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Foreword

The Chemistry of the Metal—Carbon Bond is a multi-volume work within the well
established series of books covering The Chemistry of Functional Groups. It aims to cover
the chemistry of the metal—carbon bond as a whole, but lays emphasis on the carbon end.
It should therefore be of particular interest to the organic chemist. The general plan of the
material is the same as in previous books in the series with the exception that, because of
the large amount of material involved, this is a multi-volume work.

The first volume was concerned with:

(a) Structure and thermochemistry of organometallic compounds.

(b) The preparation of organometallic compounds.

(c) The analysis and spectroscopic characterization of organometallic compounds.

The second volume was concerned with cleavage of the metal—carbon bond, insertions
into metal—carbon bonds, nucleophilic and electrophilic attack of metal—carbon bonds,
oxidative addition, and reductive elimination. It also included a chapter on the structure
and bonding of Main Group organometallic compounds. The third volume was
concerned with the use of organometallic compounds to create carbon—carbon bonds.

The present volume is concerned with the use of organometallic compounds in organic
synthesis. It includes material not available when the third volume ‘went to press’
concerned with carbon—carbon bond formation, together with chapters concerned with
the formation of carbon—hydrogen and other carbon—element bonds. The material is
divided into two parts. The first part is concerned with the preparation of Main Group
organometallic compounds and their use in organic synthesis. The second part includes
the use of transition metal organometallics in organic synthesis and chapters on
hydrogenation, saturated carbon—hydrogen bond activation, and the rapidly expanding
field of supported metal complex catalysts.

In classifying organometallic compounds we have used Cotton’s haptonomenclature
(n-) to indicate the number of carbon atoms directly linked to a single metal atom.

In common with other volumes in The Chemistry of the Functional Groups series, the
emphasis is laid on the functional group treated and on the effects which it exerts on the
chemical and physical properties, primarily in the immediate vicinity of the group in
question, and secondarily on the behaviour of the whole molecule. The coverage is-
restricted in that material included in easily and generally available secondary or tertiary
sources, such as Chemical Reviews and various ‘Advances’ and ‘Progress’ series, as well as
textbooks (i.e. in books which are usually found in the chemical libraries of universities and
research institutes) is not, as a rule, repeated in detail, unless it is necessary for the balanced
treatment of the subject. Therefore each of the authors has been asked not to give an
encyclopaedic coverage of his or her subject, but to concentrate on the most important
recent developments and mainly on material that has not been adequately covered by
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viii Foreword

reviews or other secondary sources by the time of writing of the chapter, and to address
himself or herself to a reader who is assumed to be at a fairly advanced postgraduate level.
With these restrictions, it is realised that no plan can be devised for a volume that would
give a complete coverage of the subject with no overlap between the chapters, while at the
same time preserving the readability of the text. The Editors set themselves the goal of
attaining reasonable coverage with moderate overlap, with a minimum of cross-references
between the chapters of each volume. In this manner sufficient freedom is given to each
author to produce readable quasi-monographic chapters. Such a plan necessarily means
that the breadth, depth and thought-provoking nature of each chapter will differ with the
views and inclinations of the author.

The publication of the Functional Group Series would never have started without the
support of many people. Foremost among these is Dr Arnold Weissberger, whose
reassurance and trust encouraged the start of the task. This volume would never have
reached fruitton without Mrs Baylis’s help with typing and the efficient and patient
cooperation of several staff members of the Publisher, whose code of ethics does not allow
us to thank them by name. Many of our colleagues in England, Israel and elsewhere gave
help in solving many problems, especially Professor Z. Rappoport. Finally, that the
project ever reached completion is due to the essential support and partnership of our
wives and families.

Shrivenham, England FRANK HARTLEY
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I. INTRODUCTION

Organic derivatives of all the alkali metals, Li, Na, K, Rb and Cs, are known. By far the
greater part of the reported work has been concerned with organolithiums, owing
primarily to their having adequate reactivity for most synthetic purposes, and being the
easiest to handle of all the organoalkali metal compounds.

A. Stabilities

Organoalkali metal compounds are air and moisture sensitive; their reactivity towards
oxygen, water, and carbon dioxide increases with increasing electropositivity of the metal.
The lower alkyls, even of lithium, can inflame in air. The use of inert atmospheres, nitrogen
or preferably argon, and rigorously dried reagents and apparatus is essential for the
handling of all organoalkali metal compounds.

Simple alkyl and aryl derivatives are thermally stable at ambient temperature with the
thermal stability following the sequence RLi > RNa > RK.... Thermal decomposition of
alkyl—M compounds containing -hydrogens (e.g. ethyllithium and -sodium) occurs via
S-elimination to give MH, alkenes, and small amounts of alkenes, typically at tempera-
tures between 80 and 100 °C. Greater thermal stability is experienced by alkyl—M having
no f-hydrogens, e.g. methyllithium (decomposition to dilithiomethane at 240°C) and
neopentylsodium (decomposition at 144 °C). The thermal stabilities of functionally
substituted organometallics cover a wide range. Particularly sensitive organolithium
compounds are those containing ~C=0, —C=N, or other functional groups able to
react with organolithiums. For these compounds the use of very low temperatures, even
— 110°C, is necessary to prevent their self-destruction. Other thermally labile derivatives
decompose via eliminations of MX (X = halide, alkoxide, etc.); both a-eliminations, e.g.
with Cl,CLi (providing Cl,C:) and f-eliminations [e.g. with 0-XCzH,Li to give benzyne
and LiX, (E)-LICH=CHOEt (loss of LiOEt at —80°C to give HC=CH), and
Me,CHCHLICH ,OLi(decomposition at — 100°C to Li, O and Me,CHCH=—CH,)] are
known.

Chiral secondary alkyllithiums have configurattonal stability only at low temperatures
(e.g. —40°C for sec-butyllithtum) in hydrocarbon solutions. Higher temperatures and the
presence of ethers result in rapid racemization. Chiral sec- and tert-cyclopropyllithiums,
-sodiums and -potassiums have been shown to be stable, considerably so in some cases.
Again, greater configurational stability is found in hydrocarbon than in ethereal solutions.
Another class of configurationally stable organolithtums is the a-alkoxyalkyl derivatives,
RCH(OR')LL, intra-aggregate coordination of the alkoxy groups and lithiums probably
being an important factor here; these species are stable even in thf solution.

The geometric stability of vinyllithiums is very dependent on the substituents present,
with alkyl derivatives, e.g. propenyllithiums, being particularly stable. (Z)-Arylvinyl-
lithiums have a marked tendency to isomerize to the E isomers. Stabilities are greater in
hydrocarbon solvents than in ethers or in the presence of donors.

B. Solvents

Solvent systems for the handling of organolithiums at very low temperatures include
the Trapp solvent, a mixture of pentane, thf and Et,0. Organolithiums are generally
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soluble in ethers. However, alkyl- and aryllithiums can react with etheral solvents (via
proton abstraction) and even at ambient temperatures the lifetime of an organolithtum in
an ether solution can be limited, e.g. the lifetime of butyllithium in Et,O is ca. 150h at
ambient temperature, with a considerably faster decomposition occurring in thf solution.
Some simple organolithiums are soluble in hydrocarbons (both aliphatic and aromatic).
Examples of such compounds are ethyllithium, butyllithium, and t-butyllithium; in
contrast, methyllithium and phenyllithium are essentially insoluble. Alkyl and aryl
derivatives of the heavier alkali metals (RM) have little solubility in hydrocarbons and
they usually react with ethers. Suspensions in hydrocarbons are frequently employed;
however, only hydrocarbons having a lower carbon acidity than RH should be used to
prevent metallation of the solvent (see Section I1.B).

Delocalised organometallic species, including allylic and benzylic compounds, are
generally soluble and stable in ethers.

C. Structures

Considerable work has been performed on the structures of organolithiums; the
structures of the other alkali metal compounds have attracted less attention.

Although RLiis frequently written to represent organolithium compounds, it should be
remembered that alkyl- and aryllithiums are electron-deficient compounds and exist as
aggregates in the gas, solution and solid phases. Aggregates found in the solid state include
(MeLi),, (EtLi), and (cyclohexylLi)s.2PhH. In solution, the degree of aggregation depends
on various factors; it decreases as the steric bulk about the a-carbon increases and as the
coordinating ability of the solvent increases. Thus ethyllithium is hexameric in alkane and
aromatic hydrocarbon solutions but is tetrameric in both Et,O and thf; tert-butyllithium
is tetrameric in hydrocarbons and in ethers whereas menthyllithium is dimeric in
hydrocarbons. In the presence of donors (D) such as tmed and dabco, 1: 1 RLi.D complexes
are obtained in solution and which for R = Bu have been found to exist as monomers and
dimers. The methyllithium tetramer is a particularly stable array and survives even in the
presence of tmed.

As a general rule, the reactivity of an organolithium increases as the degree of
aggregation decreases and so varies markedly with changes in solvent. Further, the
reactivity increases when donors such as tmed and dabco are added to the medium.
Lithium salts, e.g. halides and alkoxides (and also other salts), can also become
incorporated into the organolithium aggregate. Although this will affect certain physical
properties and possibly the reactivity, the avoidance or elimination of LiX in synthetic
work has seldom been thought necessary. Lithium bromide and iodide are more soluble
than lithium chloride in ethers and so a preparation using an organic chioride should
provide a sample of an organolithium containing less lithium halide. Routes to
organolithiums, free from LiX, are available, however.

The solid-state structure of methylsodium is similar to that of methyllithium; in
contrast, methylpotassium and methylrubidium have ionic structures.

For delocalized systems, including benzylic and allylic compounds, ionic bonding may
result in solution. In the solvents usually used, e.g. thf, dme, etc., ion pairs or aggregates will
dominate. The different species present in solution, (such as contact ion pairs and solvent-
separated ion pairs and free ions) may have different reactivities.

D. Availability

Several alkyllithiums are commercially available; these include methyl-, butyl-, sec-
butyl-, tert-butyl-, and phenyl-lithiums and also amides, e.g. LINPr', and LiNEt,.
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E. Bibliography

Reviews on organoalkali metal chemistry have appeared in articles in the series Houben-
Weyl Methoden der Organischen Chemie', Comprehensive Organometallic Chemistry®->,
and Organometallic Compounds*. Organolithium compounds have been dealt with
separately in a book by Wakefield® and sodium and potassium compounds have featured
in works by Schlosser®”.

Il. SYNTHESIS OF ORGANOALKALI METAL COMPOUNDS
A. From Organic Halides

1. Using Alkali Metals'2-°~7

The direct preparation of organoalkali metal compounds from altkali metals and
organic halides:

RX + 2M —» RM + MX ()

TABLE 1. Formation of Organometallics from Organic Halides and Alkali Metals
RX + 2M - RM + MX

Organometallic Organic Yield
compound, RM halide, RX Conditions (%) Ref.
MelLi MeCl Li shavings, Et,O 89 649
MeBr Li shavings, Et,O 93-98 650
Mel Li shavings, Et,O 80-82 651
BulLi BuCl Li wire, pentane, 93-98 652
reflux
BuCl Li chips, Et,O, reflux 75-80 653
BuCl Li wire, thf, —25°C 74 654
BuLi Bu*Cl Li wire, pentane, reflux 93-98 652
Bu'Li Bu‘Cl Li (1% Na) dispersion, pentane 70-80 655
MeOCH,Li MeOCH,CI Li powder (0.8%, Na), 80-88 656
(Me0),CH,
Me,NCH,CH,CH,Li Me,NCH,CH,CH,Cl Li powder, Et,O 66 657
Me,SiCH, Li Me,SiCH,Cl Li powder, Et,O 52 658
Me,SiCH,CH,CH,Li Me,SiCH,CH,CH,Br Li powder, Et,O 93 658
Me,CCH,Li Me,CCH,Cl Li powder, Et,0, —40°C 85 659
EtCCILiCO,Pr’ EtCCl1,CO,Pr Li slices, thf, 0°C 660
Li Br
V v Li wire, Et,0, 0°C 88 661
Me Me Me Me
Li, Et,O 662
Me Me Me Me
Li Br
Li Br

d d Li (Cu), pentane, reflux 48 663



6 J. L. Wardell
TABLE 1. (Contd.)
Organometallic Organic Yield
compound, RM halide, RX Conditions (VA Ref.
Li Cl
Li (Cu), pentane, reflux 51 663
Li Cl
Li shot, light petroleum, 70 664
reflux
Li dispersion, cyclohexane, 83 665
reflux
Li Ci
Li (2% Na), pentane, reflux, 82 666
Li . vigorous stirring
CH,=CHLi CH,=CHCI Li (20% Na) dispersion, 60 667
thr
PhLi PhCl Li dispersion, Et,O 90 668
PhBr Li wire, thf, —60°C 90 669
Phl Li chips, Et,0, refllux 80 650
OMe OMe
@L‘ ©/B' Li, Et,0 85 670
Li
4e,NCH, CH,NMe,
Br Li, Et,0, reflux 80 671
Me,NCH, CH,NMe,
Li(CH,),Li Br(CH,),Br Li powder, Et,0,—10°C 63 672
PrNa PrCl Na 26 673
C¢H,,Na C,H,,Cl Na dispersion, heptane 89 674
Ph,CNa Ph,CCl Na amalgam, light petroleum 90 675
CH,=CHNa CH,=CHBr Na dispersion, heptane 65 676
CH,=CHCI 90 677
PhNa PhCl Na dispersion, PhH 75 678
p-PhC¢H, Na p-PhC,H,CI Na 78 679
[/ \ Na @Cl Na amalgam 84 680
~
S S
CH,,K CH,,Cl Finely divided K, 35 681
pentane
CH,=CHK CH,=CHCI Na-K alloy, Bu’,O 90 682
PhK PhCl] K dispersion, methyl- 683

cyclohexane, 20°C
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is a valuable method, particularly for organolithiums. Various forms of solid lithium have
been used, including chips, wires, powders, dispersions, and alloys (containing low
amounts of sodium). In addition, lithium vapour has been employed to give polylithio-
alkanes®?®, e.g. trilithiomethane was obtained in ca. 16% yield by co-condensing lithium
vapour at 750 °C with chloroform on a cryogenic surface®.

For sodium, potassium®, and the other alkali metals, the use of finely divided metal,
dispersions'?, amalgams, and alloys, with high-speed stirring and temperature control,
have been recommended. Particularly reactive dispersions have been obtained by the use
of ultrasonics*'

Both ethereal and hydrocarbon media have been used; the latter are frequently required
for secondary and tertiary alkyllithiums and for the other alkali metal compounds.

Important by-products are the coupled products, RR. This homo-coupling (Wurtz
coupling) becomes easier as the electropositivity of the metal increases and in the halide
sequence [ > Br > Cl. So much coupled product arises from reactions of any alkali metal
with allylic or benzylic halides that alternative routes to allylic or benzylic alkali metal
compounds have to be followed. Exceptions appear to be Ph,CHLi!? and Ph,CM!
(M =Li, Na, K, Rb, or Cs); in both cases cleavage of the initial coupled intermediates,
Ph,CHCHPh, and Ph,CCPh,, by the metals apparently occurs.

Alkyl, alkenyl, and aryl compounds have all been obtained (Table 1). Both simple and
functionally substituted organolithium species have been obtained from organic chlorides
or bromides; alkyl iodides, except Mel, are not normally used. This direct route has been
especially recommended for secondary and tertiary adamantyllithiums and related
compounds, including 1-twistyl-, 1-triptycyl-, and 3-homoadamantyllithium'3, using
either the organic chloride in pentane at 35 °C or the chloride or bromide in diethyl ether at
—45°C. Alternative routes to these compounds have had only limited success.

a. Mechanism

Apart from RR, by-products are RH and possibly alkenes (R — H). These products
suggest a free radical nature to the reaction. An electron transfer mechanism, illustrated in
Scheme 1 for organolithiums, has proved popular. Electron transfer to the CX bond
provides initially the radical anion, RX ™", which can either lead to the formation on RLi on

R-X RX™"Li* RX™,LiT RLi+LiX
> 7z T 777?7777777 -
/ ¢ /
Li Surface Li dlffu5|on of R into solution Li

SCHEME 1

the surface or to the release of free R” into the bulk of the solution. The greater the stability of
R’, the greater will be the possibility of diffusion of R* away from the surface and greater will
be the amounts of radical derived products, RR, RH and (R — H).

A number of stereochemical studies point to the involvement of radicals, e.g. partial
recemization has been reported'*'* in reactions of lithium with chiral cyclopropyl
halides, such as 1-X-1-methyl-2, 2-diphenylcyclopropane (1). The extent of racemization in
the products, 1-Li-1-Me-2,2-Ph,-cyclopropane, increased in the sequence X =1> Br
> Cl. Other factors influencing racemization are the sodium content in the lithium sample
and its particle size. Compound (1, X =F), also reacts with lithium to give largely
racemized products; however, the reaction was considered to occur via electron transfer to
the phenyl ring and not to the carbon—halogen bond*®.

Other examples indicating equilibration, via radicals, are (i) the two isomers of 2,2, 6-d5-
cyclohexyl bromide providing the same isomeric mixture of 2,2, 6-d,-cyclohexyllithium
products'’, (ii) exo- and endo-norbornyl chloride giving identical mixture of norbornyl-
lithiums'®, (iii) menthyl and neomenthyl chloride with lithium sand in refluxing pentane
producing the same mixture of epimeric lithium reagents'®, and (iv)(E)- or (Z)-4-
chlorohept-3-ene with lithium containing 1% sodium in thf producing mixtures of (E)- and
(Z)-vinyllithiums?° (Scheme 2).
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R.CI —=» R === R, «— Rl
RELi R, L
R Cl=(E)-EtCH=CCIPr; R,Cl =(Z)-EtCH=CIPr
SCHEME 2
In contrast to the last example, a number of other vinyl halides react with Li with
retention?!-22;
(Z)-MeCH=CHClI + Li (1% Na) -(Er'—?”» (Z)-MeCH=CHLi Q)
(E}-MeCH=CHBr + Li (1% Na) —=°_, (E)}-MeCH=CHLi 3)

(ref. 21)

2. Using Alkali Metal Radical Anion Compounds, ArH "M™ and Dianlon
Compounds ArH?>~ 2M *23.24

Use has been made of alkali metal arene radical anion compounds, ArH ~*"M *, in place of
the metal, M, in the formation?3~3# of organoalkali metal compounds, RM, from organic
halides, RX. In certain cases, there appear to be advantages in the use of ArH™"M *.

The ArH ~*M * compounds are simply prepared by reaction of ArH with M, usuallyinan
ethereal solvent, although preparations in hydrocarbons appear possible if ultrasonics are
used to disperse the metal®®.

The reaction scheme involving RX and ArH™"M™* is shown in Scheme 3, using
(naphthalene)™ "M * as the reagent. Scheme 3 illustrates the formation of both RM and an

@ RM + naphfhalene
R+ Naph™ M" \ |
SCHEME 3

alkylated dihydroarene anion; for M =sodium, these latter products can become
significant and so limit the yields of RNa. Additional problems with sodium (and the
heavier alkali metal) systems are the reactions of RM with ether solvents (to give
RH)?3:24.40-41 and ajso with RX (to give RR)?*:24:42:42 For lithium, such problems are not
so pronounced and the good yields of a variety of RLi compounds indicate the synthetic

value of this method (see Table 2).
A step involving the reaction of an organic chloride with Naph™ Li~ has been
incorporated into a synthesis of -alkoxyalkyllithiums*? (Scheme 4).

RCOCH,Cl —"—~ RR'C(OLi)CH,ClI -

RR'C(OH)CH,Cl —2— RR'C(OLi)CH,Cl —~—RR'C(OLi)CH,Li

(i) R’Li (e.g. BuLi), — 78 °C; (ii) Naph "Li*, — 78 °C.
R =H, R’ = Me, Pr!, Bu', Ph or PhCH,
R = Me, allyl, R" = allyl
R = allyl, phenyl, R’ = phenyl
SCHEME 4
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TABLE 2. Formation of RM from reactions of alkyl halides, RX, and ArtH™" M ™

Yield of
RX ArH "M ™** Conditions RLi (%) Ref.
BuC\ Phen™"Li* thf, —100°C 45 25
CyH ;Cl Naph~* Li* thf, —78°C 45 26
Li*tdbn~" thf, —78°C 49 26
Li*dbb~ thf, — 78°C 94 %
C,H,Br Li*dbb~" thf, — 78°C 91 26
C.H,,CHMcCI Li*dbb~" thi, —78°C 87 2%
BuMeCEtCl Litdbb™" thf, — 78°C 88 26
Ci
O/ Naph™ Li* thf, — 50°C 70 25
Ph,Cl Phen™"Li* thf, 25°C 70 25
Naph™"Li* thf, —78°C 100 37
PhSCH,CH,CH,Cl Naph~"Li* the, 65°C 59 25
Br
PO Li*dbb~ thf, —78°C _ 3
=
Cl
@ Li*dbb™" thf, - 78°C 96 29
PhF Naph™"Li* thf, —-50°C 85 25
PhCI Naph™"Li* thf, —50°C 85 25
/ N
b )_CI Naph ™" Li* th, 20°C 88 1
l\ll Naph~"Na* thf,20°C 73 33
Me
2(4)-Chlorosemi- Li*dbb~" thf, —78°C — 30
bullvalene

“dbn = Bu',-naphthalene: dbb = p-Bu'C H,C H,Bu'-p.

The competition, illustrated in Scheme 3, between the electron transfer (step a) and the
alkylation (step b) reactions can be diverted in favour of a by using hindered arenes?®. The
rationale for this is that electron transfer processes can proceed between species separated
by much longer distances than demanded by the transition state for alkylation. This is well
illustrated by the success of (p-Bu'C H,C4H Bu'-p) ™" Li™ in thf at — 78 °C in providing
good yields of RLi with only small amounts of alkylation products?®.

Anothersignificantfactor must be the reduction potential of ArH; the higher thereduction
potential, the greater will be the prospect for electron transfer. From a number of sources,
it appears that the effectiveness in forming RLi from ArH ~"Li* is in the sequence ArH
= p-Bu'C4H,C¢H, Bu'-p > Bu,'-naphthalene (a mixture of 2, 6- and 2, 7-isomers) > PhH
> naphthalene > anthracene?®,

Solvent-separated ion-paired (s.s.t.p.) ArH ™ M ™* allow more electron transfer than do
the contact ion-paired (c.i.p.) forms; hence, since the solvent, the cation, and the
temperature affect the s.s.i.p.—c.i.p. ratios, these clearly are important factors?.

The arene dianionic compounds ArH?~ 2M * (which exist as very tight ion triples) are
generally less effective than ArH™"M™* in electron transfer reactions, as shown by the
following two examples?®: (i) Naph?~ 2Li* and C4H,3;CHMeBr in Et,0 provided only
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TABLE 3. Stereochemistry of product RM from reactions of alkyl halides and ArH™"M*

Alkyl halide Reagent” Product
(RX) conditions (RM) Rel.
Cl Li
Li*dbb ", thf 28
—78°C
anti Syn:anti > 200:|
Ph Me Ph Me
W(Br Naph~"Li*, }v‘:u 35
Me thf, 20°C Me
either isomer trons:cis= 45:55
Ph Me Ph Me
v(,( Naph™"M* \vﬁw 35
(M =Li, Na or K)
X=C! or Br trons:cis= 55-60:45-40
Me Me Me Me
Naph" Li+, 34
thf, room temp.
Br Li
either isomer cis,¢is:trans,trans
=8:92
Ph Ph
‘V Naph™ Li*, v 34
Br thf, room temp. Li
either isomer cis trans =21:79
Br Li
Li*dbb ™, thf, 28
- 78°C
Syn.onti=|:3.8
¢ Li
@h Li*dbb ", thf, @5 28
—178°C
anti Syn:anti=|:1.33
Li*dbb ™", thf, 5&_ 28
Cl —-78°C Li
exo:.endo=|0:|
Cl Li
Li*dbb™", thf, 28
-178°C

cis:trans =14:|
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TABLE 3. (Conid.)

Alkyl Halide Reagent® Product
(RX) conditions {(RM) Ref.
c! Cl
Li*dbb ", thf, 30
o] —78°C
Li

major product 61%

“dbb = p-Bu'C H,C H,Bu'-p.

9% electron transfer compared with the 57% when Naph~"Li* in thf was used, and
(i) Bu',-naphthalene?” 2Li* and C¢H,,CHMeBr in Et,0 gave 34, of C¢H,,;CHMeLi
compared with 96% for reaction of Bu',-naphthalene™ Li* in thf.

The benzynoid reagent** o-FC4,H,Na has been prepared from 0-BrCqH,F and
[Ph,CCPh,]?~ 2Na™* in thf at — 70°C.

Normally in reactions of RX and Naph ~*M *, the yields of RM are independent of the
halogen, X (as indicated in Scheme 3). However, halogen effects were noticed*® in reactions
of a number of primary alkyl halides (RX) with the dianion [Ph,CCPh,]>*"2Na™ in 2-
methyltetrahydrofuran at ambient temperature: the average yields of RNa (and/or RNa
derived products) were 34 + 5, 52 + 3, and 66 4 3% for X = Cl, Brand I, respectively. The
explanation for the [Ph,CCPh,]}?"2Na™ results was based on the intermediacy of radical
anions, RX ™", having finite if only very short lifetimes, and a competition between the
decomposition of RX ™", within geminate radical pairs, [(Ph,CCPh,)""RX™"], and the
diffusive separation of the pair. The longer the lifetime of RX ™", the greater will be the
fraction of the geminate radical pairs undergoing separation.

a. Stereochemistry

Only if the free radical R, formed as shown in Scheme 3, could be trapped before any
possible isomerization occurred would the stereochemistry of the organic halide be
retained. From many examples, it appears?8:29-3435 that equilibration of radical
intermediates proceeds at a faster rate than reactions with ArH ™ "Li* (see, for example
Scheme 5 and Table 3). Thus in these reactions, the ratios of isomeric organolithium
products reflect the equilibrium ratios of the intermediate free radicals.

Br
_Lidbp W\ _Lidbb___ o W
thi,-78 “hf-78°C Slow

(2)
+ l r fast +
M H
W\ _Lidbb W Lidbb W\u
B
thf,~78 °C Slow
Syn:anti 1.5 Syn:anti: 110

Lidbb = (p-Bu’ CgHaCgH4BY - p )T LI T

SCHEME 528
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A different case emerges with phenyl-substituted cyclopropanes, 3*® and 4*5. For these
compounds, a net retention of configuration results on reaction with ArH™"M™. The

Ph
N O
Ph
Me X
Me
(3)

(4)

extent depends on the halide and M; e.g. from 3 (X =Cl, Br or I), net retention of
configuration obtained on reaction with Naph™" K™ in thf at 20°C was 3, 53 and 41%,
respectively, and from 3 (X = Br), the net retention of configuration obtained using
Naph ™" M* was 30,49 and 53% for M = Li, Na, and K, respectively. For these reactions of
3 and 4, it seems that the phenyl substituents play some role, as yet undefined?>.

Differences in stereochemistry of the products, RLi, have been found between reactions
of RX with R'Li and with ArH™"Li*, the R’Li reactions proceeding essentially with
retention; e.g. in contrast to the results shown in Scheme 5, compound 2 reacts with BuLi
in thf at — 15°C with retention of configuration?®. Another example is shown by syn-7-
bromonorbornene?®-3°, equation 4.

Li Li

idbb,thf 7
B =T L& + Eb (4)
ﬁ (85) (6)

I part 3.8parts

Bu’Li,thf
—2o (5): (8) = 20

However, retention of configuration was found in the reactions of both (p-
Bu'C4H,CcH,Bu'-p)°Li* and Li with syn-7-methoxy-2-exo-bromonorbornane3®.

Differences in products have also been recorded*®, e.g. equation 5 for reactions of (E)-
BrCH=CHOE:.

Li H

PhPhLi", ~. 7 - LiOEt —
hi-80°C A=C ~BG °c> HCe=cH

Br H H OEt

c=c —
e
H okt Br H &)
Buli

~ e
thf,-80°C N
Li OEt

3. Using Organometallic Compounds: Metal-Halogen Exchange ' 347

The metal-halogen exchange reaction, equation 6, is a very valuable method of
synthesis of organolithiums. Much less use has been made of this method for the other
alkali metal compounds.

RX + R'M=RM + R’X (6)
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Lithium—halogen exchanges are rapid reactions even at low temperatures. They are also
reversible reactions and equilibrium constants have been determined for some systems*8-42,
e.g. for interactions of RLi and Phl (equation 7):

RLi + Ph1=PhLi + RI €
K, = [PhLi][RIJ/[RLi][Phi]

at — 70°C in Et,0; log K (R) = 2.41 (vinyl), 0.98 (cyclopropyl!), 3.5 (Et), 6.1 (Me,CCH,),
and 6.9 (cyclopentyl), and for interactions of YC4H,Br and PhLi (equation 8):

YC4H,Br + PhLi=YCgH,Li + PhBr ®)
Ky = [PhBr][YC4H,Li]/[PhLi][YC4H,Br]

at 25°C in Et,0; Kg4(Y) =0.6 (p-Me), 0.8 (m-Me), 5.3 (p-Cl), and 2.89 (m-CF ).

Values of K were found to be almost independent of the temperature and are also
similar in Et,O and thf. The aggregation of the organolithium was not considered in
calculating the equilibrium constants.

As can be deduced from the quoted values of the equilibrium constants, lithium at
equilibrium is preferentially attached to the organic residue better able to stabilize the
negative charge. The larger the difference in the stabilizing abilities of the two organic
fragments in a given exchange reaction, the further the equilibrium will lie to one side.
Reactions of simple alkyllithiums and alkyl halides will not lead to complete exchange;
the reaction of ethyllithium and methyl iodide in benzene solution gave only a 1:1 complex
of methyl- and ethyllithium®®, However, reactions of alkyllithiums with aryl halides,
cyclopropyl halides, 1-alkenyl halides, alkynyl halides, and some a-substituted alkyl
halides do lead to extensive exchanges and hence to useful preparations of new
organolithiums. These will be referred to again later.

The general reactivity of the organic halide, RX, decreases in the order X =1> Br
> Cl > F, e.g. the bromide is exchanged®' in 2-F-4-CIC4H,Br, equation 9.

Br Li

Buli,Ety0, 9)
—— " —
hexane,~B80°C

Cl Cl

Few exchanges have been realized with chlorides and rarely any with fluorides. For
fluorides, especially, and chlorides (and occasionally also for bromides), an alternative
reaction to metal-halogen exchange may occur, namely metallation of o-hydrogens (in the
case of aromatic compounds) or a-hydrogens, made acidic by the adjacent halogen
atom(s). There are, however, a number of instances of Li-Cl exchanges occurring with
polychloroorganics®.

Competitive metallation of organic bromides and chlorides can be reduced by
employing electron-donating solvents at low temperatures; at low temperatures, the rates
of Li-Br exchanges in ethereal solvents are generally greater than rates of metallations.
The presence of tmed, however, has been found to promote metallations rather more than
metal-halogen exchanges®2.

A further problem can be alkylations, i.e. the production of coupled products, RR’, from
RLi and R’X (see Section III.C.2). Such coupling is more probable in thf than in
Et,03%3:34:3% or other poorly polar solvents, see equation 1035, The 1-butylnaphthalene
product in equation 10 is apparently formed indirectly, that is, from the initial exchange
products, 1-lithionaphthalene and BuBr, rather than directly from the reagents. Vinylic
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8u

Br thf -hexane (5:1)

+ Buli 72°/o

Etzo hexane (5:) “ “
°/°

iodides give vinylic lithiums with RLi (R = Et or Bu) in Et,O but in thf coupled products
occur. Coupling occurs more readily with primary than with secondary or tertiary
alkyllithiums. More alkylation results with MeLi or PhLi than with BuLi or Bu'Li; see, for
example, equations 11 and 12.

(10)

BulLi,-10C °C
Cl tht ErZO hexane

(>L Cc= c~<] — (ref-56)
PhL| 8 °C, thf ‘>_

ZLA

(1)

BuLi,~78 °C,
thf

Br (ref- 57) (12)

Meli,0 °C_
thf g

One method of overcoming alkylations is the use of two equivalents of RLi; the extra
equivalent of RLi reacts with the RX formed in the Li-X exchange.

NAVAVAY,

BuCH,C=CI + 2BuLi ——"""" , BuCH,C=CLi + [BuBr] + Lil  (13)

(ref. 58)

thf, Et20, pentane.

(E)-RCH=CHBr + 2Bu'Li —oiC (E)}-RCH=CHL:i + LiBr

(ref. 59) + Bu'H + Me,C=CH, (i4)

Lithium-halogen exchanges are faster in ethereal solvents than in hydro-
carbons*849:60 Evidence has been found for the presence of lithium halide retarding the
rates of lithium—halogen exchanges®®

The reactivity of different types oforgamc halides has also been investigated®'; towards
BuLi in thf—hexane at — 100°C, the reactivity decreased in the order ArCH,Br > ArBr
> Ar(CH,),Br (n > 2) > Ar(CH,),Cl, as illustrated by equations 15-17. Even at —100°C,
0-BrC4H,CH,Li, formed in equation 17, undergoes coupling with the o-bromobenzyl
bromide present; this illustrates the major problem of preparing benzyllithiums by this
route.
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Br Li
CRR'CI CRRCI
+ BuLi thf, hexoane. (15)
-100 *C
61,62 '
’ (refs.61,62) ReR'<H
R,R'=H,Me 88 %
Br Br
CH,Br " CHypLi
+ BuLi f,hexane, (16)
-100C
(ref.61)
or § CH,CH,CHRBr
CH,oCH,CHRBr 272
thf, hexane,
— 2o,
-100°C (17
(ref.62)
R=H or Me R=H
(100%)

a. Mechanism®

Particularly well suited for kinetic study are the exchanges between aryl halides and
aryllithiums; second-order reactions are generally found®*®:¢2. The p value for exchanges
between PhLi and ArBr in Et,O was calculated to be 4.0. Reactions of butyllithium and
ArBr in hexane at 40 °C were shown to be first order in ArBr and in (BuLi)g (butyllithium
exists as a hexamer in hexane)®*. The p value was calculated to be ca. 2. Possible transition
states include a four-centred transition state and one arising from an S\2 type attack
of Bu™ on ArBr.

A free radical component has been detected in some reactions, e.g. between alkyl halides
and alkyllithiums®-°. However, the complete retention of configuration in some reactions
of cyclopropyl®® and 1-alkenyl halides®®, e.g. equations 18 and 19, and the partial
retention in others (e.g. in the reaction of 2-octyl iodide and Bu’Li in hexane-Et,O at
—70°C)®7, suggest that the extent of the free radical nature cannot be significant in all
such reactions.

Ph Me
}v‘ Buli Ph Me
. k 7‘ 18
Ph Br Ph i ( )
Pr H Pr H
e’ Buli ~N.__ /
= — /C—— L,\ (19)
Cl 7 Et Li Et

Use of Li, in place of BuLi, with the reagents in equations 18 and 19 leads to loss of the
stereochemistry.

b. Alkyl halides

Asshown in equation 18, lithium-halogen exchanges provide cyclopropyllithiums with
retention of configuration. A further example is shown in equation 20°8; (E)-7 also reacts
with retention of configuration.
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Me Br Me Li

Pr Li
_—
H H Et,0, pentane  H H (20)
[(Z)- 7]

Compound 8 can be prepared®® by a variety of routes, including Li—Br exchange,
equation 21; however trimethylsilylcyclopropane could not be metallated to 8 using Bu®Li

and tmed in thf.
SiM93
Ql Buli tht-78°C
-

8r
. SiMe
SIM83 Noph_}Li+ _ /\‘ 3 (2‘)
thi,~78°C IL
i
SPh
@®)
SiMe
3 BuL.i
thf,-20°C
SeMe

Bridgehead tertiary alkyllithiums, e.g. 1-Li-triptycene (equation 22)7° I-Li-
norbornane’!, 1-Li-bicyclo[2.2.2Joctane’®’!, and 1-Li-adamantane’®, have been pre-
pared via lithium—-halogen exchanges.

OT0 —

Suitably sited methoxy groups can enhance’? rates of lithium-halogen exchange; e.g. 9
is more reactive towards BuLi than either 10 or 11. This is due to the stabilization of the

OMe OMe
MeO
Br jz\\ Br
8r

(9) (t0) (n

product organolithium arising from intramolecular coordination, a feature not available
to the products from 10 and 11.

OMe
\Li
9 + BuLi hexane, O °C (23)

¢. Polyhaloalkanes

Polyhaloalkanes, including polychloroderivatives, undergo Li—X exchanges to give
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carbenoid reagents. Very low temperatures must be used to prevent decomposition of the
haloalkyllithium products. Some examples are listed in equations 24 and 25.

CCl, + BuLi 2212, ey, Li (24)
(ref. 73) B
CFCl, + BuLi "=, cFcl,Li 25)
3 (ref. 74)

When both Cl and Br are present in the polyhaloalkane reagents, products arising from
formal exchange of either halogen can be obtained, equatton 26; however, this may be a
consequence of scrambling of halogens. Halogen exchange can occur’® between LiX and
the polyhaloalkyllithium, as shown with LiBr and [(EtO),PO]CCI,Li

CCl,Br + MeLi -f'f:)cc CCl,Li + CCl,BrLi (26)
(ref. 75) 65%: Il%

Reactions of gem-dihalocyclopropanes with RLi occur stereoselectively if not stereospe-
cifically. Subsequent isomerizations may occur’’. Compounds 12 (X = Br)’%7°, 1378, 14
(X =CI)’8,15(X = Br)®%-8! 1682, and 1783 all undergo Li—X exchange stereospecifically at
the endo position, e.g. equations 27 and 28.

X
X Br
X
0 o] [0)
(12) (13) (19)
X Br %
X Br X
O
[ o
(15) (16) (17)
Li
~.Br
f,h @7
thf,hexane,
P ———t»
16 + Buli 55 °C
Li
Br
15(X=Br) + BuLi — =107 %0 (28)
Slight
deficit
(18)

Of interest, the product 18, anti-7-bromo-syn-7-lithionorcarane, isomerizes on standing
or in the presence of excess of BuLi. Both isomers are obtained®* from 15 (X = Cl) and
BulLi in the Trapp solvent at — 115°C. Endo lithiation of 12 (X = Cl) occurs in Et,0 but
both isomers result in thf. Both isomers are obtained from 14 (X = Br).

Further examples of substituted alkyllithiums, including «-RS®%, a-RSe®¢, a-RO,C?7,
and «-R M (M = Si%889 Ge®®, Sn®°, or Pb*!), are listed in Table 4.
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TABLE 4. Formation of organolithiums via halogen—lithium exchange reactions

RX +R'Li—»RLi +R'X

Organolithium reagent

Organic halide, RX R’Li, and conditions Product (%) Ref.
CFBr, BulLi, thf, hexane, — 116°C CFBr,Li (70) 684
CBr, BuLi, thf, pentane, — 100°C CBr,Li (80) 685
Cl;CP(O)OEt), BulLi, thf, E{,0, — 105°C LiCCl,P(O)(OEY), (76) 686
PhCCl, BulLi, thf, hexane, — 100°C PhCCl,Li (75) 687
BuCBr, BulLi, thf, Et,0, — 105°C BuCBr,Li (60) 688
BuCHBr, Buli, thf, Et,0, pentane BuCHBrLi (64) 689
CH,Br, Bu’Li, LiBr, thf, Et,0, BrCH,Li 690
pentane, — 110°C
Ph,SiCH,Br BulLi, Et,0, hexane, —78°C Ph,SiCH,Li (78) 691
(Me,Si),CBr, BulLi, thf, hexane, — 115°C {Me,Si),CBrLi (70) 692
(Me,Si);CBr BulLi, Et,0, hexane, —75°C (Me;Si);CLi (77) 692
Ph;GeCH,Br BulLi, Et,0, 20°C Ph,;GeCH,Li (90) 690
Ph,SnCHI, Buli, Et,0, —60°C Ph,SnCHILi 693
Me,SnCBr, BulLi, thf, Et,O, hexane—- 105°C Me;SnCBr,Li 694
Ph,PbCH,I BuLi, Et,0, —50°C Ph,PbCH,Li (58) 695
PhSCH,Br BuLi, thf, —78°C PhSCH,Li (55) 696
PhSeCH,Br BuLi, thf, —78°C PhSeCH,Li (75) 697
MeO H MeO H
Bu‘Li, pentane, — 78 °C 698
H Br H Li
(90)
MeO Br MeO Li
}v‘ Bu'Li, pentane, — 78 °C 698
H H H H
(90}
EtO Br EtO Li
}v‘ BulLi, thf, hexane, —95°C W (T 699
H Br H Br
MeNCO  Br Me,NCO  Li
rv( MeLi, Et,0, — 60°C (89) 700
Me Br Me Br
Cl Ct
ﬁ\\/’>‘/‘l\5f MeLi, Et,0, thf, — 78°C LO Li 701
0] 0]
Br Li
Oyj\c' MeLi, Et,0, thf, — 78°C o cl 701
/o /o
Cl Li
oy,\c‘ BuLi (2 equiv.), Et,0, — 78°C 0 Ci 702
/-0 /0
HCBr,CH=NBu' Buli, thf, — 70°C LiCHBrCH=NBu' (80) 703
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TABLE 4. (Contd.)
Organolithium reagent
Organic halide, RX R’Li, and conditions Product (%) Ref.
CH,=CHBr Bu‘Li (2 equiv.), thf, E(,0, CH,=CHLi (85) 704
pentane, — 110°C
Ph H . . Ph H
Ne=c Bu‘Li (2 equiv.), thf, Et,0, \C=C/ 704
. —110° - N
H/ \Br pentane, — [10°C H Li
n
Ph\C—C Br Bu'Li (2 equiv.), thf, Et,0, F>h\C_ C/l-' 704
P pentane, — 110°C AUTTEN
H H H
(81)
) Bu'Li (2 equiv.), thf, Et,O, . )
CH,=CPhBr pentane, — 110°C CH,=CPhLi(71) 704
8 iM 8 SiM
e BuLi, E1,0, — 70°C, Nem 03 705
W er 20 min TEEY
(88)
Bu SiMe .
\C=C/ BuLi, thf, Et,0O, hexane, BuCH=C(SiMeg)Li 705
~ _9§° i
H I 93°C, 30 min (E)(2)=93:7
Bu B8r Bu Li
~
“e=cC BuLi, thf, —70°C, 2h Sc=c  (96) 705
. ~c
H SiMe 5 H SiMex
CHp=CBrCH,0H Bu'Li (2.5 equiv.), E(,0, CHy =CLICH,0Li (73) 706
pentane, —78100°C
H H H H
~
e=c_ BuLi, E(,0, hexane, — 80°C Se=c (@4 707
EtO Br ’ EtO Li
Me,C=CBFCH(OEt), BuLi, —90°C MeC=CLICH(OE), 708
(70)
MeO 8r
~
c=c_ BuLi, Et,0, — 78°C (£)and (2) MeOCH= 709
e ~a CBrLi
r
8r Li
Bu'Li, thf, Et,0, ‘ 710
pentane, — 110°C (90)
0 0
Br BuLi (1.3 equiv.), thf, —78°C Li 711
Me Me
Me,C=CBrCOH BuLi (2 equiv.), thf, hexane, Me, C=CLiCOpLi 712

-~ 100°C

(98)
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Organolithium reagent

Organic halide, RX R’Li, and conditions Product (%) Ref.
Br ;OZH Li CO,Li
~ . . 2
/C=C\ BuLi (2 equiv.), Et,O, hexane, >C= < 713
H Me —78°C H Me
()
Br Li
Bu‘Li, thf, pentane, 714
CONMey —75°C CONMe2
(85)
H NMep H NMep
~ ~ . ~ —~
c=C BuLi, thf, pentane, — 70°C C= 715
B ~en L en
(60}
CH,=CBrCF, BuLi, Et,0, —78 to CH,=CLIiCF, 716
—90°C
CCl,=CF, BuLi, Et,O, thf (1 equiv.), LiCCI=CF, (86) 717
— 120 to 90°C
CF,=CFBr MeLi (2 equiv.), thf, hexane, CF,=CFLi (96) 704
Et,0, —110°C
CCl,=CCIBr Buli, Et,0, —110°C CCl,=CCILi (92) 718
Ph,C=CBr, BulLi, thf, pentane, — 100°C Ph,C=CBrLi (85) 719
Br Li
BuLi, hexane, — 78 °C 720
Br Br
Cl Clt Cl Ci
Cl Cl ci ct
Br : o Li
BulLi, Et,0, —75°C 721
Cl Cl
Me,C—=C=CHBr BuLi, Et,0, —70°C Me,C=C=CHLi (91) 722
PhBr BuLi, PhMe, 50°C PhLi (95) 723
0-FC H,Br BuLi, Et,0, —70°C 0-FCgH,Li (84) 724
0-BrCyH , Br BuLi, Et,O, thi, hexane—100°C  0-BrC¢H,Li (95) 725
m-FCgH,Br BuLi, Et,0, —45°C m-FCcH,Li (65) 726
p-BrC H Cli BuLi, Et,O p-CIC H,Li (90) 727
p-BrCsH Br BuLi, Et,O p-BrC H,Li (78) 727
Excess BuLi p-LiC.H,Li (89)
Br Li
BuLi, Et,O0, —78°C (©7) 728
Br Br Br r
Bu’ Bu’
Bu’ Bu’ BuLi, thf, hexane, ~78°C Bu’ B’ 729
Br Li
(59)
0-BrC,H,CH,CH,Cl BuLi, thf, —100°C 0-LiC¢H,CH,CH,CH,CI 730

(81)
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Organolithium reagent

Organic halide, RX R’Li, and conditions Product (%) Ref.
0-BrC,H,OH BuLi (2 equiv.), Et,0, 25°C 0-LiC¢H,OLi (62) 731
0-BrC H,CH,OH BuLi (2 equiv.), E,0, —20°C  0-LiC4H,CH,OLi 732
(30)
0-BrC,H,CH,SH BuLi (2 equiv.), thl, hexane, 0-LIC4H,,CH ,SLi (60) 732
—100°C
X Li
©:<1 BuLi, thf, —78°C @ 733
0O 0O
X=Brorl 83-85
0-BrC4H,CO,H BuLi (2 equiv.), thf, —78°C  0-LiC4H,CO,Li (80) 732
0-BrC H,CO;Me BuLi, thi, — 100°C 0-LiC¢H,CO,Me 734
(88)
p-BrC,H,CO,Bu’ Bu'Li, thf, hexane, — 100°C p-LiIC4H,CO,Bu’' (75) 735
p-BrC(H,CH,CH,CO,H  BuLi (2 equiv.), th, —90°C, p-LiC¢H ,CH,CH,CO,Li
hexane (80) 736
0-BrC H NHCOBU' (i) MeLi, —78°C 0-LIC4H /NLiCOBu'
(ii) Bu'Li, —78°C (92) 737
BrC,H,CN BuLi, th(, —100°C LiC¢H,CN 738
0-(82), m-(88),
p-(83)
m-BrC,H,CF, BuLi, Et,0, 0°C m-LiC¢H,CF, (62) 739
0-BrC H,NO, PhLi, thf, — 100°C 0-LiCH,NO, (87) 740
NO» NO2
Br BuLi, thf, hexane, L 741
—100°C
er Br
(50)
p-BrC,H,NH, excess BuLi, Et,O, —60°C p-LiCcHNLi, (68) 742
Br Li
PrLi, Et,0, 25°C 743
(97
Br Br Br Li
BuLi, Et,0, 20°C 744
(on
Li Li
BuLi, thf, —35°C (72) 744
Br Br Li Li
O BuLi, Et,O, hexane, 745

tmed, —10°C

O}
Q) e
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Organolithium reagent

Organic halide, RX R’Li, and conditions Product (%) Ref.
1 Li
Cl Cl
cl al BuLi, Et,0, —70°C cl cl (59) 746
Ci C!
Cellg BuLi, Et,0, —78t0 — 10°C CgClgLi(79) 747
Bu'Li (3 equiv.), thf, —78°C p- LIC6C|4L|(72 748
—-78°C
Br
Br. Cl
B BuLi (2.2 equiv.), hexane, Et,0, 749
¢ r —78°C
Br
CgBrg BuLi, E,0, — 75°C CsB_rs Li (17) 750
BuLi (2 equiv.), hexane, Et,O p-LiCgBryLi 749
—178°C )
Li
/ \ BuLi, heptane, Et,0. / \ 751
Coj —-70°C o7 (o7
Li
(/ \5 BuLi, Et,0, —70°C / \ 752
IS S (78)
Br Br
(/ \; Br BulLi, Et,0, —70°C / \ Li 752
S (70)
1 Li
(/ ; ci BuLi, Et,0, —70°C / \ cr (51 753
S
Cl Cl
UCI BuLi, Et,0, hexane—25°C l U Ui 754
S
i(2 iv.), Et,0, 50°C 753
BuLi (2 equiv.), Et,O UL‘ ©8)
Br Li
PhLi, Et,0, reflux 755
[/ \3 : Z/ \g ©65)
Se Se
Br Li
Z/ \S 2 equiv. Bu'Li, thf, —78°C Z/ \g 756
Y }
l SiMez
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TABLE 4. (Contd.)

Organolithium reagent
Organic halide, RX R'Li, and conditions Product (%) Ref.

@ BuLi, Et,0, — 18°C @\ 757
er - Li (69)
Br Li
@ BuLi, light petroleum, —20°C @/ (34) 757
N

N

Br@Br BuLi, EL,0, —30°C Br/@u @3) 157
N N
BuLi (2 equiv.), thf, —90°C Li@u 758

N
(52-58)

d. Alk-1-enyl halides

Lithium—halogen exchange reactions of alkyl-substituted vinyl halides with RLi
proceed with retention of configuration®4-3%-92:93 see equations 19 and 29.

_H Buli or EfLi,Et,0 R

R \I —50to—60°C
(ret.92)

\ Ve
c=C
~N
R Li

R = Et, heptyl, not Me; R"=H, Et or Bu (29)

Aryl-substituted vinyllithiums are also formed with retention, but as these are
configurationally less stable than the alkyl-substituted compounds, controlled conditions
have to be used e.g. equation 30. Either raising the temperature to above — 78°C in thf

Ph Et o Ph Et
: — thf,-78°C . Ne=c” (30)
Br H or hexane,RT Li/ \H

solution or increasing the amount of thf in the hexane solution at room temperature results
in the formation of both the PhLiC=CHEt isomers®?.

The more hindered E-isomers of Me,SICX=CHR (X = Bror I; R = Bu, cyclohexyl, or
Bu‘) react more slowly with BuLi than do the Z-isomers®*.

Vinyl chlorides react more sluggishly than do the corresponding bromides and iodides.
As shown in equation 19, vinyl chlorides can react, but a-metallations of vinyl chlorides
frequently occur®s. Vinyl fluorides in the absence of other halogens do not undergo
lithium-halogen exchange.

An illustration of the difference in reactivity of C—Br and C—ClI bonds is given®® in
equations 31 and 32.
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H H o H H
- Et0,=70 °C N o
Se=c +BuL 2T T, o] (31)
Br OSiMes Li OSiMey
H H E1,0, -70° H H
>c=ci +BufLi —% 7O, Som=c" (32)
ol OSiMey o o

For the vinylic bromide BrCH—=CHOEt, the reaction followed with BuLi depends on
the geometry, equations 33 and 34; stabilization due to the strong coordination between
EtO and Li in the products appears to be the overriding factor®’. The use of PhPh~"Li*
on the E-isomer does provides the unstable (E)-LiICH=CHOEt.

H H o H H
1,0,—-80°C
>c=c< + Buli E—Z—’e——b Se=c" (33)
Br OEt L oE1
\/1
2N
H OFEt Li OE!
Et,0,-80°C ~
\c=c< + BulLi —&2 "~ -p \c=c\ (34)
Br/ H B H

Halogen-lithium exchanges occur for a variety of substituted vinylic halides, including
those with alkoxy®®%®_ halo (including poly- and perhaloalkenes)!®%~1°3 carboxy!04-106
amino'®’, carboxyamido’?3, and Me,Sn®* 199 groups, see Table 4. Low temperatures are
frequently required in order to preserve the organolithium product.

Ketal and thioketal derivatives survive'!°, e.g. equation 35.

—_— o]
s s. s (he”
S _78 ° i
+puLi —nH78C —_— e » (35)
(ii) chllegO (CHZ)n' €
(CH2),7 ..—j Br (CHz),, _l MeCN'HZO
Li
n=1or 2

(19}

The organolithiums 19 and the ketal analogues are in effect 8-acylvinyl anion equivalents
(as are the organolithium species obtained by Li~X exchange reactions of 1-Br-2-
CONMe,-cyclohexene'°®, equation 36, and of (Z)-BrCR=CR'CO,H, equation 37'°¢],
and find good use in synthesis.

Br Li
Bu’Li(2.( equiv.) _ (36)
CONMea thf, pentane,-75°C CONMep

~90 %
Br £02H  guliequiv)Eno-78°c, - €Ozl .
>_'< or thf,—-100 °C g R/~ \R ( )

R=R'=H;R=H,R’=Me;R=Me, R'=H
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a-Acylvinyl anion equivalents may also be obtained!%*!°5 see equation 38.

; Li
Me Br BuLi(2 equiv.)-100°C  Me Li CHp
- - ~ - X
>C=C\ thf (ref-105) ® e=C_ e eH
Me COgH Me COLi Me CogLi  (38)
major product minor product
(20)

Small amounts of the dianion 20 are also formed. As expected from the general reactivity
sequence for halides, when more than one vinylic halogen is present, the preference for

exchange is in the sequence I > Br > Cl > F, e.g. see equation 39'%C.
F,C=CFCl —=2"12%C | F,C=CFLi (39)
thf , Et20

e. Other unsaturated organic halides

Allyllithiums are not normally prepared by Li-X exchange; however, CF,==CHz==
CH,, Li* has been prepared and trapped in situ at —95°C from the reaction of
CH,=CHCF,Br and BulLi in thf, Et,O and pentane''*.

Allenyllithiums, e.g. equation 40''2, alkynyllithiums!!3, e.g. equation 41, cycloocta-
tetraenyllithium''*, and a, w-dilithiodienes, equations 42 and 43, are also obtained by
Li-X exchanges.

CeHire H E1,0,-70°C CeHiz H

c=c=c_ + Buli c=c=c_ (40)

=C= uli ——m———————» =C=

H Sae H T
PhC=CX + Buli —————» PhCE=CLI (41)

X=Cl or Br

B or . Li L

Ph Ph 4 pguLi —nf,hexane Ph Ph

U i ———-»_?8 S (42)
(ref. 115)

H N H H
\(\/Y + BuLi _pw’ \m (43)
i I -50°C Li Li
(ref. 116)

f. Aryl halides

Aryl bromides and iodides react readily with alkyllithiums to give aryllithiums.
Normally ethereal solutions are used. However, reactions in hydrocarbons although
slower than in ethers, do have the advantage that the aryllithiums precipitate out and can
be obtained in high yields and with good purity!!7-''8,

Both halogens in dibromo- or diiodobenzenes can be replaced by lithium in lithium—
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halogen exchanges®. If the two halogens are in an ortho arrangement, then aryne
formation can result from the mono exchange product. However, o-LiCcH,X can be
trapped!'®.

Br Li
+Buli —hERO _higher _ | (44)
Br 110 °C Br temp.

A variety of functional groups are tolerated in the Li-X exchange, although side-
reactions may reduce the yields of Li-X exchange products'?®. The use of low
temperatures and electron-donating solvents can be used to minimize the competitive
reactions, such as ortho-metallations or reaction with the functional group. Ortho-
metallation to a chloro or fluoro group is favoured over exchange of these groups by
lithium (except in polychloro compounds). Bromoarenes, containing powerful ortho-
directing groups (Y) (see Section I1.B.2.b.ii), may undergo metallations at a site ortho to Y,
in addition to the Li-Br exchange. Good examples are the MeOC4H  Br compounds?;
higher temperatures and prolonged reaction times lead to complex reaction mixtures.

Lithium-bromine exchanges have been reported for aryl bromides substituted
with the following groups: OH*7, SH*7-!2! 'NO,'22712* NH,*’, NHCOR (R =Bu' or
CF3)]25, SOINH247, SOINR147, CN126.127 COIHIZI,IZB’ COIR (R = MelZ9 or BU‘”O),
(CH,),CO,H*>!, CR,CN (R # H)'2?%, and epoxides'??:!33.

Groups that have acidic hydrogens, e.g. OH, SH, NH,, and CO,H, are metallated
during the course of the reaction with RLi (and hence additional equivalents of RLi must
be added to allow for this). These groups are recovered on work-up, however.

Whereas 0-NO,C4H,Br and other o-nitrobromoarenes smoothly undergo Li-Br
exchange (e.g. using BuLi in thf at — 100°C)' 2%, redox reactions arise with the m- and p-
analogues and so Li-X exchanges are not used to prepare the aryllithiums from these
compounds.

The halogen—metal exchange reaction is suitable!*® for the preparation of o-
LiC¢H,CO,Me at — 100°C; however the m- and p-analogues undergo condensation
reactions even at this temperature and so cannot be trapped. The more hindered p-
LiC4H,CO,Bu" has a greater lifetime at — 100 °C and can be trapped. The product from
the reaction of 0-HO,CCH,CH ,C¢H,Br with BuLi, namely 0-LiO,CCH,CH,C4H,Li,
cyclizes even at —100°C; on the other hand, p-LiO,CCH,CH,C,H,Li and o-
LiC4H,CH,CH,CONHLI are stable at this temperature'?'.

Complex reaction mixtures arise'*' with o- or p-BrC,H,CH,CO,H. Reactions with
BuLi provide both Li—Br and Li—H exchanges and among the products are the trianions,
o0- and p-LiC4H,CHLiCO,Li. The trianions react slowly with the solvent (thf) to provide
LiC(H,CH,CO,Li, the product expected from the direct Li-Br exchanges of
BrC¢H,CH,CO,H.

Benzylic metallation results exclusively with o-, m-, or p-BrC¢H,CH,CN using BuLi in
thf—hexane at — 100 °C to give'?® BrC¢H,CHLICN. When there are no benzylic protons,
as in 0-BrC4H,CMe,CN, Li-Br exchange occurs with good yields at — 100°C.

Reaction of 0-BrC4H,CH,PPh, with BuLi in Et,O at room temperature provides o-
LiC¢H,CH,PPh,; in contrast'3*, the chloro analogue, 0-CIC4H,CH,PPh,, undergoes
benzylic metallation to give 0-CICH,CHLiPPh,.

The orientation of Li—Cl exchanges in C4ClsY and of Li—H exchanges in C4H Y show
interesting differences. Metallations (Li-H exchanges) of C4H;CH,NMe, and
CcHNMe, occur ortho to the substituent groups; in contrast, the sites of Li-Cl exchanges
of the perchloro analogues using BuLi in Et,O at — 70°C are indicated'?*:'*¢ by the
arrows:
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Cl Cl
Ci CHaNMe2 Cl NMeop

/5I r Cl /CI 1 cl
! !

Lithium-halogen exchange reactions are particularly useful methods of synthesis of
five- and six-membered heterocyclic aryllithium, see Table 4.

g. Heteroaryl halides

i. Thiophene derivatives. Exchanges of a-Br or a-I groups in thiophenes occur more
readily than the halogens in the p-position. Ortho-lithiations of f-bromo- or -
iodothiophenes have been recorded, see Section I1.B.2.b.iii. For chlorothiophenes, Li—C!
exchange results only when no «-position is free, as with 2, S-dichlorothiophene; 2-
chlorothiophene reacts with BuLi to give 2-Cl-5-Li-thiophene. Lithium-halogen ex-
change reactions of 2-Cl-3-X-thiophene (X = Br or I), 2-Br-4-1-thiophene, and 2-CI-4-Br-
thiophene with BuLi at —70°C all take place with the B-halogens'*®. Tetrachloro-
thiophene reacts with BuLi in Et,O to provide 2, 5-Li,-3,4-Cl,-thiophene'37; the use of
more controlled conditions lead to the mono exchange product!38.

ii. Pyridine derivatives. Lithium—halogen exchanges are valuable routes to lithiopy-
ridine, since reaction of RLi with pyridine frequently results in additions to the C=N
rather than metallations. Lithium-bromine exchanges have been used to prepare!2?
2- and 3-lithiopyridines using BuLi in thf-hexane at —100°C. 2,5-Dibromopyridine
reacts'2? with BuLi (1 equiv.) in thf at — 100°C to give 2-Br-3-Li-pyridine. One!3® or
both'*® of the halogens in 2, 6-X,-pyridine (X = Br or I) can be exchanged, equation 45.
2, 6-Dichloropyridine is resistant to Li~Cl exchange.

BuLi,hf,~90°C /Ej\
Li Li

(45)

Buli,Et,0

Li X

B. Replacement of Hydrogen in Organic Compounds by Metals: Metallation!~7

The formation of organoalkali metal compounds by the replacement of hydrogen in
organic compounds has been achieved using a variety of reagents, including the metals
themselves. An important factor is the acidity of the organic compound. Listings of the
acidities of organic compounds have been variously made; one for the more common
hydrocarbons and some substituted derivatives is given in Table 5.
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TABLE 5. pK, values (at sites shown in italics)

Compound pK, Compound pK,
Me,CH 47 CH,=CH, 36.5
Cyclohexane 45 CH,CH=CH, 35.5
Me,CH, 44 PhCH, 35
C,Hg¢ 4?2 Ph,CH, 335
CH, 40 Ph,CH 2
Cyclopropane 39 HC=CH 25
PhCHMe, 37 Fluorene (9-position) 23
PhH 37 Indene (1-position) 18.5
Cyclopentadiene 15
PhSO,CH, 29 NCCH,CH, 325
O,NCH, 17.2 PhCOCH,CH, 31
O,NCH,CH, 16.7
(PhSO,),CH, 12.2
(PhS),CH, 30.8 PhSO,CH,0OPh 279
PhSO,CH,SPh 20.3
(PhSe),CH, 350 PhSO,CH,PPh, 20.2
(PhS),CH 22.8

s H
C >< 312 CH,S(O)CH, 35.1
S H

1. Using the Alkali Metals'>°~7 and Their Arene Radical Anions or Dianion
Compounds 41142

Formation of organoalkali metal compounds by metallation of organic compounds
using the metals has only been profitably achieved with the more acidic hydrocarbons,
such as Ph,CH,_, (n=1-3), fluorene, indene, cyclopentadiene, and alk-1-ynes, in a
variety of solvents including ethers, hydrocarbons, and liquid ammonia. In the last
medium, the formation of amides, MNH,, occurs and metallations proceed via these
species'.

The ease of metallation of phenylmethanes, Ph,CH,_,, at benzylic sites by metals
follows the acidity sequence, namely Ph;CH > Ph,CH, > PhCH;.

Ph,CH,_, +M > Ph,CH,_,M (46)

Metallation of the least acidic of these compounds, toluene, has been achieved using
caesium'*3 or potassium in the presence of Na,O!**. Caesium also reacts at the benzylic
positions of ethylbenzene, cumene, xylenes, and mesitylene, with yields of 50-90%, being
obtained in thf—hexane solutions at 20°C. Hydrogen is evolved in the caesium
metallations'*3. The K-Na,O combination successfully metallates other alkylarenes,
including p-MeC¢H, Pri. This compound is preferentially metallated at the methyl
position rather than at the isopropyl group, in keeping with the relative acidities of the two

sites!*3.
Me@Pr’ K-Na0O KCHz@pn 47

Diphenylmethane has been metallated by potassium and by caesium in thf (e.g. K
provides Ph,CHK in 76%, yield) and also by MNH, (M = Na or K) in liquid ammonia.
Triphenylmethane reacts also with M (M =Na or K) in liquid ammonia'*® and in
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ethers'*®. However, complex series of products, including Ph;CK and Ph,CHK, have
been obtained from the reactions in ethers. The formation of side-products may be
suppressed on addition of butadiene. Radical anions are probable intermediates of those
reactions in which no hydrogen is evolved.

Fluorene'*’"'%° indene!-'3!, and cyclopentadiene'*?7'%* have all been directly
metallated. Fluorene (FIH), the most acidic of these compounds, is particularly easily
metallated'*7; Li'*®, Na'*®, or K'*° in ethereal solvents, K in benzene and metal amides
have all been successful, e.g. a 719 yield of 9-lithiofluorene (9-LiFI) was obtained using Li
in thf. The solvent has been shown to affect the rate of metallation, e.g. the ease of
metallation of fluorene by potassium is in the solvent sequence MeOCH,CH ,0OMe > thf
> dioxane'°. The course of all the fluorene metallations by metals has been shown to
occur'*7 via radical anions, FIH "M ™. These radical anions are stable at low tempera-
tures but provide 9-FIM at higher temperatures. No hydrogen is evolved; instead,
reduction of some fluorene to hexahydrofluorene occurs. This should be contrasted with
the evolution of hydrogen in the cyclopentadiene!** and indene reactions with K'#7* in
benzene. Pentaphenylcyclopentadiene is metallated by Na, K, or Cs at 100°C in toluene
solution'*"", Indene is metallated at the 1-position by K in dme, and cyclopentadiene has
also been metallated by Li in thf' 32 by Na in decalin, toluene, thf, or liquid ammonia!®?,
and by K in liquid ammonia'®*. In the Na-liquid NH;-cyclopentadiene reaction,
reduction of some cyclopentadiene to cyclopentene results; again, radical antons seem to
be implicated as intermediates in the reaction.

1-Alkynes, RC==CH, are sufficiently acidic to provide RC=CM on reaction with alkali
metals in liquid ammonia' and in ethereal solutions'-'%° Acetylene reacts with various
systems including sodium in liquid ammonia’, xylene!*, or ethers. Allyl protons can be
replaced directly on reaction with metals, e.g. allylpotassium is obtained from propene and
potassium!'37,

Acyclic and cyclic dienyl anions may be prepared from both conjugated and non-
conjugated dienes on reaction with all the alkali metals (Li — Cs) in thf solution and in the
presence of a tertiary amine, in particular Et;N or tmed'*®, e.g. equations 48 and 49.

f —
MeCH=CHCH=CH, — —INONEfS o o o G ree vy | Mt (48)
Z or £
of CHa=CH CH,CH=CH,
+
K-thf-NEt K
1,3-1,4-0r1,5-cyclooctadiene —— "3
b 1 (49)

Various functionally substituted hydrocarbons, bearing acidic hydrogens, also react
directly with alkali metals; some examples are Me,SO (with Na or K)!%, RR®"CHCO,R?,
RCH(CO,R’),, and RCH,COR’, equations 50-52. Direct metallation of thiophene in the
2-position has been reported using lithium'63.

r -
Et,0
Hzc(COZEY)Z + Na W NOCH(COZEf)Z (50)
(- 4
0 [ 0 i
COsEt + N ——>th Ne b
2 a f.
(ref161) COLEt
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Et,0,HMPT (52)

t oK (ref.162)

Radical anion species, ArH ~*M ™, are also useful metallating agents. Fluorene has been
metallated by a number of radical anions, including Anth™* M *. The rates of metallation of
fluorene by Anth™*M™ have been found to increase as the solvent basicity decreases,
which indicates that contact ion paired Anth ™" is more reactive than the solvent-separated
ion paired form'®4,

Reactions of PhPh™"Li* with a series of phenylmethanes, Ph,CH, _,, were studied'*7®
in thf solution at ca. 30 °C; the yields of organolithium products were near quantitative for
Ph,CLi (from PhCH,), ca. 50% for Ph,CHLi (from Ph,CH,), but only about 1% for
PhCH,Li (from PhCH,). As in all metallations involving radical anions, hydrogen was not
evolved with phenylcyclohexene derivatives being obtained instead. PhPh™'Li also
successfully metallates quinaldine and cyclohexanone (at the 2-position), in fact
PhPh™' Li* appears to be a more effective lithiating agent than dispersed lithium.

The use of naphthalene radical anions has proved popular in these reactions. An
extensive range of compounds has been metallated' by Naph " Na*in thf, including
indene (44, yield of 1-indenylsodium), fluorene (62% yield of 9-FINa), Ph;CH (30% yield
of Ph,CNa), Ph,CH, (70%; yield of Ph,CHNa), 9, 10-dihydroanthracene (metallation at
the 9-position), allylbenzene (which provides PhnCH===CH===CH,Na "), -alkynes (includ-
ing acetylene), acetophenone (equation 53), 2-methylpyridine (equation 54), and
RR'CHCO,H. Compounds RR'CHCO,H are also metallated''6> by Naph™ ' Li*
(equation 55) and Naph™ K.

PhCOMe + NaPh™"Na* — [PhCOCH,Na] (53)

() + Naph™ Ng* ——» Q
(Nj\l\de OP ° N CH2Na (54)

Naph ~°Li+. thf,

RR'CHCO,H RR'CLiCO,Li (55)

-754C
R,R = Me, Me¢; Ph, H; Me,H; —(CH,)s—

Naph™'Li* appears to be as equally reactive as LiNPr,. However, the much reduced
nucleophilicity of naphthalene compared with Pri,NH (by-products formed in the
metallation reaction) makes Naph™"Li* a better reagent to use for the formation of
carbanions sensitive to nucleophiles. Naph~"Cs™* also has been used, e.g. Ph,CHCs was
obtained in 75% yield from Ph,CH, in thf-hexane.

Nitrogen heteroaromatic radical anion species, including sodium'°®, potassium'®’, and
caesium'®® mono-, di- and triphenylquinolines and -pyridines, have proved effective
metallating agents in thf solution. Such compounds metallate, Ph,CH, Ph,CH,,
PhC=CH, 2-phenyl-1, 3-dithiane, e.g. equation 56, and PhCH,CO,H. The cations

A
S, ,Ph Ph |N/ PH'Na,* s
<:S><H ht —~ <j ><Na (56)

166 167
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had an effect on the reactivity; the general sequence of decreasing reactivity was estab-
lished as Na* > Cs* ~ K* » Li".

The effect of the arene on the reactivity of ArH ="M * has also been studied; the rates of
metallation of thiophene (at the 2-positton) by ArH °Li* decrease in the order
ArH = PhPh > Naph > PhCH=CHPh > phenanthrene > anthracene'¢>.

Naph~'Li* + 4 § _ O—Li (57)
S S

(50 %)

Reaction 57 is a two-electron process with yields of 2-lithiothiophene being ca. 50%,.
However, in the presence of Ph,C—=CH, or PhCMe=CH,, a one-electron process
results and yields of greater than 90% can be obtained.

Alkali metal arene dianions, ArH?~2M™*, are considered more effective metallating
reagents than the corresponding radical anions'®®. The metallating ability of ArH?~ 2M *
increases as the solvating power of the reaction media increases, e.g. as shown in reactions
of Naph?~2M*, PhPh? 2M ™, and Anth?~ 2M* with Ph,CH, Ph,CH, and 2-methyl-
naphthalene. The rates of reaction of ArH2~ 2M 7 also increase as the size of M * increases.

Functionally substituted alkanes, e.g. RCH,CN (R = H or Ph), also are metallated'’°
by Naph2~2Li*.

2. Using Alkali Metal Compounds!-'7!:172

Formation of organoalkali metal compounds via metal-hydrogen exchange has been
achieved using a variety of alkali metal compounds, equations 58 and 59.

RH + R'M=RM + R'H (58)
RH+MY=RM + YH (59)
cg Y=OR, NR’,, H

Compounds used as metallating agents include alkyl- and arylalkali metal compounds,
either alone or in the presence of a donor, such as tmed, pmdt, dabco, or hmpt, metal
amides, including the parent species, MNH,, metal alkoxides or oxides, and metal
hydrides. Also employed are metal alkoxide—organometal combinations, e.g. BuLi-
Bu'OK and BuLi-Me,CEtOK. Some examples for lithium are RLi (R = Me, Bu, Bu*, or
Bu), Prf,NLi (lda), 2,2,6,6-tetramethylpiperidine (Itmp), and (Me,Si),NLi, for sodium
RNa (R = Et, Bu, CsH,,, Ph;C or Ph) and (Me;Si),NNa, for potassium RK (R=C,H,,
or Me,SiCH,). Pr,NK (kda), (Me;Si),NK, BuLi-Bu'OK, and C;H,,Na-Bu'OK, for
caesium Me,SiCH,Cs and for rubidium BuLi-RbOR.

Certain reagents may be favoured for particular metallations, for example it has been
reported that either Me;SiCH,K or BuLi-Bu'OK is especially useful for the preparation
of allyl- and benzylpotassiums, whereas CsH,; Na-Bu'OK is favoured for the formation
of vinyl and cyclopropyl derivatives'73; of interest, BuK, prepared from Bu,Hg and a K -
Na alloy, has a different reactivity'’* to that of the BuLi-Bu’OK combination. Metal
dialkylamides are poor nucleophiles and can be used more widely and safely than can the
strongly nucleophilic RM reagents. Particularly good use has been made of reactions of
LiNR, with carbon acids bearing groups sensitive to nucleophiles.

Reactions 58 and 59 are in fact equilibria with the equilibrium constants being
dependent on the relative acidities of the RH-R'H and RH-YH pairs. Equilibrium
constants have been calculated in some cases''-'7*17% Further, use has been made of
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these equilibria to obtain pK, values for hydrocarbons'””; for example, extensive use has
been made of systems involving caesium cyclohexamide. Equilibria are not so easy to
follow for potassium and sodium systems, owing to the poor solubility of RNa and RK
compounds. '

At equilibrium, the alkali metal is preferentially attached to the residue best able to
support a negative charge, that is, the more acidic compound within the RH-R'H or RH-
YH pairs provides the metal derivative in the greater amount. It follows that the greater
the difference in the acidities of the proton sources, the further the equilibrium shouid lie to
one side. For the purpose of synthesis, the equilibrium should lie far to the right, although
removal of either R'H or YH or insolubility of the product, RM, would drive the exchange
to completion.

Although thermodynamic measures of the acidity (pK, values) will play dominant roles
in deciding the positions of equilibrium as well as the sites of metallation, kinetic factors
have also to be considered. Alkanes have pK, values of greater than 40 and it would
therefore be expected that alkylalkali metal compounds would react practically com-
pletely with organic compounds having pK, values of less than 40. However, while
butyllithium reacts readily with the more acidic hydrocarbons, butyllithium in hexane (in
which it is hexameric) or in Et,O (tetrameric) is unable to metallate benzene (pK, 37) and
provides only a poor yield of metallated product from toluene (pK, 35)!78. Changing the
solvent to thf or addition of a donor molecule, such as tmed'”°~ '8! or dabco'®?, or
addition of Bu'OK 83 results in a more reactive metallating system and one able to
metallate PhH and PhMe. Indeed, the BuLi—tmed combination, when used in excess, can
polymetallate toluene'8*,

The abilities of donor molecules to enhance the metallating ability of BuLi have been
studied; towards benzene, the sequence was established as tmed>
Me,NCHMeCH,CH,NMe, > Me,NCH,CH,CH,NMe, > dabco > Me,NCH,
CH,CH,CH,;NMe,. Again towards PhH, Bu’Li-tmed was found to be more reactive
than BuLi-tmed'8°,

The compound tmed can be metallated by BuLi(and other RLi derived from RH having
a pK, value greater than 35). This can lead to unwanted by-products although the
metallated tmed, LiCH,NMeCH,CH,NMe,, can itself function as a metallating
agent'83,

Generally, the reactivity of RLi is higher in ethers than in hydrocarbons. The reactivity
increases with increasing Lewis basicity of the solvent, probably as a result of the
depolymerization of the organolithium aggregates leading to increased carbanionic
character and also probably to the increased stabilization of the transition state.

Alkylsodium and -potassium compounds are generally more reactive than the
corresponding alkyllithiums (the reactivity sequence is RK > RNa > RLi); RNa and RK
react, for example, with benzene and toluene'”3. Usually RNa and RK are used as
suspensions in aliphatic hydrocarbon media; ethers are not normally used owing to their
reactivity towards RNa and RK. As with RLi, the reactivity of RNa increases on addition
of a donor such as tmed; one effect of the tmed has been described as a peptising or
disposing effect!8

Kineticeffects are also observed in the sites of metallation. For example, initial lithiation
of alkylbenzenes occurs in the ring as well as at benzylic sites. With increasing reaction
times, and in some cases in the presence of excesses of the alkylbenzenes, isomerizations to
the thermodynamically more stable benzyllithiums occur; see Section I1.B.2.a.iv. Other
compounds that show kinetic and thermodynamic effects on metallation include PhSMe,
PhOMe, Ph,PMe, and PhSeCHRR''8".

The mechanism of metallation of hydrocarbons by RLi is considered to be based on a
simple acid—base interaction with substitution at the most acidic site; for heterosubstituted
compounds, an alternative mechanism is based on prior coordination to the hetero atom,
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which leads to lithiation of neighbouring sites (ortho, alpha, or even beta)'®®, Lithium
dialkylamides, LiNR,, have reduced thermodynamic basicities relative to RLi, with pK,
values of HNR, in the region of 30. However, LiINR, have been found to be more effective
lithiating agents, i.e. they show an increased kinetic basicity, probably as a consequence of
the use of the nitrogen lone pair in the transition state.

+

~ ) - i ~
7C—H+L|NR2———> c\ NRy | —» —/(:—Li+HNR2 (60)

a. Metallation of hydrocarbons

i. Metallations of alkenes. Organolithiums and -sodiums do not metallate alkanes.
Butyl- and arylpotassiums had been reported to metallate pentane, hexane, and
cyclohexane; however, a contrary result has subsequently been published®?.

ii. Metallations of cyclopropanes. Cyclopropyl protons are more acidic than simple
alkyl protons; cyclopropane, for example, is metallated by CsH,,Na or more readily by
C,H,,Na-PriONa!?% Metallations of other cyclopropyl compounds by alkylsodiums
are shown in equations 61'°! and 62'92. Although BuLi does not react with 21, there are a

CsHllNo,pentone, .

> (61)
25 °c,224 Na

CsHyNa, heptane,
8d

2n

few examples of lithium-hydrogen exchanges occurring at strained bridgehead cy-
clopropane sites, see e.g. equations 63—66.

Li

Bul.i, tmed N > (63)
hexane, O °C P
(ref.193)

Buli,tmed Li
hexane, 20 °C,id ' (64)
(ref.194)

(22)
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MeLi,EtpO
@\Me T reti95) 9\ (65)

Li
BULI tmed
hexane, 20 °C (66)
(ref.196)
major product

Suitably placed hydroxy, alkoxy, or tert-amino groups'®’ can activate cyclopropanes
towards lithiation. Compounds 23-27 are examples of compounds metallated by
alkyllithiums (e.g. PriLi in Et,O—pentane or BuLi in hexane at ambient temperature); the
sites of lithiation are indicated by arrows. The hydroxy groups will themselves be initially
metallated and assistance to the ring metallation will then proceed via the OLi group.

R=H or Me R=H or Me (25)
(23) (24)
NMe,
(26) (27) (28)

The assistance given to the cyclopropane metallations by the donor group is apparent;
for example, quadicyclene (22), although metallated by BuLi-tmed and by BuLi-Bu'OK
in hexane!7*®, is not lithiated by PriLi in Et,O—hexane under conditions successfully
employed for the hydroxy derivative 23 (R = H)!°". Further, 28, in which the MeO
substituent is directed away from the cyclopropyl ring, is not lithiated under the conditions
used for 27. Such assistance arises from the coordination of the lithiating agent by the
donor group (RO or NMe,) holding the lithiating agent close to the metallation site.

Li

o)
/
RCHOH  H Rl ML

PriLi (67)
Et,O-pentane
H Cadls H

R=Pr’ or Bu’, 100%
(<100 % for other
R groups)

(29)
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Another example is shown in equation 67, in which the major, if not exclusive, product is
cis-1-RCH(OLIi)-2-Li-cyclopropane (29); other products can be the trans-isomer and 1-
RCH(OLI)-1-Li-cyclopropane'®7®. Alkylcyclopropanes do not react under comparable
conditions.

iii. Metallation of benzene and fused benzenoid aromatics. As has already been pointed
out, BuLi in the presence of a good donor, such as tmed!78718%198 or dabco '8, but not
simply in Et, O solution, lithiates benzene to provide good yields (> 85%) of PhLi; Bu*Li—
tmed is even more effective' % than BuLi-tmed. Various organosodiums, RNa (R = Et,
Bu, C;H,,,CgH,,, or CH,=CH),alkylpotassiums'®:!*® and the combination’#2 BuLi-
Bu'OK have also been found to metallate benzene successfully. Dimetallation of benzene
occurs on prolonged treatment with CsH,,Na; mixtures of m- and p-Na,C¢H, are
obtained in proportions dependent on the reaction conditions?®?; conditions for the
production of m-Na,C¢cH, in an 85% yield have been published.

Metallation of polycyclic arenes, including naphthalene, biphenyl, and anthracene,
occurs using BuLi-tmed in hexane; polylithiation can also result. Reaction of PhPh using
BuLi (2-4 equiv.) in the presence of tmed in hexane solution provides o-LiCgH,C¢H, Li-
02%!, Alkylsodiums, and no doubt alkyipotassiums, are also able to provide polymetal-
lated products, e.g. naphthalene?®** and CsH,,Na provides a- and - mono-, di-, and
trilithiated products. Acenaphthrene and CsH,,Na react to form mixtures of I-sodio- and
1,5- and 1, 6-disodioacenaphthrenes?©2®.

iv. Metallation of alkylbenzenes. Toluene is lithiated to only a small extent by BuLi in
Et,0; abetter yield (259 after 24 h) resulted from the use of BuLi (in excess)in an Et,O—thf
solution?°?, The presence of tmed!787!80198 or dabco'®! led to ready metallation, e.g.
BuLi—dabco in hexane at 80 °C provided'8' an 85% yield of PhCH,Li after 30 min. The
combination BuLi-Bu'OK is also particularly effective!®2. Amides, MNH,, in liquid
ammonia are too weakly basic to metallate PhMe; PhCH ;M isin fact protonated by NH ,.

The reaction of PhMe with BuLi—tmed initially provides not only PhCH,Li but also
small amounts of ring metallated products'’%, e.g. equation 68; see also Table 6. The ring
metallated products rearrange slowly!78:180 (o the thermodynamically more stable

tmed, hexane,

PhMe + BuLi —JWPhCHZLi + MeCgH,Li (68)
89% o:m+p=39

benzyllithium, e.g. on standing, on heating, on addition of more tmed, and in the presence
of excess of toluene. Under the conditions used in reaction 68, such rearrangements were
not significant. Clearly the initial metallation of PhCHj, to provide the mixture of benzylic
and tolyllithiums, occurs at much faster rates than any subsequent transmetallations.

Metallation of toluene by BuNa in benzene also initially leads to benzyl-metal and
minor amounts of ring metallated products?®®; the conversion of p-MeC,H,Na to
PhCH,Na occurred almost quantitatively at room temperature within 69 h; it has also
been reported that PhCH,Na can be obtained from p-Me C4H,Cl and sodium sand in
refluxing benzene or light petroleum solution'’8, Alkylpotassiums, the most reactive of
RLi, RNa, and RK compounds, apparently provide only the benzylic product even with
short reaction times?%*. Metallation of toluene by a series of Me;SiCH,M (M = Na, K,
Rb, and Cs) has been reported?°5.

Some dimetallation of toluene (to give m-NaC4H,CH,Na) has been reported?°® using
CsH,,Na. Polylithiation of toluene has also been achieved using BuLi-tmed under
vigorous conditions'®3,

Metaliations of ethyl-'78:207-208 4nd isopropylbenzenes have been
achieved using organolithium, -sodium, and -potassium reagents. (see Table 6). As

174b178.209.210
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TABLE 6. Metallation of alkylbenzenes by organoalkalimetals

Relative yields

Reaction Overall
Substrate  Conditions time (h) PhCRR'M MCH,CRR'H yield Ref,
0 m- p-
PhCH, BuLi-tmed,
hexane, 30°C 0.25-2 89-92 2-3 6-9 759
BuNa, PhH, 0.5 92 — 4 4 760
0°C
BuK, PhH 0.5 >99 — — — 760
0°C
PhCH,Me BuLi-tmed, 0.5-6.5 37-38 9 36 17 759
hexane, 30°C
C,H,Na, PhCHzMe,}J 18 - 5 30 32 761
room temp. 20 68 — 19 13 46
C¢H,,Na, octane, 24 26 — 41 33 55 762
room temp.
C,H,,Na-tmed, 0.25 12 2 55 28 — 762
octane, room tcmp.} 1 100 — — — —
C,H, K, heptane, 0.5 93 — 6 1 10 761
—10°C,
room temp. 20 100 — — — 51
PhCHMe, Buli-tmed 2-24 3 8-10 57-59 30 759
hexane, 30°C
CsH,Na, cumene 20 2 — 55 43 48 761
PhCHMe, C,H,,Na, octane, 24 — —- 55 4 40 763
room temp.
C4H,Na—-tmed, 1 7 3 57 33
octane, room 4 80 0 11 9 763
temp. 24 97 0 2 1 95
CsH, K, cumene, 3 42 — 39 19
room temp. } 20 92 — — 8 43 764
PhCMe, BuLi-tmed 4 — — 68 32 759

hexane, 30°C

expected from the electron-releasing effects of the methyl group, the relative rates of
metallation are 60:10:1 for PhMe, PhCH,Me, and PhCHMe,. Both benzylic and ring
metallation initially occur, with relatively more ring metallation in the sequences
PhCHMe, > PhCH,Me > PhCH, and RLi > RNa > RK. Whereas the LiICcH,CHMeR
(R =H, Me) products did not rearrange to PhCLiMeR under the reaction conditions
employed, both the sodium and potassium analogues did, the isomerizations occurring via
reaction, i.e. transmetallation with free alkylbenzenes. The rates of rearrangement
decreased in the sequence RK > RNa (> RLi). Sodiocumene, PhCMe,Na, is not
thermally stable and decomposes?'® to PhCMe=CH, and NaH. However, it can be
stabilized?®” on complexation with tmed and is obtained in near quantitative yields from
PhCHMe, and C;H,,Na-tmed in octane after 24 h at 0 °C. The considerable increase in
reactivity of C;H,Na on addition of tmed is also apparent from entries in Table 6.

Dimetallations of ethyl- and isopropylbenzenes have been reported?!! on refluxing for
24 h with 4 equiv. of BuLi-EtCMe, 0K, e.g. equation 69; P\CHKCH K is unstable and
decomposes to give [PhCHKCH,],.

PhCH,Me — PhCH(K)Me + [PhCH(K)CH,K] (69)

tert-Butylbenzene, having no benzylic protons, is only lithiated in the ring; an
approximate 2:1 ratio of meta to para products is obtained.
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Cyclopropylbenzene, another alkylbenzene containing a benzylic hydrogen, is metal-
lated by organopotassium reagents at the benzylic site. In contrast, CsH, Na in pentane
reacts only at meta- or para-ring positions?'?, equation 70.

A —

BuLi- Bu’OK or
——
MezSiCHy K, thf

CgH|Na,pentane é\ +
—_———
Na
Na
5K

The reactivity of xylenes towards BuLi-tmed?!® or CsH,Na—tmed in hexane?'*

decreases in the sequence m- > o- > p-xylenes. In contrast to the monometallation using
BuLi or C;H, Na alone at room temperature, metallation of both methyl groups of o-
and m-xylenes, but not p-xylene, can result when tmed is also present, e.g. quantitative
dimetallation of m-xylene occurred within 24h at room temperature. Additional
polymetallation products obtained from m-xylene and BuLi-tmed are the gem-dilithio

RM—tmed

o- or m-Me,CcqH, ——— o- or m-(LiCH,),C¢H, 71)

dimetallation of m-xylene occurred within 24h at room temperature. Additional
polymetallation products obtained from m-xylene and BuLi—tmed are the gem-dilithio
derivatives, m-Li,CHC4H Me and m-Li,CHC4H,CH,Li; increasing amounts of tmed
suppress gem-dimetallation. No gem-dimetallation of m-xylenes occurs when C;H,, Na-
tmed is used. Metallation of p-xylenes by BuLi-tmed or CsH,,Na-tmed produces p-
MCH,C¢HMe but not p-(MCH,),CcH, (30, M = Li or Na); however, 30 (M = K) can be
produced from the more powerful metallating agent BuLi—Bu'OK.

An explanation for the xylene results has been based on the relative charges delocalized
into the ring of the benzyl anion: the magnitudes decrease in the sequence p- > 0- > m-,
which is the reverse of the reactivities towards metallation. In addition, the second
metallation will occur preferentially to give the additional negative charges on the same set
of carbons as did the first, i.e. m- > o- and p; the easier formation of o-(MCH,),C¢H,
compared with p-(MCH,),C¢H, is considered to be due to the lone pair attractive
interactions between adjacent benzylic sites. Another consideration is that lithium can
bridge the benzylic and an ortho site during metallation and so the greater the negative
charge on the ortho site, the stronger will be this interaction and the easier will be the
substitution. The rates of abstraction of a proton by BuLi-Bu'OK are greater with the
transition state closer to the reactant than the product and hence para-dimetallation is not
so difficult.

Tri- and tetramethylbenzenes provide results in keeping with those of xylenes,
eg 1,3,5-Me;C¢H; and BuLi-tmed in hexane produce mono-, di-, and trilithiated
mesitylenes; the major product of reaction of BuLi with mesitylene (molar ratio 6:1) after
24 hatroom temperature is 1, 3, 5-(LiCH,),C¢H (60%); dilithiation occurs partially at the
same methyl group but preferentially at different methyls. No p-(LiCH,), benzene
products are obtained from p-dimethylbenzenes, such as 1,2,4-Me,CgH, or 1,2,4,5-
Me,C¢H,, using BuLi-tmed; however, BuLi-Bu'OK can provide p-(KCH,),-substituted
benzenes. 1,2, 3, 5-tetramethylbenzene can be tetrametallated using BuLi—-Bu'OK. No
ring metallations occur.

213,215
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TABLE 7. Formation of benzylic alkali metal compounds

Compound Conditions Product (yield, %) Rel.
Me CHyLi
@CN LiNMe,, thf, hpmt, — 78°C @ CN 765
(0,53,m,81,p=68)
Me CH,Li
BuLi (2 equiv.) 766
CH,OH CHLOLi
Me . CH,Li
LiNPF, (2 equiv.) hmpt, thf, 2! 767
hexane, — 78 °C (88)
COLH . COogLi
Cl Me Cl CHzLi
BulLi (2 equiv.), thf, hexane 768
NHCOPh f\lJCOPh
Li
Me CHyLi
BulLi (2 equiv.), thi, hexane (50) 769
CONHPhH COI\llPh
Li
Me CHaLi
BulLi, tmed 770
Me Me
OO Me BuLi (3 equiv.), tmed, hexane, OO CHyLi
Me ~20°C : CHaLi 7T
Buli, thf, hexane or 772
O NaNH,, liq. NH, or O 773
N Me KNH,, liq. NH, N7 \CHaM 774
Me ) CH,Li
Q LiNPri,, hmpt, thf, hexane Q (50) 775
0°C
N N
Me Me CHpLi  CHaLi
LiNPr', (2.5 equiv.), thf, hexane, 776

¢

0°C

b

o

(93)
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TABLE 7. (Contd)

Compound Conditions Product (yield, %) Ref.
™M Me
¢ BuLi, th, hexane (75)
QN NaNH,, liq. NH, (42) QN 777
LiNPr',, thf, hexane (69)
Me CHyM
Me CH,Li
Q LiNPri,, hmpt, the, O 778
hexane, — 78 °C (93)
N N
Me7 Me7
; ° 779
L\ BuLi, thf, — 78°C /_X_ .
N\O € N\o CH,Li (>98)
Me Me

N ni 7 N 780
LiNPr'y, thf, —78°C /
M M >0 )
e[(;)_ [ Me ko»wzu (92)

Me y Me
/A BuLi, hexane, thi, — 78°C 7 \
b Me §_CH2U (>80) 781
S s
/ N
{ N)_Me BuLi, Et,0, hexane, 0°C Z/ &-CHzLi (82) 82
N
Me

(inverse addition) I

Me
PhCH,SiMey MeLi, hmpt, 0°C PhCHLiSiMeg (85) 783
PhCH,NHCOPh LlT;JSPOFéz (2 equiv.), diglyme, PhCHLINLICOPh(95) 784
g 0 785
N—P(NMez)z BuLi, thf, 20°C N=—P (NMey), (g5)

Li
PhCHoPO (OEt), BuLi, thf, — 78°C PRCHLIPO(OEN), (81) 786

(ﬁ 0SiMe,
Ph CIH P (OE')2 L]‘Npriz, thf, — 78°C PhCI—"PI(OE')Z (88} 787

0SiMey Li O
PhCH,CN BuLi, hexane, — 70°C PhCHLICN  (95) 788
BuLi (2 equiv.), thf, hexane PhCHLIiCN (g)) 789
A . CN

PhCH(CN)OSiMe, LiNPr',, thf, —78°C 790

|
Ph'COSiMe3 (90)
Li
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Compound Conditions Product (yield, %) Ref.
PhCH,OMe BuLi, tmed, hexane, — 10°C  PhCHLiOMe (85) 791
CHz
PhCH Bu'Li, th, 95 to — 50°C \ /S \ 792
/ \
0
PhCH,SH BuLi, thf, tmed, 0°C PhCHLISLi (72) 793
PhCH,SMe BulLi, tmed, hexane PhCHLiSMe 794
PhCH,S(O)Me MelLi, thf, —60°C PhCHLIS(O)Me (85) 795
(RS:SS=1:15)
PhCH,S(0),NMe, BuLi (2.5 equiv.), thf, hexane  PhCLi,S(O), Ph (83) 789
PhCH,SC(S)NMe, LiNPr,, thf, —60°C PhCHLIiSC(S)NMe, (> 99) 796
Ph Ph
Zis%\H BuLi, thf ks% Li 797
S S
(ca-100)
PhCH,SePh LiNPr,, thf, —78°C PhCHLiSePh (81) 798
PhCH,Se(O)Ph LiNPri,, thf, Et,0, —78°C  PhCHLiSe(O)Ph (88) 798
UCHZPO(OEt ), NaNH,, lig. NH, [XCH(No)Po (0EM), 799
X

O H,P(OEt

CNj—c ,P(OEN),
CH,SiMey

@CstlMGZ,

CH(SiMe3)2

<0

NaNH,, lig. NH,

BulLi, tmed, hexane

BulLi, Et,O, hexane, 20°C

(X=0,97; X=5,95)

QCH(NG)PO(OEt)Z (94)
N

CHLiSiMe,
@\/CHLiSiMe3
@ Cl (SiMe3)2

Li

799

800

801

Substituted toluenes, XCcH, Me, and other methylaromatics can be metallated at
benzylic sites; examples are given in Table 7. Metallations of methylnaphthalenes have
been well studied; a 2-methyl group is more easily metallated by BuLi—tmed in hexane
than a 1-methyl group as found in 1,2, 3,4-tetramethylnaphthalene?'. 1,8-Dimethyl-
naphthalene is monometallated by excess*'® of BuLi, whereas with CsH, Na-tmed, 1,
8-(NaCH,), naphthalene is quantitatively formed. The related compound acenaphthene

(31) is dilithiated?!”.
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H H
2—

T @

QO == Q0| =
hexane

(3D

The ease of dimetallation (o, a) of dimethylnaphthalenes using an excess of CsH, Na-
tmed was found to be 1,3- > 1,2- > 1,6- = 1,8- » 1,4-dimethylnaphthalene, the last
compound being only monometallated!86-2'4,

Alkylpyridines and related nitrogen heterocycles are considerably more acidic than the
related benzenoid compounds and the methyl groups on the nitrogen heterocycles can be
readily metallated by a number of reagents?'#2!°, Although the acidity of a 4-methyl
group is greater than that of a 2-methylsubstituent, the sites of metallation of 2,4-
dimethylpyridine, 2,4, 6-trimethylpyridine, and 2,4-dimethylquinoline depend on the
conditions used and on whether kinetic or thermodynamic control operates. These
heterocycles provided 2-MCH,, derivatives, 32 or 34, on treatment with BuLi in Et,O-

Me
r ®
’——’
ﬁ RQCHZM (73)
R CND Me CHaM

(32)

L
R=H ar Me //[gj%:}l\
R N Me

(33)

Me
r — 00
N CH,M
O (34) CHyM (74)
NMe
N
— QIO
N Me
(35)

hexane, regardless of the reaction time, or with PhM (M = Lior K) in Et,O. The use of thf
as the reaction medium for RLi metallations promoted the formation of 2-LiCH,
derivatives, which isomerized to the 4-LiCH, derivatives, 33 or 35, on standing. Such
isomerizations [32— 33 and 34— 35] in thf were even faster in the presence of the free
heterocycles or when a chelating agent, tmed or hmpt, was added.

The explanation for the RLi results is based on prior complexation of RLi with the ring
nitrogen which holds the RLi close to the 2-methyl substituent (coordination-only limited
mechanism). Such complexation lessens when alkali cations other than Li* or when basic
solvents (NH, or other amines) are employed. In these cases, the metallating agent is able
to attack the more acidic 4-methyl groups [acid—base limited mechanism].

The benzylic compounds, AryCH, Ar,CH,, and 9, 10-dihydroanthracenes, are parti-
cularly easily metallated. Diphenylmethane provides Ph,CHM using, among other
systems, (i) BuLi in thf (but not in hexane)?2°, (ii) BuLi—cryptate in hexane?2°, (iii) MNH,
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(M = Na or K) in liquid ammonia or KNH, in Et,0, (iv) C,H,,Na'®% (v) NaH-hmpt in
thf?2! and (vi) KH in the presence of 18-crown ether???,

Among the metallating systems to react with PhyCH are (i) BuLi in thf22°, (ii) BuLi-
cryptate in hexane?2°, (iii) CsH,,Na'®®, (iv) BuNa-tmed in PhH??3, (v) NaH-hmpt in
thf22! (vi) MNH, (M = Na or K) in liquid NH,, (vii) KH in the presence of 18-crown
ether?22, (vii) PhCMeK'®*, and (vii) KOH in dme*?*. While Ph,CH, or Ph,CH is
metallated in liquid ammonia by NaNH,, evaporation of the solvent only leaves the
starting materials; however, Ph,CHK or Ph,CK can be isolated from liquid ammonia.
This probably arises from a slower attainment of the amminolyses equilibrium for the
potassium system®.

(p-MeC4H,),CH, is metallated at the central methylene group by either BuLi in thf
solution or KH-18-crown ether?22. The ease of metallation by BuLi in thf solution at
benzylic sites decreases in the order PhCH > Ph,CH, > (p-MeC4H,),CH, > p-
PhC,H,Me?2°,

Both mono- and dimetallation of 9, 10-dihydroanthracenes have been reported. The

H Bu'
B Li— tmed
uli—tme (75)
(ref 225)

Me
2Buli—tmed 76) (76)
(ref.-226) .
= 2L
Et

relative reactivities of (Z)- and (E)-36 are 20:1. Metallation of 9, 10-dthydroanthracenes
also occurs using NaH-hmpt in thf??! or MNH, .

v. Metallations of cyclopentadienes, indenes, and fluorenes. Cyclopentadiene, indene,
and fluorene (pK, values=15, 18.5 and 23, respectively) and their derivatives are
metallated by a number of systems. Cyclopentadiene is metallated, for example, by RLi in
Et,0227, NaNH, in liquid ammonia’, Bu‘'ONa, and KOH in dme??*. Metallation of
indene at the |-position has been achieved with BuLi??®, RNa (R = C4H,, or Ph,C)!'8%,
NaH-hmpt in thf?2! and KOH in dme??*, while fluorene reacts at the 9-position with
PhLi in Et,022% BuLi in thf?3°, RNa (R = C,H,, or Ph,C)'8%, NaH-hmpt in thf??',
NaNH, in decalin!, KOH in dme??*, and Bu'OK in dmso!.

Polylithiations of indene and fluorene have been reported using BuLi-tmed at 70 °C; up
to 6 and 9 lithiums may be incorporated for indene and fluorene, respectively?!,
Substituted derivatives and more complex derivatives have also been successfully
metallated, see equations 77-80.

Other polycyclic fluorene derivatives that react include 7bH-indeno[l,2,
3-jk]fluorene (with BuLi in PhH)?**, 9,9"-bifluorenyl (with BuLi-tmed in hexane at
ambient temperature)?3, and cycloocta[def]fluorene (with BuLi in thf)??7,
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Ph Ph
PhMe 100°C (717
Ph Ph ph LiT )
Q— + Buli (ef 1a75) ‘
H Ph

2 BuLi, thf

hexone,-70 to O °C >
(ref-232)

2Lt (78)

Oy©® @o®

2 Bul.i hmpt

+
hexane, 25°C 2Li (79)
Qo " 0O
H H
28uL| dmso 2Lt

(ref 234)

vi. Metallations of alkenes. Metallation of alkenes could in principle provide vinyl-
and/or allylmetal compounds. For an alkene without allylic protons, metallation could
only give vinyl compounds, e.g. as with CH,=CH, (using C;H, ,Na-Pr‘ONa) and
Bu'CH=CH, (using C;H,,Na)??®, Organolithiums do not appear to metallate simple
alkenes, which have no allylic protons; typical reactions with such compounds would be
additions of RLi to the double bond or polymerizations. The acidity of allylic protons is

RCH=CH, + R'Na — RCH=CHNa (81)
(R =H or BuY

greater than that of vinylic protons in alkenes (cf. the pK, values of CH;CH=CH, and
CH,=CH, are 35.5 and 36.5, respectively). When allylic protons are present, it would
therefore be expected that metallations of alkenes would preferentially occur to give
allylmetal compounds. This is usually borne out with strain-free alkenes and when there
are no contrary kinetic effects.

Kinetic effects have been observed in metallations of alk-1-enes by alkylsodium and
-potassium in which both allyl and vinyl products are obtained?3°724!. Metallation of
Me(CH,)CH=CH, by C;H,;Na in octane provided?*®* Me(CH,);CH===CH=
CH,Na™ and Me(CH,),CH=CHNa. The latter appears as the major product in the
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early stages but as the reaction time increases so its relative yield decreases. Very little
isomerization of Me(CH,);CH=CHNa to Me(CH,)gCH=CH===CH,Na"* occurred
under the reaction conditions; the relative increase in the allylic product is due to the very
ready deprotonation of Me(CH,)CH—=—CHMe formed by the catalysed isomerization of
the starting alkene, Me(CH,);CH=CH, (see Scheme 6).

Me(CH,)sCH=CHNa + C.H,,
Me(CH,),CH=CH, + C;H,,Na Z
Me(CH,),CH=:CH==CH,Na"* + C;H,,
Me(CH ,)sCH=CH, + Me(CH,)sCH===CH===CH,Na* —
Me(CH,)sCH=CHMe + Me(CH,)sCH==CH===CH,Na*
Me(CH,)sCH=CHMe + C;H,,Na — Me(CH,);CH==CH===CH,Na* + C H,,
SCHEME 6.

The relative ease of metallation was established as

H
[ [
—>c —é=CH2 >/\é—c= c< >—>c—c=c<

The major product of BuK metallation of Me(CH ;)oCH=CH, at all stages is the ally!
product®**'. The catalysed isomerization of Me(CH,)CH=CH, to Me(CH,);CH=
CHMe, a prominent feature of the RNa reaction, has less significance in the BuK reaction.
A further difference between RK and RNa reactions is the much faster isomerization of
Me(CH,),CH=CHM to Me(CH,);CH===CH==CH,M"* for M =K.

Deprotonations of bicyclic alkenes do not occur at bridge-head sites, even if these would
lead to allylmetal; for example, compounds 37-40 react with alkylsodiums at the indicated
sites to give vinylmetal products'®!. The metallation of 40 occurs at the vinyl site nearest to

(37) (38) (39) Me
(82)
5H”Na 20°C
CHoOH penfane CH,ONo
(40)

the CH,O ™~ group, which suggests assistance by this group. Allylic deprotonation of 41
and 42 occurs, but for 43 both vinylic and allylic metallation results.

CHa

5H“Na pentane

83
(ref 191) (83)

(41)
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K+
BulLi,Bu’ OK
— (84
(ref.242)
42)
i&c 2 CefyNa, i&CHNO i&ﬁcm s
pentane + "7 Na* (85)
(ref.191)
(43)

There are also examples of vinyl lithiations of strained alkenes, e.g. equations 86 and 87.

Me Me

Me  Me
PhLi or Meli Et,0
i R A (86)
or Buli hexane,20 °C
le (ret.243) Me/ \Li
Bul_l thf
QU0 “mer OO ®
(ref 244)

For simple alkenes, bearing allylic protons, allylic deprotonation results; for example,
metallation of propene occurs readily to give CH,==CH==2CH,M * using a variety of
reagents, including BuLi in thf?*5 RLi-tmed (R = Bu’s‘ 1245 or Bu‘”“ 246) CH,Na?*7,
RK (R=CsH,,, Me;SiCH,, or PhCMe,)!7#248-250  ByLi-Bu'QK #3251 and

Me,SiCH,Cs?*. Crotylmetal, MeCH==CH===CH,M * (from but-1- or -2-ene, equation
§8)181.247.252 5 methylallylmetal (from Me,C=CH,)?*6:247:250.251 " and phenylallyl-

MeCH,CH=CH,
or ST, MeCH==CH=:CH,Li* (88)
(E)- or (Z)-MeCH=CHMe

metal (from PhCHZCHZCHZ)253 are similarly prepared. Other examples are a series of
compounds, RCH=22CH=:CH,K * [from RCH=CHMe (R = H, Me, Et, Pr, or Bu') in
cyclohexane]?*® and CHZ'“CR :CH,K* [from CH,=CRMe (R H, Pr, or Bu') in
thf ] prepared using Me,;SiCH,K.

Metal amides have been used to obtain allylmetals, e.g. 1,3-diphenylallyllithium,
Scheme 723%. Of interest, (E)-PhCH=CHCH,Ph is lithiated by LiNPr! (cyclo-C4H, ) in
thfat — 45 °C within a few minutes to give the less thermodynamically stable isomer (E, Z)-
44, whereas BuLi in thf-hexane only reacts at — 30°C, at which temperature (E, E)-44 is
obtained.
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R
Ph\c—c/H BuLi,thf, Ph S PP
R CHph  hexone,=30°CT T i+ Yy
{:(E,E)-44]
LiNRR' /' |,
thf,- 45°C H
H\C4,_..\\\C/Ph

P LY w
1:(5,2)-44]
R=Pr’ ,R'=cyclohexy!
SCHEME 7
(Z)-1-Alkylpropenes undergo allylic metallations at faster rates than the E isomers,

equation 89235, A larger rate difference (15: 1) was found for Z and E isomers of BUCH=
CHMe. The equilibration of 2-alkenylpotassium isomers, in particular, is very slow in thf

: H H H P

MeCH=CHPr thiS'cHzoK’ e—c~ o+ ec—c” ' (89)
»=53°C CHy — P CHz T

(Z)E)= 11 (45) 46) 45:46: 4.6

at low temperatures; several days are required for equilibrium to be reached. Traces of
oxygen, however, catalyse the isomerization?3®.

In contrast to the monometallation of Me,C=CH, and methylallylbenzenes using
BuLi-thf, dimetallation can occur at both allylic sites using BuLi-tmed?*¢, CsH,,Na?®7,
or BuLi~ROK?**8 (equation 90). Other compounds to have been similarly dimetallated to
give Y-shaped dicarbanions under relatively mild conditions include (PhCH,),C=CHR
(R = H or Ph)",(2)- or (E)-PhCH,CMe=CHPh?*°, and Me,C=CHMe?*° equation 91.

2_
Me H Me H CHapy
Na AN - 23 +
Je=c( > G==C( —»|  3=—CHp 2w (90)
RCH3 H RCH™ H RCH
+
M
R=H or Ph
M H Me e”
e 2 equiv.BuLi—tmed | ,
>C=C< a — » CHZ==C2CHE2CH, 2Lit
Me Me 25°C
kinetic product
c l -
Hox H
/,c~-—--c< 2Lt 91
CH3 Me

thermodynamic
product
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Alkenes such as CH,=CHMe, CH,=CHCH,Me, MeCH=—CHMe, and
PhCH,CH=CH, have also been dimetallated?5' by BuLi~tmed but much more forcing
conditions are required than for RCH,CMe=—CH, (R = H or Ph), the second deproton-
ation occurring at a vinyl site:

+ BuLi-tmed

PhCH,CH=CH,; ————— PhCH==CH==CH,Li* — PhCH===CH==CHLIiLi*
92)

Other substituted allyllithiums have been prepared from alkenes, although competing
reactions may arise, e.g. equations 93 and 94.

: o°C | N\ (93)
=+ BuLi - tmed ————>
>_// o T Il et 262) >
major producf minor product
. =10 to+10°C NZeee |+
—_———
>: + Buli ht, hexane Li™ + polymer (94)

(ref.263)

417)

The presence of tmed during the metallation of 47 resulted in extensive polymerization.
By comparing reactions 94, 95, and 96, it is clear that changes in the type of reaction
undergone can be brought about by slight changes in structures. Whereas cyclohexene is

h Bu Li
P . thf,hexane Ph
+ Buli —————— 95)

Ph (ref.264) Ph

R o
=H:h f

+BuLi- tmed ——Hs hexane, 20 C (ref-265) .

R R=Ph; thf,hexane,— 100 °C (ref-264)

metallated at an allylic site, for example by CsH, ;Na2*! or Me,SiCH,K %€, the smaller
ring compound, cyclopentene, undergoes deprotonation at a vinyl site. The less reactive
BuLi does not react with cyclohexene26”.

Conjugated carbanions are particularly readily obtained by metallation of appropriate
mono-, di-, or polyenes. Pentadienylmetal compounds are available?¢8279 by metallation
of penta-1,3- or 1,4-dienes using reagents such as lithium amides, BuLi, Bu°Li, BuLi-
Bu'OK, or Me;SiCH,K, e.g. equations 97 and 98.

