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Alcohol synthesis by reduction can be reversed: chromium reagents

Alcohols make from aldehydes and ketones by reduction with hydride reagents. The reverse
process is also possible: Alcohols may be oxidized to produce aldehydes and ketones.
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Ethoxyborohydride, in turn, may attack three more carbonyl substrates until all the hydride 
atoms of the original reagent have been used up. As a result, one equivalent of borohydride 
is capable of reducing four equivalents of aldehyde or ketone to alcohol. In the end, the boron 
reagent has been converted into tetraethoxyborate, 2B(OCH2CH3)4.

Lithium aluminum hydride is more reactive than sodium borohydride (and therefore less 
selective; see Section 8-7 and later chapters). Because Al is less electronegative (more 
electropositive) than B (Table 1-2), the hydrogens in 2AlH4 are less strongly bound to the 
metal and more negatively polarized. They are thus much more basic (as well as nucleo-
philic) and are attacked vigorously by water and alcohols to give hydrogen gas. Reductions 
utilizing lithium aluminum hydride are therefore carried out in aprotic solvents, such as 
ethoxyethane (diethyl ether).

OLiAlH4 CH3OH4! LiAl(OCH3) HH4 4!

Reaction of Lithium Aluminum Hydride with Protic Solvents

Fastš" š"

Addition of lithium aluminum hydride to an aldehyde or ketone furnishes initially an 
alkoxyaluminum hydride, which continues to deliver hydride to three more carbonyl groups, 
in this way reducing a total of four equivalents of aldehyde or ketone. Work-up with water 
consumes excess reagent, hydrolyzes the tetraalkoxyaluminate to aluminum hydroxide, 
Al(OH)3, and releases the product alcohol.

Mechanism of Lithium Aluminum Hydride Reduction
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Alcohol synthesis by reduction can be reversed: 
chromium reagents
We have just learned how to make alcohols from aldehydes and ketones by reduction with 
hydride reagents. The reverse process is also possible: Alcohols may be oxidized to produce 
aldehydes and ketones. A useful reagent for this purpose is a transition metal in a high 
oxidation state: chromium(VI). In this form, chromium has a yellow-orange color. Upon 
exposure to an alcohol, the Cr(VI) species is reduced to the diagnostic deep green Cr(III) 
(see Real Life 8-2). The reagent is usually supplied as a dichromate salt (K2Cr2O7

or  Na2Cr2O7) or as CrO3. Oxidation of secondary alcohols to ketones is often carried 
out in aqueous acid, in which all of the chromium reagents generate varying amounts of 
chromic acid, H2CrO4, depending on pH.

Mechanism

Animation

ANIMATED MECHANISM: 
Reduction of cyclobutanone 
with lithium aluminum hydride

Exercise 8-10

Formulate reductions that would give rise to the following alcohols: (a) 1-decanol; (b) 4-methyl-
2-pentanol; (c) cyclopentylmethanol; (d) 1,4-cyclohexanediol.
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A useful reagent for this purpose is a transition metal in a high oxidation
state: chromium(VI).

In this form, chromium has a yellow-orange color. Upon exposure to an
alcohol, the Cr(VI) species is reduced to the deep green Cr(III).

The reagent is usually supplied as a dichromate salt (K2Cr2O7 or
Na2Cr2O7) or as CrO3.

Oxidation of secondary alcohols to ketones is often carried out in
aqueous acid, in which all of the chromium reagents generate varying
amounts of chromic acid, H2CrO4, depending on pH.
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In water, primary alcohols tend to overoxidize to carboxylic acids. The reason is that
aldehydes in water are in equilibrium with the corresponding diols, derived by addition of
water.

One of the hydroxy functions of the diol then reacts further with the chromium reagent to the
carboxylic acid.
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Oxidation of a Secondary Alcohol to a Ketone with Aqueous Cr(VI)

Na2Cr2O7, H2SO4, H2O

š"
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In water, primary alcohols tend to overoxidize to carboxylic acids, as shown for 1-propanol. 
The reason is that aldehydes in water are in equilibrium with the corresponding diols, 
derived by addition of water. One of the hydroxy functions of the diol then reacts further 
with the chromium reagent to the carboxylic acid. We shall discuss the hydration of alde-
hydes and ketones in Chapter 17.

ReactionRReaction

REAL LIFE: MEDICINE 8-2 Don’t Drink and Drive: The Breath Analyzer Test

Most drunk driving tests rely on the oxidation of ethanol in 
the breath of potentially intoxicated drivers. They work 
because of the diffusion of blood alcohol through the lungs 
into the breath, with a measured distribution ratio of 
roughly 2100:1 (i.e., 2100 mL of breath contains as much 
ethanol as 1 mL of blood). An older method was based on 
the chemistry described in this section and measured the 
color change from Cr(VI) (orange) to Cr(III) (green). The 
suspect was asked to blow into a tube containing K2Cr2O7 
and H2SO4 supported on powdered silica gel (SiO2) for a 
duration of 10–20 s; any alcohol present was revealed by 
the progressive color change from orange to green along 
the tube.

