rearrangement is the synthetic equivalent of the Baeyer-Villiger oxidation for amide formation. The
reaction begin by condensation of the ketone with hydroxylamine hydrochloride in presence of a weak base. The
resulting oxime is then activated, either by acid or by tosylation. There is then a 1,2-shift to the electron deficient
nitrogen. The formed carbocation is stabilized by the nitrogen. Nucleophilic attack of water or an alcohol than gives the
imidate. In the case of water, the imidate tautomerizes to the more stable amide. An important feature of the Beckmann
rearrangement is the stereocontrol of the 1,2-shift: because of the rigid structure of the oxime, the substituent trans to
the leaving group is migrating.

Special case: synthesis of lactams

0 o] 0 n
. H
1)—>HONH2 HC NH] retron NH H0, ’;\N@K/\/\/ N%/z
2) H,S0, N I

Polyamide 6
g-caprolactam

The Beckmann rearrangement is often used for the synthesis of lactams. For example, the transformation of
cyclohexanone to e-caprolactam is a multi-tons process. e-caprolactam can then be polymerized to polyamide 6 in the
presence of water, which has properties similar to Nylon.
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3.2.1.3 Dissociative Rearrangements

A/ Pummerer rearrangement

Me
| @/l 9 @) 120°C @ S R2
R(?'S\/RZ R1'SYR -AcOH R! R ISR T RTY
. H Q AcO" OAc
AcO5— ©
NuH
R2 Raney-Ni s, R? - AcOH +SA_R2-R'SH |H_ R2
o el T
Ar Ar NuH = ArH NuH = H2O *OH o)
retron retron

The Pummerer rearrangement if formally the rearrangement of a acyloxysulfonium salt to the acyloxy thioacetal. It is
not a concerted process, however. The acyloxysulfonium salt is first generated by treating a sulfoxide with acetic
anyhdride or another activating agent (trifluoroacetic anhydride, acetyl chloride, trifluoromethansulfonic anhydride,...).
This salts are unstable and generate a sulfoxonium ylide by lost of the conjugated acid. Unpon heating (the
temperature is dependent on the leaving group ability: acetate, 120 °C; trifluoroacetate: 80 °C). A sulfonium is
generated, which is in equilibrium with the corresponding acyloxy thioacetal. The sulfonium is very electrophilic and
reacts with nucleophiles. With water, the obtained hemi-acetal further looses the thiol to form an aldehyde. The first
important uses of the Pummerer reaction is consequently the transformation of sulfoxides into aldehydes. With other
nucleophiles, typically electron-rich aromatic groups such as indoles or anisoles, the obtained intermediate is stable
and sulfur can be removed with Raney Nickel. This two steps procedure is then equivalent to a Friedel-Craft alkylation.

B/ Polonovsky rearrangement

(0) o O 4
R X
S 4J5 )LR4 S) )J\ 4 R?/
0 RTX o9 0" "R Rt
1 3 .
Rz’/N\/R3 - Rz,lNﬁ/R XH ®I$ 3 e R1 \( -
R1 R‘l H - R1N§/R o) R4
X ~—r l NuH \n/
S (0]
R2
N_ RS
R
Nu

retrons

The Polonovsky rearrangement is the nitrogen equivalent of the Pummerer rearrangement. The reactions are similar,
but the fact that nitrogen is a first raw element leads to a few important differences: After activation with an acylation
agent, the ammonium ylide is not formed from the acyloxyammonium, as it is less stable then sulfoxonium ylide. A
direct E, elimination takes place to form the iminium, that can be intercepted by the nucleophile. The higher
nucleophilicity of the formed amine in comparision to sulfide allow further activation with the acylation agent, which
leads to a very reactive acyloxy ammonium, which can already fragments to the amide and the aldehyde without
addition of water. Synthetically, both fragments formed are now potentially interesting: the amide and the aldehyde.
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3.2.2 Rearrangement involving carbenes or nitrenes-like intermediates

Properties of carbenes and nitrenes

\R? \R?
4 SR
i T e
p — Py —
R2, P —4 ;§>§\R2 —4— by
R1%:)sp2 sp? —H_ —1— R1s Py Px —H— + Px
singlet triplet P singlet triplet

Carbenes are neutral compounds with a carbon atom with only 2 substituents and one lone pair. There are
consequently only 6 electrons (sextet) around the carbon atom and the octet rule is not fullfilled. Both the electronic
and the tridimensional structure of carbene is difficult to analyze, as they can have both a singlet (paired electrons) or
triplet (unpaired, same spin electrons) and can be both sp? or sp hybridized. Generally, sp? carbenes are more
frequent, as it allows to give more s character to the electrons, which are then better stabilized by the charge of the
nucleus. The energy difference between triplet and singlet is usally quite small. If the difference is smaller than the
electron-pairing energy, the triplet state will be preferred.

A/ CH,

=~ biradicals
P -
sp? =

H, H,
H;%:b = H;g:% AE = 8 Kcal/mol

= cation-anion

H-

For the prototypical carbene CH,, the triplet state was found to be 8 Kcal/mol more stable than the ground state. In
principle, radical-type chemistry is expected from the triplet state. Nevertheless, 8 Kcal/mol is not a use energy barrier,
and if the singlet state is much more reactive, the reaction can take place trough it. In this case, the carbene is usually
electrophilic, because of the relatively low energy empty p-orbital. The reactivity is then "cation-like" (1,2-shift, addition
to olefins). However, once a nucleophile has been added, the lone pair is now highly nucleophilic and reacts as
nucleophile. Consequently, in most reactions involving carbenes, the sextet carbon will react both as electrophile and
nucleophile, either stepwise or more or less synchronous.

B/Perturbation of CH,
CH,;CH

P
H3|(_|:”,'8:}) = ?ﬁ:ﬁ

ﬁp Replacement of one H group of CH, by a metyl

2 > P group allows a hyperconjugation of the sigma C-H
+sp _1_ sp2 bond to the p orbital. Consequently, the p orbital is
/ ' higher, and the difference in energy between the sp?

’

/ "CHy"  and the p orbital greater. There is less difference in
OC-H % energy between ftriplet and singlet and more singlet
CF _1—% OC-H reactivity can be observed.
2
F’u.@ S?:;Ig p+ p__,———\P In CF,, the singlet structure is favored. A first
F sp2—— important effect is the strong inductive effect of F,

) \ which makes the carbon center much more
electronegative and consequently lowers a lot the

r is a partial delocalization of the lone pairs of F in the

® CH; \ \
%81% sp2—1—F ‘H'sz\\‘ energy of the sp? orbital (1). A second smaller effect
o, e

NE p orbitals (2). This second effect is naturally much
stronger for CCl,.

1— 2
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g:%ﬁ,BRz Pc-B

RoB p_i_ 4 /;,y LT Pcs
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In principle, the structure and the reactivity of the
C(NR,), system can be explained by the same two
perturbation steps than for CF,. However, in this case
the importance of the two perturbations is inverted. N is
only slightly more electronegative than C, and the sp?
orbital is only slightly lowered. In contrast, the lone pair
of N is nucleophilic, and two very strong interactions
with the empty orbital can take place. The LUMO is now
very high, the carbene is not electrophilic any more but
nucleophilic. An important example is the N-
heterocyclous carbenes, which have been used as
catalysts or ligands.

The case of the exotic Li,C can be explained as
following: The C-Li bond have a much higher electron
density on C and are higher in energy. This high energy
electrons are better stabilized in sp orbitals, with more
probability at the nucleus. This overcompensates the
energy lost in having the carbene electron in a p orbital.
The structure now is a triplet, as both orbitals have the
same energy.

In the C(BR,), case, the change in geometry is
necessary to allow stabilization of the carbene electrons
by the empty p orbitals of B, as a pi symmetry is need
for overlap. Only one of the two p orbitals can the be
stabilized, and the energy gain is large enough to favor
the singlet state.

A similar analysis can also be done for nitrenes (nitrogen with one substituent and 4 non bonding electrons). The
principles stay the same, but the absolute value of the energy considered are different.

Carbenoids and nitrenoids

RY,. J RY,
R2 X RZ( )
carbenoid carbene

M .
R-N. — R'-N:
X
nitrenoid nitrene

Metal-bond carbenes

R, ® 0
rp=N=N: ==
diazo
R1 ® ©
N N=N ~
azide
RO ® R1® &

R1.O & A RY, .

RZ*_\N:N RZ*.

carbene

R!.. ® .

INQNEN A R'-N.
©

nitrene

1

—- RY..

Js1:M  M=Rh,Cu,(Co,Ru,Pd,.)
R

Carbenes and nitrenes are often generated from alpha elimination reactions or via release of nitrogen gas from diazo
compounds or azides. Nevertheless, some precursors of carbenes and nitrenes are themselves very reactive, and
sometimes react without the intermediacy of the free carben or nitrene. Such precursors are called carbene- or nitrene-
oids. Furthermore, metals are well-able to stabilized nitrenes and to change their reactivity. This aspect of carbene
chemistry will be seen later in the lecture.
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3.2.2.1 Rearrangements involving carbenes or carbenoids.

R/;:: R'I R RAG'). o R1 ® R
1\>_\' N —_— — 1 g > —> " RS
"¥ R RZ R "r? Owrs R~ RS

The [1,2]-shift of carbene intermediates is an easy reaction that shows their "cation-like" character. The lone-pair
present on the carbene leads to the formation of a double bond, however. This process is mostly synchronous, but can
also been described in two steps to show the importance of the cation-like character.

Synthetically important examples:

Wolff rearrangement

.. S ..
‘0’ o., e} 0 0
® N: Q" @ N I HO o
R1ka - R1 \\g’, E— R1J‘\g.\. R JJ\ —_— OH
R2 R2 R2 R1 R2 R2
ketene

The Wolff rearrangement occurs on alpha-diazo carbonyl compounds. It begins with elimination of N, and formation of
the carbene, followed by 1,2-shift to form a very electrophilic ketene. Quenching by water than gives the corresponding
acid. It is also possible to react the ketene with alcohols or amines to obtain the corresponding esters and amides. A
"carbenoid" like mechanism, with simultaneous shift and nitrogen lost can also be envisaged.

Arndt-Eistert homologation

o ® .0 .
:—N=N

0 SOCl, @/ O> ®N/’”N - HCI 0 ® _N" -
R)J\OH - HCI R)k | . R [S) R/g/\':l ’ R \-'..
_s0, LI 2 equiv H H™Cl b l H
side reaction: O
HCI + CH,N CHsCl + N R! i
2Nz —— 3 2 retron OH J\
R H

A particularly useful application of the Wolff rearrangement is the Arndt-Eistert homologation. A carboxylic acid is first
activated with thionyl chloride. Reaction with diazomethane then gives the alpha-diazo carbonyl compound. Two
equivalents of diazomethane are needed, as one equivalent is destroyed by the HCI formed in this step. Finally, Wolff

rearrangement and reactions with water gives the corresponding acid. In the product, a CH, group has been
introduced between the substituent and the carbonyl (homologation).

3.2.2.2 Rearrangements involving nitrenes or nitrenoids.

1~/ X 1/~ X

RO~ R2 R O R2 R
RYNT T OSSN o NS = =N
R3 R3 R3 X R3

The amino equivalents of the carbene 1,2-shift are important reactions for the synthesis of imines. For most reactions

under thermal conditions, a nitrenoid mechanism without formation of an isolated nitrene has usually been proposed.
Nitrene intermediates are more probable under photolytic conditions.
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Transformation of acid derivatives into amines

A/ Curtius rearrangement

© 0 . 0]
o soc, () N N N T o N on -0 [,
RTOH -HCl R7 e R \,g N S
O\-S 2 \Q& retron
Isocyanate
b (©) o / THNS / H
PhO~"~N J\A I _N_ _OR
. OPh Py 0
N3 R” “OH
Schmidt rearrangement
B/ Hofmann rearrangement
o o Q
)iy NaOBr  J| g -H0O )L,\fBr -Br .
R NH R 'Tl) '%H [Uj
2 Hw—/. R/

C/ Lossen rearrangement

O O .‘O'. (”)
. on AeO J o Me Jeone 20Ae,
RN base R™ "N"" Y RGN N
. H O © R”
hydroxamic
acid

The transformation of acid derivatives into amines is an important reaction in organic chemistry, which proceeds via
1,2-shift. Several variations have been developed. The most often used is the Curtius variation starting from acid:
activation as the acyl chloride followed by reaction with sodium azide gives the corresponding acyl azide. Upon
heating, 1,2-shift with nitrogen release gives the corresponding isocyanate. Addition of alcohol leads to stable
carbamates. The product resulting from the addition of water is unstable, however, and gives the free amine upon
release of CO,. An interesting commercially available reagent for the one step conversion of acids into acyl azides is
diphenoxyphosphonyl azide. Another possibility is the direct treatment of acids with hydrazoic acid (Schmidt method),
but hydrazoic aicd is highly toxic and explosive. The Hofmann method starts with the bromination of amides. After
deprotonation, 1,2-shift occurs together with release of bromide. Finally, in the Lossen rearrangement a hydroxamic
is activated by acylation. After deprotonation, 1,2-shift with lost of acetate gives the isocyanate.

3.2.3 Other intermediates

A/ Rearrangement via homolytic clevage: Stevens rearrangement

0) R2 b 0] 32 (@] R|2
@ ase @I_ 4 4 _R4 _pd
LA ONRE T Jk/ — J\/N R —» R1J\_/N RO LNR
R3 @ R3 |.?3 R3

In the Stevens rearrangement, a 1,2-shift also takes place, but not towards a carbene or a cation and classical
concerted shift is not possible. The shift of an alkyl group from an ammonium to a stabilized carbanion has been
proposed to proceed heterolytically via radical pairs. The rearrangement is still partially concerted and no free radical
are formed. The Stevens rearrangement is also possible on sulfonium salts.
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B/ Favorskii rearrangement

o S) © S) e)

1 A o O .OH .0 OH R OH
R R OH R R2 R! < R2 R! %Rz 2 R?
X H X7 LMJ

n n n n n

X=Cl,Br, |
+ H*
The Favorskii rearrangement is a transformation of ketone into acids. It is especially useful for
ring contraction reaction. Starting from alpha-halogeno ketone, deprotonation is followed by ; CO.H
intramolecular substitution to form a reactive cyclopropanone intermediate. Attack of a R 22
nucleophile (often water or hydroxide, but also others can be used) gives a tetrahedral R
intermediate. This intermediate fragments under formation of the most stable carbanion. Finally,
reprotonation gives a cyclic product with an acid substituent and a ring one atom shorter than the n
starting ketone.
retron

C/ Neber rearrangement

@.. 2
R1/\H/R2 HONH,*HCI R1/\|/R2 TsCl R1/\WR2 base le/R

NaOAc N N N
O "OH “0Ts \oTs
©
-OTs
R R? R R?
;.OH, HCI R! R?
retron -  \A7 L
it No W
H H L
azirine

The Neber rearrangement is a useful method for the alpha-amination of ketones. The first steps are the sames than for
the Beckmann rearrangement: Oxime formation and activation. But in the next step, basic conditions lead to alpha
deprotonation and intramolecular substitution to form a reactive azirine ring. The azirine ring is then hydrolyzed in
presence of acid to give the hydrochloride salt of the alpha-amino ketone. The free amino ketone itself is not very
stable, due to self-condensation.
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4. Cyclization and Cycloaddition Reactions

Cyclic structures in organic molecules are essential for their properties, such as bioactivity. The goal of this chapter is to
learn more in details the important methods to access cyclic structures in organic chemistry.

4.1 Cyclization reactions using classical methods

Bibliography: Evans, Lecture 3.
4.1.1 Baldwin rules (Baldwin, J. E. J. Chem. Soc., Chem. Commun. 1976, 734.)

In principle, any classical reaction that has been used intermolecularly can be used intramolecularly to make a
ring. The fact that the reaction is now intramolecular has important consequences:

1) Entropy: In intramolecular reactions, there is no loss of translational entropy. The reaction is consequently faster
and easier and several processes which are inefficient intermoleculary function well intramolecularly. Furthermore,
the entropic factor is less important when heating. Small rings have less entropy loss upon cyclization.

2) Chemical compatibility: It is important to realize that both reacting groups are present for intramolecular reactions.
If it is required to activate one of the two groups, the activation conditions have to be tolerant to the other group.

3) Cyclic constraints: The fact that the molecule is now cyclic limits the number of structures that can be accessed. A
classical example are cyclic olefins: trans-olefins become possible only if the ring contains at least 8 atoms (Bredt
rule). Furthermore, for some ring sizes (especially 8-11) important steric interactions are present in the ring
(transannular interactions). These rings are then particularly difficult to form.

4) Cyclic constraints on the transition state: stereocontrol is very important for organic reactions, which proceed via
geometrically well defined transition states. However, some trajectories are difficult to achieve in intramolecular
reactions, where the two reacting group cannot be freely oriented in the room. This effect has been studied in detail
by Baldwin.

Baldwin nomenclature: For a systematic description of intramolecular reactions, Baldwin had introduced the following
nomenclature:

- hybridization at the electrophile: tet = tetragonal (sp®), trig = trigonal (sp?), dig = digonal (sp)

- position of the electrons after the reaction: exo: outside the ring, endo: inside the ring.

The rules

Substitution (tet = tetragonal)

Nu
exo-tet \ o e
E—— C= *X 3- to 7-exo-tet all favored
endo-tet
- > 5- to 6-endo-tet disfavored
Nu®\ y Xo
\\“C_X NU_C'I:,
/ \

Required trajectory: 180° to X.

Typical reactions: Sn? substitutions, etherifications, opening of epoxides

N. Cramer, Structure and Reactivity 2024, Lecture Notes page 51



Addition (trig = trigonal)

exo-trig

—_—

/_> endo-trig
_—

Required trajectory: 109° to pi-system (Biirgi-Dunitz trajectory).

3- to 7-exo-trig all favored

3- to 5-endo-trig disfavored
6- to 7-endo-trig favored

Typical reactions: lactonizations, lactamizations, additions to carbonyls, aldols, additions to olefins

Addition (dig = digonal)

Nu@ Nu
exo-di
c=x —g> \ 3- to 4-exo-dig disfavored
- 5- to 7-exo-dig favored
@ endo- dlg O 3- to 7-endo-dig all favored
Nu

Required trajectory: 60° to pi-system

In contrast to the tet and the trig case, this angle is much more difficult to explain theoretically and was determined
experimentally by Baldwin. The availability of a second pi bond and the possibility to distord the acetylene have
been proposed as explanations.

