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formation of the delocalization in the enolate anion
0 enolate ion @
" of acetaldehyde 0 )
H - — H = = H
H f)) H H ®
. OH H H
oxyanion carbanion

The negative charge is mainly on oxygen,
the most electronegative atom.
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typical reaction
of an enolate dwai'&‘mgte
at carbon: electrophiles
(Me3SiCl, Me3z0%,
AcCl) at oxygen
soft electrophiles react at C hard electrophiles react at O

Loy — o o

X=1|,Br,Cl X = OMs, 0SO,0Me, *OMe,
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LDA removes the H
least hindered proton

Li iMe;
LDA o Me;SiCl s Br2 o
— R \/& — R \/§ — R \)l\/ Br

disopropyl
amide

JUT
|" lithium
Li



_Li

0 ~ _Li
A lithium enolate o an o
H LDA
T - + HNR,
o _SiMe3
/g silyl enol ether
——
/"_‘9‘\ si” |
Li
0 ~o mé Me o,smnes

RJ\/H _A R/J\ I n&

lithium enolate silyl enol ether






OSiMe;

hard electrophile attacks O
0® Me3SiCl g

0 Me,CulLi conjugate /
”/‘k addition Z Me &
fCufl\l: Me Rx\\

soft electrophile attacks C
Me



0 0
N 0 1. mix neat
+ o OH
O/ \)koH 2. acid work-up

enamine keto-acid product

2 o

0o |"|3O

©/\/U\ keto-acid

enamine of product product




1,2-addition and 1,4-addition



Conjugate addition or direct addition?

® Conjugate addition to C=C ® Direct addition to C=0
(also called 1,4-addition) (also called 1,2-addition)

D

NP

0 Co
@/ N\F
it .

Hard and soft nucleophiles

Hard nucleophiles Borderline Soft nucleophiles
F-, OH-, RO, SO;, CI- N3, CN- I-, RS-, RSe~, §*-

H,0, ROH, ROR’, RCOR' RNH,, R'RZNH RSH, RSR’, RsP

NH;, RMgBr, RLi Br- alkenes, aromatic rings

® Hard/soft—direct/conjugate addition

* Hard nucleophiles tend to react at the carbonyl carbon (hard) of an enone.

* Soft nucleophiles tend to react at the B carbon (soft) of an enone and lead to conjugate
addition.



Conjugate addition or direct addition?

1. Ph2Cull, 1. Bu,Culi,
OMe Me,;SiCl OMe Me;SiCl
A o Ph o X -CHO NN~ -CHO
75% yleld 80% YI9|d
Me
\
Li® /‘/Si[?:l

©
0 Me” / i
. S Co _ _Bu 0 M7 _ Bu -\ OSiMe;
u Bu



® Conjugate (1,4 or Michael) vs direct (1,2) addition

Conjugate addition favoured by Direct addition to C=0 favoured by
Reaction conditions (for reversible thermodynamic control: high tem- kinetic control: low temperatures,
additions): peratures, long reaction times short reaction times
Structure of o,B-unsaturated unreactive C=0 group (amide, reactive C=0 group (aldehyde, acyl
compound: ester) chloride)

unhindered B carbon hindered 3 carbon
Type of nucleophile: soft nucleophiles hard nucleophiles
Organometallic: organocoppers or catalytic Cu(l) organolithiums, Grignard reagents




Chemoselectivity and protecting groups



Selectivity

Most organic molecules contain more than one functional group, and
most functional groups can react in more than one way.

Chemoselectivity: which functional group will react?
Regioselectivity: where it will react?

Stereoselectivity: how it will react (stereochemistry)



regioselective
conjugate addition

(depending on conditions)
Nul:- . =
1,4 addition? ./~~~ 1,2 addition? Nu O
¥ V‘ regioselective
\/\n/ direct addition P

0 (depending on conditions)

HO Nu



Carboxylic acid derivatives

@ Reactivity towards nucleophiles

aldehyde ketone ester amide carboxylate
0 O (o) o) 0
A = 4. = J = N =
n: R™ R R~ “OR R” "NR; R o™
Reductions
O NaBH4 H,, Pd/C, H®
JUV Jj©/v Ph

o ey e @

salmefamol



How to reduce aldehydes and ketones to alcohols

O NaBH,4 [\ OH ©

/lk — R OAH-OEt —» /L +Et0?H3
R R EtOH W
HgH_~]

still a rcdulcing agent

How to reduce esters and amides to alcohols

LiAlH, reduction of esters

©
® . .