(96)

CHp=CHCH,CH=CH, + BuLi

t—» CHz== CH=CH==CH=CH, M* 97
CHy=CHCH=CHMe  +BuLi-Bu’0OK

Litmp, bexane,

== == CPh==CH== it
50 5C(ref seaT TNCH== CH==CPh==CH==CHPh Li (98)

PhCH=CHCPh=CHCH,Ph
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Allylic metallation of conjugated trienes and higher polyenes has also been reported?”!,
e.g. equation 99.

BulLi, thf

PhCH,(CH==CH),CH,Ph —=, [PhCH,(CH==CH),==CHPh] Li*n=3  (99)

A variety of dianionic compounds have been obtained from suitable diene precursors,
including 1,3-dienes, e.g. CH,=CMeCMe=CH,, equation 100, 1,4-dienes, including

2_
2BuLi.Bu’OK CHay, 4 Chyp
CHz=CMaCMe =CHe T = 2kt (100)
o \\
(ref.270) cHs” NCHy

CH,=CHCH,CH=CHMe, CH,=CMe,CH,CMe=CH,, Me¢,C=CHCH=CMe,,
and CH,=CMeCH,CH=CH,, and 1, 5-dienes, e.g. CH,=CHCH,CH,CH=CH, and
CH,=CMeCH,CH,CH=CH, (48)?6!:2727274,

CHp=CHCH,CH=CHMe e
2BuLi-tmed
or _— [CHgl:CH‘—“CH "—'CH‘—-"CHf—"CHz} 2LiT (101)

CHp= CHCH2CH,CH=CHg

Metallation of 48 by 2 equiv. of BuLi-tmed (or BuLi—-Bu‘OK) provided mono- and
dianions®”3; the dianions obtained are indicated in equation 102. The thermodynamic

2 equiv.BuLi—tmed
(48) 559C >

+ —l} -y el (102)
(51)
product is 50 and its yield increases with time at the expense of 49 and 51; 51 is formed

initially in the greater yield.
Trienes (52) are also easily dimetallated?”°.

2BuLi, thf 103
—_—
RCH7C< SEoC (103)
R=H or Ph
(52)
Trianionic compounds may also be obtained, equations 104 and 105.
N _3Buti-tmed ARG 3Lt (104)
hexane, 20°C

(ref.276)
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38uli-tmed
_—
hexane, 20°C

(ref.272)

3Lt (105)

The examples so far quoted have involved acyclic compounds; some representative
examples of cyclic delocalized mono-," di-, and trianionic compounds are given in
equations 106—109.

| | Linpr (cyclo-Cehh), L Li* (106)
thf,—40 °C ‘
Sn (ref.277)

Buz Bup
BuLi-Bu’ OK K" (107)
(ref.270) g
2 equiv.BuLi-?medA
(ref.278) o

A

@ o "
3 BuLi-tmed +
> 3L
hexane, 20°C - @ l (109)
(ref. 276)

vil. Metallations of alkynes and allenes. Acetylene can be dimetallated, for example by
PhLi in Et,0%7°. Monolithioacetylene has been obtained by the disproportionation of
LiC=CLi and HC==CH in liquid ammonia?8°, and from reaction?®! of HC=CH with
BulLi in thf at — 78°C. Metal amides have also been used’.

Terminal alkynes, RC=CH, are metallated' to give RC=CM by a number of reagents,
including BuLi in hydrocarbon?®? or ethereal solutions or in the presence of a donor?83,
and metal amides in liquid ammonia or ethers. Replacement of an allylic proton and an

alkynyl hydrogen occurs?8* in HC=CCMe=CH,, equation 110. Propargylic hydrogens

CH
2 equiv.BulLi,Bu’ OK, Y e
» KC=CC, — K

thf, hexane,-70°C e

(110)

HC= CCMe=CH,

are sufficiently acidic to be metallated by organometals?83-286 equation 111, Dimetall-
ation can occur®®’, at propargylic sites as in PnC=CCH,R (R = H or Me) using BuLi in
Et,0. Replacement of propargyl and alkynyl hydrogens in the same compound can arise
to give di- and polylithio products' 84288, Thus MeC=CH with BuLi (I equiv.) provides
MeC=CLi and with excess of BuLi successive replacements of hydrogens occur
eventually to provide C,Li,, equation 112.

BuLi, tmed

Me;SiC=CMe PP Me,SiC=CCH,Li (111)
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MeC=CH —»MeC=CLi - LiCH,C=CLi- Li,CCH=CLi - C,Li,  (112)

The terminal alkyne, HC=CCH ,Me, is lithiated by BuLi or Bu'Li (3 equiv.) to give
MeC,Li;, which can also be obtained from MeC==CMe using the more powerful
metallating agent BuLi-tmed (3 equiv.)?®°. Dimetallations of R,CHC=CH to
R,CMC=CM have been achieved using BuLi-tmed for R = Me?®® and NaNH, in liquid
ammonia for R = Ph?°°,

Metallations of 53 can occur at either propargylic site?®!. Monometallation results at
the alkyl site for R=R’'=H, at the cyclopropyl ring for R=R’=Me and at either
site for R = H, R’ = Me. The diyne, HC=CCH ,C=CH, can be completely perlithiated to
C,Li, using BuLi-tmed; MeC=CC=CMe provides MeCLi; under similar
conditions?%°,

In solution, equilibria between propargylic and allenic carbanions are indicated from
the products obtained on reaction with electrophiles, for example as found in reactions of
PhCHRC=CPh (R = H or Ph), equation 114.

Cyclopropyl-C=CCHRR’ LN cyclopropyl-C=CCLiRR' + 1-Li-cyclopropyl-
(53) C=CCHRR’ (113)

R =Ph, BuLi (ref. 292)
R=H, Et;NLi (ref. 293)

PhCHRC=CPh PhCRLiC=CPh (114)

PhCR£C:CLiPh

Allenes are also metallated. Allene itself is metallated!!2:2° by BuLi in thf, equation
115. Dilithiation apparently provides LiCH,C=CL.i.

CH,=C=CH, + BuLi _l—::)’—C» CH,=C=CHLi=HC=CCH,Li (115)
Other examples of metallation of substituted allenes are shown in equations 116 and 117.

2 R! . R!
 =c=c BuLi,hexane, thf ,—78 C

RY H Bu'Lior BuLi,hmpt
(ref.295)

AN o
C BuL| 70°C Li
Q/\ ~ thi Et20 O/\ ot (117)
(ref.296)

Successive reactions?®” of 54 (R = R’ = H) with Bu'Li in Et,O at — 78°C and with
electrophiles provide product ratios arising from replacement of R:R’ of up to 13.5:1.
Metallation of (S)-54, (R=Me or Bu'; R'=H) using BuLi-Bu‘OK in thf and

R
C=C=C

/ \

2
~,
(116)

R¥ Li

CgHi7

aant H

P
“o, R

(54)



1. Organic Synthesis of Organolithium

TABLE 8. Formation of a-nitrogen-substituted alkylmetal compounds
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Compound Conditions Product (yield, %) Ref.
O Bu®Li, Bu'OK, isopentane, O (70) 802
i e y
Me CHzK
[ 5 Bu‘Ly, thf, — 78 to —20°C OU (90) 803
N N
\Nsu’ § NBu'
Et,NCH,CN LiNPriy, hmpt, thf, —78°C E1,NCHLICN (90) 804
pr’ Pr
Pr@c(o)NMez Bu’Li, tmed, thf, — 78°C Pr’;@ C(O)N(Me)CHapLi 805
. Pr’ (82)
Pr!
PhCHp o PhCHz ¢
(:f:ﬁwe Bu’Li, hmpt, thf, — 100°C NCHpLi  (90) 806
PhCH, O PhCHp ©
pr! pr’
Pr@-OC(O)NMeg Bu’Li, tmed, thf, 0°C Pr@OC(O)N(MG)CHzLi 807
pr! Prf
Buf C(S)NMe Bu’Li, tmed, thf, —78°C Bu’ C(S)NMeCH,Li (82) 808
CN Ph CN Ph
(vl LiNPri,, thf, —78°C Lv‘ (96) 809
Ph Li Ph
Li
LiNPr,, thf, —78°C (65) 810
N N
SN=0 “~N=0
(Me;N),P=0 Bu’Li, dme, — 78 °C (Me,N),P(O)NMeCH,Li (83) 811
PhN=NMe BuLi, thf, hexane, - 70°C PhN=NCH,Li (88) 812
CeH,;,CHMeN=N(O) LiN(SiMes),, thf, 0°C CeH, ,CHMeN=N(O)CH,Li
Me ) (60) 813
Ph,C=NMe LiNPr,, thf, Et,0 Ph,C=NCH,Li (85) 814
Me,;SiCHN, BuLi, thf, hexane, — 78°C Me,SICLiIN, (88) 815
MeCOCHN, LiNPri,, thi, — 78°C MeCOCLIN, (71) 816
MeNO, 2 equiv. BuLi, hmpt, thf, (CH,NO,)Li, (65) 817

-90°C
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subsequent reaction of the carbanion with an electrophile occurs?®® primarily with
retention of configuration, while (R)-54 (R = H, R"=Me or Bu) reacts mainly with
inversion.

The compound Me,C=C=CH, has been lithiated?°%-2°° by a number of reagents (see
equation 118); compound 55, in the presence of Me,C—=C=CH,, is slowly converted to
Me,CHC=CLi.

Me,C=C=CH,

(MeLi + HNPri3), Litmp or

Me,C=C=CHLi
(55) (118)

Metallation of RC=CMe by Bu’Li in thf—cyclohexane at 0°C proceeds to give a
mixture of RC=CCH,Li and RCLi—C—CH),. On addition of at least 5 equiv. of hmpt,
these products rearrange3°? to RCH=C=CHLIi.

BuLi

b. Metallation of functionally substituted hydrocarbons

The discussion so far has been concerned with hydrocarbons without functionally
substituted groups. Attention is now turned to metallations of such substituted
compounds. These have been particularly well studied?-!87:188:301.302 " egpecially since
many of the carbanion products have found considerable use in organic synthesis!88-303,

Various heterosubstituted functional groups enhance the acidity (thermodynamic
and|or kinetic) of a-protons in alkyl and alkenyl compounds®°' or ortho-protons in

TABLE 9. Formation of a-phosphorus-substituted alkylmetal compounds

Compound Conditions Product (yield, %) Ref.
Me,P Bu'Li, pentane, 20°C Me,PCH,Li (93) 818

Buli, tmed 819
(Ph,P),CH, BuLi, tmed, hexane, PhH, (Ph,P),CHLI (68) 820

20°C
(Me,P);CH Bu‘Li, thf, pentane (Me,P);CLi (73) 821
Ph,PCH,SiMe, BulLi, tmed Ph,PCHLIiSiMe, 822
Ph,PCH,OMe Bu®Li, thf, —95°C Ph,PCHLiOMe 823
Ph,P(O)Pr BulLi, tmed, thf, hexane Ph,P(O)CHLIEt (73) 824
Ph,P(O)CH,CMe,NHCOPh 2 equiv. BuLi, thf, —30°C Ph,P(O)CHLiCMe,NLiCOPh 825

(84)

PhP(S)Me, BuLi, tmed, thf, —78°C  PhS(O)(Me)CH,Li (90) 826
[(Ph,P(O)],CH, BulLi, PhH, 20°C [Ph,P(O)], CHLl (73) 827
(MeQO),P(O)Me Buli, thf, —78°C (MeO),P(O)CH, Li 828
(MeO),P(S)Me BulLi, thf, —78°C (MeQO),P(S)CH,Li (81) 828
(EtO),P(O)CH,SMe BuLi, thf, —78°C (EtO), P(O)CHLiSMe 829
(EtO),P(O)CH,CI BulLi, thf, —78°C (EtO), P{O)CHLICI (90) 830

LiNPr',, thf, hexane, Et,0, o) 831

N (84)
(EtO),P{O)CH CHp —110°C (EfO)zP(O)C| CHo
Li

(EtO),P(O)CH,CN BulLi, thf (EtO),P(O)CHLICN 832
(EtO),P(O)CH,NC BulLi, thf, hexane, —70°C (EtO),P(O)CHLINC 833
(EtO),P(O)CH,CO,Me BulLi, thf (EtO), P(O)CHLICO,Me 837
(EtO), P(O)CF,H LiNPr,, thf, —78°C (EtO),P(O)CF,Li (87) 835
(Me,N),P(O)Me BulLi, thf, —78°C (Me,N),P(O)CH,Li 836
[Me,P(S)];CH Bu’Li, thf, —20°C [Me,P(S)];CLi (76) 837
MePh,P—=CHPPh, Meli, thf, Et,O

NaNH,, thf Ph,PCH=PPh,CH,M 838

KH, thf
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TABLE 10. Formation of a-sulphur-substituted alkylmetal compounds
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Compound Conditions Product (yield, %) Ref.
Me,S BulLi, tmed, hexane, 20°C MeSCH,Li (84) 839
PhSMe BuLi, dabco, thf, hexane, PhSCH,Li (93) 840
0°C
CHZ CH2
PhSCH BuLi, thf, 0°C PhSCLi (95) 841
CH2 CHZ
PhSCH,SiMe, BuLi, tmed, hexane, 0°C PhSCHLiSiMe, (99) 842
PhSCH,OMe BuLi, thf, —30°C PhSCHLiOMe (88) 843
PhSCH,NC BulLi, thf, —60°C PhSCHLINC (85) 844
PhSCH,CN LiNPriz, thf, —78°C PhSCHLICN (93) 845
PhSCH,CO,H LiNPri,, thf, 0°C PhSCHLiICO,Li (99) 846
PhSCH,CO,Me LiNPr,, thf, —60°C PhSCHLiICO,Me (88) 847
HSCH,CO,Et 2.2 equiv. LiNPri,, tmed, LiSCHLICO,Et (90) 848
thf, —78°C
(MeS),CHSnMe,  LiNPri,, hmpt, thf, (MeS),CLiSnMe; (67) 849
hexane, —78°C
MeSCH,S(0),Me BulLi, thf, hexane, —20°C MeSCHLiS(O),Me 850
S S
{ > BuLi, thf, hexane, —40°C (v (s2) 851
S S
S S
{ > BuLi, thf, hexane, — 10°C M—Li 9 852
S,
; . 4
o}
S S
{ > Bu'Li, thf, — 78 °C { )t (e 853
O o]
(PrS);CH BuLi, thf, —78°C (PrS),CLi (67) 854
[Et,NC(S)S],CH, BuLi, thf, —78°C [Et,NC(S)S],CHLIi (74) 854
MeS(O)Me MNH, (M = Li, Na, K or CS) 855
BuLi, thf, MeS(O)CH,M 856
NaH 857
PhS(O)CH,Me MelLi, thf, —60°C PhS(O)CHLiMe (81) 858
(13:1 mixture of
. diastereomers)
PhS(O)CH,1 LiNPr',, thf, hexane, PhS(O)CHLil 859"
—78°C
Ph Ph
BulLi, thf, —30°C (95) 860
ph—S=0 ph—S=0
MelLi. thi, — 78°C 861

BU%S§O
Li

(100)
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Compound Conditions Product (yield, %) Ref.
MeS(0),Me BuLi, PhH MeS(0),CH, Li 862
2 equiv. MNH,, lig. NH, MCH,S(0),CH,M (780) 863
(M =Li or Na)
PhS(0),CH,OMe BulLi, thf, hexane, — 78 °C PhS(O),CHMOMe (100) 864
NaH, thf, 25°C, 1h (40)
Bu‘OK, thf, 25°C, 1 h (100)
Ph Ph
Ph LiNPri,, thi, —20°C ph  (90) 860
Oxd 0
S=0 x§5=0
Ph-~ Ph~
] H 1.8 equiv. BuLi, thf, Et,O 0] Li
e 9y B’ 2
CgH,3CH hexane, CGH,3CH/—\C/ (96) 865
Sogpn  —M0°C 0=§=0
\\Ph
MeS(O),NHBu' 2 equiv. BuLi, thf, —30°C LiCH,S(0),N(Li)Bu' (87) 866
PhS(O)(Me)=NMe BulLi, thf, 0°C PhS(O)(CH,Li)=NMe (90) 867
PhS(O)CHCI, LiNPri,, thf, —78°C PhS(O)C(Li)Cl, 868
TABLE 11. Formation of a-selenium-substituted alkylmetal compounds
Compound Condiiions Product (yield, %) Ref
PhSeMc BuLi, tmed, thf, PhSeCH,Li (40) 869
—78 to —50°C
PhSeCH,SiMe, Bu*Li, tmed, hexane, 25°C PhSeCHLIiSiMe, (94) 870
LiNPri,, thf, hexane 871
m-CF,CcH,SeMe Litmp, thf, —55°C m-CF,C¢H SeCH,Li 872
m-CF,CcH,SecCH,OMe Litmp, thf, —78°C m-CF,C4H,SeCHLiOMe (83) 872
PhSeCH,COPh LiNPrf,, thf, —78°C PhSeCHLiCOPh 872
PhSeCH,CO,Me LiNPr,, thf, —78°C PhSeCHLiCO,Me (93) 873
(PhSe),CH, LiNPrf,, thl, —78°C (PhSe),CHLI (77) 872
(BulLi, thf, —78°C PhSeCH,Li 872)
(PhSe),CH LiNBu‘,, thf, —78°C (PhSe);CLi (93) 869
PhSe(O)Me LiNPri,, thf, —78°C PhSe(O)CH,Li 874
PhSe(O)CHMe, LiNPr,, thf, —78°C PhSe(O)CLiMe, 874

arenes'88:304.305 Coordination of the metallating agent to the functional group may also
be a significant factor in directing attack to an adjacent site. Coordination of the lithiating
agent to the heterosubstituted group was detected during lithiations of RCH,NR'CH=
NBu' by Bu‘Li*°®* and of 2,4, 6-Pr';C¢H,CONMe, by Bu®Li in cyclohexane3?°®, These
features, together or alone, result in the metallations being achieved under milder
conditions than are required for the parent hydrocarbons, and may allow more sensitive
functional groups to survive the metallations, although low temperatures and the
employment of less nucleophilic reagents, e.g. MNR, in place of RM, are frequently
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TABLE 12. Formation of a-halo-substituted alkylmetal compounds
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Compound Conditions Product (yield, %) Ref.
Me,SiCH,Cl Bu’Li, tmed, thf, —78°C Me;SiCHLICI (> 90) 875
CH.Cl, BulLi, tmed, thf, Et,0, LICHCI, (ca. 100) 876

—-90°C
MeCHCl, BuLi, tmed, thf, Et,0, MeCLIiCl, (ca. 100) 876
—-90°C
CHCl, LiNPri,, Et,0, — 108°C LiCCl, 877
CH,Br, LiNPri,, thf, Et,0, —90°C LiCHBr, (63) 878
Me,SiCHBr, LiNPr‘,, thf, Et,0, —80°C Me,SiCLiBr, (93) 878
CHBr, LiNPr,, thf, Et,0, —110°C LiCBr, (90) 878
TABLE 13. Formation of a-metallo-substituted alkylmetal compounds
Compound Conditions Product (yield, %) Ref.
Litmp, PhH, 20°C (87) 879
A P >
CH, B\ :> Litmp, thf, tmed, — 75°C LiCHB\ (70) 880
00—/, 0
Me Me
o} 0
[\ . M
MeasiCH2< \(FME Litmp, tmed, thf, 0°C Me3SiCHB< Ve (87 g8l
|
0 NMe Li Y Me
Me,Si BuLi, pmdt, PhH Me,SiCH,Li 882
(Me,Si),CH, BuLi, hmpt, thf, —78°C (Me,Si),CHLI (65) 883
BuLi, pmdt, PhH
(Me,Si),CH MelLi, Et,0, thf (Me,Si);CLi (95) 884
(Me,Si),C Bu‘Li, tmed, pentane (Me,Si),CSiMe,CH,Li (57) 885
Me,;SiCH,OMe BuLi, thf, hexane, — 70°C Me,SiICHOMeLi (> 90) 886
(Ph,M),CH, LiNR,* hmpt, Et,0, 20°C  (Ph,M),CHLI 887
M=Sn (92)
Pb (67)
Ph,SnCH,AsPh, LiNR,*, hmpt, Et,0, 20°C Ph,SnCHLiAsPh, 887
(67)
(Ph,M),CH, LiNR,*, hmpt, Et,0, 20°C  (Ph,M),CHLi 887
M=As (63)
) Sb (68)
Ph,As(O)Me LiNPr',, thf, —40°C Ph,As(O)CH,Li (81) 888
(PhTe),CH, LiNPr',, thf, hexane, — 78 °C (PhTe),CHLI (quant.) 889
(MeLi, thf, —78°C PhTeCH,Li 889)

“R = cyclohexyl.
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TABLE 4. Formation of a-carbonyl-substituted and related alkalimetal compounds

Compound Conditions Product (yield, %) Ref.
C,;H,,CH,CO,H 2 equiv. LiNPrf,, hmpt, thf C,,H,sCHLiCO,Li (89) 890
—78°C
€O Li_ CO,Li
2.2 equiv. LINPc',, thf, 0°C 891
PhCH,O0CH,CO,H 2 equiv. LiNPr,, thf, —78°C PhCH,OCHLICO,Li (80) 892
1-Bu’-2-Li-2-CO, Li-
COLH CO,Li
. Li
2 equiv. LINPr',, thf, 0°C (e7) 893
N\Bu’ \Bu’
Cl,CHCO,H 2 equiv. LiNPr',, thf, —78°C Cl,CLiCO,Li (85) 894
MeCOSH 2 equiv. LINPr,, thf, —78°C LiCH,COSLi (90) 895
MeCO,Et NaH, hmpt NaCH,CO,Et 896
MeCO,Bu’ LiNPr':z. hexane, —78°C LiCH,CO,Bu’ (95) 897
Me,CHCO,Me LiNPr';, PhH, —10°C Me,CLICO,Me 898
OH . OH
/E\/COZEi 2equiv. LiNPr,, thf, —50°C /’\(COZEt 899
L (82)
(McO)ZCHCOZMe LiNBu',, thf; —70 to (Me0O),CLiCO,Me (70) 900
—-10°C
Me,SiCH,CSOEt BuLi, Et,0, —40°C Me,SiCHLICSOEt 901
MeCONMe, LiNPr',, thf, pentane, MCH,CONMe, (99) 902
—78°C
NaNH,, PhMe (60) 903
MeCONHSiMe, 2 equiv. BulLi, thf, hexane, LiCH,CONLISiMe; (82) 904
0°C
0] Li (0]
2 equiv. BuLi, thf, hexane, 0°C l (66) 905
NH N
Ph Ph \Li
MeCOMe NaNH,, Et,0 MeCOCH,Li 906
MeCN BuLi, hexane, thf, —70°C MCH,CN (> 90) 907
NaNH,, liq. NH, (94) 908
KN(SiMe,),, thl
Me,SiCH,CN LiNPr',, thf, hexane, —78°C Me,SiCHLICN (95) 909
(MeO),CHCN LiNPr',, hmpt, thf, hexane, (MeQ),CLICN 910

—78°C
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necessary in order to avoid side reactions such as additions, couplings, and eliminations.
By far the largest amount of work has been carried out with lithium reagents; by
comparison, sodium, potassium, and the other alkali metals have received scant attention.,

i. Metallations of substituted alkenes. The heteroatom in the functional group could be a
metalloid (e.g. R, B and R,Si), from Group V (e.g. N, P, As, and Sb), from Group VI{e.g. O,
S, Se, and Te) or from Group VII (e.g. F, Cl, Br, and I). As shown in Tables 8-13,
compounds bearing a variety of functional groups have been metallated. Combinations of
the same or different groups result in even easier metallations. Substituted benzyllithiums
are readily obtained3°7, see Table 7, as are a-carbonyl-substituted derivatives (Table 14).

The stability of the heterosubstituted alkyl carbanion can be due to several effects. The
stability can arise from the electron-withdrawing effects of the heteroatom or group,

6- 6+
’ b- , 6+
Y4 C—Li e—» Y—C—0>Li (119)

eg.Y=X or CXz
X =halogen

equation 119. Charge—dipole interaction3°8 is another method of stabilizing a carbanion,
equations 120 and 121.
) .
|L| & L
[N | -
—CL(—(':——<—> —Ck -~ (120)
X=0,S,0rNR;Y=0 or S

S+

Li Li +

Li
s_& =~ 5 e

Z—Y—C— 4+—» Z=Y—C <+—» Z=Y=C 121
| C Y (121)

Examples of stabilization arising via charge—dipole interactions are the carbanions
derived from hindered amides®®®, equations 122 and 123, thioamides (e.g.
Bu'C(S)NMe,)*'°, esters and thioesters3°*3!!, equation 124, formamidines306-312 (e.g.
R,NCH=NBu'), succinimides>3, th101m1dates3“‘ dithiocarbonates®'®, formamides®!®,
thioformamides®'” (equation 125), nitrosamines®'®, e.g. equations 126 and 127, amine

oxides®'®, nitroalkanes®2°, and isocyanides3?!, equation 128.
Li
o} O >_~
ar—C N Bulli-tmed 4 «— (122)
Ttnf,—78°C_ T ATCT AF—C\
(ref 309b)
Ar= 2,4,6~Pr] CgH,
Ph Ph
BuSLi —tmed
ByrLl ~imed o _
N thf,— 78°C Nee Li¢——* N o+
c/ (ref-309b) C/ C/
ET3C/ =0 Et,L—~==0 EtC—" 0

(123)
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0 ' L\'
Il BuSLi—tmed
—-X=C - T » ArCo_+ CH,
ArC HoR thf,— 95 °C Xx7 (124)
. | [s)
Ar=2,4,61-Prf CHy 5 X=0,R=H>"; x=$, R=Me **°
! ~ X T
(l iNPr ,E1,0, ) +
HCNMe, L _;;u’c 2 Li—C—NMe; <—— Li—C=NMep (125)
Y=O3IG or S3|7
Me\ /CHZCHzAr Me\ /(IZHCHzAr
N LiNPrj ,tnf, N L (126)
N —80°C N
x0 (ref.318b) x>0
Me /CHZCHzAr CHz /CHZCHzAr (127)
r;l LiNPr} ,thf, Li N
—_—»
N —80°C N
o# (ref.318b) o0
BulLi,—70°C . +
= —_— = . _ -
MeN=C tret321) LICH,N=C «—p LiT CH=NC (128)

As shown in equations 123, 126, and 127, and also with metallations of aldimines2? and
Me,C=NOMe>?3 lithiations occur at the syn-carbon. Groups that have partially or fully
charge heteroatoms can also stabilize the carbanion, equation 129. Examples of such

z- Z7 Mt
[ |~
—Y-—Cll—M -—> ——Y=c\ (129)

Y=5,5(0),Se,Por As; Z=0O or S or NR

groups are P(O)R,***325, P(O)(OR),**%, P(S)(OE),**¢, P(OXNMe,),?", S(O)R>?%,
S(O)NR,*?%, §(0),R?3%, S(=NR)R*?!, Se(O)R>32, or As(O)R 333,
A fourth method of stabilization is via delocalization as shown generally in equation 130

and exemplified by lithiated imines®3*, equation 131.
N M/ N
C=Xx—C «——» ()C—X=C( (130
/ \ / \
LiNPri , )
PhyC= NMe Ph,C=NCH,Li €— PhCLi—N=CH, (131)

Et,0
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The carbanionic stabilizing ability of sulphur and other second-row elements is
considerable and explanations have been based on the involvement of d orbitals (i.e.
stabilization is due to the delocalization of the negative charge into low-lying d
orbitals)®®'. This theory is now losing favour to one based on polarization®*. The
polarizability of the heteroatom is considered to allow diffusion of the carbanion lone pair
into the carbon framework. This diffusion is higher when the carbanion lone pair (or
carbon—metal bond) is syn-periplanar to the carbon—heteroatom bond. This accounts
for the greater reactivity of equatorial over axial hydrogens in acetals and thianes, €.g. as
shown by 56 being metallated more readily than 57°*¢ and 58 but not 59°37 reacting with
BuLi-tmed in hexane at — 50°C.

Me H
H Me
s ]
S S
Me Me
(56) (57
Ph H
H Ph
“‘°Q7L M"ﬁ%
Me © Me ©
(58) (59)

Alkyl substitution at the potential carbanion centre results in a reduced acidity as a
consequence of its electron-releasing effect. Thus a MeX group is more easily metallated
than a RCH,X group; see, for example, equation 132. The less vigorous metallating
conditions required for PhSMe than those used for PhSCH,Pr’, equation 133, and the
different sites of lithiation of 3-CF,C¢H,SMe and 3-CF,C¢H,SCH,Me, equation 134,
also arise from the reduced acidity on alkyl substitution.

Buli, pentane

Me (CH,)sPMez e 335) Me (CHp)sPMeCH,L.i (132)
R=H; BulLi,thf,20 °C » PhSCHaLi
(ref.339)
PhSCHR  — Repr/ By o (133)
=Pr’; i,h .
PBY LLOMPL Y phscHLIPY

R=H i
e [e3a0 ORCeHaSCHn
o 5 . Et
3-CFyCeHaSCHaR + LiNPrz — o Li (134)
R=Me _,

The ortho-metallation of 3-CF,C,H,CH,SCH ,Me is one of a number of reported ortho-
metallations of ArXCHRR'. Greater electron-attracting groups aid deprotonation, e.g. 3-
CF,C4H,SCH,0OMe is more easily lithiated than PhSCH,OMe by Litmp.

il. Metallations of substituted benzenes. various functional groups in benzenoid com-
pounds have been found to direct the metal into their ortho sites®®* (see Table 15). Among
the ortho-directing groups are the following: NR,**!, CH,NR,**% CH(NR,),**3,
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TABLE 15. Metallation of substituted benzenes

3

Compound Metallating conditions Product (yield, %) Ref.
PhNMe, BuLi, hexane, reflux, 16 h, o-LIC4gH NMe, 911
or BuLi, hexane, tmed, 25°C,
4h
C,H,,;Na 0-NaCgH,NMe, (18) 912
PhNC (i) Bu'Li, —78°C; 0-LiC¢H N=CliBu' 913
(1) Bu'Li, tmed
PhNHCOBu' 2 equiv. BuLi, thf, hexane, 0°C 0-LiC4H ,NLiCOBu' 914
PhNHCO,Bu' 2 equiv. Bu'Li, pentane, thf, 0-LiIiC4HNLICO,Bu’ 915
—78°C
PhCH,NMe, BuLi, Et,O 0-LiC¢H ,CH,NMe, 916
Me hlﬂe
|
N N
Ph4< ] BulLi, tmed, Et,0, hexane, o-LiCg H4—< j 917
'\|l 25°C l}l
Me Me
PhCHOHCH,NMe, 2 equiv. BuLi, Et,0, 20°C 0-LiC¢H ,CHOLICH,NMe, 918
PhCONEL, Bu‘Li, tmed, thf, —78°C 0-LiC¢H,CONE, 919
PhOMe BuLi, Et,O0 0-LiC¢H ,OMe 920
C,H, Na 0-NaCgH,OMe (80) 921
PhOBuU' Bu'Li, cyclohexane, 0-LiC¢gH,OBu* 922
reflux )
PhSPr BulLi, tmed, hexane, 10-25°C  0-LiC¢H,SPr' (81) 923
PhSMe PhNa 0-NaCgH SMe (45) 924
PhCH,OH BulLi, tmed, hexane, 0-LiIC4H,CH,OLi 925
reflux
PhCH(OMe), Bu‘Li, Et,0, —78°C 0-LiC4H ,CH(OMe), 926
PhSO,H 2 equiv. BuLi, thf, 0°C 0-LiC¢H,SO,Li 927
PhF BuLi, thf, —50°C 0-LICH L F 928
PhCF, BuLi o- + m-LiCH,,CF, 920
MeO OMe
CONMe> 1.2 equiv. Bu’Li, tmed, thf, CONMe, 929
—-90°C
Li
Cl Cl
CH NMe, BuLi CHoNMe, 930
Li
CN CN
Li
N i . — o, 93'
N LiNPr',, thf, —96°C cN
Br Br
Li
S40 BuLi S 0 932

~Ph

|| ™>Ph
0]
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TABLE 15. (Contd.)
Compound Metallating conditions Product (yield, %) Ref.
OMe OMe
Li
BuLi, thf, hexane, — 65°C Q 933
F F
MeO MeO
Li
Bu’Li, tmed, thf, —78°C 919
CONEt, CONE1;
7L—w %/\O
N\ o} N
BuLi, thf; —78°C . 934
Li
Ci o1}
OCHz0Me OCH,0Me
Li
Bu'Li 935
Me Me
F F
Li
BuLi, thf 928
Me Me
c Cl
OPh OPh
OMe Me
. Li
BulLi, Et,O, hexane, — 78°C 937
N//ko‘

O
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CR,CH,NR’,*** CONR,>*3, pyrazolyl®*°, 2-oxazolinyls**’, imines3*8, CN34%, QR33°
(including OCH,0R), OCONEL(,*3!, CR,0OR?32, CH,CH(OR),3*3, CH(OR),333:3%4
SRJSS’ SOZNR2356, SOZAF357, SOZORJSGn’ F358, C|345c’ CF3359, Pphz(zNPh)JGO (R
= alkyl or aryl), as well as those groups which have replaceable hydrogens and are
themselves metallated, e.g. NHCOBu**¢!, NHCQ,Bu'3°2, CONHR3%3, CSNHR?3%4,
CR,0OH?*%%, CHOHCH,NR,*¢¢, CHOHNR,3¢", SO,NHR3%%, SO,H356%36? and those
which can combine with RLi prior to substitution®’°, e.g. N=C.

ButLi, tmed,

PhN=C

PhN:C(L])Bu’ Bu'L‘i,lmed.

- - 2-LiCcH,N=C(Li)Bu*  (1395)

For those ortho-directing groups which react with RLi, additional equivalents of the
metallating agents must be employed. Many of the listed functional groups, e.g. those
containing C=0 and C=S units, can also react with RLi; to avoid this, appropriate
conditions must be used, e.g. low temperatures, poorly nucleophilic reagents or hindered
systems. However, an addition of RLi to a C=0 unit has been incorporated37!372 into
syntheses, equation 136.

MeLi,thf BuLi,—70°C

PhCONMe; —————»  PhC(Me)(OLi))NMepz —X— " »
—70°C hexane
(ref.371)
Li Cl)Li

?— NMep et COMe
i
Me W @[E (136)

Most of these reactions have involved lithium reagents; only very limited work has been
performed with the other alkali metals. Studies with organosodiums and -potassiums have
involved aryl ethers, thioethers and amines' 6173,

Metallations of benzene derivatives containing ortho-directing groups are more readily
achieved than those of benzene itself, irrespective of the nature of the electronic effects of
the directing group. Ortho-directing groups having electron-withdrawing effects will
clearly enhance the acidity of ortho-hydrogens and will thereby facilitate metallations at
the ortho sites via an acid-base mechanism. Many directing groups have donor properties
and are able to coordinate to the RM metallating agent and hold it in a suitable position
for reaction at an ortho site (such coordination has been detected by 'H n.m.r.
spectroscopy for 2,4,6-Pr',-C¢H,CONMe,-Bu’Li interactions)*®”. Metallations then
proceed via a coordination mechanism. The acid—base and coordination mechanisms are
two extremes and their relative importance in a given situation depends on the group.
Groups acting as ortho directors via electron-withdrawing effects include trihalomethyl
and halo groups, while CR,NR’,, CR,CH,NR’,, CR,0R’, and CR(OR’), are examples of
good coordinating groups. For other ortho-directing groups both effects operate. Clearly
the most successful ortho-directing groups possess both electron-releasing groups and are
good donors. A consequence of coordination of the metallating agent to the directing
group will be an enhancement of the electron-withdrawing effect, e.g. coordination of RM
toOMe(a —Iand + M group) weakens at least, the + M effect and so leaves the inductive
withdrawing effect to aid substitution at the ortho site. Substitution occurs at only one of
the ortho sites of a donor directing group, even in the presence of excess metallating agent,
e.g. as found with PhCH,NMe,3*?%, The donor group should be complexed within the
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product organolithium aggregate and will be unable to assist in further metallations. Such
a restriction would not apply to a strongly electron-withdrawing group and, for
example, 0, O'-dimetallations of PhSO,R have been reported?*©".

Sequences of ortho-directing abilities of group, Y, have been established from both
intramolecular competitions (e.g. using p-YC4H,OMe3"? and p-YCgH,CONEL,)**%¢
and intermolecular competition (e.g. using PhY and 2-oxazolonyl-Ph)*?# for alkyllithiums
under suitable conditions. While there are differences between the sequences found {see, for
example, ref. 375), the following listing of ortho-directing abilities is considered to be
acceptable: SO,NR, > SO,Ar > 2-oxazolinyl > C(O)NHR, C(S)NHR, CH,;NMe,
> CR(OLi)CH,NMe, > OMe > OAr > NHAr > SAr > NRAr > NMe, > CRR'OLi.
The OCH,0OMe group is a considerably better directing group than the OMe group
(owing to the chelating effect of the two oxygens)**%.

It must be stressed that the listing above applies to kinetically controlled metallations.
When thermodynamic control applies, differences can arise, as shown in equation 137372,

CH2NM62
Li
CHyNMe, BuLi, hexane, 27 °C_
OMe
1 CHoNMe, (137)
BuLi,tmed, 27 °C
OMe
Li
OMe

Lithiation of p-MeOC¢H,CH,NMe, by (BuLi)s aggregate (a good Lewis acid) occurs
ortho to CH,NMe, (kinetically controlled conditions—a conscquence of butyllithium
coordination to the nitrogen; in contrast the BuLi—tmed complex, a poor Lewis acid with a
poor residual coordinating ability, attacks at the most acidic ring position, that is, ortho to
the MeO group (thermodynamically controlled conditions). Thioanisole is kinetically
lithiated at an ortho ring position; this product then rearranges to the substituted side
chain product, PASCH,Li*”. In contrast, PhSeCH,Pr' is metallated kinetically in the
side chain (by Bu'Li—-hmpt in thf at — 78 °C), but at 0 °C PhSeCHLIiPr' rearranges®’’ to
the ring-lithiated product, o-LiC4H,SeCH,Pr'. The latter can be obtained directly from
PhSeCH,Pr’ using BuLi—dabco or BuLi-tmed.

A study has been made of the thermodynamic acidities of monosubstituted benzenes,
PhY; there was no correlation between the activating effects?®> of the Y groups and the
pK, values of PhY; some pK, values of PhY are > 40.3(Y = CH,NMe,), 39.0(OMe), 38.2
(SO,NMe,), 38.1 (2-oxazolinyl), 38.1 (CN), 37.8 (CONPr',), and 37.2 (OCONEL,).

Butyllithium in hexane®’® metallatess PhCH,NMe, at the ortho site, but the more
reactive BuLi—Bu'OK provides PRCHKNMe,. Butyllithium in hexane also reacts at the
ortho sites of PhNMe, and PhCH,CH,NMe,; in contrast, it reacts with
PhCH,CH,CH,NMe, at the benzylic site?7°.

Lithiations of 0-MeCH,Y, in which Y is an ortho-directing group, such as OR,
CR,CONR,, SO,NR,, 2-oxazolinyl, or CH,NMe,, occurs partially (for Y = OR or NR,)
or completely (other cited Y groups) at the methyl group to give the benzylic carbanion
species, 0-Y-C,H,CH,Li. The ortho-directing groups clearly enhance the ease of
metallation of the methyl groups. For p-MeCcH,CONPr',, reaction can occur ortho to
the amide group or at the methyl group?8°, equation 138.
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CONPrj
Li
CONPr} BuSLi, tmed
thf,—78°C
Me .
Ba— , CONPt) (138)
LiNPr} , thf,0 °C

Me T

CH,Li

Halobenzenes can take part in metallation or halogen—metal exchanges reactions.
Fluoro- and chlorobenzenes are metallated ortho to the halogen, with metallation
becoming easier with increasing halogen substitution; such products decompose to give
benzynes via elimination of MX, but can be obtained in good yields at low temperatures,
e.g. below — 50°C for 0-F-C¢H,Li but much lower for the chloro analogue38!. However,
for bromo- and iodobenzenes, the most probable reactions are metal-halogen exchanges.
Metal-halogen exchanges are also more probable using Bu‘Li rather than MeLi or PhLi,

equation 139382,
cl o] cl
cl _ Li Cl Li
Rhi, thf + (139)
Cl -70°C cl Cl
ol cl Cl
(60) ‘N
R [60]:[61]
Bu'  0:100
Me 93:7
Ph 89:1i

Halophenyl ethers, XC4H,OR, provide mixtures of products (e.g. arising from metal—
halogen exchanges and metallations) and which depend on various factors, including X,
orientation of the substituents and the lithiating conditions®.

Another type of reaction undergone by halogenobenzenes is alkylation; this can occur
even for fluoro compounds, e.g. 1,3,5-F;C¢H; using Bu'Li but not BuLi®®3,

Metallations of 1,2-, 1,3- and 1,4-disubstituted and more highly substituted com-
pounds have been well studied!®®; some have already been mentioned. The site of
lithiation, under kinetically controlled conditions, is generally governed by the relative
directing abilities of the groups present, i.e. ortho to the more effective directing group in
1,2- and 1,4-disubstituted compounds. For 1, 3-disubstituted compounds in which both
groups have ortho-directing abilities, even weak ones, metallations occur to the greatest
extents at the 2-sites; see equation 140. Some exceptions to this include 1,3-(CF,),-
C¢H,3%%, equation 141, and 1, 3-(BuNHCO),C,H %%

3-YC,H,CN —2° , 2.1i-3-YCH,CN (140)
y

=CNorCl

(ref. 188)

The site of metallation of 3-Me,N-C¢H,OCH,OMe depends on the metallating agent3®2,
equation 142.
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CFs CF3 CFy
@ ___,B:L"rEfzo + @U (141)
CFs exane CFs CFy
Li
(62) ©3)

(62]:[63] = 3:2

NMes NMe2
NMe; Bu’Li,E+,0,0°C R N Li (142)
- OCHa0Me OCH,0OMe
OCH,0Me Li
] (64) (65)

(64] : [65] = 951
BulLi, hexane
20 °C

64 + 65

(64]:[65]= 2:98

Another compound to undergo®®® lithiation at different sites is 3-MeQ-C4H, Me,
equation 143. The ratios of the products 66:67 depend on the size of the butyilithium
aggregate, e.g. [66]:[67] decreases in the sequence (BuLi)g in hydrocarbons {[66]:[67]
=9:1} > (BuLi),; in hydrocarbon>(BuLi), in Et,0O > monomeric BuLi-tmed
{[66]:[67] = 13:12}.

Of interest, the sites of ring lithiations of arenechromium tricarbonyl complexes are
different from those of the uncomplexed arenes, e.g. metallation®8” of 4-F-C;H,NMe,
provides 2-Li-4-FC,H;NMe,, whereas [4-F-C,H ,NMeSiPr',)Cr(CO),] with Bu'Li in
thf at —78°C forms [(I-Me,N-3-Li-4-F-C4H;)Cr(0O),;], equation 144. Both the
NMeSiPriy and OSiPr'; groups meta-direct lithium in [(arene)Cr(CO),] complexes>87.

OMe OMe OMe
BuLi Li Li
= . + (143)
Me Me Me

(66) (67)

Li

(0C),Cr — Cr(CO)s

(144)
NMeSiPr} NMeSiPrs

Lithiations of [(1-HOCH,-3-MeOCH,)Cr(CO),] occur primarily at position 4; the
selectivity increases with increasing bulk of the organolithium agent*#8, Many examples of
ortho-lithiation of arene derivatives are given in ref. 188.
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iii. Metallations of heteroaromatics'®®. Metallation of five-membered heteroaroma-
tics (heteroatom O, N, S, or Se) proceed very readily and far milder conditions can be
employed than are required for benzenoid derivatives. One consequence of the milder
metallating conditions is that more sensitive substituents, e.g. iodo, can survive the
metallations of five-membered heteroaromatics. Metallations occur ortho to an hetero
atom |if free.

a. Thiophenes. Thiophene can be mono-!73:188-389 or dimetallated*°°, depending on
the conditions. Lithiation of thiophene derivatives have had considerable attention and

Buli, tmed BuLi,Et,0-35 °C
M@M lhexone,reflux Z/ \B or L|NPF’ EigO 0°C \ ™M (145)
s S° orPh Na > S
or BuM, thf,dme—60 °C

(M’=KorCs)

some general conclusions regarding the of lithiation can be made, as follows. (i) 2-
Substituted thiophenes are completely lithiated in the 5-position, with the exceptions of
pyridyl®! and 2-oxazolinyl groups®®2. (ii) Thiophenes bearing ortho-directing groups,

@@ (?::‘_'390 (—S_Q + L‘ﬂ@ (146)

(68) (69)

in thf : [68]: (691 = 4:93
in Et,0: [68]: [69] =62:13

including cyano3°?, bromo3?*, and iodo*° groups, in the 3-position are lithiated
predominantly at least in the 2-position, e.g. equation 147, while other 3-substituted

I I 1

. Et,0,tmed
+ Uu _2_’_5__. @—Li + Liﬂ 147
[s§ N 1o °C s S (147)
Me (70) T
(7o) : [711= 4:1

thiophenes (including 3-alkyl or 3-aryl derivatives) are mainly lithiated in the 5-
position®°®, (iii) 3,4- and 2, S-disubstituted thiophenes are lithiated ortho to the more
powerful directing group?°”.

Benzothiophenes and dibenzothiophenes react at the « and the ortho sites, respec-
tively*>®®. Much more limited studies with sellenophenes and tellurophenes suggest similar
patterns'88,

b. Furans. Although furan is not as reactive as thiophene, it can be 2, 5-dimetallated°°"
using BuLi—tmed; monometallation has been achieved with BuLi in refluxing Et,0, and
with PhCH,Na, BuK, or BuCs in thf, dme at — 60°C!733°%. As for thiophene, ortho-
directing groups, including Br*°®, in the 3-position of furan direct lithium into the 2-
position, while 2-substituted furans react at the 5-position. An exception to the latter is the



1. Organic Synthesis of Organolithium 67

3- and S-lithiation of 2-[2-(4,4-dimethyljoxazolinyl] furan®®!, equation 148, and
2-(2-pyridyDfuran (72)*°2. The S-lithio product of 72 is the thermodynamic product.

Me Li Me Me
N Me Me N Me
W ; Buli m S + uﬂ—( i (148)
o] [¢] o] 0 0 O
(73) (74)

in E,0 at 0°C :  [73]:{74]= 1:3
in DME at-78°c: [73]:[74] = 9.5

Lithiations of benzofurans and dibenzofurans occur at a and ortho sites,
respectively3°8>-403,

c. Pyrroles. These are less readily lithiated than furan, but 1-substituted pyrroles are
mono- and dilithiated by BuLi—tmed in the a-positions*°*. However, bulky |-substituents
can result also in some 2, 4-dilithiation*®%. 1-Phenylpyrroles can undergo metallations in
the phenyl ring (ortho site) as well as at the a-pyrrole site*®®. Metallations of 1-Me,N-*°7
and 1-Bu‘OCO-pyrroles*®® occur more readily than I-alkylpyrroles and since these
I-substituents can be replaced by H they are particularly useful in pyrrole syntheses.
2-(2-Oxazolinyl)pyrroles are metallated at the 5- and 3-sites in proportions dependent on
the I-substituent and on the reaction conditions*®!+49%,

In the indole series, 1-MeOCH ,*'° and 1-PhSO,*!! derivatives enhance the ease of a-
metallations compared with 1-Me-indole. The reduced ortho-directing influence of the
ring nitrogen in pyrroles can be seen in the lithiation of 5-MeQO-1-Me-indole occurring
ortho to the MeO group whereas that of 5-MeQ-benzofuran happens at the a site*'2.

Lithiations of five-membered heteroaromatics containing two or more heterocarbons
have also been reported ' 88, Various examples of lithiation of heteroatomic derivatives are
given in ref. 188.

d. Pyridines. A frequently met reaction of RLi with pyridine derivatives is addition to
provide 1,2- or 1,4-adducts®. However, lithiations of substituted pyridines have been
reported recently; these include ortho-lithiations to halogens*'?, CONPri,*!4
CONHCH,R*'S, NHCOBu'6, 2-oxazolinyl*'’, 1-SO,-piperidyl*'®, OR*'®, and
OCH,0OMe*?°,

Lithiations of 2-substituted pyridines (2-Y-CsHN; e.g. Y =F, Cl, Br, CONPr,,
CONHCH,R, NHCOBU') and 4-substituted pyridines (4-Y-CsH,N; e.g. Y = halogen,
CONPr',, 2-oxazolinyl, NHCOBu') both occur in the 3-position. For 3-substituted
pyridines (3-Y-CsH,N) lithiation has been reported to occur in the 2-position [for Y = Br,
CONPr,, 2-oxazolinyl, SO,N(CH,),CH,, OR (R = Et, Me or PhCH,)], in the 4-position
(for Y = NHCOBU') and in both sites for (Y = OCH,OMe, F, CI).

The complex between pyridine and (CF,),CO is regiospecifically lithiated at the 2-
position®2'? by Litmp in thf, Et,O at — 107 °C. Pyridine has also been reported to be
metallated directly using BuLi-Bu’OK*2'®, Polychloropyridines are sufficiently acidic to

Li
Cl Cl
O BuLi,Et,0,-75°C _ Q (149)
CLANAAC! (ref-422) Tl Ro~cl

be easily metallated, e.g. equation 149. It should be borne in mind that halopyridines can
also undergo lithium—halogen exchanges.
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TABLE 16. Vinyl metallation of functionally substituted alkencs

Alkene Conditions Product (yield, %) Ref.
NC . NC
BulLi, thf, Et,0, pentane, (63) 938
H —110°C Li
CHy=CHOMe Bu'Li, thf, pentane, — 65°C CHp= CLiOMe (quant) 939
/—\ TN
(CHy)n  CH . . CHIn Cu  (n=2,67)
i Bu'Li, thf, — 78°C \ =3 6g %40
O/CH o/CLu ’
0] (e} Li
@[ ] BulLi, thf, hexane, — 78°C @[ J/ (80) 941
0] (0]
CHy= CHSE? Bu’Li, .hmpl, thf, —78°C CHp= CLIiSEt (50) 942
(Z)-EtSCH=CHSEt  LiNPr,. thf, —80°C (2)-EtSCH=CLISE} (100) 943
S S Li
[]j :[] BuLi, thf, hexane, — 110°C ﬂ: ]/ (98) 944
S S
(E)-PhCH=CHSO,Ph  MelLi, thf, —95°C ()~ PhCH=CLiSO,Ph (79) 945
CHy=CHCI BulLi, thf, Et,O, pentane, CH2= CCILi (99) 946
- 110°C
cl . . cl
BuLi, thf, pentane, —45°C E&U (70) 947
(£)-CICH=CHCI BulLi, thf, Et,O, hexane, (£)-CICH=CCILi (99) 946
—110°C
CFp=CHyp Bu’Li, th, — 110°C CR=CHLi (100) 948
CF,=CFH BuLi, Et,0, — 100°C CR=CFLi (79) 949
Cl Cl
{ 55 BuLi, thf, hexane, — 78 °C f § Li (78) 950
0] 0]
cl _OEt ct OEt
\/c=c BuLi, thf, hexane, — 100°C =c7 (40) 951
~N . ~N
H H Li H
Cl /H C!
Sc=c BuLi, thf, hexane, — 100°C Sc=c 100y o5t
~ S
H OEt Li OEt
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TABLE 16. (Contd.)

Alkene Conditions Product (yield, %) Ref.
PhS Me PhS Me
R N ~
>c=c/ LiNPr,, —80°C Se=c_ (100) 952
H N Co,Me Li CO,Me
MeO H MeO H
Se—c7 LiNPri, thf, —90°C >c=c< 953
H “CopMe Li CO,Me

iv. Metallation of substituted alkenes. Vinyllithiation of an alkene does not occur unless
the alkene is strained, see for example equations 86 and 87, or is made acidic (or reactive)
by appropriate functional groups, such as RO%23, RS§*24, RSe*25*® RTe*2%¢, RSOQ*29,
RSO,*27, CN#28:429  CQ,R*29430 CONR,*27 NC*3!, NR,**?, and halogens*3? (see
Table 16). Additions to alkenes (even polymerization) and allylic deprotonation can occur
instead of vinyl deprotonations (allylic deprotonations will be referred to later). The use of
LiNR, rather than LiR promotes deprotonation over addition, e.g. as shown with
RSCH=CH, and RSeCH=="CH,.

Many metallations of heterosubstituted atkenes arise with retention of configuration;
however, isomerization to thermodynamically more stable products have been noted, for
example equations 150 and 151.

Pn\C_C/CN LiNPrS,—80°C, p"\c_c/CN _thtor ph\c—c/LI
#7777\, EtO,pentane T - S crown - N
H H (ref-434) H H ether !
(75)
(150)
H CN | inprd . _ 113 Li N 78 . en
Ne—e” " LiNPR, —nzee SNce=¢” _T18%C, Se=—c

- ~ thf, pentane g - ~, e ~, .
N H (ref.432) N Li N Li
(76,RCN) (151)

The product 75 can be achieved directly from (E)-PhCH=CHCN and LiNPr, at
—113°C.

Many of the vinyllithium isomerizations, exemplified by equation 151, occur when there
are two functional groups present at the alkene centre—one a good donor group (which
complexes the lithiating agent and so directs attack to its a-position to give the kinetic
product) and the other group, a strongly electron-withdrawing group, which increases the
acidity of its a-proton, replacement of which gives the thermodynamic product*?*. In
contrast to equation 151, the ketone, the amide, and the ester analogues of 76, i.e. RCOR’,
RCONR’,, RCO,R’, provide configurationally stable vinyllithiums, equation 152.

i o

C\ H o . i Li
— ¥ Bu'Li orLiNPry N
— Se—cT (152)

H\C=C
@/ \H thf, —113 to—65°C @ H

Y =Pn,NEt, or OEt

A Y
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Intramolecular coordination (even dipole stabilization) can be important factors in
stabilizing these vinylic carbanions*32. As shown in equations 153 and 154, intramolecular

0 ?Et
[
PPN 0BT _LiNPef thf PPN SN0 (153
H/ \H —80 °C H/ \LI /
ol
I »  ~o._ OEt
H c NP Li =
\C=C/ NOEt LiNPr, thf \C___C/ (154)
ph Nk —100°C P Ny

coordination can control the sites of lithiation; even addition of thf to solutions of the
carbanions produced in equations 153 and 154 do not lead to isomerizations*3°,

The directing influence of RS is superior to EtO but inferior to CN, as shown by the
metallations of (Z)-RSCH=CHOEt*?** and (Z)-EtSCH=CHCN*3?® by Bu'Li in thf,
inttially providing (Z)-RSCLi=CHOEt and (Z)-EtSCH=—CLICN (77). Subsequent
isomerization of these products arise; 77 even isomerizes at — 113 °C.

The same vinylic products, (E)-RCH,CH=CLIiSOAr, are obtained*2® on metallation
of either (Z)- or (E)-RCH,CH=CHSOAr, equation 155. Equation 155 points to the low

LiNPr} ,thf RCHa L
RCH,CH=CHSOAT £ c=— _ (155)
2 ~-78°C w g0
[(Z)or(E) - 78] i
Ar

R=CgH,, or CgH; Ar=Ph or p-MeCgH,

barriers to isomerization of a-SO-substituted carbanions as well as to the significant
a-directing influence of this group, so much so that it directs metallations to a vinylic
rather than an allylic site in 78.

As shown by this example, the conflict between allylic and vinyl deprotonation is not
always won by the former. The compounds RCH(OMe)CH=CHSBu' (79) can be vinylic
or allylic deprotonated, depending on the geometry**S. As shown by equation 156,

RCH(OMe) _sBu’

BuSLi, thf c—C(
—78° -~ .
RCH(OMe) _sBu 787 Li H
e~ (156)
Sc=c_ ]
H H t
BuLi,Bu’ OK RCH@giC/SB“
- —_— -
R=Me,Pr or CsH, thf,PhH,-78°C  H~ Nk
[z)-79]
RCH@Mi - BUSLi,thf MeQ - SBu’
A=t Torlinel ™ T (157)
H SBu 2
R Lit
(E£)=79 or

(Z)-79; R=H
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metallation at either vinyl site can be achieved; with the more powerful system, BuLi~
Bu'OK, metallation occurs at the most acidic protons that is, « to the Bu‘S group.

A further example is shown by metallations of PRSCH=CMeCO,R (80), equation
158437 Clearly, several factors are important in deciding the site and type of metallation.

(E)- isomer Na
C C\
LiNPrz' , thf,—80 °C Li COR

PhSCH = CMeCO,R ——
(80) (Z)—-isomer,R=H -~ iy
2.2 equiv.Litmp,thf ===
-97°C

(158)

(£)-80

Slight changes in structures can change matters, e.g. compare (E)-80 with (E)-PhSCH=—
CMeCONHBU, which gives the allylic dianion PhSCH===C(CONLiBu)==CH, Li*
with 2.2 equiv. of LiNPr, in thf at —80°C.

Both vinylic and allylic deprotonations of ArSeCH=CHMe (Z or E; Ar=Ph or m-
CF;-C¢H,) occur*?3® using LiNPr, in thf at — 78 °C; the vinylic products, ArSeCLi=
CHMe, isomerize to the allylic compounds, ArSeCH==CH==CH,, Li*, on standing. The
related compounds, ArSeCH=CHR (R =Et or Pr (81) and ArSeCH=CMe, (82)
illustrate the effect of changes in structure. Using Litmp in thf at — 50 °C 81 is solely vinyl
deprotonated (to ArSeCLi=CHR isomers) while 82 provides the allyl anion, ArSeCH ===
CMe===CH,Li".

Other examples of alkenes undergoing preferential vinyl deprotonation (at the site
indicated in italics) include the following: PhS(O)YCH=CHCH,OMe (by LiNPri,)*38,
BuOCH=CHCH,OBu (by BuLi-hmpt)**°, CH,—CHCH,NHBu' (83) by BuLi-
tmed**®, CH,=CHCH,NHSiMe,**!, and PnCH=CHCH,NMe, (84) by BuLi**>. In
contrast, (E)}-RSCH=CHCH,XR’ (85; X = S or 0)**2:*43 are metallated at the allylicsite.
The differences in the results with 83 and 85 is rationalized in terms of N (i) being less
electronegative than O or S (and hence being a less powerful a-directing group), (ii) being
able to depolymerize the BuLi aggregate, and (iii) being the most powerful internal donor
atom.

In contrast to 83 and 84, PhCH=CHCH ,NH Bu***° and CH,=CHCH ,OH undergo
RLi additions rather than deprotonation®**. Table 17 lists some functionally substituted
allylic alkali metal derivatives prepared by metallation.

v. Metallations of substituted alkynes, allenes and conjugated alkenes. The parent
hydrocarbons are themselves readily metallated; compounds substituted by the groups
mentioned in the previous sections are even easier to deprotonate. Some examples are
shown in Table 18.

C. Transmetallation Reactions

Transmetallations provide useful routes to organoalkali metal compounds. These may
involve the reaction of an alkali metal with an organic derivative of another element,
especially of mercury, equation 159 (M’ = Hg) or an exchange between an organoalkali
metal and an organic derivative of another metal, such as mercury, silicon, germanium, tin,
lead, arsenic, antimony, or bismuth, equation 160.

aM + R,M'=nRM + M’ (159)
nR'M + R,M'=nRM + R',M’ (160)
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The alkali metals and their derivatives also react with certain ethers, sulphides,
selenides, and tellurides; included in these reactions are those involving radical anionic
species, ArH " Li*, and sulphides. In general, these reactions have value both as routes to
organoalkali metal compounds difficult to prepare by other means (e.g. allyl- and benzyl-
as well as a-alkoxy - and a-aminoalkyl derivatives) and as routes to derivatives required
free of metal halides, alkoxides, or donor molecules, such as tmed.

1. Use of Alkali Metals

Alkali metals react under mild conditions with organic derivatives of heavy metals, e.g.
mercury. The reactions may be slow and reversible, however. An excess of the alkali metal
is often considered prudent to ensure that the reaction (equation 159) goes far to the right
and to limit contamination from residual organomercurials.

All types of organic groups can be transferred from mercury to the alkali
metal'+2:>:5:173; reported examples include simple alkyl**® (e.g. equation 161), functionally
substituted alkyl (e.g. equation 162)*#%, 1-alkenyl (e.g. equation 163)**7, benzyl**®, and
aryl groups (e.g. equation 164)**°,

ether

Bu,Hg + 2M - 2BuM + Hg (1e1)

°c
M =1i, Na, K, or Cs

pentane

(MeOCH,CH,CHMe,),Hg + 2Li —5—— 2MeOCH,CH;CHMeLi+Hg (162

M, JRCH==CH==CH,Li* +Hg  (163)

t
-20°C

(RCH=CHCH,),Hg + 2M
M = Li, Na, K, Cs, or Rb; R = H, Bu‘CH,, etc.

Ha Hg +Li —E£f29:kiad (164)
RT Ui

Hg

Although mercury compounds are most frequently employed, compounds of other
metals have found use, including organosilicon, -tin, and -lead compounds, for example to
prepare CH,=CHLi [from (CH,=CH),M (M = Sn or Pb)]*, CH2=CHCH;L1 [fz(s);n
(CH,=CHCH,),Sn]**°, and PhCH,Li [from (PhCH,),SnCI**" or PhCH,SiPh;]***.

Polylithioalkanes and -alkenes have been generated from appropriate mercurated
compounds and lithiums**? (as well as with organolithiums), equations 165-167.

Et,0, 20°C )
MeCH(HgCl), + 2Li —2~——— @ MeCHLip (165)
thf . 166
HC(HgCl)y + 3Li ~———————» HCliz (166)

Li(excess) or .
O:C(HgBU’)Z W O:CLIZ (167)
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Use has been made of transmetallation reactions to prepare B-substituted alkylalkali

metal compounds*34, equations 168 and 169.
HYCHRCH,HgBr + PhM 2""*"C MYCHRCH,HgBr 7“8 ~ MYCHRCH,M'
(> 75%)
Y =PhN, R=H or Ph; M,M’=Li, Na or K
Y=0O,R=Ph, M=M'=Li
(i) PAN (OAC) N B
i) PhNH,, H MgBr\ (i M
Hg(\/\> (ili)KBr 2= > HQ(W * r>2 —_’(z)f:n“'n \/‘\/\A
2 il
NHPh

M,M'=Li,Na, or K. (i) DP D\/\/D (169)
(i) Hz0"

Transmetallations have in general greater utility for the heavier alkali metals than for
lithiums, although they are valuable routes to benzyl- and alkyllithiums.

Benzylic and allylic alkali metal compounds are also available from the cleavage of
appropriate ethers, equation 170. In general, ether cleavage results only if at least one of the
organic groups can provide a stable carbanion. However, potassium has been reported’ to
provide PhK from PhOMe in heptane. Some specific examples are given in equations 171-
173.

ROR’ +2M — RM + MOR’ (170)
R = allylic or benzylic group; M =Li—Cs

CH,=CHCH,OMe + 2Li %ﬁ» CH,==CH===CH,Li* + LiOMe (171)
PhCMeROMe + Na—K alloy ﬁ» PhCMeR K * (172)
MeO, Ph Ph
—_ K+

Na/K,1hf,0 °C _
or Cs/Na/K,1hf,0 °C
(ref.457)

(173)

As shown by these examples, the direction of cleavage of ethers is such to provide the
organometallic, RM, having the most stable carbanion grouping, R ™. Organic sulphides,
RSR’, are also cleaved by alkali metals but here the most stable organometallic is not
necessary obtained?%48, For example, the reactions of PhSR with dispersed lithium

PhSR + 2Li —— PhSLi + RLi (174)

provide a range of RLi, including R = primary alkyl [e.g. Me(CH,), (n=6 or 7),
Bu‘CH,CH,, Ph(CH,), (n = 2-4), PhCH,0O(CH,), (n = 3—-4), and PhS(CH,), (n = 3-6)],
secondary and tertiary alkyl [e.g. Me(CH,),CHMe (n = 4 or 5), Bu®, cyclohexyl, Bu’ and
Bu‘CH,CMe,], aryl, e.g. Ph, benzyl [e.g. PhCHR (R = Me or Ph), Ph,_ Me, (n=0, 1, 0or
2),and PhCR(OLi)CHPh (R = Me or Ph)], and a-substituted alkyl, e.g. Bu(PhS)CH. Also
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TABLE 19. Formation of organolithiums from reactions of organic sulphides with lithium aromatic-

radical anion species

RSPh+ ArH =" Li* 27" RLi+ LiSPh

Sulphide ArH? Product (yield, %) Ref.
CH,(CH,),SPh A CH,(CH,),Li (87) 1016
Ph(CH,),SPh A Ph(CH,),Li (87) 1016
PhCHMeSPh A PhCHMeLi (54) 1017
Ph;CSPh A Ph,CLi (95) 1017
[PhS(CH,),],0 A [L{CH,),],0 (88) 1016
SPh Li
Y AorB { o; (65) 1018
R R’ R R’
N N\
o] C
MeO/ \SPh MeO/ \Li
R R’
Et H B (85) 1018
Me Me (69) 1018
R R’ R R’
% %
PhS/ N\ SPh phs/ \Li
R R’
Et H B (86) 1019
Bu H A (90) 1017
Me Me B (92) 1019
R R’ R R’
N N
Me3Si/ Nspn Me3Si/ \u
R R’
Et H B (65) 1019
Me Me B (79) 1019
H PhS A (73) 1020
Me,Si Me A (69) 1020
Me,Si Me,Si A (68) 1020
AT AT
SPh Li
X
MeO B (90) 1018
PhS B 95) 1019
Me,Si A (94) 1021, 1022
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TABLE 19. (Contd.)

Sulphide ArH* Product (yield, %) Ref.
SPh (Li) SPh
SPh B (:[7 (88) 1019
X X

X
Me,Si B (96) 1019
PhS B (96) 1019
A ©1) 1023
Ph,C=C(SPh), B Ph,C=CLiPh (87) 1019
Mc,C=C(SPh), A M¢,C=CLiSPh (77) 1023
L osi
V4 IM63
CH2

NCH=CMe

PhSCH,CH==CMe(OSiMe.) B oLi (79) 1018

CHfCH-?SiMes
Me

“A = Naph~"Li*; B=1-Me,NNaph~"Li*.

formed this way are the dimetallated species (LICHRCH,CH,),O (R=H or Ph),
LiCHPh(CH,),CHPhLIi (n = 3-6, 10), and p~(LiICHRCH,),C¢H, (R = H or Ph). As well
as lithium dispersion, the radical anionic species Naph~"Li™ (or simply lithium in the
presence of catalytic quantities of naphthalene) also work well to give good yields (40—
90%) of the organolithium. Such sulphide cleavage reactions are not restricted to lithium,
for example sodium and potassium also were shown to cleave Ph,CMeSPh to Ph,CMeM
(M = Na or K).

Allyllithiums have also been generated*>® by reaction of allylic mesitoates with lithium
in thf.

2. Use of Lithium Arene Radicai Anions, ArH " Li"

As was referred to in the previous section*®®, lithium arene radical anion species
react with phenyl sulphides to give organolithiums. A variety of interesting organolith-
iums, RLi, have been obtained®%-#+697464. for example R can be an alkyl, 1-alkenyl or
cyclopropyl group substituted at an a-position by an RO, PhS or Me,Si unit. Some
examples are given in Table 19,

2ArH™"Li* + PhSR — RLi + LiSPh (175)
A disadvantage of this method of preparation of organolithiums for subsequent

elaboration could be the presence of the arene as a by-product. This could lead to
separation problems, as have been reported with naphthalene. The use of 1-dimethyl-
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aminonaphthalene rather than naphthalene has been recommended®®, since a simple acid
wash removes the arene and enables the desired product to be collected more easily.

The ArH ™" Li*—RSPh reactions probably involve an initial electron transfer from
ArH ™" Li" to the substrate, followed by the homolytic cleavage of the R-S bond to give R*
and PhS~™. Further reduction of the radical, R, then provides the carbanion, R~.

3. Use of Organoalkali Metal Compounds

Transmetallations equation 160, have particular value*©%45S for lithium systems, i.e.
M = Li. Very limited work has been reported for the other alkali metals. While many metals
(M’) may be used, most synthetic utility has been found for mercury, lead, and tin.
Organotin compounds, in particular, have become valuable precursors of substituted
allyl-, a-alkoxyalkyl-, and a-aminoalkyllithiums.

Transmetallations are in principle reversible reactions; in specific cases, equilibria have

been established, for example as with arylmercury—aryllithium*®” and vinyltin—
phenyllithium*68 systems, equations 176 and 177.
Ph,Hg + 2 p-MeC4H,Li = (p-MeC¢H,),Hg + 2PhLi (176)

[(Z)-MeCH=CH1,Sn + 4PhLi "=’ 4(Z)-MeCH==CHLi + Ph,Sn  (177)

At equilibrium, it is generally found that the more stabilized of the carbanions, R~ or
R’~, equation 160, forms the organolithium to the greater extent. Thus the use of
alkyllithiums, e.g. BuLi, will result in extensive transfers from metals, such as tin and
mercury, of such groups as vinyl, allyl, aryl, alkynyl, cyclopropyl, and some a-substituted
alkyl groups, e.g. R,NCH,, RSCH,, and ROCH,, but not simple alkyllithiums. Hence in
general simple alkyllithiums are not prepared by this transmetallation route, although the
insolubility of MeLi in hydrocarbons does mean that it can be obtained in good yield from
Me,Hg and EtLi in such media®%°.

In addition to thermodynamic considerations, kinetic effects are also important, as
shown for some tin-lithium exchanges. No reaction occurred®®' between
Bu,SnCH,SiMe, and BuLiin hexane at 20 °C even after 24 h; however, the more reactive
BuLi-thf system did produce*’° a good yield of LiCH,SiMe at 0°C within 30 min. The
reactivity of BuLi in ethereal solutions was found to decrease*”! in the sequence dme > thf
> Et,0 (> hydrocarbon). However, as shown for the preparation of MeLi, and for both
CH,=CHLi and CH,===CH===CH,Li"*, the poor solubility of some organolithiums in
hydrocarbons does allow such media to be used to give reasonable yields of isolated (and
solvent-free) products. The passive groups attached to tin also effect the reactivity of
R;Sn—R’ compounds; the rates of cleavage of the Sn—R’ bond increases in the sequence
(cyclo-C¢H1)3Sn « Bu;Sn « Me,Sn.

Transmetallations proceed with retention of configuration as shown by transfer of
secondary alkyl*7? a-alkoxyalkyl*’? cyclopropyl*’* and alk-1-enyl*®® groups, equations

177-181.
entane
(EtCHMe)pHg + Me (CH,)5CHMeLi ;W. EtCHMelLi (178)
Et H Et H
\Cuuuuu OCH20CHoP BulLi —’BuLi,fhf ~
i 20CHoPh + BuLi —78°C Cuumiit OCHyOCH,Ph  (179)

\
SnBug Li
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BuzSn Et Li Et
2 equiv.BuLi,thf (180)
H H o°C H H
(76 %)
B"ss“\c c/H BuLi, thf, U\C c/H 181
—_— —-—_’ —
H/ 0 \\\‘Me 78 °C H/ 0 \\\\\Me ( )
(ref.475)
0SiPrg OSiPr}

(89%)

Good use has been made of the transmetallation reaction to obtain a-functionally-
substituted alkyllithiums, especially those with R,N3°'476 (eg  equation 182).
RO!:301.471.:473.477-481 (a o equations 179 and 183), RS30!-482.483 (¢ g equation 184) (all
via Sn—Li exchange), and RSe*#4489 (via Se~Li exchange in di- and polyselenoalkanes,
e.g. equation 185); this route to x-alkoxy- and a-aminoalkyllithiums is particularly
valuable as alternatives are inferior.

Buli,thf

BugSnCH NMe, + Buli ~7§°C LiCHoNMe, as5¢9, (182)
f.
(ref.476b) My, pOCHZOMe
H, ,OCH,OMe PRCHp  C
o BuLi, tof NN\ (183)
_
NN —78°C P
¢, ~SnBus (ref.473) Me H
7.

%,

H

Me/

S. ,SnBug o BuLi s Li o
( >< SN Tretagzy™ >< SN
g’ \CHzCHaCHaCH——CHa &/ \CH2CHaCHp CH——CHz (184)

BuLi, thf

~78°C
(ref.484)

(PhSe),CHy PhSeCHaL i (185)

An interesting and simple preparation of the a-alkoxyalkyltin precursors has been
reported*8°, equation 186.

thf, 30 min, BulLi. 1 h, -

ROCH,CI + LiBr.SnCl, T I ROCH,SnX, Buth w787 ROCH,Li
(186)
R = Bu', PhCH,, MeOCH,CH,, Ph or Me; X = halogen

Tertiary groups, such as R,C(OR), apparently are not transferred from tin to lithium.
Substituents further from the metal, i.e. in 8- or y-positions, also may enable transmetal-
lations to occur more extensively than occur for simple alkyl groups, e.g. equations 187-
189.
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Ll
2BuLi,dab PANT L
PhaSNCHoC HCONHP uLi,dabeo
3 2v N2 fhf —78°C 0 (187)
(ref.490)
90%
0 T 9
(Pr/ 0)P(0) CHoCOCHACH,SNBY, LiINaH,thf ;
Z 2 2-FigSnBus (i BuLi,bexane, —78 °C (Pr'0)z P (188)
(ref.471) No
L 75%
el
Li [e]
2Buli (189)
BuSn(CHp),0H ——— »
UzSn(CHa)4 et 478) U

492.493

Tetrasulphidomethanes can also react with alkyllithiums:

SM SMe
< S>< € Buli,-78°C < >< (150
)
3 SMe fhf hexane

(ref.492)

BuLi, thf

-30°C
(ref.493)

(PhS)4C (PnS);CLi (191)

Cleavage of a single carbon—metal bond®!#* (or a carbon—metalloid, e.g. carbon—
boron bond*?>#96) in di- and polymetallated methanes by organolithiums provide a
variety of metallo-substituted methyllithiums. For these reactions the use of BuLiin thf at
a low temperature has proved successful (see Table 20). Of interest, (Ph;Pb),CH,
(Ph,Pb),CHAsPh,***, and (PhSe),CH*®? are reported to undergo transmetallations
whereas (Ph,Sn);CH and (Ph,M);CH (M = As or Sb)*°* do not; the explanation for the
non-reactivity of the latter compounds was that their strong complexation with BuLi
effectively reduces the reactivity of BuLi.

Reactions of Ph;PbCCl,MPh; (M = Si or Ge) with BuLi occurred at the Pb—C(Cl)
bond and the C—Cl bond*®”; however, for the Sn and Pb analogues only metal—carbon
bond cleavage occurred.

Di- and polylithioalkanes have been generated on treatment of appropriate mercuriated
precursors with alkyllithiums*>3-498;

pentane

BrHgCH,CR,CH,HgBr + Bu'Li LiCH,CR,CH,Li (192)

R =H or Me

(ref.

hexane

CH,(Hgl), + Bu'Li 222", CH,Li, (193)

Cyclopropyllithiums*”#, including functionally substituted derivatives*®°3%°, equations
194 and 195, have also been obtained by transmetallation. Cyclopropyllithium itself is
avatlable from (cyclo-C3H;),Sn and BuLi in pentane or Et,0; good yields are obtained
using a 1:2 molar ratio of tin to lithium reagent°'.
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TABLE 20. Formation of organoalkalimetals via transmetallations

(MeSe);CMe

Reagent Conditions Product (yield. %) Ref.
Bu,SnCH,NMe, BuLi, thf, —98°C LiCH,NMe, (95) 1024
Bu,SnCH,N(Me)CH,CH,
NMe BuLi, thf, — 65°C LiCH,NMeCH,CH,NMe, (72) 1025
Bu;SnCH,0OMe BuLi, hexane LiCH,OMe (86) 1026
X;SnCH,OBu BulLi, thf, — 78°C LiCH,OBu' (95) 1027
X = halide
Bu,SnCH(OMe)C.H,, BuLi, thf, — 70°C LiCH(OMe)C H, , (98) 1028
(0]
' ~™
CGH,3_< BuLi, thf, —78°C Cehia—( ®) 1028
SnBU3 Li
SnBu3 Li
0 o)
BuLi, thf, —78°C J (o8 1029
©/kJ\O) )\/ O
OMe OMe
Me Me
SnBug
¢ BuLi, thf, —78°C y 1030
: P zZ
Ph _O_P OO OO N N~
er! pr!
SnBusy 0 Li
pr! 4 MeLi. thi, — 78°C prt I (76) 1031
~0
pr’ pr’
w0~~~ SnBuz RN Li
?:> 2BuLi, thf, —78°C CJO) 1032
0/ \
BugSn 0" Li o
SnBuy Li
Brf BuLi 8c’
Mo/\o/ Mo/\o’ 1033
<S><” " " s
5
Bu®Li, thf, —78°C >< 1034
o \MMeg 0 i
M= Snor Ph
Bu,SnCH,SMe BuLi, hexane LiCH,SMe (85) 1026
Ph,SnCH,SC¢H Me-p BuLi, hexane LiCH,SCcH ,Mc-p (80) 1035
PhSeCHMeSPh BuLi, thf, —78°C LiCHMeSPh (92) 1036
(PhSe),CMe, BuLi, thf, —78°C (PhSe)CLiMe, (80) 1037
(PhSe),CMeSiMe, BuLi, thf, —78°C PhSeCMe(SiMe,)Li (95) 1038
BulLi, thf, - 78°C (MeSe),CLiMe (70) 1039
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TABLE 20. (Contd.)
Reagent Conditions Product (yield, %) Ref.
(PhSe),C BuLi, thf, —78°C (PhSe);CLi 1040
(PhTe),CH, MelLi, thf, —78°C PhTeCH,Li 1041
Me
PrCH Q MelLi, Et,0, 0°C PrCHLiIB (84) 1042
Me
P | p
clg BulLi, thf, ~70°C LiclBs (75) 1043
ho) 4 o 3
Me,Si),CH NaOMe, hmpt, 60°C  (Me,Si),CHNa (83) 1044
(Me,Si),C NaOMe, hmpt, 60°C  (Me,Si);CNa (18) 1044
(Ph,Sn),CH, PhLi, thf, ~ 70°C LiCH,SnPh, (36) 1045
(Me,Sn),CCiBr BuLi, thf, Et,0, Me,SnCCIBrLi (49) 1046
methylal, pentane, —97°C
Ph,SnCH,AsPh, PhLi, Et,O, —40°C LiCH,AsPh, (36) 1045
(Ph,Pb),CH, PhLi, thf, —70°C LiCH,PbPh, (100) 1047
Ph;PbCH ,GePh, PhLi, thf, —70°C LiCH,GePh, (87) 1047
(Ph,Pb),CH PhLi LiCH(PbPh,), (98) 1048
(Ph,Pb),CHSiMe, PhLi LiCH(SiMe,)(PbPh,) (70) 1048
(Ph,Pb),CHGcPh, PhLi LiCH(GePh)(PbPh,) (87) 1048
(Ph,As),CH, BuLi, thf, — 40 to + 20°C LiCH,AsPh, (72) 1047
(Ph,Sb);CH, PhLi, thf, — 78°C LiCH,SbPh, (82) 1049
Br Br
SnBuz BuLi, —102°C Li 1050
(88)
SeR SeR
BuLi, thi, — 78°C D‘ 1051
eR Li
R =Ph (72)
R =Me (75)
CH,SnBuy CHM
@@ BulLi, hexane, Et,0 Q 1052
M=Li
NaOBv', BuLi, hexane M = Na
KOBu', BuLi, hexane M=K
Bu,Sn H Li H
N~ BuLi, thi, — 20°C Ne=c" (42) 1053
Et N\ Me Et \Me
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TABLE 20. (Contd))
Reagent Conditions Product (yield, %) Ref.
BuaSn NMePh Li NMePh
" Se=c] BuLi, th, hexane, Ne=c (80) 1054
d M ~70°C H \H
Bu33n\c_ _OEt Lix, _oEt
A BulLi, th, —78°C c=c (o7 1055
H H H H
Me,Sn H Li H
N =c/ BuLi, hexane \C=C/ 1056
MeO/ \H MeO/ H
Bu,Sn H Li
N —c” BuLi, thf, —78°C >c=c/ 85) 1057
H” NCHOtnp H NCHOthp
Bu,Sn H Li H
320N e . AN - (82)
t=c¢ BuLi, thf, —78°C _c=c¢ 1058
H \CH20CH,SMe H \CH,0CH,SMe
Bu3Sn\ _ /H Li\c=c/H 67
g \gH—CsHu BuLi, thf, — 50°C W NeRcen, 1059
0SiMe3 0OSiMe 3
Bu’Me,SiQ Bu’MezSi0
A SnBuy ~ Li
BuLi, thf, —45°C (100) 1060
thpO™ thpo™
MesSn Li
~N
C=CH, BulLi, thf, —78°C /C=CH2 (78) 1061
PhS PhS
Messn Li
N
C=CPh, BuLi, thf, — 78°C _C=cHz 1061
PhS PhS
Ph SePh Ph Li
s . /
=c MeLi, thf, —70°C Se=c (61 1061
H NSePh W NgePh
Ph SnMe Ph Li
/ 3 /
>c= MeLi, thf, — 78°C No=c¢ (45) 1062
H \SnMe3 H \SnMe3
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TABLE 20. (Contd.)

87

Reagent Conditions Product (yield, %) Ref.
SnMey Li
ctp=c” MeLi, thi, = 78°C  cH=C{. 1063
CH,CH,CI CH,CH,CI
CH,==CHCH,SePh BuLi, thf, — 78°C CHp==CH=:CHLi*  (88) 1064
Me,SnCH,CH=CHMe MelLi, Et,0 MeCH==CH==CH,Li* (>90) 1065
(E) or (Z)
{MeCH=CHCH,),Sn EtLi, PhH MeCH===CH==CH Li"* 1065
Me,SnCH,CMe=CHE! MeLi, thf, 0°C CHy==CMe==CHEt Li* (91) 1066
(E):(Z)=1:1
Meg SnCHzCH=<:> MelLi, thf, 0°C CHa==CHz== Li* (92) 1066
Ph,PbCH,CH=CHCI BuLi, thf, —90°C CHp==CH==CHCI Li* 1067
Ph,PbCH,CH=CHSIMe,  BuLi, thf, —90°C CHy===CH=CCISiMe Li* (98) 1068
Ph,PbCH,CH=CCIMe BuLi, thf, —90°C CHy==CH==CCIMe Li* (87) 1069
Ph,PbCH,CH=CCl, Buli, thf, —95°C CHp==CH==CCl,Li* 1070
Me,SnCH,CH=CF, Buli, thf, —95°C CHp=CH==CF, Li* 1071
Me,SiC=CC=CSiMe, MelLi, thf, 20°C LIC=CC=CSiMe; (65) 1072
Bu’ MezSi0 Bu' MepSio
MeLi, thf, —78°C 1073
84
SnMe Li ®4)
Me Me
Buli,— 102°C
Me Br ) Me Br (]94)
nMey Li
Buli, thf
(195)

&TER
Y

Y=SeR,SiMe; CR=CR'R?

A:i
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Vinyllithiums have been obtained in a number of transmetallation reactions, including
(i) (CH,=CH),Sn with PhLi in thf*°? or Et,0*°® or with BuLi in pentane or Et,0%°8,
(i) PhyMCH=CH, (86, M = Sn or Pb) with PhLi, and (iti) (CH,=—CH), Pb with PhLiin
Et,0%%3 In contrast to the transmetallation reactions of 86 (M = Sn or Pb), PhLi adds to
86 (M = Sn*** or Ge*®®) to provide PhyMCHLICH,Ph. However, the styryl derivative,
Ph,SiCH=—CHPh, is cleaved*°® by PhLi to give LICH=CHPh.

As shown in equation 177, transmetallations involving alk-1-enyl groups generally
occur with retention of configuration; see also equation 196.

RiM._ H .
c=c_ Rihether >c=c< (196)
H NSnRs H Li
(87) (88)
M=Si%%® or Sn3%7; R=Ph or Bu

Use of 2- equivalents of RLi with 87 (M = Sn) does not lead to the formation of (E)-
LiCH=CHLI; only the mono exchange product (88, M = Sn) is obtained; similarly, both
Me,Sn groups are not cleaved®®® by MeLi from RCH=C(SnMe,), in thf at —78°C. In
contrast, gem-C-—Hg bonds can be cleaved, see equation 167.

Trifluorovinyllithium has been prepared from BuSn(CF=CF,), and BuLi in Et,O
from (CF,=CF),Sn and PhLiat — 40°C or from PhSi(CF=CF,), in Et,O-pentane*°°.
Other functionalized vinyllithiums are listed in Table 20.

Preparations of 1-lithiobuta-1, 3-dienes and penta-1, 4-dienes also include transmetall-
ations, e.g. equations 197 and 198.

BuLi, thf

- —_— i = =
BuzSnCH=CHCHCHOE! —78°C,Th LiCH=CHCH=CHOE! (197)
(ref.510) (90%)
. Et,0-h
m + MeLi —275%0—"1’—. LiCH=CHCHCH=CHSnR,Me (198)
Sn -
Rp (ref.511)
R=Me or Bu

Transmetallations of allyltin and -lead compounds provide useful routes to allyllithiums;
allyllithium has been produced®'? from (CH,=CHCH,),Sn and BuLi or PhLi in pentane
or Et,0, and also from Ph,SnCH,CH=CH, and PhLi in Et,0O; see Table 20 for
examples of functionalized allyllithiums prepared by transmetallations.

In contrast to the ready transmetallations of vinyl or allyl groups, but-3-enyl and pent-
4-enyl groups are not transferred from Bu,;Sn(CH,),CH=CH, (n = 3 or 4) using BuLi in
Et,0*%.

Other groups to be exchanged are alkynyl®!'¥3'4 allenyl®'®, and benzyl**':3'6:517
equations 199-201.
Me3SICSCC(OE); + Buli —n07C LiC=CC (OEt), (199)
(ref.5I3)
(94 %)

Meli, thf
MeoC=C=C(SPh) SiMes —o2or MepC=C=C(SPh)Li (200)

(ref.515)

Bu’Li,

Mep C=C=C(Li)SiMex
—-25°C
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SnBuy Li
BulLi, tmed
___———-———.
o°C
(ref516) 100,

4. Exchanges of Alkali Metals

Treatment of an organolithium with an alkali metal alkoxide has been used to produce
organic derivatives of the heavier alkali metals (Na — Rb). This approach has been used, for
example, for simple alkyl derivatives, e.g. MeM (M = Na, Rb or Cs)"5'® from MeLi and
NaOBu/, ROBu', and CsOMe,Pr, respectively, for substituted alkyls [e.g. Me,CMCO,R
from MOR’' (M = Na, K, or Cs) and Me,CLiCO,R, and also MCH,CMe,COMe3'°],
and for allyl compounds, e.g. Bu'CH,CH=CHCH,Na*?°,

Exchange in the reverse sense, i.€. from a heavy alkali metal to lithium, has been realized
using LiBr, as with benzyl'®? and allyl derivatives**’.

D. Other Methods of Preparation

There are various other methods of synthesis; a few of the more important of these are
described in this section.

1. Additions to Alkenes and Alkynes

Additions of organolithiums to alkenes and alkynes have been used to obtain new
organolithiums; see Volume 2, Chapter 4.

2. Alk-1-enyllithiums from Arenesulphonyl Hydrazones

The Shapiro synthesis, e.g. Scheme 8, provides vinyllithiums, RCLi=CR'R?, from
arenesulphonyl hydrazones, R(R'RZCH)=NNHSO,Ar (Ar=p-MeCH, or 2,4,6-
Pri,C¢H,)**'. The compound CH,=CLiCH=CH, was similarly prepared®?? from
2,4,6-Pr'yC4H,SO,NHN=CMeCH=CH,.

Me N
) 2 equiv.BulLi \C—/N-\,
Me(CH,)sCOMe ——— Me(CHj)5C(Me)=NH A - -
e(CHaz)sg e e(CH3z)5C(Me) SOzAT —78°C Me(CHz)qcl;I)/ \I;J_Li+
Li SO.Ar
Li
Meer l-usoz Ar
[
g Me_ o N=N
-——
Me(CHz)g\ ~7 .
Me(CHz)q/ \H 2)a ?/ \,L|+
i H
Ar=2,4,6~Pr§ CgHp
SCHEME 8

3. Ring-opening of Cyclopropylalkaii Metal Compounds: Preparation of
Substituted Allyl Metal Derivatives

Allylalkali metal compounds have been prepared by ring opening of cyclopropyl anions
89 (R = Ph; X = CN, PhSO, PhSO,, CO,H, or CO,Me, but not NC, PhS, or H) (Scheme
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, X
F?’ LiNPrs _=25%C o R ! R
w hf, -78°C " ‘W N~ + endo,endo(90)
Lit
(rrans 89) (ex0,8x0-90)

o

R -
( f o _Lneg R ¥ _-esc, o 1
\T/ thf, —78°C W T TNefae
4
- Lit
Li* R
(exo,endo 90)
SCHEME 9

9). Thermal ring openings are conrotatory processes, e.g. trans-89 opens directly to
exo0,ex0-90 (and/or its endo, endo isomer). However, rapid isomerization of exo, exo-90
occurs to give thermodynamically more stable exo, endo-90, the direct product of ring
opening of cis-89°23, For rigid cyclopropyl systems, in which the geometry prevents
conrotatory openings, only slow reactions result, as with 91; carbanion 91 ring opening

CN
— Lt CN

‘ é -
‘ LiNPr thf 25°C
—_— —_—
-78°C Slow

1))
take places 740 times more slowly than for cis-89 (R = Ph, X = CN). The ready opening of
the rigid anion from 3-X-2, 4-Ph,-endo-tricyclo[3.2.10**Joctane has been found to occur
in a disrotatory manner but not, however, in a synchronous process®2*%. Ring opening of
trans-89 (R = Ph, X = CN or CO,H) can also resuit on irradition®2*®,

CN
/\

lll. REACTIONS OF ORGANOALKALI METAL COMPOUNDS

A. General Considerations

Organoalkali metal derivatives, RM, have found extensive use in synthesis as sources of
carbanions, as bases (for example, in the formation of alkoxides, ylides, and metal amides),
and as sources of such reactive intermediates as arynes and carbenes.

Reactions of organoalkali metal compounds with electrophiles have been used to
generate various carbon—element bonds, including carbon—hydrogen (—deuterium),
carbon—carbon, carbon—nitrogen, carbon—oxygen and carbon—sulphur bonds, as
well as various carbon—metal and carbon—metalloid bonds. These reactions are general
reactions in that they are successful for a great variety of R groups. However, certain
organic groupings would not survive the sequence of formation and elaboration of the
organoalkali metal species, or alternatively would not provide a targeted product unless
modified, protected, or masked. The use of such groupings or synthetic equivalents
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TABLE 2t. Synthetic equivalents: acyl anions RCO™

Synthetic equivalent Ref. Synthetic equivalent Ref.
R({H) R(H)
S /—S
1074 X >< 1075
Li
' s\
X=S or MeN

s R Me s R(H)
1077
@[SXU 1076 Meji(j[SXu
R'S R(R)
>< , 1078 (PhS)5CLi 1079
R'S Li

Rr'S(0) R(H) ,
MeJSi Li

1081

. 1080 X 8
st Li al Me

H 87,Li

Wl g s M
H 1082 . 1083
fo) Li

RQ R(H)
SOz
084 ><\ >_Li 1085
RO Li o
R'SO, R
RLNC(S)S R
0. 0 Li 1086 1087
/_ \( RZS Li
R'Se R MeO H
>< 1088 1089
R'Se Li MesSi Li

R(H) PhSe R(H)

PhS
>< 1090 1091
Me3Si Li Me 3Si Li
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TABLE 21. (Contd.)
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Synthetic equivalent Ref. Synthetic equivalent Ref.
RO H R'S R(H)
>( 1092 1093
Li .
PhoP(0) prPlo) U
N R'S R
@[ \>_U 1094 1095
S
HOLC Li
MeoNC(S)S H RS H
>< 1096 >< 1097
NC L NC Li
R. R
~_© 0 R(H) éq
\r >< 1098 1099
NC/ \Li NC M
(EtQ),P(0) H R
u
(oo : 1o\l
. R
RoN Li
PhCH=N H PhCH=N H
>< o2 103
RO,C L (€105 -
ArSO H
N=0 2
[
RNCH,Li 1104 1105
C=N Na
(Et0),P(0) H (E10),P(0) R
NC M Me4Si0 Li
Me;Si0 R o'
/
1os CHp=C 109
NC Li \Li
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TABLE 21. (Contd.)
Synthetic equivalent Ref. Synthetic equivalent Ref.
| I
SR SeR
e
CHp =C o CHp=C L2
i \Li
/SiMe3 /M
CHp=C mz RR'C=C n3
ANE NWNR2
TABLE 22. List of synthons
Synthon Ref. Synthon Ref.
HOCHR~ ) Ph
0 2Li* %OI 125
8“45"<\ e N OMe
CHy Li
I .
R2B CHRLI His LiCH(COLLi)COE 126
2,4,6-PryCgHCOCHRLI e
EtOCHMeOCHRL; 1"z PhSCO~
HSCHZ PhS(0) H
S(O)CHZ ) T-¥4
c” U
(s
SMe
R R2NCHR - EtSCH,CO~
- Et SEt
RC==N==CHR Li* g E :
CNCHRLI 1120 H U 1128
ONNR'CHRLi H2|
RO,CCO™
NCONMeCH,Li 122 RO2CC(OMe)Li 129
4
2,4,6-Bu3CgH202CNMeCH,L i 123
vmTRTeT2ke 2 HC(O)CHz
RO,CCH ro/  \Li 1130
POX,
MeO,CLI 1124 HCOCHR™
OR RCH==CH==NR’Li* H3
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TABLE 22. (Contd)
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Synthon Ref. Synthon Ref.
HCOC=CHg,
i OEt
132
N7 \CHRLI A(Li 1145
Br
R'COCHRZ™ _
RN=== ER! === CHRZLi" 1133 Chg=ChCO
R NN === GRb=== CHR2Li* 134 (Et0),P(O)NRCLI=C=CH, 1146
HCOCH,CH3 . HCOCH=CHCHZ
. Li
€1,Si0, 2-
'3 P .+
=/ 1135 AN N0, 2 nar
LiS ~ Li+ 0
S 1136 i
Me;Si A~ - , ’
\”/;\\‘Li* 37 0SiMeyBu
_ (148
HCOCH,CHR @\Li
N 1138 CHO
T R -
Li*
RCO CHp CH3 HC(NR2),
Li
139 1149
COR
R3COCHRECHR'- 2
R _
R3
MeOL PN @ NRIZ
140 ReZ
R' , OCONRg ~OLi
Li Li
~0 1150
PhP(O)C(LIR'CHRZCR® j
~o 141
RCOCH=CH™ COuH
eO E10,CCHRCHNO, K* naz _
\—/— == CHLI a3
Me,Si r}1
3
7
MeS SMe o 151
e \/L:>/ a4
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(synthons), which have of necessity to be readily unveiled at the end of the reaction scheme,
have greatly expanded the synthetic utility of organoalkali metal reactions'8’. Some
synthons are listed in Tables 21 and 22.

Many of the reactions of the organoalkali metals with electrophiles involve an initial,
formal insertion of the electrophile into the carbon-—alkali metal bond. These reactions
were discussed in Volume 2, Chapter 4, and no further detailed consideration will be given
here. Mention of such reactions will however be made at appropriate places in the
following sections.

B. Formation of Carbon-Hydrogen Bonds. Reactions with Proton
Sources. Deuteriation and Tritiation*:3

Organoalkalt metal compounds, RM, provide RH on reaction with a variety of proton
sources, including water, alcohols, carboxylic acids, inorganic acids, amines, and carbon
acids, see equations 58 and 59. Reactions with deuteriated analogues®5, or the tritium
source, HTO?, similarly provide RD or RT.

As discussed in Section I1.B.2, reactions of RM with proton sources are, in fact,equilibria
with the position at equilibrium dependent to a major extent on the relative acidities of the
proton acid pairings, RH-R'H and RH-HY, in equilibria 58 and 59. With sufficiently
different acidities, the equilibria lie essentially completely to one side. Hydrolysis of
organoalkali metal compounds using aqueous media proceeds for all practical purposes to
completion and is used for most synthetic purposes. Reactions of RM with carbon acids,
R’H, alcohols, R'OH, or amines, R’,NH, have little if any synthetic utility as routes to RH
but are used instead as valuable sources of R'M, R'OM, and R’,NM, respectively*-5.

Reaction with hydrogen also can lead to RH, e.g. equation 203; however, hydrogenoly-
sis has had little synthetic application’?3.

CH,(CH,),Li + H, — CH4(CH,),CH, + LiH (203)

Any synthetic value of hydrolysis is clearly restricted to those RM species prepared by
routes other than metallation of RH, for example by transmetallation, by halogen-metal
or sulphur—metal exchanges, equations 204°' and 205*%°, and by addition or rearrange-
ment reactions. Reaction 204 illustrates an overall reduction of an organic halide.

2-BrCeHaCHaCH,Br —ukls thf 2-LiCgHqCHaCH,Br H—O-—> PhCH,CH,Br
e e e T exane,~ 100 °C 8ma~T2-T2% T 60 eC 2-e
(ref6l) (204)

(i )LiNPrs ~78°C, tht
(iiYMegSiCl
(ref.460)

1-Me, NNaph~Li*
—78 °C

BuCH,C(O) SPh » BuCH=C(SPh)0SiMey

Hz0
BUCH,C(0)SiMe; «——2———  BuCH=C(OLI)SiMe; ——= BuCH=CLi(OSiMe3)

(205)

Considerable use has been made of deuteriolysis, not only as a route to isotopically
labelled compounds but also as a means (as also with hydrolyses) of identifying sites and
extents of metallation®, equations 169, 205, and 206.

D0

Bu'CH,CMe,N=C — = Bu'CH,CMe,N=CLiR —>

(ref. 526)

Bu'CH,CMe,N=CDR —— RCDO (206)
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HC=CLi —_, HC=CD (207)
(ref. 527)

While the deuterium source most frequently used is D,O, others, including AcOD?3?7
and MeOD?3*#3?37% have been employed to good effect. One advantage of using the latter
two reagents is the resulting homogeneous media. Deuteriolysis, using D,0, AcOD, or
ROD, can be assumed to proceed quantitatively; however, the presence of adventitious
moisture can reduce the extent of deuterium incorporation. It has been suggested® that the
use of a D,0-saturated medium would largely prevent this. Other sources of protons,
which lead to reduced extents of deuteriation, have been indicated to be the solvents and
alkyl halides, either those used to prepare the organoalkali metals or those obtained via
halogen-Ilithium exchanges. For example, sequential reactions of 92 with MeLi and D,0O
provided 93 with only 709, deuterium incorporation; the MeBr formed in the Li-Br
exchange was considered to be the source of protons, which provided 30% of the
protium incorporated product.

Br Me

MeLi, E1,0 . B,' e 020 Br Me
X=D 70%
(92) X=H 30%
93)
(208)

Deuteriolysis (as well as hydrolysis) generally proceeds regiospecifically for alkyl,
functionally-substituted alkyl®?, aryl305:343¢:529 and benzyl?'® derivatives; however, for
some extensively delocalized carbanions, e.g. 94°5, protonations (E* = H;O* in equation
209) and other reactions with electrophiles can occur at any site having appreciable
electron density.

Ar H N
| M ArCHE
E—Y or
RCI > E+

(94,R™MY)
(209)
Deuteriolysis of cyclopropyl-56:79-53° cyclohexyl-33!-*32 and alkenyllithiums!?7-429
proceed with extensive, if not complete, retention of configuration.
H . D
Ph & LuNPr2 & L MeOD Ph & (210)
1hf ,—78°C
DONJZh T (ref530) z; "N=C Ph : ; ®N=C
Bu’ H By’ H
> < L|NPr2 > < 0,0 @11
/N (ref 107) / \ ~70°C
H NSO ) NN
— Lo
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(i)2 equiv. Bu’Li, thf~ 80 °C
(i) Me OD
(ref.533)

{ T
@
v
;: T
(e}

(212)

(S)>-&) 90% (100 % optical yield)

The products of deuteriolysis really reflect the composition of the organoalkali metal
species present in solution, and indeed deuteriation has been used to establish the
composition of metallation reactions. When isomerization, partial or complete, of the
initially formed organoalkali metal compound results before it is attacked, the deuteriated
product mixture mirrors this and so an overall loss of stereochemistry arises. For example,
(Z)-RCH,CH=CLiSOAr, formed initially from (Z)-RCH,CH=CHSOAr, immediately
isomerizes to the more stable E isomer, which is then trapped*?®® by D,O as (E)-
RCH,CH=CDSOAr.

The situation for ton-paired species can be different, as shown, for example, with
[RS(OYCPhH Li*]. The stereochemistry of deuteriolysis was found to depend on the
deuteron source and on its ability to complex with the Li* within the ion pair. The more
strongly donating deuteron sources, such as D,0, MeOD, and even AcOD, lead to
predominant retention of configuration (ca. 90%), whereas deuteron sponge, unable to
complex with Li*, provided a 1:1 mixture of the diastereomers 95 and 96. The presence of
lithium salts also leads to less stereospecificity’3*.

Lit
— Q
oM MeLi,thf o ! ! "
_—————’ — m—
PhCH,SOMe —%0 °C P ‘ ‘ e
H L]
E—Y
E.
VRN EE,
S Vo
(a) retention (b)
—_ _ > —_—C—— G —
Ph i 3 Me Ph i i inversion
.o H .e
(95)
(213)
H o]
Me
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Lithiated dithianes, no matter what the stereochemistry of the parent dithianes is,
having fixed conformations are attacked by deuterons (protons) almost completely from
the equatorial direction®®®,

Far greater study has been made of organolithium reagents; however, deuteriations
(protonations) of derivatives of the other alkali metals have also been studied!-333

C. Formation of Carbon—Carbon Bonds

1. Via Insertion Reactions

Reactions of organoalkali metals, RM, with a number of carbon electrophiles produce
new carbon—carbon bonds. Many of these reactions involve a formal initial insertion of
the electrophile into the carbon—alkali bond of RM (see Table 23), and as such were
discussed in Volume 2, Chapter 4. No further consideration of these reactions will be given
here.

TABLE 23. [nsertion reactions of RM leading to new carbon—carbon bonds

General products

Reagent Insertion product(s) after hydrolyses
R'R2C=CR"’R* RR'R2CCR*R*M RR!'R2CCR3R*H
R[R'R2CCR’R*],M Polymer
R!C=CR? RR!'C=CR*M RR!C=CHR?
R'C=N RR'C=NM RR!C=NH
RR!CO
R'R2C=NR? RR'RCNR*M RR'R2CNHR?
R'NCO RIN=CR(OM) R!'NHCOR
R!'N=C R'N=CRM R!'N=CHR
O=CHR
co [RC(OM]
co, RCO,M RCO,H
R,C(OM), R,CO
R,COM R,COH
O=C=C=C=0 R(LiIO)C=C=CR(OLj) RCOCH,COR
R'R2CO RR!RZCOM RR'R2COH
R!,C=C=0 R',C=CR(OLIi) R!,CHCOR
R'COX RR'C(OM)X RR'CO
(X = OH, OM, CI, OR?, R,R'COM R,;R'COH
NR2,, or OCOR?)
R'R?C=CR*COR* RR!'R2CCR*=C(OM)R* RR'R2CCHR3COR*
R'RIC=CR3CRR*OM R'R:C=CR*CRR*OH
N\
R'R%C———CR3R? RR'R2CCR’R*OM RR'R2CR?R*OH
0 CHy
| 1 R(CH,),0M R(CH,),OH
CHy——CHa
R'R’C=S RR'R2CSM + [R'R2CMSR] RR'R2CSH

Cs, RCS,M RCS,H
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2. Cross-coupling Reaclions with Organic Halides' > 33¢

An important carbon—carbon bond-forming reaction is the coupling reaction,
equation 214.
RM + R’X —RR’ (214)

Halogen—metal exchange reactions between RM and R'X were discussed in
Section 11.A.3 as a route to new organolithium compounds. However, as referred to in that
Section, alternative reactions between RM and R’X are the coupling reactions, equation
214. Some of the conditions which favour couplings over halogen metal exchanges have
been found and include, for example, the use of thf and other polar solvents rather than
Et,O or other less polar solvents®3~55, The presence of hmpt*24*-537 and increased
temperatures have also been found to promote couplings.

The reactivity of halides is generally I > Br » Cl with relatively few couplings known for
organic chlorides (a number are listed in the Tables of ref. 188). For chlorides, reactions
other than coupling reactions tend to dominate; these include a-metallations and a- and
B-dehydrohalogenations. More dehydrohalogenations (and metal-halide exchanges)
occur with sodium and potassium derivatives than with those of lithium.

Various transition metal compounds catalyse cross-coupling reactions®3®. Such
catalysed reactions are especially useful for couplings which would otherwise be difficult.
Particularly useful are the copper(I)-catalysed coupling reactions involving aryl, alkenyl,
and alkynyl halides and organoalkali metal compounds. Nickel and palladium species
also catalyse, for example, couplings involving sp? and/or sp hybridized organic
groups’3¢.

a. Alkylations

1_77.531 1_107.425b,539

Alkyl halides readily alkylate among others cyclopropy . viny , allyl-
302.540.541 ‘henzyl-218-302 ary[-330372 propargyl-, alkynyl-3#2, and certain functionally
substituted alkyllithiums (see Table 24), but generally not simple alkyllithiums. However,
alkyl halides do react with the alkyl (and other organic) derivatives of the heavier alkali
metals. Indeed, such is the ease of coupling (homo-coupling) of organic halides, RX, with
the organic derivatives of the heavier alkali metals that reactions of RX with alkali metals
(especially sodium) are important sources of RR (Wurtz coupling), via the intermediacy of
RM.

In general, the ease of production of coupled products from alkyl halides is
primary > secondary > tertiary. For hindered alkyl halides, f-eliminations tend seriously
to reduce the amounts of cross-coupling products. Alkylations have also been achieved
with alkyl arenesulphonates®-3070-543.544 ROSO,Ar, and dialkyl
sulphaless"88‘30“'396'“3'545, ROSOZOR

Intramolecular couplings occur particularly readily, e.g. equations 215 and 216.