Typical reactions: addition reactions to acetylenes and nitriles

Simplified and universal version of the rules

Easy cyclization < optimal orbital alignment possible ]
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4.1.3. (Macro)lactonization

Bibliography: Chem. Rev. 2006, 106, 911.
Dependence of rate on ring size

OH @) 0

X exo-trig \ X -HX \ 3
Fon ff\

c=0

OH o 1 \//_’_H_‘_—.

exo-tet

—_—
5
X -HX 3456 76 9101112131415161718192021222324

ring sree

Lactones are very important rings in organic chemistry. In particular, large ring systems (macrolactones) are
particularly difficult to synthesize, due to unfavorable steric interactions. The most often used methods are exo-trig
attack of alcohols on activated carbonyl compounds (classical esterification being the simplest method) and exo-tet
substitution of activated leaving group with carboxylic acids. In both processes, a proton is generated and a base is
usually used to quench the formed acid. Generally, the desired cyclization reactions is favored under highly diluted
conditions. It is furthermore important to "preorganize" the cyclization substrate by the introduction of rigidifying

functional groups

Examples of bioactive (macro)lactones

Fongicides
OH OH OH OH OH

Amphotericin B OR (+)-roxaticin Me

Anticancers

HO

’
‘r

Antibiotics

Me

MeO -
®~ 6H

Erythromycin A, R = OH

C3H7\M(O Erythromycin B, R=H

Bryostatin |
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Synthetically important methods

A/ lodolactonization

O
4 4 4
OH 12 , OH exo-tet Q
- —_— retron
C - HX
e
~
) |

The iodolactonization is a very efficient method for the synthesis of lactones starting from carboxylic acids containing
an alkene. In the first step, a iodonium intermediate is formed. An intramolecular exo-tet attack of the acid than gives
the lactone and an iodide group that can be reduced or used for further functionalization. Without base, the carboxylic
acid is not very nucleophile and the attack is slow. Equilibration is possible (thermodynamic control). With a base, the
first step is deprotonation of the acid to form a more reactive carboxylate. In this case, the attack can be fast enough
so that the kinetic product is obtained.

B/ Mitsonubu reaction

DEAD EtOzC\N _H

@ |

N
PhsP”] “CO,Et
OH/

The Mitsonubu reaction, already seen for intermolecular substitution reactions, is also a

good process for lactonizations. In contrast with two steps activation processes (like 0o
formation of bromides, iodides, mesylates or tosylates as leaving group), it allows the
use of simple alcohol and acids. The reaction begins with acid catalyzed addition of
triphenylphosphine to diethylazodicarboxylate (DEAD). The alcohol then reacts at P
with proton transfer to the nitrogen. Finally, exo-tet SN2 substitution with
triphenylphosphine oxide as a good leaving group gives the lactone. The mild
conditions are an advantage of the Mitsunobu reaction. A disadvatange are the large
amounts of waste (hydrazine, phosphine oxide) generated.

C/ Thioesters: Corey-Nicolaou method

@ —
/ S

) NH H ®
/O |/ 8'}‘\ < N=
o) (s _ - S \/
D .-O@ —
(oN
H

The Corey-Nicolaou method makes use of the higher reactivity of thioesters when compares with esters. In the first
step, a thioester is formed frome the acid with formation of triphenylphosphine oxide. The thiopyridine ester formed is
basic enough to partially deprotonate the alcohol, which makes the thioester even more electrophilic. After exo-trig
attack and release of the thiopyridone, the desired lactone is formed.
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D/ Yamaguchi Lactonization

O._ClI
O -H
_DMAP _ HOZ S e,
NEt3
There are many ways to activate acids for esterification. The classical method using —
thionyl chloride to form the acid chloride does not work well for lactonization, as it is - H / NMe,
difficult to control the reaction (attack on the alcohol). Mixed anhydrides are a milder
form of activated esters. Among them, the most successful is the mixed anhydride /O

developed by Yamaguchi based on trichlorobenzoic acid. The formed anhydride is
further activated by dimethylamino pyridine (DMAP) to form the reactive pyridinium @)
intermediate. After intramolecular exo-trig attack of the alcohol, the lactone is

obtained as well as the protonated DMAP. The original method asked for high

dilution of DMAP, but more convenient procedures have been developed by

Yonemitsu. Currently, the Yamaguchi-Yonemitsu method is often the first choice for
macrolactonization reactions.

Due to the importance of the macrolactonization reaction, there are many more methods, which are not described here
(see Chem. Rev. 2006, 911.), many based on ester activation. The mechanism principles stay the same, however.
Furthermore, methods for lactamization have also been developed: these methods are very close to the one used in
peptide chemistry.

4.2 Electrocyclic Reactions
Bibliography: Carey-Sundberg, A, Ch. 10.5, p. 892-911. Evans, lectures 11-12.

4.2.1 Woodward-Hofmann rules

We have already seen the Woodward-Hofmann rules in the case of H-Shift over pi systems. In fact, the Hofmann rules
were first described for electrocyclic ring-closing and opening reactions.

<@/zi© conrotatory <©R <@/zi@ disrotatory <©R
t R " R T R " R

for 4n pi electrons for 4n+2 pi electrons

From the point of view of electron shifting, electrocyclic ring closure looks simple: a cyclic rearrangement of electrons
leads to ring closure. What cannot be explained with simple Lewis structures is the high diastereoselectivity of the
processes. Systems containing 4n pi electrons (2, 4, ... double bonds) reacts conrotatory to form the trans product
starting from the trans olefin, and systems with 4n+2 pi electrons (1, 3, 5, ... double bonds) react disrotatory to form the
cis product from the trans olefin. These results can be explained when considering the symmetry of the HOMO of the
pi systems. This leads to the more general (and easier to remember) Woodward-Hofmann rule:

Reaction is allowed if there is a correct phase

Simplified version of the Woodward-Hoffmann rules: >
overlap/ symmetry of the orbitals
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4.2.2 Elctrocyclic ring-closure .
cyclohexatriene

cyclobutadiene

— &
¢
ST g
# o F

conrotatory D

cyclopentadienyl cation

£ & & &
|

M

i

+ + =

pdescdatats:

-

disrotatory

—_—

O FBAHEL

An analysis of the symmetry of the HOMO orbitals of the pi

systems allows rationalizing the Woodward-Hofmann rules.

Cyclobutadiene or cyclopentadienyl cation have a C, symmetric

_H‘ HOMO. For a correct phase overlap of the orbitals, both bonds

need to rotate in the same direction, the reaction is conrotatory. In

the case of cyclohexatriene, however, the HOMO has a plan

symmetry. Rotation of the bonds in reversed direction is required

# for phase overlap: the reaction is disrotatory. The same analysis
_H_ can be done for other pi systems.

+

e A
T,

conrotatory

=
2

Nazarov Cyclization

LA _LA
(0] o~ LA 0 o) 1 (0] 1 (@]
1 @ 1 1 H* R R
R LA R -+ R or R —_— or
\ / \ / transfer
R2 R3 R2 R3 Ri\ R3 RZ\\ R3 R2 R3 R2 R3

The Nazarov cyclization is the conversion of divinylketones to cyclopentenones. It is an important method for the
synthesis of 5-membered ring. After activation with a Lewis or Brgnsted acid, a cyclopentadienyl cation is formed, that
cyclizes to the corresponding 5-membered allylic cation. The usual fate of the cation is E elimination, although trapping
with nucleophiles is also possible (interrupted Nazarov reaction). In principle, two regioisomers can be obtained, and
the selectivity is dependent on the most stabilized carbocation. If R' is a cation stabilizing group, like oxygen or
nitrogen, than high selectivity is observed.
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4.3 (Alder) Ene Reactions

Ene reaction: M = H
Metallo-Ene: M =B, Si, ...

The ene reaction is the concerted reaction of an allylic system with a pi system. The original ene is with a H at the
allylic position, but the reaction is very slow. In fact, so-called metallo-ene are much more useful (see chapter 2). For
substituted systems, the usual analysis for chair transition states stay valid.

Synthetically useful reaction

Carbonyl ene

H
RCHO —H OH
H /
N A /ﬁ\\o R)\/\ good for R = CO,R'

LA

Carbonyl as pi systems are more reactive than olefins, so that the ene reaction becomes easier. But even in this case
strong Lewis acids are required. The reactions runs best with activated aldehydes, such as glyoxal. An advantage of
the ene reaction is that no pre-functionalization of the allylic system is required.

4.4 Cycloadditions
4.4.1 Diels-Alder Cycloadditions

Bibliography: Carey-Sundberg A, Ch. 10.2, p. 839-873; B, Ch. 6.1, p. 473-526. Carreira: Ch. 17. p. 551-589. Evans:
lectures 16-17. Bruckner: Ch. 15.3, p. 654-671.

4.4.1.1 Mechanism S-Cis s-trans
-~ | @ transition state <\ | ~
diene —_— ransition state '
A / =
dienophile »
retron no cycloaddition

The Diels-Alder cycloaddition between a diene and an olefin (dienophile) is the most well-known cycloaddition reaction
and it is intensively used in organic chemistry. Every chemist should be able to recognize the cyclohexene retron for
the Diels-Alder reaction. The reaction is concerted via a 6-membered transition state. The diene needs to be in the s-
cis conformation for the reaction, and substrates that are forced in this conformation will react faster. The Diels-Alder is
a bimolecular reaction which becomes less favorable at high temperature. It is favored by high pressure (tight transition
state) and high concentration. A special technique is to run the reaction in water: as most organic substrates are poorly
soluble, they tend to aggregate in water, such that an artificial very high concentration is reached.

Transition state Analysis

§y— | J—~CJ|—
- .
B/ Polarized intermediates .
@
& J- €
B1/ normal electron demand N ‘ D

A/ Diradicaloid

A

Nu EI -
_ o . _
=, =
B2/ inverse electron demand \J H  — | ® — o _—
N
El Nu - -
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C/ Orbitals

’
, \
’ , \
’ ’
’
, \
\ 4 , \
N 4 a \
’
N
N ’
.
N

AN 4 electrons in transition state
antiaromatic

6 electrons in transition state §§
aromatic
Supra cycloaddition: not possible
%i@ A: normal electron demand,

HOMO diene, LUMO dienophile §

B: Inverse electron demand,

. , , antara cycloaddition: OK
LUMO diene, HOMO dienophile

Supra cycloaddition

There are several models to describe the transition state of the Diels-Alder reaction:
A/ Biradicaloids

As for sigmatropic rearrangements, the use of biradicaloid intermediates to describe the transition state is a good
method for the Diels-Alder reaction. The relative stability of the different intermediates allow to predict the selectivity
and to have an idea about the rate of the reaction. A quantitative use of this model is seen in physical organic
chemistry lectures.

B/ Polar Intermediates

The use of polar intermediates become important as soon as electron-donating or withdrawing substitutents are
introduced on the diene or dienophile. Two different cases can be distinguished: an electron-rich nucleophilic diene
and an electron-poor electrophilic dieneophile (normal electron demand) or an electron-poor electrophilic diene and an
electron-rich nucleophilic dienophile (reverse electron demand). The normal electron-demand is synthetically most
often used. The two cases will be seen in details later.

C/ Orbitals

Again, the orbital model is powerful to describe the Diels-Alder reaction. The most important interactions are the one
of the frontier orbitals, and the geometrical overlap of the p orbitals determine the structure of the transition state. like
for the polarized model, it is also possible to describe to limiting cases: normal electron demand with the HOMO of the
diene and the LUMO of the dienophile or reverse electron demand with the LUMO of the diene and the HOMO of the
dienophile. The orbital model allows also to understand why the supra (same face) [4+2] cycloaddition is easy
(allowed): the phases/symmetry of the orbitals are correct for overlap (Woodward-Hofmann rules). In contrast, the
[2+2] cycloaddition is not possible in the supra mode, but becomes possible as antara (crossed face) cycloaddition.
Another way to understand these results is to look at the number of electrons in the transition state: 6 electrons for the
[4+2] are aromatic, and 4 electrons in the [2+2] are antiaromatic (or M6bius aromatic).
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4.3.1.2 Normal electron demand Diels-Alder reaction

Do

Do
EWG EWG Do =OR, NRy, ..
7 ‘\ﬁ g EWG = COX, NO,, ...
-
Do

Do

In the normal electron-demand Diels-Alder reaction, electron donating groups are introduced on the diene (in
position 1 and/or 3) and an electron-withdrawing group on th the dienophile. The dienophile can be further activated
by the addition of a second electron-withdrawing group. The reaction is now much faster and regio-selective: both
the rate enhancement and the selectivity can be explained using polarized or orbital models.

Analysis of the transition state

A/ Polarized model

EWG

Do Do Do Do
@
= ( EWG o EWG ~ o EWG EWG anion stabilized
—~ @ cation stabilized
Do Do Do Do
Nu El
Do Do Do Do
®
= ( S =z 9 anion not stabilized
A2 | — -~ — . -
—~ L @ cation stabilized
Do EWG Do EWG Do EWG Do EWG
Nu El
Do Do Do Do
EWG S EW EW EW
51 Za r @ EWG Z o FEWG G anion destabilized
3 v/| | Q cation destabilized
Do Do Do Do
El  Nu
Do Do Do Do
S
B2 A | ® =z @ anion destabilized
J fL | &) cation not stabilized
Do EWG Do EWG Do EWG Do
El Nu

When the diene and the dienophile are substituted, 4 different pathways can be drawn using polarized
intermediates for the Diels-Alder reaction. In two of them (B1 and B2, corresponding to an inverse electron demand
reaction), destabilizing interactions between donor and anion and/or between acceptor and cation are introduced:
these pathways will consequently be less important than in the unsubstituted case and will not contribute to the
reaction. In the other pathways (A1 and A2), at least the carbocation is always stabilized, the transtion state would
be lower and the reaction accelerated when compared with the non-substituted case. Furthermore, only A1 has a
stabilizing interaction between the acceptor and the anion: this pathway is most favorable and explain the ortho/para
regioselectivity observed in Diels-Alder reactions. The stabilization of the cation also show that 1,3 donor
substitution is optimal for stabilization.
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B/ Orbital Model

Do
E
& —
...... Q. ﬂ ® ®
. Do Do
B\ |
8&?8 58 —.
Do .
+ S

The introduction of the substituents on the diene and dienophile first changes the energy of the molecular orbitals.
The electron-donating groups on the diene shift the energy up, the electron-withdrawing group on the dienophile shifts
the enrgy down. As a result, only the interaction between the HOMO of the diene and the LUMO of the dienophile is
important. As the energy difference between these two orbitals is smaller than for unsubstituted systems, the
interaction is more favorable and the reaction faster. A second important result is the unequal coefficients of the
orbital in the HOMO and the LUMO due to the presence of the substituents. The overlap between the orbitals with the
larger coefficients is better and explain the regioselectivity. The orbital coefficients can be qualitatively estimated by
using resonance structures: for the diene, a partial negative charge can be put only in position 2 and 4. These
positions will have higher electron density and also larger coefficients in the HOMO. For the dienophile, a partial
positive charge is present in position 2. The orbital of the LUMO will consequently be larger there. Of course,
quantiative calculations give much more precise results and these methods will be seen in physical organic chemistry.

Catalysis
@ LA _LA _LA

OR ol’ OR © @?R o) OR O

- ﬁ\x -~ { %\X - X > @)LX

™ | SO

5e
LA E--LA
Do ’,’, Do e %8/
Do Do/g%g

LA = AICl3, EtAICI,, TiCly, SnCly, H, ...

The discovery that Lewis acids can accelerate the normal electron-demand Diels-Alder reaction was an important
progress in organic chemistry. The binding to a Lewis acid makes the dienophile much more electrophilic, the LUMO
is lowered and the reaction is accelerated. In such cases, the Diels-Alder reaction can be run at room temperature or
even lower temperatures.
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endo rule

Favorable n—n Interact|on

QR (ﬁ\ /// OR QR O
o X - X ( \ﬁ: H O X
|/ X
Endo Attack Exo Attack

In many normal hetero Diels-Alder reactions, the cis product resulting from an endo attack is favored. This is due to
the favorable interactions between the electron-rich pi system of the diene and the electron-poor substituent on the
dienophile. In case of very large X group or bulky Lewis acids, the exo attack can become favorable.

synthetically usefull dienes

7 150 °C Cyclopentadiene is a very good diene for Diels-Alder reactions,
- as it is blocked in the s-cis conformation. In fact, it dimerizes
spontaneously to form dicyclopentadiene and has to be cracked
cyclopentadiene at high temperature before use.
{/ \§ Furans and pyrroles can also be used in Diels-Alder reactions,
Z/ \5 Furans N Pyrroles but there are much less reactive than cyclopentadiene, due to

their aromaticity.

0]

OMe OMe HLX OMe O 0
Me;SiCl | L H* L

/ / \ X \\\‘ X
ZnCl,, NEts S LA H20
i Me;SiO 0

07 "Me Me;SiO
Danishefsky diene retron

The Danishefsky diene is a particularly useful electron-rich diene for Diels-Alder reaction. It is easily prepared by
formation of the silyl enol ether starting from the corresponding ketone. The two electron-donating oxygen groups
gives high reactivity to this diene. Hydrolysis of the silyl enol ether and elimination of methanol finally gives a
cyclohexenone as final product, that can be further functionalized.

0
OMe NR'R2 NR'R? X R'R?N (|)
'R? NaHMD A~
oMe NHR'R _ aHMDS _ | . kx
TsOH TMSCI LA
0”7 "Me 0”7 “Me Me3Sio Me3Sio

Rawal diene

In the Rawal diene, one of the oxygen substituents has been substituted with a nitrogen. As nitrogen is more
electron-rich, this diene is more reactive and very mild Lewis or Brgnsted acids are enough to catalyze the reaction.
It allows the introduction of nitrogen into organic molecule. The first step in the preparation of the diene is the acid-
catalyzed reaction with an acetal, which proceeds via iminium and enamine intermediates. Formation of the sodium
enolate followed by reaction with TMSCI then gives the diene.
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ortho-Quinodimethane

Ortho-quinodimethanes are very reactive dienes, due to the aromatization occurring during the Diels-Alder reaction.
They are to reactive to be isolated and need to be generated in situ. A good method is the electrocyclic ring opening of

benzenecyclobutanes.
Important dienophiles
dienophiles activated by carbonyl groups:

1 carbonyl group

o 0] (0]
X =0R, NR,,...
ﬁH ﬁMe ﬁL « 2
acrolein methyl vinyl ketone acrylic acid
derivatives

2 carbonyl groups

(0] (0] (0] X (0] e}
X X _
SR H
o) o) 07 X o) o
maleic acid fumaric acid acetylene dicarboxylic quinones maleic anhydrides
derivatives derivatives acid derivatives and imides
D D
O X X O D 0 AN O D
’ | = X 7
X
(@) X (o) (0] 0]
—
retron retron

The dienophiles activated by carbonyl groups are by far the most often used in Diels-Alder reactions. The reactivity is
dependent on the electrophilicity of the carbonyl group (aldehydes > ketones > esters > amides). A further increase in
reactivity can be achieved by introducing a second carbonyl group. In particular, acetylenes react poorly in Diels-Alder

reactions, and a second activating group is required. Quinones are very important dienophiles for the synthesis of
polycyclic compounds.

chloroacrylonitrile

)L * @ — [/ Cl O H / JJ\ I
cl” N cI” N d
CN (@]

retron

I
L]

Alpha-chloroacrylonitrile is in an interesting dienophile, as it can be used as ketene equivalent after hydrolysis, but is
stable and easy to handle, in contrast to ketene itself.
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nitroolefins Do II:)o
HoN,, ~
N Do reduction 25
J = OoN,, _~ _—
—_—
O,N @ NaOH Do

wso~ O

Nef reaction

O

Nitroolefins are also good dienophiles in Diels-Alder reactions. The obtained products can be easily transformed to
amines via reduction or to ketones via the Nef reaction (formation of the nitronate followed by hydrolysis under acidic
conditions).

vinyl sulfones Do

J PhO,S,, Na/Hg J N ”
PhO,S @ PhO,S™

Sulfone substituted olefins are also very electron-deficient and good substrates for the Diels-Alder reaction. An
advantage of the sulfone is that it can be removed under reducing conditions. Vinyl sulfone is then a synthetic
equivalent of ethylene.

|||U
e
o

4.3.1.3 Inverse electron demand Diels-Alder reactions

EWG EWG
Z Do Do po=0R,NR,, ...
ﬁ > EWG = COX, NO,, ...
-~
EWG EWG EWG EWG
S
2 (DO @ PO Z &0 Do anion stabilized
Q (l | ©) cation stabilized

EWG

P 8_8 EWG
y . B

/ Ny Do
A . 1
____________ E A —— EWG

~..B EWG

on the dienophile, and electron-withdrawing groups on the diene. The favored interaction is

8%8 In the reverse electron-demand Diels-Alder reaction, electron-donating groups are introduced

now between the HOMO of the dienophile and the LUMO of the diene. The regioselectivity can
again be explained by the best stabilization of the polarized intermediates, or by the overlap of
the larger orbital coefficients in the orbital model. There are much less example of synthetic
applications in this case. Often used dienophiles are enols and enamines. Most interesting
examples are incorporating heteroatoms and will be examined later.
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4.3.1.4 Retro-Diels Alder reactions

In principle, retro Diels-Alder reactions are thermodynamically not favorable . However, if very stable compounds are
formed, such as aromatic compounds, N, or CO,, the reaction can become favorable. Particularly useful are Diels-
Alder retro Diels-Alder sequences.