Modern variants are more sophisticated and accurate. 
They include the use of mini–gas chromatographs, infrared 
spectrometers (Section 11-8), and the–currently most 
popular–electrochemical analyzers. The latter contain a fuel 
cell that generates electrical current when supplied with 
ethanol. Ethanol is oxidized at the anode of this 
electrochemical device all the way to acetic acid, while 
oxygen is reduced to water at the cathode. The rate of the 
electron ! ow (the current) is proportional to the amount of 
alcohol in the sample and is shown on a display.
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CH3CH2OH ! H2O  S  CH3CO2H ! 4 H! ! 4 e

Cathode
O2 ! 4 H! ! 4 e  S  2 H2O

Overall
CH3CH2OH ! O2  S  CH3CO2H ! H2O

Some people claim that a breath analyzer can be tricked into 
producing a “false negative” by (among others) smoking, 
chewing coffee beans, eating garlic, or ingesting chlorophyll 
preparations beforehand: These claims are false. (For the 
physiological effects of ethanol, see Section 9-11.)
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In the absence of water, however, aldehydes are not susceptible to overoxidation. Therefore, 
a water-free form of Cr(VI) has been developed by reaction of CrO3 with HCl, followed 
by the addition of the organic base pyridine. The result is the oxidizing agent pyridinium 
chlorochromate, abbreviated as pyH1 CrO3Cl2 or just PCC (margin), in which the hydro-
phobic cation portion of the salt imparts organic solvent solubility. It gives excellent yields 
of aldehydes upon exposure to primary alcohols in dichloromethane solvent.

pyH! , CH2Cl2O3Cr Cl"

92%

PCC Oxidation of a Primary Alcohol to an Aldehyde

CH3(CH2)8CH2OH CH3(CH2)8CH
B
O

PCC oxidation conditions are often also used with secondary alcohols, because the relatively 
nonacidic reaction conditions minimize side reactions (e.g., carbocation formation; Sec-
tions 7-2, 7-3, and 9-3) and often give better yields than does the aqueous chromate method. 
Tertiary alcohols are unreactive toward oxidation by Cr(VI) because they do not carry hydro-
gens next to the OH function and therefore cannot readily form a carbon–oxygen double bond.
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Exercise 8-11

Formulate the product(s) of each of the following steps. What can you say about stereochemistry?

(a) Na2Cr2O7,

H2SO4, H2O

NaBH4

CH3

OH(

(

cis-4-Methylcyclohexanol

(b) 
O O

1. Excess LiAlH4

2. H2O work-up
C7H16O2 (two alcohols)

(c) 
HO

O
Optically active

Optically inactive
H
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N
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!

CrO3Cl"

Chromic esters are intermediates in alcohol oxidation
What is the mechanism of the chromium(VI) oxidation of alcohols? The ! rst step is forma-
tion of an intermediate called a chromic ester; the oxidation state of chromium stays 
unchanged in this process.
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In the absence of water, aldehydes are not susceptible to overoxidation.

A water-free form of Cr(VI) has been developed by reaction of CrO3 with
HCl, followed by the addition of the organic base pyridine.

The result is the oxidizing agent pyridinium chlorochromate, abbreviated
as pyH+ CrO3Cl– or just PCC, in which the hydrophobic cation portion of the
salt imparts organic solvent solubility.

It gives excellent yields of aldehydes upon exposure to primary alcohols in
dichloromethane solvent.
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In the absence of water, however, aldehydes are not susceptible to overoxidation. Therefore, 
a water-free form of Cr(VI) has been developed by reaction of CrO3 with HCl, followed 
by the addition of the organic base pyridine. The result is the oxidizing agent pyridinium 
chlorochromate, abbreviated as pyH1 CrO3Cl2 or just PCC (margin), in which the hydro-
phobic cation portion of the salt imparts organic solvent solubility. It gives excellent yields 
of aldehydes upon exposure to primary alcohols in dichloromethane solvent.

pyH! , CH2Cl2O3Cr Cl"
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PCC Oxidation of a Primary Alcohol to an Aldehyde

CH3(CH2)8CH2OH CH3(CH2)8CH
B
O

PCC oxidation conditions are often also used with secondary alcohols, because the relatively 
nonacidic reaction conditions minimize side reactions (e.g., carbocation formation; Sec-
tions 7-2, 7-3, and 9-3) and often give better yields than does the aqueous chromate method. 
Tertiary alcohols are unreactive toward oxidation by Cr(VI) because they do not carry hydro-
gens next to the OH function and therefore cannot readily form a carbon–oxygen double bond.
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Exercise 8-11

Formulate the product(s) of each of the following steps. What can you say about stereochemistry?

(a) Na2Cr2O7,
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Chromic esters are intermediates in alcohol oxidation
What is the mechanism of the chromium(VI) oxidation of alcohols? The ! rst step is forma-
tion of an intermediate called a chromic ester; the oxidation state of chromium stays 
unchanged in this process.
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In the absence of water, however, aldehydes are not susceptible to overoxidation. Therefore, 
a water-free form of Cr(VI) has been developed by reaction of CrO3 with HCl, followed 
by the addition of the organic base pyridine. The result is the oxidizing agent pyridinium 
chlorochromate, abbreviated as pyH1 CrO3Cl2 or just PCC (margin), in which the hydro-
phobic cation portion of the salt imparts organic solvent solubility. It gives excellent yields 
of aldehydes upon exposure to primary alcohols in dichloromethane solvent.
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PCC Oxidation of a Primary Alcohol to an Aldehyde

CH3(CH2)8CH2OH CH3(CH2)8CH
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PCC oxidation conditions are often also used with secondary alcohols, because the relatively 
nonacidic reaction conditions minimize side reactions (e.g., carbocation formation; Sec-
tions 7-2, 7-3, and 9-3) and often give better yields than does the aqueous chromate method. 
Tertiary alcohols are unreactive toward oxidation by Cr(VI) because they do not carry hydro-
gens next to the OH function and therefore cannot readily form a carbon–oxygen double bond.
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Chromic esters are intermediates in alcohol oxidation
What is the mechanism of the chromium(VI) oxidation of alcohols? The ! rst step is forma-
tion of an intermediate called a chromic ester; the oxidation state of chromium stays 
unchanged in this process.
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PCC oxidation conditions are often also used with secondary alcohols, because the
relatively nonacidic reaction conditions minimize side reactions (e.g., carbocation formation)
and often give better yields than does the aqueous chromate method.

