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Chapter 13

Reactions with stabilized carbanion
iIntermediates, part |

Isomerization, aldol and Claisen condensation,
carboxylation and decarboxylation

Introduction

In the last five chapters, we have seen a variety of reaction mechamuaugisopliic
substitutions, phosphoryl transfers, carbonyl additions, and acyl substituitiowsich

bonds were broken and new bonds were formed. In each case, these events involved
bonds between carbon (or phosphorus) and a hetereatsually oxygen or nibgen,

but occasionally sulfur or a halide. We have yet to see a reaction where acztimm

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 carbonditognas 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 nucleophitdbe oxygen atoms of alcohols, for examplave

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.
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In chapter 15, we will study reactions in whicle thelectrons 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 electronsin other words, if it is a carbanion.
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Likewise, you would expect that a carboavag group would be a carbanion, because it
takes two electrons with it when it deparBut 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 neutenvironment 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 agqueous
reaction- a nucleopile 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 ady have predicted, is more often than not an
adjacent carbonyl group. Recall from chapter 7 that protons ‘atghbsition- on
carbons directly adjacent to a carbongite somewhat acidic, because the negative
charge on the conjugate base is stabillzgdesonance with the carbonyl oxygen.
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This is the sacalled '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 reactiontermediates can be stabilized. In the next two
chapters, we will explore a variety of reactions that proceed through resetabitieed
carbanion intermediates. In this chapter, the focus will be on two very important-carbon
carbon bondorming / ond 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
biochemicalsomeriationreactions in which two constitutional isomers or stereoisomers
are interconvertedia stabilized carbanion intermediates.

Section 13.1: Tautomers
You are already familiar with several types of isomeric relationships among organic

molecules; constitional isomers, conformational isomers, enantiomers, and
diastereomers. Here is one mofi@automers are two molecules with the same molecular
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formula but different connectivityconstitutional isomers, in other word&hich can
interconvert in a rapicequilibrium The most common tautomeric relationship in
organic chemistry is thieeto-enol pair.

13.1A: Keteenol tautomerization

When we draw a ketone or aldehyde using the Lewis structure convention, we show a
double bond between the carbonyl carbad the oxygenthis is known as thketo

form. It turns out that ketones and aldehydes often exist in rapid equilibrium with a
tautomeric form known as amol.

H
0 ¢
HsC CH; H3C CH,
keto form of acetone enol form of acetone

The" -protons of carbonyls, as you recall, are somewhat acidipkhef acetone, fo
example, is approximately 19. In the formation of an enol, a base abstraesaton

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 grougpthbines

both alleneand alcobl characteristics hence the term enol. The deprotonated form of

an enol is an enolate.
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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,psesent at >99% keto form at equilibrium.

Exercise 13.1Draw all of the possible enol forms of the following
aldehydes/ketones. There may be more than one possible enol form.

a) 3pentanone

b) acetaldehyde (IUPAC name ethaldehyde)
c) cyclohexanone

d) 2-pentanone

Exercise 13.2Draw 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 foif6%), 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.

keto form (24%) enol form (76%)

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.

co,
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13.1B: Imineenamine tautomerization

Another common tautomeric relatidng in biological organic chemistry is the
equilibrium between imines (also known as Schiff basesgaacthines which are the
nitrogen equivalents of enols.

|
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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.

¢NHz RH, MO NH, 0
eo\[(&/ﬂ e @o\[HJ\ N ‘ @o%
CH, CHgs CHj
0 o 0
enamine imine pyruvate
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As we shall see in a later section, enamines are key intermediates in a very important type
of carboncarbon bondorming 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 sterecisomers, where the stereocheomfigliration

is changed. Enzymes which interconvert constitutional isomers are icalleerases

while those which catalyze the interconversion of enantiomers and epimers are called
racemasesandepimerasesrespectively.

13.2A: Carbonyl isomerization

Two important chemical steps in the glycolytic pathway, catalyzed by the enzymes
phosphoglucose isomerase and triose phosphate isomerase, involve successiva keto
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 agaithis 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'anediol' rather than an enol, because ¢hare

hydroxyl groups on both sides of the carmambon double bond). The initial proton

donor (HA) is positioned in the active site near the carbonyl carbon, and significantly
lowers the pK of the" -proton.

G
H-A B
@ OH ( HO H
PO OH PO O\ ——~ PO o)
QJ?( @2\(‘/ H J\(
Hs Hgr H H
DHAP s Enedoa GAP
(ketone) | (aldehyde)

The second step, leading to glyceraldehgkesphate (GAP), is simply another
tautomerization, this time in the reverse direction. However, because there happens to be
a hydroxyl group on ¢ the carbonyl can form here as well as at Botice that DHAP

is achiral while GAP is chiral, and thahaw chiral center is introduced at. CThe

catalytic base abstracts the f®roton frombehindthe plane of the page, then gives the
same proton back toCagain from behind the plane of the page.
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In the phosphoglucose isomerase reaction, gluégaesphate (an aldehyde sugar) and
fructose6-phosphate (a ketone sugar) are interconverted in a very similar fashion.