Pyrones as dienes

0
0 OR
o . rOR Diels-Alder O or _-CO: -HOR ©
| ‘ 7N retro
=

Diels-Alder
retron
The use of pyrones in a Diels-Alder/retro-Diels-Alder sequence gives an original access to benzene rings.
Substituents can be introduced in positions that are usually difficult to functionalize. The first step is a reverse electron
demand Diels-Alder cycloaddition between the pyrone and an enol ether for example. The obtain product undergoes
a retro Diels-Alder at higher temperature under release of CO,. Finally aromatization occurs through elimination of
alcohol.

Pyridazines as dienes

R N
N : i -N R
N Diels-Alder R 2
| + | ‘ —_— A retron
_N retro
R
R

R Diels-Alder

A second possibility for the synthesis of benzene rings is the use of pyridazines as dienes. The presence of the two
heteroatoms makes the molecule more reactive and the Diels-Alder reaction with acetylenes becomes possible,
especially in an intramolecular way. A retro Diels-Alder reaction with release of N, gives then the benzene ring. This
method has been used especially by Dale L. Boger in natural product synthesis.

4.3.1.5 Hetero Diels-Alder reactions
Carbonyls and imines as dienophiles

R R R’
j ‘\X — > X H' X retron
~ LA | H,0 )
Me;SiO R? Me;SiO R? O R

X=0,NR

The introduction of an electrophilic heteroatom such as N or O in the dienophile makes this one more electron-deficient.
The effect on the orbitals is comparable to the introduction of an electron-withdrawing group. Again, the binding of a
Lewis acid to the oxygen or nitrogen accelerate the reaction. The obtained enol ethers can be hydrolyzed to give
pyranones or piperidinones, which are important building blocks for medicinal chemistry or total synthesis.

stepwise process

R1 R’ 1
S LA “NLA 1
X = X/
S
R? :
MesSiof S—" MesSiO R MeSiO R?

In the hetero Diels-Alder reaction, the polarization can become so strong that the reaction becomes stepwise: first a
Mukaiyama aldol reaction, then a hetero-Michael addition. In this case, the diastereoselectivity observed can be
different, as the mechanism is not concerted any more.

N. Cramer, Structure and Reactivity 2024, Lecture Notes page 64



Inverse Electron-Demand Hetero Diels Alder Reactions

R3
2 2
‘{ f| > U U U retrons
R‘1 R1 R'I R1
X =0, NR?

It is also possible to introduce the hetero atom on the diene. In this case, the diene becomes much more electrophilic

and inverse electron-demand Diels-Alder reactions are favored. The obtained product are useful dehydro pyrans and
piperidines.

Nitroso Diels-Alder reaction

-R reduction
Oy e = R”“*@'O“]
/ /
o 0

Nitroso compounds are also good dienophiles. As the obtained N-O bond is easy to reduce, this method allows the
simultaneous introduction of amines and alcohols in organic molecules

Vogel's SO, Diels-Alder reaction

@
OR’ OR' OR! OR'’ 3.0
R R? 2 | R2__J—Nu Ry
7 \o o _.R o _HANu 0 = R_/HS
— ) — = 9 = (H-
~ S< | | i
\ N S\ S\
o S<o OH
R3 | 3 , 3 R'O” “Nu
LA R LA R3 LA R
retro—enej
3
R2 ’/O
R'O
R? R'0” " Nu

The potential of SO, in Diels-Alder reactions was especially studied by Prof. Pierre Vogel at EPFL. The formed Diels-
Alder product contains an electrophilic oxonium, that can react with nucleophiles, in particular silyl enolates. After
protonation, the obtained allylic sulfinic acid is unstable and undergoes a retro ene reaction. High selectivities can be
obtained in this reaction cascade, due to the cyclic transition states. The absolute chemistry can be controled by the
introduction of chiral auxiliary in R' (see lecture).

In additions to the examples presented here, there are naturally many other hetero-Diels Alder reaction that are
possible!
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4.3.1.6 Stereoselectivity in the Diels-Alder reaction

Control of relative stereochemistry

OR! 0 OR! OR' O
1 OR =
OR / O ///' = \\\l
-~ g:/ O - + X — X= P ! H — ) X
R2 |/ X N | Rzl R3
R3 R2 R R3 éz
Exo Attack Endo Attack
1 1
— O // \\\\
- <|-/|I/ - Z + X — X— :  —
RZ X N | R/ H B3
R3 R2 R3 R3 éZ
Exo Attack Endo Attack
0 OR' OR' O
O LR SR ol
7 2 "R
R3/:/ R® X N R? R3 < 3 R3
R2
Exo Attack Endo Attack
1 OR' O
OR OR' 0 O OR! L
- \H’ : - X  — X— /: e " X
VRZ X ~ ’ fj\ @H 153
<R3 ™ R2 R3 R3_IL/ R2 R
R2
Exo Attack Endo Attack

The power of the Diels-Alder cycloaddition is clearly apparent in the analysis of a classical normal electron-demand
Diels-Alder reactions. Due to the concerted transition state, the geometry of the double bonds is transfered to the
chirality of the formed centers (the reaction is stereospecific). The relationship between the groups on the diene and on
the dieneophile is further determined by the endo vs exo transition state. Generally, the endo transition state is
electronic favored (see section 4.3.1.1), but the exo transition state if often sterically more favored. In particular if very
bulky Lewis acids are used, the exo transition state can become favored. Furthermore, lower endo selectivity can be
expected for cis dienophile with bulky R? group (unfavorable steric interactions).

Induction of diastereoselectivity with chiral centers

Rs RM A3 . AL M
\ L \k R R \‘RLO
1 R Q R! o~ T
R = /1 ’/RM R1 ‘\\J\
™ | \ ; H g
R2 R2 :/ 22
Endo Attack

Good stereoinduction can be observed if stereocenters are present on the diene. In this case, the A" interaction is
minimized and the dienophile comes towards RM (medium) and not R" (large). As expected, the selectivity is higher if
the R! substituent is large (stronger A'-3).
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Uses of chiral auxiliaries

A/ Evans auxiliary

R
o O H
- /\)LNJKO ) @ MeAIC gy Yy
s <\N O
Bn
O&o
2 Different models depending of stoichiometry of Lewis Acid:
1 Eq. Me,AICI: no chelate 2 Eqg. Me,AICI: chelate
Me © Me

Me©® Al

Cl—aI Ve 0 Me CI” CI
H \ ©) | ©

R ROZT e 0~ /1" Me

N S g X RTSIK 0 @ —— R"XH o

HO N Y N~ H
N 4\ H
O/\ O N O X*
- \Bn . -
low selectivity high selectivity

- Endo transition state Endo transition state
- Minimize dipole with oxazolidinone B
-L. A. binds % opposite to bulky Bn group - Abstraction of Cl by second L. A. allows chelation
- Dienophile in s-trans conformation - Dienophile in s-cis conformation
- Diene comes opposite to bulky Bn - Diene comes opposite to bulky Bn

The Evans auxiliary is again one of the most successful auxiliaries in the case of the Diels Alder reaction. It is
introduced on the dienophile and best selectivities were observed with two equivalents of Lewis acid. This was
explained by two different transition states in presence of one or two equivalents of Lewis acid. If only one
equivalent of Lewis acid is present, the reaction proceeds via single binding of the carbonyl group. The dipoles are
minimized and the Lewis acid is bound opposite to the bulky Bn group. Because of the Lewis acid, the olefin is in the
s-trans conformation. Finally the diene attacks opposite to Bn. The selectivity is not very good, because the Bn
group is far away from the diene. If two equivalents of Me,AICI are present, the second equivalent can extract a
chloride from the bound Lewis acid. With one more free side, Al is now able to chelate the oxazolidinone. To limit the
interaction with the bulky Bn group, the olefin is now in the s-cis conformation, especially now that the Lewis acid is
bound on the other side of the carbonyl. In this case, the Bn group is much closer to the olefin and the diene attacks
the opposite face with good selectivity. It is important to see that the major product obtained is identical in both
cases, because both the face of attack and the conformation of the olefin have changed! The Evans auxiliary is
easy to introduce and to remove (see chapter 2).

B/ Chiral menthol esters

Ph Me
Me

Ay I | I
Me
. Q ACL 1o 5 7\1//[\ @-R HO N,
Me
R 0

0O
\)J\O‘\‘ “Me

"AICI; H
R

Chiral esters derived from phenyl menthol are also good chiral auxiliaries. In this case, the dienophile is blocked in a
conformation by pi-stacking interaction with the phenyl ring of the auxiliary. The endo attack of the diene minimizing
the interaction with the R group is favored.
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C/ Other Auxiliaries for the dienophile

o Me Me
0 0]
\)J\ Pantolactone Oppolzer Sultam
AN N
(0] Iz X
Me Me //s\\ \[(\
4% o

Many other chiral esters or amides have been also used as chiral auxiliaries. Among them, Pantolactone and
Oppolzer's Sultam (University of Geneva) have been especially successful.

D/ Chiral ethers for the diene

R! H
1 0~ “Ph //\ \H 1 ? Ph
R\~ + SO, — N (;)H 13 — R\CO -
|
A R2 lé/ : S\\O
R? “0-LA R?

The use of chiral auxiliary on the diene has been less often examined. For example, Vogel used chiral ethers as
auxiliaries for the hetero-Diels-Alder reaction with SO,. In this case, A"-? interactions were minimized and the dienophile
attacks opposite to the larger phenyl group.

Special case: the intramolecular Diels-Alder reaction

G DD

The intramolecular Diels-Alder reactions are especially important in the synthesis of natural products, as they give
access to complex carbocyclic structures. For this reason, they have often be used as key steps in particularly elegant
syntheses. An advantage of the intramolecular reaction is the entropy gain, that allow to use even non-activated dienes
and dienophiles. The rigidity induced by the linker can lead to high selectivity, but there is no general model and the
conformation of the molecule has to be studied in a case to case basis.

4.4.2 [3+2] Cycloaddition reactions
Bibliography: Carey-Sundberg, A, Ch. 10.3, p. 873-888; B, Ch. 6.2, p. 526-538. Briickner, Ch. 15.5, p. 674-691.

4.3.2.1 1,3-Dipoles

Important 1,3-dipoles

@ 3 .® |I?G-) o)
R \NE?N . R/C\N(?\N. 760 o NﬁR/R 2§—§)Z—R
Azide Diazo Ozone Nitrone Nitrile Oxide
e Ro0Y R
Rﬁ)/N YR Y \\r
R R R R
azomethine ylide carbonyl ylide
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General Mechanism

Polar intermediates Orbitals
A: nucleophilic dipole, electron-poor olefin
@ ® B A T 8_8

//

@ (:/Y\ /Y\ \\ e ’

Z.
— > Xz _, X Z
1/ C_J | . N N
— g y
B: electrophilic dipole, elctron-rich olefin, \ + 8—8

6 electrons in transition state
aromatic

@

Most [3+2] cycloadditions involve the reaction of 4 A: nucleophilic dipole, electron-poor olefin
electrons in the dipole, and 2 electrons in the olefin. . i

It is similar to a Diels-Alder in which one double HOMO dipole, LUMO olefin

bond has been replaced by a lone pair. Again, the

role of nucleophile and electrophile is dependent of

the atoms and substituents, and the reaction can be @

{ ( | B: electrophilic dipole, elctron-rich olefin,
described using polar models or orbitals.

LUMO dipole, HOMO olefin

Supra cycloaddition
Synthetic Applications

A/ Ozonolysis

® S
_Q. JoR loX O\v Jo)
oP0° 19707 9% 90 . o) — 9]
) \—5 W/ \ \
primary ozonide secondary ozonide
Reductive work up
@. Me
Me, . Me - @ ©0
\S.'AO[E)7 — \g)—o o - . S-0: Y Aldehydes — > =0+ O=
S U /e \)_2 Mé =o —
Me (0] Me 0

Oxidative work up

7 /G\ H o) O\ . HO OH
XKQ - OQ du — N 0 (g/ -HT; ) C?H Acids | __ __\_g, 0~/
(~O—O ©0- 0 H” \Oj \ HO

\H H

The ozonolysis is one of the classical reactions of organic chemistry. The mechanism is fascinating and involves
two [3+2] cycloadditions. Ozone is electron-poor, due to the electronegativity of the three oxygens and reacts
faster with electron-rich olefins. The formed primary ozonide is unstable and undergoes a retro [3+2] cycloaddition
to form a carbonyl oxide and an aldehyde, which then recombine to form the secondary ozonide. Under reductive
conditions (Me,S, NaBH,, PPh3) the aldehydes are obtained, and under oxidative conditions (H,0O,) the acids.
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B/ Azide-Alkyne cycloaddition (Huisgen cycloaddition)

A ,R
high T N=N-N:© N,,N\N,R'
R— + R—N3; —— ® _— :_/ Triazole
R—= R

Sharpless: At room temperature with Cu catalyst = example of Click Chemistry

Click chemistry: ideally: easy atom-economical reaction, without waste generation, with high tolerance towards
impurities and functional groups, at room temperature under physiological conditions (water, air neutral pH).

Very interesting properties the Cu-catalyzed cycloaddition of azides and acetylenes: it can be performed in the
presence of virtually any other functional groups and azides, and to a lesser extent acetylenes, are absent in

biomolecules: this reaction is ideally suited for the synthesis of bioconjugates. In contrast to ozone, azides are stable
compounds at room temperature. The cycloaddition is slow, but can be accelerated with Cu catalysts.

—_F

F Reacts at room temperature
RO,C” O

Carolyn Bertozzi in Berkeley introduced strained cyclooctyne as substrates. Due to the ring strain, the cycloaddition
takes place at room temperature even without catalyst. This allowed the functionalization of substrates in living cells
without the use of toxic Cu catalysts.

C/ Nitrile oxides: Aldol equivalents

.OH
0 NH,OH-HClI N ‘BuOCI ®
R)LH 2= )\ — —> R—=N-OH
R H
R H‘"OJBU l +
IS -H
0 N R—ZN-0"
T R & S
then H,O i
aldol Oxazoline nitrile oxide

Nitrile oxides are very reactive 1,3 dipoles, which need to be prepared in situ via the oxidation of oximes with tert-butyl

hypochlorite. The resulting deep blue nitrile oxides react already at low temperature with olefins to form oxazoline

heterocycles. The week N-O bond can be reduced, for example with Molybdenum hexacarbonyl to form the
corresponding aldol products after hydrolysis. The cycloaddition of nitrile oxides with olefins can consequently be
considered as a synthetic aldol equivalent, which gives the aldol product as a protected oxazoline.

D/ Azomethine Ylides: pyrrolidines.

. RN R N
R1JLH + R2HN\)J\X — R1\¢g\)kx base T\/@) jo X - X
EWG_ EWG

pyrrolidine
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pyrrolidine

Azomethines ylides are prepared by the condensation of an aldehyde with a secondary alpha amino carbonyl, followed
by deprotonation. They react best with electron poor olefins with good regioselectivity. If a primary alpha carbonyl group
is used, further activation with a Lewis acid catalyst is required, which allows also for the use of chiral catalysts (see

lecture catalytic asymmetric reactions in organic synthesis). The obtained pyrrolidines are important building blocks for
the synthesis of natural products and drugs.

E/ Carbonyl ylides

e . metal carbene complex
N N N
\ I\l MX cat. N® -N, Mm@ M: © M
NO <= No Y ~— b~ -
R1JLR2 RIAIR2 R17R2 R'” "R? RVo'R? R’ ®>R2 R'R?
S)
0
N e

Tetrahydrofuran carbonyl ylide

In analogy to azomethine ylides, the reaction of carbonyl ylides with olefins gives tetrahydrofuran rings. However,
carbonyl ylides are much less stable and more difficult to synthesize. A good method is the reaction of metal-bound
carbenes (generated from the corresponding diazo compounds) with carbonyls. With the adequate metal (for example
rhodium) the formed electrophilic carbene can then reacts with the oxygen of the carbonyls to form the ylide. This
reaction works best intramolecularly.

F/ Corey-Winter reaction: retro-cycloaddition

S . ®
)J\ y— +P(OMe); _P(OMe) S(OM
o~ AN S S 7/ (O 9)3
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R" R — —
R1 R2 R'l R2 R1 R2
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® @
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- 7 R 5
" PlOMe); ™ €O o)\kqe "Rl R =70
"Dipole" R! R2

The Corey-Winter reaction is a method for the transformation of diols into olefins. In the first step, a thiocarbonate is
formed through the reaction with thiocarbonyldiimidazole. The thiocarbonate is then reduced by a phosphite to give a
carbene intermediate, which usually reacts with the phosphite to form a ylide. At this point, a formal retro [3+2] cyclo
addition takes place to give the olefin and a CO,-phosphite adduct, which decomposes to give the phosphite and carbon
dioxide, driving the reaction forwards.
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4.4.3 Other Cycloadditions

Bibliography: Carey-Sundberg, B, Ch. 10.2, p. 903-956. (carbenes). Evans, lecture 9, 9B, 12B, 33-35. Briickner, Ch.
3.3.1-3.3.2, p. 109-118. Carreira, Ch. 15, p.483-515.

4.4.3.1 Cheletropic reactions
Definition: cheletropic cycloaddition: Cycloaddition in which one of the partner reacts with a single atom.

A/ Cyclopropanation

Radical and Polar Intermediates Orbitals

R! R2 1 2 2 P \

N/ R. R R ,,’8 |

2 — | & R . — 53

- - R2

1 2 ______ ! ¢ '_ _——— - - - o N = - - -
R R R1 © R2 R1 R2 R1 \\\

\3 — | — X sp’ \

fe— @ ‘\\

1 2 1 2 R! R2
Y 5, ¥

:.\' L R? OK Not possible

The cycloaddition of carbenes and double bonds can be described easily using biradicals or polarized intermediates.
The use or orbitals in this case is more difficult, as a direct linear approach is "forbidden" because of the orbital
symmetry. A side-on approach followed by rotation can explain a concerted process, however.

