Carboxylic Acids The Organic Acids

Some Notation: Acids and their conjugate bases
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« Carboxylic acids are moderate acids, somewhere between the weak acid water and "real" acids such as
hydrochloric (HCI).
* The conjugate base anion of a carboxylic acid is the resonance stabilized carboxylate anion.

1 Nomenclature

IUPAC priority: acid > aldehyde> ketone> alcohol > alkene > alkyne > halide

+Priority increases with increasing oxidation state, acids are the most oxidized functional group, they will always
have the highest priority.

* The carbon carrying the -CO2H is number 1.

+ Acid use the suffix "-oic acid".

Examples
2 1 ethanoic acid
H3C—COzH  (qcetic acid, non-IUPAC)
ICH3 -/;O.' :.O.H 2 :Oo
HsC—C—C 6 &
3 T2 13 H \)4\/\COZH (%) OZN_@‘%
CH; ° 5 3 1 :OH
2,2-dimethylpropanoic acid 4-hydroxyhexanoic acid p-nitrobenzoic acid
2 o 2
H—C\ CH3—C\ CF3—C\
‘OH :OH :OH
formic acid acetic acid trifluoroacetic acid (TFA)
(ant bite) (vinegar)

You should know these, TFA is a common organic acid used in catalysis

2 Factors Controlling Acidit
» When comparing acidity for carboxylic acids - think about the stability of the electrons in the conjugate base
anion as usual. This always works except going down the periodic table, which we are not doing here.

N ®
which is the H-Z — H”+°(Z determined by the energy of the

stronger acid? Hly > H® + ©Qy electrons in the conjugate base anions
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Examples of pKas
» Compare the simplest carboxylic acids......

pKa acid conjugate base
o
3.7 H—=C_ — HY + n-system
formic acid <+OH
4.8 Me—C, —> H"+ anion weakly destabilized
“OH by donating -Me

acetic acid *.=

* For formic versus acetic acid (above), we can think of the -Me as a donating group that destabilizes the
carboxylate anion, but higher solvation of the smaller formate anion almost certainly also contributes.

pKa acid conjugate base
..OO
Va
4.8 Me—C =~ —= H' +
\
acetic acid +QH
..O. . o
o anion weakly stabilized by
3.9 CICHZC—C\ — H* + -Cl (inductive effect)
chloroacetic acid +OH
yel .
0.3 F3C—C/ T H* + anion strongly

stabilized by -CF3

trifluoroacetic acid (TFA) «: OH

.. //O sp3 -0. anion weakly stabilized by
3.6 MeQ—CHz—C\ — H™ + @ C\ -OMe (inductive only, no

. . . A . S h )
methoxyacetic acid - OH WW. .0 resonance here!)

* Note: the methoxy substituent in the last example is not directly attached to the n-system, there is an sp3
hybridized carbon atom in between, in this case it is not a donating group because there is no resonance
donation, only a weak inductive effect of the electronegative oxygen.

* Substituent effects for some aromatic carboxylic acids

pKa acid conjugate base
o . R
4.8 Me—C_ —>» H" + @ C_
acetic acid < OH :9:9
..O. ..Oo
4.2 @*C// T HY + @*C// * anion wezakly stabilized
' AN N by sp© carbon (no
S Y Sp
benzoic acid *QH \_/ resonance here!)
gol 0. anion further stabilized
Y Y]
34 OyN 7 H* OZNL\@—C< by -NO, (inductive and
:0:° resonance)

%5
;

45 MeQ

*O. o 0. : ..
Y + .. y o anion weakly destabilized
C\ —>> H™ + MeO—@—C.\ by -OMe (resonance)

* Note: in the benzoate anion (conjugate base of benzoic acid), there is no possibility of delocalizing the non-
bonding electrons into the benzene ring, the ring does not stabilize the electrons by resonance, there is only a

very small stabilization due to the slightly stronger bonds attached to the n-system due to the sp2 hybridized
carbon of the ring.
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3 Synthesis of Carboxylic Acids

3.1 Previous Methods (Review)

» We have already seen several methods of synthesizing carboxylic acids, the most important one is oxidation of
a primary alcohol, you will use this reaction extensively.

* This reaction does not add any carbon atoms, the significance of this will become clearer later.

