PART B

ORGANIC SYNTHESIS



What is Synthesis?

Synthesis involves combining two or more chemical entities
through covalent bonds to generate a more complex molecule.
The covalent bonds formed between these chemical entities
could be based on:

»a substitution reaction,

» an addition reaction

Since the new bonds formed during synthesis occur at
functional groups inherent in polyfunctional molecules, it is
usually necessary to use protecting groups to minimize the

... formation of side-products. ,
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Is Synthesis of Any Value?
Synthesis is important to the food and cosmetics industry, but
also finds wide application in medicine.
Although nature can provide the source of cinnamaldehyde
(occurs in the cinnamon plant), its wide application as a
flavouring agent requires that it be readily available in large
guantities.

Synthesis has served to supplement the natural source.
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Of What Value is Synthesis?

Synthesis of Moisturizers and Sweeteners
Enzymatic hydrolysis of starch provides glucose, which when

reduced provides sorbitol, a moisturizer and sweetner.

HOH,C

—5 o CHO CH,OH

HO5 H-C-OH H-C~OH

O CH,OH H-C-OH |, H-C-OH

HO o oc-AmyIase= HO-C-H 2 HO-C—H

Starch HO H-C-OH Ni H-C-OH
o CH,OH CH,OH
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Cassava Grapes
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Organic Synthesis

What are the Essentials in Synthesis?

Since organic synthesis is applied organic chemistry, to stand a
realistic chance of succeeding in any synthesis, the student

ought to have a good knowledge-base of organic chemistry in

the following areas:

» Protecting group chemistry

» Asymmetric synthesis

» Functional group transformations (SCH 202 & SCH 206)
» Substitution reactions (SCH 102)

» Addition reactions (SCH 202 and SCH 206)

.o » Strategies for synthetic planning (Retrosynthetic analysis) .



Protecting Groups in Organic
Synthesis



Challenges in Organic Synthesis
Chemoselectivity can be Elusive

Chemoselective Oxidation

O

O CrO;
H,O
Non-selective Path ©
AgzO
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HOMOH

Selective functionalization of poly-functional molecules is an
important attribute in multi-step organic synthesis.
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Protecting Groups: A Necessary Evil
Building the Case for Protecting Groups

Primary alcohols R | of
are more reactive emoval o
since are less hindered protecting group

Y

OH

e O
)\/\/OPG Oxidizing ager:t )J\/\/OPG
CH3 H CH3
Deactivated with
a protecting group

Note that the introduction of each protecting group in a multi-step
synthesis increases the synthesis by two non-productive steps reducing the
overall yield and efficienz_cl\! p?ﬂf the synthesis. .



Protecting Groups in Organic Synthesis
What is a protecting group?

A protecting group (PG) is a molecular unit 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.

R—FG PG R—FG-PG

Free Functional group Masked Functional group

(Reactive) (Unreactive)
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Protecting Groups in Organic Synthesis
The Qualities of a Good Protecting Group

A good protecting group should be such that:

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

(b) It should be resistant (inert) to the reagents employed in the
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 no longer required.
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Protecting Groups in Organic Synthesis

Groups that Commonly Require Protection

R-OH
Alcohols
2 0 0
R-C—-H R-C-R R-C-OH
Aldehydes Ketones Carboxylic acids
R—-NH,
Amines

The common functional groups that are reactive to nucleophilic
or electrophilic reagents whose selective transformation may

present challenges do regularly require deactivation by masking
with a protecting group.
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Protecting Groups for Alcohols
Why Ethers?

As derivatives of alcohols, ethers are among the least reactive of
all classes of organic compounds.

No wonder, the common protecting groups for alcohols are

ether-protecting groups.

R-OH | >  R-O-R,
Alcohols Ether

To achieve the desired protection, the conversion of alcohols to

ethers replace the acidic proton on an alcohol with an

unreactive alkyl moiety.
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Protecting Groups for Alcohols
What Kind of Ethers?

Except for benzyl ethers, hadly are alcohols protected as alkyl
ethers. The ether protecting groups of alcohols can be grouped
into the following categories:

(a) Silyl ether protecting groups

Rs
R-OH ! > R—O—S:i—R,
Ra
Alcohol Silyl Ether
(b) Acetal protecting groups
R—-OH ' > R_OCHzo_R,

Alcohol Acetal
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Protecting Groups for Alcohols

Silyl Ether Protecting Groups
Silicon ethers are the most commonly used alcohol protecting
groups. The O-Si bond formed is strong and less reactive to
strong bases compared to the O-H bond in the parent alcohol.
Moreover, the bulkier silicon prevents easy access by
electrophiles to the lone pairs of electrons on the oxygen atom.