Classical Sigma Bonds

Walsh Orbitals

The use of classical sigma bonds is often not enough to describe the properties of cyclopropanes, as in fact differences
in energy are observed between the electrons. A better model is the Walsh model, which can be obtained by the
combination of three carbene fragments to form the cyclopropane.

N. Cramer, Structure and Reactivity 2024, Lecture Notes page 72



Synthetically important cyclopropanation reactions

A.1/ Dichlorocarbenes

NaOH Cl Cl Cl Cl
CHCl4 %OO» <\_4) . K

-2

- NaCl T

Dichlorocarbenes are easily synthesized in situ from chloroform in presence of a base (Often NaOH under phase
transfer conditions). They react easily with double bonds to form dichlorocyclopropanes.

A.2/ Corey-Chaykovsky cyclopropanation

0 o 0
© (0] ( @ U I
(0] —-S SES) - (0]
SR U R =
T : 1 2
Me |\|/|eMe DMSO Me R1 = R2 R R

sulfoxonium sulfoxonium ylide

The Corey-Chaykovsky cyclopropanation reaction is not a concerted cycloaddition, but a stepwise process. The first
step is the nucleophilic addition of a sulfoxonium ylide onto an electron-defficient olefin. In the second step, an
intramolecular 3-exo-tet substitution reaction gives the cyclopropane upon release of dimethylsulfoxide.

Corey-Chaykovsky epoxidation

o

S Me {

Me y | /—\ Me® ,~.© - 0

® 4 NaH 98 RV\)]\Rz 87\ 0 Me” > Me

Me”"Me > Me ' Me Q( 1 2
DMSO RN R2 R R

sulfonium sulfonium ylide

When more reactive sulfonium ylides are used, the reaction becomes faster and charge-controlled, and the 1,2- addition
is favored. Intramolecular attack of the oxygen with release of dimethyl sulfide than gives the epoxide as product.

A.3/ Simmons-Smith Cyclopropanation
original method

. R? .
— Zn-Cu L Zn-Cu ﬁ
R' R?  CHyl, 7N\, { CH;ly 1
R'" R R R R
V4 cis E trans
Et.
ZI\T—Il
CHuly + Zn-Cu ——  EtZnCH,l —— CH, | — A
Y - R" R?
R R b )
e R R
Furukawa Modification
R3
carbenoid generation:
Et,Zn - Etl
17 %2 S~ CH,l, + EtyZn —— EtZnCH,l
R R R°CHlI, R 2

The Simmons-Smith cyclopropanation is a very general cyclopropanation method based on Zinc carbenoids. In the
original procedure, the carbenoid is formed by insertion of Zn in the C-l bond of diiodomethane. The reactive
intermediate than reacts with the double bond in a concerted transition state to form the cyclopropane. The reaction is
stereospecific (Z olefins give cis products, and E olefins give trans products) and the formed carbenoid is electrophilic,
so that electron-rich double bonds react faster. In the more convenient Furukawa modification, the reactive carbenoid is
generated from diethylzinc via Zn-iodine exchange. This more practical protocol is also more general in respect of the
diiodide and is more often used in synthesis.
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Directed Simmons-Smith cyclopropanation

,Z\n-ll
O CH
EtZn_ 2 HOIH 1
H K s HO R2 [N R\l/q
2 R2
g CHyly o
H / 1 OH R?
\ H R
A3 minimized O O
H MesN }§—N|vle2
HO A H EtpZn
\)\/ HO chiral reagent: o. O
CHl, B
R chiral reagent R? Bu

Like epoxidation reactions, the Simmons-Smith cyclopropanation can be directed by an alcohol group. In the transition
state, the Zn is bound to the oxygen (other structure involving several Zn and Et groups have also been proposed). The
minimization of steric strains, such as A"2 interactions, can lead to good stereoselectivity. For achiral substrates, chiral
boron reagents derived from tartaric acid have been developped (Charette reagents), but they have to be used in
stoichiometric amounts.

A.4/ Metal-catalyzed cyclopropanation with diazo compounds
Stepwise

COzEt

'ML

[>—co,Et My

>—CO,Et + ML,

” ML, Synchronous

N @
ﬁCOzEt N \‘/002Et
ML, \/ ML, CO,Et _CO,Et Reductive Elimination
ML

M = Rh(ll), Cu(l), Ru, Co, Pd, ... n
Dual Activation

The metal-catalyzed cyclopropanation of olefins using diazo compounds is one of the most versatile methods for the
synthesis of cyclopropanes. Two important catalysts are Rhy(OAc), and CuOTf. The reaction proceeds first via
formation of the metal-carbene intermediate (see also chapter 4.4.2 on [3+2] cycloadditions), followed by
cyclopropanation of the olefins. The cyclopropanation step can proceed either via a metalacyclobutane intermediate a
(metathesis-like mechanism) followed by a reductive elimination, or via a stepwise or synchronous carbenoid
mechanism. The reaction can be made asymmetric by the introduction of chiral ligands.

Preparation of diazo compounds

© ©
NoN®  coLet Nonl? o
commercially available: X2 N SiMeg
ethyl diazoacetate trimethyl silyl diazomethane
0 0 ©
N\ N. @ NH

Siy-Nsy  NaOH s KOH
N“so  Nao N\\I/H KM o, N
N N~ N" S0
Me e H H

diazomethane
Diazald MNNG
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Regitz Diazotransfer

O O O O
M base M )% /\\/,\R . XJﬁGyJ\Y - XJKH)LY
H | N
( o) ‘\,,\N H N® Db
Ns @ W ‘N NO
IN_ _S. Sh
No R SO,R

A disadvantage of the metal-catalyzed cyclopropanation of olefins using diazo compounds is the required preparation of
the substrates. Only few diazo compounds are commercially available, for example ethyl diazoacetate or trimethylsilyl
diazomethane. The simplest diazo compound, diazomethane is highly explosive and has to be prepared immediately
before use from the commercially available Diazald (N-methyl-N-nitroso-p-toluenesulfonamide ) or MNNG (N-methyl-N'-
nitro-N-nitrosoguanidine). For the diazo compounds derived from 1,3 dicarbonyl, the Regitz method starting from
sulfonyl azide is used.

Summary of the reactivity of metal-bound carbenes

R2
2 3
R
] R3 NU R1 ’
R T Nu R!

At this point, it is good to summarize the different reactivity possible with metal-bound carbenes. We have already seen
1,2 shift (1), cyclopropanation (2) and addition to nucleophile to form ylides (3, beside carbonyls, imines or sulfur
nucleophiles are also possible). Further possible reactions are: dimerization (4), usually an undesired side reaction of
cyclopropanation that can be avoided by very slow (syringe pump) addition of the diazo compound; insertion into C-H or
X-H bonds (5), a very useful reaction for the direct functionalization of organic compounds; and passive role as
spectator ligand (6), in particular in case of N-heterocyclic carbenes, which have becomes very important ligands in
catalysis. Many factors are responsible for the chemioselectivity of the reaction (metal, ligand on the metal, structure of

the substrate and carbene). The influence of the carbenoid structure on the ratio
cyclopropanation/insertion/dimerization is given below.
N2 N2 N2
X X X X
Ny oY Y
0] O O o

Acceptor carbenoid
Fast dimerization
Tendence towards cyclopropanation

Acceptor-acceptor carbenoid
dimerization
Tendence towards cyclopropanation

N. Cramer, Structure and Reactivity 2024, Lecture Notes page 75

Donor-acceptor carbenoid
Slow dimerization
Tendence towards insertion




B/ Epoxidations

B.1/ Directed epoxidation with m-CPBA

m-CPBA cl Cl
T
OH directs m-CPBA
Hool O o
H o O-H o o)
R ~__H BH3 - “WH HOH oH R 0
S e e Vo S
HO H R, R; H\/ OH R,
\ H Ry

A" minimized

The directed epoxidation of allylic alcohols using peroxides has already been seen in previous lectures and is only
shortly repeated here.

B.2/ Catalytic epoxidation via metal-peroxo complexes

ML,
NaOCl

o

M = Mn, Fe, Ru, Ti, Mo, Pt, ...

The epoxidation of allylic alcohols via metal peroxo
intermediates is an important method that has been
already seen in previous lectures. Important metals are
vanadium and titanium and the most important variation is
R the asymmetric Sharpless epoxidation.

Stepwise

2 ./\?

*ML,,
i
o : e} + ML,
MLn Synchronous
Reductive Elimination
135 9

ML, ML,

Dual Activation

The mechanism for the epoxidation via metal oxo complex is very similar to the cyclopropanation via metal-carbenes.
However, the most often used methods with light metals tends to favor a biradical pathway instead of a
metalcyclobutane one. Asymmetric induction can be achieved with chiral ligands. The most important method is the
Jacobsen epoxidation using Mn and salen ligands (see lecture catalytic asymmetric reactions in organic synthesis).
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C/ 4+1 cheletropic reactions with SO, [4+1]

R
DY g W —
\\O - | S\\ S~
heat /0

R? R? 0
ﬁg +- o=
s o

antara 8%8

The [4+1] cheletropic reaction of SO, with diene is an easy reaction from the point of view of orbitals (antara reaction of
SO, HOMO with LUMO diene). The retro-cycloaddition becomes favorable at high temperature, as it is entropically
driven by the formation of the gas SO,. For this reason, the reaction has been often used as a protecting group for
sensitive dienes, which can then be used in situ in other cycloaddition reactions, for example Diels-Alder cycloadditions.

4.4.3.2 Other cycloadditions

The cycloadditions which have been presented are the most frequently used in organic synthesis. Obviously, other
combination are also possible, such as [4+3], [3+1], [4+4],.... The same principles can be used to analyse these
reactions.
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5. Radical Methods and Photochemistry
5.1 Principles of radical reactions: initiation, propagation, termination
Bibliography: Carey-Sundberg, A, Ch. 11, p. 965-1073; B, Ch. 10.3, p. 956-992. Brlickner, Ch. 1, p. 1-53.

N,

P Termination
Propagation

A/ Reduction using radical reactions.

The classical steps of radical reactions are initiation, propagation
and termination. In the initation step, a first radical is generated,
which usually reacts with the substrate S to generate a second
radical R. R then reacts to generate the product and again a
propagating radical (propagation step). In the termination step, the
radical are quenched, often via dimerization reactions.

R—I BU3SH|

Me M

Me

N N7/~CN >80 °C Me)\ Bu;SnH BUASn R R-R

= _ 2 ° 3 . . —_— —_

NG 74 - Nz NC™ "Me . iH
Me e
Me

NC”™ Me

AIBN R—H BusSnH
Initiation Propagation Termination

The reduction of iodides is a classical example of radical reaction. The initiation is done using the thermal lability of
AIBN (Azoisobutyronitrile), which decomposes upon heating to give nitrogen gas and two isobutyronitrile radicals. The
formed radical makes a H-abstraction from the very week Sn-H bond (BDE: 74 Kcal/mol) of tributyl tin hydride. The
formed stannyl radical can then abstract the iodane atom from the alkyl iodide to give the alkyl radical, which then
reacts with tributyl tin hydride to form the reduced product and regenerate the stannyl radical (propagation). Due to the
weakness of the Sn-H bond, this process is much faster than any radical termination. Due to the very weak Sn-H bond,
tin hydrides are among the best reagents for radical reductions, which is unfortunate, as they are very toxic and difficult

to separate from the product.

Modifications:
O'Bu

Initiation N=N" _heat 2 -0OBu Ditertbutyl hyponitrite
tBuO” or hv
- N2
O o] o )
)J\ )J\ heat 5 )k Benzoyl peroxide
Ph™ O-O" Ph orhv Ph o -
Bu3zSn—SnBu; $ 2 BujzSn. Hexabutylditin
<23°C Et_
BEt; + -:O-0+ ——— . B-00- + Et borane/oxygen
t
Reductant ;
SiMes Me, M R.- Me:’,—v—\_
Me;Si—Si—H Me—B---O — Me—B---O° ——> Me- + Me,B—OH
I Me \ -RH M. \
SiMej € H e H

Tris(trimethylsilyl)silane
BDE 79 Kcal/mol
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Substrates
Deoxygenation of alcohols: Barton-McCombie reaction

—
BusSn ﬁ BugSn—g
_Me . R3
R3 OH 1) NaH R O™ s R3 od\s/'\/‘e e BuzSnH
_— ] ) —_— 2 R1 R2 —_—
R1 R2 2) CSz, Mel R Th t R1 R2 BU3SI’]\S - BU3Sn .
xanthate -
Me
e
Decarboxylation of acids: Barton decarboxylation reaction
o ¢ o 7~
Q 1) SOCI, 1 | uol-co BusSnH
)i O SN L. Ny poamy
R1 OH 2) Na+o\_ R (@] S = - BUSSn *
N \ BU3SH(—\ Bu3Sn/ N <o
Sﬂ thiohydroxamate ester ) S
Bu3Sn/

Several variations from the first reaction have been developed:

Initiation: Other initiation methods have been developed. Light can be used instead of heating also with AIBN. Other
compounds with weak bounds can also be used for initiation, such as tert-butyl hyponitrite, dibenzoyl peroxide or
hexamethylditin. Another method makes use of the exceptional reactivity of BEt; with oxygen: traces of air at room
temperature are already enough to generate alkyl radicals. Different types of radicals are generated with each initiation
reagent, leading to different reactivity profiles.

Reductant: Tributyltin hydride is very toxic and substitutes have been examined. One of the most successful one is
Tris(trimethylsilyl)silane, but it is more expensive and not as general. Recently, John L. Wood introduced borane-water
adduct as reductant: through the binding of BMej to water, the O-H bond is weakened a lot (from 116 Kcal/mol to 86
Kcal/mol) making it a useful reducing agent.

Substrates: Particularly useful are the methods develop by Barton for the deoxygenation of alcohols and the
decarboxylation of acids, as these groups are frequent in organic chemistry. The activation of the alcohols proceed via
the formation of the xanthate. Addition of the tributyl tin radical is very easy on xanthate, and the alkyl radical for
propagation is liberated upon fragmentation of the formed adduct. For the decarboxylation, a thiohydroxamate ester is
first formed. Again, the method makes use of the easy addition of the tributyl tin radical onto the C-S double bond.
Fragmentation under formation of carbon dioxide and the thiopyridine gives the alkyl radical.

B/ Addition of radicals to double bonds

HBr initiation

iti ropagation
Br (-\Z\R —>Add|t|0n —»p pag Br\)\R + Br-

Br\/\R

0 NPk
also possible for: CBr4, CBrCls, )]\ Br\)\/'\ . polymerization
R

but not for: HF, HCI, HI! R H

The radical addition of HBr onto olefin is another classical reaction. After initiation with light or a chemical initiator, the
formed bromine radical adds to the double bond to give the more stable secondary radical. This radical makes an H
abstraction to reform the bromine radical and the addition product. The obtained regiochemistry (anti-Markovnikov) is
reversed when compared to the ionic addition of HBr. For the reaction to work, each step has to be favored, which is
the case only for few molecules, such as halogeno methanes derivatives and more synthetically interesting aldehydes
(BDE (CH) = 88 Kcal/mol). For these reasons, the reaction doesn't work with HF, HCI and HI (The H-F bond is two
strong, the H-abstraction cannot take place. For HCI, the abstraction is still very slow, and polymerization of the olefin
is faster. For HI, the iodine radical is too stable and doesn't add to the olefin.) Polymerization is often a competing
process, which is undesired in organic chemistry, but very useful in polymers science.

N. Cramer, Structure and Reactivity 2024, Lecture Notes page 79



C/ Functionalization of aliphatic C-H bonds

)
N_py Jnitiation N-—~ H-R 2pstraction NYBr = R propagation o g N -
ONBS )
or Bry or Br-
Autooxidation
y_g Jnitation o o oxidation . - J 4R Ppropagation ,o—o’R ‘R
H

Radical reactions are one of the best way to functionalize directly C-H bonds. Key for success is the use of weak C-H
bonds, for which the H abstraction step is possible. The synthetically most important cases are allylic, benzylic C-H
bonds and C-H bonds alpha to heteroatoms. A special case is the so-called autoxidation reaction, in which the radical
reacts with triplet oxygen to form a peroxide. This can take place spontaneously if weak C-H bonds are present and
explain why many organic molecules are sensitive to oxygen. Particularly hazardous is the formation of peroxides on
small molecules, as these compounds are explosive. Well known cases in the organic laboratory are diethyl ether and
THF, which are usually kept on stabilisators.

Synthetically useful intramolecular cases:

C.1/ Hofmann-Lo6ffler-Freytag reaction
@)

) R1\/\/\ﬁ/R2

N~=Cl cl) H

NCS ® R1 R1
R? _R2 0 R! _R? initiation { abstraction
\/\/\N - = \/\/\N\ b %@ H ®

H + c’ H N N

2)H 12 102
propagation
L) R1
base R ®,R2
R1 N - @ + \/\/\°N\H
2 AN
R HH R2

The Hofmann-Loéffler-Freytag reaction starts with the chlorination of an amine. The formed N-CI bond is further
labilized by protonation. Initiation with light or a chemical initiator gives a cationic nitrogen radical, which makes a 1,5
intramolecular radical abstraction. As the reaction is intramolecular, even relatively strong C-H bonds can be cleaved.
The formed alkyl radical then reacts intermolecularly to abstract a chlorine atome. After treatment with base, an
intramolecular substitution reaction takes place to form the pyrrolidine product, an important heterocycle in natural
products and drugs.

C.2/ Barton Nitrite Ester Reaction

o . -NO R1%NO
I .
R1\/\/\ NOCI R1\/\/\ _N hv \(Kj abstraction \/j
OH "hase o O QQ H.
nitrite ester -0 ]

l Recombination

R1 . i R1
WOH tautomerization Yj
oNo

|
H
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The Barton method is also an intramolecular radical reaction, but not a chain reaction. In the first step, a nitrite ester is
synthesized from an alcohol. The weak NO bond is then cleaved under irradiation and the oxygen radical then abstract a
hydrogen in 1,5 position. The formed alkyl radical recombines with the NO radical to form a nitroso compounds, which
then tautomerizes to the more stable oxime form. The method allows the oxidation of otherwise totally inert C-H bonds,
especially in rigid substrates, such as steroids.

5.2 Radical-based cyclization and cascade reactions
cascade = succession of several different reactions in a single process

A/ Addition reduction

BU3an
initiation R—I Additi ;. ropagation
BU3an _ > Bu3Sn- R- iaon R\/\EWG % R\/LEWG + BU3Sn'
O EWG reduction

EWG = COX, CN.

The addition of alkyl radical to double bond followed by reduction with a hydride source is a useful reaction for the
formation of C-C bonds. For the reaction to be efficient, it is necessary that the reduction of the first formed radical R is
slower than its addition to the double bond. This is usually achieve by using double bonds activated by electron-
withdrawing groups.

B/ Allylation
initiation BusSn- R—I R. Addition R\/'%'SnBug, propagation

. K R\/\ + BU3SH'
/\/SnBu3 elimination

The use of allylstannane allows the allylation of alkyl iodide under radical conditions.