Tertiary alcohols are unreactive toward oxidation by Cr(VI) because they do not carry
hydrogens next to the OH function and therefore cannot readily form a carbon–oxygen
double bond.

Chromic esters are intermediates in alcohol oxidation

Mechanism of the chromium(VI) oxidation of alcohols:

The first step is formation of an intermediate called a chromic ester; the oxidation state of
chromium stays unchanged in this process.
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In the absence of water, however, aldehydes are not susceptible to overoxidation. Therefore, 
a water-free form of Cr(VI) has been developed by reaction of CrO3 with HCl, followed 
by the addition of the organic base pyridine. The result is the oxidizing agent pyridinium 
chlorochromate, abbreviated as pyH1 CrO3Cl2 or just PCC (margin), in which the hydro-
phobic cation portion of the salt imparts organic solvent solubility. It gives excellent yields 
of aldehydes upon exposure to primary alcohols in dichloromethane solvent.
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CH3(CH2)8CH2OH CH3(CH2)8CH
B
O

PCC oxidation conditions are often also used with secondary alcohols, because the relatively 
nonacidic reaction conditions minimize side reactions (e.g., carbocation formation; Sec-
tions 7-2, 7-3, and 9-3) and often give better yields than does the aqueous chromate method. 
Tertiary alcohols are unreactive toward oxidation by Cr(VI) because they do not carry hydro-
gens next to the OH function and therefore cannot readily form a carbon–oxygen double bond.
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Chromic esters are intermediates in alcohol oxidation
What is the mechanism of the chromium(VI) oxidation of alcohols? The ! rst step is forma-
tion of an intermediate called a chromic ester; the oxidation state of chromium stays 
unchanged in this process.
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The next step in alcohol oxidation is equivalent to an E2 reaction. Here water (or 
pyridine, in the case of PCC) acts as a mild base, removing the proton next to the alcohol 
oxygen. This proton is made unusually acidic by the electron-withdrawing power of the 
Cr(VI) (remember that it wants to become reduced!). HCrO3 is an exceptionally good 
leaving group, because the donation of an electron pair to chromium changes its oxidation 
state by two units, yielding Cr(IV).
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!O3Cr(IV)H"H3OR C

H H

R

OC

H

Cr(VI)
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Aldehyde Formation from a Chromic Ester: an E2 Reaction

In contrast with the kinds of E2 reactions considered so far, this elimination furnishes a 
carbon–oxygen instead of a carbon–carbon double bond. The Cr(IV) species formed under-
goes a redox reaction with itself to Cr(III) and Cr(V); the latter may function as an oxidiz-
ing agent independently. Eventually, all Cr(VI) is reduced to Cr(III).

In Summary Reductions of aldehydes and ketones by hydride reagents constitute general 
syntheses of primary and secondary alcohols, respectively. The reverse reactions, oxidations 
of primary alcohols to aldehydes and secondary alcohols to ketones, are achieved with 
chromium(VI) reagents. Use of pyridinium chlorochromate (PCC) prevents overoxidation 
of primary alcohols to carboxylic acids.

Exercise 8-12

Formulate a synthesis of each of the following carbonyl compounds from the corresponding alcohol.

(a) CH3CH2CCH(CH3)2

O
B

 (b) 

H

CHO
 (c) CH3CH2 CH3

O

The reduction of aldehydes and ketones with hydride reagents is a useful way of synthesiz-
ing alcohols. This approach would be even more powerful if, instead of hydride, we could 
use a source of nucleophilic carbon. Attack by a carbon nucleophile on a carbonyl group 
would give an alcohol and simultaneously form a carbon–carbon bond. This kind of 
reaction—adding carbon atoms to a molecule—is of fundamental practical importance for 
synthesizing new compounds from simpler reactants.

To achieve such transformations, we need to ! nd a way of making carbon-based nucleo-
philes, R:2. This section describes how to reach this goal. Metals, particularly lithium and 
magnesium, act on haloalkanes to generate new compounds, called organometallic reagents, 
in which a carbon atom of an organic group is bound to a metal. These species are strong 
bases and good nucleophiles and as such are extremely useful in organic syntheses.

Alkyllithium and alkylmagnesium reagents are prepared 
from haloalkanes
Organometallic compounds of lithium and magnesium are most conveniently prepared by 
direct reaction of a haloalkane with the metal suspended in ethoxyethane (diethyl ether) or 
oxacyclopentane (tetrahydrofuran, THF). The reactivity of the haloalkanes increases in the 

8-7  ORGANOMETALLIC REAGENTS: SOURCES OF 
NUCLEOPHILIC CARBON FOR ALCOHOL SYNTHESIS

Sequence of events during the 
preparation of a Grignard reagent. 
From top to bottom: magnesium 
chips submerged in ether; begin-
ning of Grignard reagent forma-
tion, after addition of the organic 
halide; reaction mixture showing 
increasing dissolution of magne-
sium; the ! nal reagent solution, 
ready for further transformation.