OH OH |o OH OH OH
OP OH OH OP OH O
glucose-6-phosphate fructose-6-phosphate

Exercise 13.3draw the enaliol intermediate in the phosphoglucose isomerase
reaction above.

13.2B: Stereoisomerization at chicarbons

The enolate form of a carbonyl is a common intermediate in a type of stereocisomerization
reaction known as agpimerization Recall from section 3.7A that the term 'epimer’ refers

to a pair of diastereomers that differ at a single stereocenterfive-carbon sugar
phosphates ribulos&phosphate and xylulogephosphate, for example, are epimers:

they are identical except for their stereochemistrysatACreaction in the Calvin cycle,

which plants use to incorporate, or 'fix', the carbon &tom carbon dioxide into sugars,
involves the interconversion of these two sugar phosphate epimesther words,

inversion of configuration at{

OH O OH O
PO _ 2R -5 _OH = PO S OH
5 3 1 %,
HO H HO H
ribul ose-5-phosphate xylulose-5-phosphate

The reaction is simply a deprotonation gtt€form an enolate, followed by
reprotonation to returto the ketone.

e ®
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OH (')) OH %,:) OH O

PO 3 OH PO OH PO OH
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HO H HO H
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The key to epimerization is thdéprotonation and reprotonation occur at opposite sides
of the planar, sphybridized intermediateln the epimerase reaction shown here, a
coordinated pair of aspartate residues is located at opsid#s of the enzyme's active

site. Asp, which is ionized at the start of the catalytic cycle, abstractsstpeotn from
thefront side of the plane of the page, convertindr@m a chiral tetrahedral center to an
achiral, planar group. When repypation occurs, it is Aspon thebackside of the

plane of the page, which donates the proton, resulting in inversion of stereochemistry at
Cs (J. Molec. Biol 2003 326, 127135).

Notice another thing about this epimerization reaction: the key intgateas 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-tked enol species.

There are many more examples of reactions in which the stereochemistry-oégyon

in a carbonyl compound is inverted. The short polypeptides that form part of the
peptidoglycan cell wall structure in bacteria contain soraenino aals, which have the
opposite stereochemistry at thecarbon compared to theamino acids that are found
almost exclusively in proteins. Enzymes cabeaino acid racemasesatalyze the
conversion between theandDd forms of these amino acids. While myaamino 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 convgltsgamateto D-glutamate, is

an exampleBiochem2001, 40, 6199). Although many mechanistic details are as yet
unknown, it has been demonstrated that, at least for some of the cofdefpendent
racemases, a pair of cysteine residues serves as the catalytiasecuhl.

Exercise 13.4Propose 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 bondorming 'ddol' condensation reaction.

13.3A: The general mechanism for an aldol reaction

Consider the potential pathways available to a reactive enolate intermediate dnce the
proton has been abstracted. The oxygen, which bears most of the negative chlarge, cou
act as a base, and the result would be an enol.
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enolate enol

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 fird place.

)
0 1A Q
R R >
R R H R
L enolate . keto

In both of these cases, the electpmor species attacked by the enolate is an acidic
proton. What if the electrepoor species the electrophile is not a proton but a carbonyl
carbon? In other words, what if the enolate acts not asealdud rather asraucleophile

in a carbonyl addition (chapter 11) reaction? One possibility is that the enolate oxygen
could be the nucleophile in a hemiketatming reaction:

HCA
(o
_C. OH
oo,/ R R—C::—R
R)\fR O&R
R R
R

Although you can find examples of this type of reaction in biochemistig/far more
common for the enolatarbonto be the nucleophile, attackiag electrophilic carbonyl
to form a new carbeoarbon bond.

O —~H- Ca OH
R— C R
°0: O R7/R
& O R OH
? © .
R R R R R
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Historically, the first examples of this mechanism type to be studied involved the non
enzymatic reaction of amldehyde with itself (a soalled 'sefcondensation' reaction,
where 'condensation' means the formation of one larger molecule from two smaller ones).

adehyde alcohol

L S A
o8 H*\ R H)KC/\C%(R
/ \
\ R R RH R
‘B

Because the resulting product contained botaldehydeand aralcotol functional

group, the reetion 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'ofcanbon to generate a
nucleophilic carbanion. Nature has evolved several distinct strategies to stabilize the
intermediate that results. Some aldolases use 4 imeta 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 &aked'Class II' aldolase, in which a

metd cation- generally ZA" - bound in the active site serves to stabilize the negative
charge on an enolate intermediate. Fructosdisghosphate aldolase is an enzyme that
participates in both the glycolytic (sugar burning) and gluconeogenesis (sudergu
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,ébisphosphate aldolase is a condensation between-tad@n sugars,
glyceraldehydes-phosphate (GAP) and dihydroxyacetone phosphate (DHAP), forming a
six-carbon product (which leads, after three more enzymatic steps, to glucose).