Li Li Li.« ™ AlH; _AIH; H

R H
H

R OR H

0
H3Al

R7/CoOR R™AH R™\"H R
A H

©

H,Al

LiAIH4 reduction of amides

Li@ Li« \AHH gIH |
i 3 AlR; ® NR
0O O ( :O NR, 2
R j NR R NR R NR R H
8 2 H 2 H 2 i ] H
o tetrahedral intermediate collapses e

to give an iminium ion



How to reduce carboxylic acids to alcohols

O O
BH3 BH; RO 0
R OH R O 3 fast R t/o #O
Teaciive Inacylomts carbonyl group more reactive
+3xH, as a result of boron's

electrophilicity

Chemoselectivity

T ki BH3 CO;Me /U\/\
& b com M(



empty p orbital

tetrahedral intermediate collapses

H_g/H H to give an iminium ion
“H o(;)B-—-H _BH; H R _H - H,0
= h
ﬁ — (Wm_> ) Me|—= Jm"—> R/\mlrm - R e
R e N o n A Ul 1 Me
| ' Me Me Me
Me Me
Chemoselectivity
CO,Me CO,Me
——» H
o ™ THF N



How to reduce esters or amides to aldehydes

" Ali-Bu
Bu - 2
O o _AI® ° X i
S e B —— s
R OEt hexane, /lk & H OFt A "
-70 °C R OEt 88% yield
tetrahedral intermediate (R = n-Cy1H23)

stable at =70 °C
unreactive towards further reduction

7

This is not a general reaction, and it will depends
on substrate’s “reactivity”

DIBAL

A

) LiAIH, 0 OH  Cr(vi) 0 ;
CO,Et —— S CHO Al Al
J \_/

H

W/ o

H H H
required for synthesis of

readily available antibiotic monensin bridged dimer

\

O



® Summary of reducing agents for carbonyl groups

Key

0 0 0
reduced N N N
reduced slowly R" H R" H R" H
not usually reduced T T 1
via acyl
viaaiconol |l LialH, 0°C || chloride
(see later)
A most reactive | | I
]
A least reactive
S GRS SRS S G
R H NR,
imine aldehyde ketone ester amlde carboxyllc acid

—



How to reduce a,f-unsaturated
carbonyl compounds

O O

H,, Pd/C
Q/\)J\ 2—> ’ N raspberry ketone
HO/ = HO/ /
Chemoselectivity
OH 0 0 OH
o Nesre  NasH, N
/' +ceCly /
97% yield 100% vyield
H loss of
. - T H=B=H "+ nR—OH gEH.. [BH (OR) ]
Luche reduction: Hard, Lewis-acidic i < A
metal salt (CeCl;) in combination
with NaBH, regioselectively reduces (H)RO  OR (H) R

X
the carbonyl group. RS\/»\%_H O----H—OR
OR(H) \ ée3+



Hydrogenolysis: breaking C-O and C-N bonds

benzylic C-~O bond benzylic‘C—N bond

" ROH y RNH,

H,, Pd/C H,, Pd/C
©/toluene ©i)luene



easiest to hydrogenate

(o} (o}
n)l\m R)LH
ArNO, —  ArNH;
R———R > /7 \
R ]
NR NHR
RJ\R R R

R/\/R — R/\/R

N — ™ RXH+PhCH

hardest to hydrogenate






Protecting Groups

What is a protecting group?

A protecting group (PG) is a molecular framework that is introduced onto a

specific functional group (FG) in a poly-functional molecule to block its

reactivity under reaction conditions needed to make modifications elsewhere
in the molecule.

PG
R-FG - R-FG-PG

Free Functional Group Masked Functional Group
(Reactive) (Unreactive)



Protecting Groups

Qualities of a Good Protecting Group

PG
R—-FG > R=FG=PG
Free Functional group Masked Functional group
(Reactive) (Unreactive)

A good protecting group should be such that:

(a) It should be readily, but selectively introduced to the desired
functional group in a poly-functional molecule.