The next step in alcohol oxidation is equivalent to an E2 reaction. Here water (or pyridine, in
the case of PCC) acts as a mild base, removing the proton next to the alcohol oxygen.

This proton is made unusually acidic by the electron-withdrawing power of the Cr(VI). HCrO3
is an exceptionally good leaving group, because the donation of an electron pair to
chromium changes its oxidation state by two units, yielding Cr(IV).

This elimination furnishes a carbon–oxygen double bond.

The Cr(IV) species formed undergoes a redox reaction with itself to Cr(III) and Cr(V); the
latter may function as an oxidizing agent independently. Eventually, all Cr(VI) is reduced to
Cr(III).
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8.7 ORGANOMETALLIC REAGENTS: SOURCES OF NUCLEOPHILIC CARBON FOR
ALCOHOL SYNTHESIS

Attack by a carbon nucleophile on a carbonyl group would give an alcohol and
simultaneously form a carbon–carbon bond.

To achieve such transformations, carbon-based nucleophiles, R:–, are formed. Metals,
particularly lithium and magnesium, act on haloalkanes to generate new compounds,
called organometallic reagents, in which a carbon atom of an organic group is bound to
a metal.

These species are strong bases and good nucleophiles, which are extremely useful in
organic syntheses.

Alkyllithium and alkylmagnesium reagents are prepared from haloalkanes
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Organometallic compounds of lithium and magnesium are most conveniently prepared by
direct reaction of a haloalkane with the metal suspended in ethoxyethane (diethyl ether) or
oxacyclopentane (tetrahydrofuran, THF).

The reactivity of the haloalkanes increases in the order Cl < Br < I; the relatively unreactive
fluorides are not normally used as starting materials in these reactions.

Organomagnesium compounds, RMgX, are also called Grignard reagents, named after
their discoverer, F. A. Victor Grignard.
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order Cl , Br , I; the relatively unreactive ! uorides are not normally used as starting 
materials in these reactions. Organomagnesium compounds, RMgX, are also called Grignard 
reagents, named after their discoverer, F. A. Victor Grignard.*

*Professor François Auguste Victor Grignard (1871–1935), University of Lyon, France, Nobel Prize 1912 
(chemistry).

Alkyllithium Synthesis

 (CH3CH2)2O, 082108C
CH3Br 1 2 Li uuuuuuuy CH3Li 1 LiBr

Methyl-
 lithium

Mg
H3C CH3

H I
THF, 20°C

!

1-Methylethyl-
magnesium iodide

Alkylmagnesium (Grignard) Synthesis

H3C CH3

H MgI

Alkyllithium compounds and Grignard reagents are rarely isolated; they are formed in 
solution and used immediately in the desired reaction. Sensitive to air and moisture, they 
must be prepared and handled under rigorously air- and water-free conditions. Simple 
examples, such as methyllithium, methylmagnesium bromide, butyllithium, and others, are 
commercially available.

The formulas RLi and RMgX oversimplify the true structures of these reagents. Thus, 
as written, the metal ions are highly electron de" cient. To make up the desired electron 
octet, they function as Lewis acids (Section 2-3) and attach themselves to the Lewis basic 
solvent molecules. For example, alkylmagnesium halides are stabilized by bonding to two 
ether molecules. The solvent is said to be coordinated to the metal. This coordination is 
rarely shown in equations, but it is crucial for the formation of the Grignard species.

OR X Mg!

Grignard Reagents Are Coordinated to Solvent

(CH )3CH O2 2 Mg
≈X

!

½

ý

k

O
)R

O

The alkylmetal bond is strongly polar
Alkyllithium and alkylmagnesium reagents have strongly polarized carbon–metal bonds; 
the strongly electropositive metal (Table 1-2) is the positive end of the dipole, as shown in 
the margin for CH3Li and CH3MgCl. The degree of polarization is sometimes referred to 
as “percentage of ionic bond character.” The carbon–lithium bond, for example, has about 
40% ionic character and the carbon–magnesium bond 35%. Such systems react chemically 
as if they contained a negatively charged carbon. To symbolize this behavior, we can show 
the carbon–metal bond with a resonance form that places the full negative charge on the 
carbon atom: a carbanion. Carbanions, R2, are related to alkyl radicals, R. (Section 3-2), 
and carbocations, R1 (Section 7-5), by successive removal of one electron. Because of 
charge repulsion, the carbon in carbanions assumes sp3 hybridization and a tetrahedral 
structure (Exercise 1-16).

ReactionRReaction

Animation

ANIMATED MECHANISM: 
Formation of Grignard 
reagent from 1-bromobutane

Methyllithium

Methylmagnesium
chloride
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Alkyllithium compounds and Grignard reagents are rarely isolated; they are formed in
solution and used immediately in the desired reaction. Sensitive to air and moisture, they
must be prepared and handled under rigorously air- and water-free conditions.

The formulas RLi and RMgX oversimplify the true structures of these reagents. The metal
ions are highly electron deficient. To make up the desired electron octet, they function as
Lewis acids and attach themselves to the Lewis basic solvent molecules.

For example, alkylmagnesium halides are stabilized by bonding to two ether molecules. The
solvent is said to be coordinated to the metal. This coordination is rarely shown in
equations, but it is crucial for the formation of the Grignard species.
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order Cl , Br , I; the relatively unreactive ! uorides are not normally used as starting 
materials in these reactions. Organomagnesium compounds, RMgX, are also called Grignard 
reagents, named after their discoverer, F. A. Victor Grignard.*

*Professor François Auguste Victor Grignard (1871–1935), University of Lyon, France, Nobel Prize 1912 
(chemistry).

