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Chapter 13  
 
 
Reactions with stabilized carbanion 
intermediates, part I : 
 
Isomerization, aldol and Claisen condensation, 
carboxylation and decarboxylation  
 
 
 
 
 
Introduction  
 
In the last five chapters, we have seen a variety of reaction mechanisms - nucleophilic 
substitutions, phosphoryl transfers, carbonyl additions, and acyl substitutions - in which 
bonds were broken and new bonds were formed.  In each case, these events involved 
bonds between carbon (or phosphorus) and a heteroatom - usually oxygen or nitrogen, 
but occasionally sulfur or a halide.   We have yet to see a reaction where a carbon-carbon 
bond is formed or broken.  To put it another way, although we have seen many examples 
of carbon electrophiles, we have not seen a reaction with a carbon atom acting as a 
nucleophile or a leaving group.  
 
In order for an atom to be nucleophilic, it must have a pair of electrons available for 
bonding (the exception is reactions involving free radicals, which we will consider in 
chapter 17). Heteroatom nucleophiles - the oxygen atoms of alcohols, for example - have 
lone pairs of electrons.  In a carbon nucleophile, the reactive electrons might be held in a 
relatively 'loose' bond, like the ! bond of an alkene.   
 

C C

E

 
 

In chapter 15, we will study reactions in which the !  electrons of alkenes act in a 
nucleophilic fashion.   
 
The other possible way that a carbon could be nucleophilic is if it has a lone pair of non-
bonding electrons - in other words, if it is a carbanion.  
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Likewise, you would expect that a carbon leaving group would be a carbanion, because it 
takes two electrons with it when it departs.  But aren't carbanions highly unstable?  Aren't 
they terrible leaving groups?  Aren't they far too basic to be relevant intermediate species 
in the aqueous, pH neutral environment of a living cell?  They certainly are, if the 
negative charge is 'locked', or localized, on a single carbon, which is an extremely 
unstable situation.  In order for a carbanion to be a reasonable participant in an aqueous 
reaction - a nucleophile or leaving group -  there clearly must be some kind of powerful 
stabilizing factor involved which acts to delocalize the unbonded electron pair, and its 
associated negative charge, away from the carbon atom.   
 
That stabilizing factor, as you may already have predicted, is more often than not an 
adjacent carbonyl group.  Recall from chapter 7 that protons at the "  position - on 
carbons directly adjacent to a carbonyl - are somewhat acidic, because the negative 
charge on the conjugate base is stabilized by resonance with the carbonyl oxygen.   
 

R CR2

O

H
:B

R CR2

O

R CR2

O:

enolate ion  
 
This is the so-called 'enolate' form of stabilized carbanion that, in biochemical reactions, 
most often serves as either a nucleophile or leaving group.  However, there are other 
ways in which carbanion reaction intermediates can be stabilized.  In the next two 
chapters, we will explore a variety of reactions that proceed through resonance-stabilized 
carbanion intermediates.  In this chapter, the focus will be on two very important carbon-
carbon bond-forming / bond breaking events known as 'aldol' and 'Claisen' reactions, in 
which stabilized carbanions act as nucleophiles or leaving groups.  First, however, we 
will be introduced to the concept of tautomerization, and then see some examples of 
biochemical isomerization reactions in which two constitutional isomers or stereoisomers 
are interconverted via stabilized carbanion intermediates. 
 
Section 13.1: Tautomers 
 
You are already familiar with several types of isomeric relationships among organic 
molecules; constitutional isomers, conformational isomers, enantiomers, and 
diastereomers. Here is one more.  Tautomers are two molecules with the same molecular 
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formula but different connectivity - constitutional isomers, in other words - which can 
interconvert in a rapid equilibrium.  The most common tautomeric relationship in 
organic chemistry is the keto-enol pair. 
 
13.1A: Keto-enol tautomerization 
  
When we draw a ketone or aldehyde using the Lewis structure convention, we show a 
double bond between the carbonyl carbon and the oxygen - this is known as the keto 
form.   It turns out that ketones and aldehydes often exist in rapid equilibrium with a 
tautomeric form known as an enol.  
 

C
H3C CH3

O

C
H3C CH2

O
H

keto form of acetone enol form of acetone 
 
The " -protons of carbonyls, as you recall, are somewhat acidic: the pKa of acetone, for 
example, is approximately 19.  In the formation of an enol, a base abstracts an " -proton 
from a carbonyl compound, and that same proton (or a proton on a nearby acid group) is 
transferred to the carbonyl oxygen.  The result is a new functional group that combines 
both alkene and alcohol characteristics - hence the term enol.  The deprotonated form of 
an enol is an enolate. 
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H B
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As a general rule, the keto form of a carbonyl is lower in energy, and thus predominates 
at equilibrium. Acetone, for example, is present at >99% keto form at equilibrium. 
 

 
Exercise 13.1: Draw all of the possible enol forms of the following 
aldehydes/ketones.  There may be more than one possible enol form. 
 
a) 3-pentanone  
b) acetaldehyde (IUPAC name ethaldehyde) 
c) cyclohexanone 
d) 2-pentanone 
 
Exercise 13.2: Draw three examples of aldehyde or ketone compounds for which 
there is no possible enol form. 
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There are a few special cases where the enol form predominates at equilibrium: 2,4-
pentane dione exists mostly in its enol form (76%), due to the extra stability of the 
conjugated double bonds that are present in the enol form, and due also to a favorable 
hydrogen bonding interaction. 
 

O O O O
H

enol form (76%)keto form (24%)  
 
We saw a good example of an enol to keto tautomerization in the last step of the pyruvate 
kinase reaction (section 10.2F).  The enol served as a leaving group in this phosphoryl 
transfer reaction, after which tautomerization occurred to form the ketone group of 
pyruvate.   
 

H2C O

CO2

P

O

O

O ADPO H2C O

CO2ATP

A H H
H3C O

CO2

enol keto  
 
13.1B: Imine-enamine tautomerization 
 
Another common tautomeric relationship in biological organic chemistry is the 
equilibrium between imines (also known as Schiff bases) and enamines, which are the 
nitrogen equivalents of enols.   
 

