Chemistry 2600

Chapter 16

1 Bonds With Hidden Leaving Groups
(sections 16.1-16.6 excluding 16.3.1 and 16.5.3)



Formation and Reactivity of Acetals U
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*In Chapters 7 and 15 we saw how carbonyl compounds
undergo addition reactions with nucleophiles.

* We also saw how some of these reactions are
reversible.

* For example, recall the formation of a hydrate when an
aldehyde or ketone reacts with water under acidic
condition:

acid activates the
carbonyl group

O 4 %)i OH OH
L= L —F

I H
ketone or aldehyde HoH /
Y oxonium ion “‘/Q hydrate
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* This reaction is reversible and after the loss of a leaving
group, the carbonyl group is reformed:

acid protonates the OH
to make it a better leaving

group

- @ __H
OH D OH 02 @)
/}\ HCO\H a\ N )l\ N )K
OH H?(%\H < <

hydrate oxonium ion ketone or aldehyde

* Note that the oxygen that is lost could come from the
initial carbonyl oxygen atom.

* We say these molecules have a ‘hidden leaving group’.

* This chapter explores the chemistry of the removal or
replacement of these hidden leaving groups.



Formation and Reactivity of Acetals U

* When an aldehyde/ketone reacts with an alcohol in
the presence of acid, a hemiacetal is formed.

* The only difference between hemiacetal formation and
hydrate formation is the nucleophile (water vs alcohol).

* Hemiacetals have a hidden leaving group and in the
presence of alcohol and acid, react quickly to form an
acetal.

 Hemiacetal (tetrahedral carbon attached to —OH and —OR)
 Acetal (tetrahedral carbon attached to two —OR groups)

sp® carbon with sp® carbon with
sp? carbon with one bond to each of one bond to each of
two bonds to a two heteroatoms two heteroatoms
single heteroatom

j\ RO OH RO OR

carbonyl hemiacetal acetal
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e Acetal formation:

carbonyl oxygen is a

. ; alcohol adds to form a hemiacetal
hidden leaving group

R
2 @ @ solvent removes
O ﬁ\ (OH alcohol

N OH a proton from the
)k )J\ _OH /’\ positively charged
w 0‘7 R intermediate
ketone or aldehyde R &Y I

H
oxonium ion ® M’O\H
o
/O\
H »'H
PY
.0
R
hemiacetal
carbonyl oxygen—the hidden molecule is reprotonated
leaving group—leaves as water at a different oxygen
R R @ __R
0 0 0 HO H

C alcohol O)
L= — 3 ==
O agh " L

O I
~—~“H oxonium ion

I

acetal

second molecule of alcohol adds to form an acetal
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* Acetal formation is an equilibrium process, all the steps
in the sequence can run in both directions.

* When an acetal is converted to a carbonyl compound,
the reaction is called hydrolysis because water is being
used to break (lyse) the acetal.

* Acetals are only be formed under acidic conditions.
Acid is required to convert the —OH group of the
hemiacetal into a good leaving group.

* Reversible reactions typically give poor yields and form
a mixture of products.
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* We can use Le Chatelier’s principle to control the
equilibrium:

using an excess of either reagent can shift the equilibrium toward the products

o) &)

H RO OR
)J\ + 2 ROH )Q + H,0
ketone or aldehyde

acetal

the reaction is

o the removal of water
an equilibrium

shifts the equilibrium
to the product side

* Draw the product of the following reaction and the
mechanism of formation:

N\

O H CI(trace) %
bo H,O




Hemiacetals in Sugars EZ

* Acyclic hemiacetals are generally not very stable and
the equilibrium favours the carbonyl group and the
alcohol.

* Cyclic hemiacetals are more stable and the equilibrium
favours their formation. This is especially true when 5-
or 6-membered rings are formed.

alcohol and carbonyl are favoured

9] OH
alcohol and carbonyl INF . /\/

on separate molecules

_0 OH
alcohol and carbonyl C/ _ = O/ new bond
on same molecule OH )

hemiacetal form is favoured
due to intramolecular reaction
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* Most sugars can exist in an open-chain form and
several different cyclic hemiacetal forms.