Alkyllithium Synthesis
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THF, 20°C
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1-Methylethyl-
magnesium iodide

Alkylmagnesium (Grignard) Synthesis

H3C CH3

H MgI

Alkyllithium compounds and Grignard reagents are rarely isolated; they are formed in 
solution and used immediately in the desired reaction. Sensitive to air and moisture, they 
must be prepared and handled under rigorously air- and water-free conditions. Simple 
examples, such as methyllithium, methylmagnesium bromide, butyllithium, and others, are 
commercially available.

The formulas RLi and RMgX oversimplify the true structures of these reagents. Thus, 
as written, the metal ions are highly electron de" cient. To make up the desired electron 
octet, they function as Lewis acids (Section 2-3) and attach themselves to the Lewis basic 
solvent molecules. For example, alkylmagnesium halides are stabilized by bonding to two 
ether molecules. The solvent is said to be coordinated to the metal. This coordination is 
rarely shown in equations, but it is crucial for the formation of the Grignard species.
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The alkylmetal bond is strongly polar
Alkyllithium and alkylmagnesium reagents have strongly polarized carbon–metal bonds; 
the strongly electropositive metal (Table 1-2) is the positive end of the dipole, as shown in 
the margin for CH3Li and CH3MgCl. The degree of polarization is sometimes referred to 
as “percentage of ionic bond character.” The carbon–lithium bond, for example, has about 
40% ionic character and the carbon–magnesium bond 35%. Such systems react chemically 
as if they contained a negatively charged carbon. To symbolize this behavior, we can show 
the carbon–metal bond with a resonance form that places the full negative charge on the 
carbon atom: a carbanion. Carbanions, R2, are related to alkyl radicals, R. (Section 3-2), 
and carbocations, R1 (Section 7-5), by successive removal of one electron. Because of 
charge repulsion, the carbon in carbanions assumes sp3 hybridization and a tetrahedral 
structure (Exercise 1-16).
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The alkylmetal bond is strongly polar

Alkyllithium and alkylmagnesium reagents have strongly polarized carbon–metal bonds; the
strongly electropositive metal is the positive end of the dipole. The degree of polarization is
sometimes referred to as “percentage of ionic bond character.”

The carbon–lithium bond, for example, has about 40% ionic character and the carbon–
magnesium bond 35%. Such systems react chemically as if they contained a negatively
charged carbon.

To symbolize this behavior, we can show the carbon–metal bond with a resonance form that
places the full negative charge on the carbon atom: a carbanion.

Carbanions, R–, are related to alkyl radicals, R., and carbocations, R+, by successive
removal of one electron.

Because of charge repulsion, the carbon in carbanions assumes sp3 hybridization and a
tetrahedral structure.
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The preparation of alkylmetals from haloalkanes illustrates an important principle in
synthetic organic chemistry: reverse polarization.

In a haloalkane, the presence of the electronegative halogen turns the carbon into an
electrophilic center. Upon treatment with a metal, the C𝛿+–X𝛿– unit is converted into C𝛿––M𝛿+.

In other words, the direction of polarization is reversed. Reaction with a metal (metallation)
has turned an electrophilic carbon into a nucleophilic center.
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The preparation of alkylmetals from haloalkanes illustrates an important principle in 
synthetic organic chemistry: reverse polarization. In a haloalkane, the presence of the 
electronegative halogen turns the carbon into an electrophilic center. Upon treatment with 
a metal, the Cd1–Xd2 unit is converted into Cd2–Md1. In other words, the direction of 
polarization is reversed. Reaction with a metal (metallation) has turned an electrophilic 
carbon into a nucleophilic center.

The alkyl group in alkylmetals is strongly basic
Carbanions are very strong bases. In fact, alkylmetals are much more basic than are amides 
or alkoxides, because carbon is considerably less electronegative than either nitrogen or 
oxygen (Table 1-2) and much less capable of supporting a negative charge. Recall (Table 2-2, 
Section 2-3) that alkanes are extremely weak acids: The pKa of methane is estimated to be 50. 
It is not surprising, therefore, that carbanions are such strong bases: They are, after all, the 
conjugate bases of alkanes. Their basicity makes organometallic reagents moisture sensitive 
and incompatible with OH or similarly acidic functional groups. Therefore, it is impossible 
to make organolithium or Grignard species from haloalcohols or halocarboxylic acids. On 
the other hand, such alkylmetals can be used as ef! cient bases to turn alcohols into their 
corresponding alkoxides (see Section 8-3). The by-product is an alkane. The outcome of 
this transformation is predictable on purely electrostatic grounds.

Alkoxide Formation with Methyllithium

!" !"#" #"
H(CH3)3CO O Li#(CH3)3CO!Li CH3O H CH3O# #

2-Methyl-2-propanol
(tert-Butylalcohol)

pKa ! 18

Methyllithium Lithium tert-butoxide Methane
pKa ! 50

Similarly, organometals hydrolyze with water—often violently—to produce a metal 
hydroxide and alkane.