C
C

N:

H C
C

N H

imine enamine  
 
The degradation of serine, for example,  involves an enamine to imine tautomerization 
step, followed by hydrolysis of the imine (section 11.6) to form pyruvate.  
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fig 2 
 
 
As we shall see in a later section, enamines are key intermediates in a very important type 
of carbon-carbon bond-forming reaction.   
 
Section 13.2: Isomerization reactions  
 
Enols, enolates, and enamines are reactive intermediates in many isomerization reactions.  
Isomerizations can involve either the interconversion of constitutional isomers, in which 
bond connectivity is altered, or of stereoisomers, where the stereochemical configuration 
is changed.  Enzymes which interconvert constitutional isomers are called isomerases, 
while those which catalyze the interconversion of enantiomers and epimers are called 
racemases and epimerases, respectively. 
 
13.2A: Carbonyl isomerization 
 
Two important chemical steps in the glycolytic pathway, catalyzed by the enzymes 
phosphoglucose isomerase and triose phosphate isomerase, involve successive keto-enol 
tautomerization steps.  In both reactions,  the location of a carbonyl group on a sugar 
molecule is shifted back and forth by a single carbon, as ketones are converted to 
aldehydes and back again - this is a conversion between two constitutional isomers.   
 
Let's look first at the triosephosphate isomerase reaction, in the ketone to aldehyde 
direction. The ketone species, dihydroxyacetone phosphate (DHAP) is first converted to 
its enol tautomer with the assistance of an enzymatic acid/base pair (actually, this 
particular intermediate is known as an 'ene-diol' rather than an enol, because there are 
hydroxyl groups on both sides of the carbon-carbon double bond). The initial proton 
donor (HA) is positioned in the active site near the carbonyl carbon, and significantly 
lowers the pKa of the " -proton. 
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The second step, leading to glyceraldehyde phosphate (GAP), is simply another 
tautomerization, this time in the reverse direction.  However, because there happens to be 
a hydroxyl group on C1, the carbonyl can form here as well as at C2.  Notice that DHAP 
is achiral while GAP is chiral, and that a new chiral center is introduced at C1.  The 
catalytic base abstracts the pro-R proton from behind the plane of the page, then gives the 
same proton back to C2, again from behind the plane of the page. 
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In the phosphoglucose isomerase reaction, glucose-6-phosphate (an aldehyde sugar) and 
fructose-6-phosphate (a ketone sugar) are interconverted in a very similar fashion. 
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glucose-6-phosphate fructose-6-phosphate  
 

 
Exercise 13.3: draw the ene-diol intermediate in the phosphoglucose isomerase 
reaction above. 

 
13.2B: Stereoisomerization at chiral carbons 
 
The enolate form of a carbonyl is a common intermediate in a type of stereoisomerization 
reaction known as an epimerization. Recall from section 3.7A that the term 'epimer' refers 
to a pair of diastereomers that differ at a single stereocenter.  The five-carbon sugar 
phosphates ribulose-5-phosphate and xylulose-5-phosphate, for example, are epimers: 
they are identical except for their stereochemistry at C3.  A reaction in the Calvin cycle, 
which plants use to incorporate, or 'fix', the carbon atom from carbon dioxide into sugars, 
involves the interconversion of these two sugar phosphate epimers - in other words, 
inversion of configuration at C3.  
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The reaction is simply a deprotonation at C3 to form an enolate, followed by 
reprotonation to return to the ketone.   
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The key to epimerization is that deprotonation and reprotonation occur at opposite sides 
of the planar, sp2-hybridized intermediate.  In the epimerase reaction shown here, a 
coordinated pair of aspartate residues is located at opposite sides of the enzyme's active 
site.  Asp1, which is ionized at the start of the catalytic cycle, abstracts the C3 proton from 
the front side of the plane of the page, converting C3 from a chiral tetrahedral center to an 
achiral,  planar group.  When reprotonation occurs, it is Asp2, on the back side of the 
plane of the page, which donates the proton, resulting in inversion of stereochemistry at 
C3 (J. Molec. Biol. 2003, 326, 127-135). 
 
Notice another thing about this epimerization reaction: the key intermediate is an enolate 
anion, stabilized by coordination to a zinc cation (a Lewis acid).  Contrast this with the 
phosphoglucase isomerase reaction (section 13.2A), where stabilization of the key 
intermediate was achieved by proton donation to form a short-lived enol species.  
 
There are many more examples of reactions in which the stereochemistry of an " -carbon 
in a carbonyl compound is inverted. The short polypeptides that form part of the 
peptidoglycan cell wall structure in bacteria contain some D-amino acids, which have the 
opposite stereochemistry at the " -carbon compared to the L-amino acids that are found 
almost exclusively in proteins.  Enzymes called amino acid racemases catalyze the 
conversion between the L and D forms of these amino acids.  While many amino acid 
racemases depend on the coenzyme pyridoxal phosphate to stabilize the key carbanion 
intermediate  (we'll study these reactions in section 14.4B), others proceed through an 
enolate intermediate.  Glutamate racemase, which converts L-glutamate to D-glutamate, is 
an example (Biochem 2001, 40, 6199). Although many mechanistic details are as yet 
unknown, it has been demonstrated that, at least for some of the cofactor-independent 
racemases, a pair of cysteine residues serves as the catalytic acid/base pair.  
  

 
Exercise 13.4: Propose a likely mechanism for glutamate racemase, showing 
stereochemistry throughout. 

 
 
Section 13.3: Aldol reactions 
 
We come now to one of the most important mechanism types in metabolism: the carbon-
carbon bond-forming 'aldol' condensation reaction.  
 
