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19.13: CONJUGATE NUCLEOPHILIC ADDITION TO A, B-UNSATURATED
ALDEHYDES AND KETONES

4) OBJIECTIVES

After completing this section, you should be able to

o explain how the carbonyl group which is present in @, f-unsaturated aldehydes and ketones activates the carbon-carbon double bond
so that it is susceptible to attack by nucleophiles.

e write equations to illustrate the addition of amines, water and lithium diorganocopper reagents to «, S-unsaturated aldehydes and
ketones.

o identify the product formed from the reaction of a given primary or secondary amine with a given «, S-unsaturated aldehyde or
ketone.

o identify the aldehyde or ketone, the primary or secondary amine, or both, needed to prepare a given $-amino aldehyde or ketone.

o identify the product formed from the reaction of an «a, S-unsaturated aldehyde or ketone with water.

o identify the product formed from the reaction of a given «, S-unsaturated aldehyde or ketone with a given lithium diorganocopper
reagent.

e identify the «, B-unsaturated aldehyde or ketone, the lithium diorganocopper reagent, or both, needed to prepare a given product
through a conjugate addition reaction.

X STUDY NOTES

At first this section may appear to contain a considerable amount of information, but you should realize that much of the material
presented is really repetition. Essentially we see how three different nucleophilic reagents, primary and secondary amines, water and
lithium diorganocoppers can add across a carbon-carbon double bond when the latter is conjugated to the carbonyl group of an
aldehyde or ketone. Note that the first reagent can also react directly with the carbonyl group of an aldehyde or ketone when there is no
conjugated carbon-carbon double bond present, but that the third reagent, lithium dialkylcopper, cannot do so.

You may be confused about the designation of the product from the conjugate addition to an «, S-unsaturated aldehyde or ketone as a
1,4 adduct. You can more clearly understand this name if you recognize that the proton added in the second step of the reaction first
adds to the oxygen of the enolate ion to produce an enol. The latter then tautomerizes to the more stable keto form.

One of the largest and most diverse classes of reactions involves nucleophilic additions to a carbonyl group. As discussed in Section 19.4,
carbonyl carbons are electrophilic due to bond polarity created by resonance.
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Previously in this chapter, we have discussed a nucleophilic addition to carbonyl! carbons called a 1,2 addition. During 1,2 addition the
nucleophile adds to the carbonyl carbon which is defined as the one position. Subsequently, hydrogen adds to the carbonyl oxygen which
considered the two position. Overall an atom is added in both the 1 and 2 position justifying the reaction name, 1,2 addition.

BASIC REACTION OF 1,2 ADDITION

> 2
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An important functional group is created when an alkene is placed in conjugation with a carbonyl. These conjugated carbonyl are called
enones or o, B-unsaturated carbonyls. The term o commonly refers to the carbon adjacent to a carbonyl and 3 referrers to the next carbon
in the chain.
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Conjugation transmits the electrophilic character of the carbonyl carbon to the -carbon of the a, B-unsaturated carbonyl double bond.
The resonance structure shown below shows that the electronegative oxygen atom in o, B-unsaturated carbonyls pulls electrons away from
the  carbon making it more electrophilic than a typical alkene carbon.
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From this resonance form, it should be clear that nucleophiles may attack either at the carbonyl carbon or at the 3-alkene carbon. These two
modes of reaction are referred to as 1,2-addition and 1,4-addition respectively. A 1,4-addition is also called a conjugate addition.

O H
HaC I
/ H
Electraphilic Carbon Electrophilic Carban
for 1,2 Addition for 1,4 Addition

BASIC REACTION OF 1,4 CONJUGATE ADDITION

In 1,4 addition, a nucleophile is added to the carbon B to the carbonyl while a hydrogen is added to the carbon a to the carbonyl. Overall, the
carbonyl is unaffected by the nucleophilic addition. It is important to note that this reaction only occurs because the alkene is conjugated
with a carbonyl. The utility of 1,4 conjugate addition is shown by the wide variety of nucleophiles which can be added to a o,  unsaturated

carbonyls.
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GENERAL MECHANISM FOR 1,4 CONJUGATE ADDITION

The mechanism starts with the nucleophile attacking the electrophilic 8 carbon forming a single bond. The two electrons from the alkene pi
bond are pushed onto the electronegative carbonyl oxygen creating an enolate. In the next step the the enolate is protonated to form an enol.
If the original nucleophile was neutral, this addition will cause it to become positively charge. A proton transfer will occur making the
nucleophile neutral and turning the enolate into an enol. If the original nucleophile was negatively charged this protonation is accomplished
by the subsequent addition of a proton source. The product of the second step of the mechanism shows why the reaction is called a 1,4
addition. The nucleophile bonds to the (B alkene carbon which is considered the one position and the hydrogen adds to the carbonyl oxygen
which is in the four position. Overall, addition occurs in the one and four position. In the final step of the mechanism, the enol undergoes a
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rearranges to form a carbonyl during a process called tautomerization. Tautomerization causes the hydrogen to move from the oxygen to the
[3-carbon. The tautomerization process will be discussed in greater detail in Section 22.3.

