Chemistry 2600

Chapter 15

Bond Electrophiles Connected to

Leaving Groups
(sections 15.1-15.8 excluding 15.3.4 & 15.5.1)



Substitution Reactions of Carboxylic Acidofz

 In Chapter 7 you saw how carbonyl groups (aldehydes
and ketones) are good electrophiles and undergo
addition reactions.

* In this chapter we will explore the chemistry of the
carboxylic acid derivatives (CADs), molecules
containing a carbonyl group attached to a heteroatom.

* Carboxylic acid derivatives follow a pattern of reactivity
called addition-elimination.

* Addition-elimination is a 2 step reaction that adds a Nu

to a T bond, and then eliminates a LG to re-form the
bond.



Substitution Reactions of Carboxylic Acidofz

e Carboxylic acid derivatives:

addition of the nucleophile
breaks the weakest bond,

tep 1 tep 2
which is the 7 bond Step Step
06_ addition of @Q elimination of 0O
9@+ nucleophile G ) leaving group )J\ + X
X = — C Nu g Nu
=) X
Nu
tetrahedral if Nu instead of
intermediate X leaves, the

starting material
is regenerated



Substitution Reactions of Carboxylic Acidofz

* Because aldehydes and ketones do not have a good LG,
they only undergo addition reactions.

* Aldehyde/Ketones:

7 bond breaks as new bond
forms with the nucleophile.

© . ..O
Nu: C'O' :0:
)J\ /}\
Nucleophile donates Bond formation and breaking
electrons to the carbonyl occur at the same time and are

carbon forming a new bond. shown on the same structure.



Relative Reactivity of the CADs U
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* Carboxylic acid derivative relative reactivity:

X
H,;C OH
carboxylic acid
I X hi§ hi§
> >
H,C~ ~Cl H,C~ "0~ "CH, H,C~ "NR, H,C ok
X
H,;C OR
acid acid ester amide carboxylate

chloride anhydride

>

Most reactive Least reactive

* Where do aldehydes and ketones fit on this list?



Relative Reactivity of the CADs U
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* The formation of the tetrahedral intermediate is the
R DS : tetrahedral

intermediate
is formed

7 bond is the weakest
then collapses

bond and breaks first
leaving group @
o is expelled X:
o) 0]
Yo s . L
N

&) j X rate-determining step LX fast step
Nu:— A AG4 B AG, G

Free energy

Reaction progress .



Relative Reactivity of the CADs U
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* The relative reactivity of the CADs can be understood
by looking at 2 factors:
* The electrophilicity of the carbonyl carbon
* The stability of the leaving group

* The electrophilicity of the carbonyl carbon is
dependent on the ability of the heteroatom to donate
an electron pair.

the relative contributions of these
resonance forms is a guide to reactivity

O) zo @O
SR X

A B C




Relative Reactivity of the CADs

Most reactive

Least reactive

Cl is a strongly electronegative atom and
does not participate a lot in resonance

©
@)
/g electrons on this oxygen
Cl “pulled” in opposite
@ directions by resonance
C
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O@ nitrogen is a very
/& good electron donor;
NH form C makes
@ 2 large contribution
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Relative Reactivity of the CADs U
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*|f the X group in the CADs is a better LG than the
incoming nucleophile, a reaction is possible.

* If not, then the tetrahedral intermediate will transform
back to the starting material.

7 bond is the weakest best leaving
bond and breaks first group is expelled
o 0
S@nt 00X )J\ X@
P4 .
X = Nu Nu

if Nu is best leaving
group, reaction reverses



Relative Reactivity of the CADs U
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*|f the X group in the CADs is a better LG than the
incoming nucleophile, a reaction is possible.

* If not, then the tetrahedral intermediate will transform
back to the starting material.

°e
5 ©
O O Cl
> N
0 elimination of

C addition of @ O best leaving _
I nucleophile Q group Cl is a weaker base
/‘\ . and better leaving
7 bond breaks C | group than acetate

©0 R
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Relative Reactivity of the CADs U
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* Recall, the weaker the base, the better the LG.