13.3A: The general mechanism for an aldol reaction 
 
Consider the potential pathways available to a reactive enolate intermediate once the " -
proton has been abstracted.  The oxygen, which bears most of the negative charge, could 
act as a base, and the result would be an enol.   
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fig 3 
Alternatively, the enolate carbon, which bears a degree of negative charge, could act as a 
base, which is simply the reverse of the initial deprotonation step that formed the enolate 
in the first place.  
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HR R
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enolate keto  
 
In both of these cases, the electron-poor species attacked by the enolate is an acidic 
proton. What if the electron-poor species - the electrophile - is not a proton but a carbonyl 
carbon?  In other words, what if the enolate acts not as a base but rather as a nucleophile 
in a carbonyl addition (chapter 11) reaction?  One possibility is that the enolate oxygen 
could be the nucleophile in a hemiketal-forming reaction:   
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Although you can find examples of this type of reaction in biochemistry, it is far more 
common for the enolate carbon to be the nucleophile, attacking an electrophilic carbonyl 
to form a new carbon-carbon bond.  
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Historically, the first examples of this mechanism type to be studied involved the non-
enzymatic reaction of an aldehyde with itself (a so-called 'self-condensation' reaction, 
where 'condensation' means the formation of one larger molecule from two smaller ones).   
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Because the resulting product contained both an aldehyde and an alcohol functional 
group, the reaction was termed an 'aldol condensation', a name that has become standard 
for reactions of this type, whether or not an aldehyde is involved.   
 
The enzymes that catalyze aldol reactions are called, not surprisingly, 'aldolases'.   
 
13.3B: Aldolases - three variations on a theme 
 
The first step in an aldolase reaction is the deprotonation of an " -carbon to generate a 
nucleophilic carbanion. Nature has evolved several distinct strategies to stabilize the 
intermediate that results.   Some aldolases use a metal ion to stabilize the negative charge 
on an enolate intermediate, while others catalyze reactions that proceed through neutral 
Schiff base or enol intermediates. 
 
Let's examine first a reaction catalyzed by a so-called 'Class II' aldolase, in which a 
metal cation - generally Zn2+ - bound in the active site serves to stabilize the negative 
charge on an enolate intermediate.  Fructose 1,6-bisphosphate aldolase is an enzyme that 
participates in both the glycolytic (sugar burning) and gluconeogenesis (sugar building) 
biochemical pathways.  For now, we will concentrate on its role in the gluconeogenesis 
pathway, but we will see it again later in its glycolytic role.  The reaction catalyzed by 
fructose 1,6-bisphosphate aldolase is a condensation between two 3-carbon sugars, 
glyceraldehyde-3-phosphate (GAP) and dihydroxyacetone phosphate (DHAP), forming a 
six-carbon product (which leads, after three more enzymatic steps, to glucose).   
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fig 4 



Chapter 13: Carbanion reactions, part I 

Organic Chemistry With a Biological Emphasis 
Tim Soderberg 

497 

In the first step of the condensation, an " -carbon on DHAP is deprotonated, leading to an 
enolate intermediate.  The strategy used to stabilize this key intermediate is to coordinate 
the negatively-charged enolate oxygen to an enzyme-bound zinc cation. 
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Next, the deprotonated " -carbon attacks the carbonyl carbon of GAP in a nucleophilic 
addition reaction, and protonation of the resulting alcohol leads directly to the fructose 
1,6-bisphosphate product.    
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As with many other nucleophilic carbonyl addition reactions, a new stereocenter is 
created in this reaction, as a planar, achiral carbonyl group is converted to a tetrahedral, 
chiral alcohol.  The enzyme-catalyzed reaction, not surprisingly, is completely 
stereospecific:  the DHAP substrate is positioned in the active site so as to attack the re 
(front) face of the GAP carbonyl group, leading to the R configuration at the new 
stereocenter. 
 
Interestingly, it appears that in bacteria, the fructose bisphosphate aldolase enzyme 
evolved separately from the corresponding enzyme in plants and animals. In plants and 
animals, the same aldol condensation reaction is carried out by a significantly different 
mechanism, in which the key intermediate is not a zinc-stabilized enolate but an  
enamine. The nucleophilic substrate (DHAP) is first linked to the enzyme through the 
formation of an imine (also known as a Schiff base, section 11.6) with a lysine residue in 
the active site. 
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The " -proton is then abstracted by an active site base to form an enamine.  
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In the next step, the " -carbon attacks the carbonyl carbon of GAP, and the new carbon-
carbon bond is formed.  In order to release the product from the enzyme active site and 
free the enzyme to catalyze another reaction, the imine is hydrolyzed back to a ketone 
group.   
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fig 5 
There are many more examples of 'Class I' aldolase reactions in which the key 
intermediate is a lysine-linked imine.  Many bacteria are able to incorporate 
formaldehyde, a toxic compound, into carbohydrate metabolism by condensing it with 
ribulose monophosphate.  The reaction proceeds through imine and enamine 
intermediates. 
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Exercise 13.5:  
 
a) Propose a complete mechanism for the condensation reaction shown above. 
b) Propose a complete mechanism for the conversion of hexulose-6-phosphate 

(formed from the condensation of ribulose-5-phosphate and formaldehyde) 
into fructose-6-phosphate. 
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Along with aldehydes and ketones, esters and thioesters can act as the nucleophilic 
partner in aldol condensations.  In the first step of the citric acid (Krebs) cycle, acetyl 
CoA condenses with oxaloacetate to form (S)-citryl CoA.   
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Notice that in this aldol reaction, the nucleophilic intermediate is stabilized by 
protonation, rather than by formation of an imine (as in the Class I aldolases) or by a 
metal ion (as in the Class II aldolases). 
 