STEP 1: NUCLEOPHILIC ATTACK
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STEP 3: TAUTOMERIZATION
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PREDICTING THE PRODUCTS OF A 1,4 CONJUGATE ADDITION

In total, 1,4 addition occurs across the alkene bond of the a, [ unsaturated carbonyl. The alkene pi bonds is broken to form two single
bonds, one on the a-carbon and one on the B-carbon. During 1,4 addition, the a-carbon of the a,  unsaturated carbonyl forms a bond with a
hydrogen while the B-carbon forms a bond to the nucleophile. Remember that neutral nucleophiles typically lose a hydrogen during 1,4

addition.
Remove the Double Add a Hydrogen to )
O Bond and add two o the Bond Adjacent O Add the Nucleophile 0
Ceg Single Bonds Cior _t0 the Carbonyl _C.__H _ o the other bond CieH
i ! I Remeber to Remove a CI:
c N ~  Hydrogen from the “Nu
Nucleophile if it is
Neutral
NUCLEOPHILES WHICH ADD 1,4 TO A, B UNSATURATED CARBONYLS
HYDROXIDE
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The synthesis of 3-(N-Methylamino)cyclohexanone
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The Synthesis of 5-Hydroxy-3-heptenone

1,2VS. 1,4 ADDITION

Whether 1,2 or 1,4-addition occurs to a o, (3 unsaturated carbonyl depends on multiple variables but is mostly determined by the nature of
the nucleophile. During the addition of a nucleophile there is a competition between the formation 1,2 and 1,4 addition products. If the
nucleophile is a strong base, such as Grignard reagents or metal hydrides, both the 1,2 and 1,4 reactions are irreversible and therefor are
under kinetic control. Since 1,2-additions to the carbonyl group are fast, we would expect to find a predominance of 1,2-products from these
reactions. If the nucleophile is a weak base, such as, water, alcohols or amines, then the possible 1,2 addition is usually reversible. This
means the competition between 1,2 and 1,4 addition is under thermodynamic control. In this most cases, the 1,4-addition product dominates
because the stable carbonyl group is retained.

NUCLEOPHILES WHICH ADD 1,2 TO A, B- UNSATURATED CARBONYLS
METAL HYDRIDES (LIALH,)

('? 1) LiAIH 1O,
|
/C\C/ —+4> /C\C/
1 2) H30 I
GRIGNARD REAGENTS
O A HO_ R
/C\C/ 1) RMg+Br, Ether /C\C/
I 2) H3;0 I
_C C-
ORGANOLITHIUM REAGENTS
9 1) RLi, H TR
i, Hexane
/C\C/ ) i 4 /C\C/
0y 2) H30 I
PN /C\
EXAMPLE
O , H OH
1) LiAIH,4
E—
2) H;O"

GILMAN REAGENTS

Another important reaction exhibited by organometallic reagents is metal exchange. Organolithium reagents react with cuprous iodide to
give a lithium diorganocopper reagent, which often is referred to as a Gilman reagent. Remember that organolithium reagents are
formed by a reaction of lithium metal with an organohalide. Lithium diorganocopper reagents are considered a source of carbanion like
nucleophiles similar to Grignard and Organolithium reagents. However, the reactivity of lithium diorganocuprate reagents is slightly
different and this difference will be exploited in different situations. Diorganocuprate reagents are made from the reaction of two
equivalents of an organolithium reagent and copper (I) iodide (Cul). The created lithium diorganocuprate reagent acts as a source of R:"

Li*
R-Cu-R

Lithium Diorganocopper (Gilman Reagent)
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GENERAL REACTION

2 RLi + Cul — R,CulLi + Lil
Organolithium Copper(l)lodide Lithium Diorganocopper Lithium lodide
Reagent Reagent

EXAMPLE
2 CHsLl + Cul — (CHs),CuLl + Lil

Formation of Lithium Dimethylcopper

REACTION OF 1,4 CONJUGATE ADDITION OF GILMAN REAGENTS TO A, B UNSATURATED KETONES

Lithium diorganocopper reagents, RyCuLi, undergo 1,4 conjugate addition when reacted with a, f Unsaturated ketones. Using lithium
diorganocopper reagents allows for a wide range of organic groups to undergo this 1,4 conjugate addition including alkyl, aryl, and alkenyl
groups. Because a C-C single bond is formed this reaction is an excellent method for adding to the carbon framework of a ketone.
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0 . Il
1) R,CuLi c./
/C\C/ —>) 2 T - C_H
1 2) H3O é
C - | R
EXAMPLE
o) o)
H D (CHsCHy),Culi- H
2) H;O* H
H CH2CH3