S> (l) BuLi c BuL| ><(CH2)’7C|
. “GVBriChyCl T >_ HalnCl

(ret546)

S
45 <: X:(CHz)” (215)

S

CHa)oBr (CHp)Br
(CHIBT o i Een0, e __25°C

~ooc_ . (216)
Br (ref547) L
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TABLE 24. Alkylations of organolithium reagents

Initial reagent Conditions Alkylated product (yield, %) Ref.
PhNHCH,CH,HgBr (i) PhLi PhNHCH,CH,Et (62) 1152
(i) Li
(iii) EtBr
(iv) H,O
Bu,SnCH,OH (1) 2 equiv. BuLi, hexane,
—20°C PhCH,CH,OH (45) 1153
(ii) PhCH ,Br
H H
fe OCH,OCHPh (i) BuLi, thi, —78°C /\rﬁ~OCHZOCH2Ph 1154
(i) Me,SO,
SnBuz
PhSCHpCHMep (i) Bu'Li, thf. hmpt, PhSCH(Et)CHMep,  (74) 1155
—~178°C
(i) EtBr, — 78 to 25°C
~0 /0
PhSO,CHLCH j (i) BuLi, thf, —75°C PhSO,CH(CgH|7)CH j 1156
~o0 (ii) CgH , ,Br \o
(92)
Me
03802 (i) 2.5 equiv. BuLi, hexane S0z 1157
(i) Mel
{iif) H,O Me
(87-89.5)
MesSi pr le5Si
e3> r (i) MeLi, thf, —78°C Mes>! < (s8) 1158
PhSO% (i) CH,—CHCH,Br PhSOp
/=S (i) BuLi, thf, —78°C S
MeN (i) C,oH,,1 MeN CioHz) 1159
S iii) H,0
(1) Hy S (95)
EtS(O)CH,SE! (i) LINPr',, thf, 0°C EtS(O)CHBUSEt (95) 1160
(i) BuBr, 25°C
. . Ph
PhSe(O)(CH,),Ph (i) LINPr,, thf, —78°C  PhSe(0) 1161
(ii) Me,C=CHCH,Br (88)
N
MeCHCl, (i) BuL.i, tmed. thf, —95°C MeCCl,CH,5 (88) 1162
(ii) C;H sBr, hmpt,
—100°C
CH,CH,CH,CN (i) LINPr,, thf, —78°C  CH3CH,CH(CN)CH(Me) CMe (OMe),

(i) MeCHBrCMe(OMe),

6

1163
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Initial reagent Conditions Alkylated product (yield, %) Ref.
(i) LiBu, thf, —78°C 1164
(ii) Bul Bu
CN eN (00)
MeCO,Bu’ (i) LINPr (cyclo-C¢H, ), CHZCHZCOZBU" 1165
thf, —78°C
(i) 0-(BrCH,),C¢H, CHaCHRCO, Bu?
(83)
(i) 2.2 equiv. LINPr,, thf, COoH 1166
\ ™~ 0°C ><
COoH
2 (ii) Mel
(iii) H,O* (89)
0
N o (CHe)gCH=CH,
MeN (i) LINPri,, thf, —78°C 1167
(i) CH,=CH(CH,)(l
CH2O0. 0 CHZO
U (75)
HC(S)NMe, (i) LINPri,, thl, — 100°C, MeC(S)NMe, (50) 1168
3 min
(i) Mel
HC(O)NPr', (i) LINPri,, thf, —78°C  MeC(O)NPri, (20) 1169
(i) Mel 5mm
(MeO),P(O)CH,COMe (i) NaH, thf, 20°C (MeO),P(O)CH,COCH,CH 1170
(Me)C¢H Me-p
(ii) BuLi, 0°C (50)
(i) BrCHMeCcH ;Me-p
CH,CH,CH,NO, (1) 2 equiv. BuLi, thf, hmpt, CH;CH,CHNO,(CH,);CH, 1171
—-90°C (51)
(ii) CH4(CH,)sI, — 90 to
—15°C
(i1i) AcOH, —90°C
S S
> Me (i) BuLi, thf, —78°C >_CHZCH2Ph 1172
N (i) PhCH,Cl, — 78 to N
25°C : (88)
(|3st| (i) LINPr',, thl, —40 to 0 1173
N —10°C
. (i) BrCH,CBr—CH,,
)J\/\/ ~ thf, —20°C B

(75)
(iii) aq. HCI, —40°C
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Initial reagent Conditions Alkylated product (yield, %) Ref.
/NMEZ . 0
N (i) LINPr',. thf, 0°C Me wOMe 1174
Me (ii) Mel, =78 t0 0°C I
(iii) MeOH, NalO,, pH
23°C (95)
trons:cis =973
Ph,As(O)Me (i) LINPri,, thf, —40°C  Ph,As(O)CH,CH,CH, 1175
(ii) EtBr. thf (12)
{Ph,Sb),CH, (i) PhLi, thi, —78°C Ph,SbCH,CH,CH,CH, 1176
(i) PrBr, thf, —40°C (12)
(iii) H,O

CH,(CH,),C=CH

PhSCH,C=CH

o

Meo\[@/OMe

Bu’ CHpCMe, N=C

Me NN Br

H,C = CHOMe

(i) BuLi. pentane. —35°C CH,(CH,),CH(EtY)C=CH (64) 1177
(i1) EtBr, 0°C
(iii) 4 N HCI

(i) equiv. BuLi, tmed, thf  HC=CCHSPhCH,CH=CMe,(83) !178
{ii) Me,C=CHCH,Br

(i) H,O*
(i) LINPr',. hmpt. thf (CH,)CH3 1179
(i) Pr"Br O
(90)
N
(i) Bu‘Li, tmed, thf, O 1180
—78°C NcoBu’
(ii) CH,(CH,),Br. 2h ~
or CH,4(CH,),Cl. 24h (CHu),CHy
(85-6)

(i) Bu'Li. thf. —78°C (CH)CH=CH> 1181
(i) hmpt
(i) CH,=CH(CH,),Br. ™MeO OMe
— 78 10 25°C

(99)
(i) Bu'Li Bu’ CHpCMe,N=C(Bu’)CH=CHMe
(ii) CH,=CHCH,Br. tht,
— 7010 25°C (46) 1182
(i) 2 equiv. Bu'Li, thf, Me 1183
ELO, pentane, — 120°C 77 \(CH2lCHs
(i) CH(CH )51 ©2)
(i) Bu'Li, thf, —65to — 50°C HaC=C(OMe)(CH2).CH3z 1184

(ii) CH(CH,),1
(80)
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Initial reagent Conditions Alkylated product (yield, %) Rel.
[ \\ (i) Bu'Li, — 78 1o 50°C @(CH JeCH 1185
o (i) CHL(CH,),1 o ZeTs
684
CH,=CHSCH,CH, (i) Bu’Li, thf, hmpt, CH,CO(CH,),COCH  (60) 1186
(ii) 3 B(CH,),Br
(iii) HgCl,
EtO (i) Bu'Li, thf, —70°C EtO (CH2)3CH3 1187
\/\S(CH2)4CH3 (i) Bul \%
S(CH2)aCH3
(80)
H,C=CHSeC H ,CF,-m (i) LINPr',, thf, —78°C  H,C=CMeSeC(H,CF,-m 1188
(ii) Mel (90)
CH,(CH,);CH=C(SeMe), (i) BuLi, thf, — 78°C CH,(CH,),CH=CMeSeMe
(i1) Mel (80) 1189
CN\/\CONE,Z 83)?\141311 thf, —115°C N (95) 1190
Me CONEft2
C! [of]
(\/ﬂ/ (i) BuLi, thf, 25°C, 2h ©5) 191
(ii) Bul Bu
[0) 0
PhCH(OH)CH,NMe, (i) BuLi, Et,0, 25°C, 24h 0-MeC H,CHOHCH,NMe,
@47 1192
(1) Mel
(i) H
PhCONHBU! (1) BuLn thf, 0°C, 1 h 0-MeCH,CONHBU' (50) 1193
(ii) MeI
(iii) H
OMe OMe
6 (i) PhLi, E(,0, 25°C CHaN 1194
(ii) 1-CH,Cl-pyrrolidine Q
[\ oMe 2 ome &9
(1) BuLi, thf, Et,0, 1195

QO

0 to 25°C
(ii) Br{CH,),,Othp

5O
(@]
(CHp)Othp
(84)
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Initial reagent

Conditions

Alkylated product (yield, %) Ref.

CHROH

(i) BuLi, petrol,
tmed, 11h
(i) Mel

(i) LINPri,, thf, —80°C

25h

(i) Me,C=CHCH,Br

(i) BuLi, Et,0, 2h

(ii) Me,SO,

(i) MeLi, thf, — 78 to 0°C

(ii) Mel

0,

CHZzOH
O 1196
Me
(30)

Cl

1197
@CHZCH=CM¢;2

0]
@n

oBu’
[ T 1198
S

(87)

/—AV

N
5/% 1199
N

(63)

There appears to be conflicting evidence regarding the mechanism and stereochemistry
of alkylations of organoalkali metals' 33336, Second-order kinetics—first order in both
the organolithium and the alkyl halide—are often met.> Net inversions of configuration
(the extents of which are not always known) have been reported, for example in the
reactions between (i) 2-lithiothiane®*? and MeCH,CHBrMe (> 85%; inversion), (ii) PhLi
and MeCH,CH,CHDCI in PhH**® (iii) Ph,CHLi and (R}-PhCHCICMe,, equation
217°*%, and (iv) for allyl- and benzyl-metal reactions with secondary alkyl halides and
tosylates®3%. Inversion of configuration (> 93%) was noted®'* in the reaction between
CH,=CHCH,Li and (—)-2-octyl tosylate.

U,

thf,25°C

B
Ph,CHLi + Ph ;
H

Cl

® Ph,CH

I——o

50 %

Ph + PhCHBu/CHBuU’Ph + Ph,CHCHPh,

meso 10 % 18%
o, a’ 7 % (2 l 7)

Such findings on the order of the reaction and the stereochemistry suggest an Sy2 type
reaction. However, in other cases racemization, particularly for primary and secondary
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alkyl metals with secondary alkyl halides and sulphonates, and the intermediacy of free
radicals, e.g. for primary alkyllithiums with primary alkyl halides, have been noted. A
radical nature is also suggested for the reaction of PhC=C(CH,),Br with BuLi by the
formation of PhCH=C(CH,),CH,.

Alkylation of ion-paired [MeS(O)CHPh™ Li*] by Mel in solution occurs predomi-
nantly®34:35% with inversion of configuration to give 96 (E = Me), whereas (MeO),PO
reacts with retention. This suggests for the acyclic anion that strong coordination to Li*
[as with (MeO);PO] leads to retention whereas weak or no coordination (as with Mel)
provides inversion; however, this did not seem to occur with alicyclic sulphoxides®3!.

Alkylation of 2-lithiodithianes occur preferentially to give equatorial alkylated
products®3é, equation 218.

7 (I)BULI Me 37‘ (218)
(u) Mel S

Me

The overall stereochemistry of successive lithiations and alkylation of carboxylates have
also been reported>3?, equation 219.

(i) LiNPri, thf, =75°C _

+ O,H
COH  (DRX,-75°C R CO
(i) Hz O™ COzH R
(97) (98)
endo- or exo-
(97]) : (98] 66:34 882
RX Me T BuBr
219
Me(CHp), (CHo)-Me
MeS/\/(CH2)7Me (1)Bu®Li, thf, hmpt 27
(i) Me(CH,),Br ,— 781025°C "
MeS H
HaCl,MeCN | ie(CH2)CO(CH,gMe (220)
HZO) A

Cyclopropyl-*3% and vinyllithiums'07425%:539 e o equation 220*2*9, react with alkyl

halides with retention of configuration. However, isomerization of the initial organolith-
ium can result. The stereochemistry of the products of successive lithiations (by BuLiin thf
at —95°C) and methylations (by Mel) of 1-R-2,2-Br,-cyclopropanes depends on the
ageing of the carbenoid intermediates, 1-R-2-Br-2-Li-cyclopropanes. Only the most rapid
trapping of the carbenoid provided some trans-methylated product”’.

Alkylations of 9-R-10-Li-9, 10-dihydroanthracenes, 99, occur preferentially by axial
attack, especially by primary alkyl halides; e.g. EtBr and 99 (R = Et) in thf provide 92%,
(cis)-9, 10-Et,-9, 10-dihydroanthracene. With greater steric hindrance, the amount of
trans-product increases®®®. Alkylation of the delocalized carbanion 94 occurs at C4 and
C,, (equation 209, E = alkyl)*®. Other studies on delocalized carbanions have revealed
different reactivities for different ion-pair forms>34,

As indicated in Section B.2.a.vii, equilibria exist in solution between propargyl- and
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allenyllithiums''2-2°°, Both forms can be alkylated; indeed alkylations have been used to
provide measures of propargyl-allenyl equilibria. Of interest, CIDNP was observed?®® in
the reaction between PhCH,Br and Me,C—=C==CHLi.

CH,=C=CH, —"—“—(%‘T"’—L CgH,,CH=C=CH, + C4H,,CH,C=CH
n gh17
(100) (101) 221)

[100] : [101]=87:13

Substituted allyllithiums can in principle be alkylated at either allylic position3°2: steric

hindrance and internal coordination are among the more important factors controlling
the sites of alkylation; compare equations 222 with 223%%% and 224 with 225349,

; i
PhSCH,CHp 12 g PRSCH==22 CHz=== CH,L i ¥ %’ PhSCHCH=CHp + PhSCH=CHCHaCgH)|
CegH1(102) (103)
[102] : [103]) = 3:|
222)
Me Me
Me ’|\J I{l
| H
N 7’8\01-194*\CH2 CoHui L 7—S—CHCH=CH2
JSeresn=Cre —> \_y Tinf,-e5C LN
N ~a Li+ ’ C6H||
> 99%
(223)
MeCH=CHMe —2 2B, ph(CH,),CH(Me)CH=CH,
(ii) Ph(CH2)2Br
(104)
+MeCH=CH(CH,),Ph (224)
(105)
[104]:[105] = 68:32
Me,CH=CHMe — 220 | e C—=CH(CH,),Ph (225)
(ii) Ph(CH32)2Br

ca. 1009

b. Reactions with other organic halides

Benzyl and allyl halides are especially reactive in coupling reactions and for this reason
are not normally used as precursors of benzyl- and allyllithiums. Reactions of chloro and
fluoro derivatives can be complicated by some metallation® occurring a to the halo group
(106 in equation 226 is probably derived from the a-lithiated species). As indicated in
equation 226, reaction of substituted allyl halides can take place at either allylic site. In
addition, it can be seen that the geometry about the double bond is retained in 108%%3:336,

(i) PALi /\
\¢i @0 Ph>/\ + \:\_Ph + Ph Me  (226)

o7 (108) (1086)
floe]: [107]: [t08]= 11:23:66
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Other complications arise from metal-halide exchanges, which would provide, for
example, the symmetric coupled products in equation 217. Synthetic use®>7 can however
be made of such metal-halide exchanges, equation 227.

CHoBr

CHzBr
Phl_l 27)
0 (ref. 557b)
CHyBr CHoLi

Vinyl, alkynyl, and aryl halides, including per- and polyhalo derivatives, although much
less reactive than alkyl halides, can also take part in coupling reactions®. Direct coupling
of aryl or vinyl halides with aryl- or vinyllithium species is difficult at the very least. Direct
coupling, e.g. equation 214, between aryl halides and RLi has only been reported for aryl
halides® containing strongly electron-withdrawing groups, e.g. oxazolinyl®*>8 and nitro3%°,
Other mechanisms have been detected for vinyl and aryl halides. These mechanisms
involve (i) addition—-elimination steps, e.g. as in alkylation of arenes, including pyridines®,
and haloalkenes, equations 2283%° and 229%5!,

PhLi + CF,=CF, — LiCF,CF,Ph —-% CF,=CFPh (228)
2 2 2

[PhCCH,R] - PhRCH=CHR  (229)

RLi + PhCCi=CH, — PhCCILiCH,R

(i) metallation—elimination—addition steps®62736¢ e g equations 230 and 231:

/ < Bul_n thf o°c / < uL| / <
Li(Bu)
Bu(Li)

N 78 °C
X=F or Cl
Bu

(ref562) f
Li
BulLi,Et O, BulLi (231)
25 “C
(ref.563)

and (iii) metal-halide exchanges®%-*%%, equation 10. Whereas the reaction of BuLi and
ArBr does eventually lead to coupled producls those of Bu*Li or Bu‘Li merely produce
ArLi®3%, Cyclopropyllithium and halobenzenes in refluxing Et,O provide cyclopropyl-
benzene as well as other products, including biphenyl, via mechanisms including metal—
halide exchanges and the formation of benzyne.

(2309

¢. Asymmetric synthesis

Asymmetric synthesis involving alkylation of metallated chiral molecules has been
extensively developed in recent times®%®. Considerable success has been realized using
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compounds in which intramolecular coordination creates a chiral environment at the
reaction centre. Some examples follow.

Introduction of a chiral group « to a carbonyl group has been made via the intermediacy
of chiral hydrazones®”? and imines®®®, Schemes 10 and 11.

(3\ §
OMe - _ e (iii) ()\OMG
i EndP T e
LT OMe K“
R)J\CH ]l R CHR R/’ CHR'R?
2

(i) (iv)

RCOCH,R’ o
*
R)KCHR'Rz
e.9. R,R'= =(CHp)4— ; R?X = MeI or MeOSO,0Me

80°%
enantiomeric excess 99% (R)

(i) (9)- Q’\OMe;(ii) l_iNPré,thf ,0°C, 7n; (iii) R2X,-110°C;

|
NH2

(iv) 30", pentane or O ,pentane,~78 °C
SCHEME 10

o -

Cyclohexanone 7 R
(8)- isamer

eg RX MeT Prl

chemyield (%) 65 76

e.e.(%) 85 99

5 (i) LINPrg , thf, =20 °C; (iii) RX ; (iv) Hz0*

OMe

SCHEME 1)
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Introduction of a chiral group in the 1-position of a tetrahydroisoquinoline was
achieved as shown in Scheme 12 with greater than 90%, enantiomeric excess>?7¢369,

(i) (ii) (iv)
Ok Q0 # Q0 =+ 0O0>
R NR™

! R

(1)HCO,E1; E1,0"BFTR*NH,; (i) LiNPry , thf =78 °C; (i) RX,~78 or —100°C (iv) H;NNH, ,HOAC.

*
R

Overall Canfiguration
1, Me R X chem yield % e.e.(%) of product
R* = /< Me I 85 To) (R)
Ph Bu’Br 84 27 (R)
(R)-(=) PhCHCHoBr 89 52 (8
\\Ph
gro MesSIONS H Me I 79 99 (8)
= " Bu/Br 85 9l (8)
.\ PhCHxCH2Br 85 99 (s
OSiMey
(8),(8)-(H

SCHEME |2

A number of schemes®’®37! have involved asymmetric synthesis of a-alkylated
carboxylic acids, as shown for example in Scheme 13, which provides an overall
substitution of the a-proton in a-hydroxy- and oa-mercaptocarboxylic acids,
RCH(XH)CO,H (109; X = O or S) by an alky! group with retention of configuration, via
the cis-isomers of 2-Bu’-5-R-1, 3-dioxolanones or -1, 3-oxothiolanones (110), the products
of condensation of 109 with Bu'CHO. The trans-isomer of 110 could be used to obtain
RR'C(XH)CO,H with inversion of configuration.

Bu', 0O 0 (i) Bu', O~ -OLi i B, O~0
;< I\““R i R ;< I (i ;< :ER
HE x H R R HE Sy o

(cis-110)
[4trans- 110]
(iv)
T(i)
COZH COzH
HX H HX R
R R
(109)
(i) Bu'CHO; (D) LaNPrZ",vmf, hexane,— 78 °C; (iii) R"X,—78 °C; (iv) hydrolysis
Chem yield (%) Diastereoselectivity %
X=SiR=Me; R'X=CHy=CHCHzBr 92 >98
X=0;R=Me;R'X=E1tBr 82 >97

SCHEME 13
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Syntheses of chiral a-alkyl-#-hydroxy esters®’? and a-alkyl-a-amino esters®73 have also
been developed e.g. equations 232 and 233. Dianion 111 has a rigid structure, which arises
from chelation of the lithium cation by the two oxygen anions. Asymmetric alkylations

have also been reported for metalloenamines®7*

metallated 112575, 113577, and 114°78—

and metallated amides
the arrows indicate sites of metallation and

575 in addition to

alkylation.
Et QH
o 2 equiv.LINPr, thf ,-5010 0 °C Q 0, Lt CO.Et
i Cosft > ye & () Rx z
v o\‘ ———
(i) Hz0
. H 2-(S)-3R(S)
($)~isomer RX= MeI
{n chem.yield 67 %
diastereoselectivity
> 95%
(232)
Me,% N OMe ' . l‘{[e N. _OMe MeOZC
Hj[ N (BuLli, thf = 78°C Hi >\
W _AmwMe (i) RX
MeO N MeO \N ”'lm,Me
H
R
R=Priee.>92% (233)

3
pf)‘ph

(14)

Ph
b0
‘ «ijh Ej/QN luulun\OM
HLC e
’ N—""" OMe Q

(n2) (n3)

3. Formation of Alkenes'%7-301.324.536.579

Alkenes have been generated from reactions of certain functionally substituted
alkyllithiums with carbonyl compounds. Such reactions compliment the Wittig reaction.

Y(X)CHLi + RR'CO - Y(X)CHC(R)(R')OLi —» YCH=CRR' (234)

Typical substituents, X, in equation 234 include triorganosilyl groups®’® (Peterson
reaction), sulphur -containing groups, e.g. RS, R§(O), and RS(0),, selenium-containing
groups'®’, amino groups®®!, and phosphorus-containing groups*?¢, eg. R,P,
(R,N),P(O), (RO),P(0), and (RO),P(S) (Wadsworth—Emmons reaction). Various sub-
stituted alkenes can be generated this way; Table 25 lists some examples. The formation of
the alkene from the f-alkoxy adduct can occur spontaneously, or on simple hydrolysis or
after further reaction and workup.

Use of a-trialkylsilylalkyllithtums in these alkene formations has been especially
popular since Peterson’s first report®’® and allows the formation of unsubstituted alkenes
(equation 235) as well as vinyl cyanides, sulphides, sulphoxides, halides, silanes,
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TABLE 25. Formation of alkenes

111

Reagent Conditions Product (yield, %) Ref.
Me,SiCH,Ph (i) BuLi, tmed
(i) Ph,CO Ph,C=CHPh (77) 1200
(i) H,O
Ph,SnCH,1 (i) BuLi, Et,0, —50°C
(i) RR’CO, Et,0 CH,=CRR’ (95) 120t
(iii) H or H;O* R=RR;R'=H
Ph,PMe (1) BuLi, tmed, hexane, thf
(i) Ph,CO, thf CH,=CPh, (37) 1202
(i11) Mel
(iv) Bu'OK, dme
(MeO),P(S)CHMe, (1) BuLi, thf, —50°C
(i) Bu'«O:o Bu’4<:>=CMe2 (7) 1203
(iit) 50°C, 4h
PhSCHMelLi (i) Me(CH,),,CHO, thf,
—78°C Me(CH,),CH=CHMe (50) 1204
(i) P14, 20°C, 4h
Bu'S(O)CH ,Me (i) MeLi, thf, —60°C
(1) PhCOMe thf, —78°C MeCH=CMePh (73) 1205
(i) H
(iv) NCS
o (i) BuLi, thf, 0°C
PhSMe (ii) RR'CO, thf RR!'C=CH, 1206
1|\|1Me (iii) Al(Hg), AcOH, H,0 R =C,s;H;,;; R =Me (90)
CHp=CRR' Me
S Lo 1
il (i) BuLi, thf, —78°C
PhPMe (i) RR'CO RR'CO= (99) 1207
rllMez (iif) Mel, py . o
Me /—\Me
Me,SiCH,CN (i) BuLi, thf, —78°C RR'C=CHCN 1208
(ii) RR'CO R=Ph,R'=H,
(iii) H,O (79); (2):(E)=1:1
(EtO),P(O)CH,CN (i) NaH, dme RRC=CHCN 1209
(ii) R'R2CO R =Ph; R' = Me (E):(Z) = 10:1
(i) H,O
(EtO),P(O)CH,CHCNSiMe, (i) LINPI’ 2, thf, (EtO),P(O)CH,CCN=CRR’ 1210
—78°C
(i) RR'CO, —78°C R =Pr; R!'=H (48)
(iii) H,O (E)-isomer
(EtO),P(O)CHRCO,Et (i) NaH PhH
(i) R'R2CO, 20°C R'R?C=CRCO,E! 1211
(

iii) 60-5°C

R=H;R'R?=

—(CH,);—(67-77)
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TABLE 25. (Contd.)

Reagent Conditions Product (yield, %) Ref.
o (i) BuLi, thi, 0°C (0 1212
It / \ (ii) RR'CO R /N\)
Ph, PCHoN 0 (i) H, O+ C=cC
—/ (iv) K i \H

R=Ph;R'=H (90)

Il : ; ° ~ v
. (i) BuLi, th, —78°C _ 1213
(® O)ZPCHZNG (i) RR'CO 5T,
R)R|=_(CH2)5_
(Et0),P(O)CHRN=CHPh (i) BuLi RZ_ _C/R 1214
(i) R'R2CO R “N=cHph

2
R=H5R‘;R=—(CH2)5—

(EtO),P(O)CH,NC (i) $0u°lé, thf, pentane, R\C_C/H 1215
(i) RR'CO, thf, —60 0 R~ >NC
20°C
(i) H,0 R=Ph; R'=H (75)
. . , R, M
Me,SiCH,OMe (i) Bu®Li, thf, — 78 C=cC 1216
to -30°C R \OMe
(i) RR'CO
(iii) KH, thf, 60°C R ,R'=—(CH2)§ 80)
Me,SiCH,S(O)Ph (i) Bu'Li, thf, pentane, RR!'C=CHSOPh 1217
—70°C
(ii) RR'CO, thl, — 70 to R =H; R'=Ph (87)
20°C
(i) H,O
(i) BuLi, thf, pentane, RR'C=CHSO,Me 1218
—78°C
(EtO), P(O)CH,S(O,)Me (ii) RR'CO, thf, - 78 R=Ph;R'=H (87)
to 25°C
(iii) H,O
(PhSe),CH, (i) LINPI‘ 2 PhSeCH=CHR 1219
(ii) RCHO R = Ph; (74); (E)-isomer
(iii) H R = Me; (84);, (E):(Z) = :1
MeSCH(SiMe,)SnMe, (i) LlNPr 2 thf, hmpt Me,Sn(MeS)C=CRR! 1220
(il
(iii)

)RR CO R=H; R'=Ph(82)
iii)
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TABLE 25. (Contd.)

Reagent Conditions Product (yield, %) Ref.
R\c—c _C
(EtO),P(O)CHCISPh (i) LiCCl,4 B \sph
(i) RR'CO 1221
(i) H,O R=p —FCgHg4,R'=H (60)
S (i) BuLi, thf, hexane, 0°C R ~ S 1222
Me,5i~ (ii) RR'CO, thf, 0 to 25°C c=<
s (i) H,O* g s
R=R'=Ph (78)

R=Pr/,R'=H (44)

Me,;SiCH(NC) (i) BuLi, thf, hexane, R _N=C 1223
$0,C¢H Me-p ~60°C C=C
(i) RRICO, thf, —30°C R~ 30,CeHaMe—p

(i) H,0, MeOH
R=Ph; R!' =H (> 80)

(EtO),PCH,CI (i) BuLi, Et,O, thf, —75°C RR'C=CC(l, 1224
(ii) CCl,
(iii) LiCCl,, thf, — 70°C
(iv) RR'CO R= p-FCGHMRl =H (80)
(v) H,0
(i) BulLi, thf, hexane,
(Me,Si),CBr, - 115°C RCH=—CBrSiMe, 1225
(i) RCHO R =Me (E):(Z)=1:1
H,C=CHCH,SiMe, (1) Bu'Li, hmpt, — 78°C CH,=CHCH=CRR! 1226
(ii) MgBr, cat, RR'C=0
(iil) MeCOCI, A R =Ph; R! = Me

carboxylates, phosphonates, etc. However, these are not usually highly stereoselective
reactions. In contrast, reactions of (EtO),P(O)CHYLI, especially with aldehydes, RCHO,
are frequently highly stereospecific, the products being (E}-RCH=CHX (X = SMe,
SOMe, SO,Ar, SePh, CN, CO,Et, etc.)*2**2% From f-hydroxy adducts, containing both
trialkylsilyl and phosphorus (V) groups, it appears that the R;Si group is the one to
preferentially depart, e.g. equation 236°7°,

Me,SiCHLiPh + Ph,CO — [Me,SiCHPhCPh,OLi] — PhCH=CPh, (235)

Me,;SiCHLiP(S)Ph, + Ph,CO — [ (Me;Si)Ph,P(S)YCHC(OLi)Ph,] —
Ph, P(S)CH=CPh, (236)
The adducts of reaction of (Me,Si)(MeSe)CR’Li and R?R>*CO are particularly versatile

580 gince conditions have been realized to provide Me;SiCR!=CR?R?, MeSeCR'=
CR?R?, and even BrCR'=CR?R? from these adducts (equation 237).
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MeSe R?2

MeSe H Bu’OK, thf, N

- e

. R! R R
MezSi

R'=R%=H; R®%=CioHz, 74%

i) RZR?
li:')) Hzoco R'=R%=H; RE CioHai 78%
Me, Si OH | 2
N 2 R R
Rlnuuu C__C“\“m R POCI 3 ,EBN ' \C.:C/ (237)

> ~
SeMe R3 CHCle MeySi”~ R
RI=R%=H;R=CioHz2i  83%
R=R=H;R=CqoHai 75%

\__ Br,,CCl,,20°C _  BrCR'=CR?R3
gl R"—' Me; R2=H§R3= C|0H2| 80%

In addition to aldehydes or ketones, amides have also been successfully used>®’, e.g.
equation 238.

Me,SiCHLIiSR + R!'CONR,? 222 ¢, RSCH=CR'NR,> (238)
3 (ii) H20

R=Ph,R!=H, R2=Me
(E)-isomer, 64%,

4. Formation of Cyclopropanes®3¢

Reactions of alkenes with a-haloalkyl alkali metal derivatives are well established routes
to cyclopropanes (equation 239)**3. Some examples are given in equations 240-243.

Y X
>< + >,=< — v (239)
Z L Z-NY

X= helo

Litmp , CHap=CHOE?
Me CH,CI —_— — < >
@ > EN,0 Me@CHUCI (ref582)
Me‘@‘@.oa (240)

75%
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Litmp i cyclohexene
CICH5CH H-C! ———————#%» CICH2CHOCH
2(: ZOC 2C Ef20,O°C 2 2 C LiCl (ref 583)
OCH,CH,CI (241)

55% ; Syn:onti = |.75:]

R R3
+ =
2
H,C= CHCHCl, — P H,C (':Lr; cLicl R, R
= == ==
2 2 TEt,0,-5°C 2 2 (ref 584)
Rl R'.’s
RZ Cl R4
CH=CHj (242)
R'=RZREREMe 8%
RI=R%E Me; R=R=H 30%
Me Me

> < Me Me Me Me
CFB E\J_Ll__’ CFLiB ——DH "
f3 fera f. + 243
(ref.74) ! H A i (243)
Br F

SPh
SPh
LIC(SPh), + H,C=C(SR —»
3+ HaC=C(SR), <R (244)
SR

Lit
BU'CH,0CH,Cl ——2— | Bu’CH,OCHLICI + Me (CH,),C=C(CHp),Me
(ref585)

OCH,Bu’ (245)

Me(CHz)z (CHZ)Zme
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Asshown in equations 242 and 243, addition of the carbene to the alkenes maintains the
stereochemistry of the alkene. Tris(phenylthio)alkyllithium, LiS(CPh),, also acts as a
carbenoid agent (equation 244)*°*. Cyclopropenes may similarly be obtained from
carbenoid reagents on reaction with alkynes, equation 245. Another route to cy-
clopropanes is the reaction of carbonyl compounds with lithiated sulphoximes, e.g.
RS(O)(NMe)CH,Li and RS(O)NSO,CsH Me-p)CH,Li. The initial f-hydroxy adducts
require successive treatments with alkylating agents and bases to generate the cy-

0
1 i
Ph——s—— Me B_UU_>
I
NVe
0 0 clﬁzcoph
i) i)PhCOCH = CHPh I
Phe—— b e CHoLi > Ph e S et CHzCHPH
I (idH,0 (
NMe NWVe
(i) Seporatoin of
(s) digstereomers
(i) Mes0*BF4~
Ph H
R CHLOPN
Ph, | + Ph
- o st (246
H/v\coph g \CH/g\NMez )

BF, ™
Optically pure

clopropane®?!. Other syntheses of cyclopropanes involve reactions of a-
metalloallylsulphones and -nitroalkalkanes (and various ylides) with electron-deficient
alkenes'®”.

5. Formation of Epoxides'8733¢

Epoxides have been produced from a-haloalkylalkali metals and carbonyl com-
pounds>#¢~588 equation 247. Specific examples are given in equations 248-250.
R'R®%CO + MCXYR® —— R'RC—CR®Y —_» R'R%C——CR3Y (247

| |
MO X 0
X=halo; Y =H,alkyl, aryl,CN,SR,SOR,SO;R,SiMeg, etc.

0 MeSSi
) BuSLi tmed . ‘
Ma3s'CH2CIf—hf,:78_°C_. MezSiCHLIC! + —_
(248)
85 %
i thf H 152,
PhS (O)CH,CI E_I_;'_e’%_.PhS(O)CHLiCI :'—))EC%» 0 ioz
- i ,Me 1 o2 249
50 PhS R'R (249)
(ref 588) R}R2= (CHyp)s one isomer

79%
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BU’OK;M=K R! RZCO
EtOZCCHRX - - —® E10,CCRMX ——— R'RZ RCOREt
or LiN(SiMez)p; M= Li (ref589) AN /
o) (250)

Other lithiated derivatives that produce epoxides on reaction with carbonyl compounds
are a-thioalkyllithiums®°-5°! g.lithiated sulphoximes (equations 253-255), o-
lithiosulphoxides (equation 256), and a-selenoalkyllithiums'87-3°2:3%3 (equation 256).
Further treatment of the fi-hydroxy adducts with alkylating agents and bases is necessary.

HO CH>SPh
Q % 2 \Me
.
PhSCHZLi + Me,O BF4
(ref 590) Me NO2 BFs

0
K2C0s 251)
(91 %)
R! R' R' R®
BuL.i, t | i) R3R4 | |
RS—C—SePh M. RS—C—Li M» RS—C—C—OH
—78°C ‘ (iNH0
R2 (ref591) R RZ R%

(i)Mel, AgBF,,25 °C
(i1)Bu f OK,dmso

R' R3 (252)
2< ; 4
R g R

R'=R%&=REH; R*=Ph 50%
R'=R3%=H,R%=Me;R*=Ph 60%

0 0
i)PhCHO ) MexO" . BF,~ Fh
(115) 2O o o S e CHPROH — L 030738 0 T, (253)
('.l..) ) (ii)Base
Separatanct g 227t optcal
g
(ref331) purity

<|3| 0
MeS ﬁHzNO + BUM _ﬂso—> Bu’ (254)

NSO,CgHaMe-p 84
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o (i)BuLi . ?H O o
Il " (i) PhCHO \S\“““ (iYNaHS04,H,0, 100 °C O
Bum—S =M < rz0 . / et g, Me T " on
(iv) Separation of (i) base P

diastereomers

90°% optical purity

(ref-331)
(255)
PhSeCH,Li + o:QBu — PhSeCHZU {i)Me T,AgBFa @
(i) Bu’OK,dmso
(256)

Mention should also be made of the Darzen’s glycidic esters condensation, which often
leads to the stereoselective formation, albeit in low yields, of (E)-epoxides from R!R2CO
and MCHCICO,R*%%%, Aziridines®* and episulphides’®3 have been obtained by similar
routes.

6. Formation of Aldehydes and Ketones™-*!87-536

Ketones can be obtained by reaction of organoalkali metal compounds with various
carbonyl species, such as RCOX (e.g. Y=0H, OR’, OCOR, SR’, NR, or CI),
orthoformates, dialkyl formamides, lactones, chloroformates, chlorocarbamates and
ketenes and also with nitriles and isocyanides. These reactions, insertion reactions, were
dealt with in Volume 2, Chapter 4. Further discussion of these reactions can be found in
ref. 3, 5, 187, and 536.

The use of acyl anion equivalents (and other carbonyl synthons) has become a most
valuable source of aldehydes and ketones!®7:536:396.308 Thege equivalents are included in
the lists of synthons in Tables 21 and 22. The use of nucleophilic acylating agents atlows the
normal reactivity of acyl carbon atoms to be reversed (umpolung) (Scheme 14).

R R X
N ~ E+or R\ /X
e’ 7 v M7 Dy
R O~ - R RAX
\C/ Nu >C=O /C\
H. v H H Y
SCHEME 14
S,
> Bulitht S Li _PNCHaCHaBr S. ,CHCH,Ph
hexane, 75°C ><H
S (ref5970) S (257)

HQC! 5 HqO,
ag MeCN

or nbs,aq.MeCN
(90%)

PhCH,CH,CHO

(68%)




TABLE 26. Formation of aldehydes and ketones via the use of acyl anion equivalents
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Reagent Conditions Product (yield, %) Ref.
PhSCH,SiMe (i) BuLi, tmed, hexane PrCHO (70) 1227
(ii) PrBr
(iii) m-CIC4H ,COOOH,
CH,Cl,
(iv) H;0*
PhSeCH,SiMe, (i) LINPr',, thi, — 78°C BuCHO (80) 1228
(ii) BuBr
(iii) H,0,; 0-25°C
0 o
\V/
S (i) BuLi, thf, — 80°C PhCH,CHO (100) 1229
(i) PhCH,Br
0
e (i) BuLi, thf, —70°C Me(CH,), ,CHO(47-55) 1230
g > (i) Me(CH,), ;Br
\_s (iii) HgCl,, HgO, MeOH
(iv) H,O0"
(i) KNPr,, thf, —78°C  MeCO(CH,),Me 1231
PhSe Me (i) Me(CH,)sBr, th,
P —78°C
PhSe H (iii) CuCl,, CuO, Me,CO,
0°C
(i) BuLi, thf, pentane,
S —30°C 1232
>—O (i) B[(CH,);Mel,, thl, CO(CH,)5Me
g —30°C
(i) H,0,, OH "~ 76)
Me3SiO _Ph (i) LINPr',, thf, —78°C  PhCOMe (78) 1233
AN (ii) MeBr
(E10)P"  “H (iii) OH
o
Me,SiO\_ R (i) LINPr,, thf, —78°C  RCOR’ 1234
(i) R'X R = Ph, R’ = Me (98)
NC” NH (iii) 0.6 N HCI
EtO/\O\ _H *(i) LINPr',, thf, —78°C  CH,=CHCO(CH,);Me 1235
c (ii) Me(CH ), Br, thf, hmpt  (80-85)
Ne” NcH=CH, (i) 5% H,50,, McOH
SePh (i) LINPr',, th, —78°C  MeCO(CH,),Me 1236
e (ii) Me(CH ,)oBr, thf, hmpt  (70)
(iii) dil. H,S0,
(i) Bu’Li, tmed, th, — 78°C RR'CHCHO 1237
Me3SiCH,Cl (i) RR'CO [R,R"=(CH,),] (60}

(iii) dil. H,SO,, MeOH
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TABLE 26. (Contd.)

Reagent Conditions Product (yield, %) Ref.

MeOCH,PPh, (1) Bu®Li, thf, —95°C 0
(i) RR’CO, —78°C
(iii) MeOH CHO
(iv) Mel
(v) CCl,CO,H

RR'CO=

(a1 1238

_ (i) Bu'Li, pentane, Et,O,  Pr 0

Br 0SiMe 5 —70°C : NN 1239
(ii) PrCHO a
(iii) HCI, thf (“@6)

MeSiCH,OMe (i) Bo’Li, thf, — 78 to RR’CHCHO 1240
—30°C '
R,R'=(CHy)s | (80

(i)) RRC=0 [foR=ena)s] @0

(iif) 90% HCO,H, 25°C

(i) MeLi, PhH, 0°C coMe 1241

, (if) BuLi, 25°C

Me,/ \NMep (iii) Mel
(iv) H,0*

(77)

As shown in Table 21, a wide range of acyl anion equivalents have been utilized (see
also equations 35 and 136). Direct comparisons of the abilities of these synthons have
seldom been made; perhaps the most important reason for choosing a particular synthon
would be its availability. Particularly well studied are lithiated dithianes®®”, e.g. equations
215, 257, and 258. A further example in the use of acyl anion equivalents in the
carbohydrate field is given in equation 259°98; see also Table 26. Reactions of acyl anion
equivalents with aldehydes or ketones are also widely used (equation 260). Some specific
examples are given in equations 2613°% and 2625°°; see also Table 26.

M
S>_Me (i)BuLi,thf,hexane,-75°C S>< ¢ nbs p P
. TP > ] copn — ¥ PhCOCOPh (258)

(i) H3O+ (ref-597b)

CHO

!
CH,I OMe N CHp -0 OMe

0]
( ﬁ (i) thf,hmpt, —78°C
S S (iiYHgo, HgCl>,0q.MeCN™

(259)

o 0 Li o) 0
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1 R R2
X R R\ | |
>< 2/c=o——> x——c——c|~R‘ ———» RCOCHR'R? (260)
Y R Y 0L
i
(EtO), P\c Me  guLi,tnf, (EtORP\ Me oo oG = e
—————s =CMeSMe
entane,—75°C N thf
Meg/ \H P ’ MeS/ Li
HaCl » (261)
g Ve ™ PhCH,COMe
(84 %)
(£):(2)=5:1
80%
o)
1] 9y
PhaP (nf
c (262)
Ve \ (u)NoH
MeO (m)HBO
(57 %o)

Metal enolates, or their synthons (see Table 22) clearly have great value in the synthesis
of aldehydes and ketones. An excellent discussion of these reactions is given in ref. 536. The
use of enolate synthons is illustrated in equations 263-265. Scheme 15 indicates a range of
products obtained from the metal enolate synthon 116%%%, See also Section I11.C.2.c for a
discussion of related synthons in asymmetric synthesis. The use of homoenolate synthons,
RCOCH,CH, 7, is illustrated in equations 266°°5 and 26756,

(i)Me(CHy)gl , thf,hmpt

/=N —»  Me(CHy,),oCHO 263
Li OEt (iYH0 20 (263)
(ref.60I)
(i)2~-BrCH -dioxolane,thf,—60 °C \
e F > HCH, CHE1CH
BiCH L|CH "N (i) tar taric acid, 0°C /C 2 °
.600
(refe00) °  @3w  (264)

(i) BuLi,thf,-78°C

O>_CH Ph (i) Br (CH3)48r,-78°C - CHO
4 2 (iii)BuLi,— 78°C = Ph (265)
N (i)NaBHg,H 10°
(")Hso
(ref-603)

(50-55 %)
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NMe» NMEZ
N BuLi,~78°C
oA e ™ .)\CHRZ
2 (e}
(i) I,”78°C l (IRX (1) R3R%CO
(i) Nal Og (iYNaTOa4 (i) H3O+
MeOH R'COCHRR? MeoN
I 2 ez
R'=me,R=H ‘N oH
R'=CsH) ; Re=H R3
RY=Mel
o] (93 %) R2
)J\/\( NaIO
0 l 4
A BUSLi, thf A% 05t (i) MeT, tnf, hmpt
—_» Tt - i » PrCHO (
OSiEts (i H0
(90 %)
(ljl P (i) Me,SO,, thf
o~ h i e t
MepNPNMe = P22 p pRCH(Me)CHoCHO
Li (i2 N HCI ,E10

7. Formation of Carboxyiic Acids and Derivatives’-’

(66 %)

266)

(267)

Carboxylic acids are generally obtained from organoalkali metals on treatment with
CO, (equation 268); see Volume 2, Chapter 4. A number of synthons for RO,C-containing

(i) CO2

RM —— RCO,H

(ii) H30*

units have been developed; see Table 22. Especially useful are oxazoline derivatives®®
equations 269 and 270. Also important are the malonic ester syntheses®3®; see

(268)

Teg
also

o, o +
Buli,-78°C °
>[ >_ ((:?)Ruxl 7[ >CH2R —E— HoxcCHAR  (269)

N
! 9!
Y BULI (1)MeSSMe
(n)H 0
OMe
OMe

COpH

SMe

OMe

OMe
(93%)

(270)
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(i) LiNPri (cyclohexyl), thf,-78 °C

A
HO,CCH,CO,Et “# HOZCCH(R)COEY ——# RCH,COREL
2¥T2YE25 TGy RX, hmpt, hf 2 2 2-V2
(i H30* RX=8uBr,B80%
(ret.608) 271)

equation 271. For asymmetric syntheses of carboxylic acids, see Section [.C.2.c. Amides
are available from reaction of organoalkali metal compounds and isocyanates (sce
Volume 2, Chapter 4).

H30*

R'NCO 22 R'N=C(R)OM —= R'NHCOR (272)

8. Formation of Cyanides

Organoalkali metals can be converted into cyanides via reaction with cyanates®®,
equation 273, isocyanides®!®, equation 274, or cyanogen chloride, CNCIS'!,

Me(CHy)g H o Me(CH3)g H
> =c< + PhocN —£120,°70%C o=
H Li H NeN
80%) (273)
< s thf,—30 °C < S
>—Li + PhgCNC ————» >—CN
s
(83 %) (274)

D. Formation of Carbon—Oxygen Bonded Compounds: Alicohols and
Hydroperoxides3*

As discussed in Volume 2, Chapter 4, alcohols and hydroperoxides can be formed from
reaction of organoalkali metals and oxygen (equation 275). However, products other than
alcohols of hydroperoxides can result. No other details of the reactions with oxygen will be

RM — ROOM =% 2ROM (275)

given here. As indicated in the second half of equation 275, hydroperoxides also react with
organoalkali metals to give, after hydrolysis, alcohols, phenols®!?, or, with vinyllithiums,
ketones (equations 276 and 277)%%. Reacttons of vinyllithiums with peroxides proceed with

PhLi + Bu/OOH ———» PhOH (276)
(93%)
L (i)Bu’ OOH °
—_—
(ii) H30+ (277)
R! L R! 0AC

(i) Bu'OOLi
—_——
<R2 (ii)Ac0 =< R2 278)

(ref.613)
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R! RZ
:Li

Me;SiO0SiMe 5

RI RI
\ / (279)
(ref.612)

\OSiMe3

R,R%=—(CHp)s
52%

retention of configuration (equations 278, 279). An indirect route to alcohols from
organoalkali metals involves their conversion into organoboranes and subsequent
treatment®'#® with alkaline hydrogen peroxide. Oxidation of aryllithiums to phenols has
also been achieved using a peroxyborate, 2-tert-butylperoxy-1, 3, 2-dioxaborolane®!4®,
Oxophilic reactions of organoalkali metal compounds with carbonyl compounds also
provide carbon—oxygen bonded compounds; see Volume 2, Chapter 4.

TABLE 27. Formation of sulphides from reaction of organoalkali metal compounds with

disulphides

Sabstrate Reaction conditions Product (yield, %) Ref.
Me(CH,),,CO,H (i) LiNPr',, thf, 0°C, hmpt Me(CH,),;CH(SMe)CO,H 1242
(90)
(ii) MeSSMe, 0°C
Ph,CHCO,H (i) LiINPr',, thf, — 78 to Ph,C(SMe)CO,H 1242
—-25°C (100)
a2 o (ii) MeSSMe o2 ol
(i) Bu'Li, —80°C 1243
H Br (ii) PhSSPh H — SPh
R'=RZ=H (74)
R!=H, R? =Bu (93)
e}
(Et0),P(O)CH,Me (i) BuLi, thf, —78°C I /SPh 1244
(i1) PhSSPh, thf (EtO)ZPCH\
Me 84)
Me o CH,SPh
(i) LiINPr',, thf, —78°C 1245
0 p
COEH (i) PhSSPh COLEt
OMe OMe
C(S)NHMe C(S)NHMe
(i) 2 equiv. BuLi, thf SMe 1246
(i) MeSSMe
OMe OMe
PhCHOHCH,CI (i) BuLi, —78°C PhCHOHCH,SMe (85) 1247
(i) Naph~, Li*
(iii) MeSSMe
(

iv) H,O
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E. Formation of Carbon—Sulphur Bonded Compounds?*>

1. Thiols and Sulphides

Insertions of sulphur into C—M bonds provides thiolates, RSM, which can be
converted into thiols or sulphides (Volume 2, Chapter 4). Other routes to sulphides
involve reactions with sulphenyl halides, RSX, and more conveniently with disulphides
(equation 280). Some examples of the disulphide reactions are given in Table 27.

RM + R’SSR’ — RSR’" + MSR’ (280)

Thiophilic reactions of RM with thiocarbonyl compounds also provide sulphides (see
Volume 2, Chapter 4).

2. Other Carbon—Sulphur Bond-forming Reactions

Formal insertion reactions of organoalkali metal compounds with SO, and CS; also
provide carbon—sulphur bonded compounds; see Volume 2, Chapter 4.

F. Formation of Amines

The transformation of organoalkali metal compounds into amines has beenachieved
using azides and hydroxylamines (Table 28). The most useful azide is the readily available
tosyl azide!'376'® which works well with alkyl-, benzyl-, phenyl-, and heteroaryllithiums
(equation 281). Other azides to be used include (PhO),P(O)N;°'? and vinyl azides®2° (E)-

(i) p-MeCeH4SO3N3

RLi RNH, (281)

(ii) H28%'7LiAIH4®'7.Ni—Al/aq.KOH®!8: or NaBh4¢13

R'CH=CRNj (e.g. R = Ph, R’ = H; R = H, R’ = Bu’). The latter have been employed for
aryl-, heteroaryl-, or stabilized alkyllithiums. However, simple alkyllithiums (R*Li) react
differently and provide ketones rather than amines on workup, equation 282. Another
N3 LIN—N=NR?2
2, . > > Hz0" 9 2
ReLi + — — R)\(R
R R! R R! (282)

R%= Me,Bu, or Bu’

azide reagent used with phenyl derivatives is PhSCH,N;. However, better yields are
obtained if the organolithtum is converted into the organomagnesium reagent,
equation 283621,

(i) BuLi,thf,—78°C

y OMe OMe
(ii)MgBr, ,E1,0 KOH,MeOH,
PhOMe —— > T (283)
(i) PSCHaN3 NHN=NCHpsPh  ThfHZ0 NH

(iv) agq.NH4CI

A number of hydroxylamine derivatives have also been used to generate primary,
secondary, and tertiary amines. Primary amines have been obtained via H,NOM¢e®622:623
H,NOP(O)Ph,%24, or H,NOSO,C¢H,Me;-2,4,6°%%, The compound H,NOP(O)Ph, is
of particular value for benzyl or other stabilized carbanions.

(?) H>NOMe, MeLi
RLi (i) HyO+ RNHZ (284)

(iii) OH-
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TABLE 28. Formation of amines from organolithiums
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(i) Buu,N*HSO, -, NaBH,

Organolithium Reagents® Product (yield, %) Ref.
MelLi (i) A MeNHCOPh (80) 616
(i) H,O*
(iii) PhCOC]
Bu'Li (i) A Bu'NHCOPh (67) 616
(i) H,O*
(ii1) PhCOCl
Bu‘Li () A Bu‘NHCOPh (80) 616
(ii) H,O™
(iii) PhCOCl
PhLi (i) B PhNH, (68) 620
(i) 10% HCI
(i) OH™
PhLi A PhNHCOPh (90) 616
(i) H,O™
(iii) PhCOCl NH3
OMe OMe
) C
Li (i) ag. KOH, 0°C, Ni-Al
(80)
Q) A Oie 616
(i) H,O*
(iii) PhCOCI NHCOPh
(9¢e)
oA () C oA 615
" + -
Li (il BuuN*HSO,~, NaBH, NH
(50)
OMe OMe
Li (i) B NH2 620
(i) 10% HCI
OMe (iii) OH OMe
CONEt2 CONEt,
(i) C @[NHZ 615

OMe
(55)
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TABLE 28. (Contd.)

Organolithium Reagents® Product (yield, %) Ref.
@ (i) B @ 620
, (i) 10% HCI
b (iii) OH - N
45)
(i) B 620
Me Li (i) 10% HCI Me NH2
S (iii) OH - S
(58)
O () D O 629
Li NMe
47
> (i) B S 620
Li i
< S>— (ii) 10% HCI (e
(iii) OH " S
©4)
PhCHLICO,Et (i) E PhCH(NH,)CO,Et (45) 624
(i) H,0*
PhCH,Li () E PhCH,NH, (30) 624
(i) H;0*
(i) B PhCH,NH, (60) 620
(i1) 10y, HCI
(1ii) OH~
Q) A PhCH,NHCOPh (97) 616
(i) H,O*
(iii) PhOC]
Ph,CHLi () E Ph,CHNH, (41) 624
(i) H,O*
Ph,CLi (i) E Ph,CNH, (30) 624
(ii) H,O*
PhCH=CHCHPhLi () E PhCH,CH,COPh (30) 624
(ii) H,O*
BuLi () F Bu*MeCOPh (62) 626
(ii) PhCOCI
Bu‘Li (i) F Bu'MeNCOPh (30) 626
(ii) PhCOCl
PhLi i) F PhMeNCOPh (67) 626
(i1} PhCOCI
MeL i i) G MezN @45) 628
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TABLE 28. (Contd.)

Organolithium Reagents® Product (yield, %) Ref.
I-NpLi () H I-NpNEt, (9) 628
Me Li . Me NMe,
\— )G / 38) 628

9-Li-fluorene NG 9-NMe,- fluorene (61) 628

CN CN

| |
Ph—C—CO,E? i) G Ph—CIJ—COZEi (95) 628

|

Li NMe,

? A =H,NOMe-MeLi, hexane, Et,0, —70°C.
B =H,C—=CPhN,, thf, —78°C.
C = p-MeC¢H,SO,0N,, thf, — 78°C.
D = Me,NOSO,Me, —20°C, thf.
E = Ph,P(O)ONH,, thf, — 20 to 25°C.
F = MeNHOMe-Meli, Et,0, hexane, — 78 °C.
G = Me,NOSO,R, R = 2.4, 6-trimethylphenyl.
H = Et,NOSO,R, R = 2,4, 6-trimethylphenyl.

Secondary amines (and amides) have similarly been produced from alkyl- and
phenyllithiums (but not from 2-lithiothiophene or -N, N-diisopropylbenzamide) using
R'NHOMe-MelLi (1:1), e.g. equation 285%2¢,

(i) MeNHOMe—MeLi, E120, hexanc

Bu°Li — Bu*'MeNCOPh (285)
(ii) PRCOCI1
62%

Reagents for producing tertiary amines include Me,NOSO,R’ (R'=24,6-
Me,CH, 527628 or Me629.639) Et,NOSO,C4H,Me;-2,4,6528, and
Me,NOP(O)Ph,53% however, Me,NOMe did not provide PhNMe, from PhLi. Conver-
sion of alkynyllithiums to the corresponding cuprates prior to reaction with

Me,NOP(O)Ph, or Me,NOSO,Me has been recommended®3°. Another use of copper
reagents in the formation of amines is illustrated in equation 28653'. Chiral aminating

OEt OEt
(i) thf,hexane

+ cuy ) -—U)infhexone (286)
OEt (i 0z OEt
5%,
0 H
: N oh— & M (287
PhCHLICOEt  + PN onmes . )
Me "ll COE1t
Me 50 %

[=-n7] ee 23%
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agents, such as 117 obtained from (—)-ephedine, have been used but with only limited
success®32,

Amines have also been obtained by addition of RLi to imines®*, e.g. equation 288.
However, side reactions can result, e.g. by a-deprotonation and subsequent loss of LiH.

Me

S
(I)BULI o (288)
<:s>_Me (i) PhCH =NPh <:><CHPhNHPh =<CHPhNHPh

(i) H,0

G. Formation of Carbon—Halogen Bonds

Replacement of the alkali metal in an organoalkali metal by halogen (equation 289) can
be achieved using either the halogens (Cl,, Br,, or I,) or halogen-containing compounds in
reverse halide—alkali metal exchanges. The latter reagents have particular advantages
when the use of halogens (especially Cl, or Br,) could lead to further reaction.

RM — RX (289)
X = halogen
o _ Ph,C=CCIX (290)
(i) BuLi. thf, light petroleum, — 100°C X = BI’ 94%
Ph,C=CHC(I (i) X2 X=197%
(ref. 633)
OMe OMe
(i) PhLi,E1,0 X (291)
OMe (“)X(rYefesq_) OMe
XY =Cl, 39%
Br, 18
I, 80%
BrCN 469,
ICN 46,

Br(CH,),Br 71%,

Direct fluorination by F, is not feasible. Perchloryl fluoride and dinitrogen dif-
luoride®3% have been used, however, although explosions with the former have been
reported®®”.

Alternative reagents to chlorine include CCl, (equation 292)%3%, C1,CCCl, (equation
203)639-640  N_chlorosuccinimide®*!, and p- toluenesulphonyl chlorlde“2

i) BuLi, thf,=70°
(E10),P(0)C H A i')) CZLI" 70C y  (E10),PO)CHCIAT (292)
ii
()50 >80%
(ref.638)
Cl

N (i) BuLi, PhH,hexane, RT ,
s (ii)C1 3CCCl 3 (293)
0s (ref 639) 2

32% 12% 5%
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Alternative reagents to bromine are BrCN%3%643 p_toluenesulphonyl bromide®42, and
1,2-dibromoalkanes [e.e. RCHBrCHBrR (R=H or Me)]. However, the use of
BrCH,CH,Br under controlled conditions can lead to the BrCH,CH, alkylated
product®4?, e.g. equation 294,

0OSiM ) 0si
o (DLINPrg, thf,~78 °C . PhCCHs;:'\:lie%r 294
Phe (i) BrCHCH2Br (1/2 equiv) g 2tz (294)
CN (ref.644) CN
(30 %)

Alternative sources to iodine are CH,1,°4°, CICH,CH,142°, PhC=CI%*5, and ICN®34

Halogenation of (+)-(5)-1-Li-1-Me-2, 2-diphenylcyclopropane by Br, or I, in diethyl
ether proceeds with retention of configuration®S. Although the brominolysis of (Z)- and
(E)-1-lithio-2-methylcyclopropane is highly stereospecific in pentane solution, in pentane—~
diethyl ether solution a much reduced stereospecificity results®®, Considerable inversion
of configuration occurs in the reaction of 2-norbornyllithium with bromine!®. In reactions
of halogens with methyllithium or 4-tert-butylcyclohexyllithium, inversion can predomi-
nate; in contrast, reactions with BrCH,CH ,Br, PhBr, or the pyridine—bromine complex
provide bromoproducts with predominant retention of configuration®322,

H. Formation of Carbenes, Arynes, and Ylides''**

1. Carbenoid reagents

The preparation of a-haloalkylalkali metals is given in Table 12. These and related
compounds have had considerable use as carbene precursors (equation 295). For reviews
on the use of such reagents, see references 433a, 646, and 647.

R'RZC(X)M — [R'R2C:] (295)

2. Arynoid reagents’’

o-Haloarylalkali metals have had an extensive use as aryne sources, €.g. equations 44
and 280. Their generation, chemistry, and use have been reviewed®*S.

3. Ylides

Organoalkali metals have been widely used in the generation of ylides, for example for
use in the Wittig reactions®*8,
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I. INTRODUCTION

The application of Group II organometallic reagents in organic synthesis is vast and
varied, particularly that of Grignard reagents. There have been several reviews' ™3 on it, the
most recent being three chapters in Comprehensive Organometallic Chemistry dealing with
organoberyllium chemistry®, organomagnesium through to organobarium chemistry”,
and compounds of the alkaline earth metals in organic synthesis®, all covering the
literature up to 1980. In this chapter we further discuss the synthesis and utility in organic
chemistry of Group I organometallic species. Our criterion for inclusion is thatan M—C
interaction is present, either in the species or implied as an intermediate in a reaction of a
Group IT complex with an organic substrate. Group Il metal amides, alkoxides, and
aryloxides also feature in organic synthesis but they are not included in this chapter.

We focus on the literature covering the period 1980-83 inclusive, with emphasis on new
developments in techniques and synthesis. Over 1600 papers dealing with the application
of Group Il chemistry in organic synthesis have appeared during this period. For the
literature prior to 1980 only examples of well established reactions will be cited so that the
chapter will be comprehensive for all reaction types of organo-Group I1 species thus far
reported.

Group I organometallic reagents play a pivotal role in both organic and organometal-
lic chemistry. A discussion of the latter is, however, beyond the scope of this review.
Commercially available Group I1 reagents are restricted to those of magnesium, and
inctude Grignard reagents of allyl, vinyl, ethyl, n- and i-Pr, n-, s-, i- and ¢-Bu, CsH;, Ph,
PhCH,, and mesityl chlorides and/or bromides as solutions in either Et,O or thf.

The next section of this review deals with the synthesis, stability, and mechanism of
formation of organomagnesium reagents. This is followed by a survey of their reactions,
classified according to new bonds formed, the type of bond fission process, or the reaction
of a particular functional group. A separate section deals with reactions of organomag-
nesium reagents in the presence of metal complexes, including catalysed reactions. The
final section is devoted to the synthesis and utility of organo-beryllium, -calcium,
-strontium, and -barium reagents; this constitutes only a small part of the review. a
consequence of the slight attention that the elements Be, Ca, Sr, and Ba have received,
which is related to the toxicity of Be and Ba, the reduced stability of their complexes
compared with those of magnesium, and the fact that there is usually little or no advantage
over using readily accessible and stable magnesium and/or lithium reagents. In short,
organomagnesium reagents have the greatest application, ranging from bond formation in
simple compounds, including the synthesis of '*C and 2H labelled compounds, to natural
products where the key step is a regio- and stereo-selective reaction involving such a
reagent.

Where possible, a comparison of reactions of organo-Group Il reagents with alternative
organometallic reagents will be given to assess their relative merits for a particular
molecular transformation.

Beryllium almost exclusively forms covalent compounds, whereas magnesium com-
pounds can range from covalent to ionic, and compounds of the heavier congeners of the
Group II elements are ionic, for example (CaCl)(Ph,C) is fully dissociated in thf”. The
nature of Mg—C single bonds is very important in considering the application of
organomagnesium reagents in organic synthesis. They are thermodynamically stable, a
fact which is demonstrated by the ability to sublime some organomagnesium complexes
at temperatures in excess of 150°C. Any instability of organomagnesium compounds is
associated with either rearrangement and/or a facile elimination reaction, usually due to
the presence of a functional group. For example, R,NCH,CH,MgX undergoes 1,2-
(or f-) elimination, yielding MgX(NR,) and ethylene above ca. — 90°C?. Unlike transition
metal—alkyl complexes, the fi-hydrogen elimination decomposition pathway is a high-
energy process, usually requiring temperatures above 100°C. In consequence,
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magnesium—alkyl complexes with optical activity at the f[-position are accessible
(equation 1)'°,

* x
Et—CH—CH,CIl ——» E?——CH-——CHZMgCI —» Et—CH

|

Me Me Me
() ) (1

Carbon atoms attached to magnesium, however, are stereochemically unstable, rapidly
inverting (primary > secondary), the mechanism of which has not been established’.
Consider the general cross-coupling reaction shown in equation 2, catalysed by optically
active nickel and palladium complexes and yielding a product rich in one enantiomer.

Rl\\ R R!
2 fast 4
Rtwme G —— MgX s=———— XMg_C._RZ L’ Rz—.cn_RQ
3/ racemization s
R R3 )

Inversion at the chiral centre in the magnesium complex must be faster than the coupling
reaction for the optical purity of the product to be kept constant throughout the reaction.
For magnesium attached to a carbon of an alicyclic ring the rate of inversion of
configuration is, however, relatively slow. Cyclopropyl Grignard reagents, for example,
are configurationally stable'!.

ll. ORGANOMAGNESIUM REAGENTS

A. Grignard Reagents

These are reagents of the type RMX' and they are usually prepared by the direct
oxidative addition of an organic halide to elemental magnesium (method A, Table 1).
Victor Grignard reported this reaction in 1900'2, although the reactivity of magnesium
with organic halides, in the presence of another organic substrate, was reported one year
earlier!®, The latter is the Grignard in situ trapping or Barbier reaction. Its application to
synthesis has recently been reviewed'?, and is further discussed in Section I.A.4.

1. Synthesis

Grignard reagents are extremely sensitive to air and moisture and the use of an inert
atmosphere (nitrogen or argon) for their preparation and manipulation is essential. A
typical Grignard synthesis is the slow addition of a solution of an organic halide in an
appropriate solvent to a suspension of activated magnesium (powder or turnings) in the
same solvent, at such a rate as to control the temperature of the reaction. They are
exothermic reactions and cooling may be necessary, particularly if there is an induction
period followed by a vigorous reaction. After the addition of the halide is complete, stirring

" Grignard reagents prepared in coordinating solvents have the general formula RMgX(solvent),, and
similarly for R,M species, with solvent molecules as part of the coordination environment of
magnesium. For simplicity, reference to RMgX and related species implies that solvent molecules are
present unless stated otherwise.
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is usually continued for about 1 h and/or the mixture is subjected to prolonged heating,
particularly if the organic halide is difficult to react.

Factors controlling Grignard formation are extensively surveyed in ref. 7. The nature of
the magnesium used, magnesium turnings or powder, condensed magnesium, or finely
divided Rieke’s'> magnesium, can be important. The last two are the most reactive forms
of magnesium and are particularly effective for slow-reacting or otherwise unreactive
organic halides. There are several methods for activating magnesium turnings and
powder; the most common is to treat it with Br(CH,),Br in a suitable solvent, the evidence
for activation being the evolution of ethylene. The co-product is solvated MgBr,, and it is
noteworthy that this is a synthetically useful method for the synthesis of stock solutions of
moisture-free MgBr,. Moreover, the associated 1,2- or f-elimination reaction has
featured in synthesis (equation 3)°.

BrCH,CHBr(CH,),Br —:i_’ CH,=CH(CH,),MgBr (3)

Other metals as impurities affect the yield of the Grignard synthesis. The di-Grignard
reagents of 0-C¢H,(CH,CI),'” and [(0-C¢H,CH,Cl),]'® are accessible under fairly
critical conditions and surprisingly using only one brand of magnesium powder. [t may be
that an impurity in the magnesium is responsible for the success of their syntheses.

The Grignard reagent of 2-bromothiophene is unique in that its formation is activated
photolytically'®.

The choice of solvent and concentration can be decisive for a high-yield synthesis.
Typical solvents are the ethers Et,O and thf. The latter, which is the more polar of the two
and is a more recent solvent in Grignard synthesis, is essential for some difficult reactions.
A requirement of preparing the aforementioned di-Grignard reagents, which for a long
time were thought to be inaccessible, and the reagent derived from pentamethylbenzyl
chloride2® is the use of thf as the solvent, logether with high dilution, ca. 0.1 M. In all cases
the yield was found to diminish by ca. 40% for a two-fold increase in the projected
concentration of the Grignard reagent, which suggests the competing reaction is
intermolecular coupling (RX + RMgX — RR + MgX,; Wurtz-type coupling) with elimin-
ation of MgCl,.

Other solvents have been used to good effect in Grignard syntheses viz. diglyme, acetals,
formals, and tertiary amines. The use of coordinating solvents other than Et,O or thf may
be necessary to solubilize a reagent. Mixtures of coordinating and non-coordinating
solvents have also been found useful; in some cases, usually with alkyl chlorides, little or no
polar solvent need be present, although for such a case the active species is predominantly
R,Mg (unsolvated) rather than RMgX.

Dioxane added to a solution of a Grignard reagent in Et,O or thf yields a sparingly
soluble dioxane complex of MgX,, a reaction that is standard methodology for the
redistribution of RMgX, e.g. equation 42!, The dimeric complex in equation 4 is
sublimable in vacuo, but usually under such conditions the dioxane is removed to yield

/N /N ,
4RMgCl + 5 O 0 —» RyMg~—0 O — MgRj + 2 MgCl,(dioxane), ¢

R=CHI(SiMez), f— @)
dioxane-free R,Mg species, although using a 1:1 mixture of Grignard to dioxane also
yl;lds dioxane-free MgR,, but with other coordinating solvents usually present it would
still be solvated. Diglyme, pyridine, and tmeda are also effective in generating R,Mg from
Grignard reagents. In effect, these strongly coordinating solvents alter the position of the
Schlenk equilibrium (equation 5).

2RMgX=MgX, + R,Mg (5)
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It is possible to prepare compounds of the same composition as that prepared from a
Grignard reaction by mixing an equimolar mixture of R,Mg and MX, (excluding MgF,)
in Et,0 and/or thf. However, some solutions of Grignard reagents in thf have the position
of the Schlenk equilibrium predominantly to the right and magnesium halide-free species
have been isolated without the addition of dioxane. For example, cooling a 0.1 M solution
of the di-Grignard of 0-C4H,(CH,CI), in thf yields a magnesium macrometallacycle
(equation 6) which has been structurally authenticated!’. Other magnesium halide-free
species, also derived from di-Grignard reagents, are discussed in Section 11.C.

(thf),

Mg
MgCH(thf),
Q=== %
MqCI(thf),
(rhf)zMgXMg(ihf)z

The corresponding para-isomeric di-Grignard reagent, prepared under identical
conditions, is unstable with respect to the formation of a thf-insoluble species, of
composition Mg, sCl(thf),(CgHg)?2. Its low solubility and the loss of half a MgCl, unit
relative to ‘RMgX’ suggest that it is oligomeric with the p-xylenediyl entity bridging
successive magnesium centres. In contrast, a magnesium halide-rich species,
[Mg,Cl,Et(thf);], has been crystallized from a thf solution of EtMgCl23,

The choice of halide, RX, is another consideration in optimizing the yield and selectivity
of Grignard formation. Where there are two different halogen residues in the same
molecule, the Grignard formation proceeds according to the inequalities | > Br > Cl > F,
This is demonstrated by the selective mono-Grignard synthesis derived from oxidative
addition of Mg to C-8 in 1-bromo-8-iodonaphthalene?*. Bromides and chlorides feature
the most, since iodides other than Mel and Arl tend to give side-reaction products, alkyl
fluorides are difficult to react, and aryl fluorides require highly activated magnesium
prepared by Rieke’s method'®. This is finely divided magnesium prepared in situ by
treating a solution of MgX, in thf with excess of potassium metal. Other methods of
generating it include the reduction of MgX, with potassium—graphite or Na[C,,Hg]?*.
(More recently highly activated magnesium has been prepared by equilibration with its
anthracene adduct in thf?®) Grignards of aryl fluorides have been prepared in almost
quantitative yield by condensing magnesium and PhF vapours at —196°C?7. It is
noteworthy that this method is a general procedure for preparing unsolvated Grignard
reagents.

The use of highly activated magnesium, either condensed or Rieke’s magnesium, has
been one of the recent major developments in Grignard chemistry. Their use has been
effective in the synthesis of a variety of previously inaccessible Grignard reagents. The use
of Rieke’s magnesium has featured the most, presumably because of its simple preparative
procedure compared with the generation of condensed magnesium. Both forms of highly
reactive magnesium allow the preparation of Grignard reagents at low temperature which
would otherwise decompose at ambient temperature. Steinborn® synthesized a variety of
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Grignards of the type R,NCH,CH,MgBr at — 100°C. They are unstable above ca.
—90°C, decomposing to ethylene and MX(NR,)°.
Rieke’s magnesium reacts with thfat ca. 65 °C?8 (equation 7), but is less reactive towards

*
< ) + Mg ’ O/Mg(fhf),, (7)

0

other ethers. This is usually not a problem, however, as the metal is sufficiently active for
Grignard formation at very low temperatures.

Another major development has been the synthesis of ArCH,MgClI reagents, in
particular di-Grignard reagents of this type, e.g 0-C¢H,(CH,Cl),'" and [(o-
CxH,CH,CI),]'®. From earlier work on these systems, it was concluded that di-Grignard
formation was unlikely owing to the facile elimination of MgX,, forming o-
quinodimethide and 9, 10- dlhydrophenanthrene equation 8), respectively.

The differences in requirements for a viable synthesis of these reagents with simple
(alkyl)MgX reagents are (i) it is necessary to use organic chlorides rather than bromides; (ii)
the use of thf as the solvent is essential for high yields (typically 90-96%); and (iii) high
dilution, ca. 0.1 M. The last requirement precludes the possibility that the coupling
decomposition pathway involves an intramolecular elimination of MgCl,. However, in
the case of dibromide, [(0-C4H,CH,Br),], it is intramolecular coupling (equation 8)'8. It
may be that the differences between ArCH,X and alkyl-X systems is related to the
enhanced stability of benzylic-type radicals such as 0-CH,C¢H,(CH,MgCl) or o-
CH,C4H,CH,C], allowing a greater probability of an intermolecular encounter with
ArCH,Cl to yield a coupled species. The formation of Grignard reagents is now widely
held to implicate free-radical intermediates (Section I1.A.2).] The use of chlorides rather
than bromides is well known, even for simple Grignard reagents, C¢HCH,MgX, to
reduce the extent of the coupling reaction which is favoured both kinetically (Br~ or Br’
are better leaving groups than Cl~ or CI') and thermodynamically (based on C—Cl, C—
Br, Mg—Cl, and Mg—Br bond strengths)'”.

The use of the same conditions in an attempt to prepare a di-Grignard reagent of 1, 8-
bis(halomethyl)naphthaiene, however, failed; the product was that derived from inter-
molecular coupling for the dichloride and intramolecular for the dibromide?®®, a
difference that is also consistent with both kinetic effects (the leaving group capabilities of
X' or X7)and variation in bond energies. In contrast, the dichloride can be converted into
the di-Grignard reagent in high yield by reaction with [Mg(anthracene)(thf);]2°°.

The use of [Mg(anthracene)(thf),] in the synthesis of Grignard reagents is a very recent
development. It is an orange 1: 1 adduct of magnesium with anthracene (see Section I11.B.6
for the proposed structure), which acts as a source of magnesium in the synthesis of
benzylic-type Grignard reagents?°®, and is readily prepared by the reaction of activated
magnestum (using BrCH,CH,Br or CH,CH,Br)?®?°® with a two-fold excess of
anthracene in thf at room temperature for 48 h. The Grignard reagents are prepared by the
slow addition of a solution of a benzylic halide in thf to a suspension of a stoicheiometric
amount of magnesium anthracene in thf at ca. 20°C. A deep green colour persists
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(¢.,.2.0024, no hyperfine coupling) until the addition of the halide is complete. A range of
benzylic-type di-Grignard reagents have been synthesized in this way in up to 96%, yield
(see Section II.C and Table 2). Also, the previously inaccessible Grignard reagent of 9-
chloromethylanthracene has been prepared in 929 yield. In this case the resulting reaction
mixture must be stirred for ca. 36 h after addition of the chloride. The ability of magnesium
anthracene in attenuating coupling reactions that are common for benzylic halides may
arise from it being a ‘soluble’ form of magnesium, since this would favour intermolecular
encounter of magnesium anthracene with RX rather than preformed RMgX reacting with
RX.

A well established method for the synthesis of Grignard reagents of relatively unreactive
organic halides is the addition of a reactive halide, ideally (CH,),Br,, since it forms easily
removed ethylene and MgBr, on reaction. Its role is presumably to produce an active
magnesium surface and/or promote the radical reaction (Section I11.A.2) between the inert
halogen and magnesium’. It is usually called the entrainment method.

Competitiveness for the competing reaction to Grignard formation, Wurtz-type
coupling, for which an intermediate Grignard species is implied, is more favoured for RX,
X = Bror I and for R = allyl3° or benzyl. Such coupling, either intra- (e.g. equation 9) or
inter-molecular (e.g. equation 10)*! has featured in organic synthesis.

Br

(0 Mg,fhf .
H+ MeO OMe

Br

)

Mg, thf
reflux

(10)

The synthesis of benzocyclobutane by the method shown in equation 11 has
intramolecular coupling associated with the elimination of MgBr, as a key step??

CHBr;, Mg
a0 — ]
CHBr; Br
(11)

1-Alkenyl Grignard reagents, R'R?C=CR?*MgX), are readily prepared from vinylic
halides in thf using standard procedures, but unfortunately there is invariably some cis- or
trans-isomerization during their formation. This is presumably a consequence of a radical
reaction pathway (Section 1.A.3).

There appears to be little difficulty in the synthesis of Grignard reagents of sterically
hindered aryl or alkyl halides, which is consistent with the radical mechanism of Grignard
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formation. One example, a mesityl halide Grignard, is commercially available. Other

‘0" 000 ©

(N (2)

examples are 1-4, which are described in refs. 33-36, respectively.

2. Mechanism

Mechanisms involving paramagnetic species R°, RX ™" and Mg™", have been proposed
for the Grignard reaction’. Whitesides and coworkers have demonstrated that alkyl
halides react at the surface of the magnesium in ether solvents at transport limited rates®’
More recent mechanistic studies are on reactions of RX with condensed magnesium at low
temperatures. For aryl halides, the mechanism in Scheme 1 was proposed?8, the same as

(RX™ + Mgt

/ >RMQX + Mgn_|

RX + Mg, —» Mg, X" + R® — RR

RO

SCHEME |

that initially suggested for the reaction of alkyl halides. Others have suggested that clusters
of magnesium atoms with Mg-Mg interactions®® may be involved. A theoretical paper
suggests that strong Mg-—Mg bonding would stabilize RMg,X species and that larger
clusters such as RMg,X may be intermediates in these reactions*°

Mg, , + MgX, + R’

3. Stability

If f-hydrogen atoms are present in Grignard reagents (or R,;Mg), then 1,2- or f-
hydrogen elimination can occur, but at temperatures in excess of 100°C. Grignard
reagents are usually unreactive towards ethereal solvents at temperatures below 100 °C,
unlike organolithium reagents, which readily cleave C—O bonds even at ambient
temperature. They can be unstable with respect to redistribution to a mixture of
R,Mg(solvent), and solvated MgX, or some intermediate species, although the overall
composition of the solution would be ‘RMgX’. There are several factors that determine the
nature of the species present, including the solvent, concentration, and temperature.
Attempts to prepare a di-Grignard reagent of 5 yielded a magnesium bromide-free species
(equation 12), possibly owing to complexation of the functional group. Interestingly on
warming a solution of the derived reagent to 50 °C, the product decomposed to 1-oxa-2-
magnesiocyclopentane*!

Mag, thf o 0 °C o A
O(CH,CHoBr), — 2 » <:v‘|i> 0% <:V=9 + (12)
g

(5)
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Facile decomposition pathways may prevail for Grignard reagents, RMgX, if functional
groups are present on R. In certain cases, however, they can be suppressed by preparing
and reacting the Grignard reagent at low temperature. Examples of a-functionalized
Grignard reagents are those derived from chloromethyl ethers, which are prepared at
— 30°C. At temperatures above — 15 °C they rapidly decompose, yielding MgCI(OR) and
ethylene. In contrast, the corresponding thioethers are more stable, being prepared in thf
at 10-20°C. There has been no evidence for the formation of carbenes in these reactions*2.

B-Elimination decomposition of Grignards (e.g. equation 13)** is more facile unless the
generated olefin is an allene***> or if the olefinic bond is at a bridgehead*®.

::: | MmgCl
= R MqCl
=Caila —‘<: :>—S 9

1,2-Dihaloarenes react with magnesium to form Grignard reagents which only f-
eliminate under forcing conditions and/or if the halogens are bromine or iodine. The
decomposition species are highly reactive benzynes which have application in synthesis

CF3 CF3
1 Mgl CF3
Mg —MgXx,

B Br cyclopentadiene
.

(14)

(equation 14)*7*8 although the use of elemental lithium (or RLi) rather than magnesium
is more common as the elimination reaction is more facile.

On treating pentachlorobenzene with magnesium in thfat 10-15 °C, the Grignard 6*° is
generated in modest yield, and similarly for pentachloropyridine (7)°°. In both the site of
Grignard formation is at a position with two halogen centres ortho to it.

MgCl cl
cl J cl Clj\/‘ji(:l
cl cl ci CN> cl

)] (7)

Fluorinated aryl Grignard reagents have been known for a long time, but they are less
stable than analogous chloro or bromo derivatives.

Perfluoroalkyl halides, C,F,, X, yield Grignard reagents that decompose via the -
rather than the a-elimination route at temperatures close to 0°C. The thermal
decomposition of Grignard reagents of the type R'CF,CF,MgBr (8) in the presence of
R2MgX (R! = C4F,, C,Fg; R? = aryl) is a novel method of preparing fluorinated alkynes.
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Compound 8 decomposes above —45°C by intramolecular exchange followed by f-
elimination (equation 15), then metathetical exchange with R?MgX, $-elimination, and
finally arylation (equation 16)*'

R! F
R'CF,CF,MgBr ——— [R'CF,CFBrMgF] _—M3f2,, N/ (15)
F/ \Br
(8) (9)
RPMgBr _—MgBrF R2MgBr
— >=< R'C=cCF ———=—"—% R'C=CR?

MgBr
(9)
(16)

Compound (10) has remarkable thermal stability, being unchanged after several hours at
35°C in Et,0%2 Tts stability reflects that B-elimination involving a double bond at a
bridgehead is unfavourable.

IMg
([o)]

Greater stability for RMgX, where R is cyclopropyl with a f-leaving group relative to
open-chain analogues, is conceivable since the f-elimination product is a strained
cyclopropene. In this context, (Z)-and (E)-dibromocyclopropane both yield the (Z)-di-
Grignard reagent (Table 2), which compares with ethylene and MgBr, formation for 1, 2-
dibromoethane®?

1, 3-dihaloalkyl compounds are susceptible to -elimination of MgX, under the usual
conditions of Grignard formation. The product of y-elimination is cyclopropanes, which
are usually formed in good yield, and in consequence this has been exploited as a general
route to carbocyclic (e.g. equation 17)°* and heterocyclic three-membered rings.

/\/><: —ae emg ] (17
M

e

The di-Grignard reagent of 1, 3-dibromopropane is, however, accessible by the careful
addition of an Et,O solution of the dibromide to magnesium in Et,O in 30% yield
(Table 2)*3. For 1,n-dihaloalkanes, X(CH,),X (n > 4), intramolecular elimination is not
prevalent and their di-Grignard reagents are readily prepared in yields > 60%,3¢. Di-
Grignards of benzylic-type halides are also accessible, albeit with difficulty'”-'® for which
the competing reaction is intra- and inter-molecular coupling with loss of MgX,. 3-
Haloethers are susceptible to elimination, yielding cyclopropanes, unless the Grignard
reaction is carried out at low temperature (— 78 °C) and Rieke’s magnesium is used'®.

Grignard reagents of o- and p-MeOC¢H,CH,X are unstable with respect to the
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formation of quinodimethide (e.g. equation 18 for the o-isomer)*”.

X Mg MgX
e
OMe OMe
— MgX(OMe) Z > (CgHg)
I n
X

The Grignard reagent in equation 19 readily undergoes an O—C bond-cleavage
reaction®®. This type of reaction is common for a 1, 2-disposition of magnesium halide and
an electropositive element and is a valuable route to various substituted alkynes.

(18)

MgBr C//CH
p— QX
o OMgBr
2-Bromomagnesiosulpholenes undergo S—C bond breakage to yield butadiene
sulphonates (equation 20)%°.

R\ R2 R?
— R! H
X
—_— | (20)
R S MgXx R-H S0,MgX
0z

Functional groups reactive towards Grignard reagents require either protection or
neutralization prior to the Grignard reaction. For example, the way to prepare Grignards
of CI(CH,),OH (n = 3,4, and 6) is to treat the alcohol first with RMgClI, which yields RH
and a chloro-functionalized alkoxidomagnesium complex, then with Mg in thf,
affording CIMg(CH,),0MgCl or Mg(CH,),0%°.

Grignards and organomagnesium reagents in general can be unstable with respect to
rearrangements arising from C—C bond rupture (-cleavage) or intramolecular addition
of C—MgX to a carbon—carbon multiple bond (equation 21). This subject has been
recently extensively reviewed”%' and only new developments are discussed here.

c
<>—CH2M<;X —— 2n
N\

Magnesium/thf slurries, formed by the condensation of magnesium vapour, readily
react at — 75 °C with cyclopropylmethyl bromide to yield the Grignard reagent, which is
stable at this temperature®?, unlike the product prepared by the conventional method in
Et,O where ring cleavage, formally involving a 1, 2-vinyl shift, prevails (equation 22)53.
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Mg N
D—\ o " 7 MgBr 22)

Br

The condensed magnesium strategy is, however, less effective for a cyclobutenyl derivative
(equation 23). The ratio expected to rearranged Grignard reagent is 1:1.2 at —75°C,
inferred from the analysis of the carboxylation products. Using Et,O rather than thf as the
solvent, and at a temperature of — 50 °C, however, the rearrangement is suppressed, and
(11) is the exclusive product®2. Grignard reagents of cyclobutylmethyl halides ring cleave

Br MgBr .
MgBr

)

under more forcing conditions (> 50 °C)%*. When ring strain is minimal, Grignards of
cyclic alkyl halides are in equilibrium in solution with those of alkenyl halides and there
may even be a minor active species present. For example, for the reaction in equation
24,38-55% of the Grignard reagents present were the cyclic isomers under the conditions
studied. It is noteworthy that hydrolysis of the reaction mixture yielded predominantly the
product derived from protonation of the straight-chain Grignard®®

MqgCl

/M' /\A/% MaCl __‘
E?ZO +
>©/MQC|

(24)

Intramolecular rearrangement of Grignard reagents has recently been applied to the
synthesis of complex molecules where regio- and stereo-control is important. It is often
called the intramolecular ‘magnesium-ene’ reaction, and its application in synthesis is the
work of Oppolzer and colleagues. The formation of seven-, six-, and five-membered
methylene-substituted carbocycles with high regio- and stereo-specificity has been
possible (equation 25).

MgCl
(CH,),
cR'R2 80-130°C
—_—
MgCt (25)
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After preparing the allyl Grignard at — 65 °C in thf using precondensed magnesium, the
subsequent ‘magnesium-ene’ reaction was found to be effective by gentle thermolysis®é.
It is the key step in the direct regio- and stereo-controiled total synthesis of (+)-
khusimone (equation 26). Other applications to the synthesis of natural products or
derivatives of natural products for which the key step is using this methodology are shown
in equations 2797, 2898, 29%° and 307°.

MqgCl
H
o Ry
60 °C
N (26)
(0]
A
60°C
(27)
IS MqgCl
20°C
(28)

50°C
(29)
MgC!
H
S MgCl
80°C (30)
—
MqC|

Clearly, the ‘magnesium-ene’ reaction has enormous scope in organic synthesis. The
rearrangement products, , e-unsaturated Grignard reagents, offer numerous possibilities
for molecular modification. Prior to the work of Oppolyer and colleagues, intramolecular
rearrangements were found to be of little use in synthesis because those studies involved
equilibria and mixtures of products were obtained.

Unlike Grignard reagents of strained cycloalkylmethyl halides, which rapidly rearrange
via C—C bond rupture in the carbocycle (equation 22), those of strained cycloalkyl
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halides are relatively stable”. However, Grignards of n-alkenyl halides do not rearrange to
what appears to be the thermodynamically favoured product on heating (e.g. equation 31),
but do so on photolysis™".

R

R MgB

SN e E (31)
MgBr

Exocyclic alk-1-enyl Grignard reagents possess similar stabilities to their saturated
analogues, discussed above. Cyclopropenylmagnesium bromide decomposes according to
equation 32, whereas Grignards of cyclobutenyl halides and those of larger rings are
stable’2.

Ph Ph
M Mg D‘=< » PhC=C MgBr
Br MgBr 7

(32)

In discussing the stability of Grignard reagents with respect to rearrangements, it is
important to remember that the same behaviour applies equally well to corresponding
diorganomagnesium compounds.

4. Grignard in situ trapping reaction

This reaction, often called the Barbier reaction, is the reaction of RX, magnesium, and a
substrate, usually under similar conditions to those for syntheses of Grignard reagents.
Such an approach is very attractive if the Grignard is difficult to prepare or is inaccessible.
The fact that it is a one-step reaction also is noteworthy. The disadvantages are, however,
the difficulty of starting the reaction and that more byproducts are invariably formed'#.
For example, crotyl halides react with propanal in Et,O to yield a mixture of the regular
monoaddition product, 12, as well as that derived from diaddition (13) (equation 33)'4.
Another common reaction is the coupling of ketyl radicals, R,CO ™, which are formed by a

OH Et  OH
(1) Mg P + Va
MeCH=CHCH,X + EtCHO mr—-ﬁ
2
Me Me Me

12 13)
(33)

single electron transfer from magnesium to the ketone. Low temperatures can minimize
ketyl radical formation, but for organic chlorides higher temperatures are required to
effect the Barbier reaction, unless Rieke’s or condensed magnesium is used.

Like the synthesis of Grignard reagents, the in situ method involves various radical
species'’. The question of whether intermediate organomagnesium compounds play a role
in this reaction is not fully resolved. For the reaction of N-(2-haloethyl)-N-methylaniline
with magnesium and an aldehyde, ethylene and products not consistent with an
intermediate Grignard species are formed'“. On the other hand, the products of reaction
34 clearly indicate that a Grignard reagent is generated.
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More recent work 3 has shown that the Barbier reaction can occur without the in situ
formation of the organometallic compound and that the reaction mechanism is probably
the formation of R,CO ~, which reacts with RX ™" or R --- MgX on the metal surface. Molle
and Bauer’? also suggested that from a knowledge of the stabilities of the ketyl radicals,
the reaction yield can be optimized by using either the in situ method or the two-step
Grignard approach.

The in situ method is useful for allyl and benzyl halides since their Grignard syntheses
are difficult, requiring high dilution amongst other things. A recent application has been
their one-step reactions in replacing the halogen with a silyl group, exemplified by
equations 357%,362° 3775, and 3876, It is significant that in these reactions the yields were

in excess of 70%.
’>—/Mgl
+ PhCOH + Mg —ae20 ”
I -24°C

A Ng 1
(34)
H+
— + AN
480/0 530/0
X Br SiMeR
Mg, thf (35
RMeSiCl,
R=H,Me
X=Cl,Br
Me
X SiZ

oY,
©

Mg, tht (36)
Me,SiCl,

(18) x=cl
ol
Mg, thf )
Me,SiCl, SiMez (37)
Br
SiMey SiMes
R! R?
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Compound 14, X =Cl, also reacts with Me,SiCl and magnesium to yield 1,8-
bis(trimethylsilyl)naphthalene in 90% yield. In contrast, 14 X = Br gives under the same
conditions exclusively acenaphthylene, the intramolecular cyclization product. Thus the
choice of halide even for the in situ reaction is important?®. To date the di-Grignard
reagent for X = Cl or Br has not been prepared from elemental magnesium, so that from a
mechanistic point of view the formation of an intermediate di-Grignard reagent in these
in situ reactions is unlikely. Grignard reactions involving magnesium and 14 gave inter-
(X =Cl) and intra- (X = Br) Wurtz-type coupling. The difference in behaviour for a
change from chloride has been attributed to both kinetic effects (leaving group capabilities
of X" or X~, Br> Cl, noting that the mechanism of Grignard formation involves free
radicals (Section 11.A.2)), and variation in bond energies'’

Silyl groups incorporated in organic molecules offer enormous potential for molecule
modification.”” In this context, 1, 8-bis(trimethylsilyl)naphthalene can be dimetallated at
the benzylic carbon atoms using Bu"Li(tmeda)*® yielding a lithium reagent based on 1, 8-
(CHR),C,,Hs? ™, R = H. Only recently has a di-Grignard reagent containing the dianion,
R = H, been prepared, from Mg(anthracene)-(thf),?°".

The in situ method is a novel and synthetically useful route to vinylallenes (> 609, yield)
from 5-chloro-3-en-1-ynes and Me,SiCl (equation 39)7®

Me,SiCH= C=C{Me)CH=CHp
Me

H
_Mg,hmpa,thf > C=<: (39)
Me3S|Cl Me3Si

A related reaction to those in equations 35 and 36 is that in equation 40, and again the
yield is high’*. Other applications include its use in syntheses of tricyclic drugs
{equation 41)7° and the reaction shown in equation 42, which was effected using Rieke’s
magnesium®°

SiMep

Mg thf (40)
M(-“,ZS|CI2

/_X
Q Ci(CH2)3NMez @ O (41)
o

TMmgCl

N'Gez

X=CH,,0

0
‘ . /
MePhPr ‘Sn X — p=MePHPr!Sn-p - CHaCH j (42)

/° 0
P—BrCgHaCH
\O
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Related in situ trapping reactions of magnesium with conjugated polyenes and
alkylhalosilane substrates are discussed in Section I1.B.6.

The one-step Barbier reaction, using calcium rather than magnesium, has received some
attention; thus ketones, after hydrolysis of the reaction mixture, yield tertiary aliphatic
alcohols in 80% yield'*.

B. Other Methods

1. Reactions of Grignards with alkenes and alkynes

There are two established ways in which Grignard reagents add to multiple bonds, both
of which have featured as key steps in many total syntheses. For alkenes the most common
is the 1, 2-addition (method C, Table 1), yielding two isomeric ‘Grignard reagents’ unless
steric and/or electronic effects dictate the course of the reaction to be stereospecific. The
formation of these reagents has been recently reviewed’®' and only recent and novel
examples are discussed here.

Alkenes are less reactive than alkynes and unless the double bond bears an activating
substituent or the addition is catalysed by a transition metal complex (Section IV), a
temperature greater than 60 °C is usually required. Complications can arise if in the
product of addition there is scope for rearrangement or there is an equilibrium between
several organomagnestum species (Section 11.A.3). If the starting Grignard reagent is of the
2-alkenylhalogenomagnesium type, departure from 1,2-addition prevails; the primary
addition process may be coupling with the alkene via its C-3 position rather than to C-1.
The general equation is given in Table 1, method D; it is often called the ‘magnesium-ene’
reaction. For the Grignard and substrate in equation 43 this process accounts for 60%, of
the product, determined by treating the mixture with formaldehyde®?.

Me3Si Clivg Me3Si MgCl

W TR —_— R (43)

R2 R2

The examples in equations 44 and 4582 highlight an important fundamental aspect of
such reactions, that the conjugated syn-addition of the alkene is regio- and stereo-specific.
In consequence, they are becoming increasingly important in synthesis, particularly for the
intramolecular case (Section I1.A.3).

CiMg

Q-

(44)
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Acetylene and monosubstituted acetylenes are metallated by Grignard reagents
(Section I1.B.5). Disubstituted acetylenes react in a variety of ways. These include 1, 2-
additions which can be stereospecific, yielding either the E- or Z-isomer if there is (i)
anchimeric assistance from a functional group®?, or (ii) if the reaction is transition metal
catalysed®*. 2-Alkenyl Grignard reagents yield cycloaddition products’. There is an
example of a novel Diels-Alder type of addition for the reaction of (n'-CsH)MgX with
benzyne®s.

Allyl alcohols, alkynols, and allenols react with Grignard reagents, first to form
alkoxomagnesium species, then Z- or E-1,2-addition of the Grignard across the
multiple bond and ultimately the elimination of MgX,, yielding cyclic oxomagnesium-
alkenyls (equation 46) (ref. 7, p. 211).

2. Hydromagnesiation

There have been only a few reports on the synthesis of organomagnesium reagents by
the addition of Mg— H to a multiple bond (method E, Table 1). This ‘hydromagnesiation’
reaction, however, appears to have considerable potential in organic synthesis. HMgX
(X =Cl or Br), prepared from MgX, and an ‘active’ form of MgH,, in turn derived from
LiAlH, reduction of Ph,Mg in thf8 is a reagent for the synthesis of a ‘Grignard solution’
using this method. Terminal and internal alkenes react with the reagent H,Mg in thf at
60 °C, catalysed by [TiCl,Cp,], affording solutions of solvated R,Mg species®’, although
none have been isolated to substantiate this claim.

The bulk of hydromagnesiation reactions reported are highly stereo- and regio-specific
and are effective under mild conditions. They are reactions catalysed by [TiCl,Cp,] and a
typical experiment is to add it to a Grignard reagent and the unsaturated substrate, the
active metal hydride being [TiHCp,], formed by sequential reduction of [TiCl,Cp,] by
the Grignard, alkylation, and f-hydrogen elimination (Scheme 2)®8.

) Bu’/MgBr .
CpTiCly ————»  [Cp.TiBu’]

Kﬁ isobutene
RC=CR' —\ﬁ ‘CpJiH’

R

cozTi_<, Bu/MgBr
\ R

Bu’/MgX

<—H)\—/Cp2n><

R R
XMg/ \H

SCHEME 2
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Some reactions yield the E-product rather than the expected 1,2- or Z-addition
product. Hydromagnesiation of Me,SiCCCH,OH with [TiCl,Cp,] and two equivalents
of Bu'MgCl (one equivalent to neutralize the hydroxy group) in Et,O afforded initially the
Z-product, but this slowly isomerized over 6h to the E-product®®. Presumably the
latter is favoured by chelation of the oxygen centre to the ‘Grignard’ magnesium, a process
which is likely to favour elimination of MgX, (cf. equation 46)°°. Compound 15, however,
under the same conditions gave exclusively the Z-addition products (equation 47)°'.

R H
RI
R CR'RZOMqCI
R—C= OH _— —_—X—> YA R'RZ
CiMg H
1s) R2
R=Me, Bu”,Ph
R'and R% H,Me,or Et (47)

Interestingly, the catalysed addition of Grignards to prop-2-ynylic alcohols is antiand is
thought to proceed via a concerted chelation—elimination of MgX, and addition of RMg

(equation 48)°2,
XMg R R
Yy \ Mg\ (48)
/Mg—O O
&

Hydromagnesiation of oct-1-ene using RMgX, R,Mg, RMgH, H,Mg, and HMgX and
catalysed by either [TiCl,Cp,] or [TiCl,Cp] yields up to 65% of the corresponding n-
octylmagnesium species (determined by the percentage of octane formed on hydrolysis)®?.
For 1,3-dienes and styrenes, the product of the hydromagnesiation reaction are allylic
(equation 49) and a-arylethyl Grignard reagents, respectively, and they are generated in
almost quantitative yields. Like the reaction of alkynes, the active hydride is “TiHCp, %%,

R R
/k/ + PrMgEr ’)\/ + CyHg (49)

MgBr

Cyclopentadienylmagnesium hydride, readily prepared from MgH, and cyclopen-
tadiene in thf, may have application in Grignard syntheses from alkynes. Interestingly, it
reacts with Ph,CX (X = Cl or Br) to afford a radical intermediate Ph,C’, then Ph,CH and
CpMgX®5.

3. Salt ellmination

Organomagnesium reagents react with magnesium dihalides to form RMgX or R,Mg
compounds (method F, Table 1). It is a particularly appropriate synthon where Wurtz
coupling is the major reaction using standard Grignard conditions, for example the
Grignards of benzylic- and allylic-type halides. It is also useful in preparing solvent-free
R, Mg species, such as hydrocarbon-soluble Bu®*,;Mg. Furthermore, lithium-hydrocarbyl
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species, the most common reagent using this approach, are readily prepared by direct
metallation of an organic substrate (e.g. equation 50) or by exchange reactions of an aryl
halide with alkyllithium reagents. Organomagnesium reaction analogues of the latter are
unusual (Section 11.B.4).

The use of organomagnesium reagents rather than the precursor Group I reagents
can greatly improve the yield and/or may result in a completely different reaction pathway.
For example, conversion of a lithium reagent to a Grignard may be necessary for a
subsequent palladium phosphine complex-catalysed coupling reaction (e.g
equation 50)°¢. The magnesium complex in equation 51 was found to be more effective in
reactions with lactones than the lithium reagent®’; the lithium reagent in equation 52 did
not give the cyclopropene, whereas the Grignard did®®.

Y
Me Me
(50)
MgBr
N —_— >——N ——%. >—N/
\ AN th \ NMe,
NMe; ' NMey
(51)
5 Ph Ph H
) Mgbr, -
Phy,CHL — 2 » P BF
2~ Et,0 holHMg8r Phj> ¢ Phj><CHPh2
e
(52)

The following cyclization reaction for a Grignard but not an organolithium reagent
(equation 53) is also noteworthy. It proceeds via ring opening of the epoxide or
rearrangement of the epoxide function to a ketone or aldehyde, followed by ring closure®®.

o} o}
O @@
—_—
thf,-78°C R
X Li
OMgBr
MgBr, @:\mo @j
—ft » o
MgBr (53)

or o
@i\/sr
MgBr
'For equation 51 the organic moiety is probably an #3-aza-allyl species in the lithium reagent, whereas

in the magnesium complex it is probably N-bound to the metal. Nevertheless, the reactions of the
magnesium complex is as if the charge was C-centred.
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The above examples clearly demonstrate that major changes in reactivity and selectivity
occur in converting lithiumhydrocarbyl reagents to those of magnesium.

Lochman’s reagent (Bu"Li—Bu'OK) is a very powerful metallating agent, yielding novel
anionic hydrocarbyl species that are inaccessible using other more established metallating
reagents. Treating these species with MgX, will prove valuable in preparing new classes of
organomagnesium reagents. The synthesis of a novel ‘di-Grignard’ reagent (equation 54)
illustrates this point!°°.

K Brivig
n M
HeC=C—Ph —2 1y Li—c=c— M9B% p BrMg—c=C
Bu’ OK
(54)

Some bisdienylmagnesium (tmeda) complexes have been isolated from salt elimination
reactions of the corresponding potassium dienides'®!. Magnesium salts containing the
cyclooctadiene anion'®? and cyclooctatetraene dianion'®? have also been prepared using
this approach.

4. Metal-halogen exchange

The metal-halogen exchange reaction (method G, Table 1) is a relatively new method
for generating Grignard reagents. A prerequisite is that the organic substrate, RX,
possesses electronegative substituents, otherwise complete conversion may be difficult to
achieve and there may be an equilibrium between two Grignard species’. With this
proviso, it works well for a variety of organic halides. For example, (i) the reagents
(CH,;_ X MgCl (X=Cl, Br, |; n=1, 2, 3), which have great application in synthesis, are
accessible by this method using Pr'MgCl and the appropriate methyl halide at ca. — 80 °C;
the products precipitate from solution (Et,O—thf mixture), possibly enhancing a high
equilibrium yield'®3; (ii) selective Grignard formation is possible for polyhalodiaryl

Br Br
N NN
BFIN Vo e /ZN) 55
f!/‘e '\IAe

compounds (equation 55)!%%; and (ii) selective halogen exchange for the least electronega-

tive halide (equation 56).'%%

PhMgBr

CsF |3;CF=CFBr ——22s C(F,;,CF=CFMgBr (56)

The efficiency of the reaction also depends on the organic halide generated, R'X, with
X =1> Br>Cl, which is reflected in C—X bond energies. Other than the problem
of effecting complete conversion, which depends on the presence of electronegative
groups, there can be complications due to competing Wurtz-type coupling
(equation 57)".

RX + R'MgX — R'X + RMgX ——— RR (57)

MgX
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5. Meitaliation

The metallation of an organic substrate, Ry;CH, by magnesium reagents, usually
Grignards, is a powerful synthetic route to a wide variety of organomagnesium species
(method H, Table 1). A requirement of course is that C—H is of greater kinetic acidity than
the conjugate acid of the metallating agent. Strongly coordinating solvents such as thf and
hmpt are the most effective in promoting these reactions.

The greatest application to synthesis is the metallation of acetylenes'?S; for the
unique case of acetylene selective mono- or di-metallation is possible’®”. Hydroxy
groups on the alkyne substituent lead to the formation of alkoxide complexes (e.g.
equation 58)'%¢, provided that two equivalents of metallating agent are used and the
alkoxide does not affect the next step in the organic sequence.'®® A common strategy,
however, is to protect hydroxy groups by converting them to the corresponding
tetrahydroxopyranyl ether derivative''°.

/
=C \ _ZEM_gB_L’ BrMg—C=C \

\ \

\ CH, OH \ CH,OMgBr
(58)

The reaction of EtMgBr with CH==C(CH,),CH,Cl gave the metallated product''!; its
subsequent reaction with magnesium, and that of similar compounds, may yield ‘di-
Grignard’ reagents, possibly of great utility in synthesis. It is noteworthy that the alk-2-yne
Grignard reagent, CH=CCH,MgBr, is stable with respect to rearrangement to
BrMgC=CMe!'"®

A second type of metallation is that yielding anionic aromatic complexes of magnesium,
e.g. (1'-CsH)MgX and (indenyl)MgX and the product in equation 59''2. They are well
established reactions and the products have been used to good effect in synthesis (see
ref. 113 for recent examples).

. F F e i e F . _) -
Mamg 1, (59
Q- = O
F F F F

The compound [(n-CsH;),Mg] can be prepared by this route. It is, however,
accessible by direct reaction between cyclopentadiene and magnesium at 0 °C, catalysed
by CpTiCl; or TiCl, %,

A related form of metallation is the magnesiation of arylmethanes yielding
(arylmethyl)MgX, ‘Grignard’-type species, ¢.g. metallation of a-picoline, and toluene,
albeit under forcing conditions, using Bu‘MgCl''3. The scope for this approach is high
since the products are usually difficult to prepare using the classical Grignard strategy, or
are unknown.

There is an example of metallation as a competing reactton in the condensation of a
ketone with a Grignard reagent (equation 60), ascertained by the dimeric compound

obtained after acid work-up!'!®. The expected product is that derived by nucleophilic
attack of the ketone.
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o)
] i oL 10
O‘@ CH,= CHMgBr O
e —_—
00©

(60)
Aromatic ring metallation is possible and is directionally controlled by strongly
complexing oxygen and/or nitrogen centres in the molecule, the position of metallation

Br
Mg\
7 E1MgBr @/N
N —» N 61
OO () e

being ortho to substituents with such hetero atoms, e.g. equation 61''7. The directional
control of metallation is akin to the syntheses of aryllithium reagents.

Polyhalogenated compounds are susceptible to metallation, although competing
reactions of metal-halogen exchange (Section 11.B.4) and their decomposition by a- or -
elimination pathways may occur. The metallation of pentafluorobenzene''® and
of the halo forms CHX; (X = Cl or Br)!°? are examples of this approach.

Grignard reagents and other strong bases of magnesium (e.g. amides, dialkyls, and alkyl
and aryl oxides) abstract a-hydrogens of imines''® ! 2° (some ketones, depending on the
conditions since they tend to yield additional compounds!?!) carboxylic acids and
esters'22, thiol esters'2?, sulphonic acids, sulphones and sulphoxides'2#, and phosphi-
nates and phosphonates'?®. The derived species, however, are not organometallic
compounds since the interaction to the metal is through the oxygen and/or nitrogen
centres, a consequence of the relatively hard nature of magnesium(Il). Some authors
choose to depict them as C-bound, perhaps to emphasize that the site of their reactions is
at that carbon. Consider the reaction in equation 62'2°, The enamine nitrogen is probably
sp? and associated with lone pair—n-system overlap and possibly some n-bonding to
magnesium.

MgBr

Me (H) \
/N e BuMgBr N Me (H)
RH20—< Me(H) ——————» RHC:< Me(H) (62)
o) o)

R=H or S(0)(p-CgHyaMe)

a-Metallated ketones, enolates, would have similar structures. Their formation can be
promoted by hmpt'2¢. Unlike metallation or addition for ketones, thioketones are prone
to several competing reactions, including addition at the thioketone, and/or thiophilic
addition at the sulphur, yielding a-functionalized Grignard reagents (equation 63).

R MgX R
I I
s RMgX R or R (63)
5 SR SMgX
R 2 2,
R R
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Interestingly, an intermediate ‘a-metallated’ sulphonyl compound has been prepared by
C—C bond rupture rather than by hydrogen abstraction (equation 64)'27.

Sozph 8uM Bu - SO,Ph
9Br 2 (64
{>< \/\<302Ph )

SO,Ph

6. Magnesium electron transfer reactions

These are reactions involving electron transfer from magnesium to an unsaturated
moiety (method J, Table 1), either aromatic molecules, or conjugated polyenes, including
cyclooctatetraene, in a strongly coordinating polar solvent from which they can be
isolated as solvates. The derived anions are either radicals or dianions. Such reactions have
been extensively reviewed; the most recent review covers the literature upto 19807. A new
development is the synthesis of magnesium anthracene in thf, the magnesium-—
hydrocarbyl interaction is at the 9, 10-positions (equation 65)26-128,

(thf),Mg

Mg,fhf (65)
R H or SiMey

n

On addition of Et,0, the compound decomposes into its constituents, anthracene and
elemental magnesium in a form activated for Grignard syntheses. This highlights the
importance of using a strongly coordinating solvent (thf > Et,0). The analogous reagent
derived from naphthalene, [Mg(C, ,Hs),], possesses radical anions. Its hmpt solutions are
useful for preparing radical anions with more easily reduced aromatic compounds'?2°.

The reaction of conjugated polyenes invariably requires a catalyst, usually a compound
of Fe(I1T), T(IV), Ni(II), Cu(II), or Zn(II). 1, 3-Allylic rearrangements, of the type discussed
in Sections I1.A.3 and I1.B.1 (addition of alkenes to alk-2-enylmagnesium complexes), are
likely and because of this there has been few applications to synthesis. One study has been
on the head-to-tail and head-to-head combinations of dienyls derived from isoprene,
myrcene, ocimene, and piperylene (e.g. equation 66)!3°.

B(0"Bu),
= Rieke's Mg

“rraoaam” F A v &
AN thf, B(OBu")y

(66)

Insitu trapping of organic anions formed by this method has some application (cf. in situ
trapping of Grignards, the Barbier reaction, Section 11.A.4). The following examples are
illustrative: (i) the reductive silylation of butadienes (e.g. equation 67)!3! and of hexa-
1,3, 5-triene [reaction in equation 68 (70% yield)]'*2; and (ii) a novel silylation reaction of
acenaphthene (equation 69); interestingly, acenaphthalene, Li, and Me;SiCl in thf yield a
tetrakis silylated compound!?*3.

R R

\Sic'2 + j . \s<j| (67)
/\/ “ ot /\/
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Me
Mg
— = _» Me Sl S—
MesSiCl + & NF N thf , (68)
SiMe 5
MesSiCl  + ‘ hmpo (69)
SlMe

SlMe3

7. Oxidative-reductive transmetallation

This method is the exchange between organic derivatives of less electropositive metals
than magnesium, predominantly those of mercury and to a lesser extent zinc, and
elemental magnesium, yielding either RMgX or R,Mg(method I, Table 1). It isa common
route to unsolvated R,Mg compounds, made possible by the highly exothermic reactions
of R,Hg being effective in the absence of a solvent. Another feature of this class of reaction
has been the ability to prepare unusual di-Grignard reagents. Costa and Whitesides'**
prepared BrMg(CH,),;MgBr by a five-step synthesis {from allene; the final step is shown in
equation 70. [There is, however, a recent more direct synthesis of the same reagent, from
magnesium and Br(CH,);Br®3.] A geminal di-Grignard has also been prepared, but from
an organozinc reagent (equation 71)'3%,

Mg. MgBr;

BrHg(CH,),HgBr BrMg(CH,);MgBr (70)
Me,SiCHBr, —<*, Me,SiCH(ZnBr), ——— Me,SiCH(MgBr), 1)

8. Miscellaneous methods

Exchange reactions yielding RMgX or R,Mg species from compounds of metalloids
and non-metals are uncommon (ref. 7, p. 166). Heterobimetallic organometallic complex-
es of magnesium and alkali metals, boranes, aluminium, and zinc are known (ref. 7,
pp. 209, 221), but they appear to be of limited utility in organic synthesis with no clear
advantages over conventional organomagnesium reagents. However, those of transition
metals have a rich chemistry, and are usually prepared by the addition of a transition metal
complex to a solution of RMgX or R,Mg. The nature of the active alkylating species
formed is not always known. Complexes of the type Mg[R,M], or XMg[R,M] (transition
metal metallates), magnesium halide-free reagents, R,M, or intermediates between it and
the simple metallates are possible. Their application in synthesis is discussed in
Section IV.A.

Compounds of the type RMg (OR") (R! = alkyl or aryl) are prepared by the partial
alcoholysis of R,Mg (equation 72) (ref. 7, p.210). (Such compounds are formed as
intermediates in the nucleophilic attack of ketones using R,Mg.) Similarly, secondary
amines yield RMg(NR'R?) and alkanethiols, RMg(SR').

R,Mg + R'OH — RMg(OR") + RH (72)

Allyl aryl ethers react with magnesium in coordinating solvents to yield arylox-
oalkylmagnesium species, a pseudo-Grignard reaction (equation 73) with only a small
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amount of Wurtz coupling'3®.

reaction!3’.

The corresponding thioethers undergo the same

ArOCH,C(R)=CH, + Mg - ArOMgCH,C(R)=CH, (73)

C. Di-Grignard Reagents

Di-Grignards are valuable reagents in organic synthesis, including their stoichiometric
and catalysed reactions with transition metal complexes. However, their preparations are
often difficult because of strongly competing elimination/coupling reactions. A separate
section on them is included here because of their utility and also because the syntheses of
some are novel while for others the critical conditions for formation are usually more than
adequate for related mono-Grignards. Moreover, some of the reagents possess unusual
solubility properties that facilitate their purification. Details concerning di-Grignard
syntheses and any special features are given in Table 2.