13.3C: Going backwards: the retroaldol reaction 
 
Although aldol reactions play a very important role in the formation of new carbon-
carbon bonds in metabolic pathways, it is important to emphasize that they are also 
highly reversible: in most cases, the energy level of starting compounds and products are 
very close.  This means that, depending on metabolic conditions, aldolases can also 
catalyze retro-aldol reactions (the reverse of aldol condensations, in which carbon-
carbon bonds are broken).  Recall that fructose 1,6-bisphosphate aldolase (section 13.3B) 
is active in the direction of sugar breakdown (glycolysis) as well as sugar synthesis 
(gluconeogenesis).  In the glycolytic direction, the enzyme catalyzes - either by zinc 
cation or by imine/enamine mechanisms, depending on the organism - the retro-aldol 
cleavage of fructose bisphosphate into DHAP and GAP.  
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The mechanism is the exact reverse of the condensation reaction. Shown below is the 
mechanism for a Zn2+ - dependent (Type II) retroaldol cleavage.  Notice that in the 
retroaldol reaction, the enolate intermediate is the leaving group, rather than the 
nucleophile.    
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The key thing to keep in mind when looking for a possible retro-aldol mechanism is that, 
when the carbon-carbon bond breaks, the electrons must have some place to go, where 
they will be stabilized by resonance.  Generally, this means that there must be a carbonyl 
or imine group on the next carbon.  If there is no adjacent carbonyl or imine group, the 
carbon-carbon bond is not free to break. 
 

R

O
H
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:B
no retro-aldol possible! Leaving 
group is unstabilized carbanion.

R

O

R
+X???

 
 
Here are two more examples of retro-aldol reactions.  Bacterial carbohydrate metabolism  
involves this reversible, class I retro-aldol cleavage: (Proc. Natl. Acad. Sci 98, 3679).  
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fig 6 

 
Exercise 13.6: Draw the structure of the enamine intermediate in the retroaldol 
reaction shown above. 

 
 
Another interesting example is the retro-aldol cleavage of indole-3-glycerol phosphate, a 
step in the biosynthesis of tryptophan.   
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Look carefully at this reaction - how is the leaving group stabilized?  There is an imine 
group involved, but no participation by an enzymatic lysine.  The imine is 'built into' the 
starting compound, available from the initial tautomerization of the cyclic enamine group 
in indole-3-glycerol phosphate.   
 

 
Exercise 13.7: Draw the reverse (aldol condensation) direction of the reaction 
above. 

 
 
13.3D: Going both ways: transaldolase 
 
An enzyme called transaldolase, which is part of the 'pentose phosphate pathway' of 
carbohydrate metabolism, catalyzes an interesting combination of class I aldol and retro-
aldol reactions. The overall reaction, which can proceed in either direction depending on 
metabolic requirements, converts 3- and 7-carbon sugars into 6- and 4-carbon sugars.  
Essentially, a 3-carbon unit breaks off from a ketone sugar (ketose) and then is condensed 
directly with an aldehyde sugar (aldose).  
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Let's follow the progress of the reaction in the left-to-right direction as depicted above.  
Because this is a class I aldolase, the first step is the formation of an imine linkage 
between the ketone carbon of fructose-6-phosphate (F6P) and a lysine group from the 
enzyme.   The enzyme-substrate adduct then undergoes a retro-aldol step to free 
glyceralde-3-phosphate (GAP), which leaves the active site. 
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The second substrate, erythrose 4-phosphate (E4P), enters the active site, and  an aldol 
condensation occurs between E4P and the 3-carbon fragment remaining from the 
cleavage of fructose-6-phosphate. 
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fig 7 
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The final step is hydrolysis of the imine and subsequent dissociation of sedoheptulose 7-
phosphate from the active site.   
 
Section 13.4: Claisen reactions 
 
The aldol reactions discussed above are nucleophilic carbonyl addition (chapter 11) 
reactions, in which the electrophile is the carbonyl carbon of an aldehyde or ketone.  A 
nucleophilic enolate can also attack the carbonyl carbon of a carboxylic acid derivative in 
a nucleophilic acyl substitution (chapter 12) reaction.  
 

R

O: R X

O

R

O R O:

X R

O

R

O

new carbon-
carbon bond  

 
This is referred to as a Claisen condensation, after the German chemist Ludwig Claisen 
(1851-1930).  The reverse of a Claisen condensation is called a retro-Claisen cleavage. 
 
13.4A: Claisen condensations 
 
An early step in the biosynthesis of cholesterol and other ÔisoprenoidÕ compounds is a 
Claisen condensation between two acetyl CoA molecules.  An initial trans-thioesterase 
step (section 12.3B) transfers the acetyl group of the first acetyl CoA to an enzymatic 
cysteine (step 1).  In the Claisen condensation phase of the reaction, the " -carbon of a 
second acetyl CoA is deprotonated, forming an enolate (step 2).   
 

SCoA

O

SH

Cys

S

O
Cys

HSCoA

1
SCoA

O

HSCoA

O:

2

3

O:

SCoA

O

S

Cys

4

O

SCoA

O

B:

 
 
The enolate carbon attacks the electrophilic thioester carbon, forming a tetrahedral 
intermediate (step 3) which quickly collapses to expel the cysteine thiol (step 4) .   
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13.4B: Retro-Claisen cleavage 
 
Just as there are retro-aldol cleavage reactions, there are also many examples of retro-
Claisen cleavage reactions in biochemical pathways. When your body burns fat for 
energy, it is a retro-Claisen reaction that is responsible for breaking apart long fatty acid 
chains, two carbons at a time.  First, a series of three reactions is required to introduce the 
necessary ketone group to the # position (two of these reactions are oxidative, and will be 
discussed in chapter 16; the third is something that we will see in chapter 14).  
 

R SCoA

O

R SCoA

OO

fatty acyl CoA

3 steps

!
"

!
"

 
fig 8 
 What follows is the exact reverse of a Claisen condensation, with a cysteine thioeser 
acting as nucleophile and an enolate as the leaving group.  
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The fatty acid chain is now shorter by two carbons, and one acetyl CoA molecule is 
available for incorporation into the citric acid cycle, where it is further oxidized.  This 
series of four reactions repeats itself until the entire fatty acid chain has been broken into 
two-carbon acetyl CoA pieces. 
 
The reverse metabolic process - the synthesis of fatty acids from acetyl CoA - does not 
involve the exact reverse of this reaction.  In section 13.5C we will see the slightly 
modified Claisen condensation reaction that is operative in the synthetic direction.  You 
will learn when you take Biochemistry that, in most cases, degradative metabolic 
pathways are not the exact step-by-step reverse of the corresponding biosynthetic 
pathway. 
 