(b) It should be stable / resistant to the reagents employed in
subsequent reaction steps in which the group being masked
(protected) is desired to remain deactivated (protected).

(c) It should be capable of being selectively removed under mild

conditions when its protection is nolonger required.



Protecting Groups

The Most Reactive Functional Groups Commonly Requiring Protection

R-OH

Alcohols

Q 0 O
R-C-H R-C-R R—-C-OH

Aldehydes Ketones Carboxylic acids

R—NH,

Amines

The commonly encountered functional groups in organic synthesis
that are reactive to nucleophilic or electrophilic reagents whose
selective transformation may present challenges do regularly require
deactivation by masking with a protecting group.



more reactive less reactive
ketone ester

mustnot R 0 o - - - - :gla’f:i PhMgBr i T
react here J]\v‘ J\ L\ TR -
- OEt phph

2% / \
» e R
OEt H* OEt Ph Ph



Protecting groups 1

Protecting group Structure Protects From To protect To deprotect
acetal (dioxolane) [\ ketones, aldehydes  nucleophiles, bases /T \ H+, H,0
0 o) HO OH
>< H® cat




A survey of protecting groups

OH

PN 4

reduce W
e NaBH4 deprotonation of hydroxyl group
)j\/\/ M Br *™ by strongly basic reagent

not here

__two representations of
Me\ ,t'B“ Me\ /t “BU < -~ 1o TBDMS protecting """,

ASi group OTBDMS

)\/\/ |m|dazole )\/\/ ——1Li » )\/\/




Protecting groups 2

Protecting group Structure Protects From Protection Deprotection
trialkylsilyl R,Si-, RO—SiMe, alcohols (OH in nucleophiles, C R,SiCl, base H*, H,0, or F-
e.g. TBDMS RO—SiMe,t-Bu general) or N bases
® H
H ©) ® |
F H;0
"dige (BuyN*F) 53 i N\
Me Me © Me Me Me Me .5




Protecting groups 3

Protecting group Structure Protects From To protect To deprotect
tetrahydropyranyl (THP) alcohols (OH in  strong bases dihydro- H*, H,0
general) | pyran
and
RO 0 0 acid

=

®
Me H™ cat. Me the THP protecting group

H@
mechanism @ —>‘Ej T O O
>

(o) o) O
dihydropyran L ' ROH ®

MeO,C dihydropyran MeO,C /O LiAlH,
Y\OH \‘/\o o~ — /Y\OTHP



Protecting groups 4

Protecting group Structure Protects From To protect To deprotect
benzyl ether RO alcohols (OH in almost NaH, BnBr H,, Pd/C, or HBr
(OBn) general) everything

ROBn
methyl ether = phenols (ArOH) bases NaH, Mel, or BBr,, HBr, HI,
(ArOMe) —:R (Me0),S0, Me.Sil

AN
MeO
the benzyl (Bn) Bn survives acid

protecting group

o® V
NaH
HO/Y\OTHP e PR O /Y\OTHP _HO  Bho OH
Me Ph/\ Br TH Iane;1 r;gved Me

benzyl bromide

. BnO/\‘/\Br —— _ BAnO/Y\

% Me ' Me

Bn survives base



this CO,H group
must be activated

this amino group
must act as a
nucleophile

. . o
Y T Y\,I:L“ /\L]/ou

Gly

to make it
electrophilic
\o
OH
NH,
Leu
removable
only in acid

xH,N/\n/ PG’—»Y\‘/‘L/\H/

removable
only in base

base

acid

dipeptide LeuGly

o)

Y
0

free amine ready
for further coupling

free acid ready for further
activation and coupling

\[/\l/“\ /\ﬂ,ou




Some amino acids

Name Three-letter code One-letter code Structure
glycine Gly G
alanine Ala A
valine val \'
leucine Leu L