OH
h+
OP O

GAP DHAP fructose-1,6-bisphosphate

new C-C bond
OH OP OH ﬂQH OP
0 OP OH O
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In the first step of the condensation,"acarbon on DHAP is deprototeal, leading to an
enolate intermediate. The strategy used to stabilize this key intermediate is to coordinate
the negativelycharged enolate oxygen to an enzymoeind zinc cation.

H OH OP OH OP
H™= HN
B:/A O) eq;
pdi ziP®

Next, the deprotonatéd-carbon attacks the carbonyl carbon of GAR imucleophilic
addition reaction, and protonation of the resulting alcohol leads directly to the fructose
1,6-bisphosphate product.

new stereocenter

OH OP
OH|| OH oOP

H X
OH ©0: :
b oPe OP OH O
z7rP®
oP o\

H EA

As with many other nucleophilic carbonyl addition reactions, a new stereocenter is
created in this reaction, as ama, achiral carbonyl group is converted to a tetrahedral,
chiral alcohol. The enzymeatalyzed reaction, not surprisingly, is completely
stereospecific: the DHAP substrate is positioned in the active site so as to attack the
(front) face of the GAP &rbonyl group, leading to tHeconfiguration 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 pdants an
animals, thesame aldol condensation reaction is carried out by a significantly different
mechanism, in which the key intermediate is not a-gtabilized enolate but an

enamine. The nucleophilic substrate (DHAP) is first linked to the enzyme through the
formation d an imine (also known as a Schiff base, section 11.6) with a lysine residue in
the active site.

OQHOP H,0 OH OP
Ooe
NH; N

v
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The" -proton is then abstracted by an active site base to form an enamine.

OH OP OH OP
H §
H Nt —_— H
B/ NS HTA NH

% Yo

In the next step, thie-carbon attacks the carbonyl carbon of GAP, and ¢hecarbon
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.

OH oOP
‘ﬁ) oH oH op H©O OH OH OFP
H K OP OH NH O OH O Qu,
Sz N &

oP o\ /o oz

HTA

There are many more examples@fss I' aldolasereactions in which the key
intermediate is a lysinknked 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 anchenami
intermediates.

OH O e} OH O
PO OH . PO
\)\ek/ . J\H \/k;eJY\OH
HO H HO H OH
ribul ose-5-phosphate formaldehyde hexul ose-6-phosphate

Exercise 13.5

a) Propose a complete mechanism for the condensation reaction shown above.
b) Propose a complete mechanism for the conversion of hexatasesphate
(formed from the condensation of ribuleSe@hosphate and formadtiyde)
into fructose6-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¢&)yl CoA.

B: H—A
\ JO/ N o) 0,c_ OH Q
IS L,
G SCoA H,C”| ~SCoA ° °
. wd\ B
©
0,C
2 cos

Notice that in this aldol reaction, the nucleophilic intermediate is stabilized by
protonation, rather than by formation of an imine (as in the Class | aldolases) or by a

metal ion (as in the Class Il aldolases).

13.3C: Going backwardshe 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 stacbngpounds and products are
very close. This means that, depending on metabolic conditions, aldolases can also
catalyzeretro-aldol reactions (the reverse of aldol condensations, in which carbon
carbon bonds arfaroker). Recall that fructose Lleisphosphte 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 catalyatdter by zinc

cation or by imine/enamine mechanisms, dependingenrdianism the retrealdol
cleavage of fructose bisphosphate into DHAP and GAP.

OH OH OFP OH OH OP
’/'\;/\[H ‘/k" +

OP OH O OP O o)
fructose-1,6-bisphosphate GAP DHAP

The mechanism is the exact reverse of the condensation reaction. Shown below is the
mechanism for a Zfi - dependent (Type II) retroaldol cleavage. Notice that in the
retroaldol reaction, the enolate intermediate ide¢bging group rather than the
nucleophile.
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w Kc')iv OH/OP ?%HOP
\) !
/l" Zr@@ 2n@@

The key thing to keep in mind when looking for a possible t&lnlol mechanism is that,
when the carbowgarbon bond breaks, the electrons must have gtee to go, where

they will be stabilized by resonance. Generally, this means thatntiustbe a carbonyl

or imine group on the next carbon. If there is no adjacent carbonyl or imine group, the
carboncarbon bond is not free to break.

»—B
_ H no retro-aldol possible! Leaving
group is unstabilized carbanion.

D o O
R)\/\/\R%RJ + :@/\R

Here are tw more examples of ret@dol reactions. Bacterial carbohydrate metabolism
involves this reversible, class | retatdol cleavage:Rroc. Natl. Acad. S@8, 3679).