Hydrolysis of an Organometallic Reagent

#CH3CH2CHCH2CH2MgBr HOH #CH3CH2CHCH2CH2H BrMgOH
100%

3-Methylpentylmagnesium
bromide

3-Methylpentane

A
CH3

A
CH3

The sequence Grignard (or alkyllithium) formation, also called metallation, followed by 
hydrolysis converts a haloalkane into an alkane. A more direct way of achieving the same 
goal is the reaction of a haloalkane with the powerful hydride donor lithium aluminum 
hydride, an SN2 displacement of halide by H2. The less reactive NaBH4 is incapable of 
performing this substitution.
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The alkyl group in alkylmetals is strongly basic

Carbanions are very strong bases. In fact, alkylmetals are much more basic than are
amides or alkoxides, because carbon is considerably less electronegative than either
nitrogen or oxygen and much less capable of supporting a negative charge.

Alkanes are extremely weak acids: The pKa of methane is estimated to be 50. It is not
surprising, therefore, that carbanions are such strong bases: They are the conjugate bases
of alkanes.

Their basicity makes organometallic reagents moisture sensitive and incompatible with OH
or similarly acidic functional groups. Therefore, it is impossible to make organolithium or
Grignard species from haloalcohols or halocarboxylic acids.

On the other hand, such alkylmetals can be used as efficient bases to turn alcohols into
their corresponding alkoxides. The by-product is an alkane.
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Similarly, organometals hydrolyze with water—often violently—to produce a metal hydroxide
and alkane.

The sequence Grignard (or alkyllithium) formation, also called metallation, followed by
hydrolysis converts a haloalkane into an alkane.
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The preparation of alkylmetals from haloalkanes illustrates an important principle in 
synthetic organic chemistry: reverse polarization. In a haloalkane, the presence of the 
electronegative halogen turns the carbon into an electrophilic center. Upon treatment with 
a metal, the Cd1–Xd2 unit is converted into Cd2–Md1. In other words, the direction of 
polarization is reversed. Reaction with a metal (metallation) has turned an electrophilic 
carbon into a nucleophilic center.

The alkyl group in alkylmetals is strongly basic
Carbanions are very strong bases. In fact, alkylmetals are much more basic than are amides 
or alkoxides, because carbon is considerably less electronegative than either nitrogen or 
oxygen (Table 1-2) and much less capable of supporting a negative charge. Recall (Table 2-2, 
Section 2-3) that alkanes are extremely weak acids: The pKa of methane is estimated to be 50. 
It is not surprising, therefore, that carbanions are such strong bases: They are, after all, the 
conjugate bases of alkanes. Their basicity makes organometallic reagents moisture sensitive 
and incompatible with OH or similarly acidic functional groups. Therefore, it is impossible 
to make organolithium or Grignard species from haloalcohols or halocarboxylic acids. On 
the other hand, such alkylmetals can be used as ef! cient bases to turn alcohols into their 
corresponding alkoxides (see Section 8-3). The by-product is an alkane. The outcome of 
this transformation is predictable on purely electrostatic grounds.

Alkoxide Formation with Methyllithium

!" !"#" #"
H(CH3)3CO O Li#(CH3)3CO!Li CH3O H CH3O# #

2-Methyl-2-propanol
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Similarly, organometals hydrolyze with water—often violently—to produce a metal 
hydroxide and alkane.
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The sequence Grignard (or alkyllithium) formation, also called metallation, followed by 
hydrolysis converts a haloalkane into an alkane. A more direct way of achieving the same 
goal is the reaction of a haloalkane with the powerful hydride donor lithium aluminum 
hydride, an SN2 displacement of halide by H2. The less reactive NaBH4 is incapable of 
performing this substitution.
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The preparation of alkylmetals from haloalkanes illustrates an important principle in 
synthetic organic chemistry: reverse polarization. In a haloalkane, the presence of the 
electronegative halogen turns the carbon into an electrophilic center. Upon treatment with 
a metal, the Cd1–Xd2 unit is converted into Cd2–Md1. In other words, the direction of 
polarization is reversed. Reaction with a metal (metallation) has turned an electrophilic 
carbon into a nucleophilic center.

The alkyl group in alkylmetals is strongly basic
Carbanions are very strong bases. In fact, alkylmetals are much more basic than are amides 
or alkoxides, because carbon is considerably less electronegative than either nitrogen or 
oxygen (Table 1-2) and much less capable of supporting a negative charge. Recall (Table 2-2, 
Section 2-3) that alkanes are extremely weak acids: The pKa of methane is estimated to be 50. 
It is not surprising, therefore, that carbanions are such strong bases: They are, after all, the 
conjugate bases of alkanes. Their basicity makes organometallic reagents moisture sensitive 
and incompatible with OH or similarly acidic functional groups. Therefore, it is impossible 
to make organolithium or Grignard species from haloalcohols or halocarboxylic acids. On 
the other hand, such alkylmetals can be used as ef! cient bases to turn alcohols into their 
corresponding alkoxides (see Section 8-3). The by-product is an alkane. The outcome of 
this transformation is predictable on purely electrostatic grounds.

Alkoxide Formation with Methyllithium
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H(CH3)3CO O Li#(CH3)3CO!Li CH3O H CH3O# #

2-Methyl-2-propanol
(tert-Butylalcohol)

pKa ! 18

Methyllithium Lithium tert-butoxide Methane
pKa ! 50

Similarly, organometals hydrolyze with water—often violently—to produce a metal 
hydroxide and alkane.