The (OtBu) protecting group

Protecting group Structure Protects From To protect To deprotect
t-butyl ester (CO,t-Bu) (0] J< carboxylic acids nucleophiles isobutene, H* strong acid
RJ\O
making a t-butyl ester key steps:
R 0
R_ _OH /U\ R. _O o \[f‘\)H
Y'Y — .
0 H@ (8 ®

hydrolysis of t-butyl esters in acid:
t -Bu—0O bond breaks E1
to form carbocation H — >
\K R._0O N se

SSS—— \[f\/ _— \( ‘ > /kOFh
® ( OH R'OH (solvent

free carboxylic acid

-+

L»H

carbocation
undergoes E1 or Sy 1



The Cbz protecting group

Protecting group  Structure Protects  From Protection Deprotection
Cbz (Z) (OCOBn) RHN (o) Ph amines electrophiles ~ BnOCOCI, base ~ HBr, AcOH; or H,, Pd

\n/\/

0O
0O
CO2H
Cl 0O Ph
2 ; Y e base \‘/Y
—
O  benzyl HN O\/Ph
NH; chloroformate Cbz-Leu | the Cbz

leucine (Leu) (= BnOCOCI) or Z-Leu O protecting group



The Cbz protecting group

Protecting group  Structure Protects  From Protection Deprotection
Cbz (Z) (OCOBn) RHN \n/ovph amines electrophiles ~ BnOCOCI, base ~ HBr, AcOH; or H,, Pd

O

cleavage of Cbz (Z) in HBr/AcOH
(\ ® HBris a

H R id H ® H
_N & H strong acid _N K _N 0.
R \f R — R \”/ -
O 0 Ph

Ph 0

i, i
Br- is a good
nucleophile
Br
cleavage of Cbz (Z) by hydrogenolysis
Rl N_ 0O g\N'H o3
o e i e R —NH
R \( R/ T H R/ \) 2
O_ _Ph 0 o e
ha + PhMe

benzylic C-O bond



The Boc protecting group

Protecting group Structure Protects From To protect To deprotect
Boc (t-BuOCO) 0 amines electrophiles (t-Bu0C0),0, base H*, H,0
R ~ /”\ k
N (0]
H
O O the +-Boc SMe
t-Bu._ t-Bu protecting group
OH - - ide
H,N Boc20 or '‘Boc anhydride o ﬁ\o)k 8 OH
base
methionine © H

Boc-Met 0O

removal of the Boc group in acid OH 0
P e H )\ R = )%ﬁ,ﬂ — H:N—R

H 0~ °N
O < H 0 -
S a = - . *
o R o N,R CcO,
H




(0] neither Sy1 nor
Q )]\ Sn2 can take place
at this carbon: the
. compound is stable
. . to acid 0
l\ R

RNH, H

base
the Fmoc protecting group

pK, about 25

Y@ "
) -
¥:\ '
14-electron

:NR3 aromatic system CO, +H,N—R

5




Protecting group ~ Structure Protects From To protect To deprotect
acetal (dioxolane)) / \ ketones, nucleophiles, " H*, K,0

o><o aldehydes bases HO OH

N e H® cat
trialkylsilyl R;Si RO-SiMe; alcohols (OH in  nucleophiles,  R;SiCl, base H*, K,0, or F-
(e.q.TBDMS) RO-SiMe,t-Bu general) C or N bases
tetrahydropyranyl alcohols (OH in  strong bases dihydro-  H', H,0
(THP) general) | pyran

and

RO 0 0~ acid

benzyl ether (OBn) RO alcohols (OH i almost NaH, BnBr H,, PdIC, or
general) everything HBr

ROBN
methyl ether Z phenols (ArOH)  bases NaH, Mel, or BBrs, HBr, HI,
(ArOMe) _:g (Me0),50, Me;Sil

MeO -
t-butyl ester 0 carboxylic acids  nucleophiles  iscbutene, H* strong acid
{CO,t-Bu) )j\ J<

R 0
(bz (Z) (OCOBN) RHN o\/ amines electrophiles  BnOCOCI, base HBr, AcOH; or

\n’ H,, Pd
(o]

t-Boc (OCO1-Bu) o amines electrophiles  (+-BuOCO),0, base  H*, H,0

R ~ k

N JI\O
H

Fmoc see text amines electrophiles  Fmoc-Cl base, e.qg.