—OP —OP
—OH —OH
— OH o +—0O
—H CHs
—0 0
—co; L—cod

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

Another interesting example is the retdolol cleavage of indol8-glycerol phosphate, a
step in the biosynthesis of tryptophan.
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(enamine) (imine)

Look carefully at this reactionhow 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 13.7Draw the reverse (aldabndensation) 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 | aldetrand

aldol reactions. The overall reaction, which can proceed in either direction depending on
metabolic requirements, convertsahd Zcarbon sugars into-&nd 4carbon sugars.
Essentially, a €arbon unit breaks off from a ketone sugar (ketose}tsris condensed
directly with an aldehyde sugar (aldose).
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—OH
—OH
ST ! - :O
" —O E =0 i A Ho—
T+ ; o D —— EOH i+ 1 —OH |
" —2: [ I ~Lop | [OH |
. [OH ; . L-OP: L on |
W Lops T dycerddetyde: | [ O |
erythrose-4- 3-phosphate . —OP |
fructose-6- phosphate
phosphate

Let's follow the progress of the reaction in the-teftight direction as depicted above.
Because this is a class | aldolase, the first step is the formation of an imine linkage
between th ketone carbon of fructofephosphate (F6P) and a lysine group from the
enzyme. The enzynmubstrate adduct then undergoes a +alalol step to free
glyceralde3-phosphate (GAP), which leaves the active site.

iminelink to OH
active sitelysine
\ —OH | N—Lys
HO H

0+ retroaldol —0
\/ ‘B OH released from
—OH = active site
L op OP
fructose-6-phosphate glyceraldehyde-
3-phosphate

The second substrate, erythrosghdghate (E4P), enters the active site, and an aldol
condensation occurs between E4P and tbarBon fragment remaining from the
cleavage of fructosé-phosphate.

OH _OoH —OH
_ ® -
i R PR
HO H |

P N "o
~ == — OH

=0 —OH —OH
OH -
enters active site ——) —OH OH
OH L_op L—opP
oP sedoheptul ose-7-
erythrose- phosphate
4-phosphate
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The final step is hydrolysis of the imine and subsequent dissociation of sedoleeptulos
phosphate from the active site.

Section 13.4: Claisen reactions

The aldol reactions discussed above are nucleomaitimonyl addition (chapter 11)
reactionsin which the electrophile is the carbonyl carbon of an aldehyde or ketone. A
nucleophilc enolate can also attack the carbonyl carbanaarboxylic acid derivativia

a nucleophilicacyl substitutior{chapter 12) reaction.

O

A
oo, R7} X 0 R “0o: o o
D )
R/&J R)J\%X = R%R
new carbon-

carbon bond

This is referred to as@laisen condensationafter the German chemist Ludwig Claisen
(1851:1930). The reversd a Claisen condensation is callece&ro-Claisen cleavage

13.4A: Claisen condensations

An early step in the biosynthesisalfolesterol and other Qisoprenoid® compésiads
Claisen condensation between two acetyl COA molecules. An initialttienesterase
step (section 12.3Bjansfers the acetyl group of tfiest acetyl CoA to an enzymatic
cysteine (step 1). In the Claisen condensgilmaseof the reaction, the-carbon of a
second acetyl CoA is deprotonated, forming an enolate (step 2).

o HSCOA © @O,:) ')(E
)J\ SCoA %')J\s/\\cys %SCOA 2 H/A oo
y N_ S )

B:
Cys 3
on.-
Sﬂ) SCoA 4 MSCOA

ys

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: RetreClaisen cleaage

Just as there are retatdol cleavage reactionsgite are also many examples of retro
Claisen cleavage reactions in biochemical pathways. When your body burns fat for
energy, it is a retrlaisen reaction that is responsible for brealapgrtiong fatty acid
chains two carbons at a time. First, a esrdf three reactions is required to introduce the
necessary ketone grotgthe# 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).

(@] (@] (e}
/'\)k 3—>Steps M
R™" ) SCoA R™" ) SCoA
fatty acyl CoA

What follows is the xact reverse of a Claisen condensation, with a cysteine thioeser
acting as nucleophile and anolate as the leaving group.

O O :09© O %o:
P 0SS N S
R ) SCoA R7L SCoA RO k SCoA
N
Cys _
H/ Cys g M
. S
B:—" I HSCoA
Cys
fatty acid has lost two 0 O
carbons %J\ ')k
R SCoA SCoA
acetyl CoA

The fatty acid chain is now shorter by two carbons, and one acetyl CoA molecule is
available for incorporation into the citracid 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 proceghe synthesis of fatty acids from acetyl Codoes 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, degradattadolie

pathways are not the exact stepstep reverse of the corresponding biosynthetic
pathway.