A good example of a hydrolytic retro-Claisen cleavage occurs in the degradation pathway 
for tyrosine and phenylalanine:   
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In the mechanism above, the final enolate-to-keto protonation step is not shown. Notice 
that in this reaction, negative charges on both oxygens are stabilized by interaction with a 
magnesium ion. 
 
13.4C: Enolates as nucleophiles in SN2 displacements 
 
Finally, we will now consider a twist on the Claisen reaction type, in which the essential 
substitution mechanism is not an acyl substitution at a carbonyl carbon but an associative 
nucleophilic substitution (SN2) event at a tetrahedral carbon center. In section 9.1A we 
saw some examples of SN2 methylation reactions using S-adenosyl methionine (SAM).  
In those examples, the nucleophile was either an alcohol oxygen or an amine nitrogen.  In 
the following example from tryptophan biosynthesis, the nucleophile is the " -carbon of 
an enol intermediate.   
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HH N

H
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O
H3C

H :B

SAM  
 
Isotopic labeling studies (using 1H, 2H and 3H at the electrophilic methyl carbon of SAM 
to make it chiral) indicate that, as expected, the reaction proceeds with inversion of 
configuration at the methyl carbon (J. Am. Chem. Soc. 1977, 99, 273). 
 
Section 13.5: Carboxylation and decarboxylation reactions 
 
13.5A: The metabolic context of carboxylation and decarboxylation 
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Some of the most important carbon-carbon bond-forming and bond-breaking processes in 
biological chemistry involve the gain or loss, by an organic molecule, of a single carbon 
in the form of CO2.  You undoubtedly have seen this chemical equation before in an 
introductory biology or chemistry class: 
 
6CO2 + 6H2O + energy $  C6H12O6 + 6O2  
 
This of course represents the photosynthetic process, by which plants (and some bacteria) 
harness energy from sunlight to build glucose from individual carbon dioxide molecules.  
The key chemical step in which carbon dioxide is 'fixed' (in other words, condensed with 
an existing organic molecule) is called a carboxylation reaction.  It is catalyzed by the 
enzyme ribulose 1,5-bisphosphate carboxylase, commonly known as Rubisco, in the 
'Calvin cycle' of carbon fixation. 
 
The reverse chemical equation is also probably familiar to you: 
 
C6H12O6 + 6O2 $  6CO2 + 6H2O + energy 
 
This equation expresses what happens in respiration: the oxidative breakdown of glucose 
to form carbon dioxide, water, and energy.  In the course of this transformation, each of 
the carbon atoms of glucose is eventually converted to individual CO2 molecules. The 
actual chemical step by which a carbon atom,  in the form of carbon dioxide, breaks off 
from a larger organic molecule is called a decarboxylation reaction.  The key 
decarboxylation steps in the conversion of glucose to carbon dioxide occur in the citric 
acid (Krebs) cycle and the pentose phosphate pathway.  
 
Let's now look at the organic mechanisms of some carboxylation and decarboxylation 
reactions. 
 
13.5B: The carboxylation mechanism of Rubisco 
 
Carboxylation reactions are essentially just aldol condensations, except that the carbonyl 
electrophile is CO2 rather than a ketone or aldehyde.  The mechanism for Rubisco, the 
key carbon-fixing enzyme in plants and photosynthetic bacteria (and the most abundant 
enzyme on earth!), is shown below.  Magnesium ion plays a key charge-stabilizing role 
throughout the reaction. Step 1, not surprisingly, is deprotonation of an " -carbon to form 
an enolate. 
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fig 9 
Step 2 is simply an intramolecular proton transfer, which has the effect of creating a 
different enolate intermediate and making C2 into the nucleophile for an aldol-like attack 
on CO2 (step 3).  Carbon dioxide has now been 'fixed' into organic form - it has become a 
carboxylate group on a six-carbon sugar derivative. 
 
To follow the Rubisco mechanism through to its endpoint:   
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OH
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O

OH

PO+PO

OH

O

OH

O

OP

O

H2O

O

O
step 4

phosphoglycerate  
 
Step 4 is a retro-Claisen mechanism, with a water nucleophile and enolate leaving group.  
After protonation of this enolate, we are left with two molecules of 3-phosphoglycerate, 
which are incorporated into the  'gluconeogenesis' pathway of glucose synthesis.  
  

 
Exercise 13.8: Propose a complete mechanism for the retro-Claisen reaction in the 
figure above. 

 
 
13.5C: Decarboxylation  
 
Mechanistically, a decarboxylation has parallels to retro-aldol cleavage reactions:  
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Just as in retro-aldol reactions, the electrons from the broken carbon-carbon bond have to 
have some place to go - they must, in other words, be stabilized - for the decarboxylation 
step to take place.  Quite often, the electrons are stabilized by the formation of an enolate, 
as is the case in the general mechanism pictured above.  This of course means that a 
carbonyl group must be positioned # to (i.e. two carbons down from) the carboxylate 
carbon.  If there is no stable place for the electrons in the carbon-carbon bond to go, then 
a decarboxylation is very unlikely. 
 

R

OH

O

O

R

OH

CH2

C

O

O

+X

no decarboxylation!

 
 
Be especially careful, when drawing decarboxylation mechanisms, to resist the 
temptation to treat the CO2 molecule as the leaving group: 
 

R

O

O

O

 
 

This is not what a decarboxylation looks like!  In a decarboxylation step, it is the organic 
part of the molecule that is, in fact, the leaving group, 'pushed off' by the electrons on the 
carboxylate.  
 
Below are two important key #-carbonyl decarboxylation steps in glucose metabolism, 
each representing a point at which a carbon derived from glucose is released as CO2.  
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Exercise 13.9: Draw mechanistic arrows showing the first step in each of the 
reactions shown above. 

 
 
The reaction catalyzed by acetoacetate decarboxylase relies on an imine group, rather 
than a carbonyl, to stabilize the carbanion intermediate.  This is a mechanistic parallel to 
a type II retro-aldolase reaction.   
 

CO2
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Lys
H2O CO2

N
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H2O

O

 
 

 
Exercise 13.10: Draw a mechanism for the decarboxylation step in the reaction 
above. 