C/ Carboazidation

(A Br O o o, O N
Addition . oN3
X)J\' - X)K/\R2 XJJ\/\RZ+ PhSOz'

ZOR2

BusSn—SnBus initiation BusSn-

Bu3Sn—SnBus | propagation

BusSn. + Bu3zSn—SO,Ph

The carboazidation reaction was developed by Philippe Renaud (University of Bern, Chem. Eur. J. 2004, 10, 3106).
The reaction starts with the addition of a radical to an olefin, followed by the azide transfer from a sulfonyl azide.
The formed sulfonyl radical can then react with hexamethylditin to regenerate the tributyl tin radical. For the reaction
to work, is it necessary to use an alkyl radical substitued with an electron-withdrawing group, to slow done the
unwanted direct azidation reaction. The reaction also work with iodide and bromide, but the alkyl iodide is first
formed as the product, which then reacts again with the tributyl tin radical to form a new radical which is then
azidated. The obtained azides are easily reduced to the amines for the synthesis of natural products and bioactive
compounds.

D/ Radical Cyclization
atom-transfer

E, = 10.3 Keal/mol

X
§-endo-trig @ T BuszSn: + ( reductive cyclization
: BU3an
(M X initiation ({1 . v H
= (M ( (
\ P @ + atom-transfer
/ /
5-exo-trig X
E, = 6.6 Kcal/mol T~ Busn. ¢+
Bu~SnH Us=n reductive cyclization
kr=24x10°s 3
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Transition states Other Activation Energies Substituent effects

6-exo: E, = 9.1 Kcal/mol . 5-exo: 9.1 Kcal/mol

[ 7 [ =7 7-endo: E, = 10.8 Kcal/mol 6-endo: 8.4 Kcal/mol
5- exo 6- endo 7-exo: E, = 15.0 Kcal/mol Me

8-endo: E, = 13.0 Kcal/mol . 5-exo: 6.5 Kcal/mol

C\Me 6-endo: 9.8 Kcal/mol

The high reactivity of radicals makes their intramolecular reaction on olefins a very fast and efficient reaction at room
temperature. Radical methods are consequently often used in synthesis for cyclization reactions. If no reductant is

present, the product is usually resulting from atom transfer. In presence of tributyltin hydride, the reduced product is
obtained.

In accordance to the Baldwin rules, the 5-exo-trig reaction is stereoelectronically favored compared to the 6-endo-trig.
For the unsubstituted system, this results in 3.7 Kcal/mol difference . The transition state is a chair for both the exo and
endo cyclization. With increasing ring size, the exo process becomes less favorable. In addition to the stereoelectronic

component, steric effects are important. In particular, if the 5 position is substituted, the endo process can becomes
favorable.

Small rings: the fragmentation reaction is favored:

N .
\37\ — N E, =7 Kcal/mol kg =9.4x10"s™

In the case of small rings, in particular cyclopropanes, the fragmentation reaction becomes favored. As the kinetics of
radical cyclization and fragmentation reactions has been studied in details, this reactions can be used as radical
clocks to estimate the rate of other processes, and also as an indication of the existence of radical intermediates.

Special radical generation methods:

- Oxidation of enolates and enamines

X
xR M** R
- . + IV|+(x+1) N R
= =
X =07, NR, X =0, *NR, .

Another useful way to generate a radical for cyclization or other reactions is the one electron oxidation of electron-rich
system, for example enolates, enamines or phenols. Often used metals are Mn"", Fe' and Ce'.

- Sml,: Reductive formation of radicals

o . i
sml, oSm™l, osm'', smi'l, osm', H* OH
R ’ R R R R
: Sm''ll, H

Samarium iodide is an exceptional reagent for the one electron reduction of carbonyls to form the corresponding ketyl
radical anions. Cyclization gives then an alkyl radical, that can be further reduced to the anion using a second
equivalent of samarium iodide. Finally, quenching the reaction with an acid gives the protonated product. Samarium

iodide is a very special reagent, as it allows to combine the reactivity of radicals and anions in a single cascade of
events.
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5.3 Photochemistry in Organic Synthesis
Bibliography: Carey-Sundberg, A, Ch. 12, p. 1073-1155. B, Ch. 6.3.2, p. 544-552. Evans, Lectures 36, 36A.

A/ General considerations

sigma bonds

S o -
R1

- ----- R2
lhv
X-Y XY Xe Y
R1
bond order: 1 bond order: 0 bond order: 0 >; IN,
sigma bond radical pair two isolated radicals R2

The simplest way to understand the effect of irradiation on organic molecules is the excitation from an electron from a
binding (or lone pair) to a non-binding orbital. In the case of sigma bonds, it is a difficult process, as the energy gap is
usually large. The reaction is limited to particularly weak bond (Br-Br, Sn-Sn,... see alsor chapter on radical reactions)
and the special case of diazo compounds to form carbenes. Through the electron transfer, the bond is lost and a
radical pair is formed, which can either recombines or completely dissociates to give two free radicals.

pi-bonds

58— 8+

. 33 4+

-
|
T

o ®
bond order: 2 bond order: 1 bond order: 1 bond order: 1
olefin: pi-bond (S0) singlet biradical (S1) singlet biradical (S1) triplet biradical (T1)
H © H H
H, H N . H, .
5 l_< -l_<® ’, <.
m \\ \\
: : He H Hy o h
1,2 shift u
I:iH
carbene /—<
H H

The reaction is easier with pi-bonds of olefins and carbonyls, as the energy gap is smaller. In this case, a biradical is
obtained, first as a singlet system. Calculation have shown that the singlet state is not planar anymore and the most
stable structure has a SP® geometry at one center and a SP? geometry at the second one. It is possible to consider
consequently this intermediate as beeing zwitterionic. Furthermore, 1,2 H-shift is easy to give the corresponding
carbene intermediate. Through inter system crossing (ISC), the triplet radical can be reached. The most stable
structure is now two SP? centers, with a 90° angle between them, which is corresponding to a true biradical. The exact
physical laws and kinetics behind these processes are complex and are seen in physical chemistry lectures.
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B/ Isomerization of double bonds

R? hv R hv MeOH H o
~ /-d = /= -~ — — * "OMe
R R R'" R? ® l

more stable lower absorption
maxima OMe
thermodynamic product irradiation product
at low wavelength at high wavelength

H

As a biradical is formed during the irradiation of olefins, rotation around the sigma bond becomes possible and
isomerization can occur. The thermodynamically more stable product is the trans olefin, and it is obtained with low
wavelength (high energy irradiation). Interestingly, cis olefins have lower absorption maxima for irradiation. By choosing
a wawelength that is low enough to excite the trans-double bond, but not the cis, it becomes possible to obtain the cis
as the major product! Irradiation allows also to reach high-energy intermediates that are unstable, such as trans-
cyclohexene. The high reactivity of this olefin makes protonation easy, even with methanol, and the addition product can
be obtained without the use of acid catalysts.

R2 hv,
N=N - N=N In the case of azo compounds, such as azobenzene, the geometry
R -~ R R2 can be controlled by the used wavelength. Furthermore, the
hv, or heat isomerization is easier and can proceed also under thermal
conditions to give the more stable trans product. This reaction is
azobenzene: R' = R2=Ph highly useful for "molecular switches" in nanochemistry.

C/ Electrocyclization

cyclohexatriene
cyclobutadiene

— disrotatory
= ]
i

++ T |+

Through irradiation, the LUMO becomes a SOMO
(Single Occupied Molecul Orbital). The symmetry of the
highest lying occupied orbital is still key for the direction

W ERERQ

-

K
t% 3
| TrrrdyEsfedy

of rotation. As a higher lying orbital is now occupied, the X conrotatory
symmetry is inversed and 4n electrons reactions are - ',
know disrotatory, and 4n+2 are conrotatory: irradition =

allows to inverse the selectivity observed for thermal

reactions!
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D/ Cycloaddition
D.1/ [2+2] cycloaddition :6

5 — — 88 8 4— B8
o — g+ +5
H+ + 8 8t

As for electrocyclization, the excitation of electrons J{% E
into non-bonding orbitals changes the symmetry 9] —_— e E@ 1SC .

situation: the antara [2+2] cycloaddition becomes :l

now possible, after excitation and inter system g

crossing. The reaction is best described as

proceeding via a biradicaloid intermediate, which

then recombines to form the cyclobutane. The photo- 9] + + [e
induced [2+2] cycloaddition is one of the most

important methods for the synthesis of cyclobutanes. |:|

D.2/ Cycloaddition on benzene

R

R—Z\ The excitation of benzene leads to structurally
T’» < ' fascinating products via intramolecular addition of
© SO @ -— <]i> - b radicals on double bonds, followed by radical
recombination. All these intermediates are very
reactive and short-lived, but they can be intercepted
R l by cycloaddition. The major product is usually the one
resulting from a meta cycloaddition on the biradical
R intermediate. The reaction is concerted enough to
conserve the stereochemichal information of the
double bond.

E/ Reactions involving carbonyls

w §8 — « g8 I » g8 I

hv ISC
Nno &X— — No XD— —> DN XD—
= 33 - 83 4 - 83 4
=0 (is'c')ﬁ)+ ('48208)+
g0 g T

The photo-excitation of carbonyls is usually slightly different from olefins, as the easiest transition is usually from n to
n*, instead of = to n*. The biradical obtained is now more difficult to describe with Lewis structures, but has definitively a
strong radical character on oxygen. The situation becomes more complex when the carbonyl is conjugated to olefins or
aromatic systems. In this case, the = to n* transition can become favorable again.

E.1/ Norrish type | (alpha cleavage)

g
R1J\ — g —= R+ AL

R? R?

One of the most often follow up reactions of excited ketones is alpha cleavage (Norrish type | reaction)
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E.2/ Norrish type II: H abstraction

5 R3F \'p" He
L, = A, —r L
R "R2 R1” "R2 R "R2

1 .. R' . . R H._.. H.
R H.O. hy \'j-‘p. . O: R‘1 (e} R1 0
m ¢ - . ] A, — m e
R2 R? R? R? Me~ "R?

The second typical reaction of activated ketones is H abstraction by the radical on oxygen. The reaction can either
proceed intermolecularly (often with the solvent) or intramolecularly via 1,5 abstraction. In this case, the formed radical
fragments to the corresponding olefin and enol. The latter then tautomerizes to the ketone.

E.3/ [2+2] cycloaddition: Paterno-Biichi

R? RS
= , ,
o) ‘A R R
Jk hv (? Hljjo k1 Hs O
RIVOH Ny T T RAALH T RZL =H
HOR HoOR
1= - via & ko |[ko
For R" = alkyl: via singlet, k; >k,
L R3 R3
1= .
For R" = aryl: via triplet, ky < ks H\—0 k3 -0
H |-H ’ . LH
R? R! R2 R

The Paterno-Bichi reaction is the [2+2] cycloaddition of olefins with ketones under irradiation. The reaction starts with
activation of the ketone, followed by addition of the oxygen radical to the olefin. The regioselectivity of the reaction is
controlled by the stability of the formed radical (R? better stabilizing group than R3). In case of aliphatic aldehyde (R' =
alkyl), the singlet state biradical reacts directly to form the product. There is no time for bond rotation and the
stereoinformation of the double bond is kept in the product (Z double bonds give cis products, E double bonds give
trans products). In the case of aromatic aldehydes (R' = aryl), the formed radical is more stable and ISC to the triplet
can occur. The longer living biradical allows bond rotation, and the more thermodynamically stable product is obtained.
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6. Umpolung and Unusual Reactivity

6.1 Principle of Umpolung and uses of dithianes
Bibliography: Angew. Chem, Int. Ed. 1965, 1075.

Consonnant, Alternative

(0] (0] OM )OL
1,3 relationshi — + Claisen, Aldol
P R1MR2 R1 R2

OM

(0] 0] 0]
1,5 relationship R1MR2 — R + \)J\Rz Michael
& &

Dissonnant, not alternative

(@) (I) (o)
. . + 2
1,2 relationship R%J*\ﬁ/R — R1J@ + X)kRZ
(0]
O 6— " O " O OM n O n
. . +52 |
1,4 relationship R1MR — R1J@ + \)J\RZ or RV& + ®)J\R2
(0]

Umpolung is a German word and means "inversion of polarity". The word was first introduced when the retrosynthesis
of polyketides was examined. Two cases can be distinguished: (1) The consonnant or alternative case, in which the
functional groups are in an uneven distance. Easy disconnections are available, such as the Claisen/Aldol reactions or
the Michael addition. (2) The dissonnant or not alternative case. The bond cannot be made using the classical reactivity
of carbonyl compounds, and new reagents with reversed polarity/reactivity have to be created (Umpolung). In fact, the
transformation of halogenides into organometallic compounds can also be considered as a Umpolung, as an
electrophile becomes a nucleophile.

Use of dithianes for Umpolung

H H "BulLi - |
S._S __Butl . 88&S
R H > > R)@
) BF3+OEt, R H R Li
®

E
2+
)OJ\ Hg Y NIS = N—1
R E or NIS >
then H,O R

w
m o
o

The development of acyl anion equivalents is particularly important in the chemistry of carbonyl compounds. Dieter
Seebach (Harvard/ETHZ) introduced dithianes as reagents to achieve the Umpolung of carbonyls. The thioacetals are
easily introduced on the aldehydes in the presence of a Lewis acid. The two sulfur atoms stabilize a negative charge
and deprotonation with butyl lithium is now possible. The formed nucleophile adds to electrophiles. Finally deprotection
in the presence of mercury salts or oxidants (NIS, Phl(OCOCF3;) gives the carbonyl product with a dissonnant
relationship.
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special case: dithianes as linchpins

K\ ) 1 m OLi 1,4 Brook

S S "BulLi sS.6_.S

R S
_— —_— - -
R3Si><H R3Si><Li R3Si></\R1 rearrangement Li></\R1

Silyl substituted dithianes are particularly interesting. They can be used as linchpin (= link

between modules) in synthesis. In particular, addition to epoxides gives the corresponding J

lithiated alcohols. The intramolecular transfer of silicium from carbon to oxygen is called R

the Brook rearrangement (here 1,4, but a 1,2 rearrangement is also possible) and is driven

by the strong Si-O bond. The newly formed lithiated dithiane can then add to a second HO m S
epoxide, giving a functional group triads with two protected functionalities. = S S =

6.2 Umpolung using nitro compounds

@, @, ©0% 00 0080
@O\N’O base G)O\N’O \IN/ E@ "N~ Pd/H, )N\Hz
R R7© R e R™E
nitronate OH- Nef
e
o l
OH, ® ©0® oo
0 B 1. HO.®_OH H2804 O\N,O e O\(B/O@ " "
e S S s
H,0 _ |
R™E R™E R)E 2 R™E RJ = R1J@
OH,
0020 0.0 @ "
LN N nom 0 OO0 0
——  Nu Nu =
%\ R"  then H* H/LW 2) H,S04, Hy0 %Fﬂ %\R1 ®HJ\R1
R R R R R

The chemistry of nitro compounds is very rich (they have been called the chemical cameleon by Dieter Seebach). The
nitro group is very electron-withdrawing, and deprotonation to form the nitronate anion is easy. Reaction with an
electrophile can then occur (often an aldehyde, it is then the Henry reaction, the nitro equivalent of the aldol reaction).
The nitro product can be reduced to the amine or hydrolyzed to the ketone, first under basic and then under acidic
conditions (Nef reaction). In this case, nitronates are acyl anion equivalents. The use of nitro olefins is then an
equivalent of the Umpolung of enolate and allows the synthesis of carbonyl compounds with a nucleophile in alpha

position.

(0]
6.3 Catalytic Umpolung )K(R © )J\

A/ Benzoin condensation R CN R :
Zoi i
@ ° @
cyanide as catalyst OJEN O CN
R
The condensation of two molecules of aldehydes to form the R R H
corresponding alpha-hydroxy ketone is an example of catalytic OH
Umpolung. The reaction begins with addition of cyanide to the
aldehyde, followed by proton transfer. The formation of the HO CN
carbanion is helped by the strong electron-withdrawing effect of HO CN
cyanide. The obtained acylanion equivalent can then add to a R)Q(R )/
second molecule of aldehyde. After proton transfer and release — R™ ©
of cyanide, the hydroxy ketone is formed. 8 0]
R H
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carbenes as catalysts

Y — Proton Y=
O 16?'\1 _\X Transfer R']—l\i ——\X Breslow
)J\ R I E—— /\|[ Intermediate
R \H/ R R” OH X=N,$
o Y=CH, N
=\ R
N_ X R H
RN
NH, Me
® o.__o.__0°
o //\ y oY N| X N\iv/ \/P\/ \/P\/
® Y=\ S\ s 0000
R\HJ\R NX R-N X o N7 SRR
R © Proton o
OH H O~ Transfer H OH Thiamine pyrophosphate
Hol R o7 R
R R

A second important class of catalysts for the benzoin condensation is the N-heterocyclic carbenes. Particularly good
are thiazolium and triazolium derivatives. The mechanism is similar to the case of cyanides. The key intermediate for
Umpolung was first proposed by Breslow. Nature is also using nucleophilic carbene catalysis with the co-factor
thiamine pyrophosphate, which is used in enzymes such as pyruvate reductase.

B/ Stetter Reaction

R
o R'-N__X o
M = R’ cat. 1
- R
K 7Y Ay

o

In the Stetter reaction, one of the aldehyde is replaced by a conjugated system and a conjugate additon occurs with the
Breslow intermediate formed from the aldehyde. The dissonnant 1,4 dicarbonyl product is obtained.

C/ Conjugate Umpolung

@NY:\X 0
RI-NX
E base ﬁE . Ny:\X
— 1N
7 'Y:\x NY) x 2 o R §
R1 N\/ R1’ R
| H E®ra\|
R OH Y y
l;¥ ‘ OF =\ @ =\
R \ R1-Ny X R1-Ny X o 0]
b Nu_ Nu . Y=\
Z “OH 0O R N X
R E
R E R E

In the case of conjugate aldehydes, a dienamine is obtained as Breslow intermediate. Attack as the usual position (a)
leads to the expected acylation product. The gamma position is also nucleophilic (vinylogous principle) and addition of
the electrophile there gives an enol product, which tautomerizes to the carbonyl (b). To allow catalytic turnover, a
nucleophile (often an alcohol) is required to free the catalyst. The reaction sequence is then equivalent to the conjugate
addition of an electrophile to a conjugated ester. The structure of the catalyst is important for the selectivity between a
and b. Sterically hindered catalysts tend to favor reactions via pathway b.
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7. Transition Metals in Organic Chemistry
Bibliography: Carey Sundberg B, Ch. 7-8, p. 619-782. Brickner, Ch. 16, p. 691-736.

The use of transition-metal catalysis was a game changer in synthetic organic chemistry. This was recognized by the
two recent nobel prizes for Metathesis (2005, Chauvin, Grubbs and Schrock) and Cross Coupling using Pd catalysts
(2010, Heck, Suzuki and Negishi). The elemental steps of metal-catalysis are discussed in detail in the inorganic
chemistry lectures. This lecture focuses on relevant aspects and implications for organic synthesis.

7.1 Cross-Coupling

Bibliography: Diederich, F.; De Meijere, A. Metal-Catalyzed Cross-Coupling Reactions: 2 Bde, Wiley-VCH, 2004.
7.1.1 Preparation of coupling partners

Bibliography: Schlosser M., Organometallics in Synthesis, A Manual, 2nd Edition, Wiley, 2002.
Al Electrophiles (I, Br, OTf, Cl, OTs,...)

