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What is Organometallic Chemistry?

Organometallic chemistry refers to reactions that use the classes of

compounds (R-M) that contain a covalent bond between carbon and a

metal.

They are prepared either by direct reaction of the metal with an

organic compound (metallation) or by replacement of a metal in an

organometallic compound with another metal (transmetallation).
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Organometallic Chemistry
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Why Go Organometallic Chemistry

What is so special about the Organometallic approach to organic

synthesis? Classical organic syntheses that proceed by the SN2

pathway require a strong nucleophile attacking an electrophilic site to

be effective. Such reactions are of limited scope. For instance, the

formation of biaryl systems via the classical substitution reaction is

difficult to achieve.
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Organometallic chemistry offers a way out of this dilemma. Through

special organometallic reactions, a variety of carbon-carbon bonds can

be formed and even biaryl systems can be readily synthesized. This

possibility has expanded the scope of their use in organic synthesis

since bonds that were hitherto difficult to form through the classical

syntheses can almost now be routinely formed.

Organometallic chemistry can make possible the synthesis of

pharmacologically relevant natural products containing biaryl units.12:44 PM



Organomagnesium or Grignard Reagents
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The Grignard reagents proved to be very reactive carbanion nucelophiles and strong

bases capable of abstracting highly acidic protons attached to heteroatoms such as O,

N and S, and have remained very useful synthetic reagents ever since.

The use of organometallic reagents in organic synthesis began around 1899 when Victor

Grignard discovered that alkyl halides reacted with magnesium metal in diethylether to

give homogenous solutions.

Grignard reagents are synthesized through the reaction of an alkyl or aryl halide with

magnesium metal.

The solubility of Grignard reagents in ethers is due to the formation of a strong acid-

base complex between the lone pairs of electrons on oxygen of the ether molecules and

the magnesium of the Grignard reagent.

R-Mg-X
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Reactions of Grignard Reagents
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The Grignard reagents react as nucleophiles with various electrophiles

Grignard reagents react as bases when treated with compounds with an acidic hydrogen

attached directly to a heteroatom such as water, alcohols, amines or thiols:

Example

Example

Reactions with aldehydes, ketones and esters provide alcohols

Terminal alkynes are also deprotonated.

Example
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Reactions of Grignard Reagents
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Reactions with carbon dioxide followed by acidification provide carboxylic acids

Reactions with nitriles to iminium salts followed by hydrolysis provide ketones

Example

Example

Reactions with orthoformates followed by hydrolysis provide aldehydes

Example
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Organolithium Reagents
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Organolithium reagents are also prepared through lithium-halogen exchange

The simplest organolithium reagents can be prepared by a metallation reaction involving

an appropriate halide with lithium metal. Iodides are the best substrates.

Example

Example

Lithium-halogen exchange reactions are kinetically controlled. The position of

equilibrium varies with the stability of the carbanion intermediates involved: (sp >> sp2

>> sp3)

Note that sp carbons by virtue of having more s character are more electron withdrawing

and therefore capable of stabilizing a carbanion-charge much more effectively than sp3

carbons, which have greater p character.

(a) Lithium-Halogen exchange



Organolithium Reagents
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Lithium-halogen exchange reactions proceed in the direction of forming the more stable

organolithium reagent, that is, the one derived from the more acidic compound by using

the more basic organolithium compounds such as n-BuLi and t-BuLi.

Example

Example

Retention of configuration is often observed when organolithium compounds are

prepared by metal-halogen exchange. This stereospecificty is highlighted in the lithium-

halogen exchange of the vinyl halide shown below:

Lithium-halogen exchange is extremely fast. In some instances, the rate of lithium-

halogen exchange can exceed the rate of proton transfer.

Example
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Involves abstracting an acidic hydrogen attached to a carbon eg the acidic hydrogen of

a terminal alkyne.

Example

Organolithium reagents can also be prepared by a metal-metal exchange

(transmetalation) reaction.

The transmetalation reaction proceeds with retention of configuration (stereospecific)

and in the direction that places the more electropositive metal at the more stable

carbanion position.

The exchange between vinyltin reagents and alkyllithium reagents are particularly

significant from a synthetic perspective.

(b) Metalation

Example

(c) Transmetalation

Although organolithium reagents are more reactive than Grignard reagents, their

reactions are basically the same.
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Organozinc Reagents
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Organozinc halides can be prepared by either the reaction of an activated halide with

zinc metal (dust) or a Grignard or organolithium reagent with a zinc salt (commonly

ZnCl2).

An attractive feature of organozinc compounds is that many of the functional groups

(such as esters) which are affected by organolithium and Grignard reagents are

tolerated and can be present in an organozinc reagent. Such functionalized organozinc

reagents play an important role in organic synthesis, when chemoselective

functionalization is desired.

Example

There are two types of organozinc reagents that are commonly encountered:

Organozinc halides and diorganozinc reagents.
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Example

Organozinc reagents are, however, less reactive than organolithium and Grignard

reagents. Whereas organolithium and Grignard reagents react with aldehydes, ketones

and esters, organozinc reagents react readily with aldehydes, less readily with ketones,

but not with esters.