 
 
There are some examples of decarboxylation reactions in which the carbanion 
intermediate goes on to form a new carbon-carbon bond, rather than becoming protonated 
as in the example we have seen so far. This reaction in the fatty acid biosynthetic 
pathway is a decarboxylation followed by a Claisen condensation.  A thiol group on an  
'acyl carrier protein' (section 12.3D) is part of the thioester functional group in this 
reaction. 
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An interesting variation on decarboxylation in the synthesis of tyrosine in bacteria is 
shown below. 
 

O
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CO2

O

CO2

HO
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Exercise 13.11:  
 

a) Draw a mechanism for the reaction above.   
b) Draw hypothetical decarboxylation mechanisms showing the formation of 
alternate products A and B from the same starting compound: 
 

O

CO2

O

A: B:

O

CO2

O
 

 
c) How would you describe in words the relationship between the actual product 
and hypothetical products A and B? Which of the three would you expect to be 
most thermodynamically stable, and why?  

 
 
In chapter 14, we will see decarboxylation reactions occurring in several other 
mechanistic contexts. 
 
Section 13.6: Synthetic parallel - carbon nucleophiles in the lab 
 
We've seen how enzymes use aldol and Claisen condensations to form new carbon-
carbon bonds in the process of building large molecules. Chemists working in the 
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laboratory can also carry out aldol and Claisen reactions, however they also have at their 
disposal a large and continuously growing toolbox of other carbon-carbon bond-forming 
reactions.  In some  respects, human chemists have an advantage, as they are able to work 
with conditions that are untenable in a living system:  organic solvents, for example, or 
extremes of pH or temperature.  Of course, enzymes have a distinct advantage when it 
comes to regio- and stereospecificity.  Let's look at some commonly used laboratory 
procedures for creating new carbon-carbon bonds. 
 
13.6A: Lab reactions with enolate /enamine intermediates 
 
Aldol and Claisen-type reactions can be quite useful in the organic synthesis lab.  
In the acetoacetic ester synthesis reaction, ethyl acetoacetate (or another #-ketoester) is 
the starting point for the construction of mono- or di-substituted ketones.   
 

O

O

O 1) NaOCH2CH3

2) R Br

3) NaOH (aq)

4) HCl (aq)

O

R

NaBr
CO2
2 EtOH

+

 
fig 13 
The key feature of #-keto esters that makes them so useful for this purpose is the acidity 
of the ÔactivatedÕ " -protons situated between the two carbonyl carbons Ð these protons 
typically have a pKa values in the range of 10-12, meaning that they can be efficiently 
deprotonated by alkoxide bases such as sodium ethoxide (step 1 above).  The 
corresponding enolate nucleophile then attacks an alkyl halide in an SN2 reaction (step 2 - 
this is the carbon-carbon bond-forming step), then the ester is hydrolyzed with aqueous 
base (step 3) and the resulting #-carboxylate group is acidified (step 4) and heated to 
induce decarboxylation.  If we want to make a di-substituted ketone, we simply treat the 
monosubstituted product with a second alkyl halide before carrying out the hydrolysis 
and decarboxylation steps. 
 

 
Exercise 13.12: Draw a complete mechanism for the following reaction: 
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A similar process, commonly called the malonic ester synthesis, starts with a diester 
such as diethyl malonate and allows for the synthesis of substituted carboxylic acids. 
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fig 13 
Stork enamine reactions  closely parallel those catalyzed in living things by type I 
aldolases (section 13.3).  In the Stork reaction, an alkyl or acyl group is added to a ketone 
or aldehdye via an enamine intermediate.  While type I aldolases use the amino group of 
a lysine side chain to form an enamine, in a Stork reaction the synthetic chemist typically 
uses pyrrolidine or morpholine.   See Brown/Foote 5 p. 723 
 

N H

pyrroldinemorpholine

N HO

 
 
The examples below show the alkylation and acylation of acetone. For the alkylation 
reaction, a methyl or primary alkyl halide must be used. 
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Exercise 13.13: Draw a complete mechanism for the Stork enamine acylation reaction 
shown above, assuming that the acylating agent is acetic acid chloride. 

 
 
Why bother to form the Schiff base, rather than proceeding directly through an enolate 
intermediate?  It turns out that the enamine intermediate is a better nucleophile than the 
enolate for a couple for reason.  First, the nitrogen of an enamine is less likely to react as 
a nucleophile than the oxygen atom of an enolate Ð in other words, there is more C-
alkylation under the Stork conditions.  Second, because an enamine intermediate is a 
weaker base than an enolate, there is less chance of elimination reactions competing with 
the desired SN2 step (weÕll talk more about the competition between substitution and 
elimination in section 14.3).   
 
In the haloform reaction, methyl ketones are fully halogenated in the presence of base: 
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fig 13 
The electron-withdrawing effect of the three halogen substituents makes the tri-
halomethyl anion a reasonable leaving group, which in turn allows for a somewhat 
unusual hydrolysis reaction and formation of the haloform and a carboxylic acid.  
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fig 13 
13.6B: The Wittig reaction 
 
While aldol-type reactions are useful for carrying out many carbon-carbon bond-forming 
reactions in the lab, synthetic organic chemists are always trying to find new ways to 
create nucleophilic carbanion species.  In the Wittig reaction , the negative charge on a 
carbanion is stabilized by a nearby positively charged phosphonium.  Species such is this, 
in which positive and negative charges reside on adjacent atoms, are called ylides (we 
will encounter another kind of ylide species when we study some enzymatic reactions 
that depend on a form of thiamine, or vitamin B1, in section 14.5). 
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fig 14 
The carbanion next attacks a carbonyl carbon (step 3), after which bond rearrangement 
occurs (step 4).  
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fig 14 
Notice that the overall result of a Wittig reaction is the formation of a double bond 
between a carbonyl carbon and a haloalkane.   
 