Hydrolysis of an Organometallic Reagent
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The sequence Grignard (or alkyllithium) formation, also called metallation, followed by 
hydrolysis converts a haloalkane into an alkane. A more direct way of achieving the same 
goal is the reaction of a haloalkane with the powerful hydride donor lithium aluminum 
hydride, an SN2 displacement of halide by H2. The less reactive NaBH4 is incapable of 
performing this substitution.
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Another useful application of metallation–hydrolysis is the introduction of hydrogen isotopes,
such as deuterium, into a molecule by exposure of the organometallic compound to labeled
water.
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LiAlH4, (CH3CH2)2O

!LiBr
CH3(CH2)7CH2 CH3(CH2)7CH2

Nonane1-Bromononane

O HO

Another useful application of metallation–hydrolysis is the introduction of hydrogen 
isotopes, such as deuterium, into a molecule by exposure of the organometallic compound 
to labeled water (see margin).

(CH3)3CCl (CH3)3CD

Introduction of Deuterium by
Reaction of an Organometallic

Reagent with D2O

1. Mg
2. D2O

In Summary Haloalkanes can be converted into organometallic compounds of lithium or 
magnesium (Grignard reagents) by reaction with the respective metals in ether solvents. In 
these compounds, the alkyl group is negatively polarized, a charge distribution opposite that 
found in the haloalkane. Although the alkyl–metal bond is to a large extent covalent, the 
carbon attached to the metal behaves as a strongly basic carbanion, exempli! ed by its ready 
protonation.

Note: You may have noticed 
that we are beginning to 
apply our knowledge of 
organic chemistry to more 
complex problems. This 
process is not unlike learning 
a language: Each reaction 
may be viewed as part of the 
vocabulary, and now we are 
learning to form sentences. 
The “sentence” to be written 
here leads from cyclohexane 
to singly deuterated 
cyclohexane. We shall see 
in Section 8-9 that for our 
sentence to make sense, it 
is easiest to work backward 
from the product.

Solved Exercise 8-13 Working with the Concepts: Making a Deuterated 
Hydrocarbon

Show how you would prepare monodeuteriocyclohexane from cyclohexane.

Strategy
What: You are asked to replace one of the hydrogens in your starting material by deuterium.
How: The best way to approach a solution to this problem is to work backward, that is, ask the 

question: What do I know about making a deuterated alkane?
Information: The answer is given in the preceding paragraphs: You have learned two ways to 

convert a haloalkane into a deuterated alkane. The two reagents employed are LiAlD4 or 
Mg, followed by D2O. This problem requires one of these reagents and a halocyclohexane. 
How can you make a halocyclohexane from cyclohexane? The answer is in Chapter 3: radi-
cal halogenation.

Proceed: Putting everything together, a possible solution scheme is

Br2, h" D2OMg

Br MgBr D

Exercise 8-14 Try It Yourself

You have a small amount of precious CD3OH, but what you really need is completely deuterated 
CD3OD. How can you make it?

Among the most useful applications of organometallic reagents of magnesium and lithium 
are those in which the negatively polarized alkyl group reacts as a nucleophile. Like the 
hydrides, these reagents can attack the carbonyl group of an aldehyde or ketone to produce 
an alcohol (upon aqueous work-up). The difference is that a new carbon–carbon bond is 
formed in the process.

8-8  ORGANOMETALLIC REAGENTS IN THE SYNTHESIS 
OF ALCOHOLS
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to labeled water (see margin).
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these compounds, the alkyl group is negatively polarized, a charge distribution opposite that 
found in the haloalkane. Although the alkyl–metal bond is to a large extent covalent, the 
carbon attached to the metal behaves as a strongly basic carbanion, exempli! ed by its ready 
protonation.
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process is not unlike learning 
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here leads from cyclohexane 
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in Section 8-9 that for our 
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is easiest to work backward 
from the product.

Solved Exercise 8-13 Working with the Concepts: Making a Deuterated 
Hydrocarbon

Show how you would prepare monodeuteriocyclohexane from cyclohexane.

Strategy
What: You are asked to replace one of the hydrogens in your starting material by deuterium.
How: The best way to approach a solution to this problem is to work backward, that is, ask the 

question: What do I know about making a deuterated alkane?
Information: The answer is given in the preceding paragraphs: You have learned two ways to 

convert a haloalkane into a deuterated alkane. The two reagents employed are LiAlD4 or 
Mg, followed by D2O. This problem requires one of these reagents and a halocyclohexane. 
How can you make a halocyclohexane from cyclohexane? The answer is in Chapter 3: radi-
cal halogenation.

Proceed: Putting everything together, a possible solution scheme is

Br2, h" D2OMg

Br MgBr D

Exercise 8-14 Try It Yourself

You have a small amount of precious CD3OH, but what you really need is completely deuterated 
CD3OD. How can you make it?

Among the most useful applications of organometallic reagents of magnesium and lithium 
are those in which the negatively polarized alkyl group reacts as a nucleophile. Like the 
hydrides, these reagents can attack the carbonyl group of an aldehyde or ketone to produce 
an alcohol (upon aqueous work-up). The difference is that a new carbon–carbon bond is 
formed in the process.

8-8  ORGANOMETALLIC REAGENTS IN THE SYNTHESIS 
OF ALCOHOLS

A more direct way of achieving the same goal is the reaction of a haloalkane with the
powerful hydride donor lithium aluminum hydride, an SN2 displacement of halide by H–.