A.1/ Substitution
R-lg —2X» R-X R = alkyl

A simple nucleophilic substitution gives access to halide electrophiles. This not the most direct method, as the leaving
group itself has to be introduced first (for example via an alcohol activation). Neverteless it is still useful when a less
reactive electrophile can be transformed into a more reactive one (especially iodide).

A.2/ Addition

— — /_/ E=H,X ..

Electrophilic addition reactions to olefins are an efficient way to generate the required organo halides. Most of these
reactions were introduced in the bachelor lectures. One major issue is to control the regio- and stereo-chemistry of the
addition step.

A.3/ Electrophilic aromatic substitution
Xy
Ar—H —— Ar—X

The electrophilic aromatic substitution (often with reagents like 15, Br,, Cl,, NCS, NBS, NIS) is a very important method
for the introduction of halogens onto aromatic rings. Consequently, many of these substrates are commercially available.

A.4/ Alcohol activation

TolSO,CI

R-OH —— R'-0SO,Tol =ROTs  general
O\\ //o O\\ //O 1
S __S. R" = aryl, alkyl

FsC~ "O”" "CFj3
1 (szo) 1
R'-OH R'-OSO,CF3 =ROTf general
Appel Conditions
CX4/PPh; or PX |2/PPh;
R'-OH ———=—» Rix R-OH ——— R~ R = alkyl
X =Br, Cl imidazole

The activation of hydroxyl groups is another method to generate electrophiles. These methods were extensively
discussed in bachelor lectures. The tosylation and trifluormethylsulfonation of alcohols is a general method, which can
be applied both to aliphatic alcohols as well as phenols. The direct transformation of alcohols into halogens using Appel
conditions is limited to aliphatic alcohols.
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A.5/ Activation of ketone
(0] OTf

1) LDA
RJg ~ R1J\ vinyl triflate
2y ClI
R2 ) X R2
L~

N~ "NTf,
Comins reagent

The transformation of ketones into vinyl triflates is one of the most useful reactions for the preparation of vinyl
electrophiles. Although the reaction also works with classical reagents, such as triflic anhydride, the best reagent is the
pyridine-derived bistriflimide reagent developed by Comins.

A.6/ Reaction of organometallic reagents
R-M  ———>  R™-X

The reaction of organometallic compounds with halogenation reagents like I,, Br,, Cl,, NCS, NBS, NIS is another
important synthetic access to halides. The reaction is especially often used with organolithium, organozinc, organotin
and organoboron reagents.

B.1/ Oxidative insertion of main group metals

M
R'-X —— R-M-X M = Li, Mg, Zn

The oxidative insertion of metals into C-X bonds is one of the most straightforward methods for the preparation of
organometallic reagents. Although very exothermic, these reactions have a strong kinetic barrier. Consequently,
heating is often required at the beginning of the reaction. Additionally, many functional groups are not compatible with
these conditions. Several methods have been developed to accelerate the oxidation step: activation of the metal
surface with iodine or dibromoethane; preparation of highly reactive Riecke metals from the reduction of metals salts,
or ultrasonic activation.

B.2/ Metal-halogen exchange

2

R-X —— R™M + R%-X M-R? = "BuLi, SBuLi, 'BuLi, PrMgBr X=1,Br

Me
Me H Me+Li Me M
e
R™-X * M6+Li — R-Li + Meﬁx _Me, Me+H + >:
Me Me Me

Me

'PrMgBr _
Ar—l ————»  Ar—MgBr +'Prl
THF, -20 °C
In contrast to oxidative insertion, the metal halogen exchange is a fast process with lithium. A disadvantage of this
approach is the generation of a new C-X bond. The the reaction works well if the formed organometallic reagent is
more stable. This is especially true when using an alky! lithium reagent with a ary/ bromide or iodide. The use of tert-
butyl lithium is a special case, as the tert-butyl iodide/bromide reacts further with tert-butyl lithium to form iso-butane
and isoprene. In this case, two equivalents of organolithium are required, but the reaction is truely irreversible. An
important advance in the synthesis of Grignard reagents was realized by the use of ‘PrMgBr. This allows magnesium-
halogen exchange on aryl iodides at -20 °C (Paul Knochel, Angew. Chem., Int. Ed. 2003, 4302), allowing the
generation of sensitive Grignard reagents containing reactive groups, such as esters or nitriles.
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Transition-metal catalyzed "metal halogen exchange”

PdOL R-X
R-MR 2 Oxidative
Pd cat. y Addition
R-X + R,M-MR, — R-MR, * X-MR,
R\ /L
R,M-MR, = R3Si—SiR; R3Sn—SnR; Reductive Pa'
Elimination x_
Me o o Me *
Me \ Me .
B—B B, (pin), R L R.M-MR
Me o o Me \Pé” . n
/
Me Me R,M L X-MR,

Transmetalation

The direct metal halogen exchange with less reactive half metal, like B, Sn and Si is not possible. In this case, metal
catalyzed reductive coupling with dimetal reagents is the method of choice. The advantage of this method is that no
highly reactive organometallic intermediate is formed. The reaction follows the classical steps of a cross-coupling
reaction, except that a half-metal is transfered in the transmetalation step and a half metal-carbon bond is formed in the
reductive elimination step.

B.3/ Metalation ("deprotonation”)

M-R? ( DG D
R-H — R™-M + R2-H directed metalation M-R* —— (G \ o+ RZH
R'-H R™M

(0] )OJ\ (0] (0] 0]
OR
DG = ANR2 J‘YF\O NR2 J"y\N)LR {O\/O\ very good EV)J\OR YSAV\O)J\R z{ QOOd

H
Important cases:
) D
SP X __Li X i
)/ AN X Li X . X Li
; 1 ; Li - 3
WAL DUSTRED Sl Sl I ELE

Li Li OYX
sp3 TR H\Rz LN
R R —J

=

The direct metalation of C-H bonds is an important method, as it does not require pre-functionalization of the substrates.
The reaction has been especially successfull for lithiation, although other metals are currently under investigation. As
there are many C-H bonds in an organic molecules, selectivity is possible only if the targeted C-H bond is more acidic or
if a directing group can bind the metal to make the reaction pseudo intra-molecular. The most important substrates are
heteroatom substituted olefins, heterocycles, benzene rings with directing groups for SP? C-H bonds, and benzylic,
allylic or alpha to heteroatoms C-H for SP® C-H bonds. Generally, the metalation is easier on SP? C-H bonds, as these
bonds are more acidic.

B.4/ Transmetalation/ Substitution

2_.R2 or M2-
R'-M’ MR M=X R-m? - R2-M' or M'-X

Several of the methods described up to now works especially well for very reactive metals, such as lithium or Grignard.
The obtained organometallic reagents are very reactive and sensitive, which makes their use difficult, especially when
other functional groups are present. They are not well suited for catalysis, as the uncatalyzed reactions are usually
already fast. Consequently, the transmetalation to other, less reactive organometallic reagents is an important method.
The transmetallation or substitution can occur either under formation of another organometallic reagent or via the
formation of a salt. Apart from stoichiometric reactions, it is an important key step in many catalytic cycles (see section
7.1.2)
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Synthetic important cases:

Reaction of organolithium and Grignard reagents

MgX, CISiX;

R'-Li R™-MgX + LiX R'-Li ——> R'™SiX3 +LiX
ZnX, BOR)s | : H0 1

R'-Li — R'“-ZnX +LiX R'-Li —— R'™B(OR), +LiX ———— R'-B(OH),
CITiXg ZnX

R-Li ——> R'-TiX +LiCl R-MgX —22,  Ri_znx +MgX,

BU3SnX 1 i
R'-Li —— R'™~SnBuz +LiX

The most often used starting materials for transmetalation reactions are organolithium and Grignard reagents. The
transmetalation to less reactive organozinc works well with simple zinc salts. The use of chloro tin, titanium and silicium
reagents allow to access the corresponding organometallic reagents, which are also important in cross-coupling
reactions. Finally, the probably most important case is the synthesis of boronic esters, which can then be hydrolyzed to
the corresponding boronic acids for Suzuki coupling.

Synthesis of Cu-Based reagents

CuX

R'-Li — R'-CusL + LiX Organocopper L = PPh, Me,S

CuX
2R™-Li ——— R'.Cu—Li +LiX Gilman cuprates

2 R-Li M R1,Cu(CN)Li, Higher-order Cyanocuprates

From Grignard reagent: R'CusMgX,, R',CuMgX, R',Cu(CN)Mg

Transmetalation also from Sn, Al, Zn reagents

Organocuprates are very important in organic synthesis, as they have a complete different reactivity as organolithium or
Grignard reagents. There are much softer, less basic and prefer to react in conjugate addition or substitution reactions.
Often, a catalytic amount of copper is enough, but the stoichiometric reagents are also very useful. The organocopper
reagents are obtained from a 1:1 mixture of organolithium and Cu(l)X. There are often unstable and explosive in the
absence of stabilizing ligand, such as phosphines or sulfides. There are usually less reactive. The reagents obtained by
mixing one equivalent of copper salt with two equivalents of organolithium are called Gilman cuprates and are very
often used for conjugate addition in organic chemistry. In the special case of CuCN, a higher order cuprate is obtained,
which is even more nucleophilic. The different copper reagents can also be prepared from the corresponding
Grignards. In this case, the reactivity is slightly different. Finally, transmetalation from tin, aluminium or zinc is also
possible.

B.5/ Carbo- and hydro metalation of olefins and alkynes

R-M R!' M My R' M
- / = RM_ \—/ R' = H, alkyl, aryls
(cat.) (cat.)

The carbo- or hydro- metalation of olefins and alkynes is an atom economical method to access alkyl and vinyl
organometallic reagents. The reaction proceeds directly from bulk reagents such as olefins and alkynes without the
generation of waste. The reaction can be fast with borane, zirconium hydride or aluminium hydride reagents, but
requires a catalyst in the case of silane or the carbometalation reactions. The catalytic reactions will be seen in section
7.3.
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Synthetic important reactions:

Hydroboration: diastereoselective synthesis of vinyl organometallic reagents and electrophiles

: i
\ H
R— + B-H — N B\ X BOH,
©:O/ RT X~ H,0 R X~
1)Br2 |2
2) NaOMe
1) BuLi S|
B(OH), )B(OR)3 Br
3)H", H,O

The hydroboration of alkenes is an important reaction for the synthesis of alkyl boranes, which has already been seen
in details in other lectures. The hydroboration of alkynes gives access to E alkene boranes. Hydrolysis of the borate
ester gives the E vinyl boronic acid. Oxidation with iodine gives then the E vinyl iodide. On the other hand, treatment of
the boronic ester with bromine followed by sodium methoxide gives the Z vinyl bromide. Lithium halogen exchange
followed by transmetalation to boron and hydrolysis finally gives the last partner, the Z vinyl boronic acids.
Consequently, all four building blocks required for the synthesis of the geometric isomers of dienes (E,E; Z,E; E,Z and
Z, Z) can be accessed @

H H H
R° RD M

A B(OH), 2~ /<1/B(OH2 — 5 — = — g - BOH)

R / R

°," | B(OH), 1" B(OH),
~0 /B(OR), H™ ~ A2 oMe
H R 0B Br
Br O

In the case of the oxidation of vinyl-boronic acids with iodine in the absence of a base, a possible mechanism is
diodination of the double bond, followed by syn elimination. If nucleophilic base is present, activation of the boronic
ester is possible and an anti elimination takes place to give the cis vinyl bromide. In this case, better selectivities are
obtained for bromine.

Hydrozirconation

— or Ri— Cp,ZrHCl H ZrCp,Cl H o ZrCp,Cl
— — or
R1 Schwartz R R1

reagent

The zirconocene reagent developed by Schwartz is one of the most efficient reagent for the regioselective
hydrometalation of olefins and alkynes. An advantage of the formed organozircon reagent is its easy transmetalation to
other metals, especially zinc and copper.

7.1.2 Classical Cross Couplings

General Scheme

catalyst

R-X + Ry—M R-R; catalyst: most often Pd, but also Ni, Fe

The metal catalyzed cross-coupling of carbon electrophiles with nucleophilic organometallic reagents is the most
classical cross coupling reaction. Pd is by far the most often used catalyst, but other cheaper metals are currently also
intensively investigated.

N. Cramer, Structure and Reactivity 2024, Lecture Notes page 94



PdOL M = SiX3: Hiyama
2

1 M = BX,: SuzuKi
. R™R OX|dat|ve M = SnRj: Stille
Reductive Addition M = ZnX: Negishi
Elimination

M = MgX: Kumada

\pgll \Pd” Scope:
R and R! groups

easy: R, R' = aryl, alkenyl, alkynyl
difficult: R" = alkyl
/” very difficult R = alkyl (topic of current research)
M- -X \L X groups
Transmetallation easy: |, Br, OTf )
difficult but more interesting: Cl, OTs, H

Comparison of organometallic reagents

Reactivity: SiX; < BX, < SnR3 < ZnX < MgX Stability: SiX; > BX, > SnR3 > ZnX > MgX

In the cross coupling methods, a metal catalyst promotes the reaction between an electrophilic and a nucleophilic
partner. The direct reaction between the two partners either does not take place at all, or is very slow and ask for
harsh conditions. Most metal-catalyzed cross couplings follow the same general scheme: oxidative addition of a
low valent metal catalyst (especially Pd(0)) to the electrophile, followed by transmetalation with an organometallic
nucleophile. Reductive elimination from the formed dialkyl complex then gives the coupling product and
regenerates the catalyst. The exact mechanism of these key steps will be seen in lectures in inorganic chemistry.

Nucleophilic activation for transmetalation:

1 X i~ :
R-M —— R'-M-X For M =Si, B X=0H,F

The less reactive organometallic reagents need to be activated by a nucleophile prior to transmetalation. This is in
particulary important for the Suzuki and the Hiyama coupling.

Important side reactions

Dimerization (homo-coupling): = R-X —— R-R R-M —— R'-R?
_ XH
Protodemetalation: R-M —— R'-H +MX
R
B-hydride elimination: = L Ho L R
H\Cpd — = pPd + =
N X" L

Beside low conversion, side reactions can lower the yield of cross-coupling reactions. In particular, dimerization (homo-
coupling) and protodematalation can occur in all cross-coupling reactions. The cross-coupling of alkyl derivatives is
particularly difficult, as a fast beta-hydride elimination can occur.

Synthetic important reactions:

Important recently introduced ligands for faster oxidative addition

NN Q)
e N oe

Tri-tert-butyl phosphine ] ]
Fu, MIT Tricyclohexylphosphine

Steric bulk to promote mono-coordination
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PCy2 PtBUZ PCy2 PCy2
MeO ! OMe ! 'Pro l Oo'Pr Me,N ]

SPhos JohnPhos RuPhos DavePhos

Biarylphosphine
Buchwald, MIT
Pd-Aryl interaction to promote mono-coordination

N-Heterocyclic Carbenes (NHC)

ipr CI—PId-CI ipy more electron-rich than phosphines
/N here: commercially available PEPPSI ligand (Aldrich)
N

The originaly developed cross-coupling reactions used simple phosphine ligands, such as triphenyl phosphine. These
reactions worked best for aryl bromides and iodides, which are more expensive than other electrophiles. An important
field of modern research is the discovery of conditions for the cross-coupling of cheaper aryl chlorides. The oxidative
addition is very slow for these substrates, but it can be accelerated by using electron-rich, sterically encumbered
phosphines. Such phosphines forms a mono-coordinated palladium (0) complex, which is able to add to aryl chloride.
Greg Fu in MIT introduced tri(tert-butyl)phosphine as ligand. Tri(tert-butyl)phosphine is very air sensitive, but the
corresponding stable protonated form with tetrafluoroboric acid can be used to generate the ligand in situ. Another
important sterically hindered phosphine is tricyclohexylphosphine. A second class of ligand has been introduced by
Stephen L. Buchwald at MIT: biaryl phosphines can stabilize mono-ligated Pd(0), and this system is also very efficient
for oxidative addition on aryl chloride (Acc. Chem. Res. 2008, 41, 1461.). A library of these ligands has now be
introduced. N-heterocyclic carbenes are another important class of electron-rich, sterically hindered ligands. They have
been shown to be stronger sigma donor and weaker pi acceptors than phosphines (see inorganic chemistry).

Use of organotrifluoroborates
KHF,
Ar—B(OH), —> Ar—BF;K

Organotrifluoroborates, introduced by Gary Molander (Angew. Chem., Int. Ed. 2009, 48, 9240) have several
advantages: there are more stable then boronic acids, easy to store and less protodeboration side reaction is observed
with these reagents.

Microwave and water

(Pd cat.), K,COj4

H,0, microwave

Ar'—=B(OH), +  Ar*-X Ar'—Ar?

The search for "greener" reaction conditions is another important field of research. The least toxic solvent is obviously
water and especially efficient Suzuki coupling in water under microwave irradiation have been developed. In some case,
the Pd catalyst can be omitted, as the ppb impurities of Pd in the carbonate base are enough to catalyze the reaction.
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Alkyl Suzuki

R1
R2 R L >—pPh
9-BBN B/l O N U ur L= 2
Pd cat. < PPh;
L
OH or OMe" dppf (Di(bisphenylphosphino)ferrocene)

Because of the beta-hydride elimination, the development of alkyl Suzuki reactions was difficult. One of the best system

use the product obtained by the hydroboration of olefin with 9-BBN (nonabicycloborane) together with a vinyl
electrophile. Again, a nucleophilic base is required for activation of the borane. The best ligands are bidentate
ferrocenes, as the second coordination makes beta-hydride elimination more difficult. The use of alkyl halides, however,

is still extremely difficult with Pd catalysts.
Dienes Synthesis

Pd cat. or Ni cat.
RIENM g - R1/\E/\E/R2 similar: E-Z, Z-E, Z-Z

= B(OH),, SnBu3, Cp,ZrCl/ZnCl, X =1, Br, OTf

Dienes are important building blocks in organic synthesis, and cross-coupling is one of the most efficient methods for
their stereoselective synthesis. The necessary partners can be accessed stereoselectively (see section 7.1.1). Beside
the Suzuki reaction, the Stille reaction is often used with complex molecules, as it allows the use of milder reaction
conditions. The Negishi coupling is also very efficient, both with palladium and nickel catalysts. The organozinc
intermediates can be obtained in situ via transmetalation from the hydrozirconium reagents, which are easily

synthesized from the corresponding acetylenes.

Alpha-arylation of carbonyls

Q 0
Ar% Pd°L, Ar—X
X Oxidative
R Addition
Reductive A ] L = diphosphine, dppf, phosphine biaryl, NHC, ...
Elimination r\ /4
oAr Ol base = NaO'Bu, KO'Bu, NaHMDS, LIHMDS, K4PO,
)k(Pd
./\ x + base

H—base

The alpha arylation of enolates cannot be done using classical substitution reactions. Cross-coupling using a Pd-
catalyst works well in this case, and the enolate takes the role of the organometallic reagent in the catalytic cycle. A
disadvantage of the method is the requirement of relatively strong bases. The same ligands used for more classical
Suzuki cross-coupling were also successful in this case.