The reaction of the Grignard of CH,Cl, and an organic substrate is usually carried out
by the in situ one-step (or Barbier) method (Section 11.A.4), but there is doubt as to whether
the geminal dimagnesium species CH,(MgCl), is involved!3®. Bertini et al.!3? have,
however, developed a reliable synthesis of solutions of such a di-Grignard, from CH,X,
(X = BrorI)and elemental magnesium; they are remarkably stable, being unchanged after
storage for several weeks at 0 °C. The reagent Me,;SiCH(MgBr), has been prepared from
the corresponding zinc reagent (equation 71) rather than the Grignard route used for the
aforementioned example! 3. In situ trapping reactions involving Me,;SiCHBr, have been
investigated (e.g. equation 74), but it is also unlikely that di-Grignard intermediates are
formed. Interestingly, mono-Grignards of geminal dihalides are accessible by low-

temperature exchange reactions (e.g. equation 75; see also Section 11.A.3)'4°,
0] SiMe3
. Mg/Hg
=+ Me3S|CHBr2 —E—tzo*’ (74)
41%
Br Br
Brm
Br S MeMgBr M9 s
—_——
N\>< -60°C N
CO,Me CO2Mg
(75)
Me CHO S
=60°C \><
CozMe

The oniy 1,2-dimagnesiumalkane reagent in the literature is that derived from a
Grignard reaction of (Z)- or (E)-1, 2-dibromopropane, and although the yields are low, the
pure di-Grignard precipitates from the reaction mixture. It can be solubilized in Et,O by
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the addition of MgBr, and rapidly dissolves in thf, but after several minutes an insoluble
oligomeric, MgBr,-free species, [(C3H,)Mg],, forms*?.

The di-Grignard of 1,3-dibromopropane is accessible using method A in Table 1%,
Again, the yield is low but its purification is possible. Addition of thf to an etheral solution
of the reagents yields an insoluble oligomeric material that is soluble in Et,O on addition
of one equivalent of MgBr, (equation 76). Alternatively, the di-Grignard can be prepared

thf n + MgBr, (76)
e ﬂ’/\)ﬂ
Mg

by a five-step synthesis starting with allene, the last step, with a 989 yield, involving an
organomercury reagent (equation 70)'3*. In contrast, Grignards of the type
XMg(CH,),MgX (n = 4) are readily prepared in high yield using the normal Grignard
procedure. Like the aforementioned propylene analogue, they have limited solubility in
Et,0O. In thf the predominant species are solvated metallacycles Mg(CHZ),,_lEZH2 or
Mg(CH,),Mg(CH,),_ ,CH,, depending on the value of n'*'-142, The thf, in effect, shifts the
Schlenk equilibria to the right (e.g. equation 76). For di-Grignards derived from dihalo
ethers, Br(CH,),O(CH;),Br (n = 3 or 4), the equilibria are also to the right and the species
are metallacycles with oxygen complexation to magnesium. The preference for the
formation of chelate rings has been ascribed to the intramolecular coordination of
oxygen*!'43. Somc perfluoroalkylene di-Grignard reagents have been prepared by
exchange methods (Table 2)'44,

Di-Grignard reagents derived from benzylic-type dihalides (11 and 12, Table 2) are
accessible under critical conditions of (i) concentration, typically 0.1 M, (ii) the use of
magnesium powder, (iii) thf as the solvent, (iv) temperature kept below 35 °C, and (v) choice
of chloride rather than dibromide or iodide. In contrast, di-Grignards of aryl dihalides are
available without strict conditions, although aryl chlorides may be difficult to react unless
highly reactive Rieke’s magnesium is used.

Benzylic-type di-Grignard reagents (11, 12 and 29, Table 2) are also accessible by
reacting [Mg(anthracene)(thf),] with the appropriate dihalide?°®.

Metallation of fluorinated aromatics as a route to Grignard reagents appears to be
effective if two fluorines, ortho to the site of metallation, are present. The treatment of
1,2, 3, 4-tetrafluorobenzene under conditions effective for the dimetallation of the 1,2, 4, 5-
isomeric compound failed to yield mono- or di-metallated species''8.

The di-Grignard of 2, 6-dibromopyridine is formed in 1.2% yield in Et,O using the
entraining method, determined by trapping it with CO,'*®. However, by using Rieke’s
magnesium, and at low temperature 10 minimize Wurtz-type coupling, or the rigid
conditions found necessary for benzylic-type Grignard reagents, a viable synthesis of it
and other novel di-Grignard reagents is possible.

BrMg MgBr

Il. REACTIONS OF ORGANOMAGNESIUM REAGENTS
WITH ORGANIC COMPOUNDS

This section is devoted to reactions of magnesium reagents possessing a carbon—metal
linkage with organic substrates. Such reactions are of great value in synthesis as molecular
building blocks where new carbon—carbon, and to a lesser extent carbon—heteroatom,
bond formation is desired. Moreover, they have utility in reactions where the key step is
bond fission, and in the synthesis of labelled compounds. Organomagnesium reagents also
find application in synthesis as strong bases, readily deprotonating amines, alcohols, etc.,
and the derived metal complexes have an extensive organic chemistry, being strong
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nucleophiles. A discussion of their use in synthesis ts, however, beyond the scope of this
review.

The causality of reactions of organomagnesium reagents with organic substrates is the
ionic or at least covalent polarized nature of the metal-carbon interaction(s). Their
reaction can be considered as nucleophilic attack of the carbon centre possessing the
greatest ionic character. Strongly coordinating solvents lead to an increase in ionic
character and thus an increase in reactivity. There is, however, a concomitant increase in
electrophilicity of the metal centre, enhancing its attack on nucleophilic functional groups,
but this can be attenuated by using exceptionally strong coordinating solvents. In short,
the reactivity and selectivity of organomagnesium reagents can be greatly modified by
changing the solvent of the reaction medium.

In principle, the order of reactivity of R, _ ,MgX, (n = 0, 1) should reflect the variation in
basicity of R, viz. Bu' > Prf > Et > Me > Ph, and this should be exacerbated in strongly
coordinating solvents. For simple metallation reactions where the carbanionic character is
the rate-determining factor, this is observed. However, for reactions proceeding via a
radical pathway involving R", the R group forming the most stable carbanion will be the
most reactive and the reverse sequence applies, Me ~ Et > Pr’ > Bu'.

Organic chemists usually generate organomagnesium reagents, RMgX and R,Mg, in
solution for use in synthesis, with no attempt to isolate them. For Grignard reagents the
exact nature of the species present in solution is controlled by the position of the Schlenk
equilibrium, which depends on concentration, and the choice of solvent and halide
(Section I1.A.1). When preparing stock solutions of organomagnesium reagents, they
should be standardized prior to use (ref. 7, p. 194). Base analysis after actd hydrolysis of
aliquots of the reagent is only satisfactory for standardizing fresh solutions.

Relevant general references to this section are refs. 1-4, 7 (pp. 192-194), 8 and 81. The
most recent covers the literature upto 1981. We focus attention mainly on new
developments, but general reactions of all reaction types are included, and in this context
the review is comprehensive.

A. Addition to Multiple Bonds

1. Carbon—oxygen multiple bonds

The reactions of Grignard reagents with carbon monoxide (carbonylations) usually
require high partial pressures of CO. Several products are obtained and in consequence
they have limited utility®. Other addition reactions of organomagnesium reagents are
discussed below.

a. Carboxylation

The reaction of carbon dioxide with organomagnesium reagents is a well established
route for preparing carboxylic acids, and is used to characterize new magnesium reagents.
Usually the reagent is added to dry-ice or a slurry of it in an inert solvent. Yields are
typically high, with only a few competing reactions likely. One is the formation of cyclic
ketones for the carboxylation of di-Grignard reagents. Seetz et al.'®* have devised a
method of preparing cyclobutanone, a potentially very valuable basic building block, by
careful control of the carboxylation step, viz. passing a CO,—N, gaseous mixture over a
solution of the di-Grignard reagent at ambient temperature (Scheme 3).
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. _Co2

BrMg MgBr BrMg CO,Mg Mg0,C CO,MqgBr
(1e)

!

BrMgOo OMgBr
SCHEME 3

Uncontrolled carboxylation yields glutaric acid. Slow addition of CO, facilitates attack
at the second Grignard centre, despite the inherently reduced reactivity of the carboxylate
in 16. It may be favoured by the close proximity of the other reactive centre!®%, Note that
mono-Grignard reagents usually stop at the carboxylate formation stage.

A related competing reaction is the formation of ketones directly by the liberation of
XMgOMgX, rather than during hydrolysis. The generated ketones can then react in either
of several ways with residual Grignard reagent (Table 3).

b. Reactions with ketenes

Grignard reagents with disubstituted ketenes yield metal enolates, which on hydrolysis
afford ketones (Table 3)®. However, there have been few applications of this reaction in
synthesis. The ‘pseudo ketene’ carbon suboxide, C,0,, yields XMgOCR)=C
= C(R)OMgX and 1, 3-diketones in good yield on hydrolysis'®>,

c. Reactions with isocyanates

The synthesis of amides from isocyanates is well established in organic synthesis
(Table 3). Treatment of 17 with one equivalent of PhMgBr afforded a heterocyclic
compound, derived from attack initially at the isocyanate group; using excess of Grignard
reagent metal-halogen exchange and nucleophilic attack at the benzoyl carbon—oxygen
double bond, yielding (Z)-(2-benzamidophenyl)benzohydrol, prevailed'©®.

o) o)
coc g—cu
@( PhMgBr @ik/:é—MgBr —MgClBr @In\j\
NCO N=c{_ N Ph
an Ph

(77
d. Reactions with aldehydes and ketones

These are the most utilized reactions of organic carbonyl compounds with magnesium
reagents. The initial step in these and the aforementioned reactions is coordination of the
oxygen of the functional group to magnesium. Three subsequent reaction pathways have
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been established: (a) a concerted mechanism involving a four-centre pericyclic species'®’,
which yields exclusively a 1, 2-addition compound; (b) the formation of a cyclic transition
state, leading to a-hydrogen abstraction (enolization)!2!; and (c) a radical pathway which
is usually rapid (Scheme 4).

RMgX (solven?)2 e ——————# enolization

|

RMg(X)0=CR'R{solvent) — 3  RIR% =0
l }'Ql----l'\AgX(solven')
(solvent)XMg—0-CR'R?| ——»  |,2—addition
R- \

other products

SCHEME 4

In Scheme 4, the electron transfer process is the rate-determining step; reactions other
than 1,2-addition include hydrogen transfer to the ketyl radical and coupling of ketyl
radicals (pinacol formation), which is favoured for the radical pair dissociating to form free
radicals® %8, Ashby and coworkers suggested that all Grignard reagents with aromatic
ketones proceed via an electron transfer pathway!%°. This is based on the formation of
cyclized products in the reaction of 18, which is consistent with the generation of a
neopentyl type radical rearranging before combining with Ph,CO~°%,

Cl)H
MM9C| + Ph,CO —» thc\/

(18) 12% (78)

88 %

The Grignard of 1-chloromethylnaphthalene with ketones yields ortho-alcohols, the
normal 1, 2-addition product, and enolization (Scheme 5)!7°. The former originates from
the ambient nature of the arylmethyl group, as has been noted for the reaction of a related
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lithium reagent with various electrophiles'’!. For unhindered aldehydes and ketones
{Scheme $), the initial reaction is the addition to the aromatic ring, but it is reversible'”°.

MgCi

| 2
RL__R
+ i
Q0 ]
R’ l

R2 J /MgCI
OMgC! Q R -
‘D’\ ) R' /C=CR R

r!' Rr% lNH4C|,H20
OH OH
Rl
RZ
+ + + RCOCHR'R?

SCHEME 5

For ketones possessing functional groups, other reactions are possible, for example
conjugated 1,4-addition to a, f-unsaturated ketones (see below), proceeding either by a
radical pathway or a concerted process involving a cyclic transition state.

The reaction pathway appears to depend on the nature of R (the ability to form a stable
radical, R, will tend to favour the radical pathway) and steric compression of R and/or R!
and R? (defined in Table 3). The latter will favour enolization. Choice of solvent and
temperature can also be important. Low temperatures and non-coordinating solvents'”?
favour 1,2-addition, which is usually the desired route. Nevertheless, for ketyl radicals,
R,CO", hydrogen abstraction is usually a minor route and reduction by B-hydrogen
transfer is only important for hindered, non-enolizable ketones, and by careful choice of
the experimental conditions 1, 2-addition is normally accessible.

An alternative approach to the reaction of ketones with Grignards is the Barbier
reaction (Section I1.A.4), the in situ Grignard trapping reaction. With a knowledge of the
factors that affect the reactions of ketones with organomagnesium reagents and those
which favour the in situ method, it may be possible to predict which method is suited for a
particular substrate and/or Grignard reagent.

Various reactions of organomagnesium reagents with carbonyl compounds are
tabulated in ref. 173. Reactions from Organic Syntheses are listed in ref. 8, p. 26. Some
representative new examples are given in Table 4, together with some novel reactions. An
alcohol is the expected product on hydrolysis of a 1,2-addition compound, but often
spontaneous dehydration prevails. Attack of a ketone group is favoured over a carboxylic
acid or ester group (e.g. entries 1 and 2, Table 4), unless the reaction is carried out in an
aromatic solvent!’* Epoxy ketones react selectively with Grignard reagents at low
temperature, ca. — 10°C, to afford the 1,2-addition product of the ketone residue'75.
Halocarbonyl compounds undergo nucleophilic attack at the carbonyl group, and for
more forcing conditions alkyl halogen exchange is possible!’¢. a-Chlorocarbonyl
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TABLE 4. Reactions of Grignard reagents with ketones and related compounds®
Substrate Grignard Product on hydrolysis Ref.
1. 0 MeMgCl 193
o}
(Z)- +(E)
O com
kX o MeQ  OMe PhMgl Phy %o: ,OMe 195
4, o) PhMgX OH 196
Ne e ﬂ
* Nf Ph
o !
o~
S. 0
PhMgBr py, OH 197
o o]
N N
H H%
0 o
6. MeMgX 198
I 0
o
0
0
7. M MeMgBr 175
(o] 0

o]

H
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TABLE 4. (Contd.)
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Substrate

Grignard Product on hydrolysis Ref.

8.

Ph/:o

Me,SiCH,MgCl

0
OMe
BrMgC=CMgBr
OH
/swm3 H(Me)— /S H(Me) N 208
o) Q MgBr =
?\ E (CHp))
(CHap
R o R MeMgl OR OH 209
o] R R!
Ph Ph MeMgBr Ph Ph 212
0 o] o r
NG
BrMg(CH,),MgBr 219
(n=4o0rS5)
o]
o}
0 0 CHa)n
0
OMe 0 SCHIMgl, 218

0
(thf-OEt,),
—18°C
OMe

o] 0
A~
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TABLE 4. (Contd.)

Substratc Grignard Product on hydrolysis Ref.
15. Me,SiCH,CO,Et PhCH,MgCl CH,=C(CH,Ph), 222
16. H ArMgB OH 223
0 rMgBr Ar Ar
H mu,,,,'“e
Me H
CO,E? OH
§-(=) S~(=)
17. o} RMgX 226
g RR
Br Br
1 -
7
OMe
H
[ T
Br o
18, o) 2Me,SiCH,MgBr OH 227
R
19. OMe 5 PhMgBr OMe Ph 236
/
OMe H Br OMe Ph

20. PhMgBr 37
@CH=NNHCOCOzEf @—cu =NNHCOC(OH)Ph,
th\ PhMgBr Ph 238
| Ph
AN
| 0 AN Ph
I Ph
Me

22 BrMg(CH,), 239
MgBr
HO—N 4
o HO

21, P

Z
§
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TABLE 4. (Contd.)

Substrate Grignard Product on hydrolysis Ref.
23. 0 0 R'MgX 240
0n FN R! =ga,yl
RO—GC—C— \)
RO R

24. 0 RMgX R N 241

O (5 equiv.) O

CO,Et ©
Me N Me

“The hydrolysis products are all in useful yields. Typically > 60%,

compounds with Grignard reagents, followed by lithium-halogen exchange, offers a
powerful route to classes of olefins (e.g. equation 79)' 7.

XMg XMg
o c ~ c \? L
| PhMgX Li,
Me —C —CHMe —__—63—,5—» MePhC—CHMe —ggaz® MePhC —ChHMe (79)
20°C

—£¥ - » MeC(Ph)=CHMe

Tabushi et al.'® obtained good yields of unsymmetric ketones on hydrolysis of the
mixture obtained by treating MeMgl with acyl metal complexes of N,N’-
ethylenebis(salicylideneiminato)cobalt(IlI). The intermediate magnesium complex,
[L,CoC(Me)(R)OMgX], resembles that of the normal 1, 2-addition product of ketones
with Grignard reagents.

1,2-Additions to prochiral carbonyl compounds or chiral carbonyl compounds
possessing one or more chiral centres can give rise to enantiomeric mixtures and
diastereoisomers, respectively, because of the formation of a new asymmetric carbon
centre, Facial attack from either side of the R'R?CO plane (concerted pathway) or
R'R2CO~ (radical pathway), is usually controlled by steric effects. Consider the examples
in equations 80 and 81. In equation 80 the addition is exclusively in the endo direction
owing to the steric hindrance of the benzyloxy group on the exo face of the ketone'’®. In
equation 81 there is stereoselective control of addition by the steric hindrance of the n-
bound Cr(CO), moiety'8°.

OCH,Ph OCH,Ph
—_—» OH (80)
0 P
CHaPh

(81)

i,
“Me

Cr(CO), 0 Cr{COYy QOH
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There has been considerable research into developing 1, 2-addition reactions that yield
products of high optical purity{Two main strategies have been considered, viz. (a) the
reaction of a prochiral ketone or aldehyde in a chiral medium or using a chiral magnesium
complexing agent and (b) relying on asymmetric induction from chiral centres in either
the carbonyl compound or the hydrocarby!l anion of the magnesium reagent. A detailed
discussion of the factors affecting the degree of asymmetric induction is given
elsewhere!69-181,

The greatest success for chiral complexing agents is for polydentate ligands based on
carbohydrates and is understood in terms of the stereochemical control around the
magnesium environment on complexation'®2, For the strategy of having an asymmetric
centre within the carbonyl compound, almost complete asymmetric synthesis is possible,
even for that centre remote from the carbonyl group (e.g. equation 82)'83. Complexation
of an N- or O-centred functional group in the organic substrate may anchimerically assist
the formation of one enantiomer!8%,

Q Me OH
H rph MeMgBr, tmeda Ph
——.. “u
Bu” \N hirsy,_—OMe Et,0 or thf Bu” / <\ i

o) 11y, OMe
(82)
Compound 19 has yielded products of high enantiomeric excess and by changing the

order of addition of two different Grignard reagents both enantiomers have been obtained
(Scheme 6).

OH

N BT r—frmcHo
R 0]

>95% e.e.

oH
PhCHZO7K
R CHO
RMgX
>83% e.e
(20) T

SCHEME 6
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The high stereoselectivity of the reaction of the aminal in Scheme 6 has been interpreted
mechanistically by considering the formation of a cis-fused bicyclic ring structure (20)
controlling the addition of the Grignard reagent'85,

Stereoselective syntheses have featured as key steps in the total syntheses of natural
products'®® and the syntheses of chiral tertiary alcohols of various sugars (entry 8,
Table 4)'87. Interestingly, the stereospecificity incorporating a side-chain in a 14f-hydroxy
steroid (entry 9, Table 4) is reversed using a lithium reagent'8¥,

The generation of two new chiral centres is possible (e.g. equation 83
in synthesis.

OH
Ph I+ _—» Z +
\/\/Mgc PhHCO /\‘J\Ph
Ph

J{ 70 % 30 %

)!#% and has potential

e,

I
v
>

Y
>

(83)

Ph
A

MqCl

Allylic Grignard reagents usually exist as an equilibrium mixture in solution (e.g.
equation 83) and two modes of addition are possible. Unhindered carbonyl compounds
with a substituted allylic magnesium reagent give the product in which the allylic group is
attached at the highly substituted position (equation 83), whereas with hindered ketones it is
the least substituted position. In the presence of AICl,, however, even unhindered ketones
give predominantly products in which the allylic group is attached at the least substituted
position'%°,

The stereoselectivity of a reaction can usually be improved at low temperatures,
particularly if the environments of endo and exo attack of the carbonyl group are similar. It is
noteworthy that low temperatures tend to favour 1,2-addition, the thermodynamically
controlled route, reducing the likelihood of competing reaction(s).

If a mixture of epimers is undesirable, their dehydration to the same olefin is often useful,
having been used to good effect in the synthesis of steroids'®'.

In addition to steric control of 1,2-addition, there is evidence that the nucleophilicity of
the organometallic reagent plays some role. The reaction of 3-phenylbutan-1-one with
arylmetal species gives the highest stereoselectivity for the reagent of greatest nucleophilic-
ity according to the following inequality'®% PhLi> Ph,Mg> PhMgBr > Ph,Al
> PhMgBr-Cu'.

e. Reactions of a, f-unsaturated carbonyl compounds

The main types of reaction are 1, 2-addition as in (iii) and 1,4-addition (Table 3); some
cases of 1,3-addition have been noted but the amount of product is usually small
compared with that from 1, 2- and/or 1,4-addition*®?. 1, 2-Addition may be reversible, so
that if it is the kinetically favoured product, that of 1,4-addition may be thermodynami-
cally favoured®. Factors that favour 1,4-addition are steric compression at the reactive
nucleophilic centre of the magnesium reagent or around the carbonyl group, solvents
favouring an electron transfer mechanism (e.g. hmpt) and delocalized hydrocarbyl groups
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of the organomagnesium reagent. A similar behaviour occurs for higher conjugated
carbonyl compounds (e.g. 1,8-addition to tropone, yielding 2-substituted dihydrotro-
pone)?%%, but these have received little attention?°’,

Aldehydes usually undergo 1, 2-addition in accordance with low steric hindrance at the
carbonyl group. As for ketones, consider the reaction of alkyl styryl ketones, PhCH=
CHCOR. For various Grignard reagents the amount of 1,4-addition product increased
with a concomitant decrease in that derived from 1, 2-addition for an increase in the size of
the alkyl group2°2. It is noteworthy that dehydration, on acid work-up of 1,2-addition
products, yields conjugated dienes {equation 84)*%3 or more complex reaction products
(equation 85)2°4,

IMgO Me
+
CO,E! CO,E! COLE?

BrMgQ R

R
UL = T
0

Copper halides, either as catalysts or in stoichiometric amounts with organomagnesium
reagents, afford exclusively the 1,4-addition product for ketones and either 1,2- or 1,4-
addition products for aldehydes.

Like 1,2-additions to simple ketones, 1,4-additions also have the feature of yielding
diastereoisomers. One chiral centre is generated on the addition step and another on
hydrolysis of the magnesium enolate (Table 3). For chiral centres already present, the
stereocontrol can be high (e.g. equation 86)?%%, whereas the approach of using a chiral
complexing agent has met with limited success2®

CHp=CHMgBr
Cul,thf,-78°C

(86)

Virtually complete asymmetric induction for the 1,4-addition to optically pure 2-
arylsulphinylcyclopent-2-enones has been reported. Interestingly, the other dias-
tereoisomer possible is obtained by first complexing the sulphinyl compound with divalent

zinc207,
Some unusual reactions of a, f-unsaturated ketones are shown in Table 4 (No. 10, 1, 2-
addition to vinylogous alkyl ethers then acid work-up?°®; No. 11, 1,2-addition then

isomerization2®?). Quinones and related species react by a radical pathway and often yield
a complex mixture of 1,4-addition products and compounds derived from electron
transfer processes. Addition can occur at either or both carbonyl carbon centres and olefin
centres and only by judicious choice of reaction conditions does one product predominate.
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The reactions in Scheme 7 are representative of the reactions encountered?'°.

0 9] OH

MeMgBr
thf, —78 °C +
0 OH 0
0 OH
MeMgBr
“tnf,—78 °C" ,—78 °C +
OH 0
MeMgBr
fhf —78 °C 'complex mixture'

SCHEME 7

Quinone monoketals react with magnesium reagents with a greater regiochemical
outcome relative to quinones and they are less susceptible to electron transfer reduction
processes. For the ketal in Scheme 8, MeMgBr gave the 1, 2-addition product, (allyl)MgBr
the ring alkylated product, and Bu'MgBr the reduced ketal?!!

OH HO
s
Br Br
") MeO OMe
Q'
OMe 0\‘\ 84%
bl . 2
. C3HsMgBr
Br 5
OH v’
MeQO OMe 4198,. OH
e
Br ar
OMe OMe
(11%)

SCHEME 8
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Cyclobutenediones react with alkylmagnesium bromide to yield 1, 4-addition products
(No. 12, Table 4)*'2, whereas squaric acid, O(EC(O)C(OR)Z?(OR), ytelds both 1, 2- and
1,4-addition products?'?.

f. Reactions with acy! halides

These and related compounds such as chloroformates, chlorocarbamates, and phosgene
react vigorously with Grignard reagents. At low temperature (ca. — 70 °C) with thf as a
solvent, with or without a catalyst?'#, or with a sterically hindered Grignard?'3, it is
possible to obtain excellent yields of ketones from acyl halides. Two equivalents of the
alkylating agent usually afford alcohols in high yield. Barluenga et al.2'6 prepared a series
of y-substituted organoalkali metal compounds by treating the intermediate complex with
an alkali metal (equation 87).

0 R R

M
C Ccl —» CI OMgBr -——>( ,Na or K) OMgBr

R R
(87)

A competing reaction is the formation of radicals leading to a-diketones. Studies have
shown that the main cause of radical formation is the electron transfer ability of RMgX.
For R as an isopropyl group, electron transfer is favoured relative to it being a methyl
group, consistent with isopropyl being more electron donating than methyl. Moreover, for
X as iodide, electron transfer is favoured more than for a bromide (Scheme 9)2!”.

Cl . o
yd Pr' Mgl - o
C<< i COCip(cot) Q CPriMgI]
° 0
cl:l_cl:I C\\+ MgCl I + Pr'
o O o
SCHEME 9

g. Reactions of carboxylic anhydrides

Several reaction products are possible, although under critical conditions and with one
equivalent of Grignard reagent ketones and carboxylic acids are accessible, the formation
of which is a consequence of the good leaving group capability of —COj (Table 3).
Preferential attack of one carbonyl group for unsymmetrical anhydrides, RC(O)OC(O)R!,
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is electronically controlled (leaving group capability of RCO; vs. R'COj, e.g. No. 14,
Table 4)2'8 and/or is regiosterically controlled.

Two equivalents of Grignard reagent usually lead to lactone formation (Table 3). There
has been much research into the reactions of di-Grignard reagents as a route to
spirolactones (No. 13, Table 4)2!°. For unsymmetrical cyclic anhydrides the reactions
(spiroannelation) are highly regtoselective with nucleophilic addition at the least hindered
carbonyl group. Canonne et al.?2° proposed a mechanism for this reaction which involves
the formation of a stable intermediate carboxylate (Scheme 10).

O—» MgBr Qj';MgB'
L..----éHz(cHZ)n—zc HzMgBr

| tht
CHp— (C Hz)n_ 2CHVMgBr ———»

0 0 _— s
o) o}
CH,(CHp)p—p CHaMgBr CHZ-(CIIHZ)n_z

"O\MgBr N (I:HZ

o) —_— O—-MgBr ’

CO;MgBr
0
/(CHZ)"—Z (CHz)n—z
CHz ) \
CHp CHz CH2
o) 4&_ OMgBr
COzmgB
0 2iVigbr
n=4.,5
SCHEME 10

h. Carboxylic esters, lactones, thiol esters, and thiol lactones

As for acyl halides and anhydrides, under controlled conditions ketones are accessible.
Forcing conditions can yield tertiary alcohols or, in the case of formates, secondary
alcohols (Table 3). Scheme 11 highlights reactions that can occur with di-Grignard
reagents?2!. Varying the value of #n in BrMg(CH,),MgBr dramatically affects the product
distribution. For n = 4 annelation is > 90%, whereas for n = 5 annelation, intramolecular
reduction, and some enolization, depending on R, occur??!, In contrast, for anhydrides
(discussed above) annelation is the major reaction.

Reactions of a-silylated esters with Grignard reagents have recently been investigated.
They yield olefins in which the double bond is introduced stereospecifically (No. 15,
Table 4) and for highly polar solvents such as thf and hmpt some coupled Grignard



2. Use of Grignard and Group Il organometallics in organic synthesis 211

Q
thi
R)J\O/Ef + BrMg{(CHz)n MgBr —_—

OMgBr
addition
(onnelation) R (CHL)A
o OMgBr
)\ intramolecular
R (CHg)aMgBr reduction = R (CHa)n—2 CH=CH,
+ BrMgOE!? H
o]

enalization /U\
P
R (CHp)n—2CH,

SCHEME 11

product. The latter is attributed to a single electron transfer process involving
Me,SiCH,C(O)OEt which may be stabilized by the fi-silyl and R™ groups?22,

Dicarboxylic esters react with two equivalents of Grignard reagent to afford a product
derived from addition to one ester group, yielding on hydrolysis a hydroxycarboxylic
acid???. This is related to the behaviour of carboxylic acid anhydrides. The Barbier or in
situ method (Section I1.A.4) is also applicable for the reaction of esters and related
carbonyl compounds. The condensation of esters with Grignard reagents has featured as
the key step in the syntheses of natural products (e.g. No. 18, Table 4)224,

a, f-Unsaturated esters, like 2, f-unsaturated ketones, yield 1,2-addition products
which can further react to yield an alcohol on hydrolysis, and/or 1, 4-addition products. It
is noteworthy that organolithium reagents tend to give 1,2-addition products, whereas
copper-catalysed Grignard reactions favour 1,4-addition®. Dialkyl carbonates with
Grignard reagents, RMgX, usually yield a tertiary alcohol, RyCOH.

Lactones react in a similar manner to esters. The simplest lactone, propiolactone, has
been the subject of numerous studies, it being a useful synthon for the corresponding
homologous acid with three more carbon atoms. Where the reactions are copper halide-
catalysed, the primary process is C—O bond rupture. These reactions are discussed in
Section I1.B.2.

For uncatalysed reactions the initial step is nucleophilic addition to CO, which can
result in three product types, depending on the reaction conditions and work-up
procedure. At low temperature ketols (21) are generated, whereas more vigorous
conditions yield diols and on hydrolysis cyclic ether formation is possible. This is
exemplified by the reactions in Scheme 12223:23%,



212 C. L. Raston and G. Salem

OMgBr
BrMg (CH;,)gMgBr N
. (CH,)gMgBr
070
o}
(21
Wt OH - OMgBr
-— -—
OH OMgBr
Y (CHade
(CHy)g {CH2)e

SCHEME 12

Other reactions of lactones, which include some novel types, are those listed in Table 4
(17 and 18), and 1, 4-additions for a, f-unsaturated compounds. Copper halide-catalysed
1,4-additions to lactones bearing an asymmetric centre within the lactone ring can be
highly stereospecific?8. In a study of the reaction of di-Grignard reagents of the type
XMg(CH,),MgX with a, f-unsaturated lactones, the value of n affected the route and
products obtained, viz. annelation with n =4 and conjugate addition with n = 5227,

Trihaloacetates, CX;CO,R (X =Cl or Br; R = Me or Prf), undergo metal-halogen
exchange, yielding magnesium enolates, rather than nucleophilic attack of the carbonyl
group (equation 88)2%°, a-Metallation of esters, which is related to this, is often
encountered.

X OR
CXaCO,R + Pr/MgCl Prici
———
3C0; rove tht,—78 °C (88)
X OMgCI

Reactions of thiol esters and thiol lactones with Grignard reagents have been little
studied, but they appear to behave in an analogous way to the corresponding oxygen
compounds®. Compounds of the type CR(SR'),CO,R"” undergo C—S bond cleavage (cf.
equation 88), yielding magnesium enolates.

i. Carboxylic amides and related compounds

N, N-Disubstituted carboxylic amides give 1, 2-addition compounds, yielding ketones
on hydrolysis, or they may undergo elimination yielding enamines, R,C=CHNR,
(Table 2). Under more forcing conditions the intermediate addition product can further
react to yield unsymmetrical alcohols in one pot (equation §9)23!.
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]
(Qj\ ~Me M2, Q ~Me
N
XMg\ )\—H
O)\H Q Rl

m RZMQX
(2)H+ /Me

For a, -unsaturated amides, 1, 4-addition prevalls”’. Small-ring lactams show similar
behaviour to lactones, yielding products derived from C—O bond rupture. N-
Alkylsuccinimides afford simple addition products. For the strained ring compound 22,
however, ring cleavage occurs?33.

o] 0, HQ R HQ H
R R R
Me ——— + +
NHMe NHVe NHMe
0 0 o]

(22) (90)

. a-Keto esters

(89)

Keto esters generally react with one equivalent of an organomagnesium reagent
regioselectively at the keto group (Table 3). A notable exception is when the reaction is
carried out in non-coordinating solvents' ’4. Presumably the greater complexing ability of
the ester moiety will tend to direct the nucleophile to the closest carbonyl group, that of the
ester. Whitesell et al.2* studied the addition of Grignard reagents to a-keto esters for the
case where the ester group is chiral, and found practical levels of asymmetric induction for
1, 2-addition (> 90%).

k. Carboxylate saits

Addition products of carboxylate salts (Table 3) on hydrolysis yield geminal diols,
which spontaneously dehydrate to ketones. Carboxylate salts, prepared by the carboxyl-
ation of Grignard reagents, can further react to form the ketone in this way. Carboxylic
acids require two equivalents of the alkylating agent, one initially to form a magnesium
carboxylato complex. Sato et al.2®3 reinvestigated the reaction of formic acid with
Grignard reagents and found that the use of thf rather than Et,O as the solvent is a
convenient method for preparing a variety of aldehydes such as alkyl, aryl, allyl, benzyl,
and vinyl aldehydes. Vinyl Grignard reagents gave retention of configuration at the double
bond.

I Miscellaneous reactions

Unusual reactions of Grignard reagents, where the primary process is addition to a
carbonyl group, are listed in Table 4 (Nos. 22-24). For No. 22238 with a sterically
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hindered N-substituent on the substrate, the exclusive product is that derived from 1, 2-
addition to the CN muitiple bond (Section 111.A.3). The reaction associated with No. 23 is
related to the annelation of anhydrides and lactones?3°. N-Nitroso-N-benzylformamide
reacts with two equivalents of PhMgBr, yielding benzhydrol and desoxybenzoin, but from
mechanistic considerations the reaction is poorly understood?*2, «, f-Unsaturated alkyl
cyanoacetates undergo 1,4-addition?43,

In systematically considering a multitude of addition reactions of the various classes of
carbonyl compounds, it appears that the following inequalities govern the reactivity of the
functional groups: —NCO > —C(0)X > HC(O)R > RC(O)R’ > RC(O)OC(O)R > —
C(O)ONR, > —C(O)OR. Although this is a general order of reactivity, it should be
realized that factors such as changes in solvent, temperature (kinetic control us.
thermodynamic control), and leaving group capabilities may affect it.

2. Carbon—sulphur multipie bonds

The most common reactions are cited in Table 3. There are two modes of addition of
organomagnesium reagents to thiocarbonyl compounds, the hydrocarbonyl group of the
reagent becoming attached to either the carbon or the sulphur, referred to as carbophilic
and thiophilic addition, respectively. For carbonyl compounds the addition is always
carbophilic, a consequence of the hard nature of magnesium dictating complexauon of the
oxygen throughout the course of the reaction.

a. Reaction with carbon disulphide.

Grignard reagents treated with CS, yield dithiocarboxylates, which are usually reacted
in situ and have been used to prepare a wide variety of compounds?** including dithio
esters (equation 91)2%5, trithio peresters (equation 92)2*¢, and ketene dithioacetals
(equation 93)247,

ee 2 i i
PhCS,MgBr  —RC=CHCORT PhC—S—(l:—CHZCORz o1
R
i
RCS,MgBr -MeSSO2Me o pl o s me 92)
R' R2
—_—2»
2 @R 93)
R? SR3

b. Reactions with monothio substrates

Isothiocyanates yield an addition product which is of utility in synthesis (ref. 8, p. 42)
(e.g. equation 94)2*%, On hydrolysis thioamides are generated. Thiocyanates are prone to
thiophilic attack, leading to S—C bond rupture (equation 95)24%.

PhCH;MgBr
_—

Ph,PN=C=S$ PhCH,C(=S)N—PPh,
NCS-
%, PhCH,CN (94)
PhCH,C(§)=NPPh,

Ca4F9oMgBr

PhCHCICH,SCN ——"*", PhCHCICH,SC,F, ©95)
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Sulphines (R,C=8==0) undergo both thiophilic and carbophilic attack and appear to
be of limited use in synthesis.

The favoured products for thioketones are those derived from thiophilic and/or
carbophilic 1, 2-addition (Table 3). Possible side reactions are those found in the reaction
of ketones. The magnesium complexes formed by both types of 1,2-addition to the
thioketone are useful intermediates for a variety of compounds, e.g. alkylation of the
carbophilic complex yields thioethers.

There have been few studies on the reactions of thioamides. a-Metallation, N-alkyl
metallation, and 1,2-addition (e.g. Scheme 13)?°° have been noted.

NMeo
CsH MgBr
S

SMgBr

MezN x NMBZ

SCHEME 13

¢. Dithio substrates

Dithio esters are prone to both carbophilic and thiophilic 1,2-addition and, like the
aforementioned substrates, it is the reaction of the magnesium complex with electrophiles,
other than H*, that has great synthetic utility. Alkylation of the carbophilic product, for
example, yields a dithioacetal. Some recent and novel reactions of dithio esters are
illustrated in equation 96 (thiophilic addition and elimination)?*! and equation 97232 Itis
noteworthy that by changing the conditions of the reaction, selective generation of the
carbophilic or thiophilic product for the same substrate is possible?33.

'I“e P Me SPh
7
RSO,L—C _PhtgBe (96)
| NSCH,COLE RSOMgBr
Me 20 Me SCHRCOE
S
CRon
RMgX
om0 w
T L \
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The reaction of 23 (equation 98) is a novel carbophilic addition to a carbon—sulphur
aromatic bond. In general, cationic aromatic species are very reactive towards organo-
magnesium reagents?34,

S. S H
QO— = [OLX
Scioz R

(23)

3. Carbon-—carbon multiple bonds

Some discussion of the addition of organomagnesium reagents to carbon—carbon
multiple bonds is given in Section 11.A.1. 1,4-Additions to a, f-unsaturated functional
groups, discussed above, are essentially additions to activated carbon—carbon double
bonds.

Usually more forcing conditions than for additions to carbon—oxygen (and carbon—
nitrogen) bonds are required, unless the reaction is transition metal catalysed (Section 1V),
the organic substrate is an aromatic cation, for example the propylium ion?35, or the
multiple bond is activated. Factors affecting the reactivity of carbon—carbon multiple
bonds and the stereochemistry of their reactions are discussed in Section Il and in refs. 7,8
and 81. An important new reaction which appears to have enormous application in
synthesis is the intra-molecular ‘magnesium-ene’ reaction (Section [1.A.3).

Anchimeric assistance by functional groups within the substrate can effectively ‘activate’
multiple bonds. This may be so for the metallated phenolic hydroxy group in 2423¢ and
also for metallated amines in close proximity to the multiple bond?’.

M
XMgO Mg_o g\o

RMgX 99)

= R
(24)

Fluorinated olefins readily give an addition product, but the reaction is followed by
elimination (e.g. 25)%%8,

CFy OEt
FaC OEt F
RMgX =N N0k (100)
—-FMgX
FaC OEt F R

C=C=C

(25)

Addition to aromatic rings is possible with highly electron-withdrawing substituents
present. Bartoli and coworkers?®? investigated the reactions of nitroarenes. The reactions
e.g. equation 101) proceed via a single electron transfer pathway yielding a nitronate
g €q p g p yy 8

complex (26) which is always reacted in situ.
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[e) OMgBr
NO2 Ny NO2
OMe OMe OMe
RMgBr (HH*
— — T _»
(2)ddq
H R R
(26) (101)

Organo-magnesium (and -calcium and -barium) reagents can initiate the polymeriz-
ation of olefins, despite the presence of a functional group which can react with such
reagents (ref. 8, p. 8). A recent development is the enantiomeric selective polymerization of
racemic methacrylates {equation 102). The (S)-monomer polymerizes in preference to the

Ph
)\“/ j< (—)RMgX —(-CHZ—C—)',-,
>—o CHPh (102)

racemic ()]

(R)-monomer, induced by a chiral bidentate ligand, (—)-sparteine (27) or its derivatives,
complexed to the magnesium of a primary or secondary Grignard reagent?6°,

H

(27

4. Carbon—nitrogen multiple bonds

a. Imines and related compounds

Imines yield magnesium amide complexes with Grignard reagents, which are usually
converted to amines by hydrolysis. Iminium salts, however, undergo salt elimination to
yield an amine (tertiary) directly (Table 3). Simple imines react slowly whereas for
conjugated imines the reactivity is enhanced. Silylamines are a useful synthon for primary
amines since on hydrolysis Si—N bond cleavage prevails (equation 103)2¢'. Imines of the

(1) RMgX

R'CH=NSiMe, — ==,

LiN(SiMe3),

R'CHO RR!CHNH, (103)
type R'R?*C=NX (X = OH, NHR, NR,, NRf, NHCONHR, SAr, and N=CR*R?)
yield 1, 2-addition products, derived from nucleophilic attack on the imine carbon atom®.
The reaction of these and of simple imines are of interest in that for unsymmetrical
compounds a new asymmetric centre is created on 1,2-addition, and there have been
numerous studies aimed at devising experiments to achieve asymmetric induction?%2, g, -
Unsaturated imines usually afford the thermodynamically controlled product by 1,4-
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addition, and this is also of interest in asymmetric synthesis (equation 104)263,
- -
Bu' Bu’ 08u’
U \H
\\\\‘\ Httus \
! N. o]
N CO,BuU \Mt_{Br CHO H
7 RMgX | & "
EEE—— \\\\\\\ —_—) Moo R
x
CHyn H (CHR)
(CH)A i |
n=34
(104)

Imidoyl halides undergo salt elimination reactions%*, as for acyl chlorides, and
subsequent addition is possible (e.g. equation 105)2%%. x-Dichloroiminium salts undergo

cl
T 2 CHy=CHMgBr = \
RC=NR' > - |
LR SXINR! R N ——— MqBr

\

R

(105)

1, 2-addition, or reduction if the Grignard hydrocarbyl group is hindered, and if one chloro
is replaced by a bromo group a ff-haloenamine is produced?°®. Oximes afford 1, 2-addition
products or cyclic compounds, formed by a deprotonation step (equation 106)267.

HO & }\J\
>k”)\ 3PhiigBr Bngo>H/‘\ » BrMgo f

N\ N
OH N 0oMgBr
(106)

Imines with an a-carbonyl group undergo 1, 2-addition at the imine moiety or, under
more forcing conditions, 1,2-addition to both double bonds. Imines with an a-carboxylic
ester give the imine addition product under mild conditions. Yields of primary amines of
greater than 90% from phosphinyl formimidate compounds (28) are possible
{equation 107)268,

_ (1) RMgBr o (1) RMgBr +
Ph,P(O)N==CHOEt ——— 0 [Ph;P(O)N=CHR] — = H,NCHR, (167
(28)
b. Nitrones

These and aromatic nitrones, e.g. pyridine N-oxide, usually undergo 1,3-addition,
yielding hydroxylamines on hydrolysis (Table 3). Side reactions are elimination of
Mg(OH)X (equation 108)?%® and HMgX?7? if an a-hydrogen is present, or MgOMeX and
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MgCNX for a-OMe and a-CN substituents, respectively?’®, yielding nitroxides. 3-CN
groups are also susceptible to elimination?”!. The 1, 3-addition complexes are readily
oxidized to nitrones if another hydrogen is present, otherwise to a nitroxide radical®’°.

) PhMgBr :
N N h
VL \ OMgBr
o (108)
—Mg(OH)Br ) Ph
N

Pyridazine N-oxide yields substituted olefins, presumably arising from addition
followed by C—N bond cleavage?’?.

c. Nitrogen heterocyclic aromatic compounds

Six-membered nitrogen aromatic compounds yield 1,2-addition products and to a
lesser extent |,4-addition products and metallation. Unlike aromatic compounds, the
conditions for addition are mild, especially for their quaternized derivatives, which also
favour addition as the primary process®. Only for hindered substrates is a catalyst
required®”®. Barbier reaction conditions are aiso applicable for quaternary salts in
forming 1,2-addition products®’*.

Acridines and acridinium halides yield 9-substituted acridans (pseudo 1,4-additions) on
hydrolysis of the intermediate complex7*. Addition to pyridines and pyridinium salts can
be highly regioselective. N-tert-Butyldimethylsilylpyridinium triflate undergoes 1,4-
addition exclusively?”®, whereas from N-methoxycarbonylpyridinium chloride the major
product is that derived from 1,2-addition??”. 1,4-Addition in general prevails in the
presence of copper(l) iodide catalyst??®, as is the case for a, f-unsaturated ketones. Steric
hindrance at the 2, 6-positions of pyridinium salts seems to favour 1,4-addition?7?,

Alkylations of simple nitrogen heterocycles with organomagnesium and lithium
reagents are tabulated in ref. §, p. 17.

d. Nitriles

A variety of reaction pathways are possible, some of which are undesirable. 1, 2-
Addition yields N-metallamines (Table 3), and on hydrolysis imines, then ketones.
Activated nitriles such as methoxyacetonitrile permit a double addition of organometallic
reagents, yielding primary amines on hydrolysis; organolithium reagents affect the second

R! R'
) R2 )
(Et0),C(R)C=N —"MIX (E10),CC—R (('2)):5 (EiO)ZC—(IZ—-RZ
N NH3
~~MgXx
(109)
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addition {equation 109)*8°. Side reactions are significantly reduced using benzene plus one
equivalent of Et,O as the solvent rather than Et,0 alone.

The intermediate complex derived from 1, 2-addition reacts with various electrophiles;
some examples are illustrated in ref. 8, p. 20. It can further react with organomagnesium
reagents by «-metallation to yield a new organomagnesium reagent, which can add to the
unreacted nitrile?®!.

Other reactions of nitriles are the displacement of the cyano group, as for a-cyano-
substituted nitrones, metal cyanide exchange?®?, and some very complex reactions
yielding novel molecules. Whether the reagent adds to a nitrile group, favours elimination
of Mg(CN)R, ring addition to an aromatic C—N bond, or some other reaction for cyano-
substituted nitrogen heterocyclic compounds is difficult to predict.

Cyanogen gives a variety of products, including R,C(CN)NH, from two successive
additions, followed by hydrolysis?®®. Nitrile oxides afford 1,3-addition products,
ketoximes, in useful yields?®*.

e. Miscellaneous addition reactions

General reactions are given in Table 3 for 1,2-addition to isocyanides?®3, isocya-

nates®®®, isothiocyanates?®’, and cyanates?®8. However, such reactions have received little
attention.

5. Other C—X multiple bonds

Pyrilium species undergo addition with Grignard reagents, the mode of addition being

sensitive to the nature of the solvent (equation 110)%8°,
Ph  OEt Ph OEt
Ph P
1,2 - addition & @\/ﬁ E:"\C"JQB' || —» I
2 0 OH N Ph
(110)

Addition to phosphabenzenes occurs with the alkyl of the Grignard reagent becoming
attached to the phosphorus and magnesium to the carbon?®? (cf. thiophilic additions to
C=S double bonds).

6. Other multiple bonds

The addition of Grignard reagents to multiple bonds between two non-carbon centres
has had limited success in synthesis. Recent developments, however, suggest that such
reactions have some potential.

a. Nitrogen—nitrogen muitiple bonds

Many of the reactions of compounds with nitrogen—nitrogen double bonds are subject
to several side reactions. This is not so for diphenylphosphorazide (29), a compound which
is an excellent synthon for RN, species (equation 111)2°!

Me3SiCHMgCl

(PhO),P(O)N,
(29)

Me,SiCHN, (1)
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Trialkyltriazines have been prepared in high yield (> 80%) from alkyl azides, shown in
Scheme 14. Reactions of the tautomeric mixture 30 gives the isomers resulting from attack
at either N-I or N-37°%,

R|N3((|2;)Rv:\§>—x’ RIN=NNHR R'N=N—N/Me
“\ (1) KOBu’ . R
(2)Mel
RINHN=NR RI—N—N=NR
Me
(30)
SCHEME 14

In a systematic study of the reaction of RXCH;N, archetypes, X =0 or §, with
Grignard reagents it has been established that the activity effect for the reaction for X =§
is greater than for X=0O. The nature of the addition complexes (X =3§) at two
temperatures was probed by quenching the reaction mixtures with acetic anhydride (and
acyl chlorate) (Scheme 15). Hydrolysis of the acetic anhydride-quenched reaction mixture
was found to be a convenient route to the amination of aliphatic Grignard reagents?®2.

—78°C

RMgBr + PhSCH,Ny; —= = p RNy MgBr
N—N\/SPh
RS Ac,0,—78°C
o)
h
Br /P A
f\;’g S / [0}
RN, > RN
N =N N=N
\—spn
Ac,0,0°C
2% BuJN*HCO5/dmt
RN Ac
N/
N—N RNHAc
\—spn
R= cyclohexy!
SCHEME 15

Other reactions of compounds with nitrogen-—nitrogen double bond linkages are as
follows: azo compounds (R'N==NR?) yield hydrazines (RR'NNHR?) after reaction
work-up; diazoalkanes (R'R2CN,) yield hydrazones (R'R?C=NNHR), which is un-
expected, as addition to carbon—nitrogen double bonds is usually carbophilic owing to
the preference of magnesium for hard ligands?®*; and aryldiazonium salts (ArN, "X ™)
yield azo compounds (ArN==NR)2°%,

b. Nitrogen—oxygen multiple bonds

There are only a few examples of the addition of organomagnesium reagents across a
nitrogen—oxygen linkage of bond order greater than one. The criteria for addition is not
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fully understood, with the exception that the presence of electron-donating groups on the
organic substrate is advantageous. Nevertheless, such reactions are likely to have a place in
synthesis.

In one study, a-chloronitroso compounds yielded the addition/elimination product,
labile ketonitrones, in modest yield2?® (equation 112). Note that ketonitrones can further
react via a |, 3-addition (Section III.A.4). For the hindered a-chloronitroso compound 31,

, __RMgX_ /
R'RZCICNO —pgxa ™ >= (112)

however, the ketonitrone yield is low and the major product is an oxime, thought to arise
by an electron transfer pathway (Scheme 16)?°7.

OM X
cl __RMgX ¥ _m _—MgxCl,
N=0
(31)
N—O + R ———» RR
(trace)
l \ d% - OH
—S0%
<11%
SCHEME 16

Solutions of the di-tert-butyliminoxy radical with Grignard reagents yield the
corresponding oxime and oxime ether??®. This is consistent with the mechanism proposed
for the reaction of 31 (Scheme 16).

The preparation of nitroso compounds by treating nitrosyl chloride with organomag-
nesium reagents has some potential, but it has been little studied. Catalysed reactions of
alkylnitrates, R'NO,, yield addition/elimination products, hydroxylamines, R RNOH or
R!NHOH (> 90%), on reaction work-up?®®,

¢. Reactions with oxygen

Under controlled conditions oxygen yields either alkoxide or hydroperoxide complexes
(equation 113). The latter is favoured by a high concentration of oxygen and a low
temperature. Organolithium compounds react similarly. However, the yields are low but
they can be improved by converting the reagent in situ to an organomagnesium
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compound by the addition of MgX, (Section 11.B.3)8.

RMgX 2% ROOMgX or ROMgX (113)

d. Sulphur (and sefenium)—oxygen multiple bonds

Classifying reactions of substrates with sulphur—oxygen multiple bonds is often
arbitrary, since invariably there is bond cleavage which may be concomitant with the
thiophilic addition. The example of a reaction of a thiazine (32) illustrates this nicely3°°.

O\S
PhMgX RLi
) —_—
@/N\Rz —78°C (@:rN\s/Ph —-78°C PhSIOIR
R’ R!

(32) (114)

Reactions of sulphur dioxide, however, are readily classified as addition reactions.
Sulphinate salts, RSO,MgX, are generated, being useful reagents for preparing a variety of
sulphonyl derivatives; for example, R'X yield sulphinate esters, RSO(OR’). The best yields
of the sulphinate salts are obtained by adding the organometallic reagent to excess SO,
(cf. carboxylate salts from CO,, Section IV.A.1)% Interestingly, SeO, affords dialkyl
selenides in modest yields3°. Selenium oxychloride undergoes metathetical exchange and
1,2-addition with PhMgX (equation 115)3°2,

SeOCl, + PhMgX — Ph,SeOMgX (115)
Addition across the N==§ or O=S multiple bond is evident for compound 33393,

A 4
5 (Iexcess Pr/MgBr N
(2)H0

N

@

(33)

B. Displacement of Substituents

In Section ITL A, attention was focused on addition reactions of multiple bonds, together
with possible competing reactions. This section is concerned with reactions where the
primary process is C—X bond rupture, i.e. nucleophilic displacement of a substituent at a
carbon centre. Some aspects will be related to those in the previous section as some
additions are followed by elimination, or elimination as the initial step may be a side
reaction. General reactions are given in Table 5.

1. Carbon—halogen cleavage

The displacement of a halide by an organomagnesium reagent (coupling reactions) has a
pivotal role in synthesis but unfortunately side reactions are possible. These include (a)



C. L. Raston and G. Salem

adearap H—G 10]

pasA[B1ed [BIOW UONJISUERT |
(1x21 23s)

AJaY1] OS[E st uonanpay
3|qissod osje

st uonewio) X3, ¥ PUE YS Y

- SO[LIUAXOY|B-0 10) OS|Y

PasA[eIRD [BIOW UONISURL]
syjes areadnd
Yltm pue pask[eied os|y

sqissod suonoral unadwo))
»d rmw— =4 ,_M
10J 3|qissod st 1awos1 19410

sireaald agearad O—>H

dwzox_i_Ow_y_
“TBIN°OS-d + ¥ Y
“T8I 8 + 40S. A
“18INS.d pue ¥,

Uz YON (Y

X8W 0D (*HON

{40} OSW“T + ¥ Y

4 OSOSW“T + ; ¥Y
SAAXBNOIDD 8 MY

ZIND"Y' Y

4°0S ¥
40S ¥
24S ¥

(ND) - 9DONY

0o

Y, 40)0d0O Y
mw— rmw—o = NM_

4t 0S80 i

L4 400D 8 Y
(1o | =u)

AIN“GYOD' 1Y

sauoyding

sapixoyding

sIayjaony |
S=X v

SajLIIUOUIU Y -X
NO=X 't

auoldejordoid (a)
sareydsoyd [A)|y (ta)

sdjeuoydins
pue sajeyd|ng (a)

SQURBIIX() (A1)

SI3Y1a outwy-tuah (1)

(10 7 =u) $131530Y110
9A110831 3I0W dIB $131SA0Y1IQ) X304 + “d0)DE' 1d ‘40N 1y PUR S[R120Y (11)
[Kie= 3y 10 ¥
[njasn A[[edt1ayIuks
3q Aew spnpoid yloq 10 3up X33O, pue ¥y 2 (o1 saat2q (1)
A0=X 7T
punodwod
[r19W uotisuell-ouedio ue
0] 1uddeal 2Y) JO UOISIIAUOD
ns ul KQ 10 pasAieied [B1owW
UOLISURI] JI [qEd1 JIO 4 XA SPHEH =X I
JuawWIwo)) 1npold a1eNsqQng uondunsaq

(0 10 | = 1) "IDSN"~ Ty ‘s1uadral wnisouFrwourdio Aq a8rABId X —) woly Sunnsal suondwal Judwadedsip uowwo) ¢ JIAVL



2. Use of Grignard and Group Il organometallics in organic synthesis 225

deprotonation of the organic halide followed by elimination of MgX,, yielding an alkene
or carbene; (b) metal-halogen exchange (see Section II.B.4), resulting in a mixture of
coupled products; and (c) unexpected products formed by an electron transfer reaction
pathway. It is noteworthy that in general strong coordinating solvents such as hmpt
favour coupling.

Alkyland benzyl halides, particularly the bromides, give high yields of coupled products
with various alkyl, perfluoroalkyl, phenyl, and perfluorophenyl Grignard reagents.
Rearranged products are possible with allylic halides, a consequence of attack at the 3-
position of the allyl group®®4. Displacement is promoted by electron-donating substitu-
ents in close proximity to the halogen group. Some examples are given in equations 11723,
118396 and 11937,

cl i
M
(I - ger (;(/\ (1
0 i
0
0 o, _PnCHaMgBr (118)
2 ——%5c ™
40%
EtMgB
FaC=CHCO,Li ilz)) > EICF=CHCOH (119)

Alkyl and aryl halides usually require forcing conditions, viz. temperatures in excess of
150°C, without the use of a solvent®. Magnesium complexes of aromatic anions and
conjugated polyene anions readily react with organic halides. 2-Methylbut-2-
enedienyimagnesium (34) reacts with high regioselectivity (equation 120). Its transmon
metal-catalysed reactions are also regioselective, although some yield different isomers®°8.

(34) (120)

other isomers

Aspects of the stereochemistry of alkylation of organic halides are presented in ref. 8,
p. 46. They include asymmetric synthesis by incorporating one or more chiral centres
within the organic halide or the organomagnesium reagent.

Any difficulties associated with alkylation of organic halides can be overcome by
converting the magnesium reagent into that of a transition metal, notably copper, or by
using a transition metal catalyst. These strategies are discussed in detail in Section 1V.
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2. Carbon—oxygen cleavage

The displacement of an alkoxide group is favoured under special circumstances such as
ring strain in the substrate, low electron density at the carbon bearing the alkoxide group,
and/or forcing conditions. Simple ethers, for example thf, require high temperatures,
usually in excess of 100 °C. Most of the useful reactions described below require similar
treatment. It is noteworthy that solid Grignard reagents, free of ether, are more reactive
towards cleaving ethers than ‘solvated’ Grignard reagents3°®,

a. Reactions of aryl (and allyl) ethers

Aryl alkyl ethers are cleaved with either aryl oxide (equation 121)3'° or alkyl oxide
(equation 122)*'! displacement.

Cl N OMe OMgl

MeMgI

~i150°C * (121
Ph N Ph

Me OMe . O
@I + o, @ (122)
Mg8r C! /i>< ci /i><
o

0

Selective methoxide displacement has featured as key steps in the synthesis of some
complex molecules®!2,

Aluminium trialkyls in some cases are more useful than Grignard reagents, whereas
organolithium species promote ortho-metallation.

An interesting combination of organo-aluminium and -magnesium reagents is shown in
equation 123313,

o ‘ AIBUZ
° BUZAIH (I)EngBr
—65 °C O°C
7 (2)H;0"
Ph

(]23

b. Reactions of acetals and orthoesters

These reactions are facile and there is the prospect of displacing one or two ROMgX
units (Table 5), particularly when R is an aryl group*'*. Hemiacetals react with excess of
Grignard reagent according to equation 12423,

P CHz= CHMgB OMgBr
2= gbr
e T »
X e 129
Ph OMe Ph

Monothioacetals favour displacement of a magnesium alkyl or aryl oxide complex,
(OR)MgX, rather than (SR)MgX?®, presumably as a consequence of the preference of
magnesium for hard ligands.
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The reaction of paraformaldehyde, (CH,0),, with Grignard reagents is a powerful
method for a one-carbon homologation3'®,

¢. Reactions of gem-amino ethers

Compounds of the type R'CH(OR?)NR3 (35) and CH(OR');NR3 (36) displace alkoxy
rather than amino groups. They are excellent synthons for preparing tertiary amines
(equation 125)3!7,

0
RI—N ] _RMgX R'N(CHzR), (125)
—o

Thio analogues of 35 and 36 afford products derived from C—S cleavage?!'8,

d. Reactions of oxiranes and related compounds

These have previously been dealt with in depth® and only reaction types (Table 5) and
recent developments are presented here. Oxiranes are useful for a two-carbon homolog-
ation, although some of their reactions give undesirable side reactions, in particular the
addition of MgX,. Ring opening of unsymmetrical oxiranes is by attack at the most
electron-deficient carbon centre of the oxirane or is controlled by steric constraints.
Nevertheless, it is highly regioselective with formation of a trans stereochemistry3'®. An
oxirane moiety is invariably more reactive than a carbonyl group within the same
molecule.

Copper halide-catalysed reactions of oxiranes are less susceptible to side reactions. The
same applies to reactions involving magnesium cuprates as the alkylating agent®2°.
Oxiranes, effective three-carbon homologation species, are usually reacted in the presence
of a catalyst, Cul*2!. The reactions of larger cyclic ethers have limited application, usually
requiring severe reaction conditions. An exception is the generation of open-chain
compounds from various nucleocides with MeMglI322.

The major products from oxiranes are alcohols formed by nucleophilic ring opening.
Alcohols can also arise by attack of an intermediate carbonyl compound, formed by a
stereospecific hydride shift (equation 126)323.

CHO

EtOC= CMgBr
_ s

(126)
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Allylic Grignards can add at the 3-position of the allyl group. The reaction in equation
127 is such a case and, interestingly, if the same reaction is catalysed by Cul the ‘normal’
ring-cleaved product results324,

OH
e S

MgBr
Sulphonyl oxiranes of the type 37 yield several species with MeMgl (Scheme 17). The cis
stereochemistry in the cyclized product 38 is thought to arise by chelation of the

magnestum ion at some intermediate stage in the reaction. Lithium reagents react with 37
to yield cyclopropylmethanol derivatives324,

g 2 e
(37) MgBr, / OMgMe

MeMgI,>20 °C

X
PhSOz
OH OH I
X=8r,I PhSO.
/ -~ Mg2+
PhSO2 \f‘ TN o~
(38)
0
/
LnM\g
0 >~
_PhSO i
SCHEME 17

e. Reactions of sulphates and sulphonates

General reactions for which the primary process is carbon—oxygen rupture in a
sulphate, sulphonate, and sulphinate are shown in Table 5. Metallation (Scheme 17), the
formation of alkyl halides and sulphur—oxygen cleavage are possible competing
reactions. Examples of the latter are the reaction of triflic anhydride, affording
trifluoromethyl sulphone in modest yield (equation 128)32% and a new synthesis of 2-
hydroxyalkylsulphones (equation 129)32¢. Sulphones are readily accessible from the
treatment of aryl tosylates with Grignard reagents.

NTNMGCI+ (CFR500 ——— Xy 502CFs (128)
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cic

Q ClaC SOR
(1N RMgX (129)
0-——30 @nt
2 HO R'

f. Reactions of trialkyl phosphates

These reactions have been investigated in detail327. Recent work includes high regio-
and stereo-specific ‘coupling’ reactions between allyl phosphates and Grignard rea-
gents328, Vinylic phosphate coupling reactions are either transition metal-catalysed>2® or
the Grignard reagent is converted into an organocuprate prior to the reaction33°,

g. Miscellaneous reactions

Strained lactones and substituted propiolactones are susceptible to carbon—oxygen
bond cleavage, but they usually require a transition metal catalyst or a magnesium cuprate
as the alkylating agent.

Substitution of acetate from a propargyl acetate has been noted**'. Reactions of
cyanates, although little studied, appear to have potential for the synthesis of nitriles
(equation 130)%32,

R'OCN 2%, RCN + R'OMgX (130)
Alkoxy groups are readily displaced from allyl (and propargyl) ethers with attack most
likely in the 3-position of the allyl group (cf. reactions of allyl halides)®.

The utility of Grignard reagents in carbohydrate synthesis has recently been established.
The reactions involve a carbon—oxygen bond cleavage step. Those in Scheme 18 proceed
via elimination of Otos and 1,2-hydride shifts on the furanocide rings with some ring
breakage in the case of 39333,

820 OMe 820 OMe BzO QMe
o MeMgL (3.4 equiv) O~ .
Et,0 .
OH
tosO OH ol o/l\:le 6%
OMe
B20 o TV 820 o OMe B0 o
MeMgI (5 equiv.) o N e
E4,0 o
OH
M
HO Otos e57 o 9%
(39)
OMe
820
z % OH H
+ e Me
OH
5 %
BzO 820 820
° MeMgI(Bequiv) 0 N o .
CeHg—(EL01) g
OMe —80°C OMe OMe
tosO Otos 5o OH OH
° 36 %

SCHEME 18
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Anomerization is also possible, e.g. equation 131, for which the proposed mechanism is
ring opening-reclosure by the coordination of the sugar oxygens to the magnesium of the
Grignard reagent?®?2+33%335 Tt is an equilibrium reaction and with careful reaction control
the process can be reversed. References 334 and 335 cite other reactions of carbohydrates.

Bz0 OMe 820
Z!
0 ) Bu’MgBr(Sequiv.) 0 (131)
CeHe—(Et:04)
—80°C,0.5 h OMe
OH OH

3. Carbon—carbon cleavage

The most common type of carbon—carbon cleavage reaction is that involving the
elimination of CN~. The organic substrates are usually a-functionalized nitrites, for
example a-amino nitrites 40°3¢ and 41337,

OSiMex
Me3Si0O NH RMgX _  Me3SiO
Me 3Si0 H MezSi0 (132
Me3Si0
(40)
(ROJLC=N i',{/:g'“féh' (ROISC (aryl) (133)
(41)

Another form of carbon—carbon bond breakage is found in strained ring systems, ¢.g.

42338,
R3
2 3
R R X r2 R4
MeM
' x ~ —MeMgl, (134)
R R3 | R3
R
Me
0 0

(42) R%= Me or halogen

4. Carbon—sulphur (selenium and tellurium) cleavage

a. Thioethers

Thioethers are susceptible to cleavage, more so than ordinary ethers but excluding
strained ones such as oxiranes. Their reactions are usuaily nickel catalysed (equation 135)
or the alkylating agent is a magnesium cuprate®*®-*4°, Sulphur—alkenyl rupture takes

SPh
MeMgI Me
—_— T

(135)
s  a
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precedence over sulphur—aryl rupture (equatton 135). Reactions of alkenyl aryl tellu-
rates (metal catalysed) however, give both product types under the condittons studied*'.

In addition to displacement of "SR (or ~SeR), thiophilic attack can occur, yielding a
new organometallic reagent (Table 5) and a compound with a new carbon—heteroatom
bond8.

b. Sulphoxides

Nucleophilic attack at the sulphur atom, bringing about a replacement reaction
(Table 5), e.g. the stereospecific reaction in equation 1363*2, and/or reduction coupled

with alkylation (equation 137)*** are possible.
Ph SMe Ph SMe
>=é EtMgCl > < (136)
H OMe H MgCl
MeSOMe —£, MeSCH,R (137)

c. Sulphones

Vinylic and aryl sulphones react under mild conditions, catalysed by transition metal
complexes, affording good yields of substitution products derived from O—C rupture (e.g.
R = trisubstituted olefin, R? = Bu', R = Me or Ph for the general reaction in Table 5)3**.
Uncatalysed cleavage of S—O bonds is also possible, the product being a sulphoxide?34%,

Alkyl thiocyanates yield thioethers via thiophilic addition across the S—C
bond/elimination of CN~, as MgXCN (equation 1383*%; see also Section I11.A.3).

Bu"SCN + PhMgBr— PhSBu” (138)

5. Other displacement reactions

a. Oxygen—oxygen cleavage

The reaction of oxygen with Grignard reagents, yielding either addition products
(hydroperoxides) and/or elimination products (alkoxides), is discussed in Section II1I.A.5.
The cleavage of organic peroxides and related species (diacyl peroxides and peroxy esters)
is well known (equation 139) and nothing further of significance has appeared since the last
review on organomagnesium reactions®.

R'OOR? + RMgX — R'OR + XMgOR? (139)

b. Nitrogen~—other heteroatom cleavage
Sulphur nitride, N,S,, affords disulphides, RS,R, in almost quantitative yield®*°,
Chloroamines with R,Mg and RMgCl yield amines, whereas alkylmagnesium halides

other than the chloride give predominantly the corresponding haloamine®,

¢. Phosphorus—other heteroatom cleavage

Various oxophosphorus compounds readily undergo P—O bond cleavage with either
retention (equation 140)>*” or inversion (equation 141)3*® of configuration at the
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phosphorus centre. Interestingly, compound 43 yields some P—N cleaved product with
inversion of configuration. Also compound 43, X = §, but with opposite chirality at the
carbon centre adjacent to X, gives exclusively the P—S cleaved product, with retention of
configuration®*°. Compound 43, X = O, on treatment with Bu'MgBr, rearranges to the
product with X and S interchanged and with change in configuration®*°.

Ph OR
x\P/Me (1)PhMgBr I pPn (140)
,\/\s @ H* Me N/lFI)\M
Me Me S €
(X=0)
(43)
H X
(1) MeMg T ,l:l,
o N @Rt Mew "\ TN (141)
\P/ \
Ph
x//\Ph
OH

The first convenient preparation of a chiral trialkylphosphine in reasonable yield, which
involves sequential P—S and P—O bond cleavage by Grignard reagents, has recently
been reported (Scheme 19)33!.

i i
PhCHzMgCl Ph
. wP — 9 WP
priov \\SMe Priow \
Me Me
Pr”MgBr / 99, o.p.
>98°% o0.p.

/

Ph ~— P\\ Pr”
Me
55% o.p.
(0.p.= optical purity)

SCHEME 19

There are numerous reactions of substitution of halides by Grignard reagents for
phosphorus(IHT) and -(V) in the literature. Aspects of this are discussed in detail in ref. 8.

d. Sulphur (and selenium and tellurium)—heteroatom cleavage

Elemental sulphur, selenium, and tellurium yield metal thiolates, selenolates and
tellurolates, respectively, in good yield. These are hydrolysed®*? to thiols, etc., or are
reacted with other electrophiles®3*3 or oxidized to disulphides, etc. (equation 142)334,
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(NTe
BrM A28y ArTeTeA
' g‘©7<z:l @0 e (142)

(BrMgAr)

Disulphides and diselenides are cleaved by Grignard reagents, yielding thioethers
(equation 143) and selenoethers. These reactions and those of halides, oxyhalides, and
related species of the elements sulphur, selenium, and tellurium which give halide
substitution products are discussed in ref. 8.

R'SSR? + RMgX — R!SR + XMgSR? (143)

Alkyl sulphinamides, R'SONR?Z, undergo S—N cleavage with Grignard reagents,
affording sulphoxides, R'SOR?33.

e. Halogen—heteroatom cleavage

The reactions of metalloid and metal halides, yielding substitution of the halogen of the
hydrocarbyl group of the organomagnesium reagent, are not discussed here. They are
extensively covered in the appropriate chapters of Comprehensive Organometallic
Chemistry.

Elemental halogens, Cl,, Br,, and I,, react vigorously with organomagnesium reagents,
yielding the corresponding organic halide. Several other reagents also convert organo-
magnesium reagents to organic halides, RX, X =F, Cl, Br, or I. These include ArSO,X
(for chlorides and bromides), perchlorofluoride, dinitrogen difluoride (explosive
reactions), amine halides, and triflic anhydrides®.

f. Metal or metalloid— heteroatom cleavage

Reactions of metal and metalloid alkyl, aryl oxides, thiolates, etc., with organomag-
nesium reagents, resulting in the substitution of OR, SR, etc., for the hydrocarbyl of the
reagent are also described in Comprehensive Organometallic Chemistry.

IV. REACTIONS OF GRIGNARD REAGENTS IN THE PRESENCE OF A
TRANSITION METAL COMPOUND

This section is concerned with the reactivity of Grignard reagents towards various organic
substrates in the presence of a transition metal compound. Both the use of transition metal
complexes as stoichiometric reagents or as catalysts is described in detail.

A. Stoichiometric Reactions

It has long been known that many metal halides interact with a stoichiometric amount
of an aryl Grignard reagent to form a symmetrical biaryl in high yield'. In the past decade
research interests have focused on the interaction between organocopper(l) compounds
and Grignard reagents and their uses in organic synthesis. With the advent of the Normant
reagents a number of synthetically viable reactions have been realized. Not surprisingly,
the use of copper(I) salts as stoichiometric reagents far outweighs studies involving other
metal compounds. This topic has been the subject of two reviews336:357,

The Normant reagents are typically represented as RCu-MgX, (or RCuX-MgX
according to the solvent), R,CuMgX, or RR'CuMgX and are prepared by reacting
anhydrous copper(l) halides with the chosen Grignard reagent (equations 144-146)338,
Both the purity and solubility of these organocuprates can be increased by using
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Me,S-CuX?*° or indeed by using dimethyl sulphide as a co-solvent3¢°. A similar effect is
noted using other neutral ligands, such as P(OR);,ina 2:1 or 1:1 ratio to RCu. Enhanced
reactivity can also be effected by the stoichiometric addition of LiX or MgX,3%8 It is
noteworthy that the exact nature of the Normant reagents is not known and indeed may be
incorrectly formulated. In a recent study into the composition of these reagents, only the
presence of various magnesium methylcuprates, Cu,Mg,Me,, . . (wherem=1l,n=1-40r6
and where m = 2 and n = 3) having no halide interactions was observed3®!. These studies,
however, were carried out in the absence of an organic substrate and therefore gave no
indication as to the interaction between reagent and substrate.

RMgX + CuX =2 [RCu-MgX,] (144)
2RMgX + CuX 2% [R,CuMgX] (145)
[RCu-MgX,] + R'MgX 2% [RR'CuMgX] (146)

A recent development has been the utilization of diorganoargentates of the type
R,AgMgX in organic synthesis. These complexes are prepared in the presence of two
equivalents of LiBr, which considerably enhances their stability (equation 147)362, Again,
the exact nature of these diorganoargentates has not been ascertained.

AgBr-2LiBr + 2RMgCl %:;? [R,AgMgBr] (147)

Stoichiometric reagents such as ZnX, or CdX, have been omitted from this survey as
they are believed to displace totally the magnesium in the Grignard reagent and are
therefore more correctly categorized as organozinc or organocadmium reagents rather
than modified Grignard reagents.

1. Addition to alkynes

Although Grignard reagents do not add readily to the triple bond of simple alkynes, in
the presence of a transition metal this process is quite facile. The most efficient reagents for
carbometallation of alkynes are the Normant reagents (and R,CuL.i), and this has been the
subject of a recent review>>8, For instance, RCu-MgX, adds readily to acetylene, propyne,
and phenylacetylene but does not react with higher terminal alkynes. In the same solvent,
however, both R,CuMgX and RR’CuMgX add to higher alk-1-ynes. Only one of the R
groups, however, is normally transferred when using these diorganocuprates®®8,

The 1, 2-addition of a Normant reagent to an alkyne can in principle occur in a (Z) (44)
or (E) (45) fashion, provided carbometallation occurs at only one of the carbon centres of

R R2 R CuMgXz
R'C=CR? + RCuMgXps —» +
R CuMgXy R R?
(44) (45) (148)

the triple bond. For alk-1-ynes stereospecific addition can be assured by using diethyl
ether as the solvent and carrying out the reaction at — 35 to — 10°C. The R group in the
Normant reagent, however, must be primary but S-branching or y-saturation in R is
allowed. Further, the terminal acetylene must be unsubstituted in the propargylic position.
With thf as solvent both secondary and tertiary alkyl groups can be similarly added, but, at
the expense of a diminished regio- and stereoselectivity**®. A multitude of alk-1-enyl
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cuprates have been generated in the above manner and all of these react with simple
inorganic electrophiles to form the expected (Z)-substituted alkenes (equations 149-151).

R! H

R'C=CH + RCu'MgXp —» —_— (149)

R' H
R H
R H
>‘=< (150)
R 1

R H
_C9%, (151)

H+
R CO,H

Specific examples can be found in refs. 356 and 357. The reaction of alk-1-enyl cuprates
with carbon dioxide (equation 151) can be facilitated by using hmpt as a secondary solvent
in the presence of P(OEt);*¢3. Electrophilic substitution can also be aided by firstly
converting the (alk-1-enyl) cuprate to a diorgano cuprate by reaction with LIC=CBu".
Subsequent reaction with an electrophile gives the expected (Z)-substituted alkene
(equation 152)%¢%,

i H H
CIMGO(CH)aCutgBr,  —pe—d
b
| CIMgO(CHz)a  Cu'MgBr
1hflLiCECBu” (152)
W ow [
H+
——
HoHp)a CIMgO(CHap)a (%AuchcBu"
55% L Br

These alk-1-enyl cuprates can react with a variety of organic substrates, such reactions
being described in detail under the appropriate headings (see below). Again, the exact
nature of these alk-1-enyl cuprates has not been determined and consequently they are
prepared in situ.

Higher alk-1-enyl cuprates can be prepared by reacting the chosen terminal acetylene
with R,Cu-MgX or RR'Cu-MgX (equation 153). However, the necessity to use large

Hex” H
. thf
5Me,CuMgBr-LiBr + Hex’=CH ———————p 153
2 30 °C,5 h (153
Me CuMgBrLiBr
Me

95 %



236 C. L. Raston and G. Salem

CuBr-Me,S

MeMgBr + Hex"C=CH
¢ o EK0,5 d

(154)
Me Cu'MgBr,
100 %

excesses of the Grignard reagent limits further applications®*®. One prime exception is
illustrated in equation 154, the only drawback being the long reaction time3%3,

It is noteworthy that the reaction between Bu"Cu-MgBr, and HC=C(CH,),Z (46)
(where Z = NEt,, SEt, or OR) gives almost exclusively (Z) products, but for 1 <n < 3 the
site of carbometallation is dependent on the nature of Z (equation 155). For instance,

BroMg.Cu  Bu” Bu” CuMgBr,
HC=C(CH,),Z + Bu"CuMgBr, ———» +
(46) H (CHa) Z H (CH,),Z
(47)
(155)

exclusive formation of 47 is observed for n=2 and Z=0SiMe, (72% yield on
hydrolysis)363:366,

For HC=CSiMe, (48), the site of carbometallation is exclusively the f-carbon atom of
the alk-1-yne (equation 156)%¢7. Using Hex"Cu-MgBr, a 76%, yield of the hydrolysed
product is obtained.

H SiMeg
HC=CSiMez; + RCuMgBr, —m—» (156)

(48) R CuMgBrz

Normant reagents add stereospecifically to the triple bond of conjugated enynes
containing a terminal alkyne. Maximum yields are obtained using R,CuMgX in
preference to RCu-MgX,, but only one R group is transferred when using the former

Rl
tht 4
HC=CCH=CR), + RyCuMgBr —F" 7/\( (157)
R’ R
80-95%
Bu’
C=CH + BuJAgMgCl ——» (158)
(49) H
55 %

reagent (equation 157)%*%. Interestingly, the addition of Bu,’AgMgCl-2LiBr to enyne 49
gave diene 50 on hydrolysis, instead of the expected allene (Section 1V.A.2)%%2,
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A number of disubstituted alkynes are known to react stereospecifically with Normant
reagents. Compounds of the type R'C=CSR" (51) react to give the expected (Z)-
substituted alkenes® whereas 1-phenylpropyne (52) is converted selectively to (Z)-1-
phenylpropene (53) on hydrolysis*®®. Diorgano cuprates add in a (Z) fashion to R'C=
CCN (54)*7°, whereas the analogous diorganoargentates add in an (E) mode (equations

R CuMgBry
R'C=CSR? + RCuMgBr, ——» (159)
(51 R SR?
Ph Me
Wt
5B8u3CuMgBr + PhC=CMe ——» (160)
(52) W N
100 %
(53)
R' CN
RIC=CCN + R,CuMgX — » (161)
(54) R CuMgX
R
R
R AgMqCl
R'C=CCN + R,AgMgCl _tht (162)
(54) R CN

161 and 162)*7'. In both cases only one of the R groups is transferred to the organic
substrate.

Enynes of the type RZC=CCN (55) (where R? = cyclohex-1-enyl or isopropenyl)
undergo (Z) addition across the triple bond when reacted with a Normant reagent
(equation 163)*72. Similarly, diorgano argentates containing a primary R group add
across the triple bond, but in an (E) fashion (equation 164). In this instance both R groups

R2 CN

2c= \ 1 thf
R°C=CCN + RCuMgBrCILiBr ———— (163)

(55) R CuMgBrCr-LiBr

R CN

_ . thf

2REC=CCN + RpAgMgCI2LBr —" (164)
(55) R2 AgMgCIBr |

are transferred to the enyne. Using branched R groups allenes are generated
(Section IV.A.2), one exception being shown in equation 165372,
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O—CECCN +  PrjAgMgC "‘f (165)

80 O/D

The addition of a Normant reagent to an alkyne possessing a suitable leaving group in
the propargylic position [e.g. Otos, OS(O)Me, or OAc] results in an Sy2' type of reaction,
which yields an allene (equation 166).

3
|<6R R! 4
R

N N
cLe=c—R +  RSCuMgX, —» Je=c=c( (166)

R2 R2 R5
Some specific examples are given in Table 6. It is noteworthy that a number of chiral

allenes have been generated using this procedure. For instance, the allene 56 was isolated
with an enantiomeric excess of 88% (equation 167)373.

LPh Ph\ /Ph
HC=C—CzH + PhCuMgBr, ——» C=C=C( (167)
0S(0)Me e S

((”)-)-56]

2. Addition to aikenes

For over 40 years it has been known that the 1,4-addition of Grignard reagents to «, f3-
unsaturated carbonyl compounds can be achieved by using copper salts as either catalysts
or stoichiometric reagents*®?:282, In more recent times Normant reagents have been used
as stoichiometric reagents in these reactions. For instance, the organocopper reagent
derived from 2-(buta-1, 3-dienyl)magnesium chloride reacts regiospecifically with enone
57 to give butadienone 58 on hydrolysis®®4. Similarly, lactone 59 undergoes a 1,4-

0
)i (U\Cu ‘MgCIBr '—thb (168)
(57

8%

(58)
o——=° o—°
E S _sMe E i _psMe

JCE + RCuMgBr, +f+> (169)

0 SR o) T wR

H H

(59) ©0)

addition reaction with Normant reagents to generate lactone 60°%%, Steroid 63 can be
produced in 85% yield and > 99%; stereochemical purity by reacting enone 61 with the
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diorgano cuprate 62°8¢. The reactions of a number of 1, 3-enones with Normant reagents
are summarized in Table 7. By incorporating an optically active ligand in the cuprate it is

CuC CPr” vhf
ICHZCOZEf
MeO

(6N (62) (63)
(170)

possible to generate a chiral ketone from 1, 3-enones. For instance, enone 64 reacts with
the chiral cuprate (N melhylprolmol)MeCuMgBr (65) to give ketone 66 with up to 88%
enantiomeric excess®

0]
Me
Ph O/(CHZ)nOCuMgBr
+ (171)
*
Ph h

R
(64) (65) (66)

Other «, f-unsaturated carbonyl compounds also undergo 1,4-addition by Normant
reagents. For instance, both enal 67 and the chiral ethylenic ester 68 undergo the expected
1,4-addition with these reagents?3-3%5. In the latter example both (E)- and (Z)- 68 give rise
to products of the same absolute configuration. This is consistent with a mono-electron

EICH=C(MeICHO + RLCuMgCl — s EICH(RIC(Me)BACHO  (172)
2
(67
MeCH= CHC + Pngumgar — s MeCH(PRICHACO,

(68) (Eor2)

(173)

[Ty o}
by

S

Bquj N[\>< + CHy=CHCO,E}

o]

0pCHPhy (70)

O

(69)
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transfer mechanism?°°. 6-Bromopenicillanoylmagnesium bromide (69) reacts both stereo-
and regio-selectivity with ethyl acrylate 70, in the presence of a stoichiometric amount of
copper(l) iodide, to give the 6-spirocyclopropylpenicillanate (71) in 73% yield*S. Further
examples of this type of reaction are included in Table 7.

Enones can also undergo 1,4-addition by alk-1-enyl cuprates. Marfat et al.3°* showed
that both enone 72 and lactone 73 react with a number of alk-1-enyl cuprates to give the
expected 1,4-addition products. Specific details are given in Table 7.

0O
2
19 R H ]
+ —_— (175)
R! Cu'MgBr, RZN
(72) 63-73%
R2 H
(0] ]! 0
+ _—
/
73 R! CuMgBr, R X (176)
50 - 62 °/o

The addition of Normant reagents to buta-1,3-dienes results in the formation of
alkenes, on further reaction with a suitable electrophile (see equation 177). A variety of
alkenes have been prepared in this manner and isolated in good yield (75-90%)3°".

CHp=CHCH=CH, + RCuMgBr, ——# (RCH,CH =+ CH=CH,)CuMgBr,

cozlr-ﬂ lR'x

CHy =CHCH(COHICHR RCH,CH= CHCHgR'
(177)
OH
0Bz N 0Bz OH b
| H H
MeN , MeN ~ o] R
+ RCuMgBr, —:;—flb l
HO HO
o]
’\:Me /ko
0Bz 0
12 steps
OH
H H
MeN ~ ““\\\/R
HO
00

(74) (178)



248 C. L. Raston and G. Salem

White et al.*®8 utilized this reaction in the synthesis of alkyl analogues of spectinomycin
(74).

Diorgano argentates of the type R,AgMgCl can in some instances add to the double
bond of enynes in preference to the triple bond (see Section 1V.A.1). For instance, diorgano
argentates react with the double bond in terminal enyne 758, but for enyne 76 they only
add in this manner when the R group in R,AgMgCl is branched?®’2. In both cases the

R' R
H+ /
/>—cEcH + RyAgMgCl ——®  HC=C=C (179)
\g
(75)
Me Bu/CH, CN
_ ’ HF N e
/ C=CCN + BuyAgMgCl ——» /c=c=c\ (180)
(76) Me H
90%

product on hydrolysis is an allene. Replacing the CN moiety in 76 with SMe or PPh,,
however, results in the formation of allenes regardless of whether the R group in
R,AgMgCl is primary or branched®®®.

Allenes containing a suitably positioned leaving group react with Normant reagents in
an Sy2’ mode (equations 181 and 182). The product obtained, however, depends on the

type of allene employed. For instance, allene 77 gave a 1,3-diene®’%, whereas allene 78
HoC CRERS
X
MeS(O)@CHz—@c=CR2R3 + RCuMgBry ity Ne—c” (181)
A 7R
77n
(MeO) T 2cZeXcH, + RCUMgBr, — ™ & RCH,C=COMe (182)
‘\__/
(78)
R R2
Q 2 XMgCu—?‘
. e
N o/k/k 5 _RMax/CuBr N\>_
>— RS — Sy R
@15 thf . g,
(79) l
R2
R'/\/}\Ri”
R (183)

yielded an alkyne under these conditions*®?. In contrast, alkenes of the type 79 react with
organo cuprates in an Sy2’ fashion to yield (E)-olefins with > 98% stereoselectivity*®! =493,
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3. Ring-opening reactions

It is well established that the ring opening of lactones can be achieved by reaction with
Grignard or alkyl lithium reagents and certain hetero atoms*®*, For fi-propiolactones two
types of ring opening are prevalent using these reagents, giving rise to a mixture of
products (equation 184). Regiospecific ring opening, however, can be attained by use of

0 0]

HO P N (184)
+ rm 1" R OH + HO R

e

0

i r ° /\)J\
+
5 + RyCuMgBr -Lb R OH (185)

Normant reagents (and R,CuLi), with cleavage only occurring at the methylene—oxygen
junction (equation 185). Only one R group is transferred from the diorgano cuprate to the
substrate during the reaction. Substituted -propiolactones react in a similar manner. For
instance, f-lactones 80 and (+)-81 both react with R,CuMgBr to give the expected
carboxylic acid*®**%5 In the latter case the chiral product is obtained with an

0
0
+ Bujcumger —hf_ BY” OH (186)
85%
(80)
0
0
/Cf + (p-toyl),CuMgBr ——» OH (187)
(-8l 60%
0

o R A OH
+ >=</ R (188)
0 £ ( CuMgBr ——— —

enantiomeric excess of 84%. Dialk-I-enyl cuprates also react with S-propiolactones
regiospecifically (equation 188)*°6,

Normant reagents react stereoselectively with f-vinyl-f-propiolactone (82) to afford
(E)-alk-3-enoic acids (83) as the major product (E:Z ratio ~ 8:1). Only trace amounts, if
any, of the expected alk-4-enoic acid 84 were obtained. Evidently the diorgano cuprate
adds to the terminal alkene of 82 via an Sy2 pathway, which results in the ring opening
reaction (equation 189)*°7. A similar reaction has been observed for y-vinyl-p-
butyrolactone and d-vinyl-d-valerolactone with Normant reagents to yield (E)-alk-4-
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0 o]

Al /M
ROUMIBT w0y — > RNy

(82) +

= OH (189)

(84)

and -5-enoic acids, respectively*®®. Although a diminished regioselectivity was

evident (in general the E:Z ratio & 4:1) no other product was obtained. This method has
been successfully employed to prepare (E)-7-oxoalk-3-enoic acids (86) by reacting 82 with

o _NMe, 0 0
| * /”\/\/\/u\
H ]
+ R “
P on
(86)
82) 85) (190)

a bis (dimethylhydrazone) cuprate (85)*°°. A number of examples of lactones reacting with
Normant reagents are listed in Table 8.

Oxiranes can be successfully converted to (Z)-homoallylic alcohols by reaction with alk-
1-enyl-Cu(C=CPr")MgBr (87), obtained by reacting alk-l-enyl cuprates with
1-lithiopent-1-yne**. Both oxirane and 2-substituted oxiranes react with 87 to give the

R H R
OH
AN > < . R')\/\/ (s1)
R CuC=CPr”
gu; 74 —95%
|
(87)
R
0 the ! OH
/ N\ + 87 — 7> RN (192)
RZ R2
82-94%

desired alcohol in high yield (equations 191 and 192)3944!0_ Specific examples are
included in Table 8.
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4. Addition to acyl! derivatives

The direct 1, 2-addition of Grignard reagents to aldehydes or ketones can, in general, be
achieved without the assistance of a transition metal'-®. In view of this, few synthetically
useful reactions have been developed in which transition metals act as stoichiometric
reagents in the 1,2-addition of Grignard reagents to this type of substrate. Two such
examples are the addition of the organo cuprate 88 to acetone and the conversion of enone
89 to the terphenyl derivative 90*°7-4!3, [ZrCp,Cl,] has been utilized as a stoichiometric

(BU'CHpCH==CH==CH,) CuMgBr, + MeCOMe ——=# Bu’CH,CH(CMaz0H)CH=CH,

(88) 62% (193)
0
I R“MgCl
Rl CUC|2
R2
(89) (90) (194)

[CppZrCigd + MeCH=CHCHoMgCl —1f » [Cpzr NN,
+
[CpZZrCI M )]
+
[Cp,zr &) IMgCitnf  (195)
RCHO/H*

OH

~L

reagent in the 1, 2-addition of but-2-enylmagnesium chloride to a number of aldehydes to
give selectively threo homoallylic alcohols*'*. Presumably the Grignard reagent initially
reacts with [ZrCp,Cl,] to give an alkylzirconocene species, which has the coordinated
butene in an E configuration, and this then reacts with the aldehyde to give the observed
product (equation 195).

One of the most intensively studied reactions between a Grignard reagent and an acyl
derivative, with a transition metal salt as a stoichiometric reagent, has been that involving
acyl chlorides. These substrates are capable of reacting with Normant reagents to yield
very hindered ketones which are otherwise difficult or impossible to synthesise
(equation 196)*!3. For example, hindered ketones 91 and 92 can be obtained in high yield
via this method2'%#'5 It is noteworthy that further alkylation of these hindered ketones
can lead to even more sterically crowded compounds (equation 199)?'3, Phenyl ketone 93
can be prepared from the corresponding acyl chloride and a diphenyl cuprate; the product
is an important intermediate in the synthesis of a thienamycin analogue (94)*!®. Similarly,
the acyl chloride 95 [prepared by treating the analogous chiral alcohol (see equation 187)
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with thionyl chloride] can be converted to (S)-( + )-iso-ar-tumerone (96), which can in turn
be isomerized to (S)-( + )-ar-tumerone (97), the latter being isolated with 945/ enantiomeric
excess*03,

R!COCI + RCu-MgX, — RCOR' (196)
Pr,CHCOCI + Et,CCu-MgX, — Pr\, CHCOCEt, (197)
on 77%
Pr’,CCOCI + Pr'EtCHCu-MgX, — Pr'yCCOCHE{Pr (198)
92)
Pr{,CCOCI + Bu'CH,Cu-MgX, — Pr{,CCOCH,Bu'
| 2E1X-NaNH, (199)
Pr',CCOCEt,Bu’
0 O
o]} Pn
N PPy T PneCuMeX N___-PPh,
Y T
CO,R! CORR'
(93)
lA,xylene (200)
Ph
N/
© COLR'
(94) ¢
+ ()\/);CUMQCI EEm—
COCl! (]
(95) X
98%
(96)

HNi > (201

93 %
o7
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In addition to organo and diorgano cuprates, a number of other organometallic
reagents have been used to convert acyl chlorides into ketones. For instance,
[Rh(CO)CIL,] can be used as a stoichiometric reagent in the addition of primary alkyl,
aryl, or allyl Grignard reagents to acyl chlorides (equation 202)*'”. The initial step in the
reaction is believed to be the generation of an alkylrhodium species, to which oxidative
addition of the acid chloride occurs. Subsequent reductive elimination yields the
unsymmetrical ketone. A cobalt(IlI) species has similarly been used to generate ketones
(equation 203)*!8,

Rh(CO)CIL, + RMgX — [RhR(CO)L,]

lmcoa (202)
RCOR! + [RhR(CO)L,] «— [RhR(CI)}R!CO)CO)L,]
58-85%
RI R'

Qe = @gmj@
\o./ (203)
I

R'COMe

5. Displacement of a halide

The reaction of an organic halide with a Grignard reagent, in the presence of a
stoichiometric transition metal reagent, to yield the unsymmetrical coupled product has
long been known'. A more recent example is the reaction of {CH,),,CO,R’ (98) with a
variety of diorgano cuprates to give the expected coupled products in good yield*!®. Alk-1-
enyl cuprates similarly react, not only with simple alkyl halides, but with more elaborate
substrates to give a variety of di- and trisubstituted alkenes. For example, both IC=
CCH,Othp (99)*2° and I(CH,),C=CSiMe, (100)*?! react with alk-1-enyl cuprates to
form enynes. Similarly, alkenyl halides react with the same organo cuprates to give dienes
(equations 207 and 208)*227%2% In the latter case [Pd(PPh,),] was used as a necessary

catalyst®24,
I(CH,),,CO,R! + R(Me)CuMgX — R(CH,),,CO,R" (204)
(98) 54-85Y%,
[ H H H H
+ IC=CCHy0thp —» (205)
Et CuMgBr, (99) Et C=CCH,0Thp
L
[+ SiMes H SiMes
+ ICH,C=C(CSiMez; —» (206)
Pr” CuMgBr (100) Pr?  (CH,),C=CSiMey
L Me 76%
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-R' H N 8 R! H
: : N
+
' . (207)
R CuMgX, R
I H ] H R2 R H
cat. R3
+ - ¥ (208)
R CuMgX, X R3 R
L -] 2
H R
= H ] R H
thf
+ YCN ——» >=< (209)
R CuMgX, R CN
90 -98%

Cyanates of the type YCN (where Y = Cl, PhSO,, or 4-MeC¢H ,SO,) react with alk-1-enyl
cuprates to give alk-T-enyl nitriles in good yields (equation 209)*?*. Interestingly, the
analogous bromo- or iodocyanates, however, add the halide group to alk-1-enyl cuprates
in preference to the cyano moiety*2°,

6. Displacement of a non-halide

In addition to the halide group, a number of other moieties are capable of {ulfilling the
role of a suitable leaving group in these displacement reactions. As previously mentioned,
alkynes possessing an alkoxy moiety in the propargylic position undergo an Sy2’ type of
reaction with Normant reagents, which results in the elimination of the alkoxide to
generate allenes (equation 166, Section IV.A.1). Similarly, allenes containing an
—S(O)OMe group or alkenes having an —Obtz group (reaction 210), in the appropriate
position, react with organo cuprates in either an Sy2 or Sy2' fashion to give 1, 3-dienes or
olefins, respectively, with high stereoselectivity (equations 181 and 183, Section 1V.A.2).
Direct substitution of an —Obtz group from an alkene by an organo cuprate, instead of
initial attack on the double bond, has also been observed (equation 210)*°2. Alk-1-enyl

N
@i\f"/\/\ Bl (210)
Wi/ 65—-85%
-~ obtz
R! H R H
+ PhSCHoNEL, —0f (211)
R CugX R CH,NEL
72 (1o1) e

cuprates similarly react with organic sulphides of the type 101 resulting in rupture of the
carbon—sulphur linkage to give enamines®?”.

The displacement of a dimethylamino group by organo cuprates has been exemplified in
the preparation of alkyl derivatives of spectinomycin (74) (see equation 178 for
structure)3%®,
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?Bz OH H ?BZ QH H
2 o Lo NMep MeN A0 0 R
MeN RCuMgBr,
‘ HY ,, l
HO “0 HO “0
nve G O Ne /OJ\O
|
0Bz /KO OBz o
2 steps
74 (212)

7. Homocoupling reactions

The interaction of transition metal halides with aryl Grignard reagents to give
symmetrical biaryls in good yield is well established’. A recent example is the coupling of
Grignard 102, in the presence of a stoichiometric amount of copper(I) chloride, to give
4,47, 7-tetramethylbis(1-indenyl) (103). The resulting pair of diastereoisomers were
separated and subsequently isomerized to 4,4',7, 7'-tetramethylbis(3-indenyl) (104) by
using triethylamine!'3*. Coupling of alk-1-enyl cuprates can be achieved by heating in the
presence of oxygen (equation 214)*23.

MgBr 90% 90%
(102) (103) (104)
(213)
I RI
A R
2 L »
0, (214)
R CuMgX2 R
H R
54—78%

8. Carboxylation and carbonylation reactions

As previously described, alk-1-enyl cuprates react with carbon dioxide in the presence of
hmpt-P(OEt), to give carboxylic acids on hydrolysis (Section IV.A.1). In addition to
copper(I), magnanese(I1) compounds have also been used as stoichiometric reagents in the
carboxylation of Grignard reagents. For instance, organomanganates, which can be
prepared by reacting manganese(I1) chloride with the appropriate Grignard reagent, react
with carbon dioxide to give the expected carboxylic acid derivative (equation 215)*28,
Interestingly, a similar reaction with alk-1-enyl manganate (105) gave the tertiary
carboxylic acid 106 in good yield; no mechanism was suggested*?®. Pentacarbonyliron(0)
reacts with Grignard reagents, via a carbonylation reaction, to give aldehydes in high
yields on hydrolysis (equation 217). This method has also been successfully used to
prepare RCDO*?°.
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3RMgX ¥ MnCl, — [R;MnMgX] i:—» 3RCO,H 215)
50-86%
Pr” H pr”
| —
CcO
—F P'”—f—/_ (216)
Pr” CHa7% MnMgCi COoH
(105) 71%
(106)
RMgBr + [Fe(CO),] — [RCOFe(CO),] ~5 RCHO @17)

B. Catalytic Reactions

For over 40 years it has been known that copper(I) salts catalyse the 1,4-addition of
Grignard reagents to a, f-unsaturated carbonyl compounds and that cobalt(Il) salts
catalyse the formation of biaryls from the appropriate organic halide and arylmagnesium
derivative382:383-430 - A multitude of synthetically useful transition metal-catalysed
reactions of Grignard reagents with a variety of organic substrates have been discovered. A
number of catalysts have been employed in these organic syntheses, ranging from simple
metal halides to the more elaborate coordination and organometallic compounds. The
main transition metals used are Cu(I), Ni(IT), Pd(II), Co(Il), Fe(I11), and Ti(IV). A review of
copper(l)-catalysed reactions has recently appeared*3!.

1. Addition to alkynes

Although the addition of Grignard reagents to alkynes in the presence of a
stoichiometric amount of a copper(I) halide is well established (see Section IV.A.1), a
number of synthetic reactions of this type have been devised using catalytic amounts of a
transition metal salt (see ref. 358 for a recent review). For example, Grignard reagents add
to prop-2-ynylic alcohols in an (E) mode in the presence of a copper(I) catalyst*32, as
indeed was found using Normant reagents (see Section IV.A.1). Presumably the reactive
intermediate in these reactions is a homocuprate akin to that observed for the
stoichiometric copper(l) reagents. Subsequent hydrolysis of these reaction mixtures gives
the expected alkenols in excellent yields (equation 218)*32, In contrast, if the copper(l) salt

R! R
_ Cul,
RIC=CCHOH + RMgBr —<—® (218)
?
H* H CHzOH
up to 97 %
R2 R CRER3OH
l A (- [Ti
RC=C—C—OH + 2Bu/NgC Smo Ef’/gicpzc' (219)
R3 E H

78—100%
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is replaced by a catalytic amount of dichlorobis(cyclopentadienyl)titanium(IV) then only
Z addition is observed®!. The alkyl group of the Grignard reagent, however, is not
transferred to the substrate. This procedure has been successfully utilized in the
preparation of the monoterpene nerol (107) and (E, Z)-farnesol (108)°'.

2 Bu’MgCl N
n— = >
G C=CCrOn o TTiCa,Cia 220
Mel I OH ( )
95%
(o7
OH
c
il
)
\ iBulMg/Cl[’T‘c C|z']= o @20
mol-%|TiCp
N Mel - I 7
OH
98 %
(108)

[TiCp,Cl,] can also be used to promote the Z addition of Grignard reagents to other
disubstituted alkynes. Again, no transfer of the alkyl moiety of the Grignard reagent is
observed (equation 222)8,

v w
R'C=CR" + Bu'MgCl 3“‘°"°/°'ETJC°2C'2]> >=<4 (222)
H
92—-100%
(108)

Interestingly, although this type of reaction proceeds with high stereoselectivity (96—
100%), a low regioselectivity is observed on deuteriolysis or reaction with iodine®®.

These ‘hydromagnesiation’ reactions (Method E, Table 1, for Grignard syntheses)
involving [TiCp,Cl,] are believed to proceed via a multi-step mechanism, the key feature
being the generation of a highly reactive titanocene hydride (Scheme 1, Section I11.B.2). It is
this species which is considered to add to the alkyne to form a vinyltitanium(I1I) species,
which subsequently transmetallates to Mg by further reaction with the Grignard
reagent®8-93,

(1-Trimethylsilylalkynes also react with the isobutylmagnesium bromide in a Z fashion
in the presence of [TiCp,Cl,]. Both high stereoselectivity (above 94%) and high
regiospecificity (95%) was observed, although the nature of the latter was dependent on R
(equations 223 and 224)®8 Treatment of alkyne 109 with ethylmagnesium bromide in the

R SiMes
4 mok-% [TiCpsClal =
[ -
(R=Bu") H £

RC=CSiMes + Bu’'MgCi (223)
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R SiMe
4mol-%[TiCp,Cly)
(R=Ph) * (229)
E H

Hex”  SiMeg
. _ j
Hex"C=CSiMe+ Etvger —LNCa0I-BugAH, (225)
10 mol-%%(1:1}
(109) EY H E

presence of bis(acetylacetonato)nickel(Il) and diisobutylhydridoaluminium(III) (1:1,
10 mol-%) gave preferentially the Z isomer in 58-65%; yield (959 stereoselectivity). The
reaction is believed to proceed via an ethylnickel species, which rapidly undergoes f-
hydride elimination to form a nickel hydride. It is this species which adds to the substrate
followed by transmetallation to magnesium (cf. [TiCp,Cl,])*33. Although the addition
occurs only in the presence of the aluminium species, its role is not clear.
Methylmagnesium bromide similarly adds to (1-trimethylsilyl)alkynes when using
[Ni(acac),] and trimethylaluminium(III) (1: 1, 10 mol-%) as the catalyst, but the methyl
group is now transferred to the substrate. Primarily Z addition occurs, but the
stereoselectivity was generally lower (85~95%) (equation 226)*33. Enol 110 can be isolated

: ] iMey Hex” E
] Ni(acac)z ]- Mez Al
NC= 3
Hex"C=CSiMes + MeMgBr O mol- (1)
E

Me SuMe3
(£)
(226)
SIM63
RCH,CZCSiMes + MeMgBr —acad) I-MegAl OH
10 mol-/ (I:1)
oxirane S|Me
(52-3%) 7%
(110)
(227)

in 52-639%, yield using this procedure, the products being separated by chroma-
tography*3*. It is noteworthy that the Z product slowly isomerizes to the E form in
solution and is believed to be catalysed by the nickel(IT) species*?3.

The synthesis of allenes or dienes from alkynes containing a suitably positioned leaving
group, via an Sy2' type reaction with a Grignard reagent, can be achieved by using
stoichiometric copper(l) salts (Section IV.A.1) or indeed in the presence of a transition
metal catalyst. For instance, copper(I) halides have been used to catalyse the addition of
Grignard reagents to alkynes 111, 112, and 1144357437, Both 111 and 112 give rise to
dienes, the latter being a useful precursor to 3,4-di-tert-butylthiophene (113)*36. Alkyne
114 is stereoselectively converted into an allene**”. f-Ethynyl-B-propiolactone (115)

HZC\ //CH2
-0
MeOCH,C=CCH,OMe  + 2RMgBr '—Courg-"r—'—/—> S (228)

(nn R R
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Bu’ Bu
H-C CH>
Bu’MgClI AN 7 CHCl / \
ICHoC=CCH 2 — PASAY S
CICHL=CCHC — 5 oo ’/C C\ SCls S (229)
nz) CuBr Bu Bu’ 3
. R\ /R2
MeOC(RXR')C=CR? + R3MgBr % /C=C=C\ (230)
ugr
(14) R R3
60-94%
R\ /H 0
2mol-%
= X =C=
HC C—<>=o + RMg " /c C C\)j\ (231)
0 H OH
(ns)
Pe” H
ts) + Pe”MgBrM \C—C—/ 9
Cul / \)J\OH
H
90%
(232)
3 Steps
o P
/\/\/\/\)kNH/\(
93%
(ne)

similarly reacts with Grignards in the presence of copper(l) iodide to afford alka-3,4-
dienoic acids in high yield and with high regioselectivity. This procedure has been utilized
in the synthesis of the insecticidal compound pellitorine (116)*38. The mechanism of these
copper(I)-catalysed reactions is believed to proceed in a comparable fashion to that
observed for the additions utilizing stoichiometric copper(I) reagents (see Section IV.A.1).

In addition to copper(I) catalysts, both iron(IlI} and palladium(II) compounds have
been effectively used in the synthesis of allenes from alkynes (squations 233 and 234)*39-:440,
Stereospecific addition (99%) occurs in both cases, the active catalytic species being an
iron(l) or palladium(0) compound, respectively. The former catalyst is believed to arise

from the facile reduction of FeCl, by the Grignard reagent*3°.
(|:I FeCl R,l\ /Rs
RIC-C=CR® + RMgX —="2» T=C=( (233)
: AN
L2 R® R
70-90%
¢ R! H

Pd{PPhy),Cl J
[PatPPhg)aCly), =c=c (234)
BubAIH(I:1), 4 N

2
R2 10 mol- /s R R

|
R'cl—cECH + RMgX
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2. Addition to aikenes

The 1, 4-addition of Grignard reagents to a, f-unsaturated carbonyl compounds in the
presence of a copper(l) catalyst has been the subject of two thorough reviews by
Posner382-383 where numerous examples of this type of reaction were tabulated. Two
current examples which exemplify the 1,4-addition reaction are shown in equations 235
and 236*41:442 In the latter example, the acetal Grignard reagent 117 adds to the cyclic
lactone 118 with copper(l) bromide as the catalyst, to give the expected 1,4-addition
product, but on acid hydrolysis annulation occurs to yield the bicyclic compound 119442,
This procedure has been utilized in the synthesis of the naturally occurring tricyclic
sesquiterpenes ( + }-isocomene (120) and ( & )-siliphene (121) (equations 237 and 238)%43-444,

The reaction of cyclohex-2-enone with the Grignard reagent of 2-bromo-3-
(trimethylsilyl)propene, in the presence of copper(I) iodide, also gave the expected 1, 4-

+ MeMg —Omol-e ¢/ (235)
Cu [,
o)

o}
78%
° o}
+ 25m0|-°/o
R NHZT
(CH2),MgX (C“Z)'"
(n=2-4) (m=2 or3) 70- 87%
(118) (IFg] H+ (236)
(Cl-’i;—pa“z)
45 89%
ns)
o]
OJ et
o+ mm LB, 0 —Istepsy (237)
(m=2)
68% +)-120]
+ 07 c“:?' (238)

(m=2)
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0 0

SiMe .
N /( SrSSII— /o
= MgBr SiM63

88% (239)

EtAICI
OH j 2

SI%
(122)

addition product, this being subsequently converted into the bicyclic compound 122445,
Stereoselective 1,4-addition has been observed in the reaction of aryl and tert-butyl
Grignard reagents with enonate 123 in the presence of a catalytic amount of copper(l)
iodide. Only products with the p-manno configuration resulted from this asymmetric

[CIHCOZE' CHCOsEt
|
(|:H RC[H
Me
O=CH M o=CH /
SFE M oo el e
CH\(I)\ Me + RMgX —CUI_O. CH~ (240)
CH ~O><Me ClH—O Me
l — Me | ><
CH,—0
CHz~0 Me
(123) 89 %
-/Ph
S
Hun, + BzMgCl %TC—I» H“ﬂ (241)
0”7 g ' 07 0
(124) 68.5%

synthesis**®. The chiral lactone 124 undergoes a similar reaction with benzylmagnesium
chloride to give selectively the (E)-1,4-addition product®?*®,

In addition to «,B-unsaturated carbonyl compounds, a number of other olefinic
substrates have been found to undergo addition reactions with Grignard reagents in the
presence of a transition metal catalyst. For instance, alk-l-enes react with n-
propylmagnesium bromide, using TiCl, as catalyst, to give predominantly the primary
Grignard reagent 125. The same substrates undergo an analogous reversible exchange
reaction with a variety of Grignard reagents (having a relatively labile hydrogen atom on
the f-carbon) in the presence of nickel(Il) chloride, again to give preferentially primary
organomagnesium compounds**’. As previously mentioned in Section I11.B.2, an irrever-
sible reaction occurs on reacting Pr"MgBr, in the presence of dichloro-
bis(cyclopentadienyltitanium(IV), with 1,3-dienes or styrene to yield allylic or a-
phenylethyl Grignard reagents, respectively (equations 49 and 243)°*. The exchange
reactions involving catalyst [TiCp,Cl,] presumably proceed in a similar fashion to that
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outlined in Scheme 1, Section I1.B.2, while the mechanisms of those involving TiCl, or
NiCl, have been adequately covered in an earlier review**”.