Retrosynthesis:
a brief introduction

Most of the things we have discussed so far can be summarized
on how to make molecules, that’s what a Chemist do!!

The question now is
how to choose a good method to make them?



@ Some definitions of terms used in synthesis

target molecule (or TM)

retrosynthetic analysis
or retrosynthesis

retrosynthetic arrow
disconnection

synthon

reagent

the molecule to be synthesized

the process of mentally breaking down a molecule into starting materials

an open-ended arrow, ———, used to indicate the reverse of a synthetic reaction
an imaginary bond cleavage, corresponding to the reverse of a real reaction

idealized fragments resulting from a disconnection (synthons need to be replaced by
reagents in a suggested synthesis)

a real chemical compound used in the synthesis, perhaps as the equivalent of a synthon




Retrosynthetic analysis: synthesis backwards

a retrosvnthetic arrow

Synthetic planning starts with the product, which is fixed and
unchangeable, and works backwards towards the starting materials.

0O

HUOS \’ Ca OW 0
Y N
)J\ N Ph OH * )
N y Cl k Ph

Ph O Ph
ester alcohol acyl chloride

An insect repellent



Double rabbet I

O2N

The disconnection approach “fraction” the molecule
into smaller starting materials (pieces), and then
combine these by chemical reactions.

It requires a logic based on our chemical knowledge to
choose the suitable starting materials. More than one
approach is usually possible.

disconnection retrosynthetic arrow
(o) : : 0
Y ;
N ﬁ Ci
H H2N
O2N
product or target molecule proposed starting materials

amelfolide



Idealized reagents Synthons are fragments of molecules with an
associated polarity (represented by a ‘ + * or ‘~’) which stand for the reagents we are going to
use in the forward synthesis.

Herbicide compound

Cl Cl
C-0 eth ©
oJC/cozu er\) 0 . © _COM
7 CH,
Cl Cl
target molecule: 2,4-D synthons
synthon equivalent reagents synthon @/cozﬂ

Cl Cl
. OH
equivalent reagents
Cl cl + base Cl__COzH o Br __COzH or TSO. __COH



® Guideline 1
Disconnections must correspond to known, reliable reactions.

Cl cl

bad choice of disconnection: no
o\/cozH reliable equivalent reaction . ® o
> 0\/002H
Cl

Cl

® Guideline 2

For compounds consisting of two parts joined by a heteroatom, disconnect next to the
heteroatom.

chlorbenside: c
retrosynthetic analysis

|
©
B C-S sulfide /@/s /©/0l
)
Cl

It kills ticks and mites




anti-obesity drug

ICI-D7114 intermediate: retrosynthetic analysis

@® Ph
A G —
OH
H-N possnble dlsconnectlons
2NN o . /O/
Ph N

} V Of/ Ph
om m O o
Br\/\o /©/ JC/JCO :} /©/
Ph___NH,

® Guideline 3
Consider alternative disconnections and choose routes that avoid chemoselectivity problems—
often this means disconnecting reactive groups first.

OH O. _Ph
BnClI """ base ~
base Bra_~ ™
HO HO Br_ -~ - o) BnNH,



ofornine: retrosynthetlc analysis

@f“o SHOn @f“' )
e

The antihypertensive drug ofornine contalns an amide and an amine functional group, and
we need to decide which to disconnect first. If we disconnect the secondary amine first (b), we
will have chemoselectivity problems constructing the amide in the presence of the resulting

NH, group. o
C(L FGI OH OH
amine NH,

\ \ N
N N N
The retrosynthetic transformation of an acyl chloride to a carboxylic acid is not really a

disconnection because nothing is being disconnected. We call it instead a functional group
interconversion, or FGI, as written above the retrosynthetic arrow.



o \ /Z
]
1
5 _
o = -
\ 7
o /l\N
5 =
=

ofornine: synthesis
0



ocfentanil: 0
retrosynthetic d\,‘/\OMe
analysis

ph” N O/ D amiAe o O/:D +01/\°“°

FGI (jg O HN
+
reductlon h/\/ D imine Ph/\/ (:/( FD

Ocfentanil is an opioid painkiller that lacks the addictive properties of morphine.
Disconnection of the amide gives a secondary amine that we can convert to an imine for
disconnection to a ketone plus 2-fluoroaniline.