CI@

Best leaving group
(weakest base)

\

Worst leaving group
(strongest base)

H,0

ROH

RCO?

NH;

HO@

RO@

©
NH,
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Relative Reactivity of the CADs U
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* The interconversion of carboxylic acid derivatives:

| o,

|

)J\CI—))J\O)K_))CLOR_))CLNR_)AOO
| o

2
* The more electrophilic CADs (on the left) can be
converted to any of the less reactive forms (on the
right) by the addition of the appropriate nucleophile.




Retrosynthetic Analysis EZ

* Acyl substitution reactions produce one acyl
compound from another by substituting a Nu for a LG
on a carbonyl compound.

less made more

)(i j 4 @) reactive from reactive
N @ Nu

\l\J/ \U/ ANHQ )(ix + NH; + base
O Nu/l_|
N

@) @)
)J\ é )k + ROH + base
+ OR X
X + base

O O O O
X group must be a better AO)K AX + HO)J\ + base

leaving group than Nu
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Reactions of the CADs EZ

* While the addition-elimination steps of the CADs are
mechanistically identical, the reaction conditions can
vary from reaction to reaction.

e Factors to consider:
1. Strength of the electrophile
2. Strength of the nucleophile
3. Reaction conditions (acidic or basic)

14



Reactions of the CADs EZ

1. Strength of the Electrophile.

* The most reactive of the CADs are acid chlorides and
anhydrides. These can usually react with neutral
nucleophiles without the aid of a catalyst.

e Ester from acid chloride:

neutral nucleophile Ho
0

@
o) © 'Tl — S 0O H\Cu)/
0._So? 03 H

C SO oL __,
AU ST g >@CI )ko/
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Reactions of the CADs

e Amide from acid chloride:

50% of the desired product

neutral nucleophile forms, releasing HCI
0 0] ©
)J\ + PN B — )J\ P + L
H,C" ClI H,N H5;C N CH, H;N
H ®
50% max 50% max

half of the nucleophile is protonated,
making it non-nucleophilic

* Neutral nucleophile with external base:

base is not strong enough base is only strong enough

to deprotonate nucleophile to remove H@from charged oxygen

J Q | &) 9]
§ 5 o <09 02_0

16



Reactions of the CADs EZ

2. Strength of the Nucleophile.

* Nucleophiles in their conjugate base form are usually
used with acid chlorides, anhydrides, or esters, and are
only practical with oxygen based nucleophiles
(negatively charged nitrogen nucleophiles are too
basic).

e Ester from an acid chloride:

0O 0
)Lm + @O/\ L5420 )ko/\ + P



Reactions of the CADs EZ

2. Strength of the Nucleophile.

symmetrical

* Ester from an anhydride: anhydride

SRS o

0)

either carbonyl electrophile
will give the same product

e Ester hydrolysis (saponification):

the acid deprotonates and
prevents backwards reaction

S)

(O O O O

)(Lo/R N:%H SO“O/H — )J\é\j - g
2

oy H R WA HOR

S
OR and OH are similar
leaving groups—reaction

can go either direction 18



Reactions of the CADs EZ

3. Reaction Conditions (Acid catalysis).

* The less reactive electrophiles can be made to react
faster under acidic conditions (acids generally activate
electrophiles, while bases activate nucleophiles)

Protonating the Addition of base deprotonates
carbonyl oxygen... the nucleophile...
@O/H O/H base ©

| -5 RO-H ——> RO
)\OH )@\OH

... increases the + ... Which converts it to a
charge on the carbon. strong nucleophile.
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Reactions of the CADs EZ

e Ester from carboxylic acid (acid catalyzed).

the acid activates

the carbonyl the neutral nucleophile

can now attack the
activated carbonyl

H\
e @/(T)/ @ H X OH
)J\OH )\OH on>

"

H\O/ "
the added acid (H,SO,) creates @} O:
H H the solvent removes
OH a proton from the
_ positively charged
O intermediate; molecule
the bottom electron-flow sequence !QH is reprotonated at
is the reverse of the top one KL a different oxygen
Ho -~
/o7 Q
YV oy M
o) ol/ ET\H
-
Heg- H,O @
@
H

removing the water produced drives
the equilibria to the ester product
20



Reactions of the CADs EZ

» Acid from ester — ester hydrolysis (acid catalyzed).