Pr"MgBr + RCH=CH, == RCH,CH,MgBr (242)
(125)
= MgBr
iCpoCi
PeMgBr ace0gl, (43)

For over a decade it has been known that some allylic alcohols react with certain
Grignard reagents, in the presence of a catalytic amount of dichloro-
bis(triphenylphosphine)nickel(I), in an Sy2 mode to give substituted alkenes**’.
For instance, a-phenylallyl alcohol (126) reacts with methylmagnesium bromide, using
[Ni(PPh,),Cl,] as catalyst, to yield only the E-conjugated olefin (reaction 244). In general,

Ph H
PR o (1) [Ni(PPh3),Cl5)
Ph(IZH—.\C—H/— CHy + MeMgBr ———L—b(z) T (244)
(9” H CHyMe
(126) 75-87 %

however, these reactions are not completely stereospecific**”. Moreover, most allylic
alcohols under the above conditions undergo direct substitution of the hydroxy group by
the Grignard reagent with no apparent participation of the double bond (see
Section IV.B.4). Some allylic alkoxides also react with Grignard reagents via addition to
the double bond, followed by elimination of the alkoxy moiety, in preference to direct
substitution of the said group. For example, the allyl ether 127 was converted selectively
(100%) to alkene 128 using n-heptylmagnesium chloride in the presence of copper(I)

o . Oct” Me
> M+ Heptmgcl 200 >:< (245)
H Me
(12mn 70%
(128)
XMg OEt
_ 5m01-°/o
CHp=CHC(OEN3 + RMgX —7or
(129) RCH2  OEt
lH"' (246)
RCHpCHaCORE
66-76%
030)

bromide**®. The same mode of addition was presumed in the reaction of Grignard
reagents with the triether 129 as only the ester 130 was isolated on hydrolysis**°.
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3. Ring-opening reactions

As previously stated in Section IV.A.3, the regioselective ring opening of [-
propiolactones can be achieved by using Normant reagents or R,CuLi. The use of
Grignard reagents in the presence of a copper(l} catalyst, however, have also proved to be a
success in this role. For instance, §-propiolactone reacts with a variety of Grignard
reagents, with a copper(I) halide as catalyst, to give the expected alkanoic acids in good
yields (equation 247)*!'. Racemic B-methyl-S-propiolactone (81) was converted into

o}
{Omol- %
+ RMgX CUT. RCH2CH2COH (247)
0 82-86%
° )\/\/ /‘\/\/k/ﬁ\
MgB 2mol-%
T At zm, N on
o) u
900/0
(81) (131)
(248)

HOL,C
m ] q
o)

0}
3mol-%
J ] + CIMg(CH,), (CH2)6><H —T—I—’
—0 "/ Y H (CH<)4 (CHZ)GXH

80 °/O

H)<(CH Ja (CH,)gCHO

—/

(133)

(8)-(-) 81 (i32)

(249)

citronellic acid (131) by using this method®!2. Optically active (R)-( + )-(131) was similarly
synthesized from (R)-( + )-(81)*°%, the enantiomer of which was reacted with Grignard 132
in the presence of Cul to give the precursor to the sex pheromone trogdermal (133)*°°.

Grignard reagents also add stereoselectively to the double bond of f-vinyl-g-
propiolactone (82), which initiates the ring opening of the lactone via an Sy2’ pathway to
yield primarily (E)-alk-3-enoicacids (E:Z ratio ~ 9:1)(equation 250)*°”. Copper(I) halides

(o] (e}
v awge 2m%y o~ o~ o
e 1) Cul
70-96%

(82)
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2 mol-% /\/\j\
2 Bt 251
xA * MoMeBr e T+ ow B

0 0 87 %
(134)

& 0. 0
0 0 (CHyp) ><H
+ CIMGICHp >y ———— HOC(CHaly N 28
XS0 N 95%

(135) (136) (137)
(252)

are used as catalysts in these reactions, or indeed Normant reagents can be used as
stoichiometric reagents (see Section 1V.A.3). Both y-vinyl-y-butyrolactone (134) and &-
vinyl-é-valerolactone (135) react with Grignards in a similar fashion, in the presence of a
copper(I) halide. Methylmagnesium bromide adds stereoselectively to 134 to generate (E)-
hept-4-enoic acid (E:Z ratio = 92:8)*%8, while 135 reacts with Grignard 136 to yield solely
the (E)-carboxylic acid 1374%°. In general, however, the regioselectivity of these reactions
involving 134 or 135 is lower than that observed for the related §-vinyl-8-propiolactones.
Interestingly, the previously mentioned f-ethynyl-g-propiolactone (115) reacts both
stereo- and regioselectively with Grignard 138 in an Sy2', mode to generate the allene
139, which is the precursor to the antibiotic A26771B (140)*5'.

Othp OH
| H
omc O+/k (hCul )\ \c=c=c/\[rOH
(CrpgMgar  ,Co (CHy)g™ i
(139)
(15) (138) 5steps
(0]
! \[(\/[LOH
0
0
(140) (253)

Oxiranes react with a variety of Grignard reagents in the presence of a copper(I) catalyst
to generate the ring-opened product. For instance, monosubstituted oxirane reacts with

R .
R’\\—7 10 mol-%. 3
mol-"/e
—
5 + RMgX CuBr, \—< (254)
H* OH
81—95 %
R MgBr R’ sin
1=, e
/e L A YU sy
= H+’ OH

82-85%
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R
10 mol-%
+ RMgX ———» 256
H+ QM

58-86%

@ 10 mol- %/
mol~ %,
— Cul (257)
MgBr
400/0
(+H)-142]
R
0 OH
(143) 50~75%

Grignard reagents to yield alcohols®2!, while reaction with the Grignard derived from 2-
bromoallyltrimethylsilane gives enols (equations 254 and 255)32°®, Cyclohexane oxide
undergoes a similar reaction with Grignard reagents to generate Z-products stereospecifi-
cally (equation 256)*2*. This overall ring-opening procedure has been adopted in the
conversion of the oxirane 141 into isomarrubin (142)32°¢, Interestingly, the cyclic ether 143
similarly reacts with certain organomagnesium derivatives to yield the expected
alcohols3?!,

In addition to lactones and oxiranes, other small-membered ring systems can undergo
ring-opening reactions by reaction with Grignard reagents in the presence of a copper(I)
halide catalyst. 1, 1-Bis(benzenesulphonyl)cyclopropane (144), for instance, reacted with n-
butylmagnesium bromide to give the ring-opened product'?’, while l-phenylsulph-
onylbicyclobutane (145) was converted stereospecifically into the cyclobutane 146 on
reaction with methylmagnesium bromide in the presence of copper(l) bromide*32.

1,1-(SOzPh)scyclopropane

n
” 10mol-% Bu S0zPh
+ BUMeBr —yEaEr so.Ph (259)
PhO,S SO,Ph

@)MeI Me
(144) 82%
6 mol-%
phsozé + MeMggr —T0——» Ph502$ Me
(260)
(145) 85%

(146)
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4. Addition to acyl derivatives

The reaction between Grignard reagents and acyl chlorides to give ketones, in the
presence of a copper(I) catalyst, has been known for some time**3, In the past decade,
however, few synthetically useful reactions involving an acy! derivative and an organo-
magnesium halide being coupled in the presence of a transition metal complex catalyst have
been reported. Ketones have been shown to undergo 1, 2-addition by Grignard reagents in
the presence of a catalytic amount of dichlorobis(cyclopentadienyl)titanium(IV)
(equation 261)** A similar reaction was observed for esters, but here the addition
reaction was followed by the elimination of an alkoxy group to generate an alcohol again
(equation 262)*33. The distribution of products in these reactions was found to be
dependent on the amount of [TiCp,Cl,] used, but it is noteworthy that most acyl
substrates which undergo 1,2-addition by Grignard reagents (or lithium reagents) do so
fairly effectively in the absence of a catalyst.

R!COR? + RMgX “”Z‘;:’,C"] R'RR2COH (261)
> 83%

R'CO,R? + 2RMgX —*%L, RIRCHOH (262)
74-94%

5. Displacement of a halide

The cross-coupling reaction between organic halides and organomagnesium halides in
the presence of a nickel salt (equation 263) has been known for over half a century and has
recently been the subject of an extensive review*’S. In these reactions the catalyst is

R'X + RMgX 2o MO | piR 4+ MgX, (263)

normally a [NiCl,L,] complex, [ Ni(acac),] or another Ni(Il) or Ni(0) salt. For the former
L is invariably a phosphine ligand with bidentates generally being more active than
monodentate ligands. The most frequently used diphosphine is bis(diphenyl-
phosphino)propane, while triphenylphosphine shows the highest activity of the mono-
dentate tertiary phosphines®3S,

An example of the nickel-catalysed cross-coupling reaction is the addition of both alkyl
and aryl Grignard reagents to alkenyl halides. For instance, trimethylsilylmethylmag-
nesium chloride adds stereoselectively to alkenyl bromides**’, n-butylmagnesium
chloride to 1,2-dichloroalkenes**8, and phenylmagnesium bromide to the bicycloalkenyl

Y ; ,

AN+ MesSiCHMCI [N'g'm:lfifn' Mo~ SiMes  (264)
[Ni(PPh4) Bu? .

O~ + BuMNgCI ——=—>|Omol_;2' Al (265)

. Ph
€l + PhMgBr —[r‘%ﬁ—)ﬁ]#b ®/ (266)

(147)
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chloride 147*%° (equations 264-266). Interestingly, a different nickel catalyst was em-
ployed in each case. Alkyl and aryl Grignard reagents also react with a variety of aryl
halides in the presence of a nickel catalyst to give the cross-coupled product. For instance,
methylmagnesium bromide adds selectively to 2-chloropyridine*¢?, phenylmagnesium
bromide to chlorophenyl alkyl sulphides*S', and 4-methylpent-3-en-1-ylmagnesium
bromide to 3-methyl-6-chlorobenzofuran (equations 267-269)*¢2, The last reaction yields
furoventalene (148), which is a marine natural benzofuran. Allyl and some vinyl Grignard
reagents are also known to couple with organic halides*3S.

@\ + MeMgBr [NiCI(Z;Sz)(PPh3)]2= [\/l\ (267)
N C N Me

1
SR
+ PhMgBr [NiCtherhn)gl @ 268)
cl Ph
w
/K/\/Mgar + Ny [INiCldeppl] | A 0
Cl Y

cat.
(148)

SR

(269)

Nickel catalysts containing an optically active phosphine ligand have been used
extensively in the asymmetric cross-coupling of a racemic Grignard reagent with an
organic halide**%*63. To date, the best optical yields have been obtained using vinyl
bromide and a chiral Grignard reagent, the highest attained being 94%; e.e. in the synthesis
of 3-phenylbut-1-ene (equation 270)*5*. Here a nickel(Il) complex of (R)-(—)-1-
dimethylamino-1-tert-butyl-2-diphenylphosphinoethane (149) was used as catalyst. Opt-
ical yields of 66—75%; were obtained for p-substituted 3-phenylbut-1-enes in the presence of
similar catalysts (equation 271)*6°-46 Thus far, however, the optical purities are generally
< 509436,

[Ni(149)Cl;]

Ph(Me)HCMgCl + CH,—=CHBr ——— ", PhCH(Me)CH=CH, (270)

[Ni(150)C12]

p-RC¢H ,(Me)HCMgCl + CH,=CHBr ———— , , RC,H,CH(Me)CH=CH,
(271)
R = Me, Bui, or Ph
Bu’ 3
MeoN Pphz MesN PPhy
(149) (150)

R'=Bz,Pr{BuPh,Cy,or Bu’

The mechanism of the coupling reaction is not known, but a discussion of the
mechanistic considerations can be found in a recent review*>¢,
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Both nickel(II) and palladium(IT) catalysts have been successfully used in the cross-
coupling of aryl- and n-butylmagnesium bromide with (E)- or (Z)-1-bromo-2-
phenylthioethene (equation 272). The stereoselectivity was higher than 99 for the E-
isomers and in the range 95-98%, for the Z-isomers, with an overall yield of 70-100%,457,
The displacement of thioalkyl groups is discussed in Section IV.B.6. Similarly, nickel(0)

[NiClx(dppe)]

BrCH=CHSPh + RMgX ———2&——=—# RCH=CH SPh
[PdCIxAPPh3),)
R'MgX,Ni cot.
(272)
R =Bu", I-naphthyl, Ph or Ph(Me)CH RCH=CHR!
70-100%
R H R! H
i(PPh
>=< + MegSiCaMgc MPPNSa], >———<' (273)
R2 I [Pa(PPh3),] 22 SiMex

and palladium(0) catalysts have been used in the cross-coupling of trimethylsilyl-
methylmagnesium chloride with alkenyl halides (equation 273). Again, good stereo-
selectivity (> 98%) was attained*s8,

As for nickel, both palladium(0) and palladium(II) catalysts having phosphine ligands
have been utilized in the coupling of Grignard reagents with organic halides, but to a much
lesser extent. For instance, bis(triphenylphosphine)iodo(phenyl)palladium(Il) catalyses
the reaction of 2-phenylethyn-1-ylmagnesium bromide with iodobenzene*$®, while
tetrakis(triphenylphosphine)palladium(0) catalyses the addition of 2-methylethyn-1-
ylmagnesium bromide to alkenyl iodides with 97% or more stereoselectivity
(equations 274 and 275)*7°.

PhC=CMgBr + PhI (PIT(Ph)(PPh3)e] PhC=CPh (274)
84%
R! ] J C=CMe
>=—\ + MeC=CMgBr M» \(_ (275)
2 RZ
R I 80-83%
e [P(PPhz),] W
Pd(PPh3)
+ A ey, 276
S rl PN (276)
Me N Me H
/ N
c=c=c{_ + RMgx [PdCl(PPhsle) c=c=c< 277)
. Br BuzAlr?I,:IT).Bmol— A Me/ R
51 R= Oct” 98%

R=Tol 67 %
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Palladium catalysts also provide a convenient route for the synthesis of 2-substituted
buta-1, 3-dienes as they effectively catalyse the cross-coupling reaction of 2-(buta-1, 3-
dienyl)magnesium chloride with aryl iodides (equation 276)*7'. Stereoselective (99%)
coupling has also been observed in the reaction of the allenyl bromide 151 with Grignard
reagents**0.

As previously mentioned (Section IV.A.5), pailadium catalysts have been used to couple
organic halides with organo cuprates, an example being the cross-coupling of alk-1-enyl
cuprates with alkenyl halides in the presence of tetrakis(triphenylphosphine)palladium(0)
to yield dienes (equation 208).

In addition to nickel and palladium, the other major catalyst which has been used in
Grignard cross-coupling reactions is copper. Both copper(I) halides and Li,[CuCl,]*72
have been used extensively in this role. A number of these reactions have appeared in a
review*?!. A variety of both alkyl and aryl Grignard reagents have been shown to couple
with a range of organic halides in the presence of a copper catalyst. For instance, the
Grignard reagent 152 reacts with 1,4-dibromobutane and the aryl Grignard 153 with a
range of alkyl iodides to give the expected coupled products*3%-473 Stereospecific addition
reactions of this type have been utilized in the synthesis of 154, which is a precursor to
(+)-lactaral (155)*7*, and in the preparation of (—)-a-cis-bergamotene (156)*”°. 2-(Buta-
1,3-dieny)magnesium chloride has been successfully coupled with n-octyl halides, both

(\é + Br(Chysr ——2lCuCidl m (278)
O></\ 245" mol-% o><o
H MgBr H (CH2)eBr

(152) 86 %
MeO MeQ
Macl + RT —ci2lCuCla] R (279)
| mol-"%
MeO MeO
(153)
66—-74%

S mgCl
0 A Liz[CuClq]
= K { mol-%
Othp Othp
75%
(154)

(280)
12 steps

[(+)155]
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I =
+ (N et (281)
CiMg
[(=)156]
MgCl . R
)\/ + RX erE(;:JCM]. )\/ (282)
N ‘ NP
60-95%

alkyl and aryl dihalides, and haloesters in the presence of a copper catalyst to yield 2-
substituted 1, 3-dienes (equation 282)*7¢.

Although copper, nickel, and palladium catalysts are by far the most widely used in
coupling reactions of Grignard reagents with organic halides, other transition metals have
had limited success in this role. For instance, tris(dibenzoylmethido)iron(III), {Fe(dbm);],
catalyses the coupling of aryl Grignard reagents with alkenyl halides*””, while iron(IIT)
chloride has been successfully used in the coupling of ethenylmagnesium bromide with 157
(equations 283 and 284)*78, The reactive catalytic entity in these reactions is believed to be
an iron(l) species formed by the facile reduction of the iron(IIl) precursor by the
organomagnesium compound®3?,

Ph H Ph H
7
0.5—1.0mol-%
— + RMgX ———— " p —
g [Fe(dbm)3] (283)
H Br H R
75-100%
FeCl
+ CH,=CHMgBr _—}» ﬂz (284)
1s7) o' 62%

=~ "N Br Me
+ MeMgBr &%ﬂ“iﬁ» (285)

Similarly, dichlorotris(triphenylphosphine)ruthenium(Il} catalyses the stereospecific
addition of methylmagnesium bromide to a-styryl bromide (equation 285)*7°.

Further examples of halide displacement reactions using transition metal catalysed
Grignard reagents are given in Table 9.

6. Dispiacement of a non-haiide

Grignard cross-coupling reactions are not confined to organic halides but have been
reported for a variety of organic alcohols, ethers, sulphides, selenides, and silyl ethers.
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Examples of nickel-catalysed reactions of this type have appeared in a review*%5, as have
copper-catalysed coupling reactions3¢643!, Allylic alcohols, for instance, couple with both
alky! and aryl Grignard reagents in the presence of nickel(II)**¢ or palladium(11)*°2
catalysts (equations 286 and 287). Interestingly, alcohol 158 reacts with n-

A OH o pnenpmger MCEEPhsR] o AN e, (286)
S0 %
A~ O+ RCH(MeIMger (9Ck2(deRt] R/l\/\ (287)
R=Ph 91%

R =Hex"95%

(CH;),Me
OH Lip[CuClg]
I + Pe"MgBr —Z—f—b l (288)
(CH2)|2Me 17 mol-°/

(CHp)oMe

(158) 95 %
(159)

pentylmagnesium bromide in the presence of a copper catalyst to yield muscalure (159),
the sex pheromone of the housefly, in high yield**?.

A variety of allylic alkoxides are known to couple primarily with alkyl Grignard
reagents in the presence of a copper catalyst*¢643!_ For instance, methyl hept-2-enyl ether
reacts stereospecifically (99%) with n-heptylmagnesium chloride in the presence of
copper(l) bromide to give the expected coupled product (equation 289)*#8. Similarly, the
allylic acetate (160) coupled with phenylmagnesium bromide, using Li,[CuCl,] as
catalyst, to give the enyne (161) in 70% yield*®4, while (E)-but-2-eny! acetate added to n-
butylmagnesium bromide under similar conditions (equations 290 and 291)*9%. Certain

Bu? 5mol-% n n
u\/\/OMe + Hept”MgCl _CF—. Bu\/\/Hept (289)
65 %
Me Me

>—\—OAC + Phmger —3mo=% >—\>Ph (290)

///o Lin[CuClg] d//o
z@ (160) s (s
\/\/OAC + Bu”MgBr M—& SN (290
88%
A 0Ph + PhMgBr INiCIPPh3)] L A~ pn (292)

OMe Ph
+ PhMgBr M‘zm (293)
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alkoxides also couple with Grignard reagents in the presence of a nickel(Il) catalyst. For
example, ethenyl phenyl ether and 2-methoxynaphthalene both react with phenylmag-
nesium bromide, using dichlorobis(triphenylphosphine)nickel(II) as catalyst, to give the
expected coupled products*?S.

Silyl ethers can couple with organomagnesium halides in the presence of a nickel(II)
catalyst. For instance, but-l-enyl trimethylsilyl ether adds to phenylmagnesium
bromide*®”, while the silyl ether 162 couples with ethylmagnesium bromide in the
presence of a catalytic amount of [NiCl,(PPh,),] (equations 294 and 295)*°8.

U\ OSiMes + PhMgBr INICIAPPh3)pl, NP (294)

@"% e My 2EtMgBr @ sy
[ \_—0SiMes Ssiv INICiz(PPh3);] : T\
5 :\ iMex =\
(162) 42°%

(295)

Allyl, aryl, and alkenyl sulphides can be coupled with both alkyl or aryl Grignard
reagents by using nickel(11) catalysts. For example, isopropyl allyl sulphide couples with
phenylmagnesium bromide and diene 163 with methylmagnesium bromide, using
[NiCl,(PPh,),] as catalyst (equations 296 and 297)*°°:33°®_ The alkenyl disulphide 164
reacts with ethylmagnesium bromide stereoselectively to yield an alkenyl sulphide,
which can further couple to methylmagnesium bromide, generating a trisubstituted
alkene®®?. In both steps dichloro[ bis(diphenylphosphino)propane]nickel(IT) was utilized

s i Ph

(296)
99 %
7 : Z
O\/( + MeMgpr NiCl2(PPh3)a] O\/( (297)
ZNspn Me
78%
(163)
EtS oh EtS Ph Me Ph
>=<7 EtMgBr MeMgBr >=<‘
NiCla(dppp)] [NiCix(dppp)]

EtS H Et H £t H

(164) 85 % 66 %
(298)

@ + Pavger R, @ (299)
SMe Ph

as a catalyst. The same catalyst was similarly used to promote the coupling of
phenylmagnesium bromide to 2-thiomethylpyridine (equation 299)%°!.
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Alkyland allyl sulphones are known to couple primarily with alkyl Grignard reagents in
the presence of a copper catalyst. For example, allyl phenyl sulphone couples with n-
hexylmagnesium bromide while the cyclopropyl disulphone 165 reacts with two
equivalents of ethylmagnesium bromide, using bis(acetylacetonato)copper(Il) and
Li,[CuCl,], respectively (equations 300 and 301)*°5:3°2, The Grignard reagent 166
similarly couples to sulphone 167 in the presence of Li,[CuCl,]3°3. Both nickel(IT) and
iron(I11) catalysts have been effectively used in the cross-coupling of phenylmagnesium

OS(O)Ph 4+ Hex"MgB LOI'.:/"_, Hex”
P avd exaEr [Cu(acac),] s (300)
85%
H H CHyOtos W H CHzOtos
H + 2EtMger —L2lCuCla] (301)
H H H
CHZO'OS CHzofOS
(185) 79%,

+ )J\/\Mgcl (l)Liz[CUCIq]

)H*
(166)
(167)

(302)

Me H Me H
+ Phmger [Nifococle] >=< (303)

Me 0S(0)Bu’ Me Ph

H Me H Me
+ Phgar elocacls] >=< (304)

Me 05(0)Bu’ Me Ph

60 %

bromide with alkenyl sulphones (equations 303 and 304)>*“®, the latter example
proceeding with complete stereospecificity.

Allyl and alkenyl selenides undergo a coupling reaction with alkyl and aryl Grignard
reagents in the presence of [ NiCl,(PPh,},] or [NiCl,(dppp)]. Allyl phenyl selenide, for
instance, and hex-1-enyl phenyl selenide both react with phenylmagnesium bromide to
yield the expected coupled product (equations 305 and 306)3°4,

Ph 305
~_-SePh + pPhvger —2b g AT (09
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Bul Bu”
N Nseph + PhMger —t @ T N NPn (306)

A variety of Grignard reagents are known to couple with allyl phosphates using
copper(I) bromide as catalyst For instance, ethynylmagnesium bromide couples with the
alkenyl phosphate 168 to give the expected product in 85%, yield*°%. Trimethylsilylmethyl-
magnesium chloride similarly couples to cyclohex-1-enyl phosphate (169) in the presence
of bis(acetylacetonato)nickel(1l), or with alkenyl phosphate 170  with

tetrakis(triphenylphosphine)palladium(0) as catalyst*2°.
Bu” H Bu” H
>=<7 ® HC=CMgBr “_’C":l‘;——';—%—> >=<_ (307)
Bun OPO(OEf)z Bu” C=CH
(168)
SiMes
Q—OPO(OEt)z + Me,SiCHaMgC| Nitacaclp] <:/>—/ (308)
(169) 81%
Me OPO(OEt)2 ratp ] Me SiMe,
+ MezSiCHaMgCl —PalPPhsls’, >=<i (309)
H Ph H Ph
(170) 78 %

Further examples of transition metal-catalysed Grignard cross-coupling reactions with
organic substrates other than halides are given in Table 10.

7. Addition to nitrogen heterocyclic aromatic compounds

Although Grignard reagents are known to react with nitrogen heterocyclic aromatic
compounds, few synthetically useful reactions of this type have been unearthed.
Organolithium compounds are generally found to be more reactive and more regiospecific
than their magnesium counterparts in this role (ref. 8, pp. 15-18). Recently, however, the
regiospecific addition of transition metal-catalysed Grignard reagents to nitrogen
heterocyclic aromatic compounds has appeared in the literature. For instance, 4-
substituted pyridines can be prepared from 1-acylpyridinium salts by treatment with the
chosen Grignard in the presence of copper(l) iodide, followed by aromatization
(equation 310)*78, Regiospecificity of the addition reaction was 99.1% using n-
butylmagnesium bromide and 100% for cyclohexyl- or phenylmagnesium bromide. The
intermediate 1-acyl-4-substituted-1,4-dihydropyridines can also be converted to 2,4-
substituted pyridines (equation 311)°7, Interestingly, 2,4, 5-trichloropyrimidine under-
goes selective addition to the unsubstituted position by phenylmagnesium bromide in the

RMgX
@ 5mol %%Cul m Q (310)

e

7 N
COR' COR 62-77%
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Bu”
H Bu”
"BumgC ) ek, 11
—_—
5mol % Cul N (i) BU®Li )
N7 G E™, [O] E
cr | ’ 70-85%.
COPh COPh °
95 °/D
cl Cl
Néj/ PhMgBr /Ej; NQ (312
NiCl(d /k
/kN “INiCidppp)] (dppp)) c cl
H 84°%
82%
arn
OSIM83
Me3SiO Et
BrM ¢ H*
JOIE s @ R
Me3SiO Q7 N
Si
Me
(72) 3 (73)

(313)

presence of a nickel catalyst to yield dihydropyrimidine (171)273. Subsequent treatment of
(171) with triethylamine gave 2,4-dichloro-6-phenylpyrimidine in good yield. Similar
treatment of halopyrimidine (172) with ethylmagnesium bromide in the presence of a
nickel catalyst, however, resulted in attack of the 4-position. Acid hydrolysis of this
intermediate gave rise to the ring-opened product 173398,

V. ORGANO-BERYLLIUM, -CALCIUM, -STRONTIUM, AND -BARIUM
COMPOUNDS IN ORGANIC SYNTHESIS

This section is primarily concerned with the role of organo-beryllium, -calcium,
-strontium, and -barium compounds in organic synthesis. To date, however, little
attention has been focused on this area for reasons outlined in Section 1. For ease of
discussion, this section has been divided into two parts, the first on organo-calcium,
-strontium, and -barium compounds and the second on organoberyllium reagents. In each
sub-section a description of synthetic methods used to prepare the organometallic
compounds precedes the discussion on reactivity.

A. Organo-calcium, -strontium, and -barium Reagents

The organometallic chemistry of calctum, strontium, and barium has been extensively
covered in a recent review (ref. 7, pp- 223-240). Surveys of the field have also appeared in
two textbooks?® and in another review over the past decade’°®. Of the three elements, the
organometallic chemistry of calcium has been investigated in the greatest detail. Both
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organo and diorgano derivates have been prepared for all three elements, but only the
organo halides have made any contribution to organic synthesis. In view of this only the
synthesis of organo-calcium, -strontium, and -barium halides will be covered in this
chapter.

1. Synthesis

The halogenoorganometallic derivatives are usually formulated as M(R)X (M = Ca, Sr,
Ba; X =Cl, Br, I) and, as is the case for the analogous Grignard reagents, the actual
constitution is generally not clear. The usual method of preparation is the direct
interaction of metal with organic halide in a suitable solvent in a manner similar to that
employed for their magnesium counterpart (equation 314)”.

M + RX — M(R)X (314)

In a typical experiment the organic halide, dissolved in tetrahydrofuran, is added
dropwise to a stirred solution of finely divided metal suspended in the same solvent. For
calcium, the purity of the metal has been found to greatly influence the yield of the resulting
organometallic species. The best yields have been obtained using calcium containing
0.0019% Na and 0.49%, Mg7-3!°_ Activation of the metal is generally not necessary when
using n-alkyl iodides, but for other substrates the addition of a small amount of iodine or 1
mol-% of RI, or amalgamation of the metal with mercury or mercury(Il) chloride is
recommended to initiate the reaction. Low temperatures are also a key factor in the
preparation, — 78 °C being used for strontium and barium*®!! and between — 70 and 0°C
for calcium®'°. Other solvents such as diethyl ether and toluene have also been used with
varied success. n-Alkyl- and phenylbarium iodides, n-alkyl- and arylstrontium iodides,
and both alkyl- and arylcalcium bromides and iodides are accessible via this method (up to
97% yield)”310-311 Further, triphenylmethyl chlorides of calcium, strontium, and barium
are also accessible by this method®!2:33, as are triaryimethyl and allythalides of calcium
and strontium3!37315,

Alternatively for calcium, the desolvation of [Ca(NH,)4] or rapid cooling with argon
gas of the vaporised metal can be employed instead of finely divided metal in these
reactions’. The latter method has been used in the preparation of arylcalcium fluorides
and chlorides in up to 50% yield>'S.

Two indirect methods for the formation of halogeno-organometal compounds have
also been employed (equations 315 and 316). Firstly, metallation of more acidic

RC=CH + Ca(Ph)l =%, Ca(C=CR)I 315)
46-91%

Br Cal

@@ + CalPm ——» @@ (316)

hydrocarbons has been observed for phenylstrontium iodide and a number of organocal-
cium halides, the phenyl derivatives being activated by complexation with tmeda or
dabco’. For instance, alk-1-ynes are readily metallated by phenylcalcium iodide in diethyl
ether (equation 315)°!7. Fluorene, indene, and thiophene are similarly metallated.
Secondly, halogen—metal exchange, although less well documented, has been demon-
strated for 1-bromonaphthalene using phenylcalcium iodide (equation 316)3'8.

The organometallic halides of barium, calcium, and strontium are all sensitive to air and
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moisture. Most are thermally stable, the main exceptions being alkyl-barium and
-strontium iodides’3'",

2. Reactivity

The role of organo-calcium, -strontium, and -barium halides in organic synthesis is
currently very limited, but they have been successfully utilized as initiators of polymeriz-
ation reactions. This is particularly true of organobarium iodides, which have been
extensively used in this role’.

Both organo-barium and -calcium iodides have been shown to react with conjugated
enynes to give either the 1,2- or 1,4-addition product, or both (equation 317)39%-51°,
Stereoselective 1, 4-addition of these organometallic derivatives to a variety of enynes has
been observed to give solely the allene product on hydrolysis (equation 318)%19:520 A
similar reaction with the enyne 174 again resulted in the formation of an allene, but the
alkoxy moiety was replaced in the process (equation 319)32!.

L’ R'C(MI)=C=CHCHR
RC=C—CH=CHp + M(R)I (317)
L’ R'C=CCH(MI)CHR
RIC=CCH=CH, + M(R)] -5 R'HC=C=CHCH,R
R! = alkyl, Me,C(OH), RS, vinyl, allyl, isopropenyl, or Me,NCH; 19
R'OCH,C=CCH=CH, + Ca(EQ)l ~ EtCH,CH=C=CHCH,Et 619)

(174)

A number of acyl substrates have been shown to react favourably with primarily
organocalcium iodides. For instance, benzoyl chloride reacts with phenylcalcium iodide to
give triphenylmethanol in high yield (equation 320)'®, while the same substrate reacts
with methylcalcium iodide to give 175 in 77% yield on hydrolysis (equation 321)°22. In
addition to acyl chlorides, ketones and aldehydes have also been shown to undergo a 1, 2-
addition reaction with these organometallic reagents. For example, methylcalcium iodide
adds to both acetone and benzophenone to give tert-butanol or 1, 1-diphenylethanol,
respectively, in good yield (equations 322 and 323)322, Methylstrontium iodide similarly
reacts with benzophenone, although the product is obtained in lower yield (69%)%!!.
Benzaldehyde similarly undergoes a 1, 2-addition reaction with pentafluoroethylcalcium
iodide, in situ, to give 176 in 96% yield (equation 324)°23, In general, however, the reaction
of ketones and aldehydes with organocalcium reagents is not stereospecific with mixtures
of both addition and reduction products being formed3°9:324,

N

PhCOCI + 2Ca(Ph)l - Ph,COH (320)
94,

PhCOCI + 2Ca(Me)l ~ PhMe,COH (321)

T77% (175)

Me,CO + Ca(Me)l — Me,COH (322)
56%,
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Ph,CO + Ca(Me)l — Ph,MeCOH (323)
849/
PhCHO + Ca(C,F4)l — C,F,CH(OH)Ph (324)
96%
(176)

Virtually quantitative yields of carboxylic acids can be obtained on carboxylation of
either aryl-calcium or -strontium halides®!8-*2%, For instance, (1-naphthyljcalcium iodide
reacts with carbon dioxide to give 1-naphthoic acid in 989 yield (equation 325)%!8,

Cal COZH
HF
+ COp ——» (325)
98%

Carboxylation of the analogous alkyl derivatives, however, gives rise to a mixture of
ketones and carboxylic acids®'8,

Interestingly, phenylcalcium iodide has been observed to couple with pyridine to give
primarily 2-phenylpyridine (equation 326). The side products 2,5- and 2, 6-diphenyl-
pyridine were also obtained in variable low yields depending on the reaction conditions

@ + Ca(Ph)] ——» @ (326)
Ph

©\+ cmm:—»/@j\ (327)
Ph Ph" N7 ph

employed. Subsequent reaction of 2-phenylpyridine with phenylcaicium iodide, however,
gave 2, 6-diphenylpyridine as the exclusive product (equation 327)318,

It is noteworthy that acenaphthalene is known to react with calcium amalgam to form
an organometallic derivative, which on rapid carboxylation, forms (E)-acenaphthene-1, 2-
dicarboxylic acid in high yield (equation 328)326.

@@ + Ca/Hg —Cff—b

B. Organoberyllium Reagents

Much of the synthetic chemistry related to organoberyllium compounds was published
prior to 1974, and very little has appeared in the literature in the interim period. The
chemistry of organoberyllium compounds is adjudged to be intermediate between that of
magnesium and the Group IIB elements, and mainly centres around diorganoberyllium
species. In fact, in contrast to the other alkaline earth elements, very few organoberyllium

coz

@

(328)
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halides have been isolated. The organometallic chemistry of beryllium has been the subject
of a recent review®.

1. Synthesis

As for organomagnesium compounds, the preparation of organoberyllium reagents
must be carried out in an inert atmosphere. The most commonly used solvent is diethyl
ether but varying levels of success have been achieved using hydrocarbon solvents.
Diorganoberyllium compounds of the type R,Be can be prepared in one of four ways
(equations 329-332). Both dialkyl- and diarylberyllium reagents can be readily syn-
thesized by employing either the Grignard or organolithium method (equations 329

2RMgX + BeX, — R,Be + 2MgX, (329)
2RLi + BeX,— R,Be + 2LiX (330
R,Hg + Be — R,Be + Hg (331)
R,B + Et,Be — R,Be + REt,B (332)

and 330), respectively, cf. method F for Grignard synthesis, Table 1). In general, the
appropriate organo-lithium or -magnesium reagent is added to a solution of beryllium
halide in diethyl ether. The resulting precipitate (MgX, or LiX) is filtered off, the solvent
removed by evaporation, and the product isolated by distillation or crystallization.
Invariably the product is obtained as an etherate, a consequence of R,Be being a good
Lewis acidS. For thermally stable diorganoberyllium compounds the ether can normaily
be removed by prolonged heating of the ether complexes at low pressure before
distillation2”, The organolithium method is particularly useful in the synthesis of
dialkynylorganoberyllium compounds328-329,

Thermally robust dialkyl- and diarylberyllium reagents can be prepared via the
organomercury method (equation 331), although this procedure is more applicable to
small-scale syntheses. The general procedure involves heating beryllium powder with
R,Hg in the presence of a trace amount of I,, HgCl,, or Et,Be®.

The fourth alternative (equation 332), which involves an exchange reaction between a
triorganoboron species and diethylberyllium, has been successfully used to prepare
dialkyl-, diaryl-, and diallylberyllium compounds. The reaction is carried out at room
temperature over a period of several days®39-33!,

Mixed organoberyllium compounds of the type RR’Be are generally prepared via an
exchange reaction between two different diorganoberyllium reagents (equation 333).
Interestingly, no heteroaryl compounds have been isolated using this procedure’?°.

Organoberyllium halides of the type RBeX are believed to be formed on heating
haloalkanes with powdered beryllium (equation 334). The structure of these compounds is
unknown, although, a polymeric constitution is presumed®.

R,Be + R,'Be — 2RR'Be (333)
RX + Be - ‘RBeX’ (334)
RCOX + Be — ‘RCOBeX’ (335)

Acylberyllium halides are similarly believed to be formed on reaction of an acyl halide
with powdered beryllium (equation 335). The products, however, have not been isolated in
a pure state, their formation arising by virtue of the nature of their chemical reactions>32.
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Diorganoberyllium reagents are generally thermally robust, the main exception being
branched-chain alkylberyllium compounds, which are thermally unstable above ca. 40—
50 °C. Little is known about the thermal stability of the organoberyllium halides, although
acylberyllium halides are known to react vigorously with both water and alcohols®332,

2. Reactivity

Diorganoberyllium compounds such as Et,Be and Ph,Be are effective as catalysts for
the dimerization and polymerization of alkenes®, but very little contribution has been
made to the field of organic synthesis by these and other organoberyllium reagents.

Carboxylation of the optically active diorganoberyllium compound 177, which was
prepared via the organolithium method (equation 330), provides a moderate yield of the
corresponding optically active carboxylic acid 178 (equation 336)°*3. Reagent 177 has also
been utilized in the asymmetric synthesis of chiral secondary alcohols (97-99% purity) via
reduction of alkyl phenyl ketones (equation 337). The highest optical yield obtained was
46% for the reduction of isopropyl phenyl ketone, the prevalent enantiomer produced
having the S absolute configuration®®*. Further, 177 has been utilized in the nickel-
catalysed displacement reaction between itself and a-olefins. The optically active ligand on
beryllium, however, did not exert any significant asymmetric induction during the
reaction®?3,

(EtMeCHCH,),Be + 2CO, % 2EtMeCHCH,CO,H (336)
[(R)-(£)-177] [(S)-(+)-178]
RCOPh + 177 5 PhRHCOH (337)
8897/

Apart from 177, only the acylberyllium bromides have made any contribution to organic
synthesis. These organoberyllium reagents undergo some interesting chemical transform-
ations with a number of organic substrates. For instance, aliphatic ketones undergo a 1, 2-
addition reaction with acylberyllium bromides to yield semicarbazones on hydrolysis, or
bromoketones on quenching with an acid bromide (equations 338 and 339). Acetone, ethyl
methyl ketone, n-butyl methyl ketone and di-n-propyl ketone all react with acylberyllium
bromides in this fashion33®. Aromatic ketones on the other hand, react differently with
acylberyllium bromides, generating pinacols on hydrolysis (equation 340). If an excess of
the acyl bromide is present in solution, however, then only pinacolones are isolated
(equation 341)337.

RCOBeBr + R'COR? & RCOCR!(R?)OH (338)
RCOBeBr + RICOR? =, RCOCR'(R?)Br (339)
R = Et, Me, Pr"

Ar,CO + RCOBeBr — 1/2Ar,C(OH)CAr,OH (340)
Ar,CO + RCOBeBr E_}E{’E_, 1Ar,COAr (341)

Aromatic aldehydes react with acylberyllium bromides in ethyl acetate to generate
alkenes in good yield (60-90%). For instance, the reaction of AcOBeBr with benzaldehyde
gave (E)-stilbene (equation 342), while the same reaction with cinnamaldehyde yielded a
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diphenylhexatriene (equation 343)%38,
Ph H
RCOBeBr + PhCHO —%9%» Y >—:< (342)
’ H Ph
PhCH=CHCHO + RCOBeBr % 1Ph(CH=CH),Ph (343)

Acid amides are readily prepared by reaction of acylberyllium bromides with aromatic
nitro compounds. For instance, both nitrobenzene and o-nitrotoluene react with a range
of acylberyllium bromides to give the corresponding acid amides in high yield (equations
344 and 345)%-339,

RCOBeBr + PANO, 2222, PhNHCOR (344)
NO2 NHCOR
Me Me
RCOBeBr + Elode (345)

R=Me, Et, Pr”,Bu”,or Cy
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|. PREPARATION OF ORGANOBORANES

A. Introduction

1. Scope

This chapter describes the chemistry of the carbon—boron bond as it relates to organic
synthesis. Reductions of organic compounds by boron—hydrogen bonds are excluded,
although some processes which involve hydride donation from carbon with simultaneous
cleavage of a carbon—boron bond are included.

The major significance of organoborane chemistry is the high degree of stereoselectivity
and regioselectivity that can be achieved. Boron may serve as a template on which organic
groups are assembled and joined, and once the desired carbon—carbon connection has
been achieved, the boron connection is easily severed in stereospecific ways. Auxiliary
chiral groups can be attached to the boron atom, and several organoborane reactions rate
among the highest in chiral selectivity of any known reactions. Asymmetric hydroboration
was the first highly selective and truly practical chiral synthesis directed by a chiral
auxiliary group'.

By far the largest single contributor to this field is Professor Herbert C. Brown, Nobel
Laureate, 1979, of Purdue Untversity. Brown’s own books have thoroughly covered his
earlier contributions'+?, and this review will necessarily omit many of the details of the
history of hydroboration chemistry.

Hydroboration is not the only easy way to make organoboron compounds, and
syntheses from other organometallics are given full attention in this review.

Those aspects of organoborane chemistry that seem most relevant to an understanding
of the fundamentals or that are likely to have future applications are included here, and
developments during the past decade are emphasized. Reactions of boranes that are useful
in stereocontrolled synthesis are covered in considerable detail, and reactions that are
fundamentally incapable of preserving stereochemical information are included but de-
emphasized.

This chapter is divided into three broad sections. Section I covers methods of
synthesizing organoboranes, Section Il describes the various classes of organoborane
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reactions, and Section I1] describes the use of organoboranes in chiral synthesis. Other
applications of borane chemistry to synthetic problems, for example stereoselective alkane
syntheses, achiral or racemic insect pheromones, and isotopically labelled compounds, are
included together with the relevant reactions of boranes in Section II.

2. General routes to carbon—boron bonds

Carbon—boron bonds are formed in processes which take advantage of the electrophi-
lic character of tricoordinate boron. The reaction of trivalent boron compounds with
organometallic reagents has more than a century of tradition®™"!, beginning with the
preparation of triethylborane, 1, (‘boric ethide’) from diethylzinc and triethoxyborane
(equation 1)*. The use of Grignard reagents with trialkoxyboranes® remains, with modern
improvements®!!, among the best of general routes to organoboron compounds.
Reactions of RMgX or RLi with B(OR’), can be carried out stepwise to yield RB(OR’),,
R,BOR’ (or RR"BOR’), or R;B. This approach to carbon—boron bond synthesis is
discussed in Section I.B.

B(OEN; + ZnEt, — EH;B + Zn(OEM),
m

The more recently discovered hydroboration of alkenes also provides a wide
variety of organoboron compounds, often highly regioselectively and generally stereospe-
cifically. In an early typical example, oct-1-ene was converted into tri-n-octylborane,
2 (equation 2)'%. The boron atom adds preferentially to the least sterically hindered site,
and the B—H addition is always syn via a four-centre cyclic transition state. Hydrobor-
ation is discussed in Section 1.C.

(1)

1.2.12

NN PN
AICI,+ NaBH, —% BHg Sigiyme ) .
(2)
R =H, alkyl, aryl: Y = H, alkyl, halogen, OR, SR (2)

Dominating the chemistry of organoboranes is the strong tendency of boron to oxidize
and thus to become attached preferentially to more electronegative elements. Thermody-
namic measurements indicate that B—O bonds are much stronger than B—C bonds,
while B—C, C—C, and C—O, bonds all have the same general strength'3-'# The atomic
arrangement B—O—C—H tends to be more stable than the alternative H—O—C—B
by approximately 125-167 kJmol~'. One consequence is that ‘hydroboration’ of a
carbonyl group results strictly in reduction, with carbon—hydrogen bond formation and
not carbon—boron bond formation?®, Another is that no tricoordinate boron compound
having the bonding arrangement O=—=C—C—B is known, because rearrangement to B—
O—C=C is generally exothermic by ca. 105125 kJ mol " '. A more general consequence is
that boron—carbon bonds are broken in a wide variety of oxidative processes, which
provide the basis for the synthetic utility of organoboranes, discussed in Section I1.

The other dominant factor in the chemistry of organoboranes is the Lewis acidity of
boron, the general ability of any tricoordinate X,B (X = alkyl, alkoxy, halogen, H, etc.) to
add a Lewis base, Y7, to form a tetracovalent borate complex, X;BY . Such borate(l —)
complexes are intermediates in a very wide range of reactions, from that of an
organometallic with a trialkoxyborane to form an organoborane in the first place, to
reactions which assemble organic moieties on boron and connect them in a stereocon-
trolled manner, to the final oxidation with hydrogen peroxide or other reagents used to
remove the boron from the completed structure.
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Other hypothetical possibilities for forming boron—carbon bonds would include free
radical processes and reaction of metalloboranes with electrophilic carbons. Radical
reactions generally result in oxidative dealkylation at boron, not reductive alkylation, as
dictated by the thermodynamic relationships mentioned above. Carborane anions'?:'¢
have been alkylated with methyl iodide. However, the alleged dialkylboron anion,
KBBu,'77!? has been shown to yield PhCH,OBBu,, not PhCOBBu,, with PhCOCI, and
to form C—D bonds on quenching with D, 0O, suggesting an oligomeric alkylborohydride
structure?®. The reported preparation of CF,;BBu, from CF,I and KBBu,'? offers
reasonable although not exhaustive evidence for the structure of the product, but no proof
of the nature of the intermediate.

3. Safely considerations

Spontaneous ignition in air and the beautiful green flame were the first properties of
tricthylborane, 1, to be noticed®. A sweet taste was mentioned as a property of
ethylboronic acid, C,HsB(OH), 6. These early observations parallel modern knowledge
of the relative hazards of reduced versus oxidized organoboranes.

The toxicities of water-soluble boronic acids or their esters are often fairly low, whereas
fat-soluble boronic acids tend to have significant although not highly hazardous
toxicities?!+22. Diborane is much more toxic, with the maximum allowable concentration
for workers set at 0.1 ppm?>. Tributylborane has been tested for toxicity as a possible
ingredient in acrylic dental cement. The intravenous LDs, in male rats was 104 ul Kg™!
(i.e.ca. 80 mg kg~ ') and the oral LD, 1.0-1.2mlkg ™! 2*. These are moderate values, and
in view of the air sensitivity of trialkylboranes it is hard to imagine any accidental ingestion
sufficient to produce acute toxic effects.

Fire hazards with boronic esters, RB(OR’),, are no greater than with ordinary organic
compounds of similar volatility. Alkylboronic acids, RB(OH),, are stable in air if pure, and
butylboronic acid and several arylboronic acids are commercially available?*2®. How-
ever, butylboronic acid has been reported to be stable in air if moist but to autoxidize if
dry®, and benzylboronic acid, PhCH,B(OH),, autoxidizes even when moist’. In the
author’s experience, freshly prepared and dried samples of low molecular weight boronic
acids may, after an induction period, autoxidize exothermically and darken?”. A possible
cause is the presence of R,BOH as an impurity, since it was observed by Johnson’s group
that Bu,BOH is stable under moist conditions but autoxidizes if dry, and also that the
easily formed anhydride, Bu,BOBBu,, chars on cotton?®. Butylboronic acid is sold with?*
or without?% added water as a stabilizer.

The spontaneous flammability of trialkylboranes** has been investigated with modern
equipment, and trimethylborane—oxygen mixtures were found to ignite spontaneously at
low pressures, for example, 5 Torr of Me,B and 25 Torr of O,2°. As the molecular weight
increases, the hazard decreases, and tributylborane does not normally ignite sponta-
neously®'!. For synthetic purposes, trialkylboranes are handled in solution under an inert
atmosphere and not normally isolated' %, Provided that normal precautions are taken,
trialkylboranes present no more hazard to the chemist than typical Grignard reagents.

Borane-thf can decompose with pressure build-up on storage, and instances of bursting
of bottles (without ignition) have been reported®®3!, The alternative dimethyl sulphide
complex appears to be stable (see Section 1.C.1.b).

Environmental and disposal problems with organoboron compounds appear to be
minor. Boranes and boronic acids readily oxidize to alcohols and boric acid, and are
unlikely to persist very long in the presence of oxygen. Sodium borate and sodium
perborate are common ingredients in laundry detergents and bleaches, and typical
environmental studies do not suggest any serious hazard®2. Boric acid is moderately toxic.
An old estimate of the acute lethal dose to an adult human is 15-20 g, with 0.5 gday ™! for 6
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months likely to cause toxic effects??. These estimates are in line with recent long-term
feeding studies with rats and dogs in which 350 ppm of boron contained in boric acid in the
diet caused no apparent harm, although serious toxic effects became evident at three times
this level®3, The well known effectiveness of boric acid as an insecticide for cockroaches
appears to depend on the fact that these insects can ingest large amounts of boric acid by
preening themselves®*,

4. Nomenclature

Official nomenclature rules*® designed by inorganic chemists call for the naming of
RB(OH), as ‘alkyldihydroxyborane’ and RB(OR’), as ‘alkyldialkoxyborane’. The older
organic ‘alkaneboronic acid’ system paralleled the naming of sulphonic acids. More
recently, Chemical Abstracts has converted to a system in which ‘boronic acid’ is the
hypothetical HB(OH), and thus RB(OH), is an ‘alkylboronic acid’®. It is then convenient
to name RB(OR'), as a ‘dialkyl alkylboronate’. Since this approach tends to yield the
simplest names, it will generally be used in this chapter. ‘Dihydroxyboryl’ and ‘dialkoxy-
boryl’ are systematic names for (HO),B and (R'0),B as substituents, and will be used
where appropriate. Systematic names for cyclic boronic ester groups often become
particularly unwieldy, for example 2,4,4,5,5-pentamethyl-1, 3,2, -dioxaborolane, and
descriptive common names will generally be used, as for the example just cited, pinacol
methylboronate. In parallel with the ‘boronic acid’ nomenclature is the name ‘borinic acid’
for the hypothetical H,BOH S,

Trialkylboranes are named as such in a straightforward manner, and borinic esters can
also be named as alkoxydialkylboranes. For complex structures, the boron connections
can be indicated by the prefix B, for example B-butoxy-B-(1-bromo-3,3,3-
trichloro)propyl!-B-2, 5-dimethylphenylborane. Cyclic boranes are generally named as
hydrocarbons, with the prefix ‘bora’ to signify a BH group. Tetraalkylborates, R,B~, are
named formally as ‘tetraalkylborate(l — ). Tetrasubstituted borates are sometimes called
‘ate complexes’. This German terminology commits a perfect spoken English pun with ‘8-
complexes’, which sounds like a plausible interpretation of the technical jargon to the
uninitiated. In written English, ‘boron ate complexes’ is a simple phrase, absurd but
distracting. This review will use ‘borate complexes’ or ‘tetraalkylborates’.

B. Boranes from Organometallic Reagents

1. Boronic acids and esters

As noted in Section 1.A.1, the reaction of trialkoxyboranes or boron halides with
reactive organometallic reagents has a long history>~'". It is generally easy to make any
simple boronic acid by using the procedure described by Snyder et al.® for butylboronic
acid. This has been further refined and described in Organic Syntheses for phenylboronic
(‘benzeneboronic’) acid, 3 (equation 3)''. If a boronic ester is desired, exchange of hydroxy
and alkoxy ligands is generally rapid and the equilibrium easily shifted by such techniques
as azeotropic distillation, as for example in the author’s preparation of dibutyl
vinylboronate without isolation of the air-sensitive acid?”.

PhMgBr + B(OMe), % PhB(OMe); MgBr* 22, phB(OH), (3)
(precipitates) 3)

In the Organic Syntheses procedure'!, the Grignard reagent and the trimethyl borate
are added simultaneously from separate dropping funnels to diethyl ether in a flask cooled
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ina — 78 °C (dry-ice—acetone) bath with efficient stirring. If a special high-speed stirrer is
used, the yield of 3 is 90%'!. With more ordinary Teflon paddle-type stirrers, yields of
boronic acids or esters in the 70-80%, range are commonly obtained with a variety of
Grignard reagents®-27-37-3% The use of simultaneous addition of the reagents is not of
measurable benefit in most cases, and we have often used the more convenient procedure
of simply adding the Grignard reagent to the trimethyl borate solution. There may be no
reason except precedent® for mixing the reagents in this order. Trimethyl borate has to be
added to the thermally unstable (dichloromethy!) lithium?°, and yields are good. Addition
of trimethyl borate to a Grignard reagent has been reported*’, and trimethyl borate has
been added successfully to the lithium reagent PhSCH,Li with excellent results*'. The
initial reaction product is a borate complex, RB(OR’); 7, which is inert until it exchanges a
ligand to unreacted B(OR'); to form RB(OR’), and B(OR'),, and the possibility that excess
Grignard or lithium reagent might lead to less trialkylborane side product than does
excess of borate ester has not been investigated. Finally, it might be noted that for the
isolation of boronic acids, autoxidation can be a problem but is inhibited by water®, and
the author has had good success recrystallizing boronic acids from diethyl ether—hexane
or dichloromethane-hexane to which a drop of water, just enough to maintain a visible
separate phase, has been added.

One frustrating exception to the easy synthesis of simple boronic acids by the Organic
Syntheses procedure has been methylboronic acid, CH ;B(OH), (equation 4). This boronic
acid is water soluble and volatile, and the corresponding boronic anhydride (trimeth-
ylboroxine), 4, and methyl ester (dimethoxymethylborane) are also volatile. These
problems were circumvented and high yields obtained by a long work-up procedure which
led to the boronic anhydride—pyridine complex®®. The 1:1 complexes of trialkylboroxines
with pyridine are easily formed*? and can serve as a stable form for storing reactive
boronic acids*3.

MeMgI + (Me0);B —— MeB(OMa); ™~

+
Mez B
l\llfe
‘&
——» MeB(OH), + MeB(OMe), + Me-B_ _B-Me (4)
(4)

Another problem, discovered when Matteson and Moody repeated the preparation
years later and agilely avoided disaster*®, is that a spontaneously flammable by-produect,
presumably trimethylborane, is generated in the reaction of methylmagnesium iodide with
trimethyl borate, and may ignite during work-up when ethereal solutions are exposed to
air. Less volatile trialkylboranes formed as minor by-products in preparations of higher
molecular weight boronic acids have not caused any such problem, although odours
consistent with descriptions of those of trialkylboranes®” commonly arise in these
preparations.

An elegant solution to the methylboronic ester problem has recently been found by
Brown and Cole**. Addition of alkyllithiums to triisopropy! borate generally yields
monoalkyl triisopropoxyborate salts in nearly quantitative yields, except that tert-
butyllithtum gives lower yields with some disproportionation. Work-up consists of
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addition of anhydrous hydrogen chloride and distillation of the propan-2-ol followed by
the diisopropy! alkylboronate, 5 (equation 5).

RLi + (Pri0),B — RB(OPr);Li —— RB(OPr’), + PriOH + LiCl ()
(5

Triisopropyl borate is commercially available, and the Brown-Cole route is particularly
useful for diisopropyl methylboronate and diisopropyl dichloromethylboronate. It is also
convenient for boronic esters derivable from any commercially available lithium reagent.
In making diisopropyl methylboronate, we have observed that it is necessary to use a
fractionating column in order to separate the propan-2-ol and achieve the reported
boiling point*¢, and in scaling up the procedure the approximate dilutions of reactants
reported*® should be maintained in order to avoid stirring difficulties and formation of
spontaneously flammable trimethylborane, which in this case burned harmlessly at the
argon exit during the distillation under argon.

Organometallic reagents other than Grignard or lithium reagents can also be used to
prepare boronic esters, but there has not been much exploration of such chemistry for
synthetic organic purposes. A preparation of ICH,B(OBu), utilizes the reaction of
ICH,Hgl with BBr;*”. However, for practical purposes the preparation of ICH,B(OBu),
from PhSCH,B(OBu),*%*8, which is derived from PhSCH,Li, or the preparation of
CICH,B(OR), by tributyltin hydride reduction of CI,CHB(OR),*?, is more convenient.

Preparations of alkyldihaloboranes, RBX,, and also dialkylhaloboranes, R ,BX, from
boron trihalides and organotin compounds, R,Sn, appear to be especially facile and
efficient®%-3!, and in view of the availability of a variety of organotin compounds these
have potential synthetic utility.

2. Alkoxydialkylboranes and trialkylboranes

Reaction of BX; (X = halogen, alkoxy, etc.) with sufficient RM (M = Li, MgX, AIR,,
etc.) often yields BR; directly. This type of route to symmetric trialkylboranes has
industrial potential, but is not normally as convenient as hydroboration for laboratory
use, and has been reviewed elsewhere®?,

Reaction of a boronic ester RB(OR’), with a Grignard reagent R"MgX readily yields the
mixed dialkylalkoxyborane RR"BOR’. For example, where R was vinyl, OR’ was butoxy,
and R” was aryl, 70-75% yields were obtained®3. Where R and R” were both vinyl, even
though the product polymerized so readily that it had to be transesterified with
Me,NCH,CH,OH in order to obtain a stable chelated product before isolation, the yield
was 65%°%.

This classical approach can be extended to the reaction of R,BOR’ with R“MgX or R"Li
to form R,BR". Its potential utility for making boranes that are inaccessible by
hydroboration has been noted by Brown and coworkers, who have prepared 9-substituted
9-borabicyclo[3.3.1]nonanes, 7, (equation 6) and other mixed trialkylboranes®*~>%, In
hydrocarbon solvents the lithium alkoxide separates from the tetracoordinate borate
intermediate 6 and precipitates®®>. With alkynyllithiums, removal of the alkoxide by
treatment with boron trifluoride etherate has been used®” 38,

R 12
RLi \
MeOB _— B ——» R-B
/
MeO

(6) (7
R = CH,, Bv, Ph, CH,=CH—CH,, etc; various R—C=C— (6)
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Negishi and Boardman’s synthesis®® of alkenylboranes from alkenylaluminium com-
pounds and B-alkoxy-B-dialkylboranes is noteworthy because of its potential utility in the
stereocontrolled synthesis of trisubstituted alkenes. The preparation of B-[(E)-2-
methyloct-1-enyl]-9-bbn, 8, is illustrative (equation 7)¢°

/\/\/\ Al,Me
CDZZrCIZ

o) H
/\/\/>=<
30
(8)

3. Bis-, tris-, and tetrakis(dialkoxyboryl)methanes

Me AlMe,

()

The Wurtz coupling of di-, tri-, or tetra-chloromethane with dimethoxychloroborane in
the presence of finely divided lithium metal in thf appears to involve initial reaction of the
lithtum with the chloromethane, and is thus a special case of an organolithium compound
reacting with a trivalent boron species. Bis-, tris-, and tetrakis(dimethoxyboryl)methane
(9, 10, and 11) are readily produced in this manner (equations 8—10)%!76%,

CH,Cl,+ 2(Me0),BCl + 4Li — CH,{B(OMe),}, + 4LiCl (8)
9

CHCI, — HC{B(OMe), }, 9)
(10

CCl, — C{B(OMe),}, (10)

)

Surprisingly, the yields are highest with the tetraborylmethane 11. The diborylmethane 9 is
most tolerant of variations in the reaction conditions, and can even be made from
trimethyl borate, in contrast to the more base-sensitive tri- and tetra-borylmethanes 10
and 11. It is absolutely essential that there be an excess of chloroborane and halomethane
over lithium metal in the synthesis of 10 and 11 in order to avoid decomposition during
work-up. An unfortunate error in reactant quantities in one review5* has led to several
frustrated chemists. Correct proportions are given in the original papers®!-52 and a later
review®®. Inexplicably, this process has failed completely in several attempts to use the
cyclic 2-chloro-1, 3, 2-dioxaborinane in place of chlorodimethoxyborane.

C. Boranes by Hydroboration
1. Trialkylboranes

a. General principles

Hydroboration of alkenes to produce trialkylboranes, 12, is a well known and widely
useful reaction (equation 11)!-2:5, Herbert C. Brown was awarded the Nobel Prize in 1979
for his discovery of hydroboration and the development of the chemistry of the resulting
organoboranes. The simple example illustrated may serve as a reminder of the basic
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Et Hg0p,0H™
RCH=CHp + BpHg _EO, (RCH,CH,)5B 102,007 RCH,CH,O0H  (11)

(12)

principles of hydroboration'-2®. (1) The boron generally goes preferentially to the less
sterically hindered site. Electronic effects of substituents are less influential than steric
effects, with very few exceptions. (2) Ethereal solvents or other Lewis bases of moderate
strength greatly accelerate hydroboration compared with the rates seen with diborane,
B,H,, because the ether aids the dissociation of borane dimers. The mechanism is
discussed in Section 1.C.2. For certain substituted boranes such as catecholborane that are
monomeric, ethereal solvents are irrelevant. (3) Primary alkenes yield trialkylboranes, and
it is not possible to stop the reaction selectively at the mono- or di-alkylborane stage.
However, more sterically hindered alkenes and cycloalkenes can yield mono- or di-
alkylboranes, and these will hydroborate less hindered alkenes in subsequent steps.
(4) Because organoboranes are oxygen sensitive, it is customary to carry out further
transformations of them in situ, for example, the oxidation of 12 to the corresponding
alcohol as illustrated in equation 11. (5) Although several types of functionality are
tolerated, nucleofugic groups such as halogen or alkoxy if f to the boron in the
hydroboration product are likely to be co-eliminated with the boron®”.

Trialkylboranes are usually stable at room temperature, but on heating, usually in
refluxing diglyme [bis(2-methoxyethyl) ether] at ca. 165°C, rearrangement which
amounts to dehydroboration and rehydroboration occurs, with efficient migration of the
boron from sterically hindered secondary sites to less hindered, preferably primary alky!
sites!'2°. A more detailed description of these rearrangements is provided in
Section 1.C.1.g.

b. Regioselectivity: steric

Regioselectivity in hydroboration is usually dominated by steric effects. Hydroboration
of alk-1-enes with diborane in diethyl ether or tetrahydrofuran—borane yields trialkylbo-
ranes having three equivalent alkyl groups, and is perfectly satisfactory for such operations
as conversion of an alk-1-ene to a primary alcohol, provided a few percent of the isomeric
secondary alcohol can be tolerated. A typical primary to secondary ratio (for pent-1-ene in
diethyl ether) is 94:68, 1, 1-Disubstituted ethylenes give higher selectivities, typically 99:1.
These figures are, of course, the average net result of three successive hydroborations by
BH,, RBH, and R,BH as the reaction progresses. Of these, BH is the least and R ,BH the
most selective. Where a high degree of regiocontrol is sought, hydroboration with
diborane itself is obsolete and a more selective RBH, or R,BH reagent would be used.

For those reactions where BH; is a suitable hydroborating agent, a highly useful
storable complex is dimethyl sulphide—borane, (CH;),S-BH, first reported by Adams’s
group®?7? and subsequently developed by Lane’! and Brown’s group’2. The alkylborane
reagents used to obtain improved regioselectivities are themselves generally most easily
prepared from dimethyl sulphide—borane’?. Thf-borane is also commercially available,
but suitable precautions must be taken in storing the material, as bursting of bottles from
pressure build-up has been reported3®-3!. For those who prefer a milder stench to dimethyl
sulphide, 1,4-oxathiane—borane is recommended’?. It is of interest that the thioether
function can be oxidized selectively with sodium hypochlorite to form a water-soluble
sulphoxide without affecting the borane, and thus interference of either dimethyl sulphide
or 1,4-oxathiane with subsequent radical reactions can be circumvented and the problem
of disposing of noxious sulphur compounds minimized’*. Conversely, selective oxidation
of the borane function by hydrogen peroxide without affecting the sulphide was achieved
by making the medium more basic than normally necessary’*.
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The construction of stable RBH, and R,BH reagents is straightforward?®, 1,
2-Disubstituted alkenes can generally be converted to bis(sec-alkyl)boranes, and tetrasub-
stituted alkenes yield monoalkylboranes that are too hindered to react further, except with
less hindered alkenes. Thus, disiamylborane, 13 (siamyl = 3-methyl-2-butyl)66-75-78,
dicyclohexylborane, 14°¢:78, thexylborane, 15°¢75:7%:8% and 9-borabicyclo[3.3.1 Jnonane,
16, generally referred to as 9-bbn®®:®', are readily prepared and serve as useful reagents for
the hydroboration of less hindered alkenes (equations 12-135).

MepC=CHMe + BpHg —#  [Me,CHCH(Me)],BH or SiaBH (12)
13
H
B
Qom0 »
(14)
M92C=CM62 + Bsz —_— MechC(Mez) BHZ (]4)
(15)
N
BH3-SMep . ol (15)
N7 N
H
(1e)

Other representations of 9- bbn:

H H
@B<H>B or,abbreviated: ©B<H>B

(18) (i8)

The kinetically controlled hydroboration of cycloocta-1, 5-diene yields about a 3:1
mixture of 9-borabicyclo[3.3.1]nonane, 16, and its [4.2.1] isomer, but in refluxing 1,2-
dimethoxyethane (85°C) this all rearranges to the more stable [3.3.1] isomer, which
crystallizes on cooling®2. Samples of 9-bbn prepared in this manner are said to be stable in
air, although it is prudent to keep the material under an inert atmosphere at all times. The
compound is commercially available.

Reactions of 9-bbn, 168!, dicyclohexylborane, 1483, thexylborane, 15%¢, and other stable
alkylboranes with alkenes that are not too hindered readily yield mixed trialkylboranes,
17-79 (equations 16~18). The high reactivity and high regioselectivity of 9-bbn are
particularly useful, and the resulting 9-alkyl-9-bbn derivatives often react almost
exclusively at the alkyl C—B bond and leave the 9-bbn unit intact during subsequent
transformations.

H
@8/ ~ + RCH=CHp — RCHZCHz@ (16)
\H/

(18) a7
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H Me(CH H
(CH,) " 2)3\C C/ (17
+ Me(CH5):C=CH —» =
T W \a<—<:>) !
(14) (18) 2
Me
MechC(Mez)BHZ + H2C=C(M6)CH2C(MB)= CH2 _ M62CHC(M82)—B
(18) (19) Me

(18)

The examples in equations 16—18 involves the use of bulky alkyl groups as blocking
groups, both in the hydroboration process itself and in the further intended transfor-
mations. The synthesis of mixed trialkylboranes with sufficient general control of alkyl
group structure for the purpose of incorporating two or all three of the alkyl groups into
a desired structure requires special approaches and is discussed in Section 1.C.1.e. A chiral
directing blocking group is introduced tn Section I.C.1.d. The use of groups other than
alkyl as blocking groups is described in Section [.C.3.

c. Regioselectivity: electronic

Electronic influences on regioselectivity are in accord with expectation based on the
boron being the positive end of the dipole in the B—H bond?®. For example,
hydroboration of allyl chloride, 20, with diborane does not follow the usual 94%
preference for placement of the boron on the terminal carbon but yields an estimated 30%,
of 2-boryl product (equation 19)8%-86. This relatively minor electronic influence is readily
overcome by the use of 9-bbn, which results in total domination by the usual steric effects
(equation 20)87.

C|CH2CH=CH2 + Bsz —_—— C|CH2CH2CH28R2 + ClCH2C|HCH3

BR, (19)
(20) “70% “30% (unstable)
H
@B< >B + 2CICH;CH=CH; —» 2CICH2CH2CHZB@
H
(16) (20)
(20

Compounds of the general formula CH,=CHCH,CH X, where X = OMe, OAc, Cl,
NH,, etc, or CH,=CHCH,CO,Et, undergo hydroboration to form the 1-boryl
dertivatives less selectively than simple hydrocarbons do, but again the use of a hindered
borane, in this case disiamylborane, increases the regioselectivity to 98-99%88. In a series
of but-2-enyl compounds, CH,CH—CHCH,X, where X = OEt, OAc, Cl, OH (which
goes to OBR,), or related groups, 84-100% of the boron of diborane attacked the
2-carbon®®, The B-substituted boranes were unstable toward elimination except when X was
alkoxy or boryloxy. Hydroboration of isobutenyl chloride, Me,C=CHCI, has yielded
mostly the {-boryl product, Me,CHCHCIBR,°°, Where R = H, this product rearrangesin
thf to Me,CHCH,BHCI®!. Isobutenyl ethyl ether, 21, is converted into the 2-boryl
derivative in spite of the steric hindrance at the tertiary carbon (equation 21)°°. The major
product from hydroboration of vinyl chloride, CH,=CHC], is evidently B(CH,CH,Cl),,
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which undergoes boron—chloride elimination to form ethylene on warming above
- 78°C83,

Me,CH==CHOEt + BH,~thf — Me,CCH,OEt 1)
21

|
BR,

The directive effect of a dialkoxyboryl group places the incoming boron atom
preferentially on the same carbon as the boron already present, as in the hydroboration of
dibutyl vinylboronate, 22 (equation 22)°27%4. Smaller amounts of the sterically preferred
1, 2-diboryl! derivative are formed.

uOH

CH,=CHB(OBu), + BH,—thf — MeCH(BH,)B(OBu), —— MeCH[B(OBu),], (22)

(22) + +
H,BCH,CH,B(OBu), (BuO),BCH,CH,B(OBu),

Alkenylboranes formed as the initial products of hydroboration of acetylenic com-
pounds also preferentially yield gem-diboryl compounds as products®®°¢. However,
phenylacetylene yields substantial amounts of vic-diboryl derivative®®, which becomes the
major product if the phenylacetylene is added to excess of BH;—thf®".

Vinyltrimethylsilane, CH,=CHSiMe,, yields a mixture of 1- and 2-boryl derivatives
with diborane®®, but with 9-bbn is cleanly hydroborated to the 2-boryl product,
CzH,,BCH,CH,SiMe,’°. Triphenylvinylsilane with diborane has yielded 80% of 1-boryl
and 20% of 2-boryl derivatives, and the diphenylsilacyclohexene 23 yielded exclusively
the a-boryl product (equation 23)'°°,

( SiPh, + BoHg —» <:\<SiPh2 (23)
BR,

(23)

d. Stereoselectivity

The absolute syn stereospecificity of hydroboration together with the high susceptibility
of the reaction to steric influences results in some highly useful diastereoselective additions
to double bonds, and also geometrically specific additions to triple bonds. The
hydroboration of an alk-1-yne to a trans-alk-1-enylborane, 1883, has been illustrated in
equation 17 in the preceding Section I.C.1.b.

A diastereospecific, regioselective hydroboration of an open-chain double bond is
illustrated by the reaction of diborane with (Z)-2-p-methoxyphenylbut-2-ene, 24 (equation

D>
=
=
®

TrnaOone
[s¥]
kY
N

Ar Me
AN /
C=¢C + ByHg ———»
/ AN
Me H

I
1
Z i

@

(24)

Ar = (24)
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24)1°1. The syn geometry of hydroboration applied to I-methylcyclohexene results in
exclusive formation of trans-I-boryl-2-methylcyclohexanes 25 (equation 25)'°2. Steric

Me 2}

BR,
BzHe [:::]" (25)

R=2-methylcyclohexyl or H

(25)

g

factors can result in highly preferential hydroboration on one side of the double bond in
cyclic systems!-2%. For example, hydroboration of norbornene, 26, leads to > 999 of exo-
borylnorbornane (equation 26)'°3. A methyl group syn to the double bond provides

BR,
+ ByHg ——» ! (26)

(26)
R=e&x0-2-norbornyl or H

sufficient steric interference to reverse the stereochemical preference, resulting in 78%, endo
hydroboration of 7,7-dimethylnorbornene, 27, with BH ;—thf (equation 27)!°%, and 97%
endo with 9-bbn!%3,

Me Me Me Me

+ BpHg ———» H (27)

@7 BR2

Hydroboration of (+)-a-pinene, 28, illustrates both the high stereoselectivity and the
stereospecific syn geometry of the addition. The resulting monoisopinocampheylborane,
29, and diisopinocampheylborane, 30, either of which can be made in high yield by
adjusting the stoichiometry (equation 28), are highly useful asymmetric hydroborating
agents (see Section I11)!%6-107,

(28) (29) (30)
(28)

Both enantiomers of a-pinene are readily available from natural sources, but neither
isomer is accessible with 1009, enantiomeric excess at a reasonable price. Accordingly,
Brown and coworkers have sought ways to upgrade the isomeric purities of the mono- and
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di-pinanylboranes 29 and 30. For 30, reaction of BH;—thf with a ca. 15, excess of (4 )-a-
pinene of 97%, ee in thfat 0 °C with equilibration for 3 days yielded 997, of 30 having 99.8%
ee in the pinanyl groups'®®. The use of a-pinene of 92% ee with BH;~SMe, requires
removal of the dimethyl sulphide before the equilibration will proceed, but is then
successful'®®, It is more practical to omit the equilibration and simply filter the
precipitated 30, which is of high purity, at the cost of lower yields''®. Treatment of 30 with
benzaldehyde liberates a-pinene of high enantiomeric purity'''.

Monoisopinocampheylborane, 29, has been prepared via the reaction of diisopinocam-
pheylborane, 30, with tetramethylethylenediamine, which liberates «-pinene and yields the
crystalline tmed complex of 29, RBH,-Me,NCH,CH,NMe,-BH,R''% The crystalliz-
ation process efficiently removes the small amount of complex having one R group of the
‘wrong’ chirality, and the 29 obtained on treatment of the amine complex with BF;
etherate is optically pure'!'2. An alternative preparation has used thexylborane and
triethylamine, and the net reaction replaces 2, 3-dimethylbutene with pinene''?. The
problem with just hydroborating a-pinene with an equivalent amount of borane is that the
product consists of a mixture of two types of borane dimers, RBH,—BH,R (29 dimer)
and R,BH—BH; (30-BH,), in which the latter predominates. The hydroboration
mechanism involves dissociation of the dimers (see Section 1.C.2), and the use of this
mixture results in formation of large amounts of achiral products via the BH,. This
problem can be overcome by allowing the initial mixture to equilibrate for 96 h at 25°C,
which yields 90%, of 29 dimer, or by heating it. which yields 86%, of 29 dimer. The 29 can
then be purified via the tmed complex! #1153,

e. Unsymmetrical trialkylboranes

Many unsymmetrical trialkylboranes can be made by hydroborating a relatively
hindered olefin first to make a mono- or di-alkylborane, which is then used to hydroborate
a less hindered olefin to provide a trialkylborane containing two different alkyl groups.
Several of the most useful examples have been described in Sections 1.C.1.b—d. However,
the mechanism of hydroboration (Section I.C.2) makes it impossible to synthesize RBH,
or R,BH except in those fortuitous cases where the balance of steric factors stops the
reaction at the right stage. There are a number of uses for boranes which bear two or three
different alkyl groups, and accordingly several approaches to their general and controlled
synthesis have been pursued. The controlled synthesis of RBH, and RR’BH is usually
antecedent to the preparation of RR'R”B and is treated here as part of the same topic. The
special utility of 9-bbn, 16, as a hydroborating agent is sufficient that it is treated separately
in Section [.C.1.f.

Unsymmetrical trialkylboranes are capable of disproportionation, and dimethyleth-
ylborane has been reported to be stable below — 20°C but to decompose rapidly to an
equilibrium mixture of Me;B, Me,BEt, MeBEt,, and BEt; above that temperature''®,
Dimethylvinylborane was stable at room temperature, which seemed a possible conse-
quence of carbon—boron n-bonding at that time, but it ts now known that electrophilic
reagents (which would include boranes) attack alkenylboranes much faster than
alkylboranes®®, and it seems more plausible that the vinylborane was stabilized by
scavenging adventitious boron hydride or that the organozinc used in preparing the
dimethylethylborane (but not the dimethylvinylborane) may have contributed a dispro-
portionation catalyst. Many of the unsymmetrical trialkylboranes to be discussed in the
following paragraphs are presumably thermodynamically stable because of steric factors
or cyclic structure, but a variety of simple RR’"BH and RR'R”B that ought to be capable of
disproportionation are now known to be stable enough for synthetic operations at room
temperature. Perhaps it would be possible to prepare some kinds of RBR’, by reaction of
R;B with BR';, as has been done where R’ = halogen or alkoxy (see Section 1.C.3) or
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R’ =H (see the following paragraphs), but it would be unusual to encounter structures
where such a thermodynamically controlled process would yield a single and thus
synthetically useful product.

Thexylborane, 15, hydroborates unsubstituted alk-1-enes to form thexyldialkylboranes
even when excess of 15 remains unreacted, but yields monoalkylthexylboranes with any
kind of disubstituted alkene, including isobutene, but-2-ene, or cycloalkenes. Trisub-
stituted alkenes such as 2-methylbut-2-ene or 1-methylcyclopentene also yield monoalkyl-
thexylboranes. The monoalkylthexylboranes can be cleaved by treatment with triethy-
lamine to form monoalkylboranes, for example trans-2-methylcyclopentylborane, 31, as
their triethylamine complexes (equation 29)''7, or can be used to hydroborate a second
alkene to form a mixed trialkylborane which has thexyl as one of its alkyl groups, for
example B-thexyl-B-cyclohexyl-B-(2-methylpentyl)borane, 32 (equation 30)''8. The
cleavage by triethylamine can also be accomplished by starting with triethylamine-
thexylborane!'®. The use of thexylborane to make mixed trialkylboranes and cyclic

EtsN-HgB.,,

(310

A /CHZCH(CHZ)ZMe
g + CH2—C(CH2)2M6 — :

(32)
(30)

boranes has been reviewed '2°, as also has the preparation of boraheterocycles by this and
other routes!2!:'22,

Hydroboration of non-conjugated dienes with thexylborane, 15, has been found by Still
and Darst'2? to provide 80-95%, control of the diastereomeric relationship between non-
adjacent chiral centres. The steric relationships are governed by cyclic borane intermedi-
ates. The contrasting results obtained from (4Z2)-2, 6-dimethylhepta-1,4-diene, 33, and its
(4E)-isomer, 34, illustrate typical examples of the series of dienes investigated
(equations 31 and 32). The synthetic utility of this hydroboration/oxidation process was
further demonstrated with syntheses of dihydromyoporone and of the vitamin E side-

chain.
>—-'—BH2 + O
A

(15) (33)

(31
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OH

\ Ha0,
BHy + —s — =5 (32)

OH
(15) (34)

The thexylborane route to acyclic unsymmetrical trialkylboranes has obvious limitations,
being based on a delicate balance of steric factors that cannot necessarily be arranged for
the synthesis someone really wants to achieve. An entirely different approach based on
dibromoalkylboranes shows promise of wider generality. Treatment of an
alkyldibromoborane—dimethyl sulphide complex, 35, with an equivalent amount of
lithium aluminium hydride in the presence of excess of dimethyl sulphide yields an
alkylbromoborane, which can be used to hydroborate a second alkene (equation 33). The
resulting bromodialkylborane cannot be reduced in situ without disproportionation, but if
it is first converted into the borinic ester (alkyloxydialkylborane) with sodium methoxide,
the second replacement by hydride and hydroboration of a third alkene proceeds
smoothly'?4.

Me,S RECH=CH N
R'BBry— SMe, + Y LiAlH, —2—# R'BHBr — SMe, RECH=Chp R'BCHzCHoRZ N2OMe
(35) lBr
LiAIH 3CH=
R'?CHZCHZRZ T RIBHCHCHRE N =CM2 | o iBCh,CHoR2
|
OMe CHpCH2R3
R!,R2, and R®may be primary alky! (33)

Pelter and coworkers!2® have prepared symmetrical R,BH by sodium hydride
reduction of R, BBr and used them to hydroborate alkenes. Brown and Kulkarni'?2% have
found that potassium triisopropoxyborohydride and lithium aluminium hydride are
particularly useful for reducing R ;BBr to R, BH. Reduction of catecholboronic esters such
as catechol butylboronate, 36, with lithium aluminium hydride provides a simple route to
monoalkylboranes such as 1-butylborane (equation 34)!27. The stable complexes of

0
\
@: JB=CH, CHaCHaCHg + LiAlHg ———#  (CH3CH,CHaCHZBHZ),  (34)
0
(36)

tetramethylethylenediamine with monoalkylboranes and dialkylboranes provide a parti-
cularly useful route for purifying and storing these reagents, which can be regenerated by
treatment of the complexes with boron trifluoride etherate!28:129,

The synthesis of borinane (boracyclohexane, 40) proved particularly elusive and has
an interesting solution. Simple hydroboration of penta-1,4-diene yields predominantly the
methylborolane derivative, 37, as the kinetic product (equation 35). This can be
rearranged to pentamethylenebis(borinane), 38, at 170 °C, which can then be cleaved with
BH ;-thf to form borinane, 40 (equation 36). However, a simpler procedure is achieved by
reacting the penta-1,4-diene with 9-bbn, 16, to form pentamethylenebis(9-bbn), 39
{(equation 37), which on treatment with BH,—thf or BH;~SMe, yields borinane, 40, in a
mixture with 9-bbn (equation 38), from which the 40 can be separated either by distillation
or its preferential complexation with Et;N. Once borinane is available, it can be used to
hydroborate penta-1,4-diene to form 37, with the ultimate net result being the conversion
of 2 mol of borinate to 3'*!3! Borinane is a useful alternative to 9-bbn as a
hydroborating agent, especially when radical cleavage of the third alkyl group is the
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ultimate goal, since 9-bbn fails as a blocking group for such purposes (see Section 11.C.1.a).

NN 4 BHy—tht —» QB/\/\/\B
(37)

NN
— B B N (35)

(38)

BH
38 —» 3 BH (36)

(40)(exists as dimer)

T+ e — O~ D)

(16) (39)

39 —» ( BH + 2 @H (38)

(40) (16)

The use of 9-bbn with the appropriate diene can also lead to five- or seven-membered
ring boracycloalkanes, but it has not proved possible to separate these from 9-bbn'32,
Borolane, 41, rearranges to the relatively inert 1, 6-diboracyclodecane, 42, with a half-life
of ca. 15 min at 25 °C, but has been prepared in solution at — 25 °C by acidification of the
corresponding borohydride (equation 39)}*3. The redistribution reaction leads to poly-
meric boranes rather than eight-membered rings, and thermal depolymerization occurs
with partial rearrangement to smaller rings'32.

Ci

S i MeSOH °
. LiH B, MeSOs B/H\ 25 °C N
N tht 'l 8

@n (42)
(39)

A different sort of hydroboration occurs when lithium triethylborohydride reacts with
styrene or substituted styrenes!**. The mechanism is probably anionic, and the boron
atom adds at the benzylic carbon. The initial product is a borate complex, 43, which can be
cleaved with D,O to form the a-deuterioalkylbenzene, or with methanesulphonic acid to
yield ethane and the diethyl(x-alkylbenzyl)borane (equation 40).

PhCH=CH, + LiHBEt, — PhCH(Me)BEt, ———" PhCH(Me)BEt, (40)
(43)
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Dimesitylborane, 44, is an especially selective reagent for the hydroboration of
alkynes'®>. The reagent is easily prepared from dimesitylfluoroborane and lithium
aluminium hydride and is a solid that can be handled in air. It hydroborates linear alk-1-
enes efficiently in a few hours at 25 °C, cis-pent-2-ene in 24 h at 65 °C, and cyclohexene only
15% in 24 h at 65 °C, but monohydroborates either alk-1-ynes or internal alkynes within a
few minutes at 25°C. Further, it is capable of distinguishing between the methyl and
propyl groups of hex-2-yne with 909 selectively (equation 41). With t-phenylpropyne,
9-bbn yields 65% electronically controlled attack at the I-carbon, but dimesitylborane
yields 98% sterically controlled attack at the 2-carbon. 1-Phenylpropyne was the slowest
alkyne tested, requiring about 1 h at 25°C.

A

@4)
(41)

The special utility of 9-bbn and the unsymmetrical trialkylboranes derived from it is
such that it is covered separately in the following Section 1.C.1.f. This section will be closed
with a reminder that not all structural types can be made by hydroboration, and the
synthesis of such structures from lithium or Grignard reagents is discussed in Section I.B.2.

f. Hydroborations with 9-bbn

9-Borabicyclononane, 9-bbn 16, is the most regioselective of the readily available
hydroborating agents! 3%, The relative reactivities of 37 selected olefins toward 9-bbn have
been determined by competition experiments and, where data were available, compared
with reactivities toward disiamylborane!3”. Some relative rates measured for 9-bbn in thf
at 25 °C include vinylcyclopropane, 2.3; hex-1-ene, 1.00; cycloheptene, 0.076; cyclopentene,
0.072; styrene, 0.025; trans-hex-3-ene, 0.12; trans-4-methylpent-2-ene, 0.076; cis-4-methyl-
pent-2-ene, 0.061; cis-hex-3-ene, 0.056; cis-4,4-dimethylpent-2-ene, 0.038; cyclohexene,
0.0067; 1-methylcyclohexene, 0.0011; and 2, 3-dimethylbut-2-ene, 0.0006. The behaviour of
disiamylborane contrasts in that it shows a 10-fold preference for cis- over trans-hex-3-
ene, and a 20-fold preference for cycloheptene over cyclopentane. Electronic effects in
substituted styrenes are considerably larger for 9-bbn, a p-methoxy group enhancing the
reactivity toward 9-bbn by a factor of 14 with 9-bbn, but only 1.4 with distamylborane'3".
With substituted cycloalkenes, 9-bbn generally gives higher selectivity than BH; or even
disiamylborane'?®. 1,3-Dimethylcycloalkenes are hydroborated with high regio- and
stereo-selectivity by 9-bbn. For example, 1, 3-dimethylcyclopentene yields 9-(trans, trans-
1,3-dimethyl-2-cyclopentyl)-9-bbn, 45 as the only detectable product (equation 42)'38,
Cyclooctylboranes are particularly prone to rearrangement (see Section 1.C.1.g), even at
room temperature, but 9-(2-methylcyclooctyl)-9-bbn does not rearrange'3°.

3000 — B0 -

(18) (45)
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Conjugated dienes are generally attacked more slowly than simple alkenes by 9-bbn'#°,
Thus, isoprene with 1 mol of 9-bbn, 16, yields 0.5 mol of dihydroboration product 46 and
0.5 mol of unconverted isoprene (equation 43), although sufficient difference in hindrance
at the two double bonds, as in 2, 4-dimethylpenta-1, 3-diene, allows the preparation of the
monohydroboration product 47 (equation 44). The unusual inertness of cyclohexenes
toward 9-bbn also provides a special case, and the 3-borylcyclohexene, 48, is obtained in
good yield (equation 45).

O Y G

(46)
(43)
N
\(\‘/ 6 YY\BQ (44)
(47)
@ 6, Q—Q and not Q@ (45)

48)

The reaction of allene with 9-bbn, 16, cannot be controlled to give monohydroboration,
but either mono-, 1, 1-di-, or 1, 3-di-substituted allenes can be hydroborated to form allylic
derivatives as the major or exclusive products'*!. Even tetramethylallene yields the allylic
product 49 and not the vinylic product with 9-bbn (equation 46). Cyclonona-1,2-diene
yields 839 allylic and 17%, vinylic product with 9-bbn. Disiamylborane yields gross
mixtures with 1, 3-disubstituted allenes, and mainly vinylic product with cyclonona-1, 2-
diene.

AN
B /a + Me,C=C=CMep; ——»p \‘/XB (46)
H

(16) 49)

Non-conjugated dienes can generally be monohydroborated selectively with 9-bbn,
with the position of hydroboration easily predictable on the basis of the relative
reactivities of the separate olefinic functions'*2. If the diene is symmetrical, the product
tends toward a statistical mixture of non-hydroborated and mono- and di-hydroborated
products, although the second hydroboration tends to be slower than the first. With
cyclohexa-1,4-diene or cycloocta-1,6-diene the second hydroboration is markedly
hindered and good yields of monohydroboration product such as the 5-borylcyclooctane
50 are obtained (equation 47).

OO () —(rD =

(1e) (50)
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The hydroboration of a number of functionally substituted compounds with 9-bbn has
been reported'*3. In general, the electronic effects of halogen or oxygen substituents in
allylic systems CH,=—=CHCH X or CH,=CHCHX, are overcome by the steric demands
of the reagent, and the boron attacks the terminal carbon exclusively. In crotyl systems,
MeCH=CHCH X (X = Cl or OR) the electronic influence predominates and the boron
atom attacks the 2-position. With ethyl crotonate, a 50% yield of ethyl 2-ethyl-3-
oxohexanoate was obtained, evidently the result of Claisen condensation of the initially
formed boron enolate 51 (equation 48). As noted in Section L.A.1, structures of the type
B—C—C=0 are highly unstable with respect to rearrangement to C—=C—O—B both
thermodynamically and in having no Woodward-Hoffmann symmetry barrier to
intramolecular rearrangement, and thus it is not expected that the a-boryl carboxylic ester
from electronically directed hydroboration would survive if it were formed at all.

o] 0 0

/\/U\OEt + 9-bbn ——» O—-—B@ —» O
(16) ~
OE'(SI)

(48)

Acetylenes are hydroborated by 9-bbn to yield either vinylborane or gem-diboryl
products, depending on the ratio of reactants, and 9-bbn shows greater regioselectivity
than other reagents!**. With alk-1-ynes, the boron attacks the 1-position exclusively, as
iltustrated with hex-1-yne, 52, (equation 49) but if clean (ca. 95%) monohydroboration is
desired a 2-fold excess of the alkyne is required. With internal alkynes, monohydrobor-
ationis readily achieved, and dihydroboration in the two cases studied (dec-5-yne and hex-
3-yne) yielded exclusively gem-diboryl products. Unsymmetrical alkynes can be hydro-
borated with synthetically useful selectivity only if one of the alkyl groups in branched, as
illustrated with 4-methylpent-2-yne, 53, which yields 96%, selectivity (equation 50).
Selectivity is a marginal 78:22 with hex-2-yne.

. )

(49)

S H
O D)

(53) z1e)

A systematic survey of the use of several dialkylboranes for the hydroboration of
alkynes has shown that monohydroboration of alk-1-ynes is favoured by lower
temperatures, and that even as unhindered a hydroborating agent as di-n-hexylborane
yields 82% mono- and 9% di-hydroboration product with an equimolar amount of oct-1-
yne if the reaction temperature is — 50°C'*5.
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g. Borane rearrangements and displacements

Rapid rearrangement of tri-tert-butylborane to triisobutylborane at room temperature
or slightly above was implied by the attempted preparation of the tert-butyl compound
from the Grignard reagent and BCl;, which yielded the isobutyl compound instead'*%. In
this work by Hennion et al.'*®, which predates hydroboration, it was conclusively
demonstrated that tri-2-butylborane rearranges to tri-n-butylborane at or below its
boiling point, ca. 210°C at latm. The much less reactive tri-2-butylboroxine,
{MeCH,CH(Me)BO},, rearranges in 24h at reflux (242°C) to tri-n-butylboroxine,
{Me(CH,);BO};'*".

The temperature required for alkyl group rearrangements in boranes is usually in the
range 100-150°C in ethereal solvents such as diglyme [bis(methoxyethyl)ether]'+8-!49,
The reaction is catalysed by dialkylboranes and suppressed by excess of alkene'-'3°, This
catalysis implies a mechanism more complex than mere separation of RCH(CH;)BR),
into RCH=CH, and R’,BH, followed by recombination to form the less sterically
hindered RCH,CH,BR’,, and appears inconsistent with the hypothesis that all hydrobor-
ations may follow the same detailed mechanism as those by 9-bbn (see Section 1.C.2). It
appears that the borane and olefin can remain bound in a n-complex in some cases, as
indicated by the results of Rickborn and Wood!3! in which the product of hydroboration
of cis-1,2-dimethylcyclohexene  rearranged initially to  cis-1-borylmethyl-2-
methylcyclohexane, the product of migration of the boron along one side of the double
bond. The kinetic hydroboration product would normally include a substantial amount of
trans-isomer, and the thermodynamic product is 73%, trans, which results after prolonged
heating and obviously requires a dissociative mechanism'3'. Another system in which it
appears that the borane—olefin m-complex remains bound is the isomerization of
triisopropylborane to tri-n-propylborane, for which the entropy of activation was found to
be — 9e.u.'*2 The entropy of activation for isomerization of tert-butyldiisobutylborane to
tri-tert-butylborane in the same study was + 14e.u, which implies a dissociative
mechanism.

One alkene can displace another from a trialkylborane under conditions similar to
those used for alkyl group rearrangement' 2. It has long been known that thermal
cracking of trialkylboranes yields atkenes, which can be distilled out, and dialkylborane
dimers?®!53:13% The displacement process is faster than borane rearrangement ifan alk-1-
ene is present, as shown for example by the liberation of a-pinene, 28, from its
hydroboration product, 54, by displacement with dec-1-ene (equation 51)'35. If 54 is
heated in the presence of R,BH before treatment with dec-1-ene, isomerization to the
primary alkylborane 55 then leads to -pinene, 56. The borane rearrangement does not
disturb even highly strained carbon skeletons, as exemplified by the rearrangement of 54 to
55'5° The process is generally good for rearranging the boron atom from a ring position
to the end of a side-chain.

BR,
/ BR,
. decene heat
(28) (54) (55)
decene \

(s6) (51)
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The kinetics of replacement of isobutene from triisobutylborane by ethylene to form
triethylborane in the gas phase require that the mechanism involves dissociation followed
by recombination'3®. Kinetic data indicate a similar mechanism for exchange of alkenes
with alkyl groups in 9-alkyl-9-bbns in refluxing thf'*”. In accord with the hypothesis of
dehydroboration followed by rehydroboration, isomerization will not proceed past a
carbon atom that does not have at least one hydrogen attached!*%-!3% asillustrated with
the isomerization of 2, 2, 4-trimethyl-3-pentylborane, 57, exclusively to 2,4, 4-trimethyl-1-
pentylborane and not to the 2,2,4-trimethyl isomer (equation 52).

Me3CCH B __heot Ma3CCH, GHCH— B (52)

CHMe, /5 Me 3

At higher temperatures, generally 200-300 °C, trialkylboranes eliminate hydrogen and
alkenes with the formation of five- or six-membered rings'5®'3°. Phenylethyl- or
phenylpropyl-boranes close to boraindanes or boratetralins'é°. These cyclizations are
seldom specific enough to be of much synthetic interest, but fortunately they are much
slower than the borane isomerizations under discussion and do not interefere.

It was noted in the preceding Section .C.1.f that 9-bbn derivatives rearrange relatively
slowly, and that 9-bbn is therefore a good blocking group if prevention of rearrangement is
sought!3° This perhaps reflects the fact that 9-alkyl-9-bbn compounds suffer a relatively
low degree of steric interaction, in contrast to the transition states for their formation from
or decomposition to 9-bbn and alkene. The relative steric strain in the boranes themselves
is evidently increased in bulky bis(cycloalkyl)alkylboranes, which undergo unusually
rapid rearrangement. Rates have been studied with bis(cycloalkyl)-3-hexylboranes at
150°C in diglyme!®!7163 Relative to tris(3-hexyl)borane as 1, relative rates for equilib-
ration are 9-bbn 0.12, cyclohexyl 5, 2, 5-dimethylcyclohexyl 500'¢!, cyclopentyl 1.7,
cycloheptyl 25, cyclooctyl 167'%% exo-norbornyl 60, and 2-bicyclo[2.2.2]octyl, 58,
1500'62. Thus, bis(2-bicyclo[2.2.2]octyl)borane is the hydroborating agent of choice if the
ultimate goal is borane rearrangement (equation 53).

2 (o

(58)
(53)

Although 9-alkyl-9-bbns rearrange relatively slowly, it is unusually easy to recover the
alkyl groups from them as alkenes by displacement with aldehydes. Midland and
coworkers have shown that the displacement is first order in aldehyde and first order in 9-
alkyl-9-bbn and that the reaction is much faster than dissociation of the 9-alkyl-9-
bbn!6416% The very negative entropies of activation are in accord with a concerted cyclic
transition state, and the 9-bbn group is sterically prevented from ring opening by such a
mechanism. Secondary alkenes are displaced much faster than primary, and the reaction
of B-3-pinanyl-9-bbn with carbonyl groups provides a highly useful method of enant-
ioselective reduction, discussed in Section I11.
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2. Mechanism of hydroboration

The stereochemistry of hydroboration corresponds to direct addition of the B—H unit
to the C=C group in a cyclic four-centre transition state, and catalysis of the reaction by
ethers was apparent when hydroboration was discovered'. The first kinetic studies showed
a first-order dependence on distamylborane dimer'%®, but this and other systems
studied earlier were highly complex, and interpretations involving borane dimers or
solvates'®®'%7 now appear erroneous.

A definitive series of studies of reactions of 9-bbn with alkenes and other substrates
carried out by Brown and coworkers has recently shown that 9-bbn dimer, 16, dissociates
to 9-bbn monomer, 59, and it is free 59 that attacks the substrate via a four-centre
transition state, 60 (equation 54)'%87!78, The kinetic evidence may be summarized briefly

K
% /\ r_2H—i3%'
Kl

(ls) (59)
% L —bRCHZCHZB% (54)
2 R :
\é_ ------ -CH,

(60)

as follows. If the alkene is highly reactive toward the borane monomer, 59, then k, » k _
and the reaction is first order in 9-bbn dimer, 16, with rate constant k,, and independent of
the nature of the reactive substrate or its concentration. If the alkene is sterically hindered
or halogen substituted and of low reactivity, so that k_ | > k,, then the reaction becomes of
0.5 order in 9-bbn dimer, 16, and first order in the slowly reacting substrate. These
relationships hold in a variety of solvents, including some such as carbon tetrachloride
which cannot complex with the borane monomer, 5§9'¢87172.177.178 Borinane (boracy-
clohexane) is a much faster hydroborating agent than 9-bbn but shows similar rate
laws!79,

Lewis base complexes of 9-bbn, including those with thf, dimethyl sulphide, or amines,
dissociate to yield 9-bbn monomer, 59, which is the active species that hydroborates
alkenes'’>. Reduction of aldehydes and ketones with 9-bbn in thf shows similar kinetic
patterns to hydroboration of alkenes'’. Substrates that are reactive enough can attack
9-bbn dimer directly and yield kinetics first order in substrate and first order in (9-bbn),,
but this type of behaviour appears to be confined to protonolysis by unhindered
alcohols!”> and complex formation with unhindered amines!’

In general, borane—thf complexes are faster hydroborating agents than borane dimers.
How can the formation of the borane—thf complex be exothermic, yet dissoctation of the
borane—thf complex requires less energy than dissociation of the original borane dimer?
The straightforward answer is that the significant quantity of energy is that needed to
liberate 1 mol of borane monomer. Dissociation of the dimer liberates 2 mol of monomer,
and requires less energy than dissociation of 2 mol but more than dissociation of | mol of
borane—thf complex without violating thermodynamics. Thus, complexing with the ether
solvent lowers the activation energy for hydroboration!”?.

Although it is not possible to study the B,Hs~BH, system in the comprehensive detail
done with 9-bbn, hydroborations with BH,~NR, and BH,—SMe, are inhibited by added
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NR; or SMe,, which makes sense only if free BH, is the active hydroborating agent'8°,
There is an anomalous observation that an impurity in a substituted styrene can inhibit
initiation of hydroboration by a large excess of BH,;—thf for up to six half-lives!8!, which
Brown has cited as further evidence that free BH, is the active hydroborating agent'8°,
However, there is no way a minor impurity could remove the whole molar equivalent or
more of BH; that would be generated by a first-order dissociation in such a long time, and
these results imply either experimental error or a chain mechanism!®”. Conceivably RBH,
+ B,H¢ could yield RBH,-BH; + BH; in a chain reaction, and the anomalously low heat
of activation'®? might be an artifact of an unrecognized chain process, but the data are
insufficient to support any conclusion. Gas-phase kinetics have shown that free BH,
hydroborates ethylene with an activation energy of ca. 8.3kJ mol ™!, and direct attack by
B,Hg does not occur'®3.

Observations that alkyl group isomerization in trialkylboranes s catalysed by R ,BH'*°
or ethereal solvents' (see Section I.C.1.g) seem inconsistent with the dissociation
mechanism for hydroboration. If dehydroboration proceeds directly to a borane dimer or
etherate, then the principle of microscopic reversibility requires hydroboration to proceed
directly from the borane dimer or etherate. However, isomerization might also be aided by
disproportionation of RBR’, to R;B and BR’;, and the R,BH catalysis might work by
accelerating ligand exchange.

The four-centre mechanism for the addition of the B—H unit to C=C is consistent with
the H/D isotope effect!®4, Significantly for the synthetic chemist, this mechanism requires
that the addition be strictly syn, with no rotation about a transient C—C single bond.
Although the older evidence strongly supports this conclusion'-!°! a definitive proof with
an acyclic substrate has been provided by Kabalka et al.'®%, based on n.m.r. characteriz-
ation of the trialkylboranes (not oxidation products) generated from (E)- and (Z)-1, 2-
dideuteriohex-1-ene.

A practical application of this mechanistic information is the finding that hydrobor-
ation by HBBr,~SMe, is greatly accelerated and helped to completion by the addition of a
few percent of BBr;'®6. It appears that the product RBBr, complexes less strongly than
HBBr, with dimethyl sulphide, and the addition of a small amount of BBr to the mixture
shifts the equilibrium concentration of free dimethyl sulphide to a very low value and
increases the concentration of the active hydroborating agent, HBBr,.

3. Boronic esters and haloalkylboranes

a. Introduction

The presence of a halogen atom connected to boron deactivates, and the presence of an
oxygen greatly deactivates, the borane toward B—H or B—C bond reactions. According-
ly haloboranes and alkoxyboranes are much less active than diborane or alkylboranes as
hydroborating agents. However, there is considerable synthetic utility in having
alkylboranes in which only one alkyl group is available for reactions. Such devices as the
use of dialkylthexylboranes or 9-alkyl-9-bbns in order to block one or two positions of the
borane Section 1.C.l.e. and f) are often successful, but there are also a variety of
circumstances in which reactions fail to distinguish the blocking alkyl group from the
desired reaction site.

Boronic esters, RB(OR'),, are generally readily available in molar and larger quantities
from Grignard reagents and trialkyl borates (Section I.B.1). However, hydroboration
provides a useful alternative route for certain types of structures and is compatible with
some functional substituents where Grignard reagents are not. Alkylhaloboranes are more
inconvenient to make by classical routes, and hydroboration makes them available as
practical synthetic intermediates for the first time.
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b. Boronic esters from catecholborane

Simple dialkoxyboranes such as (MeO),BH'®7 or their cyclic analogues such as 1,3, 2-
dioxaborolane, (CH,),0,BH#®, are unstable toward disproportionation into B,H, and
(RO);B. The sterically hindered 4,4, 6-trimethyl-1, 3, 2-dioxaborinane, 61, has proved to
be stable and hydroborates alkenes and alkynes above 100 °C, with mediocre yields!'87:!°°,
The reagent hydroborates allenes efficiently at 130°C, with boron attack preferentially on
an unsubstituted terminal carbon (equation 55). or if the allene is I.3-disubstituted. on
the central carbon'®!.

o o

B—H + MeCH=C=CHMe —— \B—CH=CHMe (55)
/

0 o &

)

In contrast to the sluggish reactivity of 61, catecholborane, 62, hydroborates alkenes
and alkynes efficiently at 65-100°C'°27'%5, This is an especially valuable route to
(E)-alk-1-eneboronic esters such as catechol (E)-hex-1-enylboronate, 63 (equation 56),
the reaction being stereospecific and reasonably regioselective, ca 93% for unbranched
alk-1-ynes'®*. The regioselectivity falls to 60:40 with hex-2-yne, Pr"C=CMe, but is a
useful 929 with 1-cyclohexylpropyne, 64 (equation 57)!°4. The major isomer is usually
easily purified by hydrolysis of the catechol ester to the boronic acid and recrystallization.
Catecholborane hydroborates alk-1-enes slightly faster than alk-1-ynes, and an extensive
series of competition experiments has indicated that catecholborane tends not 1o be as
selective as 9-bbn or disiamylborane in distinguishing between different olefins'®3.

In addition to being valuable for making (E)-alk-1-eneboronic esters, catecholborane
provides a useful route to certain functionally substituted boronic esters that are not
accessible from Grignard or lithium reagents. Thus, catecholborane, 62, with 3-
chloropropyne yields catechol (E)-3-chloroprop-1-enylboronate, 65 (equation 58), and
although the selectivity of the boron for the terminal carbon is only 82%'%% any
alternative route to this compound would be long. Similarly, catecholborane hydrobo-
rates allyl chloride or bromide to form XCH,CH,CH,BO,C4H,, and in this case it
appears that the byproduct XCH,CH(CH,)BO,C4H, eliminates XBO,C¢H, and
propene, which is captured by catecholborane to yield ca 10% of catechol n-
propylboronate'®6. Pinanediolborane was tested as an alternative hydroborating agent
but gave low yields slowly'?. Catecholborane hydroborates methyl pent-4-enoate, 66,
efficiently, but was found to reduce the ketone group first with hex-5-en-2-one
(equation 59)'°7. An alternative to catecholborane which reacts with alk-1-ynes at 50 °C is

o S o,
O/B_H +\\/\/ - ©:O/B\/\/\/ (56)

(62) (63)

S o
62 4 — @[ ® i57)
(6]

(64)
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x 0,
62 + \\/Cl ——>©i(3>8\/\/(3l (58)

(85)

6]
\
62 +/\/\602Me » @io/a\/\/\cone (59)
(66)

1,3, 2-dithiaborolane, 67 (equation 60)!°8, which is easily prepared as its trimethylamine
complex by reaction of BH,—thf with ethane-1, 2-dithiol in the presence of trimethyl-
amine'®?. The free dithiaborolane is liberated from the amine complex by treatment with
boron trifluoride etherate!®8. The hydroboration products are easily hydrolysed to
boronic acids.

S S
\
[ B—H + \/\/ [ \B\/\/\/ (60)
/ /
S S

91 %

¢. Mono- and di-haloboranes

Monochlorodiborane was first prepared by Burg over 50 years ago?°°, and proved
difficult to isolate because of its tendency to disproportionate to boron trichloride and
diborane. However, CIBH, and CI,BH are readily prepared in ethereal solvents by
treating B,Hg with HCI or BCl;, and these were introduced as hydroborating agents
independently by Zweifel?°! and Pasto2°2. In thf, CIBH, and C1,BH do not disproportio-
nate appreciably?®3. The similar reagents PhSBH, and (PhS),BH had been found to be
active hydroborating agents earlier??>. The use of 1,3, 2-dithiaborolane as an alternative
to catecholborane has been described in the preceding Section 1.C.3.b.

Chloroborane was subsequently investigated by Brown and Ravindran, who found
that the reagent is most efficiently generated by treatment of lithium borohydride with
boron trichloride in diethyl ether?9%-296 [n contrast to CIBH ,—thf, which is a relatively
slow hydroborating agent, CIBH,—OEt, reacts rapidly and completely with olefins to
form CIBR,2%. If 1.2-2.0 mol of thf are added to the reagent, the reactions can be stopped
after one of the two hydrides has reacted to form CIBHR. Alkynes, RC==CH, are readily
converted into dialkenylchioroboranes, (RCH=CH),BClI, with the usual E-geometry.
The reagent is useful in preparing cyclic boranes, for example I-chloro-1-boracyclooctane,
68 (equation 61)2°7. Dichloroborane etherate is a very slow hydroborating agent, but on

PO CiBH, —OEt, [(CHp),BCl],, 250 C_, B-c) + smaller ring
by - products

68%

(68)
(61)

addition of 1 mol of BCl, it becomes an efficient reagent for the hydroboration of alkenes
and alkynes?°8. Methanolysis efficiently converts the dichloroboranes into boronic esters,
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for example dimethyl cyclopentylboronate, 69 (equation 62). Thus, dichloroborane
provides an alternative to catecholborane for synthetic purposes. It differs from
catecholborane in its capacity to dihydroborate alk-1-ynes, RC=CH, to form |, 1-
bis(chloroboryl)alkanes, RCH,CH(BCl,),2%8,

BCl, B(OMe),

Q HBCl, MeOH (62)

(69)

More recently, Brown’s group has found that haloborane—dimethylsulphide complexes
are superior hydroborating agents. These complexes are easily prepared by redistribution
of BH;-SMe, with BCl,-SMe, or BBr;—SMe,?%°. H,BCl-SMe, hydroborates olefins at
25°C with high efficiency and regioselectivity. HBCl,~SMe, requires 1 mol of BCl, to
complex with the dimethy! sulphide in order to be an effective hydroborating agent?'°.
H,BBr-SMe, provides a simple route to R,BBr?!'!. Comparison of HBX,-SMe, where
X =Cl, Br, or I indicates that all are effective hydroborating agents, that the iodo
compound is slower than the others, and that separation of pure R,BX from dimethyl
sulphide is easier when X = Cl than when X = Br2!2, A direct route to 9-halo-9-bbns is
provided by reaction of cycloocta-1, 5-diene with H,BX-SMe,?'?.