* The hemiacetals of sugars are known as anomers.

* Anomers are the different stereoisomers formed when
the carbonyl carbon (the anomeric carbon) of a sugar
is converted to a cyclic hemiacetal.



Hemiacetals in Sugars U

* Most sugars exists in an open-chain form and several
different cyclic hemiacetal forms.

anomers
anomeric carbon

"o @) HO 9) cyclic products with
H|E|)O HSO OH six-membered ring
HOOH HO

o QH N H,O 38.9% 60.9%

HO

H anomeric carbon

OH OH

HO H HO H
glucose = O ...OH = O._OH cyclic products with
HO HO five-membered ring
acyclic form in HO ,’OH HO ,/OH

trace amounts
0.1% 0.1%

anomers

10



Acetals Used As Protecting Groups EZ

* Most organic molecules contain multiple functional
groups. While functional groups give chemists
‘handles’ of reactivity, they can also interfere during
other reactions.

*To ensure a reaction occurs at one particular functional
group, the other functional groups may need to be
temporarily inactivated.

* We can do this by using protecting groups.

* Protecting groups change functional groups into a
related functional group that will not react.

* Once the desired reaction has been completed, the
protected functional group is then ‘deprotected’.



Acetals Used As Protecting Groups EZ

* The reactivity pattern of acetals make them useful as
protecting groups.
* They do not react easily with bases (no acidic protons)
* They do not react with nucleophiles (no T bonds or good LGs)
* They are easily installed to and removed from carbonyl
groups.

* Consider the following reaction:

desired reaction is Grignard addition of one molecule
with the carbonyl group of a second molecule

desired reaction desired product

Grignard formation is impractical if the
molecule already contains a carbonyl
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Workable synthesis

O

carbonyl is incompatible
with Grignard formation

)WBr CHSOH

protection

Grignard can now be formed,
no cross reaction is possible

P H,CO OCH, Mg  HsCO OCH,
_
Br| EtO MgBr
carbonyl protected O
as an acetal 1) )J\
Ph™ "H
2) NH,ClI
Y
O @ H;CO OCH,
MPh H Ph
H,O
OH OH
carbonyl is regenerated (deprotected)
by hydrolysis of the acetal

deprotection
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* Cyclic acetals are often used as they are more difficult
to hydrolyze than acyclic ones.

Br > )W Br
OH
HO™ >~
ethylene glycol
(diol)

cyclic acetals are often used as
protecting groups because they
are more difficult to hydrolyze than
acyclic acetals
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* Acetals can also be used to protect alcohols. In this
case, the alcohol is reacted with dihydropyran (DHP) to
give the tetrahydropyranyl (THP) acetal:




Retrosynthetic Analysis U

* Acetals, hemiacetals, and hydrates all disconnect to the
corresponding carbonyl form. Similarly, carbonyls can
be produced from the corresponding acetals.

RO OR

:> )k 2 ROH

C bonded to two OR
groups was a carbonyl

RO OR

1 = X w

carbonyl C was bonded
to two OR groups
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Retrosynthetic Analysis U

e Suggest a series of reagents that could be used to carry
out the following transformation:
0 OH 0

oh = ot
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Aminals and Imines U
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* Nitrogen can also form multiple bonds to carbon.

* Under the right conditions, nitrogen nucleophiles react
with carbonyl groups to form an imine (C=N).

*Imines are formed in the same 2 step addition-
elimination reaction as the CADs:

* Nucleophilic attack of an amine onto a carbonyl carbon to
form a hemiaminal.

e Elimination of water from the hemiaminal to form an iminium
ion which give the imine.

* *These two steps have different pH requirements.*



Aminals and Imines U
RS

) | m | ne fo rm at|o Nn: Proton transfers in such reactions

involve surrounding molecules and
often occur simultaneously

with the addition. Because many
molecules may be involved

hemiaminal formation from carbonyl in these steps, they are sometimes
works best in absence of acid abbreviated as a “proton transfer.”