Common Silicon-Based Protecting Groups for Alcohols

CH; CH,CHj
R-0-8i-CH; or R-OTMS R-0O-Si~CH,CH; or R-OTES
CH, CH,CHj
Trimethylsilyl Triethylsilyl
Ph CHy
R-0-Si-C~CHy
Ph CHs

Tert-Butyldiphenylsilyl (TBDES)



Protecting Groups for Alcohols
Tert-Butyldimethylsilyl Ether Protecting Group

Formation
N7 N-H
\—/
: CH3 CH3
Imidazole
R-OH + TBDMSCI - R-O- SI C CHs
Base CH; CH;
2N\ -H
CHs CHy N” N CHs CHs _ CHy CH3
_ /=N R-OH . _
CH;— C S| Cl — > | CHs— C S| N @ R-0O- s, C CHy + Imidazole-HCI
CH3 CH3 Imidazole CH3 CH3 CH3 CH3
R-OTBDMS

Imidazole neutralizes the HCl produced in the reaction to
suppress side-reactions that could arise from it.

Example
TBDMSCI CHz CHs
OH > O-Si-C-CH3; or <;><OTBDMS
Imidazole CI—I|3 (|3H3
OH OH
A _~_oH TBDMSCI A _~_ oTeDmS
2:14 PM CH3 - O =

Imidazole
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Protecting Groups for Alcohols

(Deprotection of Silyl Protecting Groups)
Cleavage
This takes advantage of the selective siliphilic property of
fluoride ions.

M/‘\ R, ,t+Bu @
R-O-Si—tBu + © R-0-Si®  + |

H F ,

\

Me Me Me
\ t-Bu '\./Ie
R-0-Si© - R-09 % tBu-Si-F
Mé Me Me
7N

R-09 + H®
Fluoride sources:
» Hydrofluoric acid (HF)

. » Tetrabutylammonium fluoride, Bu,N*F- (TBAF)
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Protecting Groups for Alcohols
(Synthetic Applications using Silyl Protecting Groups)

The bulkiness of TBDMS and TBDPS ether protecting groups can

be used to advantage to direct it to the least hindered primary

hydroxyl group leading to selective protection of a primary

hydroxyl group in the presence of a secondary hydroxyl group.

OH

CH )\/\/OH

3

TBDMSCI

Imidazole

Y

OH

hy A~ OTBDMS

3

PCC

\

TBAF

A~ OTEDMS

3
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Protecting Groups for Alcohols
(Benzyl ether Protecting Groups)

R.
0~ “Ph
Benzyl ether
(Bn)
Formation
NaH
R—OH 2 ~ R-O__Ph or R-OBn
PhCH,Br (BnBr)
Cleavage

Although alkyl ethers are not commonly used as protecting
groups for alcohols due to the harsh conditions required for
their deprotection, benzyl ethers are unique since they can be
easily be cleaved through hydrogenolysis.

Ho
R-OCH,Ph » R-OH + PhCHj;
Pd/C

Hydrogenolysis is commonly used to cleave benzyl ethers




Protecting Groups for Alcohols
(Perspectives in Synthesis)

Benzyl ether protecting groups can be used along with silyl
ether protecting groups to protect poly alcohols during
synthesis.

OH O Ph

A
TBDMSCI
_ TBAF
Imidazole
Y
/C'Di/v BnBr 0~ “Ph
OTBDMS > OTBDMS
CHj NaH CHg/v\/\/

Note that whereas one can selectively protect a primary alcohol
as a silylether in the presence of a secondary alcohol, such
,aspuSelectivity is not possible with benzyl ethers. 20



Protecting Groups for Diols
(Cyclic Acetal Protecting Groups)

Acetonide Protecting Groups for 1,2-Diols
The formation of thermodynamically stable five membered ring

systems is feasible.

Formation
R
R__OH p-TsOH O
:[ + O_/ - I >< + Hzo
R~ OH \ catalyst R O
Cleavage

Exploits the reversibility of the acid-catalysed equilibrium.

@ R. _OH

R
O H 0
+ H,O - T
R O (catalyst) R OH
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Protecting Groups for Alcohols
(Perspectives in Synthesis)

Synthetic Applications of Cyclic Acetal Protecting Groups

CHO
HO——H
HO——H

H——OH
H——OH

CH,OH

D-Mannose
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NaBH,

>

CH,OH
HO——H R 5§ 9H
H——OH R OH OH
H——OH R
CH,OH i
p-TsOH
o ol
NalO4 /\/'\/;\/O
H,0 QA&

Chiron in Asymmetric synthesis

22
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Protecting Groups for Aldehydes and Ketones
(Acetal and Ketal Protecting Groups)

Acetal Protecting Group

Formation
O OH [\
I HO™ > O. O
R™ R - <
p-TsOH R
1,3-Dioxolane
O
R™ "R >
Dry HCI R R
Dimethyl acetal
Cleavage

Acid catalysed hydrolysis (dilute HCl/ H,O or TFA/ H,0)

O
O @) HZO OH
>< > )k + HO/\/
R R HCI (catalyst) R™ R

1,3-Dioxolane Reflux 23




Protecting Groups for Aldehydes
(Synthetic Perspectives)

@) O
H OH
p- TsOH
OH
HZO
CI’O3 HCI
' Y @)
H
© @)

Apart from the use of PCC, selective oxidation of an alcohol may

be challenging to achieve in the presence of an aldehyde.
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Protecting Groups for Carboxylic Acids
(Esters)
o .
R—(Il,—O ~H' —= Acidic proton can be abstracted by bases

The common ester protecting groups for carboxylic acids are
methyl, ethyl and benzyl esters.