A good example of a hydrolytic ret®@laisen cleavage occurs in the degradation pathway
for tyrosine and phenylalanine:
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B
Hoo<H H.
) N
0L~ ) coy, OZC\/WCO?
o) o °0) o
\\M Igz+ \\\M';2+

© (S)
OZC\/\”/O . YCO?
o) @)

In the mechanism above, thadi enolateo-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 yR3lisplacements

Finally, we will now consider a twt 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 (&) event at a tetrahedral carbon center. In section 9.1A we

saw some examples 8f2 methylation reactions usingalenosyl 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-tagbon of

an enol intermeadte.

/HA/\:B
o) 0
o HC o
A ~CO, R CO,
|
H_ (s® .
AN /C\C R A\
) i )
H H
SAM

Isotopic labeling studies (usirttfl, ?H and®H 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 carboh Am. Chem. So&977, 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 carboarbon bondorming and bonébreaking processes in
biological chemistry involve the gain ards, by an organic molecule, of a single carbon
in the form of CQ. You undoubtedly have seen this chemical equation before in an
introductory biology or chemistry class:

6CQ, + 6HO + energys CgH1,06 + 60,

This of course represents the photosynthaticess, 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) ¢alled acarboxylation reaction. It is catalyzed by the
enzyme ribulose 1;bisphosphate carboxylase, commonly known as Rubisco, in the
'Calvin cycle' of carbon fixation.

The reverse chemical equation is also probably familiar to you:
CeH1206 + 60 $ 6CO, + 6H0 + energy

This equéion expresses what happens in respiration: the oxidative brealadaiucose

to form carlon dioxide, water, and energin the course of this transformation, each of
the carbon atoms of glucose is eventually converteddividual CQ molecules. The

actual chemical step by which a carbon atom, in the form of carbon dioxide, breaks off
from a larger organic molecule is calledecarboxylationreaction The key
decarboxylation steps in the conversion of glucose to caibaitd 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 essially just aldol condensations, except that the carbonyl
electrophile is CQ@rather than a ketone or aldehyde. The mechanism for Rubisco, the
key carborfixing enzyme in plants and photoskatic bacteria (and the most abundant
enzyme on earth!), is etwvn below. Magnesium ion plays a key charg&bilizing role
throughout the reactiostep 1,not surprisingly, is deprotonation of drcarban to form

an enolate.
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Mg®® Mg®®
OH O © !
OH O: OH OH
PO 4 : OP
HO . o]
B 0J Co@\ﬂ
C
ribulose-1,5-bisphosphate H Il D
step 3 o
OP
OH OH
PO o
CO,
o]

Step 2 is simply an intramolecular proton transfer, which has the effect ohgraati
different enolate intermediate and mak{@ginto the nucleophile for an aldtke attack
on CQ (step 3). Carbon dioxide has now been 'fixed' into organic forhmas become a
carboxylate group on a starbon sugar derivative.

To follow the Rulisco mechanism through to its endpoint:

OP
20 OH OH
OH OH ° o o°
PO o° N, PO o + P
step 4
6 o O 0

phosphoglycerate
Step 4 is a retr€laisen mechanism, with a water nucleophile and enolate leaving group.

After protonation of this enolate, we are left with two moleculesfi@phoglycerate,
which are incorporated into thgluconeogenesis' pathway of glucose synthesis.

Exercise 13.8Propose a complete mechanism for the ¥€liaosen reaction in the
figure above.

13.5C: Decarboxylation

Mecharstically, a decarboxylation has parallelgétro-aldol cleavageeadions.
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:0® 0
! carbonyl group :ﬁij\ /Qg + |C|:
ANV R™ "CHp I

>
|

O

N

R™ “CHs

Just as in retraldol reactionsthe electrons from the broken carbcarbon bond have to
have some place to gahey must, in other words, be stabilizefdr the decarboxylation
step to take place. Quite often, the electrons are stabiizdte formation of an enolate,
as is the case in the general mechanism pictured above. This of course means that a
carbonyl group must be positiongdo (i.e. two carbons down from) the carboxylate
carbon. If there is no stable place for the electmorise carborcarbon bond to go, then

a decarboxylation is very unlikely.

no decarboxylation!

Be especially careful, when drawing decarboxylation mechanisms, to resist the
temptation to treat the G@nolecule as the leaving group:

This isnotwhat a decarboxylatiobks like! In a decarboxylation step, it is thrganic
part of the molecule that is, in fact, the leaving group, 'pushed off' by the electrons on the
carboxylate.

Below are two important ke§-carbonyl decarboxylation steps in glucose metabolism,
eachrepresenting a point at which a carbon derived from glucose is released.as CO
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o) CO, O
S /JL\V//\\ o A /JL\V//\\ °
0,C - co, 0C CO;
cos
coS
—OH co, OH
0— / @)
—OH OH
—OH OH
—oP oP

Exercise 13.9Draw mechanistic arrows showing the first step in each of the
reactions shown above.