Dibromoborane-dimethyl sulphide, HBBr,—SMe,, has proved to be a faster hydro-
borating agent than the chloro analogue, and reacts with many olefins at a satisfactory rate
in refluxing dichloromethane?'*. In this case, the products are often isolable as distiliable
dimethyl sulphide complexes, for example trans-2-methylcyclopentyldibromoborane-
dimethyl sulphide, 70 (equation 63)2'*. Alkynes yield alkenyldibromoboranes in the
expected manner?'”. Efficient procedures for converting the alkyldibromoboranes in to
various types of boronic esters have been reported®'®. An extensive study of relative
reactivities of various alkenes and alkynes toward HBBr,—SMe, has revealed that internal
alkynes react fastest, closely followed by CH,=C(Me)R, which react an order of
magnitude faster than RC=CH and RCH==CH ,, which react faster than internal alkenes
or cyclopentene by factors of 3-8 and faster than cyclohexene by two orders of
magnitude?'®. It was pointed out that HBBr,~SMe, will hydroborate CH,=C(Me)R in
the presence of CH,=CHR, while disiamylborane shows a strong preference in the
reverse direction, permitting the selective hydroboration of either double bond in a
bifunctional structure. Similarly, HBBr,—SMe, will selectively hydroborate an internal
alkyne in the presence of a terminal alkene, and 9-bbn can be used if the reverse preference

is desired?'®,
+ HBBFZ—S(CH3)2 —_— b--...BBrZ—S(CH3)Z (63)

(70)

Thermal isomerization of RBCl,-SMe, at 150 °C has been found to be unusually slow,
even slower than rearrangement of the 9-bbn analogues?'®. Relative rates for R = 3-hexyl
are RBCl,~SMe, 1,R-9-bbn 22, RBBr,-SMe, 45, and RBI,~-SMe, 4380. The dimethy!
sulphide does not have a significant effect on the rates. Hence the dichloroboranes are
especially suitable reagents if highly labile systems such as !-methylcyclooctene are
hydroborated.

Aninteresting and useful synthesis of (Z)-alk-1-enylboronic esters, 71, has been reported
by Brown and Imai (equation 64)22°. An earlier analogous (Z)-alkenyldialkylborane
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synthesis by Negishi and coworkers is described in Section I1.B.1.b. Thexylchloroborane-

R Br R Br R B(OR"),
— N / ROH '\ / KHB(OPr' N
RC=CBr M’ C=¢C —_— c=cC __(—r)é, c=C
/ AN s AN , / AN
H BBr, H B(OR"), H H
(rn

R= BU",Pr’,CI(CHy)y ;R"=Ma, Pr’, HOCHaCHz, HO(CHj)3, HOCMe; CMe;
(esters from diols are cyclic).

(64)

dimethyl sulphide, 72, has been prepared from thexyiborane—dimethyl sulphide and HCI
in diethyl ether by Zweifel and Pearson??!, and by the direct hydroboration of
tetramethylethylene with H,BCI-SMe, by Brown et al.222-223 The regioselectivity of 72
is very high because of the thexyl group steric influence, typical figures for the position of
boron attack being >99% terminal with oct-1-ene22!-223  ca. 99% terminal with
styrene?2'7223 979 at the 2-position of (Z)-4-methylpent-2-ene, MeCH=CHCHMe,???,
and 76%, at the 2-position with the virtually undifferentiated (Z)-pent-2-ene??*. A study of
"'B n.m.r. spectra has shown that thexylchloroborane etherate disproportionates to
substantial proportions of thexylborane and thexyldichloroborane, but the thf and
dimethyl sulphide complexes do not disproportionate, and consequently are more
selective as hydroborating agents22*. A study of relative rates of hydroboration of alkenes
with 72 has yielded the approximate values alk-1-enes 1000, cis-alkenes ca. 100, styrene
11, norbornene 6, trans-alkenes 1.2, and cyclohexene 0.7225, The cis/trans ratio of ca. 100 is
unusually high.

A useful synthetic application of thexylchloroborane methyl sulphide, 72, is the
synthesis of unsymmetrical trialkylboranes, one group of which is a thexyl blocking
group?2!, The first of the other two alkyl groups is attached by hydroboration, the second
with a Grignard or lithium reagent. Extension of this chemistry to the synthesis of
thexylalkenylalkynylboranes, and to other alkylalkenylalkynylboranes, has been reported
(equation 65)226-227  Surprisingly, reaction of the intermediate thexylalkenylchlorobo-
rane, 73, with alkynyllithium is slow, and the process was speeded up by converting 73to a
methoxy derivative first (equation 66).

H
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d. Redistributions

Redistribution reactions of various types of alkylboranes have been mentioned in
preceding sections as synthetic nuisances. However, redistributions between trialkylbo-
ranes and BX,, where X is halogen or alkoxy, provide potentially useful routes to RBX,
and R,BX. For example, it has been known since 1957 that reaction of R,B with BCl, at
100°C yields RBCl, or R,BCI, depending on the stoichiometry (R = 1-butyl, 2-butyi,
isobutyl), and that the alkyl groups themselves are not isomerized in the exchange??®,
Tetraalkyldiboranes have been shown to catalyse the reaction?2:23%. Borane~dimethyl
sulphide can be used to catalyse alkyl-halogen exchange, for example the reaction of
tris(3-hexyl)borane and boron tribromide to form 3-hexylboron dibromide, 74
(equation 67)23".

BHy~SMe,
\3— B + BBI’S W \i>—BBr2 (79 °/o) (67)

3
(74)

Aryloxyboranes, (ArO);B, undergo redistribution with R;B to form R,B-OAr at
100 °C with the aid of BH,~thf as catalyst**2. The triaryl borates react much faster than
trialkyl borates. This type of redistribution is useful for preparing catechol boronic esters
from trialkylboranes of low molecular weight, where hydroboration of the volatile alkene
with catecholborane would require high pressures’?2.

e. Other borylations

Borane carbonyl, BH,CO, which is derived from diborane and carbon monoxide,
reacts with water or alcohols at low temperatures with hydride migration from
boron to carbon to form cyclic dimeric derivatives of hydroxymethylboronic acid,
HOCH,B(OH),2*3.

Although the addition of B—H across the carbon—carbon double bond is the well
known and widely used reaction, analogous additions of B—B and B—Br are also
possible. The oldest of these is the reaction of acetylene with boron trichloride in a gas-
phase flow system at atmospheric pressure over a mercury(l) chloride on carbon catalyst,
which yields CICH=CHBCI, and (CICH=CH), BC], the geometry of which was not
investigated?>*. The reaction easily yields large amounts of material, but the chlorovinyl
groups undergo base-catalysed B—Cl elimination too easily for the material to have any
obvious utility.

The facile cis addition of 9-bromo-9-bbn to atkynes has been reported by Hara
et al.?3%. The resulting f-bromoalkenylboranes form borate complexes with alkynes that
are stable enough to undergo typical iodine-initiated rearrangement with carbon—
carbon bond formation (see Section 11.B.3.c). Boron tribromide adds to cyclohexene to
form cyclohexenylboron dibromide, 75, the logical product from loss of HBr, and
cyclohexylboron dibromide, for which the hydrogen source is unclear
(equation 68)2%¢-237 Ethylene yields ethylboron dibromide and polymer?3®, and several
other olefins react in an analogous manner to cyclohexene?3”.

BBr, BBr; Br
@ + BBry, —— (tr +©/ +O/ (68)

(75)
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The addition of Cl,B-BCl, to C=C or C=C is an eflicient reaction related
mechanistically to hydroboration, and shows syn geometry; for example, addition to
acetylene produces (Z)-Cl,BCH=CHBC]I,?3#7 20 The reagent is difficult to prepare, and
the reaction has not found synthetic use.

Finally, it might be noted that arylboron dichlorides such as PhBCI, can be made
efficiently from boron trichloride, aromatic hydrocarbons such as benzene, toluene, or
xylene, and aluminium metal?*'. Although not a very convenient laboratory process, this
type of reaction could be useful for relatively inexpensive industrial production.

il. REACTIONS OF BORANES

A. Oxidative Replacement of Boron
1. Reagents which replace boron by oxygen
a. Oxygen

If spontaneous combustion of triethylborane, 1, in air was the first organoborane
reaction to be observed, the controlled air oxidation of 1 to diethyl ethylboronate was the
second (equation 69)°. Hydrolysis yielded ethylboronic acid and, to balance, ethanol. In
this century, air oxidation of tributylborane has been found to be controllable to cleave
only one of the three alkyl groups and stop at Bu,BOBu merely by adding water, which
inhibits further oxidation?®. The initial product formed from R,B and O, is a peroxide,
R,B—0O—O0O—R?*2 Treatment of thf solutions of RyB with 1.5 O, at 0°C followed by
aqueous alkali results in quantitative conversion of all of the alkyl groups to alcohol,
ROH?2#3, However, this inexpensive oxidation of expensive organoboranes involves
radical intermediates®#? and consequently fails to preserve the stereochemistry?*?, which
makes it of limited synthetic utility. The reaction does have synthetic potential as a (non-
stereospecific) source of organic hydroperoxides. Trialkylboranes, R;B, yield (ROO),BR,
which on treatment with hydrogen peroxide yield 2 ROOH + ROH?*4. Alkyldichl-
oroboranes, RBCI,, are oxidized to ROOBC]I,, which hydrolyse to ROOHZ2%3,

Et,B + O, — EtB(OE), =% E{B(OH), + EtOH (69)
(1)

Isotopically labelled oxygen is most easily obtained in elemental form, and the reaction
of oxygen with organoboranes consequently is of special utility in preparing alcohols
containing labelled oxygen. Kabalka et al.?*¢ have synthesized several '’O-labeiled
primary alcohols in order to demonstrate the feasibility of the process and its
compatibility with the presence of functional substituents. This chemistry becomes of
unique value for the preparation of such simple compounds as '3Q-labelled butan-1-
and-2-ol, which are of interest as agents for cerebral blood flow measurements?*”. The
2.04-min half-life of %O is ideal for medical diagnostic purposes, but provides the chemist
with a considerable challenge to devise an ultra-fast synthetic technique.

b. Hydrogen peroxide

The reagent of choice for most conversions of boranes to alcohols is alkaline hydrogen
peroxide®-?® which reacts quantitatively at 0 °C and gives stereospecific replacement with
retention of the configuration of the alkyl group'-2-2*8. The kinetics of oxidation of
phenylboronic acid have been studied in detail, and are consistent with the stereochemical
results in requiring a hydroperoxyborate complex, 76, as an intermediate, with migration
of the phenyl group from carbon to electron deficient oxygen in the crucial step?*°. The
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initial product, (HO),BOPh, hydrolyses very rapidly to PhOH and B(OH),™ under the
reaction conditions (equation 70). In the presence of buffers, peroxy anions derived from

- OH OH
H—OO> I —-
PhB(OH)y — Ph—B|~O——OH —» (HO),B- -0 — (HO),BOPh + OH™
OH Y
(76)

(70)

the buffer also enter into the rate law, including peroxyborates. In acidic solution, a pH-
independent term in the rate law evidently involves a protonated version of 76,
PhB~(OH),00H,*, with no net charge, and in very strong acid evidence for protonated
species of undetermined hydration was obtained?*®. For a series of boronic acids,
RB(OH),, at pH 5.23, which is on the basic side of the rate minimum near pH 3, second-
order rate constants { [RB(OH),][H,0,]} at 25°C are R = PhCH, 0.088, Bu' 0.072, 2-Bu
0.023, Ph 0.017, CH,=CH 0.007, 1-Bu 0.005, and Me 0.00013 | mol~'s~'2%° Thisis a
narrow range of rates and shows the insensitivity of the reaction to steric or electronic
factors in the substrate. Although the kinetic results with boronic acids show good
behavior over a wide range of pH, it is customary to use strongly basic conditions with
trialkylboranes!+?°, perhaps to avoid any accidental radical-initiated processes that would
not give full selectivity.

The net result of the syn geometry of hydroboration and the peroxidic oxidation with
retention of configuration is the syn addition of water across the double bond, with a
strong regioselective bias toward ‘anti-Markownikoff’ addition, the OH occupying the
least sterically hindered position’2¢. Results dating back to shortly after discovery of
hydroboration support this conclusion'®!-2*8, Some finishing touches on the stereochem-
ical proof have been supplied by Kabalka and Bowman?3!, who showed that deuteriobor-
ation of cis-but-2-ene yields at least 999, erythro-butan-2-ol-3-d, 77, and deuterioboration
of trans-but-2-ene yields threo-butan-2-ol-3-d, 78 (equations 71 and 72)?3'. These results
require that the observed stereochemistry be inherent in the process, not an artifact of
diastereoselection.

Me Me Me Me
\ (1)BD5—thf '
C=C — DwweC —— C~mOH (racemic) (71)
/ (2)H0,,0H : £
H H H =
H H
(77)
Me H Me H
\c / (1)BO,~thf |
=C ————#% D@»=C—-C-=aOH (racemic) (72)
7N (2)H,05,0H
" B e
(78)

Peroxide oxidation of an alkenylborane leads to an enol and hence an aldehyde or
ketone?*2, Although strongly basic conditions are customary for the oxidation of boranes
to alcohols, slightly basic buffered media are necessary if labile aldehydes are to be
isolated?32:233,

Carbon—carbon bond cleavage is a side reaction in the hydrogen peroxide oxidation of
alkenylboronic acids?®3. Pure oct-1-enylboronic acid yielded 2% of heptanal in the
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derived octanal, and 2-phenylpropenylboronic acid, 79, yielded up to 40% of aceto-
phenone under buffered conditions (equation 73). This proportion was reduced to 4% by
making the reaction mixture very strongly basic. Extensive carbon—carbon bond

Ph B(OH), Ph H Ph Ph
N / N / H,0, N
=0 = a —=» CH—CHO +  £=0
Me/ H Me B(OH)2 Me Me
(79)(isomer mixture) (73)

fragmentation has also been observed in peroxide oxidation of the diboryl compounds
obtained from hydroboration of phenylacetylene?3#, Such problems are not common, and
oxidation of organoboranes with hydrogen peroxide is among the most general and
efficient of synthetic processes.

¢. Other peroxidic reagents

Sodium perborate is an inexpensive peroxide with an excellent shelf-life and functions
like hydrogen peroxide for most purposes. The cleavage of the alkenylboronic acid 79 to
acetophenone was reduced to ca 1%, by the use of sodium perborate together with a
strongly basic reaction medium?33, The only drawback to sodium perborate appears to be
its low solubility, even in media of high water content, and slow reactions may be
encountered with sterically hindered boronic esters.

Perbenzoic acid cleaves tributylborane quantitatively to butanol at 0 °C?®. This reagent
or m-chloroperbenzoic acid can be used for oxidation of certain cyclic fi-chloroboranes
which undergo boron—chloride elimination under the basic conditions of hydrogen
peroxide oxidation but give good yields of S-chloro alcohols with peracids?33:2%6,

The molybdenum peroxide reagent MoO,—py—-hmpa oxidizes organoboranes to
alcohols under mild conditions?37 and has been shown to do so with stereospecific
retention of configuration?®®,

d. Trimethylamine oxide

Anhydrous trimethylamine oxide is less reactive and more selective than hydrogen
peroxide and can be used to convert R;B in to R,BOR or RB(OR),2%%2¢% Trimethyl-
amine oxide cleaves alkyl groups faster than aryl or alkenyl groups from boron, and has
found special use in cleavage of one disiamyl group from a B-disiamyl-B-alkenylborane
(1, 25°C, thi-toluene) prior 1o stereospecific bromodeboronation?®?.

Hydrated trimethylamine oxide is more convenient to use and gives high yields of
alcohols when stirred as a suspension and heated with the trialkylborane in any of a
variety of solvents262-263, With tricyclohexylborane, a relatively reactive substrate, one
cyclohexyl group is converted in to alcohol in a few hours at 25 °C, all three are oxidized at
66—110°C, and there appears to be no clean break for oxidation of two cyclohexyl groups.
With tri-n-hexylborane, the first hexyl group is oxidized rapidly at 25 °C, the second at
66 °C, and the third requires 138 °C2¢3,

An interesting application of trimethylamine oxide is the selective oxidation of the
hydroboration products from alkynylsilanes to acylsilanes. Oxidation of RCH=
C(BR,)SiMe, with hydrogen peroxide yields the carboxylic acid, thus providing the last
link in an efficient route from RC=CH to RCH,CO,H?%* The more interesting
challenge is to prepare the acylsilane, which can be done with carbonate-buffered
hydrogen peroxide with some loss?®3. Hydrated trimethylamine oxide is effective with the
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hydroboration products from alkynylsilanes with dichloroborane, but the yields of
hydroboration products are low?%. Borane~methyl sulphide hydroborates alkynylsi-
lanes efficiently, but hydrated trimethylamine oxide oxidizes the resulting trialkenylbo-
ranes very slowly, and anhydrous trimethylamine oxide was found to be the unique
reagent for obtaining high yields of acylsilanes?®®. The selectivity of the amine oxide is
demonstrated dramatically with the synthesis of [(trimethylsilyl)acetyl]trimethylsilane,
81265 an interesting synthetic building block (equation 74)*¢”. The geometry of the
intermediate boron enolate, 80, has not been determined, but retention of configuration is
expected on mechanistic grounds.

Me35i B Me;Si 5 Me3Si\
BH;SMe Me,NO o—
MeySiC=CSiMe, ——» R y — c=0

Me;Si 3 Me3Si 3 Mez SiCH3

(80) ®1)
(74)

e. Chromium(Vl)

Chromic acid oxidizes sec-alkylboranes to ketones in strongly acidic solution?¢8, At pH
3-7, where alcohols are not oxidized by chromium(Vl), the species HCrO,~ oxidizes
boronic acids to alcohols with much more selectivity than that shown by hydrogen
peroxide, relative rates for RB(OH), being for R = Me 1, Et28, and Bu’ 3130002%°. The
reaction was said to have the same stereochemistry as that with hydrogen peroxide, but no
data were given. Pyridintum chlorochromate readily oxidizes primary trialkylboranes,
(RCH,);B or RCH,B(Sia),, to aldehydes, RCHO?"%27!, Pyridinium chlorochromate also
oxidizes borate esters, (RCH,0),B, to aldehydes under strictly anhydrous conditions272,

2. Replacement of boron by halogen

Bromine reacts only slowly with neat tributylborane, Bu,B, and cleaves only one of the
butyl groups to form Bu,BBr and BuBr'®. The reaction is much faster in dichloromethane
and has been found to involve an unexpected mechanism?73. The first step is radical
bromination to an a-haloalkyl borane, for example diisobutyl(az-bromoisobutyl)borane,
82, which is cleaved by the HBr formed in the reaction (equation 75). The intermediate 82
undergoes rearrangement with carbon—carbon bond formation in the presence of water
(see Section I1.B.1.b). This bromination cannot preserve the stereochemistry and is
therefore of limited utility in synthesis. However, the use of bromine with methanolic
sodium methoxide at 0°C cleaves all three alkyl groups to alkyl bromide in high yield?™*.
Todine with methanolic sodium hydroxide cleaves two alkyl groups from the trialkylbo-
rane to yield the alkyl iodide?”®. Both bromination??® and iodination®”” under these
conditions proceed with predominant inversion of configuration. Bromination of tris(exo-
norbornyl)borane, 83, yields norbornyl bromide that is ca. 75% endo (equation 76)*7¢.
lodination of 83 yields endo-norbornyl iodide that isomerizes in part to exo during work-
up. Bis[( — )-pinanyl]-25)-2-butylborane, 84, of 86%, ee [as shown by peroxide oxidation to
(S)-butan-2-ol] yielded (R)-2-iodobutane, 84%; ee, which corresponds to 98%, inversion
(equation 77)277.

[Me,CHCH,],B + Br, — [Me,CHCH,],BCHBrCHMe, + HBr
(82)
—— [Me,CHCH,],BBr + BrCH,CHMe,

(75)
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B X5 ,NaOMe
L »
(X=8Br orl) (76)
3

(83) X
NaO :
b M }]
\C 2 ManHe \< (77)
(84)

Alkenylboron compounds undergo stereospecific replacement of boron by halogen.
Bromination proceeds by way of a halogenation—deborohalogenation mechanism which
results in inversion of the geometry, illustrated by the reactions of (Z)-85 and (E)-but-2-
enylboronic esters, 86 (equations 78 and 79)27%. In the context of hydroboration

Me Ne Me, M
AN / Br, “, / N
/C=C\ —=®BrC —— C"'Br
H B(OR), HS B(OR);
(85) (R=Bu”)
Me,, Br Me Br
= Brmt——CmBOR), 225 e (78)
HY < Me H/ \Me
Me B(OR)> Me, B(OR
N Y 8, (OR),
/C=C\ —=Zp Br»(;—c.,...ar
Me R
(86) Ve
Me/[l Me Me, Me
= Bram{—— CmBOR), 228, \c=c/ (79)
He Br H/ \Br

chemistry, this bromination can be used as the final step of a stereospecific conversion of
alk-1-ynes to (Z)-1-bromoalkenes, 87 (equation 80)>7°. lodine and sodium hydroxide
together yield the (E)-1-iodoalkene, 88 (equation 81)28°. Addition of iodine to the
alkenylboronic ester followed by subsequent base treatment yields the (Z)-1-iodoalkene
by the same mechanism as the bromo analogue, except that the procedure gives clean
results only if the alkyl group of the alkenylboronic ester is unbranched?8!. Bromine and
sodium methoxide together at — 78 °C yield 2-bromoacetals, 89 (equation 82)282,

x
\\/\/ —_— ©:O>B
0

(hydrolysis optional) Br
(87) (80)
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(Ho)zB\/\/\/ I, + NoOH
_lp+ NoOH _
~ N (81)
(88)
Br
MeO
(HO)ZB\/\/\/ + Br, + NoOMe + MeOH —

MeO (89) (82)

The conventional halogenation procedures are not suitable for introducing radio-
labelled bromine or iodine because the radioactive species are obtained and safely handled
as halide salts, and because it would be unacceptable to use only half of labelled 1, while
discarding the other half as I 7. Kabalka and coworkers have devised suitable procedures
based on in situ oxidation of bromide or iodide with chloramine-T in the presence of the
borane?83:284 This approach works well for conversion of catechol alk-1-enylboronates
to 1-iodoalkenes with retention of configuration?®®. The chemical stability of the vinylic
iodide is particularly helpful for radioimaging in medicine, and fatty acid analogues of the
general formula'?® [CH=CH(CH,),Te(CH,),CO,H show considerable promise as
myocardial imaging agents?8¢. Kabalka has reviewed his work in this field recently?®’.

Reaction of,. a-(phenylthio)alkylboronic esters, RCH(SPh)B(OR'),, with N-
chlorosuccinimide yields a-chloroalkyl phenyl thioethers, RCHCISPh?®8. When the
reaction is carried out in methanol buffered with triethylamine, the products are
monothioacetals, RCH(SPh)OMe, or if two equivalents of N-chlorosuccinimide are used,
acetals, RCH(OMe),. The reaction in methanolic solution evidently involves attack of the
oxidizing agent at sulphur rather than boron, and no reaction occurs if the a-phenylthio
substituent is not present.

3. Replacement of boron by nitrogen

a. Hydroxylaminesulphonic acid and chloramine

Direct replacement of boron by nitrogen can be accomplished efficiently for one group
of a trialkylborane with hydroxylaminesulphonic acid?®°. The replacement occurs with
retention of configuration, as illustrated by the conversion of tris(exo-norbornyl)borane,
90, into exo-norbornylamine (equation 83). Chloramine reacts similarly, but the reagent ts

B + HyN-0-503 —» NHz + BOH
3 2

(90} (83)

difficult to prepare and the yields are not satisfactory?®°, However, Kabalka et al.2°' have
found that chloramine works very well if generated in situ from ammonia and sodium
hypochlorite, and two of the alkyl groups of the borane can often by used. This technique is
especially useful for the efficient and rapid preparation of N-labelled primary amines?°®2,
N-Chloro primary amines usually give good yields of secondary amines with
trialkylboranes?®3,

N-Alkylsulphonamides can be obtained from trialkylboranes and N-
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chlorosulphonamides?®*, N-Chlorodimethylamine, CINMe,, yields a mixture of
BuNMe, and BuCl from Bu,B, but the chlorination is a free radical reaction and can be
suppressed by the use of galvinoxyl as inhibitor?®3. Nitrogen trichloride gives only radical
chlorination??.

b. Azides

Reaction of alkyl azides with trialkylboranes provides a controlled synthesis of
secondary amines, for example the synthesis of butylethylamine, 91, (equation 84)2°7. The
reaction of trialkylboranes with azides uses only one of the alkyl groups, but alkyldichl-

Bu Bu

Et;B + BuN; —» Etaé—rxlj—au —> EtzB—N< 0 HN< + EtOH +B(OH),
NZ Et Et

on (84)

oroboranes can be used efficiently, as in the synthesis of (trans-2-
methylcyclopentyl)cyclohexylamine, 92, (equation 85)*°%. With f-iodoazides, the pro-
ducts are aziridines, for example 1-phenyl-trans-2,3-dimethylaziridine, 93
(equation 86)%°°.

Ny M
m O/ l
HBCl2 mnBCls N (85)
(2) H0

(92)
||3h
H, Me N
“c—— o — (racemic) 86
PhBC,Z + Ns—\\\\‘c G I HumC———CninMe ( )
We H Me H
(93)

4. Protodeboronation

Trialkylboranes are resistant to protodeboronation, and refluxing tributylborane with
48% hydrobromic acid for 1h removes only one butyl group (as butane) to yield
dibutylborinic acid, Bu,BOH'°. The hydrolysis of triethylborane by water is very slow at
room temperature and is unaffected by hydrochloric acid but inhibited by sodium
hydroxide*®°. Carboxylic acids cleave Et;B to EtH + Et,BO,CR at 25°C, and the reaction
stops at that point in the presence of hydroxylic solvents (water, ethylene glycol) or
dimethylformamide. In diglyme or acetic anhydride the cleavage of a second alkyl group
[yielding 2EtH + EtB(O,CR),] is essentially complete in 10-20h*°°. Refluxing with
propionic acid in diglyme cleaves all three alkyl groups from R;B to form 3RH and
B(Q,CC,H,),°". The mechanism of the reaction appears to involve attack of the
carboxyl oxygen on the boron atom to form a cyclic transition state, as shown by the fact
that weaker carboxylic acids react faster than stronger acids, Taft p* = —0.94 for R of
RCO,H?>°2 As a consequence, the reaction proceeds with retention of configuration, as
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illustrated for the deuteriolysis of trinorbornylborane, 94 (equation 87)3%3.

ﬂj/ B EtCO,D Eb/o
- (87)

H/3 H
(94)

Trialkylboranes, R;B, are cleaved by methanesulphonic acid to yield dialkylboron
methanesulphonates, R,BOSO,Me, which are reactive and useful borylating agents*°4,
Alkenyl-, aryl-, benzyl-, and allyl-boranes are much more easily cleaved by proton sources.
The most synthetically useful of these cleavages is that of alkenyldialkylboranes, which
proceeds rapidly with acetic acid at 0 °C and provides a useful route for the hydrogenation
of alkynes to cis-alkenes, 95 (equation 88)3%3. Arylboronic acids undergo protodeboron-

R R R R R R’
' HOA AN /
Re=CR 282 N + >c= 4 —’OO OCC’ Je=c_
e \asm2 SiapB Ny H M
(95)
(88)

ation by several mechanisms, one of which is molecular attack of a carboxylic acid to form
the same sort of cyclic transition state, 96, believed to account for the stereochemistry of
the reactions just discussed (equation 89)*°¢. The base-catalysed deuteriodeboronation of

B(OH)Z HO\B/ o
@/ + HCOzH—» ©/ EC—H—; + (H0), B0, CH
H------0

(89)

I-phenylethylboronic acid has been shown to proceed with 54% net inversion of
configuration®®”. This is not a synthetically significant process, except that it is a possible
decomposition reaction of benzylic and presumably allylic boranes that does not occur
with other types of boranes.

5. Replacement by mercury

One of the first reactions of benzylboronic acid to be discovered was mercuration to
benzylmercury(Il) chloride®. The reaction is first order in benzylboronic acid or ester, first
order in mercury(ll) chloride, and first order in hydroxide ion, and much faster if
mercury(I) chloroacetate is used as the electrophile®”. Addition of sodium hydroxide to a
mixture of mercury(ll) chloride and a primary trialkylborane at 70-80°C yields the
corresponding dialkylmercury*°®, and mercury(l1) acetate converts primary trialkylbo-
ranes into alkylmercury(Il) acetates at 0-25°C3°%-310 An efficient hydroboration,
mercuration, and iodination sequence which converts alk-1-enes into esters, 97, in the anti-
Markovnikov sense has been reported (equation 90)*''. Mercurideboronation at primary
alkyl sites occurs with predominant (ca. 90%) inversion, detectable only in deuterium-
labelled compounds, of course. Substrates were erythro- and threo-(Bu'CHDCHD),B,
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prepared by logical hydroboration sequences from Bu‘C=CH or Bu'C=CD, and the
diastereomers of the boranes and the BUUCHDCHDHgX were identified by n.m.r.3!2:313,

Heg(OAc<):
_—

RCH,CH,HgOAc - RCH,CH,0Ac
97 (90)

309,310
’

RCH=CH, — (RCH,CH,),B

Secondary alkyl groups on boron are inert to the usual mercuration conditions
but one secondary alkyl group of a trialkylborane can be replaced in a free radical reaction
with mercury(Il) methoxide®!'#, and two such groups can similarly be cleaved with
mercury(l) tert-butoxide®!. The radical mechanism with consequent loss of stereochem-
ical integrity limits the possible utility of these reactions. Benzylic activation makes it
possible to displace the boron from a 1-phenylethylboronic ester, and the reaction has
been shown to proceed with some net retention of configuration3's, but the 1-
phenylethylmercury(IT) chloride produced is easily racemized, and in view of the
somewhat erratic kinetics®'” the possibility of competing radical reactions has not been
ruled out.

Addition of sodium hydroxide to a mixture of 1, 1-bis(dibutoxyboryl)ethane,
[(BuO),B],CHMe, with mercury(Il) chloride at 0°C in thf—water results in rapid
displacement of both boron atoms to form 1, 1-bis(chloromercuri)ethane,
(ClHg),CHMe?®?. Replacement of the first boron atom is faster than that of the second, and
the reaction can accordingly be controlled to produce a-(chloromercuri)boronic esters, for
example CIHgCH,B(OMe),*!® or PhCH,CH(HgCl)B(O,C,H,)®". Reaction of
C[B(OMe),], with mercury(Il) acetate yielded C(HgOAc),*'®, which is a useful staining
agent for electron microscopy, but ironically, once it had been identified, the compound
proved to be trivially simple to make by heating mercury(Il) acetate in ethanol32°,

Alkenylboron compounds undergo replacement of boron by mercury with retention of
configuration3217324 An example is the preparation of methyl (E-11-acetoxymercuri-10-
undecenoate, 98 (equation 91)323, With 1, [-bis(dialkoxyboryl)alkenes, both boronic ester
groups are readily replaced, as for example in the preparation of

cyclohexylidenebis(chloromercuri)methane, 99 (equation 92)325:32¢,
H B(OH), H HgOAc
/
Ne=c” _Ha(0R), \c=c\ 91
N
Meozc(CHz)e/ H MeO,C(CHZ)g H
(98)
HgCl
O.: <p > MGl <:>:c/ 92)
NaOAc AN
HgCl
(99)

6. Other boron replacements

Dimethyl disulphide cleaves R,B to RSMe and B(SMe); by a radical chain mechan-
ism?327. Tron(II1) thiocyanate cleaves unsymmetrical trialkylboranes preferentially at the
more highly branched alkyl group to form RSCN, and iron(IlI) selenocyanate behaves
similarly®?8. Treatment of R, B with BrMg(CH,)sMgBr yields RMgBr, with formation of
the stable spiroborate anion (CH,)sB(CH,); to balance®2°. This conversion of boranes
to Grignard reagents was also successful with B-alkyl-9-bbns. Oxidation of boranes, R ,B,
with silver nitrate results in alkyl coupling to form R—R'. With optically active
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1-phenylethylboronic acid as substrate, the reaction is not stereoselective®®”. Organo-
silver intermediates seem likely. For alkenyl coupling by copper and palladium reagents,
see Section 11.B.3.{.

B. Carbon—Carbon Linkage Guided by Tetracoordinate Boron
1. a-Haloalkylborate rearrangements

a. a-Haloboronic esters

a-Haloalkylboronic esters are uniquely useful in directed chiral synthesis (see
Section 111). The chemistry reviewed in this section provides a background for under-
standing the chiral applications, and its major significance becomes apparent only in the
chiral context.

The first a-haloalkylborane reported, FCH,BF,, was made from diazomethane and
boron trifluoride and was unstable at 20°C33°, Shortly afterwards it was found that
radical addition of bromotrichloromethane to dibutyl vinylboronate readily yields dibutyl
1-bromo-3, 3, 3-trichloropropylboronate, 100 (equation 93)*”. Exploration of the chemis-
try of this compound by Matteson and Mah?33! revealed that nucleophilic displacement of
the a-bromine is very facile and generally involves coordination of the boron atom with the
attacking nucleophile. Most remarkable was the observation that Grignard reagents
would add to the boron atom to form a borate complex 101 at —78°C, which on
immediate protonation yielded the corresponding dialkylborinic ester 102, but which on
standing at 25 °C would rearrange with displacement of bromide by the migrating aryl or
alkyl group to form a secondary alkyl boronic ester, 103 (equation 94)**'. The structure of
102 was confirmed by alternate synthesis from CH,—=CHB(R)OBu and CCl,Br*? and it
was observed that shaking an ethereal solution of 102 with aqueous sodium hydrogen
carbonate sufficed to cause rearrangement to 10333",

ClyC .
CHp,=CHB(OBU), + Cl;CBr —2"® [CIzCCH,CHB(OBU),]

Ci5CBr
—=—» Ci;C" + CIzCCH,CH(Br)B(OBu), (93)
(100)
H+
— Cl3CCH,CH(BrB(R)OBU
RMgB = (102
100 —"'® CI,CCH,CH(BNB(0BU), )
|
°C
(on R ———-»25 CI3CCH2CH(R)B(OBU)2

(103)
(94)

A remarkable feature of x-haloalkylboronic esters is their tendency not to undergo
dehydrohalogenation in favour of nucleophilic displacement. The trichloromethyl group
of 100 should encourage dehydrohalogenation, and it was found possible to accomplish
this objective with triethylamine or, better, tert-butylamine to make Cl;CCH=
CHB(OBu),**%.

In its original form, a-haloboronic ester chemistry was a mere mechanistic curiosity
because of the lack of any general synthesis of these compounds. Addition of hydrogen
bromide to alkenylboronic esters was found to yield the a-bromo compound only if there
was an a-alkyl group, as in the synthesis of dibutyl 2-bromo-2-propylboronate, 104
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{equation 95)*33. Dibutyl prop-1-enylboronate yielded the useless f-bromo compound
MeCHBrCH,B(OBu),**? and radical addition of hydrogen bromide to dibutyl
vinylboronate yielded the expected BrCH,CH,B(OBu),***. The only nucleophile found
capable of displacing bromide from this fi-bromoboronic ester was iodide, all others
resulting in elimination of boron and bromine to form ethylene. The reaction of liquid
hydrogen iodide with dibutyl vinylboronate was found to yield a gross mixture of the a-
and f-iodoboronic esters, CH;CHIB(OBu), and ICH,CH,B(OBu),, and advantage was
taken of the rapid destruction of the fi-isomer by water in order to obtain the pure o-
isomer3*®. Jt was also found that radical-catalysed addition of bromomalononitrile to
dibutyl vinylboronate to form dibutyl 1-bromo-3,3-dicyanopropylboronate, 105, is a
highly efficient process (equation 96). The only reaction of 105 with bases was deproton-
ation of the dicyanomethyl function and closure to dibutyl 2,2-
dicyanocyclopropylboronate, 106.

CHp=CB(0Bu), + HBr(liq.) ——— (CH3),C(BrB(0BuY), (95)
r\IAe (104)
NC CN
CHa= CHB(0Bu), +BrCH(CN), —# (NC),CHCH, CH(Br)B(OBu ), —» \c/
(108) H,C CHB(OBu);
(106)
(96)

An attempt to prepare a chloromethylboronic ester by chlorination of di-tert-butyl
methylboronate with rert-butyl hypochlorite gave uselessly low yields, because radical
attack on the tert-butyl hydrogens is almost as fast as that on the B-methy! hydrogens and
carbon—boron bond cleavage also occurs®®. (For practical syntheses of halomethyl-
boronic esters, see Section 1.B.1.) The situation proved much more favourable for light-
initiated bromination of sec-alkylboronic esters®*¢7338. The propane-1, 3-diol esters
proved particularly useful for this purpose, as for example in the synthesis of propane-1,3-
diol 1-bromocyclohexylboronate, 107 (equation 97)**8, Reactions of these o-
bromoboronic esters with Grignard reagents proved highly efficient even with fairly
sterically hindered systems, as for example the reaction of propane-1,3-diol isopro-
pylboronate, 108, with isopropylmagnesium bromide (88%) (equation 98)*3°. The corres-
ponding reaction of tert-butylmagnesium chloride produced only an 119 yield, although
even that is surprising constdering the steric hindrance.

O /O
/ Br, B
< > B\O > light <:><\o: 97)
Br

(o7

0 O
/
Mo,C(BN—B ) + Me,CHMgBr —# (CH3),CHC(Mex)—B 5  (98)
Yo Y%
(108)
By far the most useful route to a-halo boronic esters is homologation of boronic esters

with LiCHCI, or its complement, the reaction of lithium or Grignard reagents with
(dichloromethyl)boronic esters, CI,CHB(OR"),. This route was discovered implicitly in
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its latter form by Rathke et al.*®, who reported the synthesis of diisopropyl dichlorometh-
ylboronate, 109, and its reactions with alkyllithiums followed by oxidation to aldehydes
(equation 99). This reaction clearly involved a-chloroboronic esters as intermediates, but
the yields of aldehydes were variable and the potential synthetic value of the
a-chloroboronic esters, which arc more versatile synthetic intermediates than aldehydes
even before the chiral synthesis applications are considered. was apparently not
recognized.

(McO)3B PriOH

LiCHCl, ——— ——— CI,CHB(OPr'), K, 9 RCHO {99)
(109)

It was but a small step to react boronic esters with (dichloromethyblithtum to synthesize
a-chloroboronic esters, and the high efficiency and generality of this process was
demonstrated by Matteson and Majumdar'®7-*4%. An example of the possibilities inherent
in this type of chemistry is the synthesis of pinacol I-chloroallylboronate, 111, and its
conversion to pinacol 1-chloro-2-carbo-tert-butoxymethyl-3-butenylboronate, 112
(equation 100). The tetracoordinate borate complex 110 illustrated for the first step is the
same type of intermediate that must arise in the reaction of diisopropy! dichloromethyl-
boronate with lithium reagents.

0 CH2=CH o]
/ 1 _

Crp=CH—8 + LicHel, —190°C >_B/ jE
Y Cl,CH No

(110)
0-25°C I _LiCH,COBY B/OI
un
Bu’0,C
_LiCHClp
(100)
Bu’0,C
G 2

The generality of this conversion of boronic esters, RB(OR'),, into a-chloroboronic
esters, RCHCIB(OR’),, was tested in a number of ways. It was found that R could be
primary, secondary, or tertiary alkyl, or phenyl, and that the reaction tolerates the
presence of an a-benzyloxy or a remote ketal function in R. The construction of highly
complex structures in a few steps, as tllustrated with the synthesis of 112, suffers from the
production of mixtures of diastereomers. This has been neatly solved by the use of chiral
boronic esters which provide nearly pure absolute configuration as each chloromethylene
group is introduced, discussed in Section II1.

b. a-Halotrialkylboranes

It has been noted in Section I1.A.2 that bromodeboronation of trialkylboranes is
initiated by light and proceeds via a-bromoalkylboranes, which are cleaved by hydrogen
bromide?”3. If the reaction is carried out in the presence of water, the intermediate
{a-bromoalkyl) dialkylborane undergoes rearrangement, as illustrated by the conversion
of tricyclohexylborane to 1-hydroxybicyclohexyl, 113 (equation 101**!. A similar proce-
durc starting from dicyclohexylhydroxyborane, (C4H,;),BOH, also yields 113 with-
out the cyclohexano! by-product?*2. Removal of the hydrogen bromide during radical
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bromination of triethylborane, 1, yielded (a-bromoethyl)diethylborane, which proved
stable in the absence of oxygen or water but rearranged very rapidly on contact with
water to form B-ethyl-B-2-butyl-B-hydroxyborane, 114 (equation 102)**?, or with
aluminium bromide to form the corresponding bromoborane, EtB(Br)CH(Me)Et?*4,
As might be expected with radical brominations, N-bromosuccinimide is a more
efficient brominating agent than bromine**3,

(O = (OO 2 @é}

3

(I|3)

H,0
ELB  —22p ERBCH(BIMe — 2 EtBOMICH(MRIE  (102)
0 (114)

Removal of hydrogen by free radicals from 9-alkyl-9-borabicyclo[3.3.1Jnonanes occurs
on the alkyl substituent only if it is secondary. If the alkyl group is primary, then the a-
position of the 9-bbn ring is attacked. Bromination is no exception, and rearrangement of
the bromination products in the presence of water followed by oxidation leads to cis-1-
bicyclo[3.3.0]Joctanol, 115 (equation 103)*#6-347 9-Methoxy-9-bbn undergoes similar
bromination and rearrangement, and a number of related ring contraction reactions with
other borahelerocycles have been reporled’”"“.

R=primary alkyl or alkoxy (115) (103)

The base-induced rearrangement of x-haloalkylboranes has been shown by Midland
et al**® to invert the carbon from which the halide is displaced. For example,
hydroboration of (Z)-1-iodo-2-methylbut-1-ene, 116, with diethylborane followed by
treatment with base and oxidation yielded > 999 pure (RS, SR)-4-methylhexane-3-ol, 117
(equation 104). The bromo analogue produced similar results, and the isomeric (E)-1-
iodo-2-methylbut-1-ene yielded (RR.SS)-4-methylhexan-3-ol.

Et I Et. I

/ /
c=c\ + HBEt, —# He—C—C~mBEt,
Me/ H Me H
(1e)
HO £t
N _/
Et B Et OH
OoH™ S H2 02 N /S
— H—;C—CdEt — % He=C-—C=mgt (104)
Me \H Me/

(H7)
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a-Haloalkenylboranes are sufficiently activated that nucleophilic displacement of the
halide occurs readily. It has been known for some time that the a-carbon is inverted in such
displacements. An example of synthetic interest is the preparation of cis-alkenylboranes,
118, by Negishi et al.?*°, in which iodide is displaced by hydride from a trialkylborohy-
dride (equation 105). A recent adaptation of this chemistry to prepare cis-alk-1-
enylboronic esters?2® has been noted in another context in Section [.C.3.c. The use of this
type of chemistry to prepare alkenes with a high degree of stereoselectivity is discussed in
Section I1.B.3.a.

I I . . BR2
H BR> H H

(118)
(105)

¢. Anions from x-halo esters, ketones, or nitriles

Trialkylboranes react with ethylbromoacetate and other a-halocarbonyl reagents in
the presence of sterically hindered bases such as potassium 2, 6-di-ters-butylphenoxide to
form borate complexes which rearrange with displacement of the halide2¢-3317357 The
probable mechanism is illustrated in equation 106 with the synthesis of ethyl cyclohexy-
lacetate, 122. The anion from ethyl bromoacetate and tricyclohexylborane presumably
form the borate complex 119, which rearranges to the a-boryl ester 120, which is probably
unstable and rearranges to the boron enolate 121 (see Section 1.A.1), which is rapidly
converted to 122 by the proton source, teri-butyl alcohol. These reactions generally work
best with 9-bbn derivatives, and only a few of the many known examples are illustrated.
The preparation of ethyl (trans-2-methyl-1-cyclopentyl)acetate, 123, shows retention of
stereochemistry in the migrating group (equation 107)*%2, Cyclopentylchloroacetonitrile,
124, illustrates an a-chloronitrile which can be alkylated again with a different borane if
desired (equation 108). -Halo ketones work, as in the synthesis of cyclopentylacetone, 125

BrCH,COEt — DM B

+ —‘_———_—. _

38 e [BrCHCO,ET] B (lchozE:
3

Br
(119
CO,Et EtO H
l \C S
(OO — (O
—_
2 2
(120) ({4}
CH>CO,Et
Me3zCOH (106)
—_—

(122)
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(123)

O—B@ +Cl,CHCN  ———» OCH(CI)CN (108)

(124)

0 o
il Il
0783 + BrCH,CCH3 ————»E>—(:HzccH3 (109)

(125)

EtyB + BrCH;CH=CHCOzEt ——— EtCH=CHCH,CO,Et (110)
(128)

(equation 109). Ethyl 4-bromocrotonate with triethylborane yields ethyl hex-3-cnoate
(79%, trans), 126 (equation 110), the product consistent with the reviewer's postulate of an
enolate intermediate analogous to 121.

d. Haloform and dihalomethane anions

Dichloromethylborates from LiCHCI, and boronic esters rearrange to homologous
a-chloroalkylboronic esters and have been discussed in Section 11.B.1.a. This section
covers several analogous reactions of other halocarbanions with various boranes, which
do not include boronic esters because these fail to react with halocarbanions other than
(dihalomethyl)lithiums as far as is known. Anions generated from haloforms with sterically
hindered bases react with trialkylboranes, R;B, to yield trialkylcarbinylboronic esters,
R,CB(OR’),, which can be oxidized to trialkylcarbinols, R;COH?*%83%%  Yields of
Bu,COH from chloroform were 85%, from chlorodifluoromethane 98%,, and from
chloromethyl methyl ether 80%,. The reaction with dichloromethyl methyl ether can be
used to make highly hindered trialkylcarbinols, such as tricyclopentylcarbinol**® and
(cyclopentyl)(cyclohexyl)(thexyl) carbinol*¢®,

The reaction of dichloromethyl methyl ether with hindered dialkylalkoxyboranes has
been reported to yield a-chloroboronic esters®¢!73%4 aithough the n.m.r. evidence on
which the structure assignment was based was not described explicitly, nor was the most
likely type of alternative structure mentioned. The first intermediate has to have the
structure RC(OMe)CIB(OR')R, and if migration of the second alkyl group is base
catalysed, chloride and not methoxide would be displaced. Indeed, with 2 mol of LIOCEtj,,
Bu,BOMe yielded Bu,C(OMe)B(OMe)OCEL,%%>. With no excess of base, the second
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alkyl migration would displace chloride to form a boron halide, which would be highly
acidic and probably catalyse the interchange of chlorine and methoxy between boron and
carbon. The position of the equilibrium is unknown. The only compound reported which
could (but might not) show an unequivocal distinction in the proton n.m.r. spectrum
between R,CCIB(ORYOMe and the isomer R,C(OMe)B(OR')Cl was that having
R = cyclohexyl and R’= Me, which in principle should have one methoxy peak if the
former, two if the latter. Methoxide converted this compound into R,CH(OMe)B(OMe),,
which did show separate peaks at 4 3.28 (COCH ) and 3.63 (BOCH ,)*%3. The only other
reactions reported, oxidation to ketones®!-3%* and solvolysis or pyrolysis to olefins such
as cyclohexyl(cyclohexylidene)methane 27 (equation 111)363:365 yield no information
about this structure question, since either alternative might yield the same results. If the
R,CHCIB(OMe)OCEt, structure is correct, it is unusual that it does not disproportionate,
especially under conditions of CI-OMe interchange, although steric hindrance could be
invoked as an explanation. The alternative structure has the precedent of reported
examples of stable RBFOR’ and RBCIOR#%-3%¢ Whatever the intermediates are, the
procedure is well documented as a route from R,BOR’ to R,C=0. A detailed procedure
for the conversion of a 9-alkoxy-9-bbn into the corresponding ketone,
bicyclo[3.3.1]nonan-9-one, 128, has been published (equation 112)367.

/B(OMe)
O otz (O == (Ol
LiOCEty 2\x

2
Xx=Cl,0Me (ar)

(1

X BXOR

OR
B
_ClaCHOMs _Hg0z
’/A LiOCEty % % (112)

R=2,6-dimethyiphenoxy; X= OMe,ClI (128)

Brown and Imai®*¢® have found that 2-alkyl-1,3,2-dithiaborolanes (ethanedithiol
boronates) will react with (trichloromethyl)lithium, in contrast to boronic esters, which are
inert towards this reagent. The alkyl group and both thiol groups migrate from boron to
carbon, the order of migration being unknown, and the rearrangement is associated with
cleavage of the thf solvent to produce an intermediate boronic ester, for example,
bis(chlorobutyl) (trans-2-methylcyclopentyl)dichloromethylboronate, 129, which may be
oxidized with hydrogen peroxide to trans-2-methylcyclohexylpentanecarboxylic acid,
130, or hydrolysed with aqueous sodium hydroxide to the thiocetal of trans-2-
methylcyclohexanecarboxaldehyde, 131 (equation 113). The examples illustrated proved
stereospecific, but in the oxidation to prepare 2-exo-norboranecarboxylic acid in an
analogous manner, 149, epimerization to endo acid occurred.

e. Anions from (halomethyl) silanes

The reaction of trialkylboranes, R;B, with (silylhalomethyllithiums, R';SiCHXLI, to
form a-silylalkylboranes, RCH(SiR’ )XBRZ, was first explored by Larson and coworkers?*®?,
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IIIIIC_S

/Sj LiCCly ?/\
o B —_— I

tht SB[O(CH,)Cll2
(129)
e
— nunC02H or uuu(‘\Hj (1 |3)
S
(130) (13n

The efficient reaction of [(trimethylsilyl) (chloro)methyl] lithtum??° with boronic esters to
form a-trimethylsilyl boronic esters, 132, has been described by Matteson and Majumdar
(equation 114)>71-372 Application of this reaction to (+)-pinanediol phenylboronate
yielded only a 73:27 diastereomeric ratio®’?,

,0 _ Lt R_°
R-B + MezSiCHCI Lit—» B
% Me3Si(l:H/ o

Ci

0
— % R-CH-B + LiCl (114)
Yo

|
Me3Si
(132)

f. Diazo esters and ketones

Diazo esters, ketones, and aldehydes, N,CHCOY (Y = OR, R, H), were found by Hooz
and coworkers to function as the synthetic equivalents of a-halo ester, ketone, or related
anions*”*7377 The initial product of reaction of R ;B with N,CHCOR’ is an enol borinate,
RCH=C(R")OBR,, which is a useful intermediate for aldol or related reactions®*’®. The
major product has been shown to be the E-isomer by Masamune et al.>’°, who
demonstrated the utility of these intermediates in stereocontrolled aldol condensations.

2. Carbonylation and related reactions

a. Carbon monoxide

The fundamental chemistry of the reactions of carbon monoxide with trialkylboranes
was first reported by Hillman®*®, who showed that at temperatures in the range 50-75°C
two alkyl groups would migrate from boron to carbon to produce 1,4-dioxa-2, 5-dibori-
nanes, 135, which would rearrange further at ca. 150°C to form boroxines (boronic
anhydrides), 136 (equations 115)*#%. Hillman?®?° also found that adding an aldehyde leads
to a 4-bora-1, 3-dioxolane, 137, perhaps by capture of the presumed unstable intermediate
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133 before it can dimerize to 134 (equation 116). Addition of ethylene glycol facilitates the
third alkyl migration and yields a stable boronic ester, 138 (equation 117).

Et,B87 “C-Et
Et;8 + CO ——# [Et;8C0] —» [E,BCOR] —» - .
Et-Cop B2
(133) (134)

o

Et—B" " “CEt -5~ O~

iy 2 EtyC-B7 “B-CEt,

fzc\o/ -Et \B/o (115)
(i35) |

CEty

(136)

0
Et-B7\
133 —MOCHO =10 Noiime (116)

Efzc\o/
(137)

0
HOCH,CHaOH | Hef™ Ny oy 17
Ly ®
-

(138)

136

Isonitriles react with trialkylboranes in an analogous fashion, but require higher
temperatures for each stage of rearrangement to occur, and the analogues of all structures
133-136 having NR in place of O are isolable if the substituents are bulky enough?8!.

Hillman’s reactions were carried out at high pressures of carbon monoxide, which was
conveniently available in his industrial laboratory but which is unpopular with academic
chemists. Brown and Rathke?3? subsequently found that the reactions occur under | atm
of carbon monoxide in diglyme solvent if the temperature is increased to 100-125°C, and
followed up this discovery with an extensive investigation of the applications of the
process. This chemistry has been reviewed by Brown2c:°%383 and only a few of the
highlights are covered here.

Hydride sources such as lithium borohydride or trialkoxyaluminium hydrides greatly
increase the rate of absorption of carbon monoxide, allowing the reactions to be carried
out at 25-45 °C but stopping the reaction after migration of one alkyl group*®*. The result
of this reduction is a borane intermediate which can be hydrolysed to an alcohol*®* or
oxidized to an aldehyde*®>. It is generally advantageous to use 9-alkyl-9-bbns for these
reactions*86, Functional groups such as esters and nitriles (separated from the boron by
three or more carbons) are unaffected, especially if lithium tri-rert-butoxyaluminium
hydride is used as the reducing agent*8”. Retention of configuration of the migrating alkyl
group has been confirmed3*?,

In more recent work, it has been found that potassium triisopropoxyborohydrides?88
are particularly active reagents for promoting the reaction of trialkylboranes with carbon
monoxide. The process may be illustrated most succinctly with trans-2-
methylcyclopentyl-9-bbn, 139, which shows the usual stereospecific retention in the
migrating group when the a-hydroxyalkylborane intermediate is formed as the potassium
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salt, 140 (equation 118). Buffered hydrogen peroxide converts 140 to the aldehyde, or
alkaline hydrolysis yields the alcohol (equations 119 and 120).

DD = OB

(139) (140) (probably a cyclic dimer)
2 2’ [
40 —ow7 ~ EB cHO (119)
140 —NLO-H—P luulCHZOH (120)

A useful alternative procedure for the carbonylation process utilizes the potassium
trialkylborohydride3®®, which is easily prepared from the trialkylborane and potassium
hydride3?°. A catalyticamount of the free borane must be present in order for this reaction
to proceed.

Hubbard and Smith?*®! obtained evidence that the active hydride which captures the
originally formed borane carbonyl and thus catalyses the uptake of carbon monoxide in
these reactions is generally trialkylborohydride, even when the added hydride reagent is an
aluminohydride.

Carbonylation of a 9-alkyl-9-bbn in the presence of LiHAI(OMe), followed by
reduction with lithium aluminium hydride yields the homologous 9-alkyl-CH,-9-bbn, for
example, 9-(exo-2-norbornylmethyl)-9-bbn, 141 (equation 121)**2, 1t may be noted that
141 has the configuration opposite that of the hydroboration product from 2-methy-
lenenorbornane. It is possible to generate the olefin from boranes such as 141 by treatment
with benzaldehyde3?3.

/Al(OMB)s

0
B@ LiHAI(OMe)3,
co ] R
LiAlHg
g = O) SN

(141)

Mild acid treatment of the a-hydroxyborinic acid intermediates from reductive
carbonylation of trialkylboranes will result in migration of a second alkyl group from
boron to carbon, with displacement of the hydroxyl group as water. Subsequent oxidation
yields dialkyl carbinols, 142 (equation 122)3%%,
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OAI(OMe)4 *OH, OH
LiHAI(OMe), Ht ' ! H202
R3B <0 RpBCHR ——# R;BCHR ——» RBCHR, — = » R,CHOH
(142)
(122)

R = ethyl, 1-octyl, 2-butyl, isobutyl, cyclohexyl, norbornyl

Oxidation of intermediates of structure 135 (see Hiliman’s process above) yields ketones,
and Brown and coworkers have developed this chemistry extensively. One alkyl group is
sacrificed, but if one of the groups is tertiary, most conventently thexyl, then the primary or
secondary alkyl groups migrate faster and the tertiary group serves as a blocking group.
The original process used thexylborane as a hydroborating agent, which proved successful
if the two other altkyl groups were alike, if a cyclic intermediate was involved, or if one
relatively hindered and one primary alkyl group constituted the desired combination?®.
Examples of ketones synthesized in this way include indanone, 143*?% and juvabione, 144
(equation 123 and 124)%5. More recently, the use of thexylchloroborane has made
possible the stepwise synthesis of unsymmetrical boranes having two different primary
alkyl groups (see Section 1.C.3.c.), and the method consequently has wider generality3°”,
as for example in the synthesis of an intermediate, 145 (equation 125), which can be
converted to dihydrojasmone?®®. For this last synthesis, carbonylation at 70 atm allowed
the use of a lower temperature, 50 °C.

X
Q/\+ H28<4—< — B~’——< <o, Wi, £=0

(143)
(123)
COZMQ
COoMe
+ B —_— ——p (mixture of
l diastereomers)
H 0
x (144)
(124)
o~~~ |/ xHBOP),, _
/B | \ HoC=CHCH(OAC)Me >

Ci
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Carbonylation of boranes with carbon monoxide has been found to be an efficient route
to 13C-and '*C-labelled aldehydes, carboxylic acids, alcohols, and ketones?87-3997403,

b. Cyanidation

The use of sodium cyanide and trifluoroacetic anhydride in order to accomplish the
same types of synthetic transformations as carbon monoxide with boranes was discovered
by Pelter and coworkers*®*. The advantage for laboratory operations is that the reactions
proceed at room temperature and require no special apparatus. The first stable
intermediate is apparently the 2-trifluoromethyl-4, 4, 5-trialkyl-1, 3, 5-oxazaboroline, 146,
formed on migration of two alkyl groups from boron to carbon, and 146 can be rearranged
further by warming with trifluoroacetic anhydride, ultimately leading to the trialkylcar-
binol, or oxidized with hydrogen peroxide to yield the ketone (equation 126).

(GF5C0),0,
_ — (CF3C0),0 O——(-CFy warm
RyB + CN~ —» RyBCN —3—2-» | |
R-B_ N
H,0
R/ \R 2U2 R,CO
(146)
_0—C~CFy
CF3CO,—B I Hp05
| N-COCF3 —=<p R,COH (126)
CRs

Cyanidation of dialkylalkenylboranes, R,BCH=CHR’, leads to an oxazaboroline,
146, which can be oxidized to an &, f-unsaturated ketone, RCOCH=CHR"*°5. Ordinari-
ly the products from cyanidation and those from carbonylation are the same, but
cyanidation of cis, cis-perhydro[9b]boraphenalene, 147, gives mainly the carbinol derived
from attack on the opposite side of the boron atom from that observed with carbon
monoxide (equation 127)*%6, Since the alkyl groups are known to migrate with retention
of configuration, the stereochemistry must be determined by which side of the boron the
cyanide or carbon monoxide is on at the time of the first irreversible step. It appears that
the cyanide equilibrates to the thermodynamically favoured face before the first migration
occurs, but carbon monoxide does not. The cis, trans-isomer of 147 yielded the
cis, trans, trans carbonylation product with either cyanide or carbon monoxide. Hydro-

OH
HO
.
(147) (CN”product) (CO product)
(127)

boration with thexylborane followed by cyanidation has provided a key transformation in
a synthesis of (+)-estrone methyl ether, 148 (equation 128).4%7,
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g //[:::i\//
MeQ MeO ’

¢. Thiol anions

The first sulphur-substituted carbanion to be reacted with trialkylboranes was the ylide
Me,S$* —CH;, which Tufarielo and Wojtkowski**® used to convert R;B into
RCH,BR,. The nitrogen ylide Me;N*—CH, ™ similarly yielded RCH,BR ,~NMe,*°°. It
was also found that Me,S*—CH ™ —CO,Et would convert R ;B into RCH,CO,Et and
R,BOH*'°, a reaction equivalent in net result to that of trialkylboranes with ethyl
bromoacetate and a hindered base discovered several years later (see Section IL.B.Ic).
Negishi et al*'! improved on the original Tufariello and Wojtkowski process by treating
R;B with LiCH,SMe followed by Mel to yield the equivalent intermediate. The reaction
is of potential value for converting alkenyldisiamylboranes, RCH=C(R")B(Sia),,
stereospecifically into the homologous allyldisiamylboranes, RCH=C(R"YCH ,B(Sia),.

More useful results have been obtained with the anions derived from
bis(phenylthio)methane and related compounds*!?™#!'4. For example, I-lithio-1,
1-bis(phenylthio)butane, 149,  reacts  with  trialkylboranes to  produce
a-(phenylthio)alkylborane intermediates, which can be oxidized to ketones or rearranged
further with mercury(lil) chloride to form borane precursors to propyldialkylcarbinols
(equation 129)*!3. The reaction has been shown convert cyclopentyl-9-bbn, 150, reason-
ably efliciently into the corresponding 9-[ (cyclopenty!](phenylthio)methyl]-9-bbn, which
was oxidized with N-chlorosuccinimide (ncs) is buffered methanol to yield a mono-
thioacetal of cyclopentanecarboxaldehyde (equation 130)288,

(128)

R
= - !
C3H,C(SPh), + R3B ——— RyBC(SPh)——» RZB-(IZ—SPh

(149) ‘Hzaz
RCOCzH>
(IZl
HgCl H>O0.
_iL’ RB_CRZ -—2—2—’ Rz(fOH (‘29)
C3H7 C3H7
ISPh /SPh
LiCH(SPh
g iCH(SPh)p CH-B ncs u
MeOH \
OMe

150
(150 (130)

An attempt to adapt similar chemistry to boronic esters and either react RB(OR’), with
LiCH(SPh), or RLi with (PhS),CHB(OR’), was unsuccessful, although treatment of
(PhS),CHBO,C,Hs with the hazardously toxic reagent methyl fluorosulphonate
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followed by butyllithium did yield 30% of BuCH(SPh)BO,C,H¢*!'*. The problem of
converting boronic esters into aldehydes was effectively solved with the development of
the reaction with LiCHCI, (see SectionIl.B.l.a), but a useful alternative with
LICH(OMe)SPh as the homologating agent has been developed by Brown and Imai*!?,
As in all other intramolecular rearrangements of borate complexes, the configuration of
the migrating group is retained, as shown by the conversion of propane-1, 3-diol trans-2-
methylcyclopentylboronate, 151, into the corresponding aldehyde (equation 131).

0 OMe
/ HsO:

wn B L'CH(SPh)OMe ..,...CH B —2v2y, W CHO
\O HgCI2

(i51)
(131)

3. Alkenylborane chemistry

a. The Zweifel alkene synthesis

The stereospecific synthesis of alkenes from alkenylboranes is among the most useful of
the synthetic applications of organoborane chemistry. An example of Zweifel’s alkene
synthesis in its original form is the synthesis of cis-hex-1-enylcyclohexane, 154, from
cyclohexene  and  hex-l-yne  via  dicyclohexylborane  and  trans-hex-1-
enyl(dicyclohexyl)borane (equation 132)*'S. The probable mechanistic steps involve
formation of a cyclic iodonium ion, 152, which undergoes base-induced migration of a
cyclohexyl group to open the iodonium ion with inversion of the a-carbon and form a j-
iodoalkylborinate, 153, which then with base undergoes anti-elimination of iodide and
cyclohexylboronic acid. (The evidence that such eliminations are anti is discussed in
Section 11.A.2))

BH H
2 C NaOH"

e

ﬁ 0

/\/\uuuc/ \CuunH —_— /\/\"""C_C"""H

e N
4s2) MO 2 153)

\
— e — /\/\;:/\)ij (132)

4 o
4 z@ Y
(154)

o "'/;
O
I



360 D. S. Matteson

A complementary synthesis of trans-hex-1-enylcyclohexane, 157, began with 1-iodohex-
l-yne, which was hydroborated with dicyclohexylborane to form [(Z)-1-iodohex-1-
enyl]dicyclohexylborane, 155, which on treatment with sodium methoxide yielded the (E)-
1-cyclohexylhex-t-enylborinic ester, 156, which was cleaved with acetic acid to 157
{equation 133)*!7. It was also found that 155 could be cleaved with acetic acid to yield (2)-
l-iodohex-1-ene.

8 1
<O*>H+/\/\c.=.c1———>/\/\ / _NoOMe
2 /C=C
H

N /B HOAC NN/

/ \C / O (133
K A
(156) (157)

An alternative synthesis of the rrans-alkene 157 uses cyanogen bromide, which leads to a
p-bromoalkylborane  intermediate, 158, which  undergoes  syn-elimination
(equation 134)*'®, This alternative is not limited to alk-1-enylboranes, although hydro-
boration is not a practical route to internal alkenylboranes unless symmetry or
considerable steric hindrance makes regiospecific synthesis possible.

o TS0

NC\ H
Br\ /B /\/\ /
/\/\"“"C CromH /C=

/

H

H Br¥
NN C/ M,/\/\......C/ \C"'"H -

96 % trans
(158) i57)

The original todination procedure applied to the hydroboration product from hex-3-
yne yielded (Z, E)-4, 5-diethylocta-3, 5-diene, 159 (equation 135)*'°, Trialk-1-enylboranes
are not available because of dihydroboration, and with thexyldialkenylboranes some
thexyl group migration occurred, which was remedied by cleaving the thexyl group with
trimethylamine N-oxide (see Section [LA.1.d), followed by treatment of the resulting
dialk-1-enylhydroxyborane with iodine and sodium hydroxide to make the Z, E-diene.
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t
\C_C/ —IZ—P \C—C/ Et
/ N\ NeOH = /N / (135)
H 35 H C=
Et/ H
(159)

The trans-alkene synthesis was applied to the preparation of dienes by Negishi and
Yoshida*2°. A 1-haloalkyne with thexylborane forms a (haloalkenyl)thexylborane, which
can hydroborate a second alkyne to produce a B-haloalkenyl-B-alkenyl-B-thexylborane,
which on treatment with sodium methoxide rearranges to the E,E-diene, 160
(equation 136)*2°. The use of 2 mol of 1-iodoalkyne with 1 mol of thexylborane results in a
B. B-bis(1-iodoatkenyl)-B-thexylborane, which undergoes rearrangement and elimination
to form the very sensitive butatriene 161 stereoselectively (equation 137)*21,

Br (OMe)Thx
/\/>==.< /\/>=< NaOMe
BHThx W
/\H)=<3Thx
/\/ (160)

H (136)

I (OMe)Thx
/\/H NOOMB
H

H
NaOMe /\/\ / (137)

C=C=C=C
H/ \/\/
(181
The Zweifel olefin syntheses have become much more general and more efficient with
more recent developments in organoborane chemistry, and have been applied to the

synthesis of a variety of natural products. Among the first of these was a synthesis of a
prostaglandin, 162, by Corey and Ravindranathan (equation 138)*22.

BrC= C\|/\/\/
B(OMe) Thx on
0z
MQW/\ - O‘\/'\/\/\

H

ThxBHg BHThx

oy

O i
=
Ot

Y=SiMe,CMegz; Z=tetrahydropyranyl (162) (138)
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In a model study for prostaglandin synthesis, Evans et al.*?3 made significant
p g y g

improvements in the original Zweifel method. One problem is that if a thexyl blocking
group is used, there is considerable thexyl migration in competition with that of the desired
group. Another problem is that iodine causes some direct carbon—boron bond cleavage
to form the 1-1odoalkene (see Section I1.A.2). The problem was solved by removing the
thexyl group by treatment with triethylamine to make the amine borane, which was
converted into a boronic ester, for which there are now several alternative hydroboration
approaches. The second side reaction was reduced to ca. 15% merely by changing the
solvent to methanol. The significant steps of Evans et al.’s approach are illustrated in
equation 139, starting from dimethyl trans-2-ethylcyclopentaneboronate, 163. In addition
to the cis-1-lithioalkene and trans rearrangement product illustrated, the sequence was
also carried out with trans-1-lithioalkene and shown to yield pure cis product.

\= . E

2 Li _
Q—B(OMe)z OSiMe,CMes \ OSlMezCMea

(163)
™
I, ) H 0SiMe,CMe (139)
I 2 3
NaOMe ' %/v\

The Zweifel synthesis is readily applicable to cyclic boranes such as borinane, 40*2*. For
example, borinane and 1-bromohexyne can be converted into pentylidenecyclohexane,
164 (equation 140). Recent advances in methods of preparation of unsymmetrical boranes

Br Br
<:>3H + \/\/ /\/>=<
H B
(40) { )

NoOH
(140)

(|64)

by Brown’s group have greatly extended the generality of the Zweifel synthesis*?®
Basavaiah and Brown*?® have used this approach to synthesize (Z)-alk-7-en-1-ols, 165
(equation 141)*25, Some of these alcohols or their acetates are moth sex pheromones.
Another combination of unsymmetrical borane synthesis with the Zweifel olefin synthesis

oy (DLiAHG NuOMe NaOMe, Tp

' @rc=ch " 78 °c”

AN P (141)
(Me0),B R —— HO R

R = n-buty! or n—hexyl (165)
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results in a simple preparation of (Z)-2-methyloctadec-7-ene, 166 (equation 142), which
can be epoxidized to (£ )-disparlure, the (+ )-enantiomer of which is the sex pheromone of
the gypsy moth*?7. A similar synthesis leads to (Z)-Me(CH,),CH=CH(CH,), ,Me, which
is muscalure, a sex pheromone of the housefly*28,

///\/\/\/\/

BBroSMe,  LiAlH BHBrSMe
Y\/\/ 2 2 _'__4. w 2 >
Br

|
B AN N SN TN
Y\/\/ NoIOMe l
2

(166)
(142)

b. Other alkenylborate rearrangements

The use of iodine as the electrophile to induce alkenylborate rearrangements, discussed
in the preceding Section 11.B.3.a, has parallels with other electrophiles. The results tend to
be simpler when subsequent elimination of boron is not a possibility. For example, (E)-
hexenyldicyclohexylborane from hydroboration of hex-1-yne with dicyclohexylborane
was treated with methyllithium and then hydrogen chloride, resulting in hexyl group
migration from boron to carbon. The final product after oxidation was I-cyclohexyl-
hexan-1-ol, 167 (equation 143)*2°. 1t should be noted that the methyl group shows a parti-
cularly low migratory aptitude, and only about 5% methyl migration was observed. The
use of the usual trans-2-methylcyclopentyl migrating group established that the configu-
ration of the migrating group is retained, as is usual for this type of mechanism.
Hydrolysis of alkenyltrialkylborates with aqueous acid has been reported to yield alkenes
from borane elimination after the rearrangement step*3°.

H
/\/x_:_c/\ CH.L /\/\ o
8

Ao It

O TTO0

(143)

(1e7)
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Reaction of (a-methoxyvinyl)lithium with trialkylboranes at — 78 °C leads to B-(a-
methoxyvinyl)-B, B, B-trialkylborates, 168, which rearrange at 25 °C to B-(x-alkylvinyl)-B-
methoxy-B, B-dialkylborates, 169 (equation 144). Acid hydrolysis of 169 results in
migration of a second alkyl group to form a borinic acid, which can be oxidized to a
tertiary alcohol, and iodination of either intermediate results in alkyl migration and
deboronation analogous to the Zweifel alkene synthesis, 168 yielding H,C=C(OMz¢)R
and 169 yielding R,C=CH,*3!432,

(.)Me ?Me Me|O
Ho= CHp=C—~BRy ———» CH R
CZCL'_maT' 2 3 755 eC 2=¢"8
(168) R
(169)
+ H
i» MeCR,B(OH)R 2—02- MeCR,0H (144)

Aldehydes as electrophiles convert vinyltrialkylborates into oxaborolanes, 170, which
can be oxidized to 1, 3-diols*3® or treated with phosphorus pentachloride followed by base
to yield cyclopropanes (equation 145)***. Vinyltrialkylborates also react with epoxides to
generate R,BCHR(CH,),OH and, of course, with iodine to form RCH=CH,*?>,
B-(1-Alkenyl)-9-bbns do not need to be converted into borate complexes in order to react
with aldehydes, but in this case the reaction is direct electrophilic displacement of the
boron by the aldehyde carbon to produce allylic alcohols, RCH=CHCHOHR’, with
retained trans geometry*3®,

202y Rich(OM) CHaCH(OMIR

PCls;NaOH i E (143)
— "R R’

Two alkyl groups migrate in an alkenylborate type rearrangement of 2-furylborates
reported by Suzuki et al.**7, who obtained cis-but-2-ene-1,4-diols, 171, on oxidation of
the postulated borane intermediate (equation 146). 2-Lithio-6-bromopyridine forms

(}_st%——»O—BRs—’(\f W (146)

arn

borate complexes which undergo a fragmentation type of ring opening with migration of a
single alkyl group. The product after protolysis with acetic acid is a (2Z,4E)-2,4-
dienonitrile, 172 (equation 147)*38.

C
BF’r3 // //

P’ \F’r 172)

CHz=CH-BRy

(170)

£.q. R=athyl, R'= phany!
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N-Methylindole provides an example of an aromatic heterocycle that is stable under the
borate rearrangement conditions, and Levy**° has synthesized 2-alkyl-N-methylindoles
by reaction of the lithiated indole with a trialk ylborane followed by iodination. The use of
carbon electrophiles in place of iodine leads to 2, 3-disubstituted N-methylindoles, as in
the synthesis of 1-methyl-2-ethylindole-3-acetamide, 173, illustrated in equation 14844°,

H,0, | CHaCONH,
+ ICH2CONHp ———» —» (148)
N" NBEr, NT NE

Me
(173)

Hydroboration of propargyl chloride leads to 3-chloroprop-1-enylboranes, which have
a built-in electrophilic centre analogous to that of an a-haloborane. Treatment with
methyllithium results in migration of one of the alky! groups (other than methyl) with
displacement of the allylic chloride. The initial rearrangement products are allylic boranes,
which are easily cleaved with acetic acid to yield the allyl-substituted alkane, as in the
synthesis of allylpinane, 174, in equation 149**!. An earlier example of this type of
rearrangement process was provided by the reaction of (BuO),BCH=CHCCI, with
RMgX to yield (BuO),BCH(R)CH=CCl,*3%.

BCH=CHCH2Cl (|} moLi )
———»
(2)HOAC

2

CH2CH=CH2

(174) (149)

Photochemical rearrangement of (1E)-dienylboranes, 175 (X = H), which can be
prepared by hydroboration of alkenylacetylenes, provides another example of alkyl
migration®*2443 However, for synthetic purposes the same boracyclopentenes can be
obtained more efficiently by hydroboration of 1-iodoalkenylacetvlenes to form (1Z)-1-
iododienylboranes, 175 (X =1), which react with potassium tri-2-butylborohydride to
displace the iodide and form (1Z)-dienylboranes (176), which cyclize spontaneously with
consequent alkyl migration (equation 150)**3. Thus, it appears that the photochemical
transformation consists only of isomerization of the (1 E)-dienylborane, 175 (X = H), to the
(1Z)-isomer 176. The boracyclopentene products 177 can be oxidized to cis-but-2-ene-1,-
3-diols, or can be cleaved sequentially with acetic acid and hydrogen peroxide to yield
homoallylic alcohols, H,C=CMeCH ,CH(R)OH**2:443,

Y e P, — ﬁ

175) (|7e) Re
ar?

(i) If X=H,UV light;if X=1,KHB(2-Bu); (150)

¢. Alkynylborate rearrangements

Alkynyltrialkylborate rearrangements were first studied by Binger***, who found that
sodium triethylpropynylborate, 178, and acetyl chloride yielded a rearranged heterocyclic
product resulting from acetylation at the ff-carbon followed by migration of two ethyl
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groups to the a-carbon (equation 151). Protonation of RC=CBR’, was found to cause
migration of one alkyl group to form the alkenylborane, RCH=C(R)BR’,***. The
addition of electrophiles in this manner is fairly general, with a tendency toward
predominant trans-addition of the electrophile and migrating alkyl group across the
double bond, although the stereoselection is not necessarily high enough for synthetic
purposes. An exception is the protodeboronation of B-phenylethynyl-B-thexyl-B,
B-dibutylborate, 179, with propionic acid, which yielded hex-1-enylbenzene that was 98% cis
(equation 152)**¢. Hydrogen chloride causes migration of one alkyl group of R,BC=
CR’ at —78°C and a second group at higher temperatures**”. Ethynyltrialkylborates.
180, rearrange on protonation to yield the opposite regioisomer of the borane from what
hydroboration would produce, and vinyitrialkylboranes behave similarly

(equation 153)*48,
/O Me
MeCOCI + Et;8-C=CMe —» Ei-B
Me 151
(178) et Ny (151)
Bu /Ph Bu Ph
BupB—-C=CPh i(x)z_H’ c=C - » \C=C/
Slic / \ / \
BU—B\ H H H (152)
(179) Sia
R
- . \
RBC=CH + HT —»  C=CH;
/ (153)
(180) R,8

Other electrophiles which have been added to alkynyltrialkylborates include dimethyl
sulphate**®, epoxides**®, Me,N=CH,***!, acetylpyridinium ion**2, protonated ani-
soleiron tricarbonyl*®3, dibromomethane*®¢, and chloromethy! methyl ether*>>. All of
these reactions may be summarized as RC=CBR’, + E* 5 REC=C(R)BR,. The
connection to the acetylpyridinium ion is regioselective at the 4-position of the pyridine
ring, but the alkenyl group is a typical cis, trans mixture**2, Triethyloxonium fluoborate
with MeOCH,C=CBEi, yields 97% E-isomer of MeOCH,C(Et)=C(Et)BEt,***. Good
trans selectivity has been observed in reactions of trimethylsilyl chloride*>® and tributyltin
chloride*®”. Phenylselenyl chloride reacts with R;BC=CBu to form R,BC(R)=
C(SePh)Bu, which can be oxidized with trimethylamine oxide to yield RCOCH(SePh)Bu,
a precursor to an a, f-unsaturated ketone*°8.

Treatment of RC=CBR’; with HCI to form RCH=C(R’)BR’, followed by sodium
hydroxide and iodine leads to trisubstituted olefins, RCH=CR’,**°. Retention of
configuration of the migrating R’ groups was proved with R’ = trans-2-methylcyclopentyl
by oxidative degradation of the olefin to known trans-2-methylcyclopentanol and trans-2-
methylcyclopentylcarbinol.

B-Alkynyl-B-alkenyl-B, B-dialkylborates undergo 97-99% stereoselective alkenyl
group migration on treatment with either boron trifluoride or tributyltin chloride*#°. An
example is the synthesis of methyl (10E, 12Z)-hexadecadienoate, 181 (equation 154).
Methyl undecynoate was hydroborated with dicyclohexylborane, the resulting al-
kenylborane was treated with 1-lithiopent-1-yne, and the borate complex was treated with
boron trifluoride etherate, then with acetic acid at 50 °C, which yielded 181 (66%,). It was
already known that 181 can be converted into the sex pheromone of the silkkworm moth,
182, by reduction with lithtum aluminium hydride.
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The use of thexylchloroborane makes it a simple matter to construct a B-(a-
haloalkenyl)- B-alkynyl- B-thexyl- B-methoxyborate, which rearranges in the usual manner
to provide an enynylborinic ester, 183, that can be oxidized to an alkynyl alkyl ketone
(equation 155)*¢!, a type of intermediate that is useful in chiral synthesis (see
Section I11.C).

R /Br R\ /Br
1) ThxBHCI ‘C=CLi
Romcpy (NTMBHCI LN/ RC=CL L N ¢
(2)NaOMe / C\ . / \ =
H B H /B&-CECR'
MeO/\Thx MeO Thx
R /B(Thx)OMe 0
I}
— >c=c\ _HD2  pen,Co=cre
H C=CR’
(183) (153)

A less exotic but probably more widely useful acetylenic ketone synthesis is provided by
the reaction of lithium acetylides with boron trifluoride etherate to form the borate
complexes, RC=CBF;, which react directly with acid anhydrides, (R"CO), 0, to yield the
acetylenic ketones, RC=CCOR'#%2. Alkynyl-9-bbns react with 4-methoxybut-3-en-2-
one, MeOCH=CHCOM.e, to form enynones, RC=CCH=CHCOCH,, generally with
a trans double bond*®3,
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Alkynyltrialkylborates, LifR ;BC=CR"], generally rearrange to atlkynes, RC=CR’, on
treatment with iodine*®4-*¢>. The migrating group can be alkenyl, which results in a
synthesis of enynes*%5. The enyne synthesis can be extended to the use of (Z)-2-haloalk-1-
enyl-9-bbns, which yield halogen-substituted enynes, 184, stereospecificaily
(equation 156)*¢7. The preparation of the haloalkenyl-9-bbns from 9-halo-9-bbn and
alkynes was noted in Section 1.C.3.e23%, and it is noteworthy that f-elimination of the
boron and halogen does not interfere with the formation and rearrangement of the
alkynylborate complex.

R H R H R H
Brm @ Re=cH N\ _/ RC=CLi \C=C/ I, \C=c/
/N @ / \@ / \c
Br B 8r /B— Br =CR'
e
q /C/ (184)
(156)

The reaction of disiamyldialkynylborates, [Sia,B(C=CR),] ~, with iodine results in an
efficient preparation of diacetylenes, RC=CC==R>¢*%8 The R groups may be different
when the route to the borate complexes involves successive treatment of (Sia),BOMe with
LiC==CR followed by boron trifluoride etherate to make (Sia),BC=CR, which may then
be converted to the dialkynylborate with a different LiC=CR'3¢.

d. Allylborane chemistry

Electrophiles generally attack the y-carbon of allylboranes to displace the boron, and
the major significance of this chemistry lies in the possibility of chiral control (see
Section 111.D). The special reactivity of allylboranes has been known for some time, and
tribute should be paid to B. M. Mikhailov for his extensive pioneering efforts with
allylboranes and their complex chemistry. Much of his work was exploratory in nature
and not of direct relevance to problems of stereospecifically and regiospecifically
controlled synthesis of complex structures, which the reviewer considers to be the major
current thrust of synthetic organic chemistry. However, the elaboration of triallylborane
to l-boraadamantane derivatives, 185, is worthy of specific mention
(equation 157)*6°~#7! Carbonylation converts 1-boraadamantanes into 1-boryladaman-
tanes, which can be oxidized to I-adamantanols®*”2, Allylborane derivatives have also
been converted into 2-boraadamantanes®”*. Mikhailov has recently reviewed his work in
this field in English*7*.

B(CHCH=CHy)3 +HC=CCHC| — /\/B@/\CI + /\/BQ

<
thf OH
B
Et,BH)
(EtzBH), @ co H202
X X
X=H or C|

(185) (157)
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Mikhailov’s work also provided an early example of the allylborane reaction of major
current interest, the displacement of boron by aldehydes with allylic rearrangement*73. At
first tricrotylborane, (MeCH=CHCH,),B, was reported to yield only 159 of the allylic
rearrangement product, {CH,=CHCH(Me)CH,0},BCH,CH=CHMe, with 85% of
the product being (MeCH=CHCH,CH,0),BCH,CH=CHMe. More recent work by
Mikhailov’s group has indicated that allylic rearrangement is the principal mode of
reaction of various R,BCH,CH=CR'R"*77%7% Cadiot’s group was the first to study the
reaction of allylic boronic esters with aldehydes*®°.

Kramer and Brown*8! have found that B-allyl-9-bbn, 186, readily allylates all of the
common varieties of carbonyl compounds in a manner similar to the allyl Grignard
reagent (equation 158). Complete allylic rearrangement was observed in the reaction of
formaldehyde with B-crotyl-9-bbn, and the only alcohol produced on hydrolysis was
2-methylbut-3-en-1-ol. Rapid intramolecular isomerization of the allyl group of B-allyl-9-
bbn has been verified by n.m.r. measurements, which show multiple allyl proton
resonances at low temperatures but coalescence to a single type of CH; at ca. 10°C*82,

Me,CO + MeCH=CHCH,B — » MO0 Me,C(OHICH(Me)CH=CH2

158
(186) (18)

The tmportant new development in allylborane chemistry has been the stereoselective
displacement of boron by aldehydes, developed primarily by Hoffmann and coworkers.
For example, the reaction of pinacol (Z)-but-2-enyl-1-boronate, 187, with simple
aldehydes leads to 94-97%, ‘erythro’ or ‘syn’ homoallylic alcohol 189 (equation 159)+83-484,
The predominant stereochemistry of the reaction may be understood by reference to the
postulated transition state (188), in which the cis geometry of the original double bond
requires that the methyl group of 187 occupy an axial position in 188, but the R group from
the aldehyde can take an equatorial position and thus strongly favours 188 over
alternative isomers. The initial product is a borate ester which can be cleaved with
triethanolamine to yield the homoallylic alcohol 1894%*.

K/\/O
B\O + RCHO —»

0
(187) Y
o
(188)
\,/g\/R ~ % R
—_— \/\g/ (racemic) (159)

s

0 :
/

4 ﬁ OH
o (189)

R= Me,Et, Pr’, Ph

The Hoffmann synthesis works essentially the same way with pinacol (Z)-3-
methylthioallylboronate, 190, to produce the syn-methylthio alcohols (equation 160)*83,
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and with (Z)-alkoxyallylboronates, 191, to yteld syn-alkoxy alcohols, which can be
deprotected to diols (equation 161)*®¢. Typical diastereoselectivities were in the
range 80-95%, most often ca. 90%,. The stereochemistry was proved by synthesis of
the (racemic) insect pheromone brevicomin, 256, which contains an internally ketalized
diol (see Section I11.B.1.a for structure)*85. Similar chemistry of alkoxyallylboronic esters

has been developed independently by Wuts and Bigelow*®”, who have also synthesized
brevicomin®*®®,
MeS MeS
v ° — " »
/ RCHO
B\o X R
(190) OH (160)
RO RO
K/\ P RCHO
8 —_— R
\
0
OH (161)

(191)

Attempts to apply Hoffmann’s method to H,C=CHCH(Me)BO,C;Me, resulted in
low stereoselectivities*®?. The pinacol group forces the a-methyl group preferentially into
the axial position, but only by a ca. 3:1 margin, and the result is a mixture of (Z)- and {E)-
alkene products. Although racemic materials were used, the mechanism would require the
geometric isomers to be formed with opposite chirality transfer, and the reaction is
therefore not immediately useful without improvement of its selectivity.

A potentially useful synthesis of allylic boronic esters from the corresponding allyltin
compounds has been reported*°. Allylic boronic esters have also been synthesized from
pinacol chloromethylboronate and alkenyllithiums*®'. A ‘threo™selective analogue of the
foregoing chemistry has been achieved by Yamamoto et al.**? by reacting crotyllithium
with triethylborane to form trans-MeCH=CHCH,BE1]. which with aldehydes yields
the ‘threo’ or ‘amti diastereomers of 189 with ca. 6:1 diastereoselectivity. Higher
stereoselectivity has been obtained with B-[x-trimethylsilyl- or a-trimethylstannyl-(E)-
crotyl]-9-bbn, 192, and aldehydes in the presence of pyridine (equation 162)*°°. Boronic
ester analogues of 192, studied briefly by Tsai and Matteson*"?, showed similar patterns of
diastereoselection, and pinanediol (Z)-1-trimethylsilylcrotyl-1-boronate yielded homo-
allylic alcohol that was all erythro- and 969, E-isomer.

\/\r pyridine
MeaM OH

M=Si or Sn
(192)

MMe3

-
L

(162)

Tsai and Matteson*®* have adapted Hoffmann’s chemistry to provide a highly

stereoselective synthesis of anti-(a-trimethylsilylallyl)carbinols 193, which are easily
converted into terminal (Z)-dienes, 194, or (E)-dienes, 195 of > 98% isomeric purity
(equation 163). The pheromone of the red bollworm moth consists of a 20:80 mixture of
194 and 195 having R = AcO(CH,),, both of which were synthesized. If a methyl group is
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present o to the boron, the reaction produces a 75:25 ratio of Z- and E-isomers*®*, as
noted previously in other systems*#°.

_ . (1B(OMe) P RCHO
MexSi-" & ——3 5 MeySi N8 —
3 (2)pinacol No
J O
N(CH2CH20H)s _ R X (194)

§|Me

193) 3 ﬂ. P VN R=Ph,n-C,Hs,
193 (195) AcO(CHz)g~

(163)

e. Allenic and propargylic boranes

Allylic rearrangement of allenylboranes yields propargylboranes, and either the allenic
or propargylic compounds undergo allylic rearrangement on reaction with electrophiles.
This chemistry is thus closely related to that in the preceding Section (I1.B.3.d), but it has a
degree of complexity all its own, and provides clean routes to some highly labile
unsaturated systems that are hard to prepare in other ways.

Treatment of a trialkylborane such as tricyclopentylborane with lithiopropargyl
chloride below — 60 °C results in the formation of a borate complex which loses chloride
jon and rearranges to an allenic borane, for example, B-1-(cyclopentylallenyl)-B,
B-dicyclopentylborane, 196*°¢. On warming to 20°C, the allenic borane isomerizes to a
propargylic borane, 197*°7. Treatment of the allenic borane 196 with an aldehyde such as
acrolein yields a homopropargylic alcohol, 198, and similar treatment of the rearranged
propargylborane yields an allenic alcohol, 199 (equation 164)*°7. Protonolysis with acetic
acid converts the propargylic borane 197 into the corresponding allene 200. At first it was
assumed that the allene arose from the allenic borane®®¢, but it was subsequently realized

<E>——>B Lic=cerCl, <E>——>B'—CECCH2CI —
3 3

CH
s
e
< — Dt
2 2
196) (197)
__HOAc O—CH=C=CH2 200
CH2= CHCHO /CH2

c

CHp=CHCHO Q—c/

c —_—

\\C\ OH \/CHCH=CH2
HO

i
CHaCHCH=CH>
(198) (199)
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that 196 rearranges to 197 before protonation under the conditions used*®”. Extension of
the foregoing chemistry to reactions of alkenylthexylchloroboranes with lithium chlorop-

R H R
/ ic=
ThxBHCI + RCSCH — & \c=c L—IC.,—BCS—ZZCL’ \c=c/
- AW
H BCIThx H B(C=CCHCl)2
R H R H
—_ /c—c\ —=2 2 c=C
/
H  C=C=CHp H C=CcHy
ThxBC=CCH,CI ThBC=CCHC
R H R H
RcHO. \ / /
b R'CHO \c=c/
/ 0\ /N
H C C(;,Hz H C=C=CHs
R'CHOH R
CHOH (165)
(201 (202)

ropargylide results in simple routes to 1,3-enynols, 201, and 1,2,4-trienols, 202
(equation 165); R = Bu" with R’ = Et, Pr’, Bu/, vinyl; R’ = Et with R = Cy, Bu', Ph, or with
EtC=CEt! in place of RC=CH)*%8,

Carbon electrophiles other than aldehydes failed to react with the boranes in the
foregoing scheme, but propargylborate complexes, [(2-Bu),BCH,C=CR]", do react
with Me,C=CCH,Br to yield the allene H,C=C=CRCH,CH=CMe,, or with CO,
to yield H,C=C=CCRCO,H*%°. However, it appears that in general the analogous
triisobutylaluminate complexes work better for this purpose.

Midland®°° prepared allenic boranes from ethynylalkanol acetates, 203, and trialkylbo-
ranes (equation 166). The substitution pattern evidently makes this series of al-
lenylboranes less prone to rearrange than those first studied by Zweifel. Protonolysis with
acetic acid yielded the corresponding allene, and with water the product was the acetylene.
When the reaction was carried out with (R)-(+ )-oct-1-yn-3-ol acetate and tributylborane,
the product was ca. 23-40% ee (S){ +)-dodeca-5, 6-diene, 204, which corresponds to
acetate loss anti to the migrating group (equation 167)°°!. The allenylborane is
configurationally unstable. It also rearranges to the acetylene, but this does not account
for the configurational instability because migration of the boron along one side of the
allene yields a chiral acetylene, and configurational loss requires some kind of inversion
process.

HOAc

BR; ——— #» R'CH=C=CHR
R‘CH(OAc)C=CLi + RyB —» R'CH=C=C —
\R L 120 o pic=cemR (169
(203) =2
H BU H Bu\ H
_ HOAc
BuaBC=CC—~=CsHy \ —_— C=C= (167)
OAc BUzB C5H|| H C5H||

(204)
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f. Catalysed cross-coupling

Alkenylboranes can be cross-coupled with aryl, alkenyl, or allyl halides with the aid of
methylcopper or tetrakis(triphenylphosphine)palladium(0) and base. These reactions
appears to involve electrophilic replacement of the boron by the transition metal and do
not necessarily involve boron after that point. Other organometallics, especially
atkenylzincs, are generally more reactive than alkenylboranes and give better yields in
these cross-couplings, although the ease of synthesis of alkenylboranes stereospecifically
makes them useful substrates for this stereospecific process.

The palladium-catalysed cross-coupling process has been reviewed by its principal
inventor, Negishi®*?2, who found alkenylboranes to be unreactive, but observed that an
alkynylborate, [Me(CH,),C=CBBu,] ", coupled with o-tolyl iodide in the presence of
Pd(PPh;), to form Me(CH,),C=CCsH,Me on heating®®2. The discovery that al-
kenylboranes would react in the presence of bases such as ethoxide was first reported by
Miyaura and Suzuki®®®. A typical example is the stereospecific reaction of B-[(E)-hex-1-
enyl]-B, B-disiamylborane with bromobenzene to produce (E)-hex-1-enylbenzene, 205
{equation 168)3°* The geometry of cis-alkenylboranes is also retained in this coupling5°%,
Use of triethylamine as the base results in a rearranged coupling product, RCH=CHBY,
(Y =siamyl or Y, = catechol), with R'Br yielding RR'"C=CH,*°¢.

8Siaz NaOEt

/\/\=\ + phgr —(PPha)s N\

168
(205) Hes)

Palladium acetate catalyses cross-coupling of B-alkenyl-9-bbns, 206, with allyl chloride
(equation 169)%°7.

/\/\:<\/\ . /\/CI Pd(OAc), /\/\:<\/;\
B ) )

(206) (169)

The use of methylcopper as a cross-coupling reagent was developed slightly earlier°8.
An example is its use for the stereospecific alkylation of ethyl (Z)-f-bromoacrylate, 207
(equation 170). Lithium trialkylmethylborates, R;BMeLi, are allylated by allyl chloride in
the presence of copper(l) bromide to produce RCH,CH=CH,, or react with propargyl

Br  COLft R SO
RsB + MeCu + =C — Cc=C
/ /
4 H H H 170)
(207) (

chloride to produce the alkylallene, RCH=C=CH,>"*. Methylcopper also couples

dialkenylboranes such as methylbis[ (£)-hex-1-enyl]borane, 208 {equatton 171)>'C.
/\/\/\?/\/\/\ + MeCu——b/\/\/\/\/\/
Me
(171)

(208)
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Treatment of borate complexes from sodium methoxide and alkenyl-9-bbns or
alkenyldicyclohexylboranes with copper(I) bromide—dimethyl sulphide results in coupling
of pairs of alkenyl groups with complete retentions of configuration®'!. In the presence of
allyl bromide, cross-coupling of the alkenyl group with the allyl group occurs, again with
retention of the geometry of the alkenyl group®'?. 1-Haloalkynes can also be cross-
coupled with alkenylboranes®!3. In all of these cross-coupling reactions involving copper,
it appears possible that the boranes are converted into organocopper intermediates.

9. Boron elimination and ring formation

B-Elimination of boron and chlorine from f-chloroboranes and cyclopropane form-
ation by base-initiated y-elimination from tri(y-chloropropyl)borane were reported by
Hawthorne and Dupont®®. The $-elimination process has been discussed in conjunction
with the replacement of boron from alkenyl groups by halogen in Section 11.A 22787282
and as a part of the Zweifel alkene synthesis in Section 11.B.3.a*'674!® and receives very
brief further extension here. The synthetic chemist must always keep in mind that such f-
eliminations of boron and halogen or even oxygen substituents®’ may be very facile, and
synthetic strategy must avoid opportunities for such decomposition of borane intermedi-
ates if alkene formation is not the objective.

A useful application of f-elimination is in the reductive transposition of a ketone to an
alcohol at the adjacent less hindered site via hydroboration of the silyl enol ether. Larson
and Fuentes®'* have demonstrated this process with the conversion of
l-cyclohexylpropan-1-one to 1-cyclohexylpropan-2-ol, 209 (equation 172).

Cl)SiMa3

QCOE? —_— O—C=CHM9
9-bbn QCH(OSiMeQCH(Me)—@
BEE 4 <:>—CH=CHMem> O—CHZCH(Me)—B@

_HeO2 O—CHZCH(OH)Me

(209) (172)

The facility of f-elimination of boron makes possible an interesting fragmentation/ring
expansion process reported by Marshall and Bundy®!3-3'%. The process leads stereospe-
cifically to (E, E)-cyclododeca-1, 6-dienes such as 210, which are of interest in themselves
and which can also be used as hydroazulene precursors (equation 173)3'7. The stereoch-
emistry at the hydroboration site is not fixed, except that the addition must be syn to either
side of the ring. Either borane meets the geometric requirements for the fragmentation
process only when aligned in a manner that will lead to the trans double bond of 210 at the

site of boron elimination®!”.
OMes OMes
(1)BHz—thf MeONa
_——3  » o,
(2)Me OH
o (Me0),BO HO
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The Hawthorne cyclopropane synthesis has been greatly improved by Brown and
Rhodes®'®, who generated B-(3-chloropropyl)-9-bbn as the cyclopropane precursor.
Hydroboration of homopropargyl tosylate with 2 mol of 9-bbn followed by base treatment
yielded B-cyclobutyl-9-bbn, 211 (equation 174)3'%. The cyclobutane ring could not be
closed without the aid of the second boron atom in stabilizing carbanionic character (see
Section 11.C.2). B-Cyclopropyl-9-bbn, 212, was prepared in an analogous manner
(equation 175).

@ + HC=CCHaCHOtos ——» fOSOCHzCHzCHzCH(B@)
22 O0)

174
(21 (74
NoOH
HB@ + HC=CCHpCl ——» CICHZCH2CH<B@> I>—-<Z>

Goering and Trenbeath®2® have shown that cyclopropane ring closure is stereospecific,
with inversion of the carbon from which the boron is displaced. The synthesis of trans-1, 2-
dimethylcyclopropane, 213, is illustrated in equation 176, and similar results were
obtained with the cis-isomer.

Me H H 8 Me., «H
\c— 9-bbn /C 5/ ~NaOH /"c\——/c‘\
- = Me
/ H
CICH2 Me CH2C| \M /C\
H H
(213) (176)

C. Other Carbon—Carbon Bond-Forming Reactions
1. Free radical reactions of boranes

a. Alkylation by boranes

Radical reactions inherently lead to loss of steric integrity at the reacting centre and are
therefore not as widely useful as the borate rearrangements discussed in Section I1.B, but
they do accomplish some transformations that are otherwise difficult. Accordingly, this
topic is reviewed very briefly and incompletely here. Most of this chemistry has been
reviewed in detail by Brown?©,

Trialkylboranes react readily with a wide variety of o, B-unsaturated carbonyl
compounds in the presence of a small amount of oxygen as initiator to yield the conjugate
addition products?*. Acrolein reacts especially readily, and the postulated radical process
is illustrated, which is followed by hydrolysns to yield the 3-alkylpropionaldehyde, 214
(Scheme 1)“l 322 Another typical example is the reaction of methyl vinyl ketone with
tncyclohexylborane to form 4-cyclohexylbutan-2-one, 215 (equation 177)323, Substitu-
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Initiation: R'O-+ R;B—R'OBR, + R

Propagation: R++ CH,—CHCHO — RCH,CH=CHO-
RCH,CH=CHO-" + R,B — RCH,CH=CHOBR; + R"

Hydrolysiss ~ RCH,CH=CHOBR, + H,0 — RCH,CH,CHO + HOBR,

SCHEME 1

ents a to the carbonyl group do not cause any problem, and reagents such as
2-bromoacrolein®?* or ketones derived from Mannich bases>?* provide useful reactions.
Crotonaldehyde reacts more sluggishly, but can be induced to react efficiently in the
presence of controlled quantities of oxygen or other initiators>?%. The reaction with
quinones to produce alkylhydroquinones is probably a similar radical reaction®?”-328,

<<:>f>a + CHy=CHCOMe —» <:>'CH2CH2COMG (177)
3

(21%9)

Butadiene monoxide, 216, also undergoes radical alkylation by trialkylboranes®2®. The
analogous reaction of 3,4-epoxy-l-butyne leads to allenic alcohols, RCH=C=—
CHCH,OH (equation 178)3°.

o

H0

+ EtyB——# E1CH,CH= CHCH,0BEt, ——# E1CH2CH== CHCHoOH
CHy

(216) (178)

Because the relative stabilities of radicals are tertiary > secondary > primary, B-alkyl-
9-bbns will undergo ring cleavage in competition with alkyl group cleavage during these
reactions, except when the alkyl group is tertiary. The problem can be partially overcome
by the use of B-alkylborinanes, which give efficient preferential cleavage of secondary alkyl
groups®?'. Radical alkylation with symmetrical primary trialkylboranes selectively
utilizes the secondary alkyl group impurities, and since only one of the three alkyl groups is
consumed, the effect on product purity is decidedly deleterious®22-328,

Although configuration is lost at the radical centre, cases of strong diastereoselection
are known, such as the 2-methylcyclopentyl radical, which yields mainly the trans product
in its reaction with acrolein, to the point where the small amount of cis-isomer probably
present was not noticed before the radical nature of the reaction was recognized?*2.

CHp=CHCH

b. Radical additions to alkenylboronic esters

Although the development of newer synthetic methods has made a wide variety of
functionalized boronic esters available, radical additions to vinylboronic esters can still
provide a few structures that are not easily accessible otherwise. For example,
p-alkylthioboronic esters, 217, are easily produced from dibutyl vinylboronate and a
variety of mercaptans in the presence of ultraviolet light or azobisisobutyronitrile
(equation 179)22:27 Similar addition of potassium bisulphite led to potassium
2-(dihydroxyboryljethanesulphonate, KO,SCH,CH,B(OH),?2. Vinylboronic esters ap-
pear to be particularly efficient substrates for a variety of radical addition reactions. The
use of these radical additions to prepare the first a-halo boronic esters has been noted in
Section I1.B.1.a, and the efficient addition of bromomalononitrile to dibutyl vinylboro-



3. Preparation and use of organoboranes in organic synthesis 377

nate to form (BuO),BCHBrCH,CH(CN),*** might find future use.

CH,=CHB(OBu), —~ RSCH,CHB(OBu), — RS* + RSCH,CH,B(OBu),
(217) (179)

R =n-C4H,,, MeCO, H, H,NCH,CH,, 'OZCCH(I(JHa)CHZ, HO,CCH,, and others

2. Boron substituted carbanions

a. By deboronation

The first abstraction of boron from a gem-diboryl compound with an alkyllithium to
produce an a-lithio borane, 218, was reported by Cainelli et al.**2, who observed
carboxylation. Wittig-type condensation with aldehydes and ketones was reported by
Zweifel and Arzoumanian®?3 and by Cainelli et al.>** (equation 180). The preparation of
methanetetraboronic esters and related compounds by Castle and Matteson®!-62
{Section I.A.3) opened the way for the development of a similar chemistry of boronic
esters, much of which led to the synthesis of exotic organometallic compounds for their
own sake and which has been reviewed elsewhere®*®%.  Lithium
tris(trimethylenedioxyboryl)methide, 219, is an isolable ionic compound®3>, and the
alkene-1, I-diboronic esters formed by its reactions with carbonyl compounds may
eventually prove useful as synthetic intermediates (equation 181). Lithium
bis(ethylenedioxyboryl)methide, 220°%*36 has been developed as a reagent for the
eflicient homologation of aldehydes?>?. The initial products are alk-1-enylboronic esters,
221, which are 90-95%, E-isomer (equation 182)%3:336 [t is usually possible to recrystallize
and purify the boronic acid from hydrolysis of 221, and this is therefore a potentially useful
alternative route to the use of hydroboration of alkynes for preparation of this class of
boronic acids.

BuC=CH —2**, BuCH,CH(BR,), —» BuCH,CH(Li)BR,
RCHO, BUCH,CH—CHR' (218) (180)
/o BuLi /o /O RCHO /O
Cc{—8 —> BB >+ Lit —¢c(—8 i> —~ - » RCH=C[—B :>
o 4 Yo Yo 3 e 2
(219) (181)

P MeLi A RCHO R\C /H NoBO
HC|—8 ] Mell | he(—8 j " '=C ,  ——3%RCHCHO
3 No—/2 H/ \

B<o]

(220) @21) (182)

b. By deprotonation

Bases show a strong tendency to coordinate to boron rather than abstract a proton, and
deprotonation therefore requires a considerable degree of steric blocking of the access of
the base to the boron atom. The first success was reported by Rathke and Kow®37, who
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deprotonated B-methyl-9-bbn, 222, with lithium 2,2, 6, 6-tetramethylpiperidide’3’, and
also found that this base would deprotonate alkenylboranes, RCH,CH=CHBR,, to
allylic anions (equation 183)338. Allylic anions, 223, generated from (E)-alkenyl-9-bbns
have recently been found by Yatagai et al.’*® to yield (Z)-allylic tin derivatives, 224, on
treatment with tributyltin chloride followed by deboronation with water and ethanola-
mine (equation 184). These tin compounds are of interest as ‘erthro’-selective reagents for
the synthesis of homoallylic alcohols by reaction with aldehydes.

; > _ B H
@B—Me + LiN — @B—CHZ _Bubr, _Ha0z BuCH,OH

42 %
(222) (183)
@\/\/\/ + BuaSnCl ——» @ N
(223) BusSn
H20 BUSSn\/i/
(224) (184)

Wilson®4? has deprotonated dimesitylmethylborane, 225, with lithium dicyclohexy-
lamide and alkylated the resulting anion with methyl iodide (equation 185). The resulting
ethylborane can be deprotonated and methylated, and the process was repeated to replace
all three protons of the methyl group. Further studies on 225, which may be abbreviated to

(225) (185)

Ms,BMe, have been reported by Pelter and coworkers. The anion Ms,BCH, ™ can be
generated by treatment of 225 with either lithium dicyclohexylamide or mesityllithium,
but unhindered bases such as butyllithium or sodium hydride add to the boron atom>*!.
Alkylation of Ms,BCH,~ with a number of primary alkyl bromides has been
reported3*2. Dimesitylallylborane, Ms,BCH,CH=CH,, can be deprotonated and
undergoes alkylation at the terminal carbon by RI to yield Ms,BCH=CHCH,R havinga
trans double bond**?. Perhaps the most likely candidate for synthetic utility is the Wittig-
type reaction of Ms,BCH, ™~ with aldehydes and ketones, RR'C=0, to yield RR'"C=
CH,***. Reaction of Ms,BCH,~ with Me,SiCl has yielded Ms,BCH,SiMe,, and
analogous reactions have been used to prepare Ms,BCH,SnMe,, Ms,BCH,SPh,
{(Ms,B),CH,, and related compounds®*3, Several of these can themselves be deproto-
nated, and the anion from Ms,BCH,SiMe, reacts with benzaldehyde to produce a
mixture of ca. 45% PhCH=—CHBMs, and 55% PhCH=CHSiMe,. The most likely
obstacle to general synthetic utility of these mesitylboranes is the extreme degree of steric
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hindrance around the boron atom, which results in failure to react with moderately
hindered substrates.

It has not proved possible to deprotonate methylboronic or atkylboronic esters**, but
deprotonation of a methylenediboronic ester, 226, with lithium 2,2,6,6-
tetramethylpiperidide (Litmp) has been reported by Matteson and Moody** 546 The
resulting diborylmethide anion, 227, can be alkylated with primary alkyl halides, and the
1, 1-bis(trimethylenedioxyboryl)alkanes, 228, can also be deprotonated and alkylated
(equation 186). The base strength of the diborylmethide ion, 227, appears to be less than
that of triphenylmethide ion, which can generate 227 from 226.

Rl
o} O .
N O B SRS R
\O 2 b 2 R/ \O 2
(226) (227) (228) (186)

Carbanions such as 229 from deprotonation of 1, 1-bis(trimethylenedioxyboryl)alkanes,
228, undergo Wittig condensation with aldehydes or ketones to yield alkenylboronic
esters, 230, regiospecifically but without stereochemical control (equation 187)**. Per-
oxidic oxidation leads to ketones at the site vacated by the boron. With carboxylic esters,
the anions 299 replace the alkoxy group and eliminate boron to yield ketones at the site of
the ester group, 231, adjacent to the site vacated by the boron.

Pth—\\ 0
~ PhCHO Y 2%, oo, eg-n
_ P _J n- Can
n-CeHy C\—8 (230)
[ PhCOMe c—0—8 ——» PhCCHCgH;—n
(229) 7 R 2LsH))
n-CgH, CH 0
@30 (187)

Although the 1, 1-bis(trimethylenedioxyboryl)methanes, 228, available from alkylation
of the anion 227, are restricted to those having a primary alkyl group, similar compounds
branched at the second carbon have been made by hydrogenation of I,
1-bis(trimethylenedioxyboryljalk-1-enes, RR'C—=C(BO,C;H¢),, which are available by
condensation of ketones with the tris(trimethylenedioxyboryl)methide anion, 219 (see
Section 11.C.2.a)**. 1t might also be noted that 1, 1-bis(dichloroalkylboryl)alkanes are
readily available from dihydroboration of acetylenes with BHCI, (see Section 1.C.3.c)2°8,
although the hydroboration process is not regiospecific and the amount of 1,2-isomer
formed, which was not determined, might be enough to cause purification problems.