Methyl Esters

Formation
H2C:N2 9
R=CO,H ~ R-C-OCH;,
Diazomethane
Cleavage
@ :
LiOH
R—-C-OCH; S . R-CO,H + CHZOH
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Protecting Groups for Carboxylic Acids
(Esters)

Methyl, ethyl and benzyl esters can be prepared based on the
following rationale:

0
. HCl
R-CO,H +  ROH o R-C—OR'

Fischer Esterification: Incompatible with a-enolizable
carboxylic acids and other acid-labile protecting
groups that may be already present in the
polyfunctional molecule.

Best approach:

Milder conditions for esterification

DCC O
R'OH - R-C-OR'

R_COZH +
DCC = 1,3-Dicyclohexyl carbodiimide

O )
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Protecting Groups for Carboxylic Acids
(Esters)

Mechanism of DCC coupling

Q
0 H 0-C-R
Q . QN:CZ““O . <:>—N:C\
e o O O
H

O , N )J\ | 1
R™¢Q
H
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Protecting Groups for Carboxylic Acids

(Esters)
Ethyl Esters
Formation
DCC O
R-CO,H + CH3CHOH > R-C-OCH,CHj,4
Cleavage
i LiOH
R—-C-OCH,CH, . R-CO,H + CH3CH,OH

H, O,
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Protecting Groups for Carboxylic Acids

(Esters)
Benzyl Esters
Formation
DCC (n)
R-CO,H + PhCH,OH » R-C-OCH,Ph
BnOH 9
R—-C-0Bn
Cleavage: By hydrogenolysis
O
I H;
R-C—-OCH,Ph > R-CO,H + PhCHj

Pd/C
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Protecting Groups for Amino Groups
(Carbamate Protecting Groups)

O
Amide R\NJ%/R’
H
Stable Reactive
Carbamates

Carbamates combine half of the stability of amides and half of

the reactivity of esters.

Tert-Butyloxycarbonyl Protecting Group (BOC)

Formation
o o Q J<
R—NH + ;\ )k )k J< Na—C)H> R‘N)J\O + t-BuOH 4 CO,
2 o~ "0 "o H
or
BOC,0 K,COs H
Di-tert-butyldicarbonate R—-N—-BOC
( O O
BOC,O
H . CH

NH., NaOH

H
HN O
Alanine \([)]/ \ﬁ
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Protecting Groups for Amino Groups
(Carbamate Protecting Groups)

Tert-Butyloxycarbonyl Protecting Group (BOC)

Cleavage: Accomplished under acidic conditions

:o-/—\ oo "
R )]\ J< ald R\NHLQ H
N0 N A

H

R-NH, + CO;

9] @)

TFA CH
CH\a%OH - 5 3%@4

HN\H/O
o) j< Trifluoroactic acid
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Protecting Groups for Amino Groups
(Carbamate Protecting Groups)

Benzyloxycarbonyl Protecting Group (CBZ)

Formation
O @)
NaHCO3
R-NH, + ph/\OJ\g - R-N 0~ “Ph
CBZCI ’
Benzylchloroformate R—N—-CBZ
o O
CBZCl /\Hk
NH2 NaHCO3 \ﬂ/ ~
O
Cleavage
0
J H,
R-N~ "0~ “Ph - R-NH, + CO, + Ph—CH,
H Pd/C
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Protecting Groups for Carboxylic Acids

(Ester and Carbamate Protecting Groups)

Perspectives in the Synthetic Applications of the Ester and
Carbamate Protecting Groups

HO/\HJ\OH Mg /\Hk PheCH,Of ﬁ)k
> HO OH
NH NaHCO, pcc O OBn
2 HN O\Bn HN O\B
S-Serine \([)]/ \[(]3/ n
Natural enantiomer
CI’O3
(Very Cheap)
H,O
o , 0 O O
) :
HO)YOH - HO)K‘/\OH LiBH, Ho):\‘l)kgsn
NH, HNTO\Bn B
R-Serine O o

Unnatural enantiomer
(Very Expensive)
LiBH, reduces the more reactive ester functional group leaving
the less reactive carboxylic acid and carbamate groups
33
unaffected.
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