two hydroxyl |~~~ "~ "°° > OH P OH
groups pose a | » yo__L_ OH
chemoselectivity Ph a a b b
problem — 0 ?a)\ —
Y\ ® \K\x Ph /?\H
@ Ph
OH

Br\)\
OH / " “Ph
o /l\ bromide C Can you see why Cis
Ph \ o not a good choice?
synthon B
I>\Ph

epoxide D

In using the epoxide we have gone one step beyond all the disconnections we have talked
about so far because we have used one functional group to help disconnect another—in other words,
we noticed the alcohol adjacent to the ether we wanted to disconnect and managed to involve
them both in the disconnection. Such disconnections are known as two-group disconnections



two hydroxyl |~~~ """ > OH \l/\/OH
groups pose a |. \/l\
chemoselectivity = ho Ph a a b o b
problem o) ?z)\
e T YT T X
@ Ph

synthesis: OH
o® ‘ 2. I>\Ph

W/\/OH ﬂ.[ N e



Notice that we have written ‘1,2-diX’ above the arrow to show that it’s a two-group (‘diX’)

moxnidazoole intermediate: retrosynthesis (Me0),CO

W"\Nw 0 HN-NH  OH o1 ,2-diX o C-Namine 0

catbamate

moxnidazole intermediate: synthesis
o (\0 (\
+ Em—
Be A T

Moxnidazole is an antiparasitic drug, and our next target molecule is an important inter-
mediate in its synthesis. The obvious first disconnection is of the carbamate group, revealing
two 1,2-relationships. A 1,2-diX disconnection gives an epoxide that can be made by alkyla-
tion of morpholine with epichlorohydrin.

NHzNHz HzN\NH OH (\O (Me0),CO

— TM



(o) 0O (o

L NN A
NMR > 3N TR > N g
synthon reagent

Nu@/\\\(}u?n — - N pa— Nu/\)OI\n

H@

Remember that not all nucleophiles will successfully undergo Michael additions—you must
bear this in mind when making a 1,3-disconnection of this type. Most reliable are those based
on nitrogen, sulfur, and oxygen (enolates).



O atropine mimic: retrosynthetic analysis
0
N o 1,3-diX o 9
5 4 Ph -use  Ph” "X
Ph”3 N
H
synthon reagent

N (o) 80-90%
yield

atropine mimic: synthesis
o O
O PN T
N
H

Ph



0 OH

nj:; 3)11\9 3)1\6) R/cl:j\/cg

2 2 2
a' synthon d? synthon a2 synthon a® synthon
equivalent to equivalent to equivalent to equivalent to
X i 7 I
R” H R/J\ R R)J\/

@ Synthons are classified as a (acceptor) or d (donor)

A number shows the position of the acceptor or donor site relative to a functional group.

An example of an a' synthon is a carbonyl compound and an example of a d? synthon is an
enolate or an enolate equivalent.



(0] OH OH
1,3-diO
A 2 J, L
enolate (d?) ketone (a')
0 /g/‘ﬁ O OH

/lk base [ ] M

- >
enolate (d?) aldol product

The aldol reaction is extremely important in organic synthesis because it makes compounds
with two functional groups in a 1,3-relationship. Whenever you spot this 1,3-relationship in
a target molecule—think aldol! In disconnection terms we can represent it like this.



cinflumide: retrosynthetic analysis

C-N amide
H { q
0

cinflumide: synthesis

/@\ <CO:H heat 1. SOClz H
+ — o OH — Z N
F By 8 |
F CHO  COzH X 2. H-‘.N—Q



How would you synthesize this compound?

MeO OMe

o



acetal
OH 1 1-diX

CHO
\)\/\/OH

1,5-diO

+ 2 MeOH

CHO

1 — \)
2 002Me ©

CHO

+ \/Cone

1. MeOH
» target

CO,Me 2.LiAIH, mMolecule



Suggest a method for the synthesis of the following molecules



Ph







Show how to prepare the following molecules (several steps, two fragments

BrMg On

o) =

9 %