Diorganozinc reagents display enhanced chemical reactivity compared to organozinc

halides.

Diorganozinc reagents can be prepared by metal-halogen (zinc-halogen) exchange from

the commercially available diethylzinc. Iodides are the best substrates.

Example
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Simmons-Smith Reaction
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A very effective means for cyclopropanation of alkenes by transfer of a CH2 unit employs

an organozinc reagent derived from a mixture of methylene iodide (CH2I2) and a zinc-

copper couple, commonly referred to as the Simmons Smith reagent.

Reaction mechanism

The key features of the Simmons-Smith reaction:

(i) A concerted reaction mechanism is presumed to apply

(ii) The cyclopropanation occurs syn stereospecifically

(iii) Electron-rich alkenes such as those with higher alkyl substitution react faster

(iv) Electron-donating substituents (enol ethers and enamines) also accellerate reaction.

(v) Stereochemistry of cyclopropanation can be directed by hydroxyl groups.

The active species is iodomethylzinc iodide.

The cyclopropanation can also be accomplished under the modified conditions

employing a mixture of diethylzinc (Et2Zn) and diidomethane (methylene iodide).

By examining the polarity of the C-I and C-Zn bonds, one may see how ICH2ZnI might

want to undergo a-elimination to give a carbene. In fact, it doesn't, but it does undergo

typical carbene reactions.
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Organozinc Reagents

(Simmons-Smith Reaction)
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Examples
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Organocuprate Reagents
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The Gilman reagents (lithium dialkylcuprates) are prepared by adding

a Cu(i) salt to an organolithium (2 equiv).

There are two types of organocuprate reagents that are commonly

encountered:

(a)Lower order organocuprates (homocuprates and mixed cuprates)

(b)Higher order organocuprates

Lower order organocuprates (Gilman reagents)

Example



Organocuprate Reagents
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Higher order organocuprates

The high order organocuprates (lithium dialkylcyanocuprates) are

prepared by adding CuCN to an organolithium (2 equiv).

Example

The higher order organocuprates are qualitatively similar to the lower

order organocuprates, but they are more stable and more reactive

than the dialkylcuprates.
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Reactions of Organocuprate Reagents
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The most important reactions of organocuprates are the coupling

reactions with halides, conjugate additions to a,b-unsaturated carbonyl

compounds and additions to alkynes.

(a) Lithium dialkylcuprates displace bromides and iodides from a

variety of substrates (alkyl, aryl and alkenyl).

Aryl halides and vinylic halides also undergo coupling reactions with

organocuprates.

Example

Note the complete retention of configuration at the double bond when

alkenyl substrates are involved. The coupling reaction is stereospecific.

Primary alkyl halides react with organocuprates to provide alkanes.



Reactions of Organocuprate Reagents
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(b) Acid chlorides couple with organocuprates to provide ketones. Both

aliphatic as well as aromatic ketones can be accessed through this

process.

Example

Note that organocuprates react with the more reactive carbonyl of the

acid chloride, but not that of the lesser reactive carbonyl of an

aldehyde, ketone or ester.

This reaction also follows the organometallic reaction mechanism. It is

not a true or classical nucleophilic substitution reaction.



Conjugate Additions of Organocuprates
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The mechanism of the conjugate addition to enones probably involves

an initial complexation between the cuprate and the enone.

The key intermediate in the formation of the new bond is an adduct

formed between the enone and the organocuprate.

(d) Although organocuprates do not react with saturated aldehydes

and ketones, they undergo conjugate-addition with a,b-unsaturated

aldehydes or ketones.

The adduct is formed as a Cu(III) species, which then undergoes

reductive elimination. The lithium ion may act as a Lewis acid, co-

ordinating to and activating the carbonyl.12:44 PM



Conjugate Addition of Organocuprates
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Note that the stereochemistry of conjugate addition is controlled by

steric factors.

Prior to protonation, the products of conjugate addition to a,b-

unsaturated carbonyl compounds are enolates and, therefore,

potentially nucleophiles. A useful extension of the conjugate addition is

to add an alkylation step that introduces a substituent to the a-position.

Example

Example

Combining the conjugate addition reaction with the Baeyer Villiger

oxidation provide systems that would otherwise be difficult to access

by alternative protocols.12:44 PM



Conjugate Additions of Organocuprates
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Example

(f) Conjugated acetylenic esters readily undergo addition with

organocuprate reagents. Note that syn-stereospecific addition is

kinetically preferred.

The alkenyl copper intermediates can be trapped by a variety of

electrophiles to generate substituted alkenes that could serve as

important intermediates in other organometallic coupling reactions.

The electrophilic reagents of particular interest for the synthetic

potential of their trapping products are shown below.



Addition Reactions of Organocuprates
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Example

(f) Terminal alkynes also react readily with organocuprate reagents in a

syn-stereospecific fashion. The regiochemistry of addition is guided

by steric factors. Note that the addition may probably be preceded by

the initial coordination of the organocuprate to the π-orbitals of the

alkyne. Protonolysis of the adduct provides an E-alkene.