The less reactive NaBH4 is incapable of performing this substitution.
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8.8 ORGANOMETALLIC REAGENTS IN THE SYNTHESIS OF ALCOHOLS

Among the most useful applications of organometallic reagents of magnesium and lithium
are those in which the negatively polarized alkyl group reacts as a nucleophile. They can
attack the carbonyl group of an aldehyde or ketone to produce an alcohol (upon aqueous
work-up).
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Following the ! ow of electrons can help us understand the reaction. In the " rst step, 
the nucleophilic alkyl group in the organometallic compound attacks the carbonyl carbon. 
As an electron pair from the alkyl group shifts to generate the new carbon–carbon linkage, 
it “pushes” two electrons from the double bond onto the oxygen, thus producing a metal 
alkoxide. The addition of a dilute aqueous acid furnishes the alcohol by hydrolyzing the 
metal–oxygen bond, another example of aqueous work-up.

The reaction of organometallic compounds with formaldehyde results in primary alco-
hols. In the electrostatic potential maps of the example below, the electron-rich (orange-red) 
carbon of the butylmagnesium bromide is seen to attack the electron-poor (blue) carbon of 
formaldehyde to give 1-pentanol.

Formation of a Primary Alcohol from
a Grignard Reagent and Formaldehyde

!CH3CH2CH2CH2OMgBr C " !MgBrOO
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CH3CH2CH2CH2OCOH
A

A

H

H

+

93%
1-Pentanol

Butylmagnesium
bromide

Formaldehyde

However, aldehydes other than formaldehyde convert into secondary alcohols.

Formation of a Secondary Alcohol from
a Grignard Reagent and an Aldehyde

!CH3CH2CH2CH2OMgBr CH3CH2CH2CH2OCOH
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O 1. (CH3CH2)2O
2. H!, H2O

78%
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Animation

ANIMATED MECHANISM: 
Reaction of Grignard reagent 
with acetaldehyde to give 
2-hexanol

Alcohol Syntheses from 
Aldehydes, Ketones, and Organometallics
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In the first step, an electron pair from the alkyl group shifts to generate the new carbon–
carbon linkage, it “pushes” two electrons from the double bond onto the oxygen, thus
producing a metal alkoxide.

The addition of a dilute aqueous acid furnishes the alcohol by hydrolyzing the metal–oxygen
bond.
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Aldehydes other than formaldehyde convert into secondary alcohols.

Ketones furnish tertiary alcohols.
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93%
1-Pentanol

Butylmagnesium
bromide
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However, aldehydes other than formaldehyde convert into secondary alcohols.

Formation of a Secondary Alcohol from
a Grignard Reagent and an Aldehyde

!CH3CH2CH2CH2OMgBr CH3CH2CH2CH2OCOH

CH3

CH3CH

O 1. (CH3CH2)2O
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78%
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A
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B
Animation

ANIMATED MECHANISM: 
Reaction of Grignard reagent 
with acetaldehyde to give 
2-hexanol

Alcohol Syntheses from 
Aldehydes, Ketones, and Organometallics
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Although the nucleophilic addition of alkyllithium and Grignard reagents to the carbonyl 
group provides us with a powerful C–C bond-forming transformation, nucleophilic attack is 
too slow on haloalkanes and related electrophiles, such as those encountered in Section 6-7. 
This kinetic problem is what enables us to make the organometallic reagents described in 
Section 8-7: The product alkylmetal does not attack the haloalkane from which it is made 
(Real Life 8-3).

In Summary Alkyllithium and alkylmagnesium reagents add to aldehydes and ketones to 
give alcohols in which the alkyl group of the organometallic reagent has formed a bond to 
the original carbonyl carbon.

Exercise 8-15

Write a synthetic scheme for the conversion of 2-bromopropane, (CH3)2CHBr, into 2-methyl-
1-propanol, (CH3)2CHCH2OH.

Exercise 8-16

Propose ef! cient syntheses of the following products from starting materials containing no 
more than four carbons.

(a) CH3(CH2)4OH  (b) CH3CH2CH2CHCH2CH2CH3

OH
A

(c) 

C(CH3)3

OH   (d) CH3CH2CH2CCH2CH3

OH

CH3

A

A

The reactions introduced so far are part of the “vocabulary” of organic chemistry; unless 
we know the vocabulary, we cannot speak the language of organic chemistry. These reactions 
allow us to manipulate molecules and interconvert functional groups, so it is important to 
become familiar with these transformations—their types, the reagents used, the conditions 
under which they occur (especially when the conditions are crucial to the success of the 
process), and the limitations of each type.

This task may seem monumental, one that will require much memorization. But it is 
made easier by an understanding of the reaction mechanisms. We already know that reac-
tivity can be predicted from a small number of factors, such as electronegativity, coulombic 
forces, and bond strengths. Let us see how organic chemists apply this understanding to 
devise useful synthetic strategies, that is, reaction sequences that allow the construction of 
a desired target in the minimum number of high-yielding steps.

8-9  KEYS TO SUCCESS: AN INTRODUCTION 
TO SYNTHETIC STRATEGY

The total synthesis of the complex 
natural product strychnine (Sec-
tion 25-8), containing seven fused 
rings and six stereocenters, has 
been steadily improved over a 
half-century of development of 
synthetic methods. The ! rst 
synthesis, reported in 1954 by 
R. B. Woodward (Section 14-9), 
started from a simple indole 
derivative (Section 25-4) and 
required 28 synthetic steps to give 
the target in 0.00006% overall 
yield. A more recent synthesis 
(in 2011) took 12 steps and 
proceeded in 6% overall yield.
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Ketones furnish tertiary alcohols.

Formation of a Tertiary Alcohol from
a Grignard Reagent and a Ketone

!CH3CH2CH2CH2OMgBr CH3CH2CH2CH2OCOH
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