Early transition-metals for cross-coupling

Iron catalysts

Alkyl—MgX + Alkenyl—X or Aryl—X Fecat

Alkyl—Alkenyl  or Alkyl—Aryl

Alkyl—X + Alkenyl—MgX or AryI—MgX/
NM62

important catalysts: FeCls, Fe(acac); important additive: diamines
MexN  TMEDA
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The Kumada-Corriu coupling with Grignard reagents using Pd catalysts is less often used, as transmetalation is
usually slower than side reactions. Important progress has been realized with early transition-metal catalysts, which
react faster with Grignard reagents. These are less expensive and also less prone to beta-hydride elimination, which
make them particularly well suited for the coupling of alkyl reagents. In particular, both the coupling of alkyl Grignard
reagents and alkyl halides has been realized using iron catalysts, especially under the impulsion of Alois Fiirstner
(Acc. Chem. Res. 2008, 41, 1500.). Iron(lll) chloride and Iron(lll) acetylacetonate are the most often used catalysts,
sometimes with diamine additives, such as tetramethylenediamine (TMEDA). The mechanism of the Fe-catalyzed
cross-coupling is still under investigation and is more complex than with palladium.
Mg
TMEDA
Alkyl—X  + Aryl—X ——— > Alkyl—Aryl
FeCl; cat.

An interesting modification was recently reported by von Wangelin (Angew. Chem., Int. Ed. 2009, 48, 413.), starting
directly from an alkyl and an aryl halide. The cross-coupling product is obtained with magnesium powder and an iron
catalyst in the presence of TMEDA.

Nickel catalysts

Use of ethers

O— Me Ni(cod),/PCys
Ar'-OMe  +  Ar*-B >< - A=A
e} Me CsF

Alkyl-alkyl and alkyl-aryl cross coupling

AKyl—X  +  Aryl—MgX Nicat  _  Akyl—Aryl
TMEDA, THF, 20 °C NMe,
Ni cat. = N-Ni—-ClI
Akyl'=X  +  AlkyP—MgX Ni cat. Alkyl'—Alkyl2 NMe,
Me I\]I\%I(e):;c Nickamine

Nickel catalysts have been useful in several cases. They allowed the use of much less reactive aryl ethers as
electrophiles (although the scope is still limited, Angew. Chem., Int. Ed. 2008, 47, 4866.). Ni Pincer catalysts, e.qg.
Nickamine by Hu allow for cross-couplings of alkyl halides, both with alkyl and aryl Grignards.

7.1.3 Sonogashira cross-coupling

PdL,
EF:educttlve / \ %Igﬁ::y: Pd: Pd(PPhj),, Pd (PPhj3),Cl,
imination
Cu: Cul, CuBr
\ / \ /
Pg" Py base: NEtz, HNEt,, ...
/ L x” L
1 R ”
R R L L base _
yay CU—=-R=<—— H—R
Cu'X ‘"Pd” CuX
ca-x" L
Transmetallation
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The Sonogashira cross-coupling occurs between acetylenes and aryl or vinyl halides. The high acidity of the C-H bond
of acetylenes allows the formation of the organocopper reagent under catalytic conditons. The classical conditions for
the Sonogashira reaction are a Pd catalyst with triphenylphosphine, triethylamine and copper iodide. Nevertheless, the
yield can be improved in difficult case by the use of one of the new ligands developed for cross-coupling reactions,
which we have seen before. Current research in the reaction try to go to a single catalyst system, either palladium or
copper.

7.1.4 Heck Coupling

Classical Heck R\/\R1
Base-Mediated  base-H'X" Pd°L, -
Reduction Oxidative
base Addition
\ /
base™ \ / Pd”
n n 1.
good” R: COX, Ar p-H Elimination \\ g Ligand Exchange
R 1
H « R
R1 /Pd”
ligands: phosphine or "ligandless" _pd" — x" L
X" L , :
Jeffery conditions: Pd(OAc),, base, Bu,NBr Olefin Insertion

The Heck coupling is formally the cross-coupling between a vinyl C-H bond and a C-X bond. In reality, the reaction
proceeds via oxidative addition, ligand exchange and olefin insertion. The last step is a beta-hydride elimination, which
can lead to a mixture of products if several beta hydrogens are present. Depending on the leaving group, the reaction
can proceed either via neutral or cationic Pd complexes, which changes the reactivity and selectivity of the process.
The reaction works especially well intramolecularly, and for specific intermolecular cases (unsaturated carbonyl
compounds, styrenes). The best ligands are often phosphines, but in certain cases ligandless conditions can give better
yields, in particular the Jeffery conditions with an excess of halogen ions.

Oxidative Heck
R~
~NFR! Oxidant

Base-Mediated  base-H'X" pgyo —— _
Reduction 2 Pd™X,

R-M
base \ Transmetalation
L R L
base™ \ 7\/ \Pé”
7N
R-M + Z R _Pdcat. R\/\R1 ,_\ pq' X L
X AN
"good" R': COX, Ar - \ Z R’
M = BXy, SnRs,... p-H Elimination \\ g Ligand Exchange
R 1
H \ /\/ R
R _Pd"
P e T
X" L

Olefin Insertion

The oxidative Heck reaction allows the coupling of organometallic reagents, often organoboron reagents, with olefins.
In this case, the reaction starts with transmetalation on a Pd(ll) complex. After olefin insertion and beta-hydride
elimination, the formed Pd(0) is re-oxidized with an external oxidant (often a copper salt, oxygen or a quinone) to close
the catalytic cycles.
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7.1.5 C-X coupling

PdoL, R-X
R=Nu Oxidative
Addition
NuH + R—X Pd cat. R—Nu
Base R L
Nl
. Pd
Nu = R'R2N, RO, RS Reductive Al
Elimination X L
base: K,CO3, Cs,CO3, K3PO,, NaO'Bu R L NuH
\Pé” base
NTEE base-H*X"

Most successful ligands for amines (Buchwald-Hartwig amination)
2

/ 1
/

I PC

ipr ! Pr
| 4
'Pr

Hartwig Buchwald

Me R

PtBUZ
dppf —= PlBU; —= @e p BINAP —
3

E Cys
<

CyPF-Bu

/

The introduction of heteroatoms onto aromatic rings is essential for medicinal chemistry and the pharmaceutical
industry. The development of cross-couplings with heteroatoms was especially difficult, as amines, alcohols or thiols are
often also good ligands for metal and can saturated the active sites of the catalyst. In particular, the development of Pd
catalyzed aminations of aryl halide by Buchwald (Angew. Chem., Int. Ed. 2008, 47, 6338.) and Hartwig (Acc. Chem.
Res. 2008, 41, 1534.) was an important progress (Buchwald-Hartwig amination). Hartwig first used biphosphine
ligands such as dppf. He then found that tri-tert-butyl phosphine was a better ligand. Finally, the best ligand in his case
were bulky biphosphines derived from ferrocene (Josiphos type ligands). Buchwald was initially working with BINAP,
and then discovered the biaryl monophosphines as exceptional ligands. In this case, the substituant on phosphine (1)
has to be an alkyl (more electron-rich, faster oxidative addition) and bulky (faster reductive elimination, only one ligand
on Pd). The substituent on the upper aryl ring (2) can fix the conformation and accelerate the reductive elimination. The
large substituent on the lower aryl ring (3) prevents side-reaction with the Pd center (cyclometalation) and promotes
mono-ligation. Finaly, the second aryl ring (4) stabilizes the phosphine towards oxidation, stabilizes the Pd center via
secondary interaction and promotes reductive elimination.

Cu catalyzed C-X bond formation

O
. _R1
NuH + R-X -4 2 Nu best Nu: XJkN Cu cat = Cul, CuTC
Base H
ligand
base: K2CO3, CSZCO3, K3PO4
best ligands: /~ \ amino acids
MeHN NHMe

MeHN NHMe phenanthroline

Copper catalysts are a cheaper alternative when compared to palladium. They are especially successful for the
coupling of less nucleophilic amines, such as amides. The ligands were essential to develop mild catalytic conditions.
The best ligands are diamines, phenanthroline and amino acids. The bases are usually inorganic salts and the copper
catalyst copper iodide or copper thiophenecarboxylate (CuTC). The method also works for etherification reactions.
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7.2 Metathesis

alkene metathesis

__ rRom \ / N 4 )
O = U =) mrs s S et
RCM
n
Catalysts:
Schrock: Mo Grubbs: Ru \ I\ Me
—~N_ N- —~N_ N- ;"
- PC Mes Mes Mes Mes
Pr Clo ol s i CI,;( Mes =
A e —
cI N pn crU = ph cr | Me Me
CF; N , PCys PCys
FsC 1 'Pr 0 X
>LO"<MO— Me ipr”
Me @) Me )
|\/|97< Ph 15t generation 2"d generation Hoveyda (-Blechert)-Grubbs
FoC CFs X = NO,, Grela modification

Olefin synthesis has completely changed the way organic chemists synthesize alkenes. The most important process
are ring-opening metathesis (ROM), ring-opening metathesis polymerization (ROMP), ring-closing metathesis (RCM)
and cross-metathesis (CM). The Mo catalysts developed by Schrock are very reactive, but sensitive and not tolerant to
all functional groups. The Ru catalysts introduced by Grubbs are more tolerant. The first generation were based on
phosphine ligands, whereas the second generation includes NHC ligands. This process is described in details in
inorganic chemistry.

alkyne metathesis

catalysts:

Me Me
AN // RCM = 5 I
_— Uu-n, _
-Me———Me U O<W

t

.0

Alkyne metathesis has been less developed than alkene metathesis. It works best with very sensitive Mo or W
catalysts. In contrast to olefin metathesis, it doesn't work with terminal alkynes. The advantage of ring-closing alkyne
metathesis is that there are no issues of E/Z selectivity, which is still a major weakness of olefin metathesis. It is
furthermore possible to reduce the triple bond selectively to the trans or the cis olefin. An interesting discovery of
Firstner is the introduction of phenanthroline-stabilized Mo-nitride complexes as pre-catalysts. These complexes are
bench stable, and the active catalyst is generated by complexing the phenanthroline ligand with MnCl,, followed by
alkyne-nitride metathesis (J. Am. Chem. Soc. 2010, 132, 11045.).
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7.3 Olefins and Carbonyls Functionalization

Reductive ML R'-R2 Transmetalation MY,L, R'-M?
Elimination " Oxidative protonation Y —M2
Addition
R1 R1 R'l
1 or R!
k R\ /L K k \ /L Trans-
X X X M .
. M . | AV metalation
R2 rR2] L M2 H Y
X
=% Y -M2 /I .
. or 1 igan
R’ 1 Ligand R 1 N
< R\ /\\X Exchange XY < R\ /\X Exchange
X M X /M\
M — R M Y
Redox active catalyst Not Redox active catalyst
important cases: important cases
COX
mostly: X = C, also O, N =X= =0 =N —/
R'™-R? = H,, Hydrogenation M2 = B, Mg, Zn, Si, Sn, Ti, Zr,...
= H,, with CO, Hydroformylation 2
ial: OM
special: M2 = Li, Na, K

= HSiR3, Hydrosilylation
= HBR,, Hydroboration

= HSnR3, Hydrostannylation
= RzBBRz, R3S|S|R3

catalysts: Rh, Cu, ...

catalysts: Rh, Ru, Ir, Pd, Pt,....

The functionalization of olefins, carbonyls, imines and acetylenes using transition metal catalysts is a very important field
of research in modern organic chemistry. Although many of these reactions can be performed without transition metals,
catalysis offers several important advantages: (1) milder conditions, which allows often broader functional groups
tolerance. (2) Control over regio and stereo selectivity by modulation of the metal center and the ligands. (3) Potential for
asymmetric reactions using chiral ligands. The functionalization of less polarized system is often done using a redox
active catalyst. The reaction starts with an oxidative addition, followed by insertion and reductive elimination. A typical
reaction is the hydrogenation of olefins. With more polar substrates, the reaction can proceed without oxidation/reduction
of the metal center. The active metal nucleophile is generated via transmetalation, and the catalytic cycle is closed by
protonation or transmetalation. Particular important reactions are the additions of organometallic reagents to carbonyls
or conjugate additions. As these types of reactions are very important for the development of asymmetric methods, they
will be seen in details in the course catalytic asymmetric reactions in organic synthesis.

7.3.1 Nozaki-Hiyama-Kishi Coupling

Original procedure
OH

-

R2 /\E1

2 equiv CrCl,

1
R2” "H Ni cat.

Br
+ \:I:
R )
then H™, H,O

Catalytic in chromium (Furstner)

Mn
TMSCI

—_—

Ni cat.
CrCl, cat.

then H*, H,0

Br.
+ \:I:
R1

0
I

R?" "H
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Mn(O) ||_R1

Mn' 2 Cr''Xg Ni°L, B
Reduction Oxidative
Addition
2 Crl'X, R
I cé\Ni'/'L
Ni'BrX N
Br L
OH OTMS Il
H*, H,0 TMSCI ocr''X, H o
sz\//\% sz\//\% <7_R2JV\//1 R \i
crix, R = R R2 H R
Cr”IXS RZA( /\ﬁ\ \\g |_|gand
- . Exchange
Transmetalation Ni"'o -~ /N|E g
Br L
Br/ L Insertion

The Nozaki Hiyama Kishi coupling is a very mild method for the synthesis of allylic alcohols starting from vinyl halides
and aldehydes, as it does not involve basic organometallic reagents such as Grignards. For this reason, it has been
used successfully in many total syntheses. The mechanism is more complex than other classical reactions with
carbonyl compounds. After oxidative addition and insertion, the nickel alkoxide formed is transmetalated to chromium.
The Ni(ll) salt is then reduced by two equivalents of chromium(ll) salt. In the original method, a large amount of toxic
and sensitive chromium(ll) was required. Firstner then introduced Mn powder as a stoichiometric reductant. For the
catalytic reaction to be efficient, it is necessary to break the chromium alkoxide formed at the end of the reaction using
trimethylsilyl chloride. The reaction also works for allyl halides, but in this case more methods are existing.

7.3.2 Allylic Alkylation

Direct reaction

Nu
RoA~_X ——> R_A_Nu sy or RW/\ SN’
Nu
R._A~_Nu or RW/\
Electrophilic activation Nu
External Attack Internal Attack
Reduction Nu /M -M Reductive Elimination
n-Allyl T-Allyl
R R
M / M
v YA BN N /% \
R\/\/M\X RY\ R\/\/M\Nu RY\
Oxidation M M
(Oxidative Addition) X’ Nu”
c-Allyl c-Allyl

Electrophilic Activation

Nucleophilic activation M = Pd, Ir, Rh, Mo,...
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The metal catalyzed alkylation using allylic electrophiles is one of the most powerful methods in organic chemistry. The
direct reaction, the SN' substitution, is possible, but difficult to control. The most frequent method uses the activation of
the allylic system with a metal catalyst via oxidative addition (the most common one is palladium). Either a sigma or a pi
allylic complex can be formed with the metal. At this point, an external attack of a nucleophile can take place to generate
the product and reduce the metal. Alternatively, the nucleophile can first bind to the metal, and the product is then
formed through a reductive elimination. By the choice of metal and ligands, it is possible to control the mechanism and
the regioselectivity of the reaction, and many chiral ligands have been developed for this process (see lecture catalytic
asymmetric reactions in organic synthesis). Alternatively, activation of the nucleophile by the metal (usually copper) can
be used.

7.4 Catalytic C-H Functionalization
Bibliography: Yu, J. Q.; Shi, Z. Top. Curr. Chem. 2010,Vol. 292.

7.4.1 General Mechanisms
Me OH Me OH
Me Cyt P450 Me
Fe
(@) (@)
OH

To introduce funtional groups, organic chemists usually use pre-functionalized building blocks (for example in the aldol
reaction). Another approach followed by nature is the late-stage functionalization of C-H bonds. This approach has
several advantages: less steps, less waste generated, no problem of functional group compatibility in the early stage of
synthesis. For chemists, there are challenges in reactivity and selectivity: there are usually many C-H bonds in organic
molecules, and the C-H bond is strong and difficult to break. The classical way to do that is by radical H abstraction (see
chapter 5), but stoichiometric reagents are usually required in this case. For these reasons, catalytic C-H
functionalization is still not a routine method in organic chemistry, but it is one of the most investigated reactions in
fundamental research.

A biomimetic approach?

taxadiene

Some possible mechanisms

Inner sphere/metalation

A/ oxidative addition . M
R-H —» RH —> R-M"2-H
agostic interaction

B/ sigma bond metathesis #
1 R]H 1
R-H + M-R' — '/ R-M + H-R
M-R!
C/ sigma-pi bond metathesis
#*
reductive
B R7H R H elimination )
R-H + M=X — 4 — | )l( ——— R-XH + M:| X=C,O,N
M=X -

D/ CDM (Concerted Deprotonation Metalation)

%
base R--H, _\

R-H + M-X - \--—base —> R-MX + H-—base
!

X

E/ Deprotonation-Metalation
©) M-X o
R-H + base  —— R H-base —> R-M + X H-base
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F/ Radical Recombination

H abstraction M -

R-H —————> R —> R-M

G/ Electrophilic Metalation (For SP? only)

H M_ _H M
O - XH

The methods for catalytic C-H functionalization can be roughly separated into inner sphere/metalation, in which a
metal-C bond is formed, and outer sphere, in which no metal-C bond is formed.

For the inner sphere reaction, an organometallic reagent is generated. It is usually quite easy to find a metal to makes
the metalation step, or one metal which is catalytic active, but very difficult to find a metal able to do the C-H
metalation, and then be catalytic active. The possible catalytic cycles are all we have seen before in this lecture. Some
possible mechanisms for C-H functionalization are:

A/ Oxidative addition: this is a difficult process for C-H bonds, which proceeds better when intramolecularly. It is
important that the metal center has a strong interaction with the C-H bond (agostic interaction).

B/ Sigma bond metathesis: The metathesis with sigma bond is much more difficult than for alkenes.

C/ Sigma-pi bond metathesis: The reaction of metal carbenoid (or nitrenoid, oxo) can also occur. One classical
follow up reaction is a reductive elimination. This mechanism is less easy than for two olefins, and alternative out of
sphere mechanisms are sometimes more favoured (H, )

D/ CDM (Concerted Deprotonation Metalation): The CDM mechanism has proven to be favored in many cases.
The best bases for this process are the one able to act as a base and coordinate the metal at the same time,
typically carboxylates.

E/ Deprotonation/metalation: This process is interesting, when a weak base is enough to promote the metalation,
which ensures broad functional group tolerance. The use of a stoichiometric amount of strong base (BulLi) followed
by transmetalation has already been seen for cross-coupling reactions.

F/ Radical recombination: In principal, radical intermediates can be recombined with high spin metal complexes.
This method is less useful, as stoichiometric radical abstraction reagents are usually required.

G/ Electrophilic metalation: In the case of olefins and arenes, a possible mechanism is first the reaction of the pi
system with an electrophilic metal to generate a carbocationic intermediate. After elimination, the organometallic
reagent is formed and can enter the catalytic cycle. An exogenous base can be added to accelerate the reaction.

Outer Sphere/No M-C bond formed

H/ Concerted Insertion

#
R
R-H + M=X —= vﬁ‘ — R-XH + M: X=C,0O,N
(‘x
)
M
I/ Radical Rebound
H, /e
~M
Q_T.r:p}:M —_— R-/\_)s —> R-XH + M: X =mostly O
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J/ Oxidative Dehydrogenation

_H
X Oxidant X HNu XH
)\ —_— J )\ X = often N
R H M cat. R or M—Nu R Nu
then H*

K/ Electrophilic activation (only for SP?)