 
Exercise13.14: Draw the structures of species A, B, and C in the reaction depicted below. 
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fig 14 

 
13.6C: Terminal alkynes as carbon nucleophiles  
 
Recall from section 7.5 that the hydrogen on a terminal alkyne is somewhat acidic, with a 
pKa of approximately 26.  This means that, given a strong enough base, terminal alkyne 
can be deprotonated, yielding a powerful carbanion nucleophile.  Sodium amide in liquid 
ammonia is often used for this purpose.   
 

R C C H

pKa ~ 25

Na+ NH2
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R C C:
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:NH3 (l)

Na Br

 
 
The alkynyl carbanion can then be combined with a suitable electrophile, such as a 
primary alkyl bromide, in a carbon-carbon bond-forming  SN2 displacement reaction. We 
will discuss later in section 14.3A why secondary and tertiary alkyl bromides will usually 
not work in these types of reactions due to competition with elimination. 
 
The alkyne group in the SN2 product can later be modified by other reactions: it can, for 
example, be reduced specifically to an E or Z alkene (these reactions are covered in 
section 16.5D). 
 

R C C CH2R
R

C C
CH2R

H H

R
C C

CH2RH

H

 
 
When conducting a reaction such as this, we must take great care to avoid allowing the 
deprotonated alkyne, which of course is a powerful base as well as a nucleophile, to come 
into contact with water, alcohol, or anything else with an acidic proton.  The result would 
be an acid-base reaction and regeneration of the original alkyne - not very productive!  
Reactions such as these are run in non-protic organic solvents such as diethyl ether or 
tetrahydrofuran, and all glassware used must be scrupulously dried.  Generally a tube 
containing a drying agent such as calcium chloride is also affixed to the opening on the 
reaction flask to remove any moisture from the surrounding air. 
 
13.6D: Grignard, Gilman, and organolithiuim reagents 
 
One of the most commonly used and versatile methods for forming a new carbon-carbon 
bond in the organic laboratory is a procedure called the 'Grignard reaction', named for the 
French chemist Victor Grignard (1871-1935) who won the 1912 Nobel Prize in 
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Chemistry for developing this procedure.  The carbon nucleophile is prepared by reacting 
an alkyl bromide or iodide with metallic magnesium, resulting in an organometallic 
compound in which the carbon reacts as if it were a carbanion.   
 

C Br + Mg(0) reacts like MgBrR

H

H

C MgBrR

H

H

CR

H

H

 
 
This 'Grignard reagent' is particularly useful in nucleophilic addition reactions with 
carbonyl electrophiles.  
 

C
R2 R3

O

+ C

O

R3
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H+

C
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C MgBrR1

H

H
R1 R1 (plus enantiomer)

 
 
The nucleophilic carbon need not be primary as in the picture above.  The synthesis of 2-
phenyl-2-propanol,  for example, can be carried by reacting phenyl magnesium bromide 
with acetone.  
 

Br

+ Mg(0)
MgBr

O
C

OH

CH3
CH3

H3C CH3 H+C

 
 
Grignard  reagents can be also be carboxylated simply by pouring the organic solution 
over dry ice (solid CO2), then adding HCl:  

MgBr
CO2 OH

O

C
H+

 
 
Grignard reagents will also react with epoxides, attacking the less hindered carbon (as 
expected for basic/nucleophilic ring-opening conditions Ð see section 8.6B). 
 

MgBr
CH3

O

+
CH3

OH
1)

2) H3O+

 
 
The Grignard reagent is a very strong base, so the same precautions that were discussed 
above for alkynyl carbanions must be taken to avoid contact with water or anything that 
is even slightly acidic (in the syntheses above, acid is added only as the final step in order 
to recover protonated product and also to inactivate any remaining Grignard reagent).   
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Because it is relatively simple to generate, a Grignard reagent such as phenyl magnesium 
bromide is also often used as the strong base (instead of sodium amide) in the 
deprotonation of terminal alkynes.   
 
Esters and acid chlorides will react with two molar equivalents of Grignard reagent: 
 

H3C
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CH3
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H3O+
C

OH
H3C

 
fig 14 
The first reaction is an acyl substitution reaction, and the second is a nucleophilic 
carbonyl addition. Because ketones and aldehydes are better electrophiles than carboxylic 
acid derivatives, it is not possible to stop these reactions at the ketone/aldehyde stage. 
 
Carboxylic acids and amides will simply protonate the Grignard reagent, not a terribly 
productive reaction. 
 
Grignard reagents will not react efficiently in SN2 reactions with alkyl halides (the 
Gilman reagent, described below, can be used for this purpose). 
 
Metallic lithium can also be used to prepare organolithium compounds, which react in a 
fashion similar to Grignard reagents:  
 

Cl + 2 Li Li + LiCl

H H

O

O LiH3O
OH

 
fig 12 
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The Gilman reagent is a lithium diorganocopper species that can be prepared from 
organolithium compounds: 
 

CuI
2 CH3CH2CH2Li (CH3CH2CH2)2CuLi + Li I   

 
Gilman reagents are useful in that, unlike Grignard reagents, they will efficiently react in 
SN2 reactions with alkyl halides, even when the halogen is bonded to an sp2-hybridized, 
alkene carbon (remember from section 8.2C that SN2 reactions typically do not occur at 
sp2-hybridized carbons!) 
 

(CH3CH2CH2)2CuLi Br+ CH2CH2CH3

CH3CH2CH3
1) Li

2) CuI

(CH3CH2CH2)2CuLi + Br CH2CH2CH3

 
 

Another useful property of Gilman reagent is that they can be used to add an alkyl group 
to an acid chloride just once (as opposed to twice, as is the case for Grignard reagents).   
  