Although the gem-diboronic esters are versatile and interesting reagents, sufficient effort
has to be expended in their preparation®?-® that the synthetic chemist can usually find
alternative routes that require less labour. It is easier to make heterosubstituted boronic
esters such as pinacol (phenylthio)methylboronate, 2324!-3*7 which can be deprotonated
to the corresponding carbanion 233 (equation 188). Reactions of 233 include alkylation by
alkyl halides, Wittig-type condensation with aldehydes or ketones, and reaction with
esters to produce a-phenylthioketones (equation 189)*' or with formate esters to form
a-phenylthioaldehydes#8. The alkylation products, a-phenylthioboronic esters, 234, are
easily oxidized directly to monothioacetals or acetals with N-chlorosuccinimide?88. In
general, it was found possible to deprotonate 234 and subject the resulting anions to the
same reactions as 233, except that the atkylation products, RR'C(SPh)BO,C,Me,, were
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not successfully deboronated by hydrogen peroxide, evidently because of steric hindrance
(equations 190 and 191)*!

R
o ) ) /O \ /O
/ i
PhSCHoLi — PhSCHaB\O LiNPr2 o PhsCHa\O Rery, HB\0
PhS

(233) (234)
(188)
Pr’COsMe /
233 —<OMe o 04 pinlenysen (189)

NCHSPh

PhCH
234 PhCHz\
R=PhCH ' +0 —
2 PhS

(190)

PhCHy PhCH
234 \ 2\
R=PhCHa /S~ B T HCOMe — CHCHO
PhS o phs’

(191)

The preparation of propane-1, 3-diol bis(phenylthio)methylboronate, 235, is straight-
forward, and on deprotonation and reaction with ketones, ketene thioacetals are obtained
(equation 192)*'*. With enolizable ketones such as acetone and cyclohexanone, 235 was
found to give good yields, in contrast to (PhS),CHSiMe,, which gave little or no product
with these ketones.

P R
(PhS)ZCHB :> — (PhS)ZCB :> RL=0 =<
PhS R

Pinacol (trimethylsilyl)methylboronate, 236, has been prepared from the Grignard
reagent, Me,SiCH,MgCl, and trimethyl borate, with subsequent esterification with
pinacol®*7%-372, Deprotonation and alkylation proved straightforward, but the higher
homologues failed to undergo deprotonation with any base tried>”2. The most interesting
reaction of the anion from 236 is its reaction with aldehydes or ketones, which exclusively
eliminates silicon to yield the alkenylboronic ester (equation 193)*72-34% Ttis amusing that
the alkenylboronic esters produced are predominantly the cis-isomers, but the reaction is
not selective enough to be truly useful in this regard, and an efficient synthesis of pure cis-
alk-1-eneboronic esters has been described in Section 1.C.3.c.

0

H

Me3S|CH28 — Me3S|CH8 _RCHO
\:_ / \O

(236) H

(70 % cis)
(193)
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3. Cycloaddition reactions of vinylboronic esters

Vinylboronic esters have moderate dienophilic character, and dibutyl vinylboronate
adds to cyclopentadiene under reflux to yield dibutyl norborneneboronate as a 60:40
mixture of exo- and endo-isomers, 237 and 238 (equation 194)3%%, The isomers have been
separated by fractional crystallization of their o-phenylenediamine derivatives. Heating
dibutyl vinylboronate with cyclohexadiene in a bomb at 200 °C gives a good yield of a
20:80 mixture of exo- and endo-dibutyl bicyclo[2.2.2]oct-2-ene-2-boronates, 239 and 240
{equation 195)%3!,

B(OBu),
7
(237) (238) (194)
CHz=CHB(OBu), —+ @ —» C]\\//B(OBU)Z :P\\/
B(OBu),
(239) (240) (195

Cycloaddition of ethyl diazoacetate to dibutyl vinylboronate proceeds readily, but the
presumed initial adduct, 241, is unstable and apparently undergoes rearrangement of the
boron from carbon to nitrogen. On contact with water, the isolable product is
5-carbethoxy-2-pyrazoline, 242 (equation 196)°>2. Diphenyldiazomethane behaves in an
analogous manner, but diazomethane yields only a small amount of pyrazoline and a large
amount of polymethylene and nitrogen, the usual products of contact of diazomethane
with borate esters***. Dibutyl ethynylboronate, HC=CB(OBu),, also readily undergoes
cycloaddition with ethyl diazoacetate, and the product aromatizes by proton tautomeriz-
ation to yield 3-carbethoxypyrazolyl-5-boronic acid after hydrolysis°2.

=N N—NH
1] \
CH,=CHB(0BU), + NZCHCOZEt—D(BuO)ZBCH \:Hcoza — HC\C/CHCOZEt
C
Ho Hz
(241) (242)

(196)

lil. ASYMMETRIC SYNTHESIS WITH BORANES

A. Introduction

Organoboranes have uniquely favourable properties for use in directed chiral synthests
and have been employed in several unrelated processes. The boron atom is small, only
slightly larger than carbon, and can serve as a template for assembling carbon—carbon or
carbon—heteroatom bonds with high sensitivity to the steric demands of substituents.
Once the desired stereochemistry has been established, it is generally possible to replace
the boron with other elements in a stereospecific manner, as discussed in Sections I1.A. and
I1.B.

The first truly successful asymmetric synthesis was the hydroboration/oxidation of cis-
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alkenes with diisopinocampheylborane by Brown and Zweifel!°6, which was developed

into a practical synthesis of several optically active secondary alcohols®3*. Very high
asymmetric inductions were observed at a time when other reactions employing what we
would now call chiral auxiliary groups generally yielded small enantiomeric excesses of
only theoretical interest. Recent developments in hydroboration chemistry have resulted
in some very simple, highly enantioselective syntheses of several types of asymmetric
structures, discussed in detail in Section I11.C.

Other organoborane reactions now show great promise for the controlled construction
of chiral centres, with a wider range of possible structures than hydroboration permits.
Sequential construction of adjacent chiral centres has been carried out via the insertion of
(dichloromethyllithium into boronic esters to form a-chloro boronic esters
(Section 11.B.1.a), which with the aid of certain chiral diol groups provides 95-99.5%,
control of the absolute configuration of the new chiral centre, to be discussed in the next
Section, II1.B. In choosing to discuss his own work out of historical order, the reviewer
should first acknowledge his debt not only to H. C. Brown and G. Zweifel, who showed
that pinene derivatives can be excellent chiral directors'+!%¢, but also to A. 1. Meyers, who
demonstrated the general value of chelated intermediates in achieving high enantioselect-
ivities in his work on carbanion alkylations333.

The reaction of allylic boranes with aldehydes can create two adjacent chiral centres at
once with high control of relative configuration (Section I1.B.3.d), and chiral auxiliaries
can provide good control of absolute configuration, described in Section I11.D. These
reactions are mechanistically related to enantioselective aldol condensations of dialkyl-
boron enolates, which fall outside the scope of this review but are referred to briefly at the
end of Section I11.D. Enantioselective reductions with B-isopinocampheyl-9-bbn are at
the margin of topics reviewed here, but in view of their considerable synthetic utility
are summarized briefly in Section IILE.

B. Chiral a-Chloroboronic Esters
1. Pinanediol as directing group

a. Synthetic applications

A practical preparation of (+)-pinanediol, 243, or (—)-pinanediol, 244, by osmium
tetraoxide catalysed oxidation of the appropriate enantiomer of «-pinene with trimethy-
lamine oxide was discovered by Ray and Matteson (equation 197)%*¢ and homologation
of (+)-pinanediol boronic esters, 245, with (dichloromethyl)lithium was then found to
yield (xS)-a-chloroboronic esters, 247, with generally good diastereoselectivity, ca. 97%, in
the most favourable case (equation 198)°37. The reaction involves formation of a borate
complex, 246, at — 100 °C, which rearranges to the a-chloroboronic ester 247 at 0-25°C.
Zinc chloride catalysis in the rearrangement step was found by Matteson and Sadhu®°8 to
increase the diastereoselectivities to = 99% generally and to 95% in the least favourable
case, R = Me. Absolute configurations were determined by reacting 247 with Grignard
reagents, which form borate complexes, 248 (see Section I1.B.1.a3!) that rearrange with
inversion (Section I1.B.1.b3*%) to expel chloride and form sec-alkylboronic esters, 249.
Oxidation of 249 with hydrogen peroxide yielded secondary alcohols 250 of known
configuration®®”. Chiral purities were originally estimated from the rotations of esters of
24937 but the small amounts of diastereomers of the a-chloroboronic esters, 247,
encountered in the improved synthesis could only be detected by high-field n.m.r.>*%. A
final factor which contributes to the efficiency of the synthesis is that the pinanediol is
recoverable as its borate salt afterwards.
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A noteworthy feature of this synthesis is that the boronic ester product 249 is the same as
the starting material 245, except that the group R of 245 has been changed. Thus, it is a
simple matter to repeat the cycle to introduce an additional chiral centre, as in the
synthesis of (28, 35)-3-phenylbutan-2-ol, 251 (equation 199)*”. If the opposite chirality is
desired at the next chiral centre, it is possible to remove the original pinanediol group and
then replace it with its enantiomer, as in the synthesis of (2R, 35)-3-phenylbutan-2-ol, 253.
The intermediate (S)-1-phenylethylboronic acid, 252, was purified via its crystalline

H H H
i P71 (nLickHe R |
i z / | | H H
Pth_(L)m-LMZ——’ Phw— C—=B () > 2 hwe—C — C—mB (s)
\, | (2)MeMgBr R YMeMgBr : AN
(6} z 2 H
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Phu=-C —=B(OH)2 3 Phem¢ & ma0H H202
e Ve e
(252) 0] (251)
T
r
O—J ¢ 0 H Me
H : 1 ; : :
PheeC—aB (1) (DLiCHCI, . (3)H,0, > Phec & —on
: gl (2)MeMgBr : :
Me MG F‘
(253)
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chelated diethanolamine ester. The only serious problem with this route is that pinanediol
esters are unusually stable thermodynamically and cannot be hydrolysed but must be
cleaved with boron trichloride under conditions which destroy the pinanyl group and
would be incompatible with sensitive substituents.

The improved procedure with zinc chloride catalysis makes it possible to start a
synthesis from pinanediol methylboronate as well as any other alkylboronate, and the
route outlined to 253 is already obsolete. Any simple secondary alcohol with an additional
adjacent chiral centre can be made merely by choosing the proper enantiomer of
pinanediol and the correct order of introducing the alkyl groups. An example is the
synthesis of (3S,4S)-4-methylheptan-3-ol, 254, a component of the aggregation phero-
mone of the European elm bark beetle, Scolytus multistriatus (equation 200)358-560,

o7 (u)

/
\/\B _(]r) (i) B (') \/Y\ (r)

O
OH

(iii)

(254)
(i) LICHCI,, ZnCl,, then CH,MgBr; (i) LICHCl,, ZnCl,, then C,H MgBr;
(iii) H,0,/NaOH

(200)

The new procedure has also been tested successfully with ketal and ether substituents
present in a synthesis of brevicomin, 256 (equation 201), which is a component of the
aggregation pheromone of the western pine beetle, Dendroctonus brevicomis3*8. The
benzyl-protected precursor 255 had been reported previously as an 0il*3?, but was a low-
melting crystalline solid when obtained by the borane route.

<4’>_\<O/\/""9°' e Q/\/QOE')

o
[

/ \( 0Bz
Ci
(M O><O/\/EE\ pj O></\/k /O_I
> g (n -4 g O
_J ol
(lv) ></\/'\‘/ (r) —-——>(V) w
/B\
l_(,)_l
0Bz
0
(vi) (vii) ,
OH
(255) (256) (201)

(i) B(OMe),, then ( —)-pinanediol, 244; (i) LiICHCIl,, ZnCl,; (111)) LIOCH, Ph; (iv) LiICHCIl,,
ZnCl,; (v) EtMgBr; (vi) H,0,-NaOH, then H*-SiO,; (vii) H,-Pd
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Carboxylic ester substituents are known to be tolerated in reactions of achiral boronic
esters with (dichloromethyl) lithium (see Section I1.B.1.a)'®7>#®_ These and other func-
tional groups are also tolerated in the pinanediol ester series®®°.

This functional group tolerance has permitted an efficient synthesis of eldanolide, the
wing gland pheromone of the African sugarcane borer®6°.

b. The epimerization problem

Chloride can displace chloride from a-chloroboronic esters, with consequent inversion
of the chiral centre. Not surprisingly, benzylic or allylic compounds are the most
susceptible, and the phenomenon was first noticed when reaction of (+)-pinanediol
phenylboronate with dichloromethyllithium yielded a mixture of (4 )-pinanediol (aS)-a-
chlorobenzylboronate, 257, and the (xR)-isomer, 258, in which the latter predominated
slightly37. The source of the problem was prolonged exposure of the 257 to the lithium
chloride generated in the reaction, and the problem was solved by lowering the
temperature to 0°C and shortening the time to 1 h.
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A quantitative study of this reaction has shown that it is first order in 257 and ca. 0.7
order (i.e. half order plus a salt effect) in lithium chloride in thf3¢!. Free chloride ion
appears to be the active epimerization agent. At 0.45 M lithium chloride (nearly saturated),
the pseudo-first-order rate constant determined polarimetrically is 5.7 x 1073s™! at
24.9 °C, which corresponds to a half-life of 3.4 h or, more to the point, 1%, randomization of
the chiral centre every 3 min. Non-activated a-chloroboronic esters epimerized more
slowly, with rates relative to 257 as 1.00 being 0.11 for pinanediol 1-chloro-2-
phenylethylboronate and 0.47 for pinanediol 1-chloropentylboronate. Thus, the original
conditions for preparing a-chloroboronic esters®*®’ would typically result in ca. 1%
epimerization per hour, and several hours were generally required in order to complete the
preparation process.

Zinc chloride not only accelerates the rearrangement of the intermediate borate
complex 246 (Section I11.B.1.a), as evidenced by higher yields in shorter reaction times®*’,
but also suppresses the epimerization rate by about an order of magnitude at the
optimum composition, which corresponds to LiZnCl,3%!'. A small deficiency of zinc
chloride is not critical, as the suppression of epimerization is still three-fold at the
composition Li,[ZnCl,]. However, any excess can rapidly become deleterious, because
there is a term in [ZnCl,][ZnCl,7] in the rate law, which becomes large at high
concentrations and could result in major epimerization of the x-chloroboronic ester as the
solution is concentrated during workup. Fortunately, as structures become more complex
and sterically hindered, epimerization rates become slower. Even in the presence of water,
which greatly accelerates the process®®!, it can take several days to epimerize a sufficient
fraction of a fi-branched a-chloroboronic ester to detect the epimer unequivocally in the
n.m.r. spectrum for analytical purposes>©°,

It is also possible to suppress epimerization with mercury(Il) chloride®%', but
mercury(If) chloride did not appear to have any beneficial effect on yields in the
preparation of a-chloroboronic esters'®®,

Epimerization is not a problem in the reaction of Grignard or alkyllithium reagents with
a-chloroboronic esters (247, Section I11.B.1.a) because a stable borate complex, 248, is
formed as an intermediate. The boron atom in 248 lacks the requisite vacant p orbital in
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order to assist halide exchange®3!, the steric hindrance to external displacements on 248
must resemble that of neopentyl halides, and the negative charge on the borate complex
would be a further deterrent to chloride attack. Another strong base, LiN(SiMe;),,
evidently also forms stable borate complexes and yields displacement products without
detectable epimerization®*#-3%2. However, the use of weaker bases or bases which can
interchange between the borate 248 and the boronic ester product 249 can result in
significant epimerization®®®, and even with a base as strong as lithium benzyloxide
evidence for epimerization at the 1-2% level has been observed®>8.

c. Pinanediol (dichloromethyl)boronate

It would be desirable to be able to start a chiral synthesis from RLi or RMgX by reaction
with CI,CHB(OR’), rather than first having to make RB(OR"), for reaction with LICHCl,.
However, the borate salt 246 formed from attack of dichloromethide ion on the less
hindered side of a pinanediol alkylboronate (245, Section I11.B.1.a) differs diastereomeri-
cally from the borate salt 260 derived from pinanediol dichloromethylboronate, 259, and a
lithium or Grignard reagent (equation 203), and its rearrangement produces a grossly
different diastereomeric mixture of (aS)- and (¢R)-a-chloroboronic esters*¢>. Unfortunate-
ly for synthetic purposes, the diastereomeric ratios produced from the uncatalysed
rearrangement of 260 were usually between 1:2 and 2:1.

|
ClaCHy Qun i RLI R\_/o....
\_'8’ i ClCH BP_(l) — B
R§ \Ou | b_l C|2CH° \O“
|
(246) ! (259) (260)

(203)

Application of zinc chloride catalysis to the rearrangement of 260 resulted in significant
alterations in the diastereomer ratios of the x-chloroboronic ester products. For
R =isobutyl, the (xS):(xR) ratio was 34:66 without zinc chloride, but 92:8 with zinc
chloride. For R = Me, the (x8):(xR) ratio was 22:78 without but 51:49 with zinc
chloride®®3. Previous results with 246 had not unequivocally ruled out the possibility that
the improvement in diastereomeric ratio by zinc chloride was entirely due to suppression
of epimerization®®”. These data support the idea that the metal cation influences the
diastereoselection by some sort of chelation analogous to that proposed by Meyers®35.

2. (R, R)-Butane-2, 3-diol esters

A chiral directing group having C, symmetry would not have different diastereomeric
borate complexes corresponding to 246 and 260 (Section II11.B.1.c), and it would then
make no difference whether the dichloromethyl group or the alkyl group was attached to
the boron first. The most commonly used chiral diols having C, symmetry, tartrate esters,
were tested unsuccessfully, with no yields of a-chloroboronic esters without zinc
chloride®*” and a low yield resulting from the use of zinc chloride and diisopropyl
tartrate*®. Noting the commercial availability of (R, R)-butane-2, 3-diol and its reported
successful use as a chiral directing group in cationic acetal—olefin cyclizations*5%, Sadhu
et al %% tested (R, R)-butane-2, 3-diol butylboronate, 261, with lithium dichloromethide—
zinc chloride and obtained 1-chloropentylboronic ester, 264, which was 95%, (15)-isomer
(equation 204). The intermediate borate complex 263 was also prepared from (R, R)-
butane-2, 3-diol dichloromethylboronate, 262, and butyllithium, and was shown to yield a
similar (96%) diastereomeric preference, as required by the mechanism. This reaction was
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also tested with other alkyl groups in place of n-butyl, including methyl, isopropyl, phenyl,
and benzyl, and uniformly produced 95-96%, (aS)-a-chloroboronic esters (with one
exception attributed to experimental error, isopropyl by one of two routes, 91%). The 957
diastereoselectivity achieved with the methyl group is particularly noteworthy. The
diastereoselectivities were determined by converting the butanediol esters to pinanediol
esters for n.m.r. analysis.
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Treatment of (R, R)-butane-2,3-diol (aS)-a-chlorobenzylboronate with water and
diethyl ether resulted in hydrolysis of the boronic ester, with the butanediol going into the
aqueous phase and the («S)-a-chlorobenzylboronic acid into the ether. Recrystallization
from diethyl ether—hexane yielded boronic acid of >99% ee, as shown by the n.m.r.
spectrum of its (+ )-pinanediol ester>®>. This hydrolysis does not work efficiently with the
water-soluble a-chloroethylboronic acid, but appears to be generally applicable to higher
members of the series. The ease of hydrolysis of these butanediol esters contrasts with the
extreme stability of the pinanediol esters, and basically solves the problem of being able to
remove the chiral directing group so that it can be replaced by one that will direct
construction of the next chiral carbon in the opposite chiral sense, which was discussed in
Section I11.B.1.a.

C. Asymmetric Hydroboration
1. Asymmetric hydroborating agents

a. Diisopinocampheylborane

The synthesis of diisopinocampheylborane, 30, and its successful use in asymmetric
synthesis by Brown and Zweifel'°° have been mentioned in Sections I.C.1.c and I111.A, and
Brown and coworkers have provided two recent reviews of this and related chemis-
try3%6-367 Recent advances have considerably expanded the applications of asymmetric
hydroboration and have provided several organoborane intermediates of synthetic
interest in very high chiral purities.

The major limitation to hydroboration as an approach to chiral synthesis is that it is
useful with only a small range of structural types. For example, hydroboration of cis-but-2-
ene with enantiomerically pure (—)-diisopinocampheylborane, 30, and (+)-a-
pinene' %8110 followed by oxidation of the intermediate borane 265 with hydrogen
peroxide provides a highly efficient route to (R)-(—)-butan-2-ol, 266, in > 98%, enant-
iomeric cxcess, and the opposite cnantiomer of 266 is made equally easily (equation 205).
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Other symmetrical cis-alkenes behave similarly, although cis-hex-3-ene has yielded an ee
0f93% in the derived hexan-3-ol, and other ees were lower ' °°. Problems arise immediately
if the cis-alkene is not symmetrical. For example, cis- pent- -2-ene has yielded a mixture of
pentan-2-ol, 267, and pentan-3-ol, 268, in proportion ranging from 76:24 to 59:41,and the
92% ee of the 267 is thus subverted by the regioselectivity problem (equation 206)‘09 334,
Chiral 2-pentylboronic esters are available in high purity from the homologation process
discussed in Section I11.B3*®, and hydroboration is obsolete as an approach to such
structures. With cis-4-methylpent-2-ene, the regioselectivity problem is largely overcome
and 96% 4-methylpentan-2-ol, 269, was obtained, but the ee was only 76%
(equation 207)*>* This particular alcohol has not been made by the (dichloro-
methyl)lithium—boronic ester process (Section II1.B), but the critical precursor,
(+)-pinanediol (1S)-1-chloro-3-methylbutylboronate, is available in 99.5% chiral pur-
ity3*® and the enantiomer could be made similarly. The utility of 30 in chiral synthesis is
further limited by the low ees of alcohols obtained from the hydroboration of trans-alkenes
or 2-substituted alk-1-enes, although these limitations are in part overcome by the use of
monoisopinocampheylborane (see the following Section, I11.C.1.b).
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In spite of its restricted range of structural applicability, asymmetric hydroboration can
provide some highly useful starting materials. An example is the hydroboration of methyl
cyclopentadiene-5-acetate, 271, with (+)-diisopinocampheylborane, 270, followed by
oxidation to yield methyl (3R, 4R)-4-hydroxycyclopentene-3-acetate, 272, in 927, ee, a
useful intermediate for prostaglandin syntheses (equation 208)°%®. Analogous hydrobor-
ation of 5-methylcyclopentadiene provides a useful intermediate for the synthesis of the
natural product loganin®¢®, For such cyclic systems, the (dichloromethyl)lithium—-boronic
ester reaction {Section T11.B)is not applicable, and although ring closures of products from
such reactions remain a future possibility, it would be difficult to improve upon the
directtons of the hydroboration route.
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Surprisingly high selectivity was found by Masamune et al.>’° in the hydroboration—
oxidation of a 2-methylalk-1-ene, 273, with (— )-diisopinocampheylborane, 30, to produce
a chiral 2-methyl primary alcohol, 274, used in the synthesis of tylonolide (equation 209).
The ratio of 274 to its epimer 275 was at least 50: 1. The chirality already present in the
alkene, 273, had little influence on the outcome, and hydroboration of 273 with (+)-
diisopinocampheylborane, 270, produced pure (> 50:1) epimer 275 (equation 210). The
minimal influence of the chirality of 273 was further demonstrated by its hydroboration
with 9-bbn to produce a 2:1 mixture of 274 and 275. These results are especially
noteworthy in view of the maximum 30%, ees observed by Brown and Jadhav®¢” in the
hydroboration—oxidation of simple 2-methylalk-1-enes with diisopinocampheylborane.
Incidentally, Masamune et al.>”° used m-chloroperbenzoic acid for the borane oxidation
to prepare 274.

(273) (275) (210)

b. Monoisopinocampheylborane

(+)-Monoisopinocampheylborane, 29, derived from (+)-a-pinene, hydroborates
2-methylbut-2-ene to provide (S)-3-methylbutan-2-ol in 53%ee®’!, or trans-but-2-ene to
yield (S)-( +)-butan-2-ol in 73%, ee®72. These results represented a great improvement over
the 13-14Y% ees found in the same systems with diisopinocampheylborane, 30. Phenyl
substituents result in still higher ees, and the hydroboration of 1-phenylcyclopentene with
29 followed by oxidation of the intermediate borane 276 yielded (1S,2R)-2-
phenylcyclopentanol, 277, in 100% ee insofar as could be detected with the aid of a chiral
shift reagent in the 90-MHz n.m.r. spectrum (equation 211)373, With 2-phenylcyclohex-
anol the ee is a still useful 88%. Full details of this work have been published®’*.

Ph ?l" Ph
? ; jl BHz Bl”", H202 HO-,
+ » ___2’ oy

(29) (276) @77)
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Treatment of isopinocampheylalkylboranes with acetaldehyde results in preferential
cleavage of a-pinene (recyclable) and production of the diethyl ester of the corresponding

Ph
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boronic acid’’®. Thus, 276 is readily converted into diethyl (1S,28)-2-
phenylcyclopentylboronate, 278, in 669 yield (equation 212). (The 2-positions of 277 and
278 have the same absolute configurations but opposite notations because of relative
group priorities.) Similarly, cleavage of bis(isopinocampheyl)-2-butylborane, 265, with
acetaldehyde leads to (S)-2-butylboronic acid, 279, which was isolated as its dimethyl
ester (71%) (equation 212). One possible application of these boronic acids, especially
cyclic examples such as 278, would be as starting materials for some of the chemistry
described in Section II1.B.

2 MeCHO en
276 s, (Eto)za
(278)
265 2MeCHO (HO)ZB (212)
(279)

Another use of the cleavage by acetaldehyde is the preparation of chiral borinic esters,
which can be converted into chiral ketones by reaction with LiCCl,OMe (see
Section I1.B.1.d)*7¢:377, An example is the hydroboration of pent-1-ene with 280 which is
the enantiomer of 276, followed by conversion of the resulting borane 281 to (1R, 25)-2-
phenylcyclopentyl pentyl ketone, 282, 90%; ee (equation 213). Another is the hydrobor-
ation of trans-but-2-ene with (—)-monoisopinocampheylborane followed by reaction of
the resulting borane 283 with ethylene and conversion to (R)-4-methylhexan-3-one, 284,
609, ee, which is an alarm pheromone of the ant Manica mutica (equation 214).
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A final development which promises to make this hydroboration chemistry more useful
than the observed enantiomeric excesses might suggest is the observation that several
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monoisopinocampheylboranes crystallize from the solutions in which they are made and
can be purified to very high diastereomeric purity, so that the alcohols derived by
oxidation have ees approaching 100%,37%. In the simplest cases, the crystals were
diastereomerically pure or could be aged to high purity, and in other cases more elaborate
approaches had to be used.

¢. Other asymmetric boranes

Dilongifolylborane hydroborates cis-but-2-ene, 2-methylbut-2-ene, 1-methylcyclopen-
tene, and other olefins of similar steric requirements to yield alcohols after oxidation which
have ees in the 60—75% range®”°. Limonylborane is a cyclic borane derived from limonene
and available in both enantiomers, and yields alcohol derivatives with ees in the 45-67%
range with cis- or trans-but-2-ene, 2-methyl-but-2-ene, or 1-methylcyclopentene®®°.

2. Asymmelric substrates

Once a chiral centre is in place, hydroboration can be used for the diastereoselective
introduction of additional chiral centres. This is not asymmetric synthesis in the same
sense as hydroboration with asymmetric reagents. Examples of diastereoselective
hydroboration have been noted in Sections I.C.1.e and f123-138 and the selective creation
of new chiral centres during the hydroboration of terpenes and steroids has been noted in
Brown’s books'-2?. These generally depend on steric factors in a straightforward manner
or, in the case of dienes, on cyclization to establish steric relationships. The examples which
follow are not a comprehensive survey.

Hydroboration—oxidation of the substituted allylic furan derivative 285 with borane—
thf yielded the alcohol 286 and its diastereomer resulting from attack at the opposite side
ofthe double bond in an 8:1 ratio®®!, thus providing an intermediate used in the monensin
synthesis by Kishi and coworkers (equation 215).
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Midland and Kwon have studied the stereocontrolled synthesis of side chains at the
17-position of steroids*#2~*84_ Approach of 9-bbn to the p-face of a 17-ethylidene group is
sterically blocked by the angular methyl group, and as a result the Z-isomer 287 produces
the ‘natural’ steroid configuration at C-20 (equation 216) and the E-isomer 288 the
‘unnatural’ configuration (equation 217)%8%-583_ Further elaboration of the side chain was
carried out via reaction of the borane with the carbanion from chloroacetonitrile (see
Section I1.B.1.c). Hydroboration of 20-alkylidene steroids, 289, results in attack from the
top face of the double bond as illustrated (probably not the reactive conformation) and
produces the ‘natural’ isomer at C-20 (equation 218)*®4, The reaction works best if R’ is
bulky, and if R is 3-methyl-1-butyl the side chain illustrated is that of the insect moulting

hormone ecdysone.
w, ~CH2CN
S-bbn _CICHCN

(287) 216)
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CH2CN
B =
S-bbn <:28> CICHCN
(288)
(217
R BRY OAc
"oy, R ", R
—_— _—
(289) R=H or CH,CH,CHMe, (218)

D. Chiral Sigmatropic Rearrangements
1. Allylboranes

a. Boronic esters

Allylic boronic esters have been developed as reagents for directed chiral synthesis by
Hoffmann, who has reviewed this and related chemistry recently>®®. The reaction of an
aldehyde with a y-substituted allylic boronic ester creates two chiral centres with very
good contro} of their relative configurations by the steric constraints of the cyclic
transition state, described in Section I11.B.3.d. Useful but not outstanding control of the
absolute configuration has been achieved by the use of the ester of a phenylbornanediol
with (Z)-but-2-enylboronic acid, 290°%¢, For example, reaction of 290 with acetaldehyde
followed by cleavage of the boron yielded (3S,45)-3-methylpent-1-en-4-ol, 291, in 95Y%,
diastereomeric purity but only 70% enantiomeric excess (equation 219). This compound
was then converted into the pheromone 292 of the drugstore beetle, Stegobium panaceum,
in several steps, and proved the absolute configuration.

OH
0-B E
O/ _\=/ MeCHO /\:/\ —— —p \O
70°% ee
Ph 959 this o o
(+)—isomer of diol diastereomer Z
(290) (29h) (292)

(219)

Similar chemistry has been used with the ester of the (—)-enantiomer of the
phenylbornanediol with (E)-but-2-enylboronic acid, 293, in a synthesis of multistriatin,
295, a component of the aggregation pheromone of the elm bark beetle, Scolytus
multistriatus (equation 220)°87, In this case, the diastereoselectivity in forming the
intermediate homoallylic alcohol 294 was still 959 but the ee was only 529,
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OH
AANNB—0 BnOCH,CHO B“O\/'\/\ | >
No X
(~)- diol Ph 52°% eae
(293) (294)
OH o]

\)\/\(H ©
HO
(295) (220)

Although the ees obtainable to date in the Hoffmann synthesis have not been very
encouraging, significantly better results are obtained if a single enantiomer of a chiral
aldehyde is used with one of the chiral boronic esters 290 or 293 (equation 221 and 222)°88,
With the correct pairing of chiral aldehyde and chiral boronic ester, double stereodifferent-
jation results in good diastereoselectivity, and with the opposite pairing the selectivity is
very low. This is not chirai synthesis directed by a chiral auxiliary, because it incorporates
the chiral centre of the aldehyde into the product. The (S)«( +)-2-methylbutyraldehyde,
296, used to illustrate this method was not made by organoborane chemistry, but it might
be noted that it could be, since hydroboration of cis-but-2-ene with diisopinocamph-
eylborane generates a borane that can be converted into 296 (see Section I11.C) or the
asymmetric boronic ester homologation (see Section 111.B) could easily be adapted for this
purpose.

/\(CHO /\/\B__

(296) (293}

CHO
/Y +

(296) Ph

5% 95%

(222)
Incorporation of a preformed chiral centre into the product has also been used by Wuts
and Bigelow®#? in a synthesis of the sugar oleandrose. The reaction of meso-butane-2, 3-
diol (Z)-3-methoxyallylboronate with (S)-2-benzyloxypropanal gave diastereomeric
homoallylic alcohol products in the ratio 8.7:1.2: 1, with the major isomer being the useful
intermediate.
Efficient chirality transfer has been found by Hoffmann and Landmann®°° in the
reaction of a chiral boronic ester with aldehydes. (R, R)-Butane-2,3-diol (§)-
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chloroallylboronate, 297, was prepared by the method outlined in Section II11.B.2 and
converted into the pinacol ester 298 in order to achieve high stereoselectivity in the
reaction with aldehydes. The (Z)-chloroallyl alcohols 300 were the predominant products
(93-96%) for R = Me, Et, Pr{, or Ph, which is in accord with the expectation that the
chlorine atom will preferentially assume the axial orientation in the cyclic chair-form
transition state 299 (equation 223). The ees of the predominant products 300 were 90—
939,599, in accord with the ees measured for other a-chloroboronic esters prepared in the
same manner as 297°%%. However, it should be noted that the (E)-chloroallyl by product
301 has the opposite chirality to 300 and must be separated in order to utilize the high ees
available in 30059,

(297) (298)

| \ cl
/O \“‘\‘ \* /O
N — g + RCHO—
\O No R

ci

——— R N
OH ~59, (223)
9% (301
(300)

The preference of the a-substituent for an axial or equatorial position in transition states
analogous to 299 depends on the nature of the substituent itself and on the other
substituents  present.  Rearrangement of an  optically active (Z)-a-
(trimethylsilyl)crotylboronic ester has yielded 96% (E)-erythro-homoallylic alcohol,
described in Section 11.B.1.d373. The ees were low and not determined, but the very high
diastereoselectivity implies nearly total chirality transfer.

Optically active propargylic alcohols are readily available by reduction of acetylenic
ketones with Midland’s reagent, B-isopinocampheyl-9-bbn (see Section I11.E). Hydrobor-
ation of their acetate esters with dialkylboranes yields 3-acetoxyalk-1-enylboranes, which
on treatment with base rearrange with high stereoselectivity to chiral allylic borinic esters,
3023°!. The borinic esters react with aldehydes according to the usual stereoselection rules
to yield 96-99% threo homoallylic alcohols, 303, having ees in the 50-85% range
(equation 224)5°2, The R groups used for R,BH included cyclohexyl and isopinocamph-
eyl, R’ was primary alkyl, and R” was methyl, phenyl, isopropyl, or n-pentyl. Although the
R of R,BH must be bulky, that is not a serious limitation for synthetic purposes, since
useful chiral intermediates can be obtained by cleaving the double bond of 303 so that only
R’ and R” are retained.

OH
d - /' R'CHO R e
RZB\/\_/R OH RWR S - \/Y\R
OAc RBOH R’
(302) (303)
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b. Trialkylboranes

Brown and Jadhav3°3:3%% have shown that B-(allylic)-B, B-diisopinocampheylboranes
react with aldehydes to give homoallylic alcohols in high enantiomeric purities (83-96%).
The process is illustrated by the synthesis of (—)-artemisia alcohol, 304, in 967, ee
(equation 225)594

(304)

—?8 °C
(225)

Yamamoto et al®% have observed very high chirality transfer in reactions of B-allyl-9-
bbn with imines derived from 2-phenylpropionaldehyde. The reaction of B-allyl-9-bbn
with N-(1-phenylethyl) isobutyraldimine, 305, was 92%; diastereoselective {(equation 226).
Although the reaction was not carried out on optically active material, optically active
1-phenylethylamine is readily available, and the distinction between the ‘asymmetric’
syntheses included in this section and the ‘diastereoselective’ syntheses covered in
Section I1.B.1.d becomes arbitrary.

prf
\/\@ + >C=N Ph —»
H \r

(305)

Prl

(226)

2. Allenylboronic esters

Allenylboronic acid has been prepared from propargylmagnesium bromide and
trimethyl borate, and its esters with diethyl or diisopropyl tartrate react with aldehydes to
form homopropargylic alcohols, 306, having ees generally in the 60-953% range
(equation 227)°%°.

, OH
CO2R P
RCHO + J%j’ R)\//
HoC=C= ,
: “CO2R (306) (227)

3. Enol borinates

Enol borinates have been used with great success in enantioselective aldol condens-
ations. The carbon—boron bond is an incidental feature of these reactions and does not
participate except insofar as the alkyl groups on boron influence the stereoselectivity.
These reactions are therefore outside the scope of this review, but in view of the close
mechanistic analogies to allylborane-aldehyde reactions, the work of Evans and
coworkers®®7-3%8 and Masamune and coworkers®7%-*%% is mentioned here. By incorporat-
ing a chiral substituent, later removed, in the boron enolate at the enol carbon,
enantioselectivities of these reactions can be made very high.

E. Asymmetric Reductions

Reductions with Midland's reagent, B-isopinocampheyl-9-bbn, 307, involve a carbon—
boron bond cleavage and therefore fall marginally within the scope of this review.
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Reductions with borohydrides that involve only the boron—hydrogen bond are not
covered. Midland has recently reviewed reductions with chiral boron reagents®®®. The
reagent is now commercially available as ‘Alpine Borane’ from the Aldrich Chemical
Company.

The first successful application of Midland’s reagent, 307, was in the reduction of
deuteriated aldehydes to produce stereoselectively labelled a-deuterio alcohols®!. The 307
prepared from ( + )-a-pinene reduced benzaldehyde to (S)-a-deuteriobenzyl alcohol having
ca. 98, of the enantiomeric purity of the reducing agent. The alcohol is initially formed as
its 9-bbn ester, which can be conveniently cleaved with ethanolamine. The hydrogen for
the reduction comes from the isopinocampheyl group, which is eliminated as a-pinene.
The steric interactions as judged by the experimental results correspond to the pinanyl
bridge methylene group behaving as smaller than the 2-methyl group. If a-pinene is
hydroborated with B-deuterio-9-bb, the resulting deuteriated 307 will reduce benzaldeh-
yde to yield the (R)-enantiomer of a-deuteriobenzyl alcohol (equation 228). Reduction of a
series of deuteriated aromatic and aliphatic aldehydes with 307 produced a-deuterio
alcohols having 71-101%, of the estimated ee of the reducing agent®°2,

)

(307) (228)

I

+ PhCHO ——» ——» Phee

T OO
[w]

Acetylenic functions interact with 307 as small groups, so that the same direction of
chiral selectivity is found in reduction of acetylenic ketones as with aldehydes®®?.
Reduction of a variety of acetylenic ketones with 307 produced propargylic alcohols, 308,
having ees in the 73-100%, range (equation 228). The configurations of 308 are R if the
priority of the other substituent R is lower than that of the acetylenic group, often but not
always true. The opposite enantiomer of 307 is readily available, and the enantiomers of
308 are therefore also easily prepared.

0 OH
307 + R(|:|C—=—CR' — R—(.:;-—CECR’
H
(308) (229)

It is necessary to carry out reductions with 307 at or below room temperature because
the reagent dissociates easily at higher temperatures to generate free 9-bbn, a much faster
and achiral reducing agent®°4. Reductions by 307 are slow, often taking several days, and
Brown and Pai reported that the use of neat 307 rather than the dilute solutions originally
used by Midland results in improved enantioselectivities and also permits reduction of a
number of non-acetylenic ketones with fair to good ees®®, including aryl halomethyl
ketones with high ees®®®. Midland and McLoughlin®®” found that high pressure
(6000 atm) suppresses the dissociation of 307 and permits the reduction of acetophenone to
1-phenylethanol in essentially 100%; ee and various other ketones highly selectively.

The propargyl ketone reduction remains the most facile and reliable application of
Midland’s reagent, 307, and this chemistry has been explored in considerable detail®8,
The borane chemistry ends with production of the propargylic alcohols, 308, except for the
hydroboration chemistry of these alcohols noted in Section I11.D.1.a. As would be
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expected, reduction of ketone functions by 307 can be carried out in the presence of other
functional groups such as carboxylic esters, which allows syntheses of various lac-
tones®98-6%% including the Japanese beetle pheromone®'?. The acetylenic group of 308 can
be oxidized to provide chiral f-hydroxy actds®'!. Conversion of 308, R = isopropyl and
R’ =methyl, to (R)-(Z)-5-methylhex-2-en-4-0l and then to the O-allyl or benzyl ether
followed by [2.3]sigmatropic Wittig rearrangement has yielded erythro homoallylic
alcohols with good diastereoselection®'2. An alternative reagent to 307 for chiral
reductions is the 9-bbn adduct of nopol benzyl ether, which gives similar results to the
enantiomer of 307 because nopol, a derivative of f-pinene, has the same absolute
configuration as (—)-x-pinene®'?. Midland’s reagent, 307, has proved useful in a
considerable variety of organic syntheses carried out by other research groups. Examples
of these applications include syntheses of steroids®!#:%'3, toad poisons®!®917 substrates
for various biosynthetic pathaway studies®'87%2! arachidonic acid metabolites®??,
leukotrienes®??, a-hydroxy esters®?*, and compounds for mechanistic studies®2.
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I. INTRODUCTION

Hard to handle, and in many cases difficult to prepare, organoaluminium compounds are
not at first sight the organic chemist’s first choice for synthetic procedures. However, in
recent years there has been much wider use of these reagents and new areas of applicability
are regularly being reported. The lower alkylalanes, especially Me;Al and to a lesser extent
Et,Al and Pr";Al, are pyrophoric and must be handled in an inert atmosphere, in a glove-
box or on a vacuum line. Alkylaluminium halides and alkoxides may be handled under
CO,. As CCl, and water exacerbate fires in which alkylaluminiums are involved, only
foam or sand should be used. Contact with skin may cause serious injuries and prompt
medical attention is essential.

The most important organoaluminium compounds in organic synthesis are, or are
derived from, commercially available compounds. These include Me;Al, Et;Al, Bu',Al
Bu',AlH, Me,AICl, MeAICl,, and EtAICl,. Trialkylalanes and alkylalumlmum halides
are available industrially from alkyl halides and aluminium metal in appropriate
proportlons The synthesis of more complex alanes from these precursors will be discussed
in the appropriate secttons.

The use of organocaluminium compounds in synthesis has been regularly reviewed! %,
this account will concentrate on recent examples. The use of organoalumlmum
compounds in the catalysis of alkene oligomerization, polymerization, and metathesis is
excluded and the many reactions involving AICl, as a Lewis acid or LiAlH, as a reductant
are treated only for comparison with organoaluminium compounds.

Il. REACTIONS WITH CARBON—CARBON DOUBLE BONDS

A. Hydroalumination

The addition of H—AI to alk-1-enes (equation 1) is relatively complete, but internal
alkenes give less satisfactory results. Selectivity to primary alkyls is high®. The kinetics and

AN e
Al—H + = —_— —C—C— 1
/C C\ Al (l) (l: H (n

equilibria of the reaction have been extensively studied”™. Theoretical studies on the
interaction of C,H, with H;Al suggest that the process is bcst visualized as occurring by
association to form a m- complex which then reacts in a four-centred transition state'®
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The presence of an aryl substituent in styrene gives a mixture of primary and secondary
products (reaction 2)'!, but with 1, 1-diphenylethene only the primary product is found'?.
Allyl and vinyl ethers yield alkenes by routes to be discussed later. 1,2-Dienes react with
Bu’,AlH (dibah) to give, after hydrolysis, alk-1-enes in excellent yield (equation 3)'?.
Reactions of 1, 3-dienes with dibah give, after hydrolysis, monoenes and alkanes but the
reaction is complicated by oligomerization'*. Unconjugated dienes may give good yields
of trialkylaluminiums provided that one of the double bonds is terminal (equation 4)'°.
Few reactions with internal alkenes have found synthetic application.

PhCH=CH, + Et,AIH — PhCH,CH,AIEt, + PhCH(Me)AIEt, )
Hex"CH=C=CH, % Hex"CHDCH==CH, 3)

CH,=CHCH=CHCH(Me)CH=CH, + Bu’;Al —
[CH,=CHCH=CH,CH(Me)CH,CH,],Al @)

The importance of hydroalumination in synthesis has been enhanced by the availability
of catalysed reactions. Nickel catalysis was discovered by Ziegler, but cobalt and titanium
chlorides also accelerate the transformation of equation 5'°. The process is slower for di-
and tri-substituted alkenes than for alk-1-enes. A variety of other nickel complexes are
active in alkene/trialk ylaluminium exchange reactions including [(C,H,);Ni], [(cod),Ni]
and [(PhCH=CHPh),Ni]'". Mechanistic studies suggest that both the alkene and the
organoaluminium compound are simultaneously coordinated to nickel. An unusual
asymmetric addition of Bu‘;Al to an alkene, with elimination of isobutene has been
reported in the presence of bis(N-methylsalicylideneamine)nickel, [Ni(mesal),], and (—)-
N, N-dimethylmenthylamine (L) (equation 6). Hydrolysis of the intermediate alane gives
the hydrocarbon in 67% R optical yield and the chiral base is recoverable.

R'R2C=CR?R* + LiAIH, — Li[H,AICR!R2CHR*R*] (5)
™M H HM
e2% ) [Nitmesal),} /C °2 H,0
C=CH, + Bu'3AI ——L——> LAl CHZCH _— > MeZCHCH(Me)Ph
Ph Ph :
(6)

Both TiCl, and [Cp,TiCl,] have been used to catalyse the addition of aluminium
hydrides to alk-1-enes. Some examples are given in Figure 1. The product alanes or ate

Ref.
v HANGH () [Cp,Ticl, ] 19
AN VAV EN r —_— N N
N 2 @) no

100%

TiClg X2

R + LiAH, —» [(R/\%:A':' i —s R0 20

OAIBu’. OH
—> 21
Z Z @ H,0 =

FIGURE 1. Titanium-catalysed hydroalumination of alkenes
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complexcs have been used in numerous syntheses. Coupling occurs directly with halogens
to give primary halides (equation 7)22, whilst copper salts catalyse the range of reactions

() LIA|H4/TIC|.
7
@)1, y)

shown in Figure 2““28. Treatment with oxygen or m-chloroperbenzoic acid gives
alcohols?? whilst Pb(OAc), gives acetates®®

2 —
RCH,CH,CH, CH,COR RCH,CH,CH,C== CH
CH,=CHCOR?,
Cul0Ac), CH,=C=CHBr,
Cu(OAc),
CuX,
RCHZCHpCOCHCHpR - # ——— . Li[AI(CH,CHR), ] ———  RCHpCHoX
u
CH,==CHCH,Br ,
Cu(0Ace), Cu(OAc),
RCH,CH, CH,CH,R RCHoCH,CHoCH==CH,

FIGURE 2. Reactions of ate complexes in the presence of copper salts

The relative reactivities of alkenes depend mainly on steric factors, with internal alkenes
reacting more slowly than terminal alkenes'®. With non-conjugated dienes the less
substituted double bond reacts selectively (reactions 83! and 9%7). The reaction of «, w-

=

(1) LiAlH, /TiCl,

(8)

(2) H,0

37 %%

(1) LiAIH, /TiCl

J\/\/ wom J\/\/\ o
(2) cuCl,
= = 72

Ci
67%

dienes such as 1 depends on the catalyst. With TiCl, the bis-aluminium species 2 is
obtained'?, but by a change of solvent (to C¢Hy) or catalyst to ZrCl, cyclization of 3 yields
4, giving methylcyclopentane on hydrolysis (reaction 10). Dibah gives a similar reaction,
but the main product is methylenecyclopentane by elimination from the cyclic intermedi-
ate 432,
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LiAIM, Al
= = TiCl, Al

(1) (2)
LiAIH, , (10)
ZrClg Al

H,0
AIM —> —_—>
(3) (4)

The reaction mechanism is thought to involve the formation of a titanium hydride,
which is subsequently added to the double bond (equations [1-13).

LiAlH, + [Cp,TiCl,] — [Cp,TiHCI] + LiAIH,CI (1)
RCH=CH, + [Cp,TiHCI] — [RCH,CH,TiCICp,] 12)
[RCH,CH,TiCICp,] + LiAlH, — RCH,CH,AIH,Li + [Cp,TiHCI]  (13)

Reactions of BujAl and dibah with internal alkenes to eliminate isobutene are best
catalysed by Ti(OBu),, although many titanium (IV) species are active. Primary
organoalanes are obtained by slow migration of aluminium to carbon down the chain to
the end, and primary alcohols are obtained on oxidation.

Hydrometallation catalysed by zirconium complexes is equally successful, if less
thoroughly explored. Bu';Al reacts with alk-1-enes in the presence of catalytic [Cp,ZrCl,]
and tolerates several functional groups®3, but the analogous reaction with dibah requires
stoichiometric [Cp,ZrCl,]. The reaction of cyclohexene with dibah proceeds in good yield
in the presence of ZrCl,/4AROH*. Alk-l-enes undergo alkylation with
Et,AlICl/Zr(OBu),, often in excellent yield (equation 14)*3. Addition of LiAIH, to alk-1-
enes is also catalysed by ZrCl,, to give trialkylaluminiums which react with water and
halogens as before*®. With allyl alcohols and allyl ethers both hydroalumination and/or
hydrogenolysis occur in varying proportions®”.

Zr(OBum)4

Et,AlIC! + Bu"CH=CH, ————— Bu"C(Et)=CH, + Hex",AlC! (14)
95%

B. Carboalumination

Carboalumination (equation 15) is not as important for alkenes as for alkynes, but
interesting examples are known. The reactivity pattern for alkenes is similar to that for

| N |
Al—C— 4+ Cc=C ——» Al—C—C—C— (15)
| 7N I

hydrometallation but the reaction is more difficult to reverse. Some uncatalysed reactions
are known, mainly involving especially reactive alkenes. A strained cyclic compound such
as bicyclo[2.2.1]hept-2-ene is hydroaluminated and carboaluminated (ca.5%) with

Et,AlH and exclusive carboalumination occurs with Et;Al3® Ethylene may then be
inserted into the secondary carbon—aluminium bond. Norbornadiene and dicyclopen-
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tadiene are similarly reactive®”. With 5 and 7 carboalumination proceeds by a radical
reaction at low temperature (equation 16 and 17). The reaction rates decrease in the order

AR,
NC CN NC CN
I + RAl —m—» (16)
NC CN NC CN
R
(5)
(6)
R
NC CN NC CN
+ RAl ———» (17)
NC CN NG N
(7) AR,
(8)

R = Et > Bu’ > Me, paralleling the ease of ionization of the Al—R bond in the initial step
(equation 18)*°.

tcne + RyAl — tene’ ™ + R™ + RLAIY (18)
3

Catalysed carbometallations are more common, the major catalysts again being
titanium and zirconium complexes. Carbometallation of alk-1-enes by R;Al occurs at
room temperature in the presence of stoichiometric [Cp,TiCl,]. The product is the
2-alkyl-1-ene 10, formed by dehydroalumination of 9 (equation 19)*!. The reaction is
tolerant of halide, hydroxy and ester functions in the alkene. A similar reaction occurs in
the presence of Zr(OBu), with Et,AlC] and EtAICl, to give 2-ethyl-alk-1-enes. Trans-
metallation to yield alkylzirconium complexes seems to be the critical step?®.

R!'CH=CH, + R?,Al — R'R2CHCH,AIR2,
9)
9 R'R2C=CH, + R2,AlH (19)
(10)

lil. REACTIONS WITH ALKYNES

A. Hydroalumination

Hydroalumination of alkynes occurs fairly readily and usually with high stereoselecti-
vity, providing a route to vinylalanes in cases where the corresponding magnesium and
lithium derivatives are difficult to prepare. The main side reactions are oligomerization
(equation 20) and metallation of alk-1-ynes when R =aryl (equation 21). Alkynes react
faster than alkenes and 12 is the sole product of the reaction of dibah with 11
(equation 22)*2. By contrast vinylacetylene gives poor results*3. With monosubstituted
enynes such as 13 cyclization may occur; 15 is obtained in diethyl ether/hexane since the
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intermediate 14 is stabilized. Without ether stabilization 14 undergoes dehydroalumi-
nation between C-1 and C-5 to give an intermediate which quenches to 16 (reaction 23)**.

2R'C=CR! + R%,AlH — RCH=CH(R)CH(R)CH(R)AIR?, (20)
R!C=CH + R%,AIH — R!C=CAIR?, + H, 1)

J/Aleu"2
%CECH + BupAlH ———» \r' (22)

(1) ‘
(12)

AIEtz
Et,AlH
» AlEt2
C\CH
Et,0,
13 hexozne 14 hexane (23)

oA O

(15) (1e)

Other additions to alk-1-yne§ have been used for reduction; dibah is the reagent of
choice since its large bulk enhances stereoselectivity and it is commercially available and
easy to handle (reaction 24)**. The vinylalane 17 has been cyclopropanated to 18 and
subsequently protonated or brominated (reaction 25)*¢. A corresponding ate complex, 19,

(1) 2 Bu’,AIH, MeCu, MeMgBr, LiCl

Hex"C==CH pr—— #  Hex"CH==CH, (24)
i ) CH,Br. n
Buice=cH —=2y g X ABY2 22, By
Cu/2n .
AIBu/,
an (18)
Br,
HyO* (25)

Bu” i E
Br
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reacts with cyanogen to give a vinyl cyanide (reaction 26)* or the allyl derivative 20 to
give a thioether with good stereochemical control in both the vinyl and allyl fragments
R -
RLi ! ; . (N CN
17— | BUXAABY Y e BT (26)
87%
(19)

R2
19+ RE_~_-SS0Ph — B RSN 27)

(20) (2
(reaction 27)*8. The better reactivity of alkynes is exploited in reaction 28 of 22 to yield,

after treatment with a chiral epoxide, a precursor of the lactone 23, isolated from the
fungus Cephalosporium recifei*®.

AlBu’,Bu”
| [}] 2 [} ’1
(1) dibah :o;
| —
(2) Bu”"Li

(23)

Disubstituted alkynes react similarly providing clean, stereospecific reductions in
reactions 29°° and 30°%!. Deuteriolysis gives deuteriated alkenes. Excess of alkyne may

(1) dibah

Ne = =
Hex C—CCHZC—-C(CH?_)SCHZCI W’ Hex” (CH,)xCHLCI (29)
(1) dibah
— »
I (2) MeOH (30)

result in dimerization to dienes and cyclotrimerization to arenes. Regiospecificity with
non-symmetric alkynes is variable3? but certain substituents provide a directing effect. For
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example, 1-silylated alkynes, 24, give regiospecific addition to yield 25. The vinylalanes are
converted into halides, 26, using N-chloro- or N-bromo-succinimide, Br,, or I,.
Compound 26 may be isomerized to 28 photochemically or obtained from 27, which is the
hydroalumination product in the absence of a solvent {reaction 31)>3-54, The reaction has

R SiMe, R SiMe,
A s 2 tht Xy
R'C=CSiMe; + RZAIH ——» — >
(24) H AIRZ, X
. (25) (26)
Bu’,AIH
nosolvent
3y
R! al'Bu, R! Br
Bry
_—
2]
SiMe SiMe,
(27) (28)

been used in various natural product syntheses (Figure 3); 29 is a precursor of the
indoloquinolizine alkaloids®® and 30 is a synthon for the §-formyl vinyl anion and
cation®S,

(1) dibah SiMe
o 3
(2} Br, | py,-78 °C
CH,C=CSiMe —» —
3 3
(3) Bu’Li
0—CH
/ 2
(@) XCH,CH,CH ,—78 °%C ]
So—cH, O\)
(29)
tt) dibah thpO SiMes ) BurL HO
thpOCH,CE=CSiMe; —————> — —> —
(2) py | Et,0 5 (2) Meli
(3) Br, | CH,OI, r (3) HCI
(30) @) KF

FIGURE 3. Hydroalumination of silylated alkynes in natural product synthesis

Addition of R,AlH is usually stereospecific and cis, but RAIH,, AlH,, LiAlH,, and
Li[ Bu,AIMeH] all give trans-addition (Figure 4). Alkynes bearing oxygen or nitrogen
functions give very regiospecific results. For example, 31 adds dibah in an unusual trans-
reaction to give only 32 (reaction 32)%°. With 33, an intramolecular trans-

;
Al'Buy
. 3 3
dibh R H,0 R
RIRENCH,C=CR3  ———»  RIRENCH;” —— RRANCH X

(31) (32) 32)
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Pr”  ABu,Me | Ref
PriC=CPr? + Li[BupAIMeH] —— L —
Pr7
Pr”  SCH,CH==CH,
CHp==CHCH,SS0,Ph
— 57
Pr”
R AlHy
LiAIH, MeOH Ci
RC=CCl ——w Li — —_ R
cl
Me,C=0
R Al(OPr/), Br
Bry \/k
\_=< —_— R = o 58
cl
LiAtH, H,0 CN
RC=SCCN — Lila{ N =CrRlH, ] —— RN 59
70-98 %

FIGURE 4. Trans-hydroalumination of alkynes

hydroalumination of the alkyne occurs, giving ultimately the chiral allenic alcohol 34
(reaction 33)8!,

o LiAlH,, 0
— —_—
J\ thi
0 o+
C%(: 0]

Li
I,I’//
\/\OH H =
[(s)- 33] A
H// ~0
H
(33)
Me,,/ H
%4C=C=C¢C </\
H/ OH

[(R)-34]

Catalysed hydrometallations have been comparatively little studied since the reaction
proceeds well in the absence of catalysts. [ Ni(acac),] accelerates the reaction of dibah with
internal alkynes, allowing it to proceed at a temperature at which no cis=trans
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isomerization occurs; cis-alkenes are obtained on hydrolysis®?. (Pri,N),AIH adds to
internal alkynes in the presence of [Cp,TiCl,] and the product vinylalanes may be
deuteriated or iodinated. The reaction is not regiospecific except for arylalkynes, which
complex the titanium hydride intermediate®®.

B. Carboalumination

Although carbometallation has the same orbital character as hydrometallation,
uncatalysed reactions in this area are few and unpromising. Photochemical addition of
Et4Al, to diphenylacetylene gives both cis- and trans-dialkylaluminium compounds (35),
the cis yielding 36 by dimerization (reaction 34)%*. Attempted addition of Bu';Al to alk-1-

R
no Ph ARz pp ;1\| Ph
PhC=CPh + RzAl ——» I I I (34)
RpAl Ph Ph All Ph
R
(35) (36)

ynes gives mainly metallation, some hydroalumination and a small amount of stereo-
specifically syn carbometallation®®. With [Ni(mesal),] as catalyst the main products are
dimers and trimers. Enynes give a complex mixture of products®®.

Acetylene reacts with R;Al to give the cis-addition product, RCH—CHAIR,, but
metallation is a major side reaction. Little use has been made of this or of the complex
reactions of alk-1-ynes®”. Disubstituted alkynes react more slowly. Hex-3-yne reacts only
above 90°C and gives largely a dimer, 37 (reaction 35). With diphenylacetylene clean

AlEt,
EtC=CEt
EtC==CEt + EtAl ——»

(35)

AlEt,

(37)

carbometallation occurs with Et,Al to give (Z)-PhCH=CHPh(Et) after hydrolysis®®. The
regiochemistry of addition in non-symmetric cases is not easy to predict®®.

The use of titanium compounds as carboalumination catalysts has received some
attention. Alkynols react with Et,AlCl in the presence of [Cp,TiCl,] or
bis(methylcyclopentadienyl) TiCl, (reaction 36). Yields are good and the stereochemistry

(1) [(MeCp)TiCl, ]
HC==CCH,CH,OH + Et,AICI —————»
(2) H,0
/Et
H,O
E(/\/CHZC 20H + CH,=C (36)
CH,CH,OH
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is cleanly cis, but both regioisomers are obtained in comparable amounts’®, Carbometall-
ation of alkynes with Me; Al and stoichiometric [Cp, TiCl,] gives the cis addition product

Mo,Al
PhC=CPh >=< ——> \r—/ 37)
[szTIClz]

A|M92

in good yield (reaction 37)’". Silylated alkynes give regio- and stereo-selective addition
with Me,AICL,[Cp,TiCl] (reaction 38)7%73. The use of Me,Al is less successful in this

Hex” SiMey  Hex”

(1} MezAICt / [CogTiCl, ]
Hex"CZ==CSiMe, —> +
(2) H,0

81%
95 : 5 (38)

case, giving the regioisomers in the ratio 70:30. It seems probable that alkyltitanium
compounds are the attacking species.

Nickel complexes have also been studied as carbometallation catalysts, but the results
are usually unsatisfactory. Silylated alkynes give reasonable rates but the metallated
product isomerizes under the reaction conditions to give mixtures of cis- and trans-
isomers’¢. With alk-1-ynes the main product in the presence of [ Ni(mesal),] is the head-
to-tail dimer 38 (reaction 39)°6-75-76,

Bu'yAl
RC=CH —» R/\/g (39)

[Nitmesal), ]

SiMe3

(38)
Ph D Ph D
Mo, Al, H0
PRC=CD —m8» —_—
Cp 2rCI
[cppzrct,] AIMe,
98% 2
(1) B LI
@ Do
Ph Ph
Me, Al 0,0
PRC=CH ——-» e
Cpg2rCl
[eeazrcte] AIMe, )
96% £

Ph

I
FIGURE 5. Zirconium-catalysed hydroalumination of alk-1-ynes
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The problems of competing metallation are largely overcome when zirconium
complexes are used as catalysts’!?”. For alk-1-ynes and Me;Al the reaction is both regio-
and stereo-selective (Figure 5)77. Oct-1-yne reacts to give, after hydrolysis, a 95:5 2-
methyloct-1-ene-non-2-ene mixture’®, Fortunately, the terminal vinylalanes are much
more reactive than the internal isomers and after subsequent treatment with electrophiles
the minor isomer may effectively be neglected. Vinylalanes are potent nucleophiles
towards a variety of centres (Figure 6); a discussion of the catalysed coupling reactions
with halides will be deferred until a later section’®. Such transformations have been widely
used in natural product synthesis. For example, dolicholide, 70, is prepared by the route in
Figure 77° and udoteatrial, 71, by that in Figure 88°.

. = M

B ———
AlMe, CO,Et
ClyCCH,COC!
R
>F—j>r——cuzccb
0
Bu"Li
R
>—\_ o
R

A'Mez

R

-

COH

v
R
> CICHOMe >_\'
_ -
Bu” OMe
R

FIGURE 6. Reactions of vinylalanes with electrophiles
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[eppzret, ] Bu”Li
C==CH +MegAl ———» — — — Li*
AlMeo AlMe,Bu

CHO

‘thy,
4, I/[
On,
X..
o

4, "y

v

(1) m-Cl—CqH, COsH

(2) alOPr), HOw,

(3) H,0| HOAc Ho™

(70)
FIGURE 7. Synthesis of dolicholide

(1) MeyAl| [Cp,zrCl,]
(2) Bu"Li

J% -
71

(4) Hci

HC

///

FIGURE 8. Synthesis of udoteatrial

Trialkylaluminiums other than the trimethyl compound have generally proved less
satisfactory. For example, oct-1-yne and Pr3Al give a mixture of products, 2- propyloct-
1-ene (29%,), (E)-undec-4-ene (8%;) and oct-1-ene (47%), after hydrolysis, whereas Bu’ Y-
gives only hydrometallation. Hydrometallallon may be suppressed by using Pr,AICI but
the problem of regiochemistry is not solved’!.
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Internal alkynes may be cleanly and stereospecifically carbometallated by Me;Al
(reaction 40)77. With non-symmetric alkynes the regioselectivity is variable®'. Reactions

Bu” Bu”

(1) Me, Al Cp,2rCl
BuU”C = CBu” AL 21- (40)
(2) H,0

89 %
98°% Z

with silylated alkynes have not always given the desired results. When 39 is treated with
Me,Al/[Cp,ZrCl,] the product formed on work-up was not the vinylsilane 40, but the
silylated cyclobutene 41 (reaction 41)82. The generality of the reaction is confirmed by the
conversion of 42 to 43 in reaction 42.

XCH,CH,  SiMeg

Ma, Al
XCH,,CH,C=CSiMe
CH2 3
Cp,2rCl
(cpazrcte] AlMe
(39)
XCH,CH,  SiMeg SiMe
+
AlMe,X
(40) -
SiMe,
41
AlMe X “1n)
+
SiMes
(41)
SiMe,
(1) MeyAl/ [Cry2rCI,]
MezSIC==CCHBr ~———————% (42)

(2) H*

(42)
(43)
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The vinylalanes produced by this route have also been used as precursors to
vinylmercury compounds by a general and simple method (reaction 43)83

R

Mey Al chr2
RC==CH —_ F\
[eppzrcty] (43)

AlMe, HgCl

R = Hex, ,83%
> 98% c¢/s-addition

There has been considerable debate as to whether the reaction is an aluminium-assisted
carbozirconation or a zirconium-assisted carboalumination. N.m.r., deuterium labelling
and product studies give unequivocal evidence for the latter®*. Bimetallic intermediates
are proposed, and by analogy 44 is very effective for carboalumination of silylacetylenes

\ /B”\ /E‘\ /
/ \Et/ \Bu/ \Et

(44)

(reaction 44)®°. The use of Hex",Mg/Et;Al improves the yield of the ethylated product
(>99% for PhC=CSiMe,). Stereoselection is strongly cis, but with enynes trans-
addition occurs.

C‘0H2| SiMe 5 CioH2: SiMes
C,~H, C=CSiM L +
= e
10721 3 5 HO* (44)

Et H Bu” H

IV. REACTION WITH CARBONYL GROUPS
A. Aldehydes and Ketones

1. Alkylation

Organoalanes are less nucleophilic and more Lewis acidic than Grignard reagents or
organolithiums, so reactions involving their attack at carbonyl centres are more prone to
elimination and rearrangement. Hence the uses of organoalanes in simple alkylations are
relatively few. However, higher stereoselectivities are possible with aluminium reagents
than in those with lithium and magnesium and the greater accessibility of vinylalanes has
made them popular.

Simple aliphatic aldehydes give complex mixtures with trialkylaluminiums. Both
addition and reduction occur, followed by Meerwein—Pondorfl—Verley reduction,
Oppenauer oxidation and the Tischenko reaction®¢. However, 45 reacts with (Me;Si);A
to give 46 in fair yield (reaction 45)87 and 47 has been successfully alkenylated to 48
(reaction 46)®®. The use of ate complexes gives better yields at the expense of increased
complexity.
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OH
0 CHO 0 sim
< :@/ + (Me SilyAl Et,O — > < Mes — (43)
(0] [o}
45) (46)
OH

MeCO,CH,CHCHO + Bu/, Al X~ CH2)Me MeCOZCHz(l:H/l\/\(CHz)lee

NR NRp
(47) (48)
(46)

The reaction of Me;Al with ketones has been well studied, the primary reaction in either
benzene or ether being addition. Better yields are obtained in benzene®®. With acetone 49
may be isolated as an intermediate (reaction 47)°°. The mechanism of reaction with
Ph,CO has been suggested to involve a six-membered transition state, 50°*. Reactions

+

Me Me Me Me o] Me
\Al/ \Al/ + Me,CO ———» \AI< >A|/ 47)
Me/ \Me/ \Me Me/ Me \Me
(49)

PhoC=0,

R
g (\/AI\
/All

(80)

with cyclohexanones show that axial addition occurs when Me;Al is in deficiency and
equatorial addition when it is in excess in hydrocarbon solvents®2. A ketone-Me,Al
complex is supposed to be the reacting species. This may undergo unimolecular
reorganization via an electron-transfer path to give the axial alcohol. The equatorial
alcohol (axial addition) results from bimolecular kinetics®3. Similar results are obtained
with other sterically hindered ketones.

Excess of Me;Al under forcing conditions will yield a gem-dimethyl compound®, but the
same reaction occurs at or below room temperature using [Me,TiCl,]°°. Very hindered
ketones tend to give aluminium enolates, which are useful in aldol condensations. Few
synthetic applications have been reported, but Heathcock et al.?¢ converted the ketone 51
into 52 by elimination of an aluminoxane from the first-formed alcoholate complex
(reaction 48).
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0
(1) Me,Al o
(:> (2) BuLi (48)
AcO 6] AcO 0]
(51) (52)

Reaction of Et,Al with ketones is complex, since both reduction and addition as well as
aldol condensation are seen. A considerable body of evidence suggests that radicals may be
involved in both these and the reactions of Ph,Al?3-°7,

Modification of alane structure and careful control of conditions have brought success
in specific synthetic projects. Propargylaluminium compounds undergo addition in good
yields to give branched alkynols (Figure 9), the degree of transposition being determined
by the substitution pattern®®. Acetylenic alanes undergo direct addition and the acetylene
is transferred from Me,AIC=CR twenty times more readily than the methyl group®®.

Et
(1) Al th Pr
PrC==CCH Br ———— PrC==CCH,C—OH + CHy=C=C Et
(2) Et,CO [ \C/
Et | >om
Et
25 75
Pr
(1) Al]tht /
EtC=CCH(Br})Pr —— » FEtC=CCH
(2) Et,CO N\ Bt
| ™oH
Et

FIGURE 9. Reaction of propargylalanes with ketones

Allylalanes add to ketones with essentially complete allylic transposition (reac-
tion 49)!°° and this has been used in a stereoselective synthesis of vicinal diols
(Figure 10)'°', the products being employed in a route to exo-brevicomin,

R2
R'I/Y\AI + RBR%CO ——» OH (49)
3
RZ R
R R?
L/_AlEtz (1) R2COR? rR%, ~OH
— —_ “ +
(2) HO R VS
1 £
H

RO

50-95%
10 :

FIGURE 10. Synthesis of vicinal diols using allylalanes
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Finally, using Et,AICN, cyanohydrins may be prepared; 53 does not react with
HCN/KCN but may be converted by this route to 54 in good yield (reaction 50)'°2,

9 HO. CN CN
Et,AICN KHSO,
MeO MeO MeO
(53) (54)

2. Reduction

Both aldehydes (reaction 51)!'°* and ketones are readily reduced by Bu',AlH and we

CHO dibah (5])

= =

noted earlier that reduction is a major side reaction in alkylation by Et,Al The steric bulk
of dibah gives high stereoselectivity in the reduction of both cyclic and acyclic ketones
(Figure 11). In the last example only diastercomer 55 is formed; LiAIH, gives both

Ref.
(1) dibah
+
(2) H,0 104
° H HO™
13 1
Me Me Me
I | |
N (1) dibah N N
—»
0 OH H
97 3
Me,Si MeLSi
3 Y (1) dibah, —120 °C 3 3 OH o6
H o Tn
H (2) H,0 | H

Pr Pr Pr Pr
(65)
FIGURE 11. Stereoselective reduction of ketones by dibah
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diastereomers whilst NaBH, causes desilylation. Syn-elimination (KH/thf) gives 95%,
trans-oct-4-ene whilst acid-catalysed anti-elimination gives the cis-isomer with 929,
stereoselectivity.

Improved selectivity for specific reductions is obtained by modification of dibah with
alcohols such as 56. In the presence of 2 mol of 56, reduction of 57 proceeds with 92%,
a-selectivity©7,

OH 0
BU’ BU’ Ul
N S (CH,)5CO,Me
=~ C5Hll
t
Bu 0SiMe,Bu’
(56) (57)

Reduction of cyclohexanones with lithium diisobutyl-tert-butylaluminium hydride
(from dibah/Bu’Li) is very stereoselective!%®. Yields are > 95% and the thermodynami-
cally less stable isomer is formed. High selectivity for the exo-alcohol is found in the
reduction of norcamphor. For a-hydroxyketones, Bu';Al was found to give the highest
proportion of erythro-diol'%°.

The potential for using chiral alanes for reduction has not been explored in detail.
Hydrogen transfer usually occurs from the chiral centre, but asymmetric induction is
modest. The reagents are trialkylaluminium compounds and the yields and mechanisms
are similar to those with Bu';Al [(S)-2-Methylbutyl];Al reduces alkyl aryl ketones in
good yield but low enantiomer excess''®™'!3. If the mixture is worked up after 3 h,
alcohols of S-configuration are obtained, but on standing for I day alkanes of R-
configuration are recovered by reaction with the solvent' ',

3. Aldol condensations

Aluminium enolates may be generated from a-haloketones and react with aldehydes
and ketones to give good yields of aldol products (reaction 52)!'>'6 In other cases the
-~ ~

OAl al
0 ~ o o

R2 Et,AICI r2 RACHO
1 e —_—
R rR3 R R R?
l (32)

aldol condensation is often an undesired side reaction, but dibah/PhOH has been used to
effect condensation of 58 to a mixture of aldol product isomers and 59 is cyclized with the
same reagent to a muscone precursor’ 6.
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0

Hex"COMe 0 )

(58) (59)

B. Enones

Both alkylation and reduction of enones may occur ina 1,2- or a 1,4- manner and both
types of reaction are known for organcaluminium reagents. af-Unsaturated aldehydes
have not been much studied but propargylalanes add 1,2- with good selectivity
(reaction 53)''7. An unusual reaction (54) is observed with allylalanes resulting from
substitution with and without allylic transposition on 60'°°.

0 HC OH
/U\/\/\ HC=CCHoBr /Al C\)\/\/\
H 7N TN (CHy )yMe ——————— Z NN (CHy ) Me  (53)

S9 %

/\/(t\
CHO (1) CH,=CHCH, AIR Ph
Ph X" T X + X =
(2) H0
=
oarl”

~
W Buf Bu'
Ph-" X R \/\”/ (54)

(60) (61)

Vi

The reaction between Me;Al and 61 has been studied in detail and gives both 1,2- and
1,4-addition'!8. Selective 1,4-addition of Me;Al to enones occurs in the presence of
[Ni(acac),], some examples being given in Figure 12. By-products are high molecular
weight aldol condensation products.

The reaction of alkenylaluminium compounds with enones proceeds in moderate yields;
only the alkenyl group is transferred and double bond stereochemistry is maintained. Both
1,2- and 1,4-additions are known. For example, 62 gives 63 in 35%, yield (reaction 55)!22

[¢] o]

() Bun X A8V U\
»> 5
(2) H0 E:[/\ (55)
=

(62) (63)

and 64 reacts with 65 to give only |,2-addition, but the ate complex 66 gives clean
1,4-addition to 11, 15-dideoxyprostaglandin E, (reaction 56)'23. Trialkynyl aluminiums
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432
Ref.
_ (1 [Niocac), ]
_—
4 t MegAl o) w0 o 1

R
(4] [Ni(acac)z_]
+ Me3AI T —
(2} Hy0
o 0 120
0
[§)) [Ni(ucoc)z] 121
+ MesAI —_—
(2) H0

FIGURE 12. 1, 4-Addition of Me,Al to enones

n
BuizAl/\/Hex

(64)

0
(CH,)6CO,E e
. ex
+ Li[Bu’2MeA|/\/ ] ——

(65) (66)

N
A H, )sCO, Et
( 2 )5 2 (56)

27N Hex”

have also been important in the prostaglandin field!2*. Compound 67 reacts with tri-
octynylaluminium to give the 1, 4-addition products (reaction 57). Blocking the OH group
prevents 1,4-addition, suggesting that precoordination occurs.

] o]
(CH,)gCO,Me (Hex"C=C), Al \\\\\(CHz )gCOMe
—_—» +
HO HO C=CHex”
(67) 33°%
o]
(CH2)6COMe
(57)
HO C=CHex"

66
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Dialkylalkynylaluminiums (prepared by reaction 58)'?* transfer only the alkynyi group

BuLi Et2AICL (58)

to enones and 1,4-addition occurs selectively. A typical example is provided by
reaction 59; in order to obtain good yields it is essential that excess of alane is present to
o)

(1) [Nitocac),)/ diban
RC=CAIMey — (59)

2)
Ck '
[
(o] \R

prevent aldol condensation. Without catalysis acetylenic alanes add 1,4- only to (S)-cis-
enones via the cyclic transition state 68, 1,2-addition occurring with the (S)-trans

(68)

compounds'?”. A counter example is provided by reaction 60'?%, and the uncatalysed
reaction of 69 gives both 1,2- and 1,4-addition'?°.

0

@ OAI{OMe)Me

Me(MeO)AIC=CBY ———»

g

PhSeBr (60)

SePh

4

epo!

0

@/U\(CHZ),,COZMe

(69)
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Cyclopropyl ketones also undergo homoconjugate addition (reactions 61'3° and
62129).

0 0

Ph)J\Q e, Ph/u\)\ (61)

[Ni(acac),]
50%

C=C—PFh

(1) PhC=CAIEt, (62)
(2) H,0

2,

“0SiMe,Bu’ “0SiMe,Bu’

The theory of hard and soft acids and bases suggests that R,AlX should add X to enones
particularly easily when X is a soft atom such as sulphur or selenium. This is indeed the
case, as Figure 13 shows. The initially formed enolate from [,4-addition gives an aldol
with R*CHO and sulphur is removed oxidatively'*"

R' R
— R? \ RACHO
R2 0 + MeyAlSPh ——b» Phs OAlMe, —»
R3 R3
R4
R OH
2 NolO,4
R —_—
A
PhS 0
R3

FIGURE 13. Reaction of enones with sulphur-containing alanes

There are many instances of transfer of cyanide to enones from Et,AICN, accomplishing
hydrocyanation overall, 1,2-Addition to give the cyanohydrin is rapid and reversible and
almost quantitative 1,4-addition product may eventually be obtained. Unusual addition
specificities are often noted and it is believed that 1, 4-addition may also be reversible. For
example, cyanide is added trans to 70 whereas R,Culi gives only cis-products
(reaction 63)'33. Also, 71 gives only the trans-addition product 72 in 81% yield; KCN gives
mainly the cis-product (reaction 64)'*3. The hydrocyanation of 73 is the first step in an
efficient synthesis of the antitumour antibiotic sarkomycin (reaction 65)'3%.

- Et,AICN

— » (63)

(70)
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(64)
COOMe COOMe
(71) (72)
0 o]
f - COOMe Et, AICN é/COOMe ©5)
(73) “on

Reduction of enones with Bu'3Al or dibah gives mainly allylic alcohols'®®. Some
asymmetric reductions have been noted using Al(CH,CHEtMe),'*¢. dibah/Bu"Li gives
1, 2-reduction of cyclic and acyclic enones and dibah/57 gives stereospecific reduction in
reaction 66. Coordination of the aluminium at the C-11 hydroxy group seems essential

since the stereoselectivity is lowered when this position is blocked'*”. In the presence of
138

[Ni(mesal),], however, Bu';Al gives mainly conjugate reduction

dibah / 57

C. Other Carbonyl Compounds

1. Carboxylic acids and their salts

The initial product from the reaction of R,Al with carboxylic acids is formation of
R,Al(carboxylate). With excess of organocaluminium compound alkylation occurs and
carboxylic acids may be converted into tert-butyl groups by Me,Al'®3. Treatment of 74
with an organoalane formed in situ gave 75 in 84% yield (reaction 67)'°. With

0
@ICOOH Mo SICECSiMey /AICI, l",,\/< 67)
C

(74) AN
83%
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allylaluminium compounds bis allylic transposition occurs'®?. Reduction of acids to
aldehydes using 2 mol of dibah gives reasonable yields!'*® but bis(N-
methylpiperazinyl)AIH is better'*!. An alternative procedure via 75 is also satisfactory
(reaction 68)'42,

0
S dibah

RCOOH ——» R/LKS‘<\ o, RCHO (68)
N

(75)

2. Acyl halides

The reaction of acid chlorides with alkylaluminium dihalides is a standard method for
ketone preparation'*3, Acyl halides also react with R;Al and R,AICl,, but with these
species the product ketone is also reactive and overalkylation to alcohols occurs. The
mechanism was proposed to involve an acylium ion, but later workers rejected this
hypothesis!**,

3. Esters and lactones

Esters complex strongly to aluminium but are alkylated or reduced slowly by Et;Al
Initial addition is followed by reduction of the ketone to a secondary alcohol''®. Some
specific reactions have been used in synthesis. Oxalate esters react with R Al to give alkyl
2-oxocarboxylates in 80% yield'*%. Lactones behave much as acyclic esters. As with
enones, alkylaluminiums bearing soft heteroatoms are particularly prone to addition
reactions. Thio and seleno esters are readily synthesized (reaction 69)!*”. Lactones and

C02Me Mo SeAlMe, COSeMe
Bu’ Bu’.

l RoCuLi (69)

Bu
S S
oé

0

0: 7 Me, AISCH,CH, SAIMe,

esters are converted to dithiolans using Me,AISCH,CH,SAlMe, (reaction 70)'48,
Amides are formed by reaction of esters with Me,AINMe, (reaction 71)'*% and in
refluxing xylene cyanides are obtained'®°. An interesting amidoalane generated in situ
from 76 cyclizes to give an entry into the clovine alkaloids (reaction 72)'3'.

(70)
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Me,AINMe,
RCO Mg ———® RCONMe, (71)
83-93%
(o]
H codte H NMe
NMeCO,Bu 1 tfe
H _— H (72)
(2) MeyAl
HN | HN
(76)

The reduction of esters and lactones to alcohols and hemiacetals has been widely
exploited!$27!54 examples being provided by reactions 73'** and 74'*¢. The reaction is

MeO
dibah (73)
—_—,
toluene, — 60°C MeO
g
CHO
0 #© 0. OH
dibah
—_— 7
-70°C (74)
MeO MeO

94°%

very sclective and the best known examples come from the prostaglandin field
(reaction 75)'32. Ate complexes have been used for the reduction of unsaturated esters of

allyl alcohols'37.
0 JOH
0 Y
& dibah e
7 . (75)
(;R‘ R% or' 'RrZ?

D. Bimetallic Reagents

The Tebbe reagent, [Cp, Ti-u-Cl-u-CH,AlMe, ], 77, prepared from [Cp,TiCl,] and
Me,Al'37, has been widely used for methylenation of ketones and esters! 8. Some
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Ph Ph Ref.
T7
Ph Ph 157
77
0 9] 0
/[ 0 77 / \

(0] 6] . 0 (6] 159

FIGURE 14. Methylenation of carbonyl groups using
the Tebbe reagent

o
iy

c T'/\AIM
Pl Fee
ol
(77)

examples are shown in Figure 14. With acyl halides the expected Wittig product is not
obtained but ketones are formed in moderate yields (reaction 76)'5°. Tt is suggested

RCOX + [Cp,TiCl,] + 2Me;Al — RCOCH, (76)

that the reaction proceeds via the titanium enolate 78, which loses halide and gives the
ketone on protonation (reaction 77). A convenient synthesis of 1,5-enones from allyl

(o o] o]
X +
/)\/TiCp2 - R/U\/T'sz LA R)\ 7

X

R

acetates uses the Tebbe reagent; methylenation is followed by a [3, 3]-sigmatropic shift to
give the 1,5-unsaturated carbonyl compounds (reaction 78)''. The Tebbe reagent is

[pzT"
S LY e w
la (78)
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tedious to prepare and, since it requires the use of Me, Al with its associated hazards, there
is considerable interest in alternatives. The zinc complex [Cp,Ti—=CH,-Znl,] is easy
to prepare from zinc dust, CH,1, and [Cp,TiCl,]. This effects methylenation of ketones
but is generally less versatile than 77'°2,

V. REACTIONS AT CARBON—OXYGEN SIGMA-BONDS

A. Epoxides

Organoaluminium compounds open epoxides cleanly and easily and with clearly
defined trans-stereochemistry. Reaction of vinylalanes with oxirane yields homoallylic

mDO
RCH=CHAIR, —57p5—% RCH=CHCH,CH,0H (79)
alcohols according to equation 79163, but in weakly basic solvents for R = Et, 79 is also
formed. Ate complexes give better yields.

OH

(79)

The reaction of propylene oxide with Me,Al and Et,Al depends on stoichiometry. With
excess of R;Al the secondary carbon is alkylated by reaction of R;Al with the aluminium
epoxide complex 80 (reaction 80). When there is less than 2 molar equivalents of R;Al the
initial alkylation product, 81, removes R ;Al from 80 to give free propene oxide and 82. The
reaction of 82 with propene oxide occurs at the primary carbon yielding 83. Uncomplexed
oxiranes alkylate mainly at the less substituted carbon atom. Benzyloxirane reacts
similarly (reaction 81)!5%. The clean inversion of stereochemistry obtained in these
reactions has recently become more significant because of the accessibility of chiral
epoxides via the Sharpless asymmetric epoxidation procedure'®*.

AlEty

0 )\/OAIEtZ
EtaAl + /N  ——> Et + EtyAl

(80) (81)
AlEt,
0 )\/
A + Et OAlRty Et/Y + 81 (80)
OAIEt,
(82) (83)

(0]
P
PhCH,CH———CH, + 2MezAl ——» PhCH,CH(Me) CH,OH (81)
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Recent focus has been on the generation of chemically complex structures by such
alkylations and numerous examples exist. MeyAl opens 84 (reaction 82)'%% and 85 is
attacked only at the 3-position to give an aldehyde after decomposition of the cyanohydrin
(reaction 83)'6”. Treatment with organoaluminiums was found to give a facile reaction

0]
OH
Me Al
/ _— / (82)

(84)
0 (1) MeyAl
—_ > BufCHO (83)
(2) H,0*
CN 3
(85)

with epoxy alcohols generated from (E)-allylic alcohols 86, but (Z)-compounds, 87, react
sluggishly. Interaction with the alcohol is thought to be important. The ate complex from
Et,Al/EtLi gives alkylation of steroid epoxides but competing reduction is serious'®8.

R H
OH
H/k%\/ BUD/H\/OH
0 0
(86) (87)

Vinylalanes have received little attention (reaction 84)’® and allyl- and propargyl-

alanes give only reduction'®®. However, the reaction of alkynylalanes with epoxides is of
R' H R!
\ May Al 1) BuLi
Ric=cH [——]b —_—" (84)
Cp,ZrCl YN
2 2 AlMe o (2) RzCH—CHz CHZCHOH
R2

considerable significance because epoxides are highly resistant to attack by alkynyl
Grignard and lithium reagents. The process is stereospecific and regiochemical control is
high. Most of the available examples are from the prostaglandin field. For example, 88 is
allowed to react with diethylaluminium 8-tetrahydropyranyloxyhept-1-yn-1-ide 89 and
the product converted into 90 in several steps (reaction 85). Compound 90 reacts with
another alkynylalane to give an intermediate convertible in two steps into 91, pros-
taglandin F,,-alcohol (reaction 86)'%°. Other examples are given in Figure 15, on page
442,

0SiMey
PhCHZ0,,, WOCH,Ph A (CHa ), 08iMe
+ Et,AIC=C(CH,)s0thp ~—» —>
o) (0 (85)

(88) (89) (90)
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i (CHR)70H

90 + MeZAIC_—CCH(CHZ).;Me —_— > — > —>
N (CH5)4Me
! § 2’4
OBu OH
H OH

(91) (92) (86)

Epoxides are resistant to attack by the classical cyanation reagent composed of
KCN/NH,CI, and Et,AICN has been widely investigated as a reagent for opening the
three-membered ring!’*. Cleavage to the trans-hydroxynitrile takes place under mild
conditions, usually giving the more substituted nitrile*7®. The route has recently been used
in the synthesis of 3-cyano-3-deoxy-p-galactopyranose (reaction 87)'7¢. The reagent

0 0
(1) Et,AICN/ benzene

o 0 » oH~0 (87)
(2) H0

0Bz CN 08z

formed from Me;SiCN and Et,AIC] has been used to attack several epoxides and
oxetanes'”’. Yields are variable but the selectivity for the less hindered site is high in all
cases, as exemplified by reactions 88 and 89.

Me,SiCN __/'_<
— —» NC (88)
[0}

Et,A(C] OSiMe3
Me,SiCN >’/\CN 89)
Et,AICI

0 2 OSiMe

Dialkylaluminium amides add to epoxides to give amino alcohols'’® and cause
isomerization to allyl alcohols (reaction 90)' 7°. The reactivity pattern depends on initial

OH

o Et,AINR, CaHy,y
Ha i E pMe -_—» B’ ,/ (90)

sH,

Oy

u”

@ unn

1

aluminium coordination to oxygen. Diethylaluminium 2,2, 6, 6-tetramethylpiperidide
(datmp) is the reagent of choice for such isomerizations'8°, usually operating with high
regiospecificity; compare reactions 91 and 92'8'. Oxetanes are opened to homoallylic

datmp /\/\(U\/\/\
/\/M\/\/ _— >
H O 'Me

OH
(93) 91)
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Ref.
Mool HO,,, O
Al—E{\/v -+ _—
MeO~” ‘
OBu /,,15
HO’;,,' \“\\v\/ OH
170
7 we=c¢
OH %
H OBu
0"//“<o q”"’<o
Qs“ (1) Me,AIC==CCH(0SiMe;)C4H,, N
S (2) Ha0 - \ 17
7, S S c
0 HO \\C\[/CSH“
OH
9R1 oR'
> (1) Me,AIC=CCH(OR?)C4H,, A OH
2, > 172
wO () H0
RN
R' = H, CH,OMe , e C.H
CH,SMe , CH,SPh s
OR2
[¢] (o] [¢]
OH
0 Et,AIC=CCH,0SiMe,Bu’ 0 -0
6] —> +
OH
C
/// C
c Il
C
" t
OSiMe, Bu! LOS|Me28u
40 : 60 173

FIGURE 15. Reaction of alkynylalanes with epoxides
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Me datmp
A S
H 0

OH
+ 12% 93

(92)

28/\/\ _dotre HO\X/\/\ (93)
0 =

alcohols (reaction 93)'%. Both dibah and Bu';Al induce similar isomerizations (reac-
tions 94)'32 and (Pr'O);Al has also recently been used (reaction 95)7°.

w0

Bu'yAl OH
—_— (94)
2
OH OH R
STr? (Pro),Al
A —_— 95)
[0]
R! R OH

Reduction of oxiranes to alcohols occurs with both dibah and Bu';Al, although the
reaction is slower than that for ketones. For example, 94 is reduced with good
stereospecificity to give the alcohol 95 (reaction 96) in 99% yield'®®. The products of

Bu/yAl OH 96)
///,S /,,/g
99%
(94) (95)

epoxide reduction are not always easy to predict and Bu';Al may also give addition'®*.
Again, the availability of chiral epoxides has provided a route to stereocontrolled
synthesis. The polyol 96 is made by a series of four steps which may be repeated
(Figure 16)'88.

When a polar group is available to interact with the aluminium compound, the
regiochemistry of reduction may be well defined. For example, 97 gives a mixture of
products with LiAlH,, 98 only with Red-al and mainly 99 with dibah, the regiochemistry
being solvent dependent (reaction 97)'87.
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0.,

Bu’OOH | TilOPr), 4, (coch, | dmso ,

Ph-"0 = - e "0
(~)-diethyl tartrate

EtyN | CH,CI,
OH OH
/\%\ Ph3F+’CH CO,Me g”w
ph" N0 NS cHo  ———— P 07T N N N0, Me
ibah
L’ ph/\o = - >———>—>

CH,Cl,

C:)H OH

(96)
FIGURE 16. Asymmetric synthesis of polyols
OH
L /\)\/\
I 1 S N OH
(97) (98)
97
+ Ph AOWOH

OH
(99)

Vinyl epoxides provide a special case. Conjugate reduction often occurs with dibah (for
example, reaction 98)'®%, In hexane this is thought to proceed via an oxirane—dibah

HO
\g\ dibah ‘>=\ ~>=\
0 —_— +

HO
hexaone
65%
90 : 10
(98)

dibah _>:\ ‘>—\\
—_— HO + HO
thf, 0°C

59%

16 : 84
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complex which transfers hydride to the double bond in a cyclic transition state. Conjugate
addition is also known. For example, 100 reacts with Me;Al/MeCu to give the anti-

OH
Me; Al mnpH
o e He 9)
S0,Ph Me
SOzPh
(100) (101)

product 101, essentially uncontaminated by the syn-isomer (reaction 99). Pure syn-isomer
is obtained with MeLi/LiCIO,'%°. Addition of Et,AISPh also proceeds in a conjugate
manner (reaction 100)'°°.

1
Rl R R? R OH
g2 () Etaaiseh 4)=<_ 4>'=<‘
—— »  PHS OH + PhS 2

(2) H,0 R
0 2 78-94%

86-98 : 2-14

B. Other Compounds Containing Carbon—Oxygen Sigma-Bonds

Cleavage of simple ethers occurs in the presence of dibah but has been little used except
for the demethylation of aromatic steroidal ethers to phenols'®!. Vinyl ethers react
according to equation 101 with retention of configuration in chiral R.

CH,=CHOR + Bu’,AIH — Bui,AICH,CH,OR — C,H, + ROAIBu’, (101)

Allyl ethers, 102, may, after deprotonation with Bu"L4, give reaction with electrophiles
at either the a- or the y-position; benzaldehyde gives an o:y product ratio of 28:72.
However, in the presence of Et;Al the intermediate, 103, is produced and a-selectivity to
104 is greater than 99% (reaction 102)'%3. Detritylation of 105 occurs in the presence of

Et, Al
>*0—-CHz/\y —B’Tb ,:>—O—-CH=CHCH2AIEt3J Lt
a uLl

(102) (103)

l PhCHO

(102)
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Et,AlCl or Bu',AICI and does not suffer from the depurination which often accompanies
simple protolysis'?*.

N-base
PhSCO 0

OR
(105)

The reaction of alkylaluminiums at the carbon—oxygen bond of esters has been studied
with a wide range of compounds. Simple esters, such as 106, are alkylated with more or less
inversion via carbocation-like intermediates'®® and 107 is detosylated with dibah' 96, Allyl

(106) (107)

esters have, however, been more popular substrates. Compound 108 reacts with R;Al to
give 109 and 110 (reaction 103); 109 is the major product at — 78 °C but 110 is also formed

2
Ry2Al R2

—_—

| 1

™ OCOR R2
X AN

(108) (109) (110)
(103)

in 20~30%, yield at 0 °C. Palladium(0) complexes are particularly effective catalysts for this
reaction, the intermediates being #3-allyl complexes!®” For example, 111 is converted into

Br (MegSigAl. E1,0 Br
R . . (104)
~ OAc [PdtPPhy), ] y SiMes
(111) 112)

112 in 87% yield (reaction 104)'°%. The reaction proceeds with inversion of configuration
at the reacting centre as shown by reaction 105'°°.

Me jiD [PatPPhy,]
+ —_—
AlMe,
Bu”)\/

0

Bu”?

>=

COOH

v
\‘\“‘

(105)
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The propargyl compound, 113, is converted into 114 and the free 1,4-diyne obtained by
treatment with ammonium cerium(IV) nitrate (reaction 106)2°°. This method is said to be
superior to the copper-catalysed routes to 1,4-diynes, since here no conjugation occurs.

R ]!

(R¥*c=C)Al
= _— = =c—R3
HC | C‘QZOAC HC | C‘<‘ZC C—R (106)
R R

COZ(CO)G C02 (CO)G

(113) (114)
Whilst a few cyclopropyl methyl esters may be alkylated without ring opening
(reaction 107)193:29! conjugate addition (reaction 108) is more common. Compound 116
is obtained (reaction 109) from both stereoisomers of 115, suggesting a carbocation

n

SAVE SN
(107)
OCOR! R2
2
OAc
CZ\/ MegAl
— " >

Ph

R® = Me, Et

(108)

5 /i

D
=4

Ph R Ry2Al Ph ZZaN
E— (109)

OAc R?
(ns) (11e)
R' = H, Me
R% @ Me, Et,Bu’

intermediate. Using the cyclopropane 117, alkylation occurs predominantly at the
cyclopropyl carbon atom (reaction 110).

X

OAc 83 17

mn
(110)

Allyl phosphates such as 118 may be substituted by Me,AlX (X = OPh, SPh,NHPh)in
hexane, with clean inversion of configuration. In more polar solvents the stereochemical
purity of the product is lower and y-attack is increased 2°2. With the geranyl derivative 119,
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0

H
(Et0),PO,,

AN

(118)

both a- and y-attack (reaction 111) occur but with the neryl compound 120, the only
reaction is cyclization (reaction 112)293,

o
I
o OPOE: 4 Me,al ——» o + ~
3
(

(119)

X
ﬁ + +
k OP(OEt), + MeAl —» |
X

(120)

111)

(112)

Substitution of vinyl phosphates occurs only in the presence of palladium(0) catalysts
and there are numerous examples of the synthetic utility of this procedure, which occurs
with essentially complete stereoselectivity (reactions 113 and 114)2%% Vinyl- and

o P Ph
(Et0) ﬂo X (PdLd) A
2 + Me;Al ———» (113)
88%

>96 % stereoselective

Ph Ph
L v, L
(E10),P0~ X + MesAl ———» SN (114)
84%

>34°, stereoselective

propargyl-alanes also react satisfactorily and PhMe,SiAlEt, transfers only the silyl
substituent to give vinylsilanes?°°. Sulphur substituents on the double bond do not
interfere with the reaction?%®, and this has been used in a route for alkylation/
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0

/[K/ (1) LiNPr, OPO(OPN), Me, Al
P — —_—»
Ph

(2) PhSSPh Ph SPh [PatrPPry),]
(3) NaH | CIPO(OPH),

Ticl,
sph —————————— o
Ph H,0 | HOAC Ph &

FIGURE 17. Alkylation and 1, 2-transposition of a ketone

1, 2-transposition of ketones (Figure 17)>°7. Aryl phosphates have been substituted in
quantitative yields using nickel complexes as catalysts28.

Acetals react with allylalanes with allylic transposition and displacement of one OR
group (reaction 115) and ortho-esters give bis-allylated ethers, also in fair yields
(equation 116)'°°, Propargylalanes give an analogous reaction, although isomerization to
allenyl products is known (equation 117) and allenylalanes are also reactive.

(1) RZR3C(OR*);

RCH=CHR'CH,AI RZ2R3C(OR*)CHRCHR!'=CH, (l115)

80-902

(2) H20

RCH=CHR'CH,Al + HC(OEt)(OPh), —>%S EtOCH(CHRCHR'=CH,), (116)

(1) AI/Et,0
MeC==CCH,Br —————#%  CH,==C==C(Me) CH,0CH,CH,0H (117)

@ ,°
(,J
Reaction with the chiral cyclic acetal 121 gives mainly 1,4-addition in dichloroethane

and 1,2-addition in chloroform. In both cases the optical yields after hydrolysis are
excellent (reaction 118)20%,

2 X0

o CONMe, CONMe,
+ R23AI —
RN ? RlTNAN0

/,,//
CONMe
07 ™conme,

(21 l
R1
XO<_sCONMe, RZ
/\i j,/ - Rl/\/km{

RN 07" CONMe,

uns D

(118)

Finally, alcohols react with R;Al under forcing conditions (reaction 119)2'%, and this
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has been used in an amide synthesis (reaction 120)2!!,

R'R?R*COH + Me;Al — R!R?R3CMe (119)

Me3Al

RCONH, + RCHO — RCONHCH,OH —% RCONHCH,Me  (120)

VI. REACTIONS WITH HALIDES

A. Alkyl Halides

Few of the reactions of triorganoaluminiums with primary alkyl halides are prepara-
tively useful, but their consideration is important in synthetic planning. Primary alkyl
chlorides react rapidly to give a mixture of products and halide exchange is common?!2,
Tertiary halides may be converted into quaternary compounds in fair yields according to
equation 1212!3, The reactions with other trialkylaluminium compounds, where elimin-
ation is possible, are less satisfactory. Reduction of primary alkyl bromides occurs in the
presence of the ate complex from dibah/Bu"Li*®”.

Me,CCl + Me Al — Me,C*ClAIMe;~ — C(Me), + Me,AICI  (121)

8. Benzyl Halides

The reaction of benzyl chloride with Me;Al is unsatisfactory, giving mainly polybenzyl,
but Et,Al-Et,O gives 1-phenylpropane in good yield?'*. A carbocation mechanism is
proposed for these uncatalysed reactions. Vinylalanes react with benzyl halides success-
fully and stereospecifically in the presence of [Pd(PPh,),] (reaction 122)2'5.

)\/ e ﬂ/g/\
AlMe —_— Hex Ph 122
Hex?" X 2 (122)

[Pd(PPhy),]
93%

C. Aryl Halides

Uncatalysed couplings of aryl halides are unknown, but in the presence of [Ni(PPh;,),]
vinylalanes react with 122 to give 123 with excellent stereospecificity (reaction 123)218,

Bu”
Br =
AlBY’ [NitPPhg),]
OO » v B G

(122) 123)

D. Vinyl Halides

Uncatalysed reactions with this type of halide are known but are not preparatively
useful®'”. Numerous catalysed reactions have, however, been successfully exploited.
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Alkenyldiisobutylaluminiums have been the most popular reagents and both palladium
and nickel complexes have been used as catalysts. Homocoupled products are usually
limited to less than 15%,. Retention of configuration in the halide component is usually
better with palladium than with nickel; 124 is 95% E, E with [NiL,] but better than 999
E, E with [PdL,] (reaction 124)2'8. The procedure is not completely successful with more

AIBY I ML, Bu”
CoHy X2 4 g — e CH T YT

(124)
(124)
)\/\/C//CH Mey AL/ [Cp,2rcl,] /k/\)\/AlMez
X _— X X

(125)

Z e > )\/\/l\/\
X A (125)

zacl, / [tPhyP),PacI,]

98°/°E

substituted alanes such as 125, derived from carbometallation; ZnCl, is needed as a
cocatalyst (reaction 125)°3. Alleny! halides such as CH,=C==CHBr have been coupled
with alkylaluminiums in the presence of Cu,Cl,%%.

E. Allyl Halides

Reaction of 3-chloroprop-1-ene with Me,Al is slow without a catalyst, giving but-1-
ene?32'% The ate complex Li[AlHex",] reacts more rapidly (reaction 126) but prepara-
tive uses have been few?3. Again, catalysed reactions are more important. Cu,Cl, catalyses

Li[AlHex"4)

E—MeCH=CHCH,Cl CH,==CHCH(Me)Hex" +
Et,MeCH=CHC,H (126)

reaction 1272!'° but with substituted allyl halides some allylic transposition occurs
(reaction 128)220,

1 A'R32 CH,=CHCH,B!

R X 2 H,Br R‘ AN ANY
S VE— (127)
Cu,Cl,

Rr2 Rr?
R
PN [cutacace), ] /k/
PR Cl + RyAl ——————» Ph" X" NR + Ph =~ (128)
PPh,
R = Me 59 : 41
R = Et 24 : 76

Allyl halides in the presence of [ Pd(PPh,),] give excellent results via palladium-allyl
complexes, as the synthesis of a-farnesene shows (reaction 129)22'.
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CIW\/\(
b

Me, At

HC=CCH=CH, ———» Z N NAiMey >
[cpazeci; ] [PatPPhy)y]
(129)
A X X

86 %

VIl. REACTIONS WITH NITROGEN-CONTAINING COMPOUNDS

A. Nitriles

Nitriles form strong complexes with organoaluminium compounds and may, like
carbonyls, be either reduced or alkylated. For nitriles with a-hydrogens metallation is the
principal reaction, whereas with organoaluminiums with a -hydrogen reduction to an
aldimine predominates.

Alkylation of benzonitrile to give, after hydrolysis, an ethyl ketone, requires 2 mol of
Et;Al and a cyclic transition state, 126, is proposed. Isocyanates, RN=C=0, are

Ph—C==N
Me—C':H?_ ?A'Efz
-.AI ..... CHZ
E’Z \Me
(126)

similarly converted into amides, RNHCOEt, in good yield222. [Ni(acac),] has been used
to catalyse the transformation shown in equation 130223, but otherwise vigorous
conditions are necessary (equation 131)224,

[Ni(acac)z]

PhCH,CN + Me,Al ——— , PhCH,C(Me)=NAIMe,

9, phCH,COMe (130)
70%,
Me,CCN + Me, Al 225 Me,CC(Me)=NAIMe, (131)
959

B. Ammonia and Amines

Ammonia and primary and secondary amines react with trialkylaluminiums to
protonate one of the alkyl groups and yield R,AINR',. A number of such species have
already been encountered as synthetic intermediates. Their structures have been
determined and are characteristically oligomeric?3?. They are used for the conversions of
esters to amides (reaction 132)22% and have been implicated in an interesting reductive
alkylation of 127 (reaction 133)22°.
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Me AINH, OOz (132)

2,
I

Othp
RER3CO @@ 2 dibah
—_ _—
1
HN  NHR' N -NR
(127 R? R3
H,0
> (133)
BuAl—N  NR'AIBU/, MN  NHR'
Z/i\R:') R2)\93

C. Imines
Imines form complexes with organoaluminium compounds and are slowly reduced to
secondary amines (reaction 134)23%. A special example is provided by reaction 13523,

PhCH=NR % PhCH,NHR (134)
h 2 H,0 ~
OO == O == O
N
N fl\l i
AlBU/,

Alkylations are also known??2:233, Metallation of the imine complexes can give, after

appropriate work-up, reduction, alkylation, and condensation (reactions 136-138). It is
clear from the results of alkylation that there is some charge delocalization in the

intermediates?34,
Et,AIN=CHPh ‘CNT’ Et,AIN(Na)CHPhCHPhN(Na)AIEt,
0, PhCH(NH,)CH(NH,)Ph (136)
(137)

Et,AIN=CPh, —— Et,AIN(K)C(K)Ph, —22, Ph,CHNH,
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Me S04

ELAINK)C(K)Ph, —222% Ph,C(Me)NH, + PhC(Me)NHMe
+ Ph,CHNHMe + MePhCH,NH, (138)

Vill. ALUMINIUM-PROMOTED REARRANGEMENT REACTIONS

Organoaluminium compounds offer a variation of Lewis acidity ranging from low in R;Al
to high in RAICI,. In causing rearrangements, organoaluminiums have the advantage
over AICI, that they scavenge protons which frequently cause deleterious side reactions,
including polymerizations and double bond migrations.

A. Cycloadditions

The promotion of Diels—Alder reactions by Lewis acids has long been recognized?3?,
reactions proceeding under much milder conditions than are otherwise possible. The
action of the Lewis acid is readily explained in frontier orbital terms.

EtAICl, and AICl; were compared for the reaction of butadiene with acrolein,
methacrolein, and crotonaldehyde. EtAICI, gives better results since it removes protic
impurities to which aldehydes are sensitive?>°, 128 is cyclized with stoichiometric EtAICl,
or Et,AlCl to give trans-perhydroindenes?3’,

//\//\/\/\/C02Me

(128)

In a reaction usually employed to effect annelation, stereochemical control is critical.
The presence of heteroatoms able to interact with aluminium can profoundly affect the
reaction stereochemistry. For example, 129 gives 130 as the sole product with methyl vinyl

ketone in the presence of EtAICl, (reaction 139)**® and reaction 140 is analogous?3°,
0
= ELAICI,
+ | —_ (139)
Meo” N MeO COMe
SPh SPh
(129) (130)
MeO~” "X z ! /EtAICIz
SPh
EtAICI, (140)
MeO COMe

SPh
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Experiments on similar dienes such as 131 with methyl acrylate, p-benzoquinone, methyl
vinyl ketone, and maleic anhydride also give only endo-products, but 131 (R = Me) with
methacrolein gives 132 by an aluminium-catalysed aldol condensation of the first formed
product (reaction 141).

l (141)

Me;SiO
PhS

0]
(132)

An organoaluminium-promoted Diels—Alder reaction was employed in the synthesis of
the mycotoxin trichodiene. The key step was reaction 142, yielding the correct skeleton24°,

H

H
EtAICI, 0
o — % » o (142
SPh
Me Me /
SPh

Intramolecular reactions of undeca-2, 8, 10-trienoic esters have been studied. The thermal
cyclization is stereorandom but the reaction in the presence of EtAICl, shows excellent
endo-selectivity (reactions 143 and 144)2*!, Bridgehead alkenes have also been synthesized

2\ /
+

CO Me
CO,Me
/ \\
EtAICI, o
—_—
CH,Cl,
Z 88 12
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7 NCo,Me
) I EtAICIz *@
Tomc,
. HzCl,

by Et,AlCl-catalysed intramolecular cyclization, the products, such as 133, in this case

(144)

being very similar to those obtained by the thermal reaction (reaction 145)242,
Et,AIC!
\”/\ . (145)
| 0
[¢]
(133)

Afew 2 + 2 cycloadditions seem to be catalysed by EtAICl,, in particular those of allenes
(reaction 146)2*3 and alk-1-ynes (reaction 147)*>**. The reaction rates increase with
substitution in the alkene motety.

’( I Et,AICI =
. + E— (146)
J

COpMe
Et, AICI
HC=CCO,Me + — (147)

B. The Ene and Related Reactions

The ene reaction (148) has until recently found few uses in synthesis because of the

AN A
| —c (148)
k/H or Lewis acid . H

extreme conditions required to effect the reaction thermally and because of the many
proton-catalysed side reactions (polymerization and double bond migration) encountered
when conventional Lewis acids are used as promoters. Organoaluminium compounds,
being both Lewis acids and Brgnstead bases, are ideal promoters for the reaction®.

Possibly the most widely used enophile is formaldehyde, which reacts with a range of
alkenes. For example, the aryltetralin lignan skeleton, 134, was prepared by reac-
tion 149743, A similar reaction has been employed in the synthesis of pseudomonic acids A
and C from diene 135 by sequential ene reactions (reaction 150)24°.
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R! R!
Me, AICI 149
~  + CH0 ——— CH,OH (149)
r? RrR2

(134)
(1) Ac,0 \ OH
CH,0, (2) CH,O/EtAIC!
= 0w N@eEe e )
TN\ Meac (3) Hy0

(135)

1t has been found, however, that Me,Al-promoted reaction of formaldehyde with some
alkenes gives unexpected products (reaction 151)2*7, It was suggested that steric crowding

Me, Al
+ CH0 —» oH + on (15D
R R R

prevents the 1,5-hydrogen shift. Similar observations were made in the reactions of
Me;Al/CH,O with 136, 137, and 138. Reaction 152 with enol ethers provides a general,
stereoselective route to 1,3-diols?*8,

AT O 0O

(136) (137) (138)
R3
2 1 CH,0 2 1
R %O/R —* » R o (152
Me,Al
R3 OH

EtAICI, is a better promoter of the reaction of acetate-functionalized alkenes such as
139 (reaction 153); Me,AlCl complexes 139 and the double bond becomes less nucleophi-
lic so that the methyl groups of Me,AlICI attack formaldehyde?#°. The reaction is general

W/OAC bl
(139)

and has been used in pheromone synthesis. The reaction of formaldehyde with alkynes
(reaction 154) is also catalysed by Me,AICI?3°.