the acid activates the neutral nucleophile
the carbonyl oxygen can now attack the
activated carbonyl
Ho H - H
:Q:J @Cl) @O:H/- Q OH
S H
o~ o~ o7
- H>
H.~-H Z_H
the added acid (H,SO,) creates @(P Q
H the solvent removes
OH a proton from the
/&\ _ positively charged
. o) intermediate; molecule
/O.° is reprotonated at
a different oxygen
Hao H
/o @3
. e
A, — N, — o
OH OH (OH
H\O/H ‘@
@D
H

the bottom sequence is the reverse of the top one
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Reactions of the CADs EZ

* Amides are among the least reactive CADs but can be
made to react.

* The most useful transformation of amides is into
carboxylic acids.

* This requires high temperatures and an acid or base
catalyst (easier under acidic conditions).
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Reactions of the CADs EZ

» Acid from amide - amide hydrolysis (acid catalysis).

the acid protonates
the amide at the
most basic site

o
Lo® H—..
0: AT 070 OH
)JEN/ )Q\?N/ - #\%/H extra water removes a
| | @ /[\!\ I\-jl proton from the positively
H% charged intermediate
the weak “ ?
nucleophile can now
attack the iminium OH
H
N2
/ \_} hydronium protonates
“ (H the amine, the most
H/(%H basic site
o H, 7 N OH
A, M eod ¢
SN (@) /jV
H\@/H OH /@\H
/N\
the amine removes a proton the protonated amine
from the final positively is now the best

charged intermediate leaving group
23



Reactions of the CADs EZ

* Amides from esters:
* This reaction is slow and requires heat:

this reaction is possible but very slow

e Amides from acids:

* This reaction requires extreme heat to complete because of
both the electrophile and nucleophile are deactivated (why?).

0
O heat
M tOHNTS /> )KN/\ +  HO
OH N

This reaction is possible but requires very high
temperatures. It can only be performed with very
simple compounds or to make rings.
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Reactions of the CADs EZ

* Nitriles behave similarly to amides:

first equivalent of water second equivalent of
makes an amide water makes an acid
H,O O H,O O H. _H
_N 2 P N
C~ + |
~
Ha0? )J\NHQ He0 Ao H

* Draw the mechanism for the first step of this reaction:

25



Reactions of the CADs EZ

e Carboxylic acids are special because under the right
conditions, they can be used to make all other

derivatives.




Reactions of the CADs EZ

* Acid chlorides are made by reacting carboxylic acids
with thionyl chloride (SOCI,).

the S tetrahedral eliminated CI

intermediate collapses to adds to activated
eliminate ClI carbonyl
O
H\. S. ||J H\ @ e H\ @
B, 5D P e
O _ O/%E)Clzl B — O/S\Cl
@CI
carboxylic
acid attacks S
electrophile mixed anhydride
o HCI OJH\_ o
)k /9 < Af\/ée
Cl S Neae
o)

new tetrahedral
intermediate collapses, eliminating

SO, and HCI .



Reactions of the CADs EZ

e Carbon nucleophiles undergo 2 addition-elimination
reactions with CADs to give 3° alcohols.

1) BrMg
; SRR,
)ko/\ /4\Ph

Y

2) H,O Ph

ketone undergoes
second addition to
make an alkoxide

1) excess
BrMg
2) H;O
H3C)J\O/Et > H3C)J\Ph - H3C/~\Ph H3C4\Ph
Ph Ph
addition-elimination hydrolyzing
with first equivalent magnesium alkoxide

produces a ketone produces an alcohol
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Reduction of Carboxylic Acid Derivatives U
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*In Chem 2500, you learned that aldehydes and ketones
are reduced by nucleophilic hydride reagents such as
LiAIH, and NaBH,.

* This reaction is simply the addition of a nucleophile to
a polar it bond.