H3C
C

Cl

O
(CH3CH2)2CuLi

H3C
C

CH2CH3

O

-78oC  
 
This reaction works only with acid chlorides - other carboxylic acid derivatives (esters, 
acid anhydrides, etc.) do not react with Gilman reagents. 
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Chapter 13 problems  
 
 
P13.1: Propose a mechanism for this early reaction in the biosynthesis of the isoprenoid 
building blocks: (McMurry p. 129) 
 

S

OO
enz

acetyl CoA
H2O

SCoA

OHO CH3

O

O

 
 
 
 
P13.2: Given the intermediates shown for this biotin-dependent reaction in which acetyl-
CoA is carboxylated (in the fatty acid biosynthesis pathway), propose a complete curved-
arrow mechanism. (McMurry p. 121) 
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probfig 3 
P13.3:  Propose a likely mechanism for this final reaction in the degradation of cysteine 
in mammals. (McMurry p. 238) 
 

O
S

O

O

O

O

H3C

O

O

O

SO2

 
 
  
P13.4:  The following is a step in the degradation pathway for threonine.  Propose a 
likely mechanism. (McMurry p. 239) 
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H3N
O

O

CH3O CoASH

glycine + acetyl CoA

 
 
 
P13.5:  Propose a reasonable mechanism for the following reaction: (McMurry p. 250) 
 

O

OO

O

O

NH3 CO2 O

O

O

NH3

 
 
 
P13.6:  Propose a mechanism for the following carboxylation reaction.  The complete 
reaction is dependent on the CO2-carrying coenzyme biotin as well as ATP, but assume 
in your mechanism that the actual carboxylation step occurs with free CO2 (you donÕt 
need to account for the role played by biotin or ATP). (McMurry p. 258, bottom) 
 

SCoA

O

+ CO2
SCoA

O

O

O

 
 
 
 
P13.7:  The following step in the biosynthesis of lysine involves a condensation between 
aspartate semialdehyde (the reactant pictured below) and a common metabolic 
intermediate.  Identify the intermediate, and propose a mechanism for the reaction. 
(McMurry p. 277 step 3) 
 

H3N
O

O

H

O

?

H3N
O

O

OHO

O

O

 
 
 
P13.8:  In the biosynthesis of leucine, acetyl CoA condenses with another metabolic 
intermediate ÔXÓ to form 1-isopropylmalate.  Give the structure for substrate X, and 
provide a mechanism for the reaction. (McMurry p. 286 first step) 
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X
CO2

CO2HO

H2O
acetyl CoA HSCoA

 
 
 
P13.9:    2-methyl-3-keto-butyryl CoA undergoes  retro-Claisen cleavage (a step in 
isoleucine degradation).  Predict the products. (McMurry p. 258 fig 5.20 step 3). 
 

O

SCoA

O
HSCoA

 
 
 
 
P13.10: Propose a mechanism for the following reaction: (McMurry p. 198) 
 

O2C

O

CO2

GTP
CO2

GDP

O2C

OP

 
 
 
P13.11:  Propose a mechanism for the following transformation (part of the degradation 
pathway for the uridine nucleotide). (McMurry p. 308 step 3-4) 
 

N
H

NH

O

O

NH4
+

CO22 H2O

O

O

NH3

 
 
 
P13.12:  The following transformation proceeds through an enol intermediate.  Provide a 
likely mechanism. (McMurry p. 291 bottom) 
 

CO2

N

H OH

OH

HO
OP CO2

N

H O

OH

HO
OP

 
 
 



Chapter 13: Carbanion reactions, part I 

Organic Chemistry With a Biological Emphasis 
Tim Soderberg 

521 

P13.13: Suggest a likely mechanism for the following reaction in the biosynthesis of 
morphine, being sure to identify the structure of species X, which is released in the 
reaction.: (McMurry p. 362 last step) 
 

O

OH

O

O
H3C

N
CH3

X

O

O

O
H3C

N
CH3

 
 
P13.14: Predict the product of the following reaction: 
 
 

O

H3CO

O

O

Ph3P CH2

THF, -100oC

K2CO3

methanol

CH3

O

 
fig 4 
 
P13.15: Predict the major organic product of each of the following reactions: 
 
a) 
 

O

O

O 1) NaOCH2CH3

2)

3) NaOH (aq)

4) HCl (aq)
Br  

 
b)  

O

O

O
1) NaOCH2CH3

2)

3) NaOH (aq)

4) HCl (aq)Br

 
 
c) 

O

O

O

O 1) NaOCH2CH3

2)

3) NaOH (aq)

4) HCl (aq)
Br
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fig 4 
P13.16:  Draw the structures of compounds designated by A Ð G in the reactions below. 
 

O1) NaOCH2CH3

2)

3) NaOH (aq)

4) HCl (aq)
A

B
a)

 
 

HO

O1) NaOCH2CH3

2)

3) NaOH (aq)

4) HCl (aq)
C

D
b)

 
1)

2)

3) HCl (aq)

NHO

E F
TsOH

O
Gc)

 
fig 4 
P13.17:  Predict the major organic product of the following laboratory synthesis 
reactions: probfig06 
 
a) 

1) PBr3OH

2 )Mg, diethyl ether

O

H3O+

3)

4)  
 
b) 

CH3C H

MgBr
O

CH3 H3O+

THF  
 
c) 

Li
O1)

2) CH3S

O

O

Cl

NaN3

 
 
d) (also predict the structure of species A) 
 
F3C

C
Cl

O

(CH3)2CuLi

THF -78oC

H3O+

A
1) NaNH2

2)

H3O+

Br

 
 
e) 
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CH3

O

NaOH (aq)

O

H3O+

 
 
f) 

O
Cl2 (excess)

NaOH

SOCl2 CH3NH2

 
 
g) 

(CH3)2CuLi

THF -78oC
Br  

 
P13.18: Propose routes for the following multistep syntheses.  You may use any lab 
synthesis reagent covered so far in this text, plus the starting compound(s) given. 
 
a) 
 

Br C
CH3

HO CH3

 any combination of 1-carbon 
compounds

+

 
 
 
b) 
 

OH
O

CH3

HO CH3

 any combination of 
compounds up to 5-carbons

+

 
 
c) 
 

O CH2

+ a 6-carbon alkyl halide

 
 
 

Challenge problems 
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C13.1:  Suggest a mechanism for the following transformation. (Hint Ð only two 
mechanistic steps are required.) (McMurry p. 288, step iv-v) 
 

O

CO2HO

H2C

OH

OH

CO2HO

O

OH

OH

 
 
 
 
 