Qo O A

N T el
hemlamlnal

ketone or aldehyde

conversion of hemiaminal to imine
works best under acidic conditions

oH o

AT T e
_NH _NH N‘7 _N

R R @ H “TN H R

hemiaminal im|n|um ion (I) imine

H
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Aminals and Imines U
PN

* Mechanistically, the steps of imine formation are the
same as those of acetal formation.

* The proton transfer reactions occur between different
protons. These steps occur rapidly and simultaneously
in order to keep the charges balanced:

HCO\R
@of OH . 0.
/}\ . /}\ <‘ " . " "
ND NH A
ROWHT O\ R Box 0.
H 0O H R H R
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Aminals and Imines U

* Because of the different pH requirements of each step
in imine formation, the pH of the reaction must be
carefully controlled and kept between 4-6.

this step works best above pH 4 this step works best below pH 6
@ @
(O amine H (OHz
)k\}'““z ”K )“ < T T
R/NH R'® R

ketone or aldehyde hemiaminal iminium ion L

* Acylic imines typically unstable and rapidly hydrolyze.

* Cyclic imines are generally more stable.

AH + OHNT = HoN~

imine amine ammonium salt
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Enamines U

* Iminium ions form when 2° amines react with carbonyl
compounds. These ions cannot convert to the imine
because there is no proton on the nitrogen atom to

remove.

@
Soq 1 S
O N N nitrogen does not have
)k H — )\ a hydrogen that can be

secondary
amine

aldehyde iminium ion deprotonated

or ketone

* Typically a proton is removed from an adjacent carbon
atom to form an enamine. Enamines are analogous to
enols. P

L enamine
hydrogen « to iminium
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Stable Imines

* Nitrogen nucleophiles attached to heteroatoms (N and

O) can form especially stable imines.

O

ketone or aldehyde hydroxylamine oxime

O

P H2N/NH2 )N:l k

ketone or aldehyde hydrazine hydrazone
0O H H
N NH, _N NH,

)J\ H,N” \[C])/ — /I\L E{

ketone or aldehyde semicarbazide semicarbazone

@
_OH

OH
PN N N, N
2 | N
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Reductive Amination EZ

* Using amines in substitution reactions generally leads
to complications because amines tend to over alkylate.

™
TN @ <)
Ph”" >NH, Br| > —— P NG —— PN —— PRINSN —— PR NN
\) > S > )
( H\/OH ) <Hk\/OH
desired product by-product

(dialkylated)

* One way to overcome this problem is a strategy called
reductive amination: a reaction sequence that involves
imine formation followed be immediate reduction.

@

H NaBH,CN

®
PhANA] ———— P N>

P ONH, + oF ™

H H

desired product

the imine or iminium is formed as an intermediate in the process
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Wolff-Kishner Reduction EZ

* The Wolff-Kishner reduction provides a method to
reduce a hydrazone by eliminating nitrogen gas:

_NH:
O NH,NH. N| KOH
> —_—
)k )\ A
carbonyl hydrazone

* Write a mechanism for the reduction of the hydrazone
with base.
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Heterocycle Formation U

* Heterocycles are rings that contain one or more
heteroatoms (atoms other than carbon).

ce.g.

H
N 0 S
\_/ \_/ \_/

pyrrole furan thiophene

* Many aromatic heterocycles are prepared using 1,3-
and 1,4-dicarbonyl reagents in reactions involving
hidden leaving groups.
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Heterocycle Formation U

* Propose a mechanism for the following reaction:

O QO @ @)

furan
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Heterocycle Formation

isoxazole
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R
RN )
O H/O\H (OH alcohol OH

)J\\/R/OH /}\
ketone or aldehyde R/(%?H (F;

oxonium ion Y
A
O
Py
R/O
hemiacetal
hidden leaving
group revealed
o H& H

R _R
O O (O alcohol O
/}\ /4> a )l\ R/OH /}g
R REH 5 \_/ e
~—““H oxonium ion -
acetal



hemiaminal

hidden leaving
group revealed

N/ H/O \N/ H\%/H

ﬁ
NB
imine iminium ion R™ "H 30

%
\