* If the carbonyl has a leaving group (the CADs), the
addition-elimination mechanism then forms an
aldehyde, which in turn is reduced to the alcohol.

*LiAlIH, is a powerful reducing agent and will reduce
esters, carboxylic acids, and amides. NaBH,, is not
strong enough to reduce these derivatives.



Reduction of Carboxylic Acid Derivatives U
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*Thus, we can use NaBH, to selectively reduce one type
of carbonyl group in the presence of another.

O

OH NaBH,

CH3OH

OH 1. LIAIH4, THF
>

2. H*, H,0
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Reduction of Carboxylic Acid Derivatives U

/-\

* By using an electrophilic reducing agent, we can selectively
reduce the less electrophilic carbonyl groups.

* Typical electrophilic reducing reagents are borane (BH;)
and DIBAL (diisobutylaluminum hydride).

* Carbonyls that are less reactive toward LiAIH, and NaBH,
are more reactive towards BH; or DIBAL.

 Similarly, carbonyls that are more reactive toward LiAlIH,
and NaBH, are less reactive towards BH; or DIBAL.



Reduction of Carboxylic Acid Derivatives U

/-\

* Both BH; and DIBAL are Lewis acids and will
immediately form an adduct with the Lewis basic
carbonyl group.

* Once the Lewis acid-base adduct if formed, a hydride is
transferred over to the carbonyl group.

Ho H H
| @é/H
OB p PN
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Reduction of Carboxylic Acid Derivatives U
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*In the case of the CADs, the ‘x’ group has a lone pair
which can complex again to the electron deficient
boron atom giving an intermediate which is stable at
low temperatures.

H H

|
BN >

©
B
0 H — 0 \\H

L L

e |If the intermediate is treated with water, excess
reducing agent is destroyed and the reduction product
is release. If the intermediate is warmed up first, the
intermediate will collapse on its own and the product
will be further reduced.



Reduction of Carboxylic Acid Derivatives U
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* |If the intermediate is treated with water, excess
reducing agent is destroyed and the reduction product
is release. If the intermediate is warmed up first, the
intermediate will collapse and the product is further

reduced.
H,0 OH 0
——— 3 )<X EEm——— )k
T H H
©
B
07 | H
’ |
/B\ OH
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Reduction of Carboxylic Acid Derivatives EZ

e Reduction of an ester with DIBAL:

water destroys remaining DIBAL and
prevents further reduction as it hydrolyzes
the aluminum complex to form an aldehyde

QOH
B 7 H,O N\
DIBAL H\ /\ T /}\O —
H 1
R
|/\( hemiacetal
— R

)

}o

-

O
A OR ~78°C A\

H Oj/Al\R
B a heat /il\g

the aluminum complex prevents further
reduction until warmed or water is added

>

-0~

l
= )0

heat breaks the O-Al bond, forming
a hemiacetal that collapses to an )V

aldehyde without inactivating H
remaining DIBAL H

@)
T
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Reduction of Carboxylic Acid Derivatives U
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DIBAL reduction summary:

* To reduce an ester or amide to an aldehyde, use low
temperatures (-78°C) followed by an aqueous acidic workup.

* To reduce an ester to a primary alcohol or an amide to a
primary amine, use higher temperatures followed by an
aqueous acidic workup.

Most electrophilic Least electrophilic
(least electron donation) (most electron donation)
@

NH, 0 0 0 0 0

L GHESS S U5 S SN SIS SR SN g

HyC CH3 HC~ Cl H, H,C~ "H H,C~ CH; H,C~ OR" H,C~ °NR, H,C~ O

can be reduced by...
L

| L
NaBH;CN DIBAL

most electrophilic

LiAIH,

most nucleophilic
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Patterns in Addition-Elimination ReactionsréZ

PN

7 bond always breaks
as nucleophile adds

Neutral nucleophiles
enerate acid

Basic nucleophiles
accelerate addition

NaH () o 80 0 o
HQ\ - M\ ~ a\o/ ” )ko/ X
X |

Acid catalyzes addition

. .. O H
o'/\H@) (E)OH OH _,® (OH ®<|) @ 0 :
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