The reaction catalyzed by acetoacetate decarboxylase reb@simme group, rather
than a carbonyl, to stabilize the carbanion intermediate. This is a mechanistic parallel to
a type Il retrealdolase reaction.

Lys Lys

H,O

Fe— g - 1 1

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

There aresome examples of decarboxylaticgactions in which the carbanion
intermediate goes on to form a new carganbon bond, rather than becoming protonated
as in the example we have seen so far. This reaction in the fatty acid biosynthetic
pathway is a dechoxylation 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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CO
)J\S—ACP

CO, ACP

o 0 / (10° 0] 8y Q
NP,
egMS—ACP %S—ACP MS—ACP

(ACP = &yl carrier protein) o o

An interesting variation on decarboxylation in the synthesis of tyrosine in laasteri
shown below.

Q
o
_;COZ co, o,
]
O e} HO

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:

€]
A: Co, B: co,
m m
o o

¢) How would you describe in was the relationship betweéme actual product
and hypothetical products A and Brhich 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
mechanstic contexts.
Section13.6 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 caralso carry out aldol and Claisen reactions, however they also have at their
disposal a large and continuously growing toolbox of other cachdson bongorming

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 regioand stereospecificity. Let's looksimecommonly used laboratory

procedures for eating new carbenarbon bonds.

13.6A: Lab reactions with enolate /enamine intermediates

Aldol and Claiseftype reactions can be quite udah the organic synthesis lab.
In theacetoaceticester synthesisreaction, ethyl acetoacetdte anothe-ketoester) is
the starting point for the construction of mewo disubstituted ketones.

0 0 J 1) NaOCH;CHs ~ 3) NaOH (ag) v oo
)J\//U\ 2)R—Br 4) HCI (aq) )k/R 2Et20H

_________

The key feature of-keto esters that makes them so useful for this purpose is the acidity
of the Oactivated@rotons situated between ttveo carbonyl carbon®these protons
typically have a pKvalues in the range of 112, meaning that they can be efficiently
deprotonated by alkoxide bases such as sodium ethoxide (step 1 above). The
corresponding enolate nucleophile then ataskalky halide in an {2 reaction (step 2

this is the carbowarbon bondorming step), then the ester is hydrolyzed with aqueous
base (step)3and the resulting-carboxylate group is acidified (step 4) and heated to
induce decarboxylation. If we want to neak disubstituted ketone, we simply treat the
monosubstituted product with a second alkyl halide before carrying out the hydrolysis
and decarboxylation steps.

Exercise 13.12Draw a complete mechanism for the following reaction:

o O 1) NaOCH,CH;  3) NaOH (aq) 0 NaBr
M J 2) 4) HOI (a0) ' S%OH
O

A similar process, commonly called tinealonic ester synthesisstarts with a diester
such as diethyl malonate and allows for the synthesis of substituted carboxylic acids.

‘0 0 o NaBr
U oo, omni, | A SR 0
I ' - HOY ' 3 EtOH
EtO 7 7 Sogt IRTE AHC (@)  HOW__ X7
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Stork enamine reactions closely parallel those catalyzed in living things by type |
aldolases (section 13.3). In the Stork reaction, an alkyl or acyl group & @dadetone

or aldehdye via an enamimgermediate. While type | aldolases use the amino group of
a lysine side chain to foren enamingin a Stork reaction the synthetibemist typically
uses pyrrolidine or morpholine.

O  N—H CN_H

morpholine pyrroldine

The examples below show the alkylation and acylation of aceffane¢he alkylation
reaction, a methyl or primary alkyl halide must be used.

O 1) morpholine, H* O/ \N 2) R—Br N
)J\ N 3 HCl () )Jv R

enamine
9
(0) _C. O O
1) pyrroldine H* CN QR™ c )J\/U\
)J\ 3) HCI (a0) R
enamine

Exercise 13.13Draw a comp#te 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
intermedate? It turns out that the amine 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 endateother words, there is more C

alkylation under the Stor&onditions. Second, because an enamine intermediate is a
weaker base than an enolate, there is less chance of elimination reactions competing with
the desired @ step (weOll talk more about the competition between substitution and
elimination in sectiori4.3).

In thehaloform reaction, methyl ketones are fully halogenated in the presence of base:

S 0
ceH C - Ph™ ¢ Co
g ph” Sc—H < Ph” >CCly
/\ | H H
H H H
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The electrorwithdrawing effect of the three halogen substituents makes the tri
halomethyl anion a reasonable leaving group, which in turn allomes $omewhat
unusual hydrolysis reaction and formation of the haloform and a carboxylic acid.