H El~_H M
/\ - - XH
R% + E=M  —— R\_/ R%

In the outer sphere mechanisms, no C-M bond is formed, and direct functionalization is observed. A few possible
mechanisms are:

H/ Concerted insertion: This mechanism is similar to the cyclopropanation of olefins with carbenes. It has been very
successful for the insertion of carbon into C-H bonds, especially intramolecularly.

I/ Radical rebound: The mechanism is very close to the concerted insertion, but occurs stepwise. Stepwise
processes are more probable for oxygen insertion. This mechanism has also been proposed for enzyme-catalyzed
oxidation reactions.

J/ Oxidative dehydrogenation: many catalysts and reagents are able to dehydrogenate C-H bonds, especially in
alpha position to an heteroatom. If the dehydrogenation step can be combined with the addition of a nucleophile
(metal-activated or not) onto the olefin, an overall C-H functionalization is achieved.

K/ Electrophilic activation: In the case of olefins or arenes, many catalysts are able to activate electrophiles for
addition (classical Friedel-Craft reactions). The result is formally also a C-H functionalization, although reactions
proceeding following this mechanism are often considered separately.

As there are many different possibilities, it is often difficult to determine the exact mechanism of C-H functionalization
reactions. The term C-H activation should be used only for the case in which the metal is involved directly in the
breaking of the C-H bond (mechanisms A-D).

7.4.2 Synthetically important examples
7.4.2.1 C-H borylation

. Me Me
R—CH Cp*Rh(CgMeg) Bpin
- +  Bypin R + HBpin Cp* =
’ e cat. HH P 7 Me Me
Me
R'-Bpin + HBpin . _
reductive Cp*RhL B2pin, e .
elimination Bpin oxidative adition
Cp*_éhlll_H IBpin
1 : C *_Rhlll
R'=Bpin p Bpin
1_ Me Me
RoA Me O\ /O Me
©-B bond # Bopin, = B-B,
formation 5 _\ Me o) 0 Me

Bpin - ” Cot-RA pin Me Me
Cp*-Rh= 1 P Bpin

i °Bpin RI

R'I/ H

Bpin _ | C-H activation
Cp*—ll?h”'-l'.:’pm
R
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Boranes are versatile compounds in organic chemistry, either as precursors of alcohols or in cross-coupling reactions.
The rhodium-catalyzed borylation of C-H bonds developped first by Hartwig works both for SP? and SP3 C-H bonds
(Science, 2000, 287, 1995. Chem. Rev. 2010, 110, 890). Mechanistically, the C-H functionalization reaction has been
proposed to go via "partial oxidative addition", as the transition state looks like for an oxidative addition, buta B or H
atom is transferred without formation of an oxidated intermediate (Mix of mechanism A and B). The other steps of the
catalytic cycle are oxidative addition on the B-B bond and reductive elimination of HBpin.

7.4.2.2 Directed Pd-catalyzed functionalization of benzene C-H bonds

Pd(0)/Pd(ll) catalysis

DG PdoL,
R-X
reductive

elimination oxidative o

addition [ Q JOL
N Y PR
2
R
GD— Py Y R i |
o
L ‘z,)kOH \)J\OH _

DG
H—base*X" L
AN 7/

X
H Pd”\
base DG R coordination
C-H activation Pd(ll)/Pd(IV) catalysis
Mechanisms D, B or G v

coordination

Pd''XL, DG
reductive ©/
elimination
Y =Ar, OAc, |, Br, F

X = IPh*Z, | pd”
YL D6 L
\Y
Alternative to Pd(IV) eb—Pa
X L
base
L l - -
=S~ i oxidative
GD/F"’\“X/F’d —DG addition
L H—base*X"
Pd(lll) dimer Y-X —Pd"
(1) GD N C-H activation

Mechanisms D, B or G

The Pd-catalyzed functionalization of benzene C-H bond directed by coordinating groups can work either via a
Pd(0)/Pd(ll) or via a Pd(Il)/Pd(IV) mechanism. In the first case, the reaction is especially good for C-C bond formation to
make biaryls. In the second case, the high reactivity of Pd(IV) allows unusual reductive elimination reactions to make
also C-X bonds. The exact nature of the reactive Pd intermediate is still matter of some debate, and the reaction could
also proceed via Pd(lll) dimers. The oxidation to Pd(IV) usually requires stronger oxidants, and the best are usually
hypervalent iodine reagents. The research in this field has been driven by Melanie Sanford (Chem. Rev. 2010, 110,
1147.). An important part of research is the extension of the coordinating groups that can be used. The first reactions
were developed for amides and pyridines, but recent results (especially by Jin-Quan Yu) allow the use of more versatile
functional groups such as acids. The mechanism for C-H activation is most probably a concerted deprotonation
metalation mechanism (D), although sigma bond metathesis (B) or electrophilic metalation (G) could also be considered.
In some cases, Rh and Ru catalysts have also been successful.
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7.4.2.3 Directed Pd-catalyzed functionalization of SP3 C-H bonds

Me Me Pd cat. Me Y
NG 22 TN
R DG X=-Y R DG

The direct functionalization of aliphatic C-H bonds proceeds via the same mechanisms than for benzene C-H bonds,
but the C-H activation step is more difficult. Consequently, only pioneering results have been obtained and this field is
currently one of the "hot field" of research.

7.4.2.4 Pd-catalyzed functionalization of heteroaromatic and acidic C-H bonds

F N 0% O—-Pd
F H X @ RI—( \\>< >
RE Do @ REN\>%—H {b——H’
“y H Neg o 1t
F F | Y R' ="Bu, (Me, OH)
¢ X,Y=N,0,8 oo Y=N,0,8 CDM mechanism
In the case were acidifying groups or heteroatoms are present, the formation of the Pd-intermediate is possible without
a directing group. This method is particularly important for the functionalization of heterocycles, such as
indoles, pyrroles, thiophenes, imidazoles, oxazoles, thiazoles and pyridines. Except for the initial coordination step, the
catalytic cycle is similar to that for the functionalization of benzene C-H bonds. The activation of the C-H bond
proceeds via concerted metalation deprotonation (CDM, D) or deprotonation/metalation (E) for acidic bonds, and
probably via electrophilic metalation (G) for electron-rich heterocycles, such as indoles. The oxidation of electron-poor
nitrogen heterocycles to the corresponding N-oxide was found by Keith Fagnou to increase greatly the reactivity of the
C-H bond, which allows directly the functionalization of pyridines. For the CDM mechanism, carboxylate bases

are best, as they allow a 6-membered transition state. The best conversion is often observed with pivalate. In
certain cases, the Pd catalyst can be replaced by a copper or a nickel catalyst.

7.4.2.5 Pd-catalyzed functionalization of allylic C-H bonds

OAc
Pd(OAc),
—_—
RN benzoquinone RA\)

HO@OH H
Pd"(OAc), RJ\/
HOAC\/' coordination
oxidation

Pd 0 AcO \|

|

L H

OAc R
X
R o C-H activation (Mechanism D)
reductive elimination AcO. L HOAc
AcO, > Pq"

Pd' O |
| R

R T

o= o

The palladium-catalyzed oxidation of allylic C-H bonds is synthetic method, which was improved recently

by Christina White. The coordination of the olefin to palladium facilitate the C-H activation via internal
deprotonation. The oxidant benzoquinone was also found to play a key role as ligand, as it is essential to promote an
otherwise difficult reductive elimination to form the C-O bond. The last step of the catalytic cycle is oxidation of the
Pd(0) back to Pd(ll) by the quinone. Recently, the reaction has been extended to other nucleophiles.
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7.4.2.6 Catellani (norbornene) method
R' H—base*X"
Heck coupling x_R?

X
©: oxidative addition
R
base /\Rl), Pd°L,, \k& R
L\

1
RYL

x

\PdII/L Pd!
X X
R olefin insertion

B-carbon
elimination
L\ d||
Hx~
base
\ L C-H Activation
reductive elimination L] L (Mechanism D, B, A)
\/Pd.lv L~pg' H—base*X
R" | 'X
“f
R R™-X R

oxidative addition

The Catellani method using norbornene as co-catalyst allows the C-H functionalization in ortho position to halide
groups. The reaction starts with classical oxidative addition on the C-X bond, followed by insertion of norbornene. In the
presence of a base, an intramolecular C-H activation is now possible to form a palladacycle. As both substituents are
alkyl groups, the Pd center is rich in electrons, which allows oxidative addition with a second aryl halide to form a Pd(IV)
intermediate. After beta-carbon elimination of norbornene, a Pd(ll) intermediate is obtained, which can be used in
classical cross-coupling reactions, for example a Heck reaction to regenerate Pd(0). In a single step, both C-X and C-H
functionalization are achieved in this process.

7.4.2.7 Oxidative Heck coupling
R\/\R1

oxidant
base-mediated ~ base-H'X" pyo, —_ _
reduction 2 Pd X, é)i?_'e
base base-H*X" C-H activation
L R | (MechanismD,B, A, G)
base™ NS
7\/ P!
A pg" X L
AN
X \ /\R1
B-H elimination R Ligand Exchange
HJ} AN \/R1
1 Pd”
1l R \_/ / AN
/Pd X L
X" L

olefin Insertion

In the oxidative Heck coupling, C-H activation is followed by insertion and beta hydride elimination. At the end, the Pd
catalyst need to be re-oxidized. The reaction has been successful both using directing groups or more acidic C-H bonds.
The oxidant is usually copper salts, silver salts or oxygen. If oxygen can be used as oxidant, the reaction is nearly ideal
as neither metal nor salt wastes are generated during the process (it is a formal C-H/C-H coupling).
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7.4.2.8 C-H/C-H coupling

1_
Pd“XLn R'-H base o
C-H activation
oxidant H—base™X-
L X
AN 7/
L\ 0/L Pdll
Pd L/ \R1
R1-R? R2-H base
reductive L\ L C-H activation
elimination pdll\ H—base* X
RZ “R!

In principle, the direct C-H/C-H functionalization is the "ideal reaction" as no pre-functionalization of the partners are
required. Each step of C-H activation can be done using the principles seen before. Nevertheless, it is difficult to do two
challenging C-H activations in a single catalytic step, and it is very difficult to prevent homocoupling (two times activation
of R'-H to form the homo-dimer). Consequently, the reaction is already highly useful for homo-coupling, but further
research is required in the case of heterocoupling.

7.4.2.9 Oxidative coupling in alpha position to heteroatoms

RZ _.R®
ML, 1
H-R' base X
RORTT H-R' = H—~("2 —
\& C-H activation \ /'\R H———R
ML, (Mechanism D, E)
RZ\ ,R3 O

\ B
N L,M-R EWG H-CN
R4J\R1 X

2 3 H
—< RZ®R® Oxidation R\N’R
N -
1 (M cat.) R4)\

(Mechanism J)

M = Ru, Cu, Fe,..
H

R* R* = usually aryl

Another interesting approach to direct C-H/C-H coupling is possible in alpha position to heteroatoms, especially
nitrogen. This class of substrates is easily oxidized to the corresponding iminium, which can react with an
organometallic intermediate formed via C-H activation. As acidic C-H bonds are usually used, there is also a possibility
of direct nucleophilic attack on the iminium, without involvement of the metal. The metal can also be involved in the
oxidation step, which makes the exact mechanism of this reaction difficult to determine. Best catalysts are often copper
and iron, and in this case single electron transfer (SET) mechanisms have to be considered.

7.4.2.10 Carbene, nitrene and oxo C-H insertion

R-H + M=X —— R'-XH X=C,N,O
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The insertion of carbene-like intermediates is an important method for the functionalization of C-H bonds, which usually
proceeds via outer sphere mechanism. In the first step, the metal is oxidized to form the reactive carbene, nitrene or oxo
intermediate. C-H bond functionalization can then be either concerted, mostly for carbene insertion using rhodium
catalysts, or stepwise via a radical rebound mechanism, especially for iron catalysts and oxygen transfer. The carbene
insertion reaction is especially useful intramolecularly, and the exact structure of the diazo compound and the ligand on
rhodium are important to increase the efficiency of insertion compared to other carbene involving reactions (see section
4.4.3). The oxygenation reaction with iron also occurs in enzymes and efficient synthetic systems were developed
especially by Christina White. The Iron oxo complex is highly electron-deficient and the most electron-rich C-H bond is

oxidized (tertiary C-H > secondary C-H > primary C-H).
7.5 Synthesis of carbocyclic and heterocyclic systems using metal catalysts

7.5.1 Annulation (cycloaddition) reactions

7.5.1.1 D6tz benzannulation

®
_ Li O OLi  RIX OR!
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The D6tz annulation is one of the first transition metal mediated cycloaddition reaction and involves the reaction of aryl
substituted Fischer carbene complexes with acetylenes. Fischer carbenes are obtained from the reaction of chromium
hexacarbonyl with an organolithium reagent, followed by quenching with an alkyl electrophile. The annulation proceeds
via two pi bonds metathesis, followed by CO insertion. Electrocyclization then gives a cyclohexadienone, which
tautomerizes to the more stable phenol. Chromium can be removed from the product via oxidation. The D6tz reaction
represented an important progress in the understanding of metal-mediated annulation reactions, but the requirement for
stoichiometric chromium has limited its use.

7.5.1.2 "Trimerization" of acetylenes and alkenes

R
R R R2

ducti )/' — R R’ R~ M, R R
reduc |ve ot ; L.
eI|m|nat|on R \Qcordmat'on eﬁ?rg?nc;{}':n R )/ \coordmatlon
R
R R
R / \ R %\X R'l / \ R2 m
R R
insertion S\ R R / oxidative insertion S\ / oxidative
A /Z/—§\ cyclization cyclization
— Ry~ R R———R
Ln
3 components - no tethers M = Co, Rh, Ru 2 components tethered

The metal-catalyzed trimerization of acetylenes is an important method for the synthesis of benzene rings. The reaction
proceeds via acetylene coordination, oxidative cyclization, insertion of acetylene and reductive elimination. It is very
difficult to control the regioselectivity of the reaction if different substituents are on the acetylenes. In this case, it is
useful to use a two components approach, in which two acetylenes are covalently linked. Due to the chelate effect,
coordination to the diyne will be more efficient, and oxidative cyclization will occur on this substrate. After insertion and
reductive elimination, highly substituted benzene rings are obtained. In some case, the regioselectivity can also be
controlled with two different substituents on the acetylene, playing on steric and electronic effects on substrates and
ligands. The first reactions were developed using cobalt catalysts, but rhodium has been especially successful more
recently.

Variations:

///\\2+ R—»% 1\\2+\_/—>%[

pyrldlne cyclohexadlene

R “+2] [5+2]
R1_//_\\_R2 + \:/ /C[ _/_QRZ — R R1 R2
R R

cyclohexene cycloheptadiene
"Diels-Alder"

Based on the same mechanism, a very large number of processes can be designed. For example, replacement of one
acetylene with a nitrile gives access to pyridines and with an alkene to cyclohexadienes. It is also possible to use a
diene instead of the tethered diyne, and in the case of the reaction with an alkene, the reaction is a formal Diels-Alder
reaction, but proceeds via a complete different mechanism, at lower temperature and with other selectivities. Finally, it is
also possible to replace an olefin with a cyclopropane to obtain the homologous reaction.
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7.5.1.3 Pauson-Khand reaction
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The Pauson-Khand is an important method for the synthesis of cyclopentenones starting from an alkyne, an alkene and
CO (from stoichiometric cobalt octacarbonyl or CO gas). The original method started with the oxidative coordination of
cobalt octacarbonyl with an acetylene. The obtained complex can then loose one CO ligand and bind the alkene. After
insertion, a cobaltocyclopentane is obtained, as in the oxidative cyclization seen before. The next step is CO insertion
followed by reductive elimination. Finally, reductive decomplexation of the cobalt gives the double bond. The reaction
works with catalytic amount of cobalt, but in this case a high CO pressure is required. Recently, rhodium catalysts has
been introduced for the reaction. The use of CO as a one carbon compound in cycloaddition reactions has then be
generalized for the synthesis of other carbo and heterocycles.

7.5.1.4 Larock indole synthesis
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insertion

The Larock method is very useful for the synthesis of indole starting from iodo anilines and acetylenes. The mechanism
is similar to the one of the Buchwald-Hartwig amination, except that there is insertion of the acetylene prior to
intramolecular C-N bond formation. Similar approaches can be used for the synthesis of other heterocycles.
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7.5.2 Cyclization Reactions
7.5.2.1 Wacker-type cyclization
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The Wacker reaction is the classical oxidation of olefins to ketons in the presence of a palladium and a copper catalyst
with oxygen. The reaction is also possible intramolecularly (Wacker cyclization), butin this case the tautomerization to
the ketone cannot occur. The first step is activation of the olefin with an electrophilic Pd(ll) complex, followed by attack
of the nucleophile to form a Pd(ll) alkyl complex. After beta hydride elimination, a palladium hydride complex is
obtained, which is reduced in the presence of base. The Pd(0) complex is then reoxidized by the copper to Pd(ll). The
reaction can be made catalytic in copper in the presence of oxygen. A difficulty in this method is to control the
regioselectivity of the beta hydride elimination.

Recently, the development of cascade/domino reactions involving several C-C or C-X bond formations in a single
process has become an intensive field of research in organic chemistry, as it allows to decrease the number of steps.
In the case of the Wacker cyclization, the palladium alkyl intermediate can be intercepted with strong oxidants (typically
hypervalent iodine), and this has been successful for the introduction of oxygen and nitrogen heteroatoms. Recently,
the introduction of acetylenes was developed in the group of J. Waser at EPFL using TIPS-EBX as reagent.

7.5.2.2 Ene-Yne cycloisomerization reactions

R’ R’ R’
// Ru, Pd or Rh cat. =~ “H =~ ~H
or
= R2 A = R2
R2
1,3-diene 1,4-diene
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The cycloisomerization of enynes is another useful cyclization method. Ruthenium, palladium and rhodium are all able to
catalyze this process, and for ruthenium, the intermolecular reaction is also possible. The first steps are the same as for
cyclotrimerization reactions: coordination and oxidative cyclization. At this point, a beta hydride elimination takes place.
As a metal-hydride interaction is required for beta hydride eleimination, elimination at position H, is favored to give a 1,4
diene after reductive elimination. The 1,3 diene is usually obtained only when no H,, is present.

7.5.2.3 Au an Pt-mediated cyclizations
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The intensive use of gold in organic chemistry is recent, as this noble metal was long considered to be not reactive
enough for catalysis. In fact, redox chemistry on gold is much more difficult than on palladium, and some reactions, such
as beta hydride elimination, do not occur with gold. However, gold is an exceptional Lewis acid for pi systems, especially
acetylenes and is able to catalyze the intramolecular addition of heteronucleophiles on acetylenes. This can also be
done with palladium, but with gold protonation of the obtained gold intermediate is easy and allows to close the catalytic
cycle without the use of oxidant or beta-hydride elimination. Similar chemistry can be done with platinum.

The reaction of enynes with gold catalysts is fascinating. Intramolecular attack of the double bond on the coordinated
alkyne leads to a carbocation, that can rearrange to give a gold vinylidene cyclopropane. 1,2-Hydrogen shift with lost of
gold then gives a vinylcyclopropane product. During this process, shift or elimination are possible on all the
carbocationic intermediates, and a very large amounts of different products can be synthesized, if the result of the
reaction can be controlled (Echavarren, Chem. Rev. 2008, 108, 3326.).
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