The vinylic halides generated are key components in Pd-catalysed

carbon-carbon coupling reactions.

The reaction can serve as a complement of the dissolving metal

conditions for reduction of internal alkynes to E-alkenes.

Example



Addition Reactions of Organocuprates
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The alkenyl copper intermediates can also be trapped by a variety of

electrophiles to generate substituted alkenes that could serve as

important intermediates in other organometallic coupling reactions.

The electrophilic reagents of special interest for the synthetic potential

of their trapping products include the following:

Example
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Palladium-Catalysed Reactions of Organoboranes
Suzuki-Miyaura Reaction
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The Suzuki-Miyaura reaction is the coupling of an aryl or vinylic

boronic ester with an aryl or vinyl halide using a palladium catalyst.

It is a powerful cross coupling reaction that allows for the synthesis of

conjugated olefins and biaryls.

Other organoboranes that are also effective in Suzuki coupling include

the following:



Suzuki-Miyaura Reaction
What is its synthetic potential?
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Consider the options available in the synthetic problem highlighted

below:

Weighing the options:
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Suzuki-Miyaura Reaction
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Most aryl halides are commercially available, while vinylic halide

components to the Suzuki coupling reaction can be obtained through

the reactions of alkynes with organocuprates.

12:44 PM

Synthesis of the Vinyl Halide substrates of the reaction

Note that the stereospecificity of the reactions are due to the syn-

addition of the reagents to the alkyne.



Suzuki-Miyaura Reaction
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(a) Transmetallation of organolithium or organomagnesium reagents

with trimethylborate allows access to various boronate esters:

Example

Synthesis of the Boronate Esters for Suzuki Reaction
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Suzuki-Miyaura Reaction
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Example

Example

(b) Palladium-catalysed reaction of aryl halides or vinylic halides with

bis(pinacolato)diboron:

(c) Hydroboration of terminal alkynes with catecholborane
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Suzuki-Miyaura Reaction
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Although, Pd(PPh3)4, is the most reactive catalyst, it is air and moisture

sensitive. Pd2dba3 is more air stable but not reactive as a coupling

catalyst;

Consequently, it is used in conjunction with PPh3 to generate the more

reactive Pd(PPh3)4 in situ.

Example

Catalysts and Ligands

The most commonly used catalytic system is Pd(PPh3)4 in which Pd(0)

is the active catalyst.

Other palladium sources that have been used include the more stable

Pd(II) salts, which serve as precatalysts; being reduced to the active

Pd(0) in situ.
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Mechanism of Suzuki-Miyaura Reaction
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The basic steps in the cross-coupling reaction include:

(i) oxidative addition of the aryl or vinyl halide to Pd(0), followed by

(ii) Transmetallation (the transfer of an organic ligand from the

organometallic reagent to the resulting Pd(II) intermediate).

(iii) The disubstituted Pd(II) intermediate then undergoes a reductive

elimination, which generates the carbon-carbon bond coupling

product and regenerates the catalytically active Pd(0) oxidation

level.
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Schematic Reaction Mechanism

Example: Quinoline residues are common in many Drugs
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Mechanism of Suzuki-Miyaura Reaction



Olefin Ring  Closing Metathesis (RCM)
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One of the major challenges in organic synthesis is the formation of

rings of various sizes. The classical cyclizations favour the formation of

five or six-membered rings.

The facile formation of other ring sizes thus remained a major

challenge in organic synthesis until the advent of olefin ring closing

metathesis that revolutionized the synthesis of both medium-sized and

large rings.

The realization of the concept would make possible the construction of

carbocyclic rings of all sizes with the potential of accessing a variety of

heterocyclic systems.



Olefin Ring  Closing Metathesis (RCM)
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Although all catalytic systems are in principle reversible, the ring

closing metathesis is driven to the right though escape of ethene gas

formed in the metathesis reaction.

The development of well-defined catalysts that are tolerant of many

functional groups yet reactive towards a diverse array of olefinic

substrates has led to the rapid acceptance of RCM as a powerful

method for forming olefinic carbocycles and heterocycles.

The most widely used catalysts for olefin ring closing metathesis are

the Grubb’s ruthenium alkyliidene catalysts shown below.

Grubbs’ Ru-based catalysts exhibit high reactivity in a variety of RCM

processes and show remarkable tolerance towards many different

organic functional groups.12:44 PM



Olefin Ring  Closing Metathesis (RCM)
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Scope of RCM

Examples

Five, six, seven membered and even large ring carbocycles as well as

oxygen and nitrogen heterocycles are formed efficiently through ring

closing metathesis.

Ring closing metathesis has made the had-been-difficult-to-perform

macrocarbocyclization and macrolactonization (formation of large ring

cyclic esters) now a routine exercise in organic synthesis.



Mechanism of Ring  Closing Metathesis (RCM)
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A plausible reaction mechanism for this RCM is shown below:

Consider a typical RCM of hepta-1,6-diene shown below:

It is now generally accepted that olefin metathesis reactions proceed

via metallacyclobutane and metal-carbene intermediates.
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