4 2 ... Na,Cr,0,/H,50,/H,0 4 2 . ..
\3/\1/QH A )2 \3/\(13/,QH 4 carbons
4 carbons :(”):

3.2 New Methods
1. Using a Grignard Reagent:

O C—
Mg.THF 1 car‘bon
Br —> \ / MgBr‘ —>
OMgBr
6 carbons 7 car‘bons

« This is simply a Grignard reagent adding to carbon dioxide the same way it would to an aldehyde or ketone.
+ Overall this reaction "adds" one carbon atom to the original bromide (the carbon that was in the COz).

2. From a Nitrile:

o B STy B TN cdded™
sodium cyamde nitrile  heat amide heat
3 carbons hydrolysis hydrolysus 4 carbons

* This is simply SN2 on an alkyl bromide using the cyanide anion as the nucleophile to form a nitrile.

+ Acid catalyzed hydrolysis converts the nitrile into an amide, the amide can be further hydrolyzed into a
carboxylic acid, the hydrolysis requires heat!

* This reaction "adds" a carbon atom to the original bromide, and the bromide must be capable of SN2 (i.e. it
should be methyl, primary, allylic etc.).

The mechanism of nitrile hydrolysis:

+H® amide acid

® ® ®
® -H ® .
[ R—C=NH —> R— C NH —> R—C=NH, —> ~C—NH,
5 |
/O\ ¢ OH :OH
R_C_NH] R—C—NH, ©
gH -<«— same thing!! }
®
R ® I|2 ﬂ +H ||2
/ -H o R R HO—C—NH; <€— HO—C—NH
/ 3 2
O=C\ < HO:c\ B = Ho—c\@ - (|DH ® |OH
OH OH OH
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* This is a standard acid catalyzed hydrolysis mechanism, but a lot longer, therefore we use +H*/-H* notation.

» Even though this is a long mechanism, it should be approached by analogy to previous hydrolysis mechanisms
and using our knowledge of fundamental Bronsted/Lewis acid/base reactions and understanding how we break
bonds from nitrogen to carbon by protonating.

* Note: There are two steps in this mechanism that look odd, the reprotonation step after the amide forms the
same intermediate that deprotonated to form the amide, obviously formation of the amide could have been
omitted from the mechanism and the mechanism would have been simpler.

* The purpose of this step, however, is to show that an amide is a formal intermediate in the overall
hydrolysis process, and also to remind us that an amide can be hydrolyzed to form an acid.

Example
— ‘Br: NaCN H o® adds 1
\_/ @ ()\/ ” /carbon
: hea‘r O
benzylic, easy (hydrolysis) phenylacetic acid
To do Sy 2

3.3 Carboxylic Acid Synthesis Strategies

Starting_with a bromide leaving group:

* Use the Grignard method for tertiary (3°) and aromatic halides (where the Sn2 reaction is not possible).
* Use the nitrile method in presence of acidic protons (where no Grignard reaction is possible).

Examples

.. 1. Mg THF —\ —-OH
OBr: —9> \ / /
- 2. CO, ..

3.H;0®

adds 1 carbon

* We can't use the nitrile hydrolysis method above because we can't add the nitrile (NaCN) because we can't do
an Sn2 at an sp2 hybridized carbon atom (above).

@ <«— can't do 6rignard :OH
O 1. NaCN O / adds 1 carbon
.o o
b 2. H, P @

 The Grignard reaction is not possible above because of the -OH group, which would simply protonate the
Grignard before it could do any other reaction. But formation of a nitrile followed by hydrolysis is possible here

Multi-Step Synthesis Problem
Example 1: Give a synthesis of the target carboxylic acid on the right from the starting structure on the left:

~Y o

NBS/hv

Mg.THF

N~ ' >
Br MgBr

* We need to add 1 carbon atom to a tertiary carbon, SN2 will not work, this has to be a Grignard reaction.
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Example 2: Give a synthesis of the target carboxylic acid on the right from the starting structure on the left:

5 C+OZ \/\[COZH
2. H;0
NBS/hv T H30"/heat

S

MgBr

Cs

W HBr/ROOR\/\E Na™“CN
—_

B

* We need to add 1 carbon atom to a primary carbon, either the Grignard or the SN2 route with cyanide will work.

r

Example 3: Give a synthesis of the target carboxylic acid on the right from the starting structure on the left:

\/Y \/Y adds zero carbons
CO5H

NBS/hv \ NGZCFZO7/HESO4/HZO

K*"O-t-Bu
\/XBr _ T e W 1. BH;. THF
_—

2. NGOH/H202 OH

* Here we need to add zero carbon atoms, therefore we need to make the carboxylic acid by oxidation of a
primary alcohol.