€]
O) @O) <CC|3 O
[l | o [l

C C_ o
Ph”{ ~ccl C_~H >
\@OHs OH ph” NG @] chloroform

13.6B: The Wittig reaction

While aldottype reactions are useful for carrying out many cattabon bongorming
reactions in the lab, synthetic argc chemists are always trying to find new ways to

create nucleophilic carbanion species. InwWhtig reaction, the negative charge on a
carbanion is stabilized by a nearby positively charged phosphonium. Species such is this,
in which positive and rgative charges reside on adjacent atoms, are gditkxs$ (we

will encounter another kindf ylide species when we study some enzymatic reactions

that depend on a form of thiamine, or vitami) B section 14.5).

strong base
R R
§ g RUL e b 24
R—|ID. + CH3Br o1 REIID—CHQ, qep2 e w2
R R R

phosphonium ylide

The carbanion next attacks alwanyl carbon (step 3), after which bond rearrangement
occurs (step 4).

Notice that the overall result of a Wittig reaction is the formation of a double bond
between a carbonyl carbon and a haloalkane.

Exercisel3.14Draw the structures @pecies A, B, and C in the reaction depicted below.
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I 1) CHaCH,CH,Li
PhsP + A B+C
O

13.6C: Terminal dkynes as carbon nucleophiles

Recall from section 7.5 that the hydrogen on a terminal alkyne is somewhat acidic, with a
pK, of approximately 26. This means that, givenrargj enough base, terminal alkyne

can be deprotonated, yielding a powerful carbanion nucleophile. Sodium amgledn li
ammonia is often used ftinis purpose.

pKa~ 25
\] N
Na* NH, _C=C_—
R—C=C—H — 2= R—C=CZ — = RTC=C-CHR
:NH3(|) R ®
| Na~ Br®
B
H™/">pr

The alkynyl carbanion caihenbe combined with a suitable electrophile, such as a
primary alkyl bromide, in a carbenarbon bondorming 2 displacement reaction. We
will discuss later in section 14.3A why secondary and tertiary alkyl bromides will usually
not work in these types of reactiatse to competition with elimination.

The alkyre group in the & 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).

H R._ __CH}R
. = R—C=C—CH,R—— C=C
H CH,R H

When conducting a reaction such as this, we must take great caced@léowing 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 aciebase reaction and regeneration of the origatiagtne- not very productive!

Reactions such as these are run inpiantic 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 chloisdaso affixed to the opening on the
reaction flask to remove any moisture from the surrounding air.

13.: Grignard, Gilman, and organolithiuim reagents

One of the most commonly used and versatile methods for forming a new-carbon
bond in the aganic laboratory is a procedure called the 'Grignard reaction’, named for the
French chemist Victor Grignard (184B35) 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 bromde or iodide with metallic magnesium, resulting in an organometallic
compound in which the carbon reacts as if it were a carbanion.

T '.* T
®
R—(ll_Br + Mg(O) R—C—MgBr = reacts like R—Cljze MgBr
|
H H H

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

H o) 0° OH

| || Rl | H+ Rl | .
R;—C—MgBr + _C. N Co N Co (plus enantiomer)

| Ry Rs3 { "Ry {4 R3

H R, R,

The nucleophilic carbon need not be primary as in the picture above. The synthesis of 2
phenyt2-propanol, for example, can be carried by reacting phenyl magnesium bromide

with acetone.
OH
MgBr
‘ N HaC”™
=

Q
c
Hs

O
“ 0

Br C
“CH H* X
+Mg©@ 3 © H

Grignard reagents can be also be carboxylated simply by pdhermgganic solution
over dry ice (solid Cg), then adding HCI:

O
I

MgBr C
| N co, H* “OH
=

Grignard reagents will also react with epoxides, attacking the less hindered carbon (as
expected for basic/nucleophilic rimpening condition®see section 8.6B).

OH

(0]
1) ACHQ,

MgBr
+
2) H;O*

The Grignard reageims 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).

CHj
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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
depotonation of terminal alkynes.

Esters and acid chlorides will react witto molar equivalents of Grignard reagent:

0
(|? MgBr y:
C.__CH
HC™ Y07 ° +2 ©/ HaC”™ \©
+CH40"
OH o

| o
HsCo.. |
: .C. : H3O+ H3C"'C
The first reaction is an acyl substitution reaction, and the second is a nucleophilic

carbonyl addition. Because ketones anmtkhydes 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.

Grignad reagents will not react efficiently in& reactions with alkyl halides (the
Gilman reagent, described below, can be used for this purpose).

Metallic lithium can also be used to preparganolithium compounds, which react in a

fashion similar to Grigard reagents:
Qu +2Li Qu +LiCl
(0]

)iy

H” “H

O @
: OH H30@ : O Li
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TheGilman reagentis a lithium diorganocopper species that can be prepared from
organolithium compounds:

2 CH3CH,CH,Li (CH3CH,CH,),CuLi + Li® 1°

Gilman reagents angseful in that, unlike Grignard reagents, they will efficiently react in
S\2 reactions with alkyl &lides, even when the halogen is bonded to &hmridized,
alkene carbon (remember from section 8.2C tRatr8actions typically do not occur at
spf-hybridized carbons!)