MECHANISM FOR THE 1,4 CONJUGATE ADDITION OF LITHIUM DIORGANOCOPPER REAGENTS TO
A, B-UNSATURATED KETONE

This mechanism is only slightly different than the general mechanism for 1,4 conjugate addition described above. The mechanism starts
with the nucleophilc diorganocopper anion (R,Cu’) adding to the electrophilc B alkene carbon forming a Cu-C bond. The R group from the
diorganocopper is then transferred to the f alkene carbon with elimination of a neutral organocopper species (RCu). Protonation of the
enolate ion followed by tautomerization creates the final 1,4 addition product.

LT
' 0! 10 L :(IJ:Li+ 10
C i Coc H30* N
C. R,CuLi P Conr 3 C.l_H
T —— g — 7°¢7 s R —= ¢+ Lo
C /|\ C\ C
7N _Cu_ “T'R “Tr
R R

SYNTHESIS OF KETONES USING 1,4 CONJUGATE ADDITION OF LITHIUM DIORGANOCOPPER
REAGENTS TO A, B UNSATURATED KETONES

When using retrosynthetic analysis to plan the synthesis of a ketone, remember this reaction allows for the formation of a C-C bond
between third and fourth carbon away from a ketone. The carbonyl group in the target molecule will become a «, 8 unsaturated carbonyl in
the probable reactant. To determine the structure of a possible reactant, start by cleaving the C-C between the third and fourth carbon away
from the carbonyl to create two fragments. The take the fragment which retains the carbonyl and remove a hydrogen from the second
carbon and connect the second and third carbon with a double bond. The creates the required a, 3 unsaturated carbonyl reactant. The other
fragment will become the lithium diorganocopper reagent. Remember the lithium diorganocopper reagent contains two of the required R
group. Note! If the fourth carbon away from the ketone in the target molecule is tertiary or quarternary there may be multiple bonds which
could be retrosynthetically cleaved.
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X SOMETHING EXTRA: WHY DO METALS HAVE A SMELL WHEN THEY ARE NONVOLATILE?

If you have ever encountered a metallic scent when counting coins or handling metals, especially copper, you were probably being
fooled. The metallic smell could not have come from the metal because metals are non-volatile and do not evaporate. This means the
odor molecules associated with metal scent must come from a different source. The volatile molecules that create the metallic smell are
produced by a chemical reaction between skin oils and the metal itself. These volatile molecules, primarily aldehydes and ketones,
create a sensory illusion that the metal is producing the smell, even though metals have no natural odor. The main molecule is the a, 8
Unsaturated Ketone, 1-Octen-3-one, which is described as smelling like mushrooms or metal. This is an illusion because the molecule
doesn’t smell like metals; metals smells like this molecule. Because we have smelled 1-Octen-3-one coming from metals for so long,
we mistake its smell with the metal itself. This kind of chemical reaction also explain why blood produces a metallic smell when it
comes into contact with skin. Blood contains iron in hemoglobin, and the same chemical reaction produces odor molecules when blood
touches skin.

Structure of 1-Octen-3-one

? EXERCISE 19.13.1

How would you make the following molecule using a 1,4 Conjugate Addition of a Gilman Reagent to a o, § Unsaturated Ketone?

@)

Answer

0] 0]
= 1) (CchHz)zcuLl

2) Hy0*

? EXERCISE 19.13.2

Draw the bond-line structures for the products of the reactions below.

a)
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O 1) CgHsMgBI/ Ether

2) H;0*
b)
O NaCN / HCN
/\)J\ >
Answer
A
OH
=
b)
CN O

NN

? EXERCISE 19.13.3

Specify the reagents needed to perform the following chemical transformation.
e} (0]

A H3CHN/\)J\/

Answer
O
0 1) Br, / H3O* /\)J\/
A 2) t-Butoxide HaCHN

3) Excess NH,CH3

19.13: Conjugate Nucleophilic Addition to o, B-unsaturated Aldehydes and Ketones is shared under a CC BY-SA 4.0 license and was authored, remixed,
and/or curated by Steven Farmer, Dietmar Kennepohl, Layne Morsch, & Layne Morsch.

e 19.13: Conjugate Nucleophilic Addition to o, f-unsaturated Aldehydes and Ketones by Dietmar Kennepohl, Layne Morsch, Steven Farmer is
licensed CC BY-SA 4.0.
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