4 Reactions of Carboxylic Acids

4.1 Fischer Esterification
« It is mainly the mechanism that is important here since it introduces a new principle.
The reaction is acid catalyzed and is reversible:

THIS substitutes

15,33 i e 0
the reaction is = '
SUBSTITUTIONJ sort PRGN === RO

sp2 carbon atom \J

* We can "push" the reaction towards the ester by using excess alcohol as the solvent, or adding a dehydrating
agent to remove the water (Le Chatelier's principle).

* We can't use H3O™" as the acid catalyst, because this would push the reaction "back" towards the acid due to
ester hydrolysis in the presence of water (remember, H3O" is acid in water), use dry HCI gas that is bubbled into
the alcohol solvent instead,

* The reaction is formally substitution at the sp2 hybridized carbon atom of the C=0 carbonyl, however, we
can't do SN1 or SN2 even when the oxygen is protonated because the carbon is sp2 hybridized!
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need to break can't do this

‘o this bond ‘0% onan sp2 carbon 5|(|3:
i s SP2 _H Co i H
[t ] H H
FIRST, need to make the —u *OR .1 THIS works welll :?R . H
carbon sp3 hybridized R Q® — > R—-Cll ® :(I)’
:orY H :OR H

* The sp2 hybridized C=0 carbon must be transformed into an sp3 hybridized carbon atom (tetrahedral
intermediate), then, we can have the usual water leaving group.
* This is a new mechanistic principle.

The Mechanism
« It is similar to other mechanisms we have seen in aldehydes and ketones except that the substitution requires
the transformation of the central carbon from sp2 to sp3 before the protonated leaving group can leave.

:0: R
2 R'OH / H* |
sp H L‘ o 4C\ /R' +H20
R<X0% ~ or «0O: ®
D] . _H
+H®/( N\
R R
“OH OH ol R=» 2 R
T i HO? N0~ HO” >0~
c.__H c.__H
R'—OH \ ‘tetrahedral ®
. infermediate R TOH,
C_OR OH +H o)
408 R g == HO
H | ‘—_‘ O/ Sp3
H H—O

* Once the tetrahedral intermediate is formed, cleaving the C-OH bond can occur in the usual way because the
carbon is now sp3 hybridized, protonated the oxygen and have water as a good leaving group.
* We will learn a much better way of making esters in the next section.

4.2 Formation of Acid Chlorides
Recall

R-OH + SOCl, —> R-Cl + SO, + HCI
Similarly

0
R-COH +SOCl, — | +50,+Hcl
R >l
» The mechanism of this reaction is identical to that for formation of an alkyl chloride from an alcohol.

* This is an important reaction, because as we will soon see, conversion of an acid to an acid chloride allows
synthesis of all carboxylic acid derivatives.

Example
O
ester
T
Q/COZH SOCl I:>’C//O Z»amide
— \
E>78r c \ anhydride

important central position
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4.3 Reduction With Lithium Aluminum Hydride
Recall: R relative reducing ability: H~ > LiAlH4 > NaBH4
Also:

relative reactivity: :('é: > :g: ('C');V\
R“H RETR) R’
weakly stronger
donating to donation to
carbon carbon
* NaBHa will not reduce an acid, but LiAIH4 will:
mechanism
HAI—H C" H‘ 4 . H - Z
el —> - =Al R-C—-0O~
R O—H R ~O
OH O H &0 HZAIC?(\
RCH<—RCH<— HAIH RC\H<— R—CID—O‘
N b H H
Examples
WQ' NaBH4 £>_<
HO,C EtOH
‘O 1. LiAIH,4 OH H;0*
* EEm——
D_( 2. H0*  HOS D (C —— HOW_ /X

OH

* Note that the H3O" that is used in the second step of the LiAlH4 reduction is in the form of an "acid workup”,
which means that enough acid is used to protonate any anions. Hydration of a C=C bond in an alkene usually
requires heating in the presence of high concentrations of acid for extended periods, and so addition of water to

the C=C bond in LiAlH4 reactions is unlikely to occur.

5 Summary of Reactions Involving Carboxylic Acids

|:>—CH2—OH NazCr0, » Y /N seen previously

H,S04/H,0

1. CO
QMQCI 2 5 YIN
2. H;0"
@CEN H3;0*, heat > Y/N

: CO,H Excess SOCI& Y/N
COyH 1. LiAIH,4

» YI/N
2. H;0"
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