(CH3CH2CH2)2CU Li

. CH,CH,CHs
1) Li

CHsCH,CHs
TTETE el

CH,CH,CHj

(CH5CH,CH,),CuLi + @Br — O—

Another useful property of Gilman reagent is that they can be used to adglancup
to an acid chlorid@ust once(as opposed to twice, as is the case for Grignard reagents).

O - 0
I (CH3CH2)2CULI T

C C
HyC™ Cl -78°C H3sC~  “CH,CHg

This reaction works only with acid chloridesther 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:

acetyl CoA
H,O

O Ho, CH3

O O
8 G
g SCoA

P13.2:Given the intermediates shown for this biediependent reaction in which acetyl
CoA is carboxyated (in the fatty acid biosynthesis pathwayhpose a complete curved
arrow mechanism.

O
no I m

(o) (@]

I

C )k H €]
[SPRN -
0" °N” °N NT N j\

U\ Z—L H,C”™ “SCoA
R R
S S co,

O O

@OMSCOA

P13.3: Propose a likely mechanism for this final reaction in the degradation of cysteine
in mammals.

P13.4: Thefollowing is a step in the degradation pathway for threonine. Propose a
likely mechanism.
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CoASH

g_. glycine + acetyl CoA
H3N

P13.5: Propose a reasonable mechanism for the following reaciion:

o NH
| 3 o NH3
Xe)
o) o)

P13.6: Propose a mechanism for the following carbatign reaction. The complete
reaction is dependent on the £€arrying coenzyme biotin as well as ATP, but assume
in your mechanism that the actual carboxylation step occurs with freéy@®donOt
need to account for the role played by biotin or ATF).

X +CO; w
SCoA °0 X SCoA

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 amésn for the reaction.

o O OH
J\ ? o
H o
o o ¥, o ® o
HsN HaN
0

P13.8: In the biosynthesis of leucine, acetyl CoA condenses with another metabolic
intermediate OXO to forrisbpropylmalate. Give the structure for substrate X, and
provide a mechanism for the reacti

O
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H,O
acetyl COA  HsCoA

o

co,
X ©

HO CO,

P13.9: 2-methyt3-keto-butyryl CoA undergoes retiGlaisen cleavage (a step in
isoleucine degradation). Predict the products.

HSCoA
0] @)

N

P13.10:Propose a mechanism for the followingcgon:

o,
GTP GDP oP
° N
©
[S) )K/CO e /&
0,C 2 02C

P13.11: Propose a mechanism for the following transformation (part of the degradation
pathway for the uridine nucleotide:).

O NH,*

2H,0 Co, o

NH § i )v
X0 o) NH5
H

P13.12: The following transformation proceeds through an enol intelateedProvide a
likely mechanism.

S
C02 HO,/" Coez HO,,(
L
N

IrI—=
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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:

o)
.“\\Jvo CHs
T
/O -
PhsP—=CH, K2CO3

THF, -1000c ~ Methanol

HsCO

P13.15 Predict the major organic product of each of the following reactions:

a)

1) NaOCH,CHs 3) NaOH (aq)

M J 4) HCI (a0)

J 1) NGOCH,CH;  3) NaOH ()
4) HCl (ag)
(T

c)
(0] 0] 1) NaOCH,CH5 3) NaOH (aq)
LI T e

O O 2 g Br
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P13.16: Draw the structures of compounds designated ByGAinthe reactions below.

3) NaOH O
a) A 1) NaOCH,CHs ) (a0)
2B 4) HCI ()

b) C DNaOCH.CH, 3) NaOH (a0) o
4) Hl
1) O NH O
2 G
C E
) TSOH 3) HCl (a0)

P13.17: Predict the major organic product of the following laboratory synthesis
reactions:

a)

9 A~

OH 1) PBrs
[> 2)Mg, diethyl ether gy H,0*

b)
MgBr E)o

©/ “CHs HsO*

HaC—=C—H
THF
c)
Li 1 0 NaN3
N °
2) u—%@cm
0

d) (also predict the structure of species A)

. H.O*
PO (cHgoui | HOT DN
(“) THF -78°C .
e)
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o

|
0
NaOH (aq) H30"

Hs
f)
o)
Cl2 (excesy SOCl,  CH3NH,
NaOH
9)
(CH3)2CULI
THF -78°C

Br

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

a)
HO
\ CHs
Br C.
+ any combination of 1-carbon CH3
compounds
b)
HO  cH,
/Y + any combination of o V\/ CHs;
compounds up to 5-carbons
OH
c)
o CH,
+ a6-carbon akyl halide
Challenge problems
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C13.1: Suggest a mechanism for the following transformation. (Blotily two
mechanistic steps are required.)

©
HO CO,
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