HOWLAOAC (153)

EtAICI,

Me2AICI

RCH,C=CH + CH,0

RCH=C=CHCH,OH + (E)-RCH,C(Cl)== CHCH,OH
(154)
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The reactions of higher aldehydes with alkenes are often complicated by alkylation of
the aldehyde, forming alcohols. In these cases 1,1-disubstituted alkenes are good
substrates but with tri- and tetra-substituted alkenes alkylation is significant?3!, For
example, 140 is converted into 141 (reaction 155) without significant products deriving
from 1-methylcyclohexene, which is formed from 140 in the presence of traces of acid. The
synthetic utility of the route was shown in the one step synthesis of ipsenol (142), a bark
beetle pheromone (reaction 156)*32. Later it was found that the less nucleophilic EtAICI,

Me,AIC R
+ RCHO —b (155)
OH
(140) (1a1)
OH
Z \r\cno MegAlCl er /C?\/L (156)
NS
(142

was more suitable for reactions with non-nucleophilic alkenes. This was utilized in a key
step in the synthesis of ricinelaidic acid (reaction 157)2*°. Stereochemical considerations in
the reaction are complex and threo/erythro selectivity is usually not high?s,

EtAIC] (CH,),CO,H
CHy=CH (CHy)gCHO + HexX"CHO ————  Hex"CH(OR)CHCH,” >
(157)
H
/o Me,AICH °
- 80°C
=
|\/H
(143) (144)

w,mu
Ry
OAI™ OH
o — O

7, - e, ”
+
Cl

(145) (146)

sellegiilegiRe o
/,"’/ﬁ ””//ﬁ “, ’/]/

(147) (148) (149) (150)
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Intramolecular reactions of aldehydes have also been studied but the results are
complex?34. For example, 143 undergoes a concerted ene reaction with 1 mol of Me,AICI
yielding 144, but with 2 molar equivalents 146 is the product via the zwitterion, 145
(reaction 158)?%%. Me,AlCI at 0°C gives 147 and 148, whereas MeAICl, at — 80°C gives
149 and EtAICl, gives 149 and 150. The authors proposed reasons for the differences and
other cyclizations including those of 151 and 152 were studied. This cyclization
methodology has been further developed using sequential ene reactions in the preparation
of bicyclic alcohols from alkylidene cycloalkanes (reaction 159)256,

0 0
X
P
(151) (152)
R!
‘szo AlMe,Cl

R2

(159)

Classic ene reactions involved carbon—carbon double and triple bonds, and these too
are promoted by organoaluminium compounds. For example, methyl a-chloroacrylate
reacts with 2-methylbut-2-ene to give 153 in the presence of EtAICl, with only a few
percent of the other diastereomer present?>”. The hydrogen is transferred from the alkyl

Cl

NCOZMe

(153)

group syn to the alkenyl hydrogen. This has been applied to the synthesis of
24-oxycholesteryl acetate (reaction 160)2°¢. Alkynes are similarly reactive, although in the

0
) /\n)\/ Me, AlCI
o]

(2) H, /Pd
AcO AcO (160)
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case of propynoates (reaction 161) the hydrogen is transferred from the alkyl group anti to
the alkenyl hydrogen?°8. Finally, with a chiral acrylate ester asymmetric induction occurs
to give a 3:1 mixture of diastereomers (reaction 162)25°.

RAICI,
+ HC=CCO,Me ——— | (161)
CO,Me

92%
Br
Br

EtAICI
(:/r + :< ___—2_, C02 menthyl (162)
CO, menthyl

C. Friedel-Crafts Alkylations and Acylations

The AlICl,-catalysed alkylation and acylation of benzene is too well known to require
further comment. The range of Lewis acidities and Brgnsted basicities of alkylaluminiums
is, however, also very useful. Benzene is alkylated by alkyl chlorides in the presence of
alkylaluminium halides via an initial complex such as EtAlCl,—CIR2¢°, EtAICl, has also
been used to alkylate alkenes?®' and acyl chlorides are also reactive under mild
conditions2%2,

Friedel-Crafts acylation of alkenes is also catalysed. For example, the reactions of
cyclohexene, |-methylcyclohexene, 2-methyl-but-2-ene, hex-1-ene, and isoprene with
acetyl chloride, acetic anhydride, and maleic anhydride, promoted by Et,AlCl, were
studied as a route to 8, y-unsaturated ketones. The yields were variable2®3,

D. Claisen Rearrangements
The rate of the Claisen rearrangement of allyl phenyl ethers (reaction 163) increases in

07 N\F OAIEtCI

+ EnAICE —» @/v + CoHy  (163)

the presence of alkylaluminium halides, but the aluminium compound must be present in
stoichiometric or greater amounts as it is complexed by the product. The best catalysts are
Et,AICl and Bu‘,AICl; RAICI, does catalyse the reaction but cyclization to the coumarin
occurs?64,

The importance of the correct choice of Lewis acid was shown by Yamamura et al.2%% in
a biomimetic synthesis of lavandulol, 155 (reaction 164). Weak Lewis acids do not induce

Buf
~
— ;-—OAI
/l\/\ /\J\ \OSOZCFS
Buf _
AN 0 7 > AN (164)

(154)

OH
(155)
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the rearrangement whereas the more powerful ones affect the double bonds. Compound
154 was chosen for the degree of its Lewis acidity, its ability to function as a Brgnsted base
and its bulk, which renders the species monomeric. It has been used for a number of
analogous transformations (reaction 165). For the reaction of 156, Bu';Al seems to be the

S /\/\)k/\
)l\/\o/\//l\ A OH + - XX =

HO

(165)

Lewis acid of choice; Me,Al and Et,Al give alkylated products (reaction 166)*9°. The use

Bu SAl OH
CICH, CH Cl

(156) E:Zca 111

of Et,AISPh or Et,AICI/PPh, suppresses the final reduction and 157 is converted into 158
in good yield (reaction 167). Compound 159 reacts with Et;Al to give 160, the

Ir’j/ El AISPh H 0 | R! (167)

RZ
(157) (158)

configuration of the product being explained in terms of the Lewis acidity of the solvent

(reaction 168)267,
2
B R
(168)
R3
R* Et
(159) (160)

E. Beckmann and Related Rearrangements

The reduction of oximes to secondary amines by LiAIH, has long been established.
However, treatment of 161 with dibah gives the rearranged product 162 (reaction 169)2¢8,

dibah @\ (169)
NHE?
OH

(161) (162)
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The hydroxylamine 163, is an intermediate. Functionalized hydroxylamines such as 164

NHOH
(163)

are alkylated (reaction 170); the oxygenophilic aluminium reagent cleaves the N—O bond
heterolytically to the anilinium ion, which is susceptible to nucleophilic attack by R;Al
Regioselectivity is variable but no double alkylation occurs. The intermediate 165

Ry Al R R
osim —_— + (170)
N7 e NH NH
l\Ph kPh kPh

(164)
synthesized in this way has been employed in an indole synthesis (reaction 171).

SiMey
C/

¢ (1) Cul/dmf
—_—»
(2) Na/NH, I (17
H N
k H

(165)

N\

Ph

The amphoteric nature of aluminium compounds has been employed to induce the
Beckmann rearrangement and capture the iminocarbocation (reaction 172). Reduction of

R RZ R,AIX R! R®
2 \
~ — N=< (172)
X

N
~~0$0,R3
2
X = alkyl, alkynyl, SR, CN

the imine then yields an amine. In this way the naturally occurring alkaloid 166 was
produced with high stereoselectivity (reaction 173)2%°. Capture of the iminocarbocation

H H

ProgAl
- (173)

N—0SO,Ph u KN

(166)

may also employ a silyl enol ether, giving a reaction regiospecific in both components
(reaction 174).
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. 0502Me osiMe,

Et,AICI N+ /kn.,,n N 0 .
U \ (174)
Hex”

F. Other Rearrangements and Related Reactions

Numerous other types of rearrangements and cyclizations have been promoted by
organoaluminium compounds. Unsaturated hydrocarbons are isomerized by reversible
hydroaluminations and cyclizations are also known. Reaction 175 is thought to proceed
via two additions to the alkyne and then cyclization?’°. Alanes may be synthesized directly

Bu’ AIH AIBu’, Hy0
CHy==CHCH,CH,C=CH ——— — (175)

AlBu',

from alkenes using aluminium metal and hydrogen (reaction 176), but in the case of 167
both rearrangement and oligomerization compete (reaction 177)27*. Other cyclizations,
such as that of reaction 178, have received relatively little attention in synthesis?’2.

Ai/Ha
b T
Al
3
e + +
3
(177)

(167)

The reaction of vinyl acetals with Bu‘;Al and Et,Al has been studied, and it is found that
whilst Bu‘;Al stereospecifically effects ring contraction to the trans-alcohols 168, the
reaction with Et;Al gives a complex mixture of products, including those from alkylation,
reduction, and ring opening (reaction 179)273, Although the reaction mechanism is not
known, the high stereospecificity may derive from the coordination of the aluminium to
the ring oxygen with hydrogen or alkyl transfer occuring via a four-centred transition
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state. Compounds such as 169 are unreactive?’#, indicating the importance of the
exocyclic oxygen; the active complex may be 170.

H

R Bul‘SA' e QEt
| — "
0 OEt

CH,OH
(168)
Ety Al
CHO OEt CH;0H OEt
168 + + RCHCH,CH,CHEt + RCHCH,CH,CHEt (179)

ARy AlR3
(169) (170)

Another reaction involving C—O bond cleavage as a prelude to rearrangement is the
organoaluminium promoted rearrangement of vicinal diol monoacetates (reaction 180).

OAc

\ / Et,AIC=CPh -~ _
/ \ 255 1 »  PhC==C (180)

OH OH

62%
The product ketones are not isolated but alkylated in situ to give alcohols®”*.

The use of a good leaving group in conjunction with an organoalane to cause
rearrangement is a well known procedure and has been employed by Suzuki et al.*7® in
another pinacol-type rearrangement of chiral a-hydroxymethylsulphonates to give
optically pure a-aryl and a-vinyl ketones (reaction 181). The reaction is thought to proceed

R! 0
EtyAl
> ’ r2 (181)
-78°C H gl
R

HO,

R' = Ar, vinyl

via a ligand exchange at aluminium with concerted migration of R* whilst the OMs group
is lost. By combining Et,Al with dibah the reaction may be extended; the ketone'”' is
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reduced in situ and rearranged, and then the product aldehyde is reduced to an optically
active alcohol (reaction 182)277.

A
dibah >/r(OAIL?_ EtsAl
_ _
H
OMe “,
MsO H

0

(171)

MeO .
dibah

(182)

By using Et,AlC], which is more Lewis acidic than Et,Al, alkyl groups may also be
migrated with good stereospecificity. The mechanism of the reaction is thought to involve
a cyclic transition state (172); the energy of the HOMO of the migrating group is increased
by donation from AlO and then has an effective interaction with the LUMO of the
carbocation developed by the Lewis acidity of the aluminium. The reaction has been used
in the synthesis of an ant alarm pheromone (reaction 183)278,

R

7S

MsCl
Et,N

Et,AICI

“7eoc (183)

A number of addition reactions of enones involve the formation of an aluminium
enolate. For example, 173 reacts with 174 in the presence of 2ol of EtAICI, to give
initially 175. At low temperature this collapses reversibly to 176 and 177 but the
thermodynamic products are 178 and 179, formed by alkyl and hydride shifts (reaction
184). Cyclohexenone reacts with 2-methyl-but-2-ene to give 180 whilst 2-methylpropene
gives a double addition to 18127°, Intramolecular reactions, (185 and 186), give
cyclizations with high regio- and stereo-specificity?55.
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oal

o]
R2
R' I 2 EtAICI, RI-TX
+ —_—
(173) (174)
/ ws)

o) 0
R' R
. |
R2 R®

(178) (179)
6\‘)\
(180) (181)
o]
MeAICl,
QY =
f
2 EtAICI,
EEE— (186)

Trost and co-workers used EtAICl, as a promoter in several complex cyclizations. For
example, reaction 187 of enones with 182 gives 183, which may be cyclized in excellent

B

SiMe

ol

SiMe4

(182) (183)

lamuz

HO

(187)

v
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yield289. The driving force for the reaction is the strength of the silicon—halogen bond,
but the fluoride ion-catalysed reaction suffers from competing desilylation. In the similar
reaction 188 to construct the taxane skeleton, fluoride catalysis is unsatisfactory but
EtAICl, is an excellent promoter?®'.

SiMey

H {1) m-CICqH,COsH

- (188)
(2) EtAICI, oH

MeS SO, Me
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I. INTRODUCTION

Various preparative methods for organothallium compounds have been developed and
a variety of tri-, di- and mono-organothallium(Il) and organothallium(I) compounds
have been synthesized and characterized' ™. Among these compounds only mono-
organothallium(I11) compounds prepared by direct aromatic thallation and by oxythali-
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ation of olefins and related compounds with inorganic thallium(I1I) salts (Scheme I) seem
to be generally useful in organic synthesis, considered from the viewpoint of simplicity of
the method, high yield of the product, high regio- and stereo-selectivity of the reaction, and
facile substitution of the thallium moiety of the resultant compounds by various other
functional groups. The rate of the reactions and the stability of the mono-
organothallium(Il1) compounds produced depend greatly on the nature of the
thallium(III) salts employed. Thallium(III) trifluoroacetate [T{OCOCF;);, abbreviated
to ttfa] and acetate [ TI(OAc);, abbreviated to tta] are most commonly used for aromatic
thallation and oxythallation, respectively, where the stable organothallium(IIT) com-
pounds are to be isolated. The dissociation energy for the first C—TIl bond of
trimethylthallium has been estimated as 1157 or 1528 kJ mol ™!, which is lower than the
corresponding values for the indium and gallium analogues, but the C—TI bond
dissociation energy of mono- and di-organothalltum(IIT) compounds ts not yet known
accurately. In this review the preparation of stable organothallium(ITI) compounds and
their use in organic synthesis are surveyed, focusing especially on mono-
organothallium(IIT) compounds prepared by direct aromatic thallation and oxythallation
of olefins and related compounds.

For the purpose of organic synthesis it is not necessary to isolate the intermediate
organothallium(I11) compounds and a one-pot reaction will suffice to obtain the intended
products. Thus, in oxythallation of olefins and related compounds there are many cases
where the reaction proceeds through mono-organothallium(II1) compounds (oxythall-
ation adducts), but such intermediates cannot be isolated because of a facile C—TI bond
fission due to highly 1onizable anions on thallium such as nitrate, perchlorate, sulphate,
and trifluoroacetate. Since these reactions are usually encountered in the oxidation of
olefins, cyclopropanes, acetylenes, allenes, and ketones and are synthetically very
important, they are included in this review. Thallium(IIl) nitrate [TI(NO,), 3H,0.
abbreviated to ttn], tta, and ttfa are most commonly used for this purpose, and ttn seems
to be a most useful reagent in view of its very high reactivity and selectivity. The chemistry
of diorganothallium(I) compounds is referred to occasionally, but that of
triorganothallium(I1I) compounds and organothallium(I) compounds, mainly thallium(I)
cyclopentadienyl derivatives, is not considered here because of their very limited
significance in organic synthesis. The literature coverage is nearly complete up to the end
of 1984. The reader should also consult a book on thallium chemistry® and many reviews
on thallium in organic synthesis that have appeared previously!'® 26,

Il. AROMATIC THALLATION FOR ARYLTHALLIUM(IIl) COMPOUNDS AND
ITS USE IN ORGANIC SYNTHESIS

A. Preparation of Aryithallium(lil) Compounds

The preparation of arylthallium(III) halides has long been known from the transmetall-
ation reaction between thallium(III) halides and various arylmetal compounds such as
Mg, B, Hg, Pb, and Bi (Scheme 2)! 76:2773! The halide anions of the compounds formed
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can be easily replaced by many other anions to produce various arylthallium(III)
compounds, typical examples being shown in Scheme 327732, Aryllithium can also be used
for this purpose®?, as well as some lithium and sodium arenesulphinates (Scheme 4)**.
Thallium(I11) carboxylates such as the acetate®*~3¢, isobutyrate®”*8, and trifluoroace-
tate®® were also effective instead of halides.

Direct aromatic thallation by treatment of aromatic hydrocarbons with thallium(IIT)
salts to give arylthallium(I1I) compounds has been developed and widely used in organic
synthesis. The first example of such a thallation is the reaction of dibenzofuran with
thallium(ITI) chloride (Scheme 5)*°. A similar reaction occurs between benzene or anisole
and thallium(I11) isobutyrate under severe reaction conditions (Scheme 5)*°. Aromatic
thallation using tta is also possible (Scheme 6)*!#2 although the reaction is very slow. It is
catalysed by strong acids such as perchloric, methanesulphonic, trifluoroacetic, and
sulphuric acids**™*5, and this acid-catalysed reaction is found to be electrophilic from the
relative reactivity of benzene and toluene and the isomer distributions in the products
formed from toluene*>. The acid-base interactton with tta produces
THOAC), X, T{OAC)X,, and TIX; (X = ClIO,, HSO,, etc.), which on ionization yield more
reactive electrophiles than tta itself*5, In fact, arylthallium(I1T) compounds containing a
perchlorate anion were isolated from benzene, toluene, xylenes, and anisole in moderate to
good yields as stable white solids (Scheme 6)***. Aromatic thallation was found to be

aq. KCN
PhTI(CN),
Ag0Ac —» PhTI(OAc)
1/ MeOH 2 _AX PhTIX,
PhTICI,
aq.NaOH Hy50,4

PhTI(OH), —————— PhTISO4

lconcA \ )
HNO Pr'CO,H ;
aq. AgNO4 3 r'CO PhTI{OCOPr),

PhTI(NOz) OH

SCHEME 3
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similar to aromatic mercuration in nature but 200-400 times slower in aqueous HCIO,.
The main differences between the two are that monothallation is nearly the sole reaction,
whereas polymercuration is very facile, and disproportionation to afford
diarylthallium(I1T) compounds occurs under many reaction conditions*?®. Direct aromatic
thallation with ttn in carbon tetrachloride gives arylthallium(Ill) nitrate hydroxide,
ArTIINO,)OH [Ar=XCgH, (X =H, Me, Et, i-Pr)], in 50-80% yield with a very high
para-selectivity*’.

Aromatic thallation with ttfa in trifluoroacetic acid (abbreviated to tfa) is generally very
fast, affording good to excellent yields of a wide range of arylthallium(III)

2
TICI

;
ArH TI{OCOPr'),

& ArTI(OCOPr),

Ar= Ph, p—MeCgH,, @ ©
(o]

SCHEME 5
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bis(trifluoroacetate)s [ArTOCOCF,),] and is a reversible, electrophilic substitution
(Scheme 7)*84°. Tt can be carried out similarly by using thallium(ITl) oxide in place of ttfa.
Reaction with aromatic hydrocarbons having electron-releasing groups is generally
complete within a few minutes at room temperature, whereas thallation of deactivated
aromatics such as benzoic acid and trifluoromethylbenzene requires fairly vigorous
conditions (refluxing tfa; 1-4 days). In addition to the simplicity and rapidity of these
aromatic thallation reactions, a characteristic is that under conditions of thermodynamic
and kinetic control meta- and para-substitution, respectively, are generally achieved
(Scheme 7)°%-3!. Further, when chelation of thallium by ttfa with the basic centre in the
side chain [CO,R, CH,CO,R, CH,OR, CH,CH,OR (R = H, Me)] permits intramolecular
delivery of the electrophile, ortho-substitution occurs under conditions of kinetic control
(Scheme 8)3°-3!. In the thallation of anisole and phenetole, on the other hand, para
—s ortho rearrangement of the resulting arylthallium(IT1) compounds was observed under
thermodynamically controlled conditions and this was attributed to stabilization of the
ortho-isomer by formation of a four-membered chelate ring (Scheme 9)°%-%3,

RO 0.
N
CO,R <& iz, COLR
ttfa s TIZ
o —— e —
OH
Pt
CH20H CHZ CH20H
TIZ5 11z
ttfa 2
-~ -~
Z=0COCF;

SCHEME 8
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The relative rates of thallation of toluene (k;) and benzene (ky) of ky/ky = 33 or 43.5%3
and partial rate factors for the thallation of toluene (o/m/p,=9.6/5.7/168%* or
12.7/4.5/22653) at 25 °C in this aromatic thallation suggest that the reaction proceeds via a
conventional mechanism, presumably through Whealand-type intermediate. There is also
a report that the reaction is an electrophilic aromatic substitution (10-102 times slower
than mercuration) with a p* value of —8.3 for a rate correlation with ¢ * indicating greater
charge developement during the reaction than the corresponding mercuration pro-
cess®® 57, Recent detailed mechanistic studies of thallation of polymethylbenzenes by ttfa
revealed that electrophilic (two-electron) and electron-transfer (one-electron) pathways
occur simultaneously and the cationic [THOCOCF,),]" serves as the active electrophile
as well as the active electron acceptor (Scheme 10)°8. The extent of nuclear thallation
decreases monotonically in the order mesitylene (ca. 100%) > durene (ca. 50%;) > pen-

K
TI(OCOCFy)3 ==——== TIOCOCFy)F + OCOCF;

Kol x 1073w

iR

H TiZ, TiZ,
93 %

|z2 CHz
—T|22 (—e)

+

Tiz}
TiZz 2% 7%
a7, Z=0COCF,4

SCHEME 10
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tamethylbenzene (ca. 25%) with a concomitant increase in the proportion of products
(dimeric aromatic hydrocarbon and benzylic and nuclear trifluoroacetates) derived from
the aromatic cation radical®3,

In contrast to facile polymercuration, polythallation does not usually occur, probably
because of the strong deactivating nature of the introduced T{OCOR), group as described
above*. However, when the reaction was carried out with activated aromatics by using an
excess of ttfa and a longer reaction time, dithallated compounds such as those shown in
Scheme 11 were produced®%33, Phenylthallium(ITI) bis(trifluoroacetate) reacts slowly
with an excess of anisole to afford an isomeric mixture of methoxyphenyl
(phenylthallium(ITl) trifluoroacetates (the ortho-isomer always predominating)
(Scheme 12)39-60,

Various ArTI(OCOCF;), compounds have also been prepared by ipso-substitution of
the trimethylsilyl group of arylsilicon compounds by the THOCOCF,), moiety in 40-95%,
yields (Scheme 13)'. The compounds undergo disproportionation to the corresponding
diarylthallium(ITI) trifluoroacetate regiospecifically when heated with acetone and/or
water or treated with trimethyl phosphite (Scheme 14) 6263, Although diarylthallium(IIT)
compounds are widely believed to be chemically inert, they are useful, versatile
intermediates for the synthesis of various substituted aromatic compounds®®. Replace-
ment of the OCOCF; group of ArTI(OCOCF,), by F~ or Cl~ results in the formation of
the corresponding arylthallium(I1I) dihalides (ArTIX,) (Scheme 14), the stability of which
varies considerably with the nature of X; they are stable when X = F and Cl, unstable when

X

TI(OCOCF3)3
CF3COpH

SiMey TI(OCOCF3),

X=H,Me,CF3,CgHg,0Me, halogen

SCHEME 13
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X = Br, and not isolatable when X = I17%-62, In the last case they decompose rapidly to aryl
iodides and this reaction is a useful method for the regioselective introduction of iodine
into aromatic rings, as will be described in the next section. Recently, a
monophenylthallium(I1I) complex with a TI—I bond was prepared in the presence of
dibenzo-18-crown-6. This crown ether complex is stable in acetonitrile at room
temperature for a long period, but at 100°C it decomposes to give iodobenzene
quantitatively (Scheme 15)°%. Its photolysis also affords a good yield of iodobenzene,
partly at least through a phenyl radical intermediate®’

Thallium(II) trifluoromethanesulphonate, prepared from T1,0, and CF,SO,H, acts in
tfa as a stronger aromatic thallation reagent than ttfa and it can even thallate strongly
deactivated polyfluoroaromatic compounds to afford the corresponding polyfluoroaryl-
thallium(I1I) bis(trifluoromethanesulphonate)s (Scheme 16)°%-67. The reaction is facili-
tated by Lewis acids such as SbF; and BF;Et,0%. These polyfluoroarylthaltium(11I)
compounds can also be prepared by normal Mg—TI transmetallation reactions between
the corresponding Grignard reagents and thallium(I11) halides®®.

HCIO4
PRTIO —— =% 5 [PhTI{(dbc)OH]CIO4 Ha0
dbc/thf (PRTI(AbC)OH] ClO4- Ha

HCIO4»
Nal/MeCN

©/ j@ [PhTHdbc)I]CI0,

hv or
N /MeCN

dbe
Phl

SCHEME 15

T103 + 6 CF3SO3H ———————— 2 TI(038CF3) + 3 Ha0

FF
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CF3C02H
F F

SCHEME 16
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B. Arylthallium(lll) Compounds in Organic Synthesis

The thallium moiety of arylthallium(l1l) compounds thus prepared can be easily
substituted by various functional groups at the position where thallium was previously
attached (ipso-substitution). As a result of much effort by many researchers to find useful
dethallation methods, it is now known that the thallium moiety, mostly TI(OCOR), or
T1X, (X = halogen), can be replaced with F, CI, Br, I, CN, SCN, SeCN, NO, NO,, NH,,
OH, SH, SO, Ph, D, alkyl, aryl, vinyl and CO. These dethallations usually occur much
more easily than do the reactions with the corresponding arylmetal compounds, including
arylmercury(Il) compounds, and are sometimes characteristic reactions of
arylthallium(111) compounds themselves. Therefore, the developed dethailation method
combined with a very facile aromatic thallation as described in the previous section makes
arylthallium(I11) compounds useful for organic synthesis.

The formation of iodobenzene observed by Challenger and coworkers3%-*! over 50 years
ago in the treatment of several phenylthallium(Ill) compounds with potassium iodide
seems to be the first example of such a reaction where neither reaction conditions nor
yields were specified. McKillop and coworkers elegantly developed the synthetic utility of
this spontaneous iododethallation reaction by combining a facile aromatic thallation with
ttfa in tfa to prepare various kinds of aromatic iodides in good to excellent
yields*873!-79-7! The reaction is completed by the addition of aqueous potassium iodide
to tfa solution containing ArTH{OCOCF,), at room temperature. Since the path of
aromatic thallation can be controlled by the reaction temperature and time (kinetic vs.
thermodynamic control) and the kind of substituent (chelate etc.) as described in the
previous section, this method permits the ready introduction of iodine into aromatic nuclei
with all the potential for path control inherent in the initial thallation process. It is not
necessary to isolate arylthallium(lII) compounds prepared in tfa and the reaction is
usually carried out in one flask. Typical examples are shown in Scheme 173%-%!, This
thallation-iododethallation method has been applied to the preparation of many
aromatic iodides such as o-iodotoluic acids (75-80%,)"2, l-iododibenzosuberone (71%)73,

f B —
ArH ——t:fz_b ArTI(OCOCF3)2——$—EI—D [ArTIL,] -—lb Arl
(CH3)20H (CH2),0H (CH2)20H
Tizy TIZ
@‘/ r.t. 2 refiux
to TIZ,
kinetic thermodynamic
product product
Z=0COCF3 0q.KI aq.KI
(CH2)20H (CH2)0H
I
I
o:m:p=83:6:11 o:m:p=6:54:40

SCHEME 17
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iodopentafluorobenzene (90%)%%, and l-iodo-4-melhoxylelraﬂuorobenzene (99%)¢7. In
some instances, diiodo compounds such as 2,5-diiodothiophene and 1-ethoxy-2,
4-diiodobenzene can be obtained selectively by using an excess of ttfa (cf. Scheme 11)%3.

Treatment of arylthallium(I11) compounds with iodine in tfa” or CHCI,®7 also results
in iododethallation (74-93%) probably via electrophilic attack of iodine on the C—TI
bond. This method was applied to a high-yield synthesis of some nitroaryl iodides after
nitration of ArT{OCOCF,), with acetyl nitrate, which occurs meta to the thallium
moiety’?

Halogeno- or pseudohalogeno-dethallation of arylthallium(I11) compounds occurs on
treating them with the corresponding copper(Il) or copper(l) salt in various organic
solvents, giving good yields of the expected aromatic compounds. For example, aryl
chlorides and bromides are obtained by treatment with copper(Il) chloride and bromide,
respectively, 1,4-dioxane being the best solvent’5?”7. Aryl cyanides are prepared by
reaction with copper(Il) or copper(l) cyanide in dcelomlrlle or pyridine’®. Aryl thiocya-
nates” and selenocyanates®® can be produced similarly by treatment with copper(1I)
thiocyanate and selenocyanate, respectively. Unsymmetrical diarylsulphones are syn-
thesized by the reaction with copper(ll) benzenesulphinate!'®. The precise reaction
mechanism of these dethallations is not yet clear, and an attempt to trap phenyl or aryl
radicals by nitrosodurene as the spin adduct ArN(O")C HMe, (e.s.r. technique) failed 2. A
tentatively proposed mechanism involves nucleophilic displacement assisted by coordin-
ation of copper on the ligand of thallium (Scheme 18)77-81:83,

Although the reaction is not as fast as iododethallation, treatment of ArTI(OCOCF,),
with potassium bromide also gives aryl bromides. It gives arylthallium(I11) dibromides
first, which on gentle heating decompose rapidly to aryl bromides and thallium (I)
bromide®?. Treatment of arylthallium(I11) compounds with bromine in CCl, affords aryl
bromides in excellent yields®*. Similar electrophilic C—TI bond fission occurs with
bis(pentafluorophenyl) thallium(ITT) bromide®®, which gives pentafluorophenyl bromide
and chloride slowly but almost quantitatively on treatment with excess of bromine and
chlorine, respectively®®. Although aryl fluorides cannot be obtained by treatment of
arylthallium(ITI) compounds with copper(Il) fluoride or tetrafluoroborate’’, transform-
ation of the C—TI bond to the C—F bond occurs when arylthallium(I11) difluorides,
prepared from the corresponding bis(trifluoroacetate)s and potassium fluoride in aqueous
ethanol®?, are treated with gaseous BF, in non-polar solvents; the overall isolated yields
are 50-70%,56. Aryl cyanides®” and thiocyanates®®#° can also be prepared photochemi-
cally. Thus, irradiation of an aqueous KCN solution of ArTI{OCOCF,), with 300 nm light
affords aryl cyanides in 27-80%, yields by replacing the thallium moiety with the CN group
mainly at the ipso-position. Aryl thiocyanates are similarly produced in 36-58%, yield by
using KSCN, here again the proportion of ipso-substitution being over 85%, irrespective
of the great possibility of a homolytic process. Scheme 19 summarizes these halogeno- and
pseudohalogeno-dethallations.

Electrophilic dethallations other than those by I,,Br,, and Cl, are also known.
Arylthallium(I1T) dichlorides react with nitrosyl chloride in CHCI, to afford nitrosoarenes
via a four-centred transition state (Scheme 18)°°, while arylthallium(I1T) compounds react
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with nitrogen dioxide in tetrahydrofuran to give nitroarenes®'. Treatment of
arylthallium(I11) compounds with metal nitrites such as NaNO,, KNO,, and AgNO, in
tfa first produces nitrosoarenes, which are subsequently oxidized to nitroarenes in high
yields, electrophilic attack of NO™ or its carrier N,O, on the carbon of C—TI bond
having been proposed®?%*.

Arylthallium(I1I) compounds react with palladium(Il) salts in acetic acid to give
aromatic coupling products. The reaction might involve an electrophilic transmetallation
to give reactive arylpalladium(l1) species®*. This aromatic coupling can be carried out
catalytically with respect to the palladium(IT) salt, and thus oxidation of arenes by ttfa in
the presence of catalytic amounts of palladium(II) acetate affords biaryls in good yields
(Scheme 20)°3-%¢. The thallation of arenes and substitution of the thallium moiety for
palladium(11) in ArT(OCOCF ,), are characterized by Hammett plots with slopes of — 5.6
(p*) and —3.0(p), respectively”®. Similar aromatic coupling with a catalytic amount of
lithium tetrachloropalladate has also been developed to produce 4,4’-biaryls highly
selectively and in good yields®”. These methods are not applicable to arenes with bulky
substituents or arylthallium(II) compounds having a substituent at the ortho-
position®>~®7. When suitable olefins are present in the reaction system, the
arylpalladium(I1) species derived from arylthallium(IlI) compounds add to olefins,
followed by dehydropalladation to give arylated olefins, the overall reaction being the
replacement of an olefinic hydrogen by the aryl group®8. Recently Larock et al. developed
a novel and general synthetic method for isocoumarins and 3, 4-dihydroisocoumarins
(a biologically important ring system) by the reaction of ortho-thallated benzoic acid with

ArH +TlZ, — ArTIZ, + HZ
ArTIZ, + Pd(OAc), — ArPdOAc + TIZ,(OAc)

fast

2ArPdOAc ——— ArAr + Pd(OAc), + Pd°

fast

PdO + TIM —=, pqgit 4 Tt
Z = OCOCF,
SCHEME 20
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palladium(1l) chloride in the presence of simple olefins, dienes, allylic halides, vinylic
halides, or vinylic esters (Scheme 21)*°. The yields are good and the reactions using
organic halides or 1, 2- and 1, 3-dienes proceed catalytically with respect to palladium(lI).
Application of this thallation—olefination reaction to p-tolylacetic acid,
N-methylbenzamide, benzamide, and acetanilide provides a novel route to a variety of
important oxygen and nitrogen heterocycles (Scheme 22)'°°,

The T1-Pd transmetallation reaction has also been applied to a carbonyl insertion into
the C—TI bond of arylthallium(I1I) compounds. Phenylthallium(IIl) compound has been
known to react with carbon monoxide to give benzoic acid or its methyl ester, but the
reaction requires high temperatures (ca. 100 °C), high pressures (ca. 200atm), and long
reaction times (ca. 18 h)!°!. In the presence of a palladium(1I) salt, however, the reaction
proceeds very smoothly under lower CO pressures to give the carboxylic acid deri-
vates!' %2193 The CO insertion occurs in the C-—Pd bond of the arylpalladium(Il) species

CHpCOH Liy(PaCie] 0
/((ji + CHy;=CHCO2Me TZC?—D
Me TI(OCOCF3), Me
CH2CO2Me
o
CONHMe Me
@( + CHy=CHCH,Cl — zinfP;Cm] - @V\/
TI(OCOCF3), 2v2 Me

COMe
|

Me
NHCOMe Lip[PdCl1,] N
+ CHz= CHCH2ClI —EW'—P
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v

before coupling to form biaryls takes place. The aromatic thallation and subsequent
palladium-catalysed carbonylation of various arenes (at room temperature under 1 atm of
CO) provides a convenient new route to a wide variety of aromatic esters, lactones,
anhydrides, and phthalimides (40-90%, yields), the reaction being highly stereo- and regio-
specific (Scheme 23)103:104,

Another example of metal-metal exchange is the reaction of diborane with
arylthallium(I11) compounds in tetrahydrofuran to give arylboron intermediates, which
on oxidation by alkaline H,O, or on hydrolysis give good yields of phenols or arylboronic
acids, respectively!'?%. Treatment of arylthallium(ITT} compounds with lead (1V) acetate—
triphenylphosphine followed by alkaline hydrolysis also gives phenols®”. Thiophenols
can be prepared via photolysis of ArTI(S,CNMe,),'°. Reduction of arylthallium(111)
compounds with NaBH, in EtOD is a convenient method for the specific introduction of a
single deuterium atom (D content 73-85%) at the position where thallium was attached
previously (protonodethallation)'®®. When NaBD, is used here, the percentage of
D-incorporation increases.

Asymmetric biphenyls can be prepared photochemically in high yields when
arylthallium(I11) compounds are irradiated in benzene at room temperature'°’. Homoly-
sis of the aryl C—TI bond followed by capture of the resulting aryl radical by benzene
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leads to the products. Photolysis of phenylthallium(IIl) bis(trifluoroacetate) in the
presence of ammonia is said to give aniline'®. The reaction of arylthallium(Il) diacetates
with the anions of nitroalkanes (nitronate ions) under photolysis gives the C—C bonded
products in 60-70%, yields. It proceeds through radical intermediates which are generated
by electron-transfer activation of the C—TI bond (Scheme 24)'°®. The reaction is also
applicable 1o alkyl- and vinyl-thallium(I1l) compounds, as will be described in
Section I11.B.

Oxidation of ArTI(OCOCF,), with 90% H,0, gives 40-70%; yields of 1,4-quinones
with either elimination or migration of the substituent group on the starting arenes,
depending on the nature of the group and on the electron density of the ring. The first step
of the reaction is thought to be hydroxydethallation and the phenols formed are readily
oxidized in situ to the ensuing products. The oxidation of phenols to quinones by ttfa is
known.!1?

All these substitution reactions other than halogeno- and pseudohalogeno-
dethallations are summarized in Scheme 25. These dethallations can be applied to
diarylthallium(II1) trifluoroacetates®® and ArTI(OCOCF,),'"'".

ill. OXYTHALLATION OF ALKENES, ALKYNES, AND ALLENES FOR
ORGANOTHALLIUM(IIl) COMPOUNDS AND ITS USE IN ORGANIC
SYNTHESIS

A. Preparation of Alkyl- and Vinyl-thallium(lll) Compounds

The transmetallation method employed for arylthallium(Ill) compounds is
also applicable to the preparation of a variety of alkyl- and vinyl-thallium(III)
compounds.  Various  combinations of organometallic  compounds  of
Mg, B, Hg, Zn, Al, Si, Sn, Pb, Bi, Cr, etc., with thallium(III) halides and carboxylates have
been developed to produce di- and mono-organo (alkyl or vinyl) thallium(I11) compounds
(Scheme 26)!%. Some monoalkylthallium(Ill) compounds can be prepared by the
reaction shown in Scheme 27'!'27!'* The compounds thus prepared are often useful for

2RMgX + TIClz —— » R3TIX + 2 MgXClI
R= alkyl

M

o /M H20 Mey, M
C=0C +TICl; ——» o

H/ VBOH),

2 C=
H/ XTicH

PhCHoB(OH), + TIBry ————— PhCH,TIBr,

Me /Me
(CHo=C + TIClz—/—— CH2=C\
4Sn TICly

SCHEME 26

Me,TIOAC + Hg(OAc), ——» MeTI(0Ac),
(MesYCH,),TICI + Bry —————— MeaYCHTI(CY)Br + Me3YCHBr
Y=C,Si
SCHEME 27
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basic studies to clarify the nature of the C—TI1 bond chemically and spectroscopically, but
have not been frequently used in organic synthesis.

Oxythallation of alkenes, alkynes, and allenes with tta is a simple and unique method for
the direct preparation of mono-organothallium(111) compounds (oxythallation adducts),
which are very useful for organic synthesis (Scheme 28). The reaction closely resembles to
the popular oxymercuration'®''*116 When thallium(I1I) salts such as nitrate {ttn),
perchlorate, and trifluoroacetate (ttfa) are used. the corresponding oxythallation adducts
cannot be isolated because of a facile C—TI bond fission resulting in the formation of
various oxidation products. These reactions will be described in the next section. Even
with tta the oxythallation adducts produced [mono-organothallium(I1l) diacetates] are
thermodynamically unstable compared with oxymercuration adducts and the number of
isolated adducts is still limited. The first example of isolation is the methoxythallation
adduct of styrene, 1, which was prepared almost quantitatively in the reaction of tta with
styrene in methanol at room temperature®®-''”7, Other compounds so far isolated from
olefins and characterized are 21 18.1 19’ 31 18’ 4120.121’ 512l’ 636, 712.’..123, 8124, 9125’ 101.’.}’
11120, 12126 13127, 1427 1512812916129 [7-19'3C, 20'3!, and 21'2° (Scheme 29).
Similar compounds, 22, have also been isolated from styrene, methanol and ethanol, and
thallium(I11) isobutyrate in place of tta''®. The reactions have generally been carried out
at or below room temperature by using acetic acid, alcohols, aqueous tetrahydrofuran,
chloroform, and dichloromethane as the solvent to isolate these compounds. All of the
compounds are white crystalline solids except 8 and 9, which are viscous oils. The
stereochemistry of oxythallation of norbornene and norbornadiene 13 and 14 and that of
trans-fi-deuteriostyrene (4) was shown to be cis-exo'27-'32 and trans'2°, respectively, by
"Hn.m.r. conformational analysis. Oxythallation generally involves electrophilic attack of
the TI{(OCOR),* species followed by nucleophilic attack by solvents such as acetic acid
and alcohols. The addition obeys the Markownikoff rule and TI(OAc),* is the only
important reactive species in the oxidation of olefins with tta'*® An intramolecular
nucleophilic attack of oxygen atom occurs occasionally, as evidenced by the formation of
6,20, and 21. In the case of norbornene derivatives only acetoxythallation occurs even in
methanol as the solvent, in sharp contrast to the oxymercuration of those olefins where the
main reaction is methoxymercuration!2°. A concerted or near-concerted addition of tta to
such strained olefins through a cyclic intermediate is proposed for this reaction'?2°,

Azidothallation adducts of norbornene and benzonorbornene, 23-25  have been
isolated by the treatment of the olefin with a mixture of tta and trimethylsilylazide
in dichloromethane. A series of intermediate thallium(IIl) species, TH(OAc),_,(N,),
{n =0 —3), are involved (Scheme 30)'28.

- n
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Acteoxythallation of internal acetylenes with tta in acetic acid affords some stable
monovinylthallium(IIT) compounds (acetoxythallation adducts) in high yields. The
compounds so far isolated are 26 and 27 from dimethylacetylene'**, 28 from diethylacety-
lene'3*, and 29 and 30 from alkylphenylacetylenes (Scheme 31)!*5:136, The stereochemis-
try of addition is trans except in the case of dimethylacetylene, from which a mixture of cis-
and trans-adducts 26 and 27 is isolated'**7 3¢ From alkylphenylacetylenes the regio-
isomeric mixtures 29 and 30 are formed, the ratio depending slightly on R although 29
always predominates’ 3%, Similar treatment of terminal acetylenes in acetic acid, chloro-
form, or dichloromethane results in the direct formation of novel and stable
divinylthallium(ITI) compounds, 31, which are thought to be the intermediates of
thaltium(I11)-catalysed conversion of terminal acetylenes to carbonyl compounds'37'3%,

Methoxy- and acetoxy-thallation of acyclic and cyclic allenes is another direct method
for monovinylthallium(I11) compounds, although examples are very limited. The isolated
stable compounds so far known are 32-34'3% and 35'4%'4! (Scheme 32). Electrophilic
thallium(111) species bind regiospecifically to the central sp carbon of the allenic moiety
with nucleophilic attack of the solvent occurring at the terminal carbon. Methoxythall-
ation proceeded by greater than 70% antarafacial addition for 35 (R = Me).

B. Alkyl- and Vinyl-thallium(lll) Compounds (Oxythallation Adducts)
in Organic Synthesis

Various reactivities of isolated oxythallation adducts [RT1(OAc),] have been studied and
many useful methods for replacement of the thallium moiety by other functional groups
have been explored in which the C—T! bond fission occurs either heterolytically or
homolytically. The thallium moiety TI(OAc), can be substituted by acetoxy or alkoxy
groups to give primarily the corresponding alkyl acetates or ethers when heated in suitable
solvents or treated with acid, as exemplified in the reactivities of 136-!'7-118 3642
7 (R=H)'?2123 13 and 14'27, and 20 (R = H)!*' (Scheme 33). All these reactions involve
dethallation, giving inorganic thallium(I) salts, some being accompanied by migration of a
substituent such as phenyl, hydroxy, or alkoxy. These are closely related to the oxidation
of olefins by thallium(III) salts via non-isolable oxythallation adducts, the chemistry of
which will be described in the next section. The decomposition of 1in aqueous methanol to
phenylacetaldehyde and its dimethyl acetal follows a first-order rate law and RTI(OAc),
[R = C,H ,CH(OMe)CH,] is shown to be dissociated at low concentrations yielding two
reactive species, RTIOH* and RT1?*, the latter of which is much more reactive than the
former'*2, The mode of decomposition of 1 depends on the ligand bound to thallium. At
low Cl™ concentrations the rate of the oxidative decomposition decreases, whereas at
high C1~ concentrations RTICI, or RTICl; is formed and decomposed to the starting
materials, styrene and thallium(I11) salt, the chemical behaviour being analogous to that of the
corresponding organomercury(IT) compound (oxymercuration adduct)!*.

Treatment of 1 and 2 with copper(I) iodide, bromide, and chloride in acetonitrile results
in the replacement of the TI(OAc), moiety by halogen to afford the corresponding halides
in good yields (Scheme 34)' '8 Addition of potassium halide increases the product yield
and iododethallation even proceeds automatically with only potassium iodide present, as
found with arylthallium(I11) compounds. Similarly, the thallium moiety can be replaced by
CN with copper(I) cyanide! '8, SCN with potassium and/or copper(I) thiocyanate! 8144
and SeCN with potassium selenocyanate®®. This halogeno- and pseudohalogeno-
dethallation occur at the position where thallium was attached previously to the alkyl
carbon, no phenyl group migration being observed. For alkyl thiocyanates and
selenocyanates it is not necessary to isolate the intermediate organothallium(IIT)
compounds and in fact their high-yield syntheses are conducted by the in situ oxythallation
of olefins followed by reaction with solid KSCN and KSeCN (Scheme 35)8914%, The
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reaction is likely to proceed through the formation of organothallium(I11) dithiocyanates
and diselenocyanates followed by Syi-type decomposition. Bromodethallation of 9 and
its non-isolable trifluoroacetate analogue occurs very smoothly to afford a quantitative
yield of the corresponding alkyl bromide on treatment with solid KBr and a catalytic
amount of 2, 6-dimethyl-18-crown-6, the most likely pathway of the reaction being Sy2
displacement after and/or before anion exchange on the carbon atom bearing the
TI(OAc), moiety (Scheme 36)!2%. The mechanism of copper(l) halide-mediated haloge-
nodethallation is more complicated and governed by the reaction temperature. In the
reaction in acetonitrile at 80°C a radical path involving RCH(OMe)CH," [R = C¢H,,
n-Oct] free radicals accounts for approximately two thirds of the product, whereas at
60°C an ionic process predominates'?!-!*>. The role of copper(l) is probably to act as a
reducing agent by transferring one electron to thallium, producing a labile
organothallium(IT) compound.

The replacement of the thallium moiety of oxythallation adducts with hydrogen
(protonodethallation) occurs by reduction with sodium amalgam in water to give good
yiclds of alcohols'??. However, it is difficult to effect this using NaBH,, reduction, and in
neutral solution the reduction gives the parent olefin solely and almost quantitatively



494 S. Uemura

Bu"(IIH(OMe)
9 or [Bu"CH(OMe) CH2TI(OCOCFy),] KBr/MeOH _,, CH—TI-Z
|8—crown-¢6 /' |
Br— Z
Z=0Ac,0COCF,,Br
-T1Z
—_ z—

——5— BU"CH(OMe)CH,Br

SCHEME 36

No/Hg
H20

P
e
A

Na/Hg
Hz0

v

o

NaBHg4

»

15 (R,R'=H) NaBHg4

LiAlH
| — "% w  PhCH=CH,

Rt OAc alkaline R Rﬁb»OH
TI{OAC), NoBHa < +

72-82% 10-16%
2——9;1—‘:;:3';:‘3—. PhCH=CHp + PhCH(OR)Me + [PhCH(OR)CHplp TIOH
4
47-69% 10-26% 6-25%

SCHEME 37



5. Preparation and use of organothallium(I1I) compounds 495

CONH; CONH;
RTHOAC), + _MeOH o on + ©/0Ac‘ + TIOAc
N N
1,6,7 CHaPh ChgPh
SCHEME 38

(Scheme 37)!27:12% The LiAlH, reduction of 1 is known to afford styrene and thallium
metal®®. Under alkaline conditions the NaBH, reduction gives a mixture of the parent
olefins, alkyl ethers, or alcohols, and in some cases dialkylthallium(I11) compounds!?2°:146,
The yield of the protonodethallation product is, however, very poor compared with the
reduction of the corresponding oxymercuration adducts'*’~'*?. Hydrogen for replace-
ment of the thallium moiety arises from the solvent and not from NaBH,'*, in sharp
contrast to the mercury case!#”''3% The reduction of oxythallation adducts such as 1,6,
and 7 with an nadh model N-benzyl-1,4-dihydronicotinamide (bnah) gives an 88-95%,
yield of the corresponding protonodethallation product under an N, atmosphere
(Scheme 38)!3!. One-electron transfer from bnah to the organothallium(I11) compound
and homolysis of the C—TI bond of the intermediate organothallium(IT) compound are
proposed. In the presence of oxygen, alkyl radicals are trapped to form alcohols in good
yields'3!. Similarly, alcohol formation (32-67%, yield) was also observed when ascorbic
acid was added as the reducing agent and stereochemical studies using 4 showed that the
product was a 1:1 mixture of 36-e and 36-t and that the reduction proceeded via homolysis
of the C—TI bond (Scheme 39)!32,

Treatment of ethylene, propylene, or styrene with active methylene compounds such as
acetylacetone and ethyl acetoacetate in the presence of tta gives dihydrofuran derivatives
in moderate yields. In siru formation of oxythallation adducts followed by their ionic
reaction with active methylene carbons has been assumed for this novel C—C bond
formation'®3!34 Another carbon alkylation reaction has been observed in the treatment
of 4 and 6 with the anions of nitroalkanes (nitronate ions) under irradiation and a nitrogen
atmosphere (Schemes 24 and 40)! 8, The reaction proceeds through radical intermediates
which are generated by electron-transfer activation of the C—TI bond. This C—C bond
formation reaction is also applicable to vinylthallium(II1) compounds, the reaction
proceeding retentively and being unaffected by irradiation and/or oxygen (Scheme 40)' %,
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Reactions of I and 2 with palladium(II) species give the ketones and/or their acetals via
TI-Pd transmetallation. For example, 2(R = CH,CH,OH) behaves completely differently
in the absence and presence of a palladium(l1) salt (Scheme 41)''°. Hydride migration at
the organopalladium(Il) intermediate is postulated from the fact that no deuterium
incorporation occurs in MeOD as the solvent in the initial stage of the reaction
{Scheme 41)!19:135,

Several studies on the reactivities of monovinylthallium(III) compounds such as
oxythallation adducts of acetylenes and allenes have been carried out and informations on
protono-, halogeno-, and pseudohalogeno-dethallation are available. Thus, protonodeth-
allation proceeds smoothly and retentively by heating in acetic acid or by reduction with
NaBH, in a protic solvent under neutral conditions'3%'38 In the reduction hydrogen
comes mainly from the solvent!35:!38 a5 in reductive protonodethallation of oxythall-
ation adducts of olefins' *® and arylthallium(IT) compounds'®® as described above in this
section. Halogeno- and pseudohalogeno-dethallation is conducted by treatment with the
corresponding copper(Il) and/or potassium salts in acetonitrile, although the product
yields are sometimes low (11-74%)'3¢. Bromodethallation also occurs in over 70%, yield
using bromine, but the stereochemistry of the product depends on the solvent employed:
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retention in pyridine and scrambling in methanol. Typical results are shown in Scheme 42.
Similarly, protono- and bromo-dethallation are also known to occur when 35 is treated
with alkaline NaBH,~MeOH and Br,—-CCl,, respectively (61-82% yields)!40-14!,

C. Oxidation ot Alkenes via Oxythallation and Related Reactions

In the previous section it was indicated that the C-—TI bond of oxythallation adducts of
olefins is thermally cleaved when heated in some solvents, resulting in a replacement of the
TI{OAc), moiety by oxygen functional groups. The overall reaction can be considered as
the oxidation of olefins with tta; actually it involves the oxythallation of olefins followed by
dethallation of the resultant monoalkylthallium(ITl) diacetates to give the oxidation
products and thallium(I). So far many oxidation reactions of olefins by thallium(IIT) salts
have been explored without intermediate oxythallation adducts being isolated; the
products are usually glycols, their mono- and di-esters, aldehydes, ketones, and epoxy
compounds. The product distribution depends greatly on the reaction conditions such as
solvent, temperature and time, olefin structure, and the kind of thallium(I11) salt used. The
oxidation is often accompanied by migration of a substituent such as phenyl, vinyl, alkyl,
hydroxy, alkoxy, or hydrogen. Alkyl group migration resulting in a facile ring contraction
or ring enlargement has also been observed. In this section, synthetically useful and
important oxidation reactions of a variety of alkenes and related reactions such as allylic
oxidation and the oxidation of cyclopropanes are described, together with some
mechanistic considerations of these reactions. Most reactions proceed via in situ
oxythallation, but some are assumed to involve organothallium(ITl) compounds produced
in situ in different ways.
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1. Simple olefins

The first example of such a reaction is the oxidation of ethylene by thallium(III)
hydroxide or oxide in aqueous HNO, and H,SO, to afford ethylene glycol and some
carbonyl compounds, an oxythallation—-dethallation sequence giving a carbonium ion
being proposed for the first time.! ¢ Similarly, treatment of hex-2-ene with tta in aqueous
acetic acid gave a mixture of hexane-2, 3-diol monoacetates and hexan-2-one, a high water
content favouring the latter! 35, Kinetic studies on these oxidations revealed the following:
(1) the reaction is first order both in ethylene and in thallium(II1) ion: (2) it is strongly
accelerated on increasing the salt concentration, the order of magnitude of this effect, being
perchlorate > sulphate > nitrate; (3) hydroxythallation is the rate-determining step; (4) the
effect of olefin structure on rate decreases in the order isobutene » propylene ~ but-1-ene
> cis-but-2-ene > trans-but-2-ene > ethylene!*3:1*7:138  Deuterium isotope effects in
thallium(I1I) perchlorate oxidation of ethylene also support the view that hydroxythall-
ation is the rate-limiting step'3°. An example of the effect of olefin structure on product
distribution in tta oxidation in aqueous acetic acid at 25 °C is shown in Scheme 43 together
with the relative reaction rates'*®. Similar studies on the relationship between olefin
structure and product distribution were also carried out for thallium(IIl) sulphate
oxidation in aqueous H,SO, or methanol '¢%-!¢! and for ttn oxidation in methanol 62163,
Thus, in the decomposition of oxythallation adducts, the following results were found: (1)
the hydrogen migration (as hydride) with the participation of the neighbouring hydroxy
group is more favoured than the methyl migration; (2) with increasing temperature the
quantity of carbonyl compounds decreases compared with diols or diethers in the
oxidation of internal alkenes, whereas the reverse occurs with disubstituted terminal
alkenes; (3) steric effects influence the ratio of ketone and aldehyde formation in the
oxidation of disubstituted terminal alkenes in an aqueous medium, whereas in methanolic
medium polar effects are decisive!6'.

The tta oxidation in acetic acid or alcohols has been applied to many simple olefins such
as cyclohexene®®'647166 styrene and its derivatives®-'®7, oct-1-ene!?*!%8 rans-oct-4-
ene'®®, vinylferrocene'’?, and vinylic acetates and ethers'”'. Thus, with cyclohexene
nearly equal amounts of trans and cis-1,2-diacetoxycyclohexanes and ring-contracted
cyclopentyl compounds are the main products (35-55% yield) in acetic acid as the solvent,
whereas the ring-contracted compound is the sole product (62%,) in methanol. The ratio of
the trans and cis products depends on the water content of the solvent. The results were
explained by the reaction pathway involving dethallation of the trans-acetoxythallation

/c—c/ BRCCLDESRGS SR S

AcOH -1 ™~
oa-Ac / g RO OR
A B C
Yield (%)
Rel.

A rate B C
Ethylene 1 45  {(MeCHO) 55
Propylene 152 81  (Me,CO) 17
But-2-ene 157 75 (MeCOEY) 16
cis-But-2-ene 60 85-90 (MeCOEY <0.5
trans-But-2-ene 35 85-90 (MeCOE1) <0.5
Isobutene 23 % 10° 37  (Me,CHCHO) 52
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adduct to give an acetoxonium ion or ring-contracted intermediate (Scheme 44)!64-16¢,

From an accurate analysis of the products of the tta oxidation of oct-1-ene and trans-oct-4-
ene in methanol or acetic acid, the following conclusions were drawn: (1) an acetate group
in the TI(OAc), moiety can be transferred by an Syl process; (2) a carbonium ion is
generated on heterolysis of the C—TI bond and this undergoes competitive hydride shift
and nucleophilic attack; (3) anchimeric assistance to heterolysis is provided by the
neighbouring methoxy substituent!24:16% Interestingly, in the ttfa oxidation of oct-1-ene,
it is suggested that the neighbouring thallium substituent aids the hydrolysis of the
introduced trifluoroacetoxy group to give several oxidation products when the initial
oxythallation adduct is treated with water (Scheme 45)'72. In a detailed study of the
oxidation of six ring-substituted styrenes by tta in acetic acid, which involves aryl
migration and gives a high yield of the products, a Hammett-type correlation with Brown
o™ values has been established with p = — 2.2, showing a carbonium ion character of the
activated complex for oxythallation'®”. The decomposition of an oxythallation adduct
has been revealed to proceed via a carbonium ion intermediate by loss of thallium(I) on the
basis of the effect of the styrene structure on the product distribution (Scheme 46)'¢7.
Similar work on the ttn oxidation of I, I-diphenylethylenes in methanol, which gives

RCH:CHZ%"——> [RCH(Z)CHlezz] — RCHCHZTIZ R/CHCHz
o ©oH ) TiZ
0o? “crs o5 OH
CF3
RCHCHZ R(IZHCHZTIZZ D hox?
—_— ti\O* TIz OH Z=0COCF;
4.C—0 H20 H
/(}l shift
CFa
RCHCHz  RCOMe RGHCH,
HO OH 34, o
40%, 16 %
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X 37:38 Rel. rate @-?HéHZ e +C|:HCH2“@
- OAc OAc
p-MeO 1.80 54
p-Me 0.34 38
m-Me 0.14 1.4 X X /OAc
H 0.083 1 CHCHOAC CHaCH]
p-Cl 0.06t 0.32 OAc OAc
m-Cl 0.020 0.14
(38) 37
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rapidly and selectively the corresponding ketones in high yields, resulting from the
migration of aryl groups, clearly revealed that electron-releasing substituents strongly
favour the migration of the corresponding aryl group (Scheme 47)'73,

In aqueous tetrahydrofuran, tta promotes the epoxidation of propylene and isobutene
to give good yields of the corresponding oxide (72 and 829 selectivity, respectively) via
hydroxythallation, giving 7 (R =H), followed by its dethallation accompanied by
neighbouring hydroxy group participations (Scheme 33)'22. Similar epoxidation is also
reported in the patent literature' 7%, These epoxidations are stoichiometric reactions with
respect to thallium(ITl) salts (Scheme 48). Recently, a different approach to olefin

@ tt
C=CHy ———» COCH, + COCHy

(39) (40)

X 39:40
p-MeO =50
p-Me 5.2
H 1
p-Cl 0.52
m-Cl 0.13
SCHEME 47
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epoxidation by molecular oxygen has appeared where the epoxidation of oct-1-ene and
propylene was carried out using cobalt nitro complexes as oxygen transfer agents in the
presence of thallium(I11) chloride”5. The reaction is assumed to proceed via activation of
olefin by thallium(III), as shown in Scheme 49. Importantly, during the epoxidation in
theory thallium remains as thallium(ITI). Actually, however, reduction of thallium(III) to
thailium(I) occurs through a side reaction and it is necessary to use an excess of TICI,.

The application of the tta oxidation to slightly complicated olefins at room temperature
resulted in the formation of several interesting products; typical examples are shown in
Scheme 50. Dibenzobicyclo[2.2.2]octatriene, 41, is converted into 42 via cis-
acetoxythallation'78; Sa-cholest-2-en-5-ol, 43, 5a-cholest-2-ene, Sa-cholest-2-en-6-one,
and 5-hydroxy-5a-cholest-2-en-6-one give mainly the corresponding cis-hydroxylation
products'77; epicholesterol, 44, affords 45 as the major product via a Westphalen-type
methyl rearrangement of the acetoxythallation adduct of 44'7®; thujopsene, 46, gives a
stereospecifically ring-contracted ketone 47 via acetoxythallation and an allylic acetate 48,
probably via an allylic thallium(ITT) compound, higher temperatures favouring allylic
oxidation'7®.

As exemplified in the reactivity of 6 and 20 (R = H) in Scheme 33, an intramolecular
oxythallation followed by dethallation can afford interesting oxidation products. Thus, in
the oxidation of styrenes in diols, HO(CH,),OH, the main products were 1, 3-dioxolane,
1, 3-dioxane, and, 1, 3-dioxepane derivatives for n = 2, 3, and 4, respectively (17-81%), the
reaction involving both phenyl migration and interamolecular attack of the hydroxy
group of the introduced 2-hydroxyethoxy group'®®. More clear-cut examples are shown
in Scheme S!: norbornene-5-endo- and -exo-carboxylic acid and their analogues, 4951,
afford various lactones'3!-'8%-18! "and a novel functionalization of the prostaglandin
skeleton occurs with PFG,, methyl ester, 52, and related compounds, 53, producing
dioxatricyclic and oxabicyclic compounds, respectively!82-183,

Although tta and ttfa are very effective oxidizing agents of olefins as described so far, the
reagent ttn has proved to be even more effective in several ways, including product
selectivity and reaction rate, owing to the highly ionic nature of the nitrate anion leading to
an extraordinarily facile C—TI bond fission. Thus, the ttn oxidation of simple olefins
results in a facile and selective oxidative rearrangement via oxythallation to give high
yields of carbonyl compounds or their acetals'®4!85 Typical examples of ring
contraction and aryl migration are shown in Scheme 52, together with some results of the
unrearrangement reaction. Comparison of the oxidation of cyclohexene by these three
salts revealed the approximate order of reactivity to be ttn (instantaneously) > ttfa
(several minutes) > tta (several hours) for completion at room temperature'®3. The
influence of the ligand on thallium on the product distribution can be clearly seen from the
oxidation of dec-l1-ene'®®, hex-l-ene'?3, and oct-1-ene'?* (Scheme 53). The ring-
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contraction reaction has been applied to the preparation of a lactone aldehyde, 54, which is
a key intermediate for the synthesis of 11-desoxyprostaglandins (Scheme 54)'#5. Appli-
cation of ttn-mediated oxidation to some exo-methylene compounds such as methylenecy-
clobutane, 55'%7, ent-16-kaurene, 56'%®, and 2-methylenenorbornane, 57'#%, resulted in
the formation of a ring-expanded ketone which generally reacted further to give a ring-
contracted cyclic carboxylic acid derivative (Scheme 55). The oxidation of ketones will be
described in a later section. Extrapolation of aryl migration in the ttn oxidation of styrene
derivatives provided a general and highly effective method for the ring expansion of cyclic
aralkyl ketones (Scheme 56)'°°. The reaction occurs instantaneously at room tempera-
ture, a methylene carbon introduced by an appropriate Wittig reagent is inserted
regiospecifically between the aromatic ring and the carbony! group, and the product is
obtained as a dimethyl ketal when trimethylorthoformate [HC(OMe),; tmof] is used as
the solvent.

The ttn-mediated formation of cis-diols from olefins'®'-!92 has been reported as in the
case of the tta-mediated reactions. Typical examples are cis-hydroxylation of 2-methyl-
2H-chromen, 58'%!, and cis-dimethoxylation of 2,2-dimethyl-2H-chromen, 59'°', and
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3-methoxyflavylinium salt, 60*°2 (Scheme 57). These reactions seem to be substituent
dependent, since a similar chromen, 62, and non-substituted flavylinium salt, 63, afford a
ring-contraction product!®? and a flavone, 64'?*, respectively. Acid hydrolysis of cis-diol
derivatives from 60 gives flavone 61'%2, A toxic diterpenoid, grayanotoxin-Il, 65, reacts
with ttn instantaneously to give the derivative of grayanol B(66) by a remote hydroxy
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group participation {Scheme 58)'%5. The ttn oxidation of olefins in methanol sometimes
gives a minor amount of nitrate ester'8%-196-1%7 whereas the esters become the major or
the sole products when n-pentane is used as the solvent (Scheme 59)'%%.

Thallium(I11) perchlorate is also an effective oxidizing agent for olefins. Kinetic and
product studies on the oxidation of alkenols'®?, cycloalkenes?°%-2°! and methylenecyclo-
alkanes?®' have been carried out, and all the reactions have been explained by an
oxythallation—dethallation mechanism. Some examples are shown in Schemes 60 and 61,
the products being carbonyl compounds, diols, and/or cyclic ethers, as has been observed
for tta oxidation in aqueous acetic acid!33. The carbony! products of the oxidation of
cycloalkenes and methylenecycloalkanes are generally ring-contracted aldehydes and
ring-expanded cyclic ketones, respectively. This ring enlargement reaction is useful for
four- and five-membered ring exo-olefins, but not so useful for the six-membered
analogues?°2, and has been applied to 2-methylenenorbornene!®?, tetracyclic adaman-
tane derivatives'®’, and 2-methylenenoradamantane, 672°%, to afford the expected
ketones in 50-60%, yields (Scheme 62). Electrochemical oxidation of the thallium(I) salt
produced at an anode has been attempted in the thallium(ITI) perchlorate oxidation of
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cyclohexene and 3-tert-butylcyclohexene?®%. Unfortunately, however, the product select-
ivity was lower than in the stoichiometric reaction294-205,

In the tta oxidation of isobutene and cyclohexene, only small amounts of allylic oxidation
products are formed3-165166_[n contrast, the tta oxidation of thujopsene, 46, at higher
temperatures gives an allylic acetate, 48, in a high yield, as shown in Scheme 50. There are
several other examples where allylic oxidation products are mainly formed. Thus, the ttfa
oxidation of cyclooctene in dichloromethane affords 3-trifluoroacetoxycyclooctene in
75%; yield2°¢. Treatment of steroidal exo- and endo-cyclic olefins such as 3-methyl-2-
cholestene, 682°7, S-cholestene'’®, and 17-methylene-Sa-androstan-3-yl acetate?°® with
tta in acetic acid or methanol results in the formation of a mixture of allylic acetates or
ethers. Similarly, the ttn oxidation of some diterpenes such as ent-16-kaurene, 692°9-219,
ent-15-kaurene?®®, 13f-kaur-16-ene?'?, and labd-8(17)-en-13-0l, 70'', in glyme (1,2-
dimethoxyethane) or methanol affords allylic nitrate esters and/or allylic ethers
(Scheme 63). An allylic thallium(ITI) compound is proposed as the reactive intermediate,
which may give the allylic cation by dethallation or suffer an S,2' reaction!63-208-211
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2. Confjugated and non-conjugated dienes

The reaction of conjugated dienes such as buta-1, 3-diene, isoprene, 2, 3-dimethylbuta-
1,3-diene, 2,5-dimethylbuta-2,4-diene, cyclopenta-1,3-diene, and cyclohexa-1, 3-diene
with tta in acetic acid affords an isomeric mixture of the corresponding diacetoxyalkenes
(1,2- and 1,4-addition products) in 10-92% yields. The 1,2-addition products are
predominantly formed in all cases examined except with cyclopenta-1,3-diene?!2:2!3,
Similar oxidation occurs with ttfa in dichloromethane, the stereochemistry of the
bis(trifluoroacetoxyalkene) products being cis only2°. Cyclic dienes give nearly equal
amounts of both the ,2- and 1,4-isomers, whereas linear dienes afford only the I,
2-isomer?®®. These reactions are assumed to proceed through the oxythallation and
dethallation steps and the formation of the cis-product has been explained by trans-
oxythallation followed by the S,2 attack of OCOCF, group of another ttfa molecule
(Scheme 64). Under similar conditions c¢is- and frans-but-2-enes are transformed into
meso- and racemic threo-2, 3-bis(trifluoroacetoxy)butanes, respectively, in 20-40%, yield
by cis-addition of two OCOCF , groups. Cholesta-3, 5-diene is oxidized by tta to a mixture
of the corresponding 1,2- and 1,4-diol esters (total yield 55%), where the 1,4-isomers
predominate substantially!”8, The ttn oxidation of 1,3-dienes normally gives a complex
mixture of products (ketones, aldehydes, dimethoxyalkenes, cyclopropanes, etc.) with low
selectivity because of the secondary reactions induced by HNO; formed in situ such as
olefin isomerization and Michael-type addition of methanol®'4. A vinyl group migration
has been shown to occur in some cases via a cyclopropane intermediate?'*. Application of
the oxythallation—halogenodethallation method to conjugated linear dienes results in the
formation of only 1, 2-addition products and in the case of hexa-1, 5-diene and diallyl ether
only one double bond reacts to give the corresponding substituted alkanes, as shown in
Scheme 3580144,

The tta and ttfa oxidation of some non-conjugated 1, 5-dienes (Scheme 65) results in a
novel carbon—carbon bond formation such as a transannular cvclization of cycloocta-
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1,5-diene?!3, a skeletal rearrangement of tricyclodiene, 71, to 72 and 732!%, and olefinic
cyclization of o-nerylphenol (74) and o-geranylphenol?!”. The last reaction is assumed to
be a thallium(I1I}-induced carbon—carbon bond formation as shown in Scheme 65, and
does not proceed via oxythallation. A similar reaction has also been observed in the
treatment of geraniol, 752'® nerol?!?, and citral, 7622°, with thallium(I1I) perchlorate, but
the products are complex mixtures of diastereoisomeric isomers (Scheme 66). Another
example of carbon—carbon bond formation is the ttn-mediated conversion of (— }-elemol
acetate, 77, to a bicyclic compound, cryptomeridol, 78 (Scheme 67)22!-222,

3. a, p-Unsaturated carbonyl compounds and chalcones

The tta oxidation of «, f-unsaturated carbonyl compounds such as acrolein, acrylic
acid. and methyl acrylate is very slow in acetic acid as the solvent and does not afford any
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expected diacetoxylated compounds!”!. On the contrary, a substituted chalcone such as
79 reacts with tta in methanol to give the oxidatively rearranged product 80 in 35% yield
from which 7,4’-dimethoxyisoflavone, 81, can be synthesized (Scheme 68)223:22%4 The
method has been applied to the synthesis of other naturally occurring isoflavones such as
milldurone and lettadurone?24. A tracer ('*C) experiment on the oxidation of 4-methoxy
[a-'*C]chalcone revealed that the reaction involves a 1, 2-aryl migration, in contrast to the
1,2-aroyl migration, which has previously been observed in the BF ;-catalysed rearrange-
ment of chalcone epoxides (Scheme 68)223-223,

In contrast to the tta oxidation, which is slow and leads to low yields of products, the ttn
oxidation of chalcones is very rapid, giving high yields of oxidation products, and in some
cases constitutes a simple and convenient procedure for the preparation of benzils. Thus,
treatment of chalcones with 1 equiv. of ttn in acidic methanol resulted in the formation of
the rearranged acetal 92726227 but when 3 equiv. of ttn were used in aqueous acidic glyme
both symmetrical and unsymmetrical benzils were obtained directly by means of a discrete
series of three independent oxidations involving the intermediacy of deoxybenzoins, 83,
and then benzoins, 84 (Scheme 69), provided that no deactivating substituents were
present in the migrating aryl group?2%-228, The oxidation of deoxybenzoins and benzoins
seems to proceed via a thallium(III) enolate instead of an organothallium(III) intermedi-
ate.??® When this ttn oxidation is carried out in tmof with Ar’ groups of greater migratory
aptitude than that of the Ar group, the ester 86 became the main or sole product via
acetalization followed by oxythallation and Ar’ group migration (Scheme 70)227-22%, A
side reaction is the formation of the acetal 82 via the pathway shown in Scheme 69. This
occurs competitively before the ttn induced acetalization of the starting chalcones in tmof.
When the dimethylacetals 85 are used as starting materials, 86 is the sole product. The
effectiveness of tmof as the solvent is also known in the oxidative rearrangement of
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cinnamaldehydes and cinnamic esters, as shown in Scheme 71, the role of tmof being (1) the
initial conversion of carbonyls to acetals or ketals and (2) the lowering of the dielectric
constant of the reaction medium to favour S,2 as opposed to Syl reactions of the
methoxythallated intermediates23°,

The ttn-mediated facile oxidative rearrangement has been applied for the synthesis
of many isoflavones and their derivatives directly or indirectly from 2'-hydroxy- or
2'-acetoxy-chalcones (Scheme 68). Isoflavones prepared in over 50% yield include
(+)-mucronulatol, 872!, (+)-sophorol??!, pentamethoxyisoflavones?*2, violanone??3,
vestitol?*3, classequinone??3, lonchocarpan?*?, jamaicin, 88234, leiocarpin?34, isoflavone
glycoside??s, dalptin, 89%%¢, fujikinin238, glycitein?3®, naphthalene analogues of iso-
flavone 90237, and many other compounds (Scheme 72). In some cases the ttn oxidation of
2"-hydroxychalcones, depending on the substitution pattern, leads to the formation of
coumaranone derivatives 91, which can be converted into aurones 92 by acid treatment
(Scheme 73)2387240_ QOther applications are in the oxidative rearrangement of a-
benzylideneketones?*! and 1, 3-diarylpropane-1, 3-diones?*2.

The reagent ttfa in the presence of BF, causes oxidative dimerization of 4-alkoxy-
cinnamic acids to moderate yields of fused bislactones, e.g. 2,6-diaryl-3,
7-dioxabicyclo[ 3.3.0]octane-4, 8-dione, 93, which undergo acid-catalysed rearrangement to
naturally occurring lignans, 94 (Scheme 74)243:24% although a much lower yield (only 9%)
has been claimed for some of these reactions?*%:2%6. The reaction is more reasonably
explained by the oxythallation mechanism giving an intermediate 95, followed by

0 wmAr

Ar ttfa
__\—COZH CHyCl/ oy ™) H
BF3ERO 4, o

31—-54%
(93)

Ar= 3,4—<M90)2c5H3,2,3,4‘(M80)3C5H2 ,3,4,5—(MBO)3CSH2,
3,4—(0CHz0) CgHa, etc.
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dethallation and intramolecular Michael addition (Scheme 75)2*4, rather than the
originally proposed electron-transfer mechanism involving a radical cation?*3, A similar
reagent system gives the eight-membered ring lactone 96 from the corresponding
. B-unsaturated ester through oxythallation and dethallation followed by intramolecular
nucleophilic attack of the benzene ring (Scheme 76)**”. Such phenyl participation is also
found in the tta oxidation of allyl-m-methoxybenzene which gives a complex mixture of
products in lower yields*2.

4. Cyclopropanes

Various cyclopropanes react with tta in acetic acid to give mainly 1, 3-diacetoxyalkanes
via organothallium(II1T) compounds such as 97, which are formed by 1,2-bond fission,
although such compounds have never been isolated (Scheme 77)%¢8. In the case of

t Ph Ph Ph
Ph — 2 — +
AcOH
AcO TH{OAC), AcO OAc OAc

(97) 92 : B
SCHEME 77
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bicyclo[n.1.0Jalkanes both internal and external bond cleavages occur to give trans-2-
acetoxymethylcycloalkyl acetates and unsaturated mono- and 1, 3-di-acetates, respec-
tively, and the products resulting from internal bond cleavage increase with decreasing
ring size (Scheme 78)24%. A detailed kinetic study of the oxidative cleavage of arylcy-
clopropanes shows that the reaction is overall second order, first order in each reactant,
that electron-releasing groups facilitate the reaction (p = — 4.3, correlation with ¢*) and
that the order of reactivity for cleavage is tta > Hg(OAc), > Pb(OAc),'33-23%, Spiro
compounds such as spiro[4.2]heptane and spiro[ 5.2]octane are oxidized more rapidly
than any bicyclo[n.1.0]alkanes?3!. These cyclopropane cleavage reactions have been
applied to methyl ent-trachyloban-19-0ate?32-2%%  trioxane?®®, and 3,
S-dehydronoriceane, 982%%, although the product selectivity is generally not high in either
case (Scheme 79). A cyclopropene ring is cleaved oxidatively by tta to afford gem-
diacetoxypropene derivatives such as 99 and 100, formal carbene—tta complexes being
proposed as reaction intermediates (Scheme 80)2%¢-2%7. The oxidation of methylenc-
cyclopropane by ttn in methanol is known to afford both products from oxythallation of
the cyclopropane ring and the double bond, the former being predominant
{Scheme 81)2%8, In the cases of methylenecyclobutane and methylenecyclopentanc,

OAc

winQAc
tta
AcOH

(98) 6 29

68°%
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oxythallation occurs only on the double bond, resulting in ring enlargement as described
in Section I11.C.1 (cf. Schemes 55 and 61).

D. Oxidation of Alkynes and Allenes via Oxythallation and Related Reactions

Compared with the oxidation of olefins, examples of thallium(IIT) salt oxidation of
acetylenes and allenes are still very limited. The most interesting and synthetically useful
reactions are the selective oxidation of acetylenes to carboxylic acids, acyloins, benzils, and
arylacetic acids with ttn?5%:25°. The nature of the products depends greatly on the
solvent employed and the structure of the acetylene used. Typical examples are shown in
Scheme 82. All reactions are explained via oxythallation, although the intermediate
organothallium(Il)compounds have never been isolated in these cases (Scheme 83).
Kinetic studies on the oxidation of phenylacetylene with thallium(I1I) oxide in aqueous
HCIO,, in comparison with that of styrene, revealed that the decomposition of the
intermediate oxythallation adducts of the acetylene is very slow compared with that of the
adduct from the olefin; the relative rates (k;/k,) of adduct formation (k;) and its
decomposition (k,) for styrene and phenylacetylene are 28 and 8200, respectively.26!
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The reagent tta works as a catalyst for the conversion of some terminal acetylenes to
carbonyl compounds in acetic acid?¢2. The reaction seems to proceed through acetoxy-
thallation and, in fact, the separately prepared oxythallation adducts 31 afford the
corresponding methyl ketones by heating in acetic acid'33-!84, Protonodethallation of 31
gives tta and vinyl acetate derivatives, 101, the latter of which are easily converted into
methyl ketones in the presence of a catalytic amount of tta. A proposed catalytic cycle is
shown in Scheme 84. A similar catalytic reaction is observed on addition of aromatic
amines to phenylacetylene to give Schiff bases, 102253264 or enamines, 103254, depending
on the starting amines, the yield varying from 6 to 45mol per mol of tta used.
Aminothallation of the acetylene followed by protonodethallation of the resultant
vinylthallium(III) compounds is proposed for this catalytic reaction (Scheme 85). When
this reaction system was applied to olefins, vic-diaminoalkanes were produced in high

X di Ph
PRC=CH + @NHR + tfo —SOXIE >c=CHTl(0Ac)z
RN

X=H,4—~Me,2—Me,2-Me0,4—Cl

R=H,Me,Et X
AcOH AcOH
R=H
R=H
Ph\ tta tta
C=CHp Ph(|:|Me
/
RN N
X X
(103) (lo2)
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yields via aminothallation of olefins?¢*. The reaction is stoichiometric with respect to tta,
in contrast to the above enamine or Schiff base formation (Scheme 86).

The tta oxidation of substituted vinylallenes in acetic acid affords cyclopentenone
derivatives in 25-68% yield via an organothallium(IIl) intermediate, as shown in
Scheme 87266, The reaction also proceeds by use of mercury(Il) acetate to afford the same
products in slightly better yields (50-809%,)266:267,

IV. OXIDATION OF KETONES VIA OXYTHALLATION OF THEIR ENOLS AND
RELATED REACTIONS

It is known that the reaction of acetophenone with thallium(IIl) isobutyrate gives
C¢H;COCH[THOCOPr),], as a stable solid*°. The treatment of various methyl ketones
with tta in methanol affords mono-a-thallation products 104 and 105 (observed by 'H
n.m.r. spectroscopy), which decompose to the corresponding a-acetoxylated ketones
(Scheme 88)2¢%. Analogous thallation products have also been observed in the reaction of
acetone and ethyl methyl ketone with thallium(III) isobutyrate268. Similarly, treatment of
various aliphatic and aromatic ketones with tta in acetic acid results in a-acetoxylation
and a, a-diacetoxylation, probably via enolization followed by oxythallation and acetoxy-
dethallation2%®. Kinetic studies of the thallium(III) perchlorate oxidation showed that the
reaction is zero order in thallium(III) concentration, first order in ketone, and acid-
dependent, indicating that the enolization step is rate-determining?’®. Separately, the
product in this reaction was shown to be ring-contracted cyclopentanecarboxylic acid?”",
Closer investigation of the reaction revealed that the nature of the product formed was
dependent on the temperature and work-up procedure, the ttn oxidation followed by
treatment with aqueous NaHCO, being a good method for the synthesis of several
adipoins (Scheme 89).
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Treatment of acetophenones with ttn in acidic methanol resulted in smooth oxidative
rearrangement to give methyl arylacetates in moderate to excellent yields. Acid-catalysed
enolization of the ketone, oxythallation of the C—C double bond thus formed, and
oxidative rearrangement by 1,2-aryl migration with simultaneous reduction of
thallium(I11) to thallium(l) are proposed for the reaction scheme (Scheme 90)273-27%,
a-Methoxylation occurs competitively as a side reaction in the oxidation of alkyl aryl
ketones, but the rearrangement becomes the sole reaction when tmofis used as the solvent
(Scheme 91)23°, The oxidation in tmof proceeds via the methy! enol ether of the starting
ketone?”%. Detailed investigations of the reaction mechanism for this oxidative rearrange-
ment clarified that in the absence of additives an organothallium(III) intermediate,
probably C,H,COCH,TI(NO,),, persists and the key to an efficient rearrangement is the
ready conversion of this compound into its acetal?’®, This oxidation can be applied to a
convenient synthesis of a-arylsuccinic acids (70-80%, yield) from f-aroylpropionic acid?”".
Ttn adsorbed on K-10 acidic montmorillonite clay is a remarkably effective reagent for
these oxidative rearrangement of alkyl aryl ketones and olefins, and the superiority of
ttn/K-10 over the usual ttn/MeOH system is found in the rapid, highly selective, high yield
and r.t. oxidation with the former reagent?’%. Non-polar solvents such as n-heptane,

Ar
H* t )
ArCOCHy o———= ArC=CHz v 'O:{/H+ HO—(‘:—CHz—Gli———’ ArCH,CO;Me
e
(|)H OMe 35—91%

X
Ar= @ (X=H, p—Br, p—F, p—Me, p—OH, p—OMe etc), |- and 2-naphthyl

SCHEME 90



5. Preparation and use of organothallium(IIT) compounds 525

ttn

v

PhCH2COzMe + PhCOCH,OMa

MeOH/H*
94°/B 6°/°
PhCOMe
\ ttn
» PhCH(OMe)COzMe
MeOH/tmof
70%
ttn
> P + PhCOCH(OMe)M
MBOH/H+ hCH(Me)C()zMe nC (0 e)Me
45% 32%
PhCOEt
\ ttn
—» Ph
MeOHR /tmof CH(Me)COzMe
100%
SCHEME 91

dichloromethane, carbon tetrachloride, toluene, and dioxane are generally used in this
case. The ttn oxidation of enolizable ketones in non-nucleophilic solvents such as
acetonitrile and diethyl carbonate affords high yields of a-nitrato ketones instead of the
rearranged oxidation products obtained in methanol as described above (Scheme 92)279,
The formation of an a-thallated ketone intermediate followed by intramolecular oxygen
attack on the C—T!I bond is proposed for this reaction.

When aromatic ketones bearing a hydroxy or methoxy group in the ortho-position are
oxidized with tta in acetic acid, oxidative cyclization occurs before aryl group rearrange-
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ment to give 3(2H)-benzofuranone derivatives, 106 (Scheme 93)22%:28%_ Acetoxythallation
of the enol followed by intramolecular Sy2 attack of the aromatic OH or OMe group on
the C—T!I bond is a proposed reaction pathway?8°.

The tta oxidation of steroidal ketones gives more complicated product mixtures derived
mainly from an acetoxylation, a dehydrogenation, and a rearrangement of the carbon
skeleton281:282 The ttn-mediated oxidative rearrangement has been applied to kaura-
nones?83-284 and morphinan derivatives?®*. Typical examples are shown in Scheme 94:
2a-carbomethoxy-A-nor-Sa-cholestane. 108, from Sa-cholestan-3-onc, 107281 9
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10-friedo-17-norkaur-5(10)-en-12-one, 110, from 17-nor-13f-kauran-16-one, 109284, and
the acidic morphinan derivative 112 from a ketone, 111283,

Treatment of chroman-4-ones with ttn in acid methanol results in dehydroge-
nation?®¢ or, more generally, the oxidation of flavanones to flavones?®’, whereas a-
methoxylation and/or oxidative rearrangement predominate in tmof (Scheme 95)286.
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Several examples of the oxidation of enamines, imines, and related compounds are
known, although the plausible organothallium(lIl) intermediates have never been
isolated. The morphorin enamine derivatives of ketones :re oxidized with tta to give the
a-acetoxylation compounds in much higher yield than that of the direct oxidation of
ketones?®®, whilst the ttn oxidation of the enamide 1, 3-oxazin-2-one derivative 113 affords
the pharmacologically interesting 1, 3-oxazepin-2-one derivative 114 as a result of ring
enlargement28®, On the other hand, the tta oxidation of methyl a-acylaminocrotonates in
methanol, which bear both enamide and «, §-unsaturated carbonyl! groups, affords ca. 1:1
diasterecisomeric mixtures of vic-dimethoxyalkanes (Scheme 96)2°°. Other types of
enamine oxidation are found in one of the key steps for the preparation of antitumour
alkaloids of the vinblastin group using t1a?®!, and in the formation of oxindole
spirolactones by the ttn oxidation of indole-3-propionic acid and its derivatives
(Scheme 97)292, Tautomeric imines are oxidized by ttn in methanol to give a-methoxy
ketones and a-diketones after hydrolysis, rearrangements to carboxylic acid derivatives
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hardly being found, in contrast to the oxidation of corresponding ketones?®3. The enamine
tautomers, 115, of 5-pyrazolines prepared from fi-keto esters and hydrazine react with ttn
to give alk-2-ynoic acid esters in good to high yields, the intermediacy of vinylic
thallium(I11) compounds being proposed (Scheme 98)294. This conversion represents in a
formal sense the dehydration of f3-keto esters to alk-2-ynoic acid esters. Similar treatment
of a-alkyl-f8-keto esters affords allenic esters in 48—70%, yield24%, and the application of this
reaction to cyclic keto esters results in a formation of the difficult-to-obtain cyclic allenic
esters 116 (Scheme 99)296.

V. MISCELLANEOUS REACTIONS

The oxidation of tricarbonyl(cyclohexa-1, 3-diene)iron complexes with ttfa, ttn, and tta
in alcohols results in the introduction of alkoxy group?®’, and if the complex has a
hydroxy group in a suitable position an intramolecular cyclization occurs to give cyclic
ethers, probably via oxythallation (scheme 100)298-299,

Treatment of isocyanides (RNC) with ttn or tta affords carbamates (RNHCO,R’) in
alcohols?®?-3%! and isocyanates (RNCO) in acetic acid*°' in good to excellent yields,
oxythallation on the a-carbon of isocyanide (x-addition) being proposed.

The thallium(I1I)-catalysed hydrolysis of isopropenyl acetate to acetone is known to
occur via an oxythallation-deoxythallation mechanism, diorganothallium(III) species
acting as a catalyst3°2.

Carbonylation of piperidine occurs in the presence of tta in methanol to give a small
amount of methyl 1-piperidinecarboxylate, 117, under a CO pressure of 80atm3°*,
Methoxycarbonylthallium(I11) diacetate, 118, which may be formed by insertion of CO in
methoxythallium diacetate, is proposed as a reactive intermediate (Scheme 101).

Diethylthallium tert-butoxide reacts with cyclohexene in dichloromethane or chloro-
form to afford dichloronorcarane and diethylthallium chloride3?*. It also reacts with
dihalogenated amide 119 to afford the a-halogeno-f-lactam 120, probably via thermal
decomposition of the intermediate diethylthallium compound 121 (Scheme 102)%°5. In
relation to these reactions, triethylthallium reacts with the dichlorocarbene to produce the
unsggble intermediate Et,TIC(CI),Et, which decomposes to Et,TICl and 1-chloroprop-1-
ene3%8,

Allylation of aromatic compounds occurs by treating allylsilane, allylgermane, or
allylstannane with aromatic hydrocarbons in the presence of ttfa in dichloromethane
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(Scheme 103)397:398 The reaction is assumed to proceed via allylthallium(I11) compounds
or allylcationic species, umpolung of the reactivity of these allylmetal compounds as allyl
cation equivalents being established. The same reaction also proceeds by using
ArT(OCOCEF,), instead of an inorganic thallium(I1T)salt, and the actual transmetallation
reagent for allylmetal compounds in this reaction has been found to be ttfa formed in situ
by disproportionation of the arylthallium(IT1) compound?®®®, Reactions of allylsilanes or
allylstannanes with thallium(III) salts in nitriles as the solvents afford the corresponding
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N-allylamides via a similar reaction pathway to that above (Scheme 104), the order of
effectiveness of thallium(ITI) salt being ttfa > ttn > tta®!'®.

For the structural determination of organothallium(IIT} compounds, 'H and '*C n.m.r.
spectra are most useful. Since the pioneering work of Maher and Evans on 'H n.m.r.

spectra®!!7¥'% many reports have appeared on this subject, some of them being included
in the references in this chapter®#:62:118.120,131.132.133.136.315 Many studies on '*C n.m.r.
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spectra have also been published!26:129-130.3167324 1y j5 worth consulting a recent report

on

a systematic study of '3C and 'H coupling constants (J1,_¢ and Jq,_ ) and chemical

shifts in mono- and di-organothallium(IIl) compounds and the references cited in that
report?23,

W
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. INTRODUCTION

The basic aim of this chapter is to describe routes to, and the useful synthetic behaviour of,
functionalized organosilanes, with constant emphasis on the organic moiety. In other
words, silicon will be considered as a ‘ferryman’, mediating the transformation of one
organic molecule into another, normally by temporarily replacing a hydrogen atom in the
substrate or reagent. A consequence of this formal treatment is that only reactions of
demonstrated or high potential utility will be discussed. Molecules of more theoretical

interest',

such as silaethenes, silanones, silylenes, and silenes, are outside its scope.

Additionally, although some introductory material is provided in each subject area, the
emphasis is on reactions reported in the last 4 years. Fleming's Tilden Lecture?, two
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monographs®%, several general reviews®, and annual surveys® of the silicon—carbon
bond have all appeared in this period, and it is to these sources that the reader is directed
for coverage of earlier work.

More details” on the FMO treatment of the stereochemistry of nucleophilic displace-
ment at silicon have been published, as has a multi-author book® which contains, inter alia,
a good chapter on n.m.r. studies of organosilicon compounds. Polarization transfer n.m.r.
spectroscopy using the INEPT and DEPT techniques has been applied? to 2?Si: such
sophisticated methods are required since 2%Si is distinctly more difficult to observe than
3C in n.m.r., in spite of its greater relative abundance. Ager’s review'® of silicon-
containing carbonyl equivalents covers vinylsilanes, «, f-epoxysilanes, a-silyl sulphides
and selenides, and provides an excellent overview of acylsilanes (a-ketosilanes). Reactions
of vinyl-, allyl-, ethynyl- and propargyl-silanes have been reviewed''. A computer-assisted
mechanistic evaluation'? of organosilicon chemistry may be considered as an indication of
the attainment of the pinnacle of respectability.

Il. PHYSICAL PROPERTIES OF ORGANOSILICON COMPOUNDS

Silicon’s utility in organic synthesis can be ascribed to three main factors: its relative bond
strengths with other elements, its relative electronegativity, and the possible involvement
of its valence p- and empty d-orbitals.

A. Bond Dissociation Energles and Bond Lengths

A selection of bond dissociation energies'? and bond lengths is given in Table 1. From
even these limited thermochemical data, it can be seen that, relative to carbon, silicon
makes strong bonds to oxygen, fluorine, and chlorine.

B. Relative Electronegativity
Relative electronegativity can be established on several scales. Regardless of the scale

used (Table 2), silicon always appears markedly more electropositive than carbon,

TABLE 1. Bond dissociation energies and bond lengths

Energy Energy
Bond (kJmol™) Length (4) Bond (kImol™") Length (&)
Si—C 318 1.89 c—C 334 1.54
Si—0 531 1.63 cC—0 340 141
Si—Cl a1 2,05 c—cl 335 1.78
Si—F 807 1.60 C—F 452 139

TABLE 2. Relative electronegativities

H C N (6] F
2.8 235 3.1 35 4.0
Si P S Cl

1.64 2.1 2.5 2.8
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resulting in polarization of Si—C bonds and a tendency for nucleophilic attack to occur at
silicon, i.e. Si** —C*~.

C. Cleavage of C—SI| and 0—SI Bonds

The Si—C bond is fairly stable towards homolytic fission, but is readily cleaved by ionic
reagents, either by initial nucleophilic attack at Si or by electrophilic attack at C. Since C—
H bonds break in the same direction, C"H™*, as do C—Si bonds, C~Si™, then a good
indication of the likely behaviour of a C—Si bond can be predicted by consideration of an
analogous C—H bond. Just as Ar—H bonds are cleaved by electrophiles such as Br,, so
are Ar—Si bonds. Similarly, the 1, 2-elimination reactions displayed by H—C—C—X
systems occur even more readily in the fragmentation reactions of §-functionalized silanes.
As a broad generalization, it is usually the case that when a C—H bond can be cleaved by a
particular ionic reagent, then the corresponding C—SiMe, bond will be cleaved even
more readily by the same reagent. (In a competitive situation, a C—Si bond is the more
reactive towards oxygen and halogen nucleophiles/bases, whereas a C—H bond is the
more reactive towards carbon and nitrogen nucleophiles/bases). Similar parallels can also
be drawn for O—H and O—Si bonds, although with the opposite emphasis, i.e., O—H
bonds can be cleaved more readily than O—Si bonds. Indeed, Fleming? has suggested that
Si bonded to C can be considered as 4 ‘super-proton’, whereas when bonded to O it should
be considered as an ‘enfeebled proton’.

Methods of formation of C—Si and O—Si bonds are discussed in the appropriate
sections. Cleavages of C—Si and O—Si bonds, whether to create a new reactive species or
to liberate the protio product, are of fundamental importance. ‘Anhydrous’ tetrabutylam-
monium fluoride has been used to great advantage on numerous occasions, but not
without certain inconsistencies; the vagaries'* associated with its dehydration have been
quantitatively studied. No general route to anhydrous, organic-soluble and highly
silicophilic fluoride ion which generates a reactive species has been revealed as yet. Full
details'® of the use of the complex fluoride (R,N),;S*Me,SiF; to generate ‘naked’
enolate ions from silyl enol ethers have been published, as has its extension'® to silyl ketene

i |

L,Si—0 —» L,5—0 ———+ ROH
—X 0—X Lh= F,R

- (1) RX /CuX

; .
(Pr’ 0),Me SiCH,MgX @0, /F RCHZ0H

(1)
OH

. (1) R'CORZ Ry\/OH

(Pr/0)Me, SiCH,MgX ———— 2

(2) H0,/F~ R
0

43} ij/Cux
SiMe,CH,MgX ———»
</\9/ 2-e (2) F~ OH

(3) (3) H,0,

(2)

SCHEME 1
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PhMe,Si O FMe,Si o] HO (o]
Ph T Ph Ph M Ph EtyN Ph i Ph
SCHEME 2

\C-—C/ — C==C — C—=—_C
(3
X
RA E*
N:\Si—-x _ Nu—Si + E—X
SCHEME 3

acetals. If anhydrous conditions are unnecessary, then an excellent oxidative method of
cleavage can be applied, as can various HF systems'’-'8, The oxidative method'® requires
that the silane carry an electronegative substituent, such as fluoro, alkoxy, or amino.
Either H,0, or m-chloroperbenzoic acid may be used as the oxidant, and the silane is
converted into an alcohol with retention?® of configuration. Fluoride ion is normally an
essential additive in what is probably a fluoride ion-assisted rearrangement?! of a silyl
peroxide, via a hypervalent silicon species (Scheme 1). This methodology can be clearly
seen in the construction of the d'-methanol synthons 122, 223, and 324,

The otherwise possibly inconvenient substituent requirement can be created readily
by protiodesilylation of phenyldimethyisilyl moieties by HF equivalents (Scheme 2).

Such C—Si cleavages must be seen in perspective. Silicon’s bond to carbon, although
certainly polarized, is only weakly so in comparison with those of other organometallic
compounds. In general, organosilicon (i.e. C—Si) compounds can be handled readily,
often without the necessity for inert atmospheres or exclusion of moisture. The C—Si
bond can withstand varied reaction conditions, yet it has a latent lability which can be
revealed at an appropriate moment. Some characteristic reactions are summarized in
Scheme 3. As mentioned earlier, all of these reactions normally occur more readily than do
the corresponding hydrogen (or, in the last case, carbon) analogues.

20h

D. The B-Eftect and a-Anionoids

Two other important properties of organosilicon compounds are that carbonium ions
B and carbanions (or carbanionoids) « to silicon are often favoured by stabilization over
alternatives. The first of these phenomena is known as the fi-effect, and is due to an Si—C
bond being better at stabilizing a neighbouring carbonium ion thana C—C ora C—H
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t
O Si—cC ‘H\ ‘1
‘\\\\CLS—CK ~ . //I’
* O h ¥ Si—c—c*
c—c I

[
!
or C—H - c—c—c* or
(C-pln H—c—c*
SCHEME 4

bond, because of its higher ground state energy and therefore better energy match with the
p-orbital (Scheme 4). For good overlap, the Si—C bond must be able to adopt a co-
parallel alignment with the empty p-orbital. Accordingly, this stabilization?® is most
effective in acyclic, conformationally mobile systems: it can, of course, be overwhelmed in
complex, heteroatom-substituted cases. When operational, it will weaken the C—Si bond,
making the Si atom more susceptible to nucleophilic attack.

The other phenomenon, that of relative stabilization of carbanionoids o to silicon, can
also be explained by a molecular orbital n-overlap representation, by analogy with
sulphur-containing molecules. An important mechanism of stabilization of carbanionoids
or polarized metalloids by adjacent sulphur is polarization of the electron distribution.
dispersing the charge over the whole molecule. Perturbational MO calculations have
indicated that (n.—a*gg) interactions of the carbon lone pair with the antibonding o*
orbital of the adjacent antiperiplanar SR bond can contribute strongly to carbanion
stabilization. The ground-state polarization of the C—Si bond will ensure a relatively high
coefficient on Si in the o* level, further enhancing the stabilizing effect of such an overlap

(4).
m
Ay,
Si———Cmom
D
OC @ pig
4)

One thing that silicon cannot do with any success is form multiple bonds, so that silenes
and silaethenes are rare and normally extremely unstable. In other words, silicon, in its
ground state, greatly prefers to make four single covalent bonds.

lll. REARRANGEMENT REACTIONS

Discussion of rearrangement reactions involving the migration of silyl groups is
limited here to those which have demonstrable or potential synthetic utility. This area has
been the subject of an excellent review?, and only some of the more recent highlights are
discussed in this section.

A. 1,2-Rearrangement Reactions

The best documented example of anionic C— O rearrangements is the well known
Brook rearrangement?®, which occurs with the anions of silyl methanols (Scheme 5).
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:'(lj:'
Rasi—cl——n e— RySi—0—C—R
R R
SCHEME 35
0 OH o0 L
)j\ A Mgbr Bu"Li
R SiMey " R Z ¥ R 7
SiMey SiMe 5
OSiMey
1 R'CH;X  MeySiOi—bLi
™ R
R -
RN
(6)
Bu’Me,Si0 Bu'Li, Bu’Me,Si0: —bLi
—_
h
Ph- N mPe PR X
(3)
SCHEME 6

RN=C=0 + PhBu’SiLi —— RN=C: + PhyBu'SiOLi

|

-+
_ou _0siBu'Phy
RN==C=20 —Q0 & RN=CT_
L
SiBu’Phy '

SCHEME 7

One of the many elegant applications of this rearrangement can be seen in the work of
Kuwajima on the regio- and stereo-specific generation of silyl enol ethers (Scheme 6): full
details?” of this process have been reported. Interestingly, an intermediate (5) analogous to
6 can be generated?® by direct deprotonation of the tert-butyldimethylsilyl enol ether of
phenyl ethyl ketone.

A 1,2-anionic C— O silyl migration has been implicated in a mechanistic investig-
ation?® of the deoxygenation?® of isocyanates to isonitriles (Scheme 7).
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B. 1,3-Rearrangement Reactions

p-Ketosilanes undergo a facile thermal rearrangement to silyl enol ethers
(Section XIIL.A). This does not normally provide an attractive route to such valuable
species, since the required substrates have, until recently, been difficult to obtain. A new
method?®' which employs the more accessible hydroxyalkylvinylsilanes as precursors to
the (intermediate) B-ketosilanes has been described (Scheme 8) (see also Section XII1.A).
However, one of the most useful applications of 1, 3-C — 0 migrations is seen in the sila-
Pummerer rearrangement®? of a-silyl-sulphoxides and -selenides, with phenylthio- or
phenylseleno-methyltrimethylsilane?? acting as a formaldehyde d'-synthon (Scheme 9).
More recent variants include the non-oxidative generation®* of the intermediate
a-silylsulphoxides by [2,3]-sigmatropic rearrangement of allyl sulphenate esters
(Scheme 10).

Two reaction pathways involving 1, 3-migration from sp?-hybridized carbon to
oxygen have been described; one application of this is seen in the protiodesilylation of
suitable vinyl silanes (see Section 1V.B).

On the other hand, several instances of 1,3-O — C silyl rearrangements have been
discovered and these have significant synthetic promise as routes to f-ketosilanes of
various structural types. a-Selenocyclohexanones, when converted into sterically hindered
silyl enol ethers, undergo reductive cleavage of the seleno moiety when treated with lithium
dimethylaminonaphthalenide. The resulting a-lithio silyl enol ethers rearrange®” rapidly
to silyl enolates, and thence to pf-ketosilanes (Scheme 11; ldman = lithium-
dimethylaminonaphthalenide).
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Even more simply, treatment*® of the triisopropylsily! enol ethers of a variety of cyclic
and acyclic ketones with the strong base combination of Bu"Li/KOBu’ leads directly, after
aqueous work-up, to fi-ketosilanes in good yield (Scheme 12). In contrast to the previous
method, this rearrangement seems to proceed by allylic, rather than vinylic, metallation,
since enol ethers lacking an allylic a-proton are unreactive.
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C. 1,4-Rearrangement Reactions

The tris(trimethylisilyl)alcohol 7 rearranges*® to the silyl ether 8 on treatment with NaH
in thf. This rearrangement did not occur in any other solvent tested, suggesting that thf was
acting as a proton source, quenching the strongly basic anion 9 (Scheme 13). A similar
1,4-C — O silyl migration has been implicated*® in a route to substituted cyclobutanols.

Allylsilanes possessing a suitably positioned hydroxy group undergo a base-induced
1,4-C — O silyl migration, thus providing a relatively mild method*' for the generation of
an allyl anion equivalent (Scheme 14). A related 1,4-C — O migration from sp2 carbon has
been observed*2.

Treatment of phenylthiomethyl-substituted silyl ethers such as 10 with lithium di-ter:-
butylbiphenyl*? results in rapid reductive cleavage of the C—S bond, and equally rapid
O — C silyl migration of the resulting non-stabilized carbanion (Scheme 15),
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D. 1,5-Rearrangement Reactions

Once again, the synthetically most relevant examples of this class of rearrangements
involve migration of a silyl group between carbon and oxygen. Bis-tms enol ethers of alkyl
acetoacetates undergo***’ a facile thermal 1,5-O—C rearrangement (Scheme 16),
suggesting necessary care in their use.

IV. VINYLSILANES

A. Preparation

Most routes to vinylsilanes utilize either alkynes, carbonyl compounds, or vinyl halides
as starting materials, as detailed®#-'%-'! elsewhere. Tris(trimethylsilyl)aluminium reacts
with vinyl iodides to produce*® the corresponding vinylsilanes, with retention of
configuration. A general route of increasing application involves metallation/carbo- or
protio-demetallation of alkynes and tms-alkynes. Representative examples*’ %% illus-
trated in Scheme 17 include cases of controlled regiospecificity and of intramolecular
carbodemetallation. The last example®* defines a new route to the allylic alcohol 11 which,
as its halide, undergoes direct nucleophilic substitution, providing an alkylative equivalent
to but-3-en-2-one.

Several other routes®*™*8 to f-tms-allylic alcohols have been revealed, including one**
which involves the lithiation of tert-allylic alcohols (Scheme 18). 2-tms-Allyl alcohol esters
undergo enolate Claisen rearrangement to functionalized vinyl silanes.5°

New routes®' to the tms-enone 12, an improved Michael acceptor, have been described,
as have full details®? of its utility in annelation processes.

SiMe3

(12)

B. Reactions

Vinylsilanes react with a range of electrophiles to give products of substitution. The
regiochemistry of reaction is normally controlled by the f-effect, encouraging carbonium
ion formation at the f-carbon, and hence regiospecific cleavage of the C—Si bond
(Scheme 19). The overall stereochemistry will depend on a number of factors, including the
stereochemistry of addition and subsequent elimination. The few exceptions to this
regiochemical generalization arise when the a-carbon atom carries a substituent which can
well stabilize carbonium ion development, such as oxygen or sulphur. For example, the
vinylsilane 13 reacts with o, f-unsaturated acid chlorides in a Nazarov cyclization®® to
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give cyclopentenones such as 14 (Scheme 20). The isomeric vinylsilane IS, where both
directing effects are in concert, gives the cyclopentenone 16; Diels—Alder cycloaddition
reactions of the sulphone derived from 15 have been revealed®*. An intriguing case®® of
transannular halogenodesilylation has been described (Scheme 21).

Tms groups have been found to play a profound role in the regiochemistry of the ene
reaction®® of certain vinylsilanes. Vinylsilanes undergo oxidative transposition®’ on
exposure to 'O,, as exemplified in Scheme 22.
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1,3-Dipolar cycloaddition reactions of vinylsilanes with nitrile oxides®® and nitro-
nes®® have been described: the adducts of simple vinylsilanes with acetonitrile oxide
undergo’® a stereospecific silatropic cycloreversion, to produce silyl enol cthers
(Scheme 23). In addition to the Nazarov studies just mentioned, several other examples of
the reaction of vinylsilanes with carbon electrophiles have been described. Interesting
intramolecular cases of these include cyclizations involving acetals’?, a simple example’?
of which is shown in Scheme 24, dithioacetals’?, acid chlorides, an elegant example’® of
which is also included in Scheme 24, and iminium ions’5,

Many methods have been recommended for the protiodesilylation of vinylsilanes. For
those without adjacent participating functionality, aqueous HBF in hot CH;CN seems to
be the systemn of choice'®. With vinylsilanes possessing a- or fi-hydroxy groups, 1, 3-or 1,4-
silyl migrations®®*? from C to O can be induced to occur under basic conditions
(Scheme 25); fluoride ion also effects this desilylation’®, possibly by a similar mechanism.



6. Preparation and use of organosilicon compounds 553

ZnBry
SiMey
MeO OMe OMe
Q R
Cl Me SbCly
SiMe,Ph
SCHEME 24
Bu” SiMe, Bu”

10mel-% NaH,
_
OH hmpa 0SiMey
H H

Bu” H

%<OSiM03
H

SCHEME 25

SiRy 0 RLi SiR3"
(2) MgBr,

(3). A0

F™, H0,

OH
R\/k/\
60 % e.e.
SCHEME 26

Interestingly, z-hydroxyvinylsilanes, and here the intermediate a-silyloxyvinyl anions, do
not suffer elimination to allenes.

The possibility of chirality transfer from vinylsilanes bearing a chiral silicon function has
been explored. Only low levels of asymmetric induction’” were observed, implying that
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chirality transfer from silicon to carbon may be inefficient generally in the absence of other
factors. On the other hand, the reaction of silicon-chiral vinylsilanes’® with organometal-
lic reagents and, subsequently, suitable electrophiles proceeds with substantial chiral
induction. Oxidative cleavage, with retention2?, produces chiral alcohols (Scheme 26).
Vinylsilanes in which the silicon atom carries electronegative substituents undergo
similar fluoride-induced oxidative cleavage of the C—Si bond to produce carbonyl
compounds in which the carbonyl carbon was the Si-bearing carbon of the vinylsilane;
variation of the conditions’® allows both selectivity and control of the oxidation level of
the product. Unlike similar methodology proceeding via a, f-epoxysilanes (Section V), this
direct method is equally applicable to acyclic and cyclic vinylsilanes (Scheme 27). In
acyclic cases, the requisite vinylsilanes are readily available by hydrosilylation of alkynes.

V. a, p-EPOXYSILANES

The main synthetic utility of epoxysilanes, obtained by epoxidation of vinylsilanes or from
aldehydes and ketones using reagents 178 and 18%', lies in their ring-opening reactions
when treated with nucleophiles. These reactions are normally stereo- and regio-specific,
resulting in a-opening and producing diastereoisomerically pure fA-hydroxysilanes
(Scheme 28). In acyclic cases, subsequent Peterson elimination affords a variety of
heteroatom-substituted alkenes of controlled geometry, as exemplified by a recent
stereospecific route®? to (Z)- and (E)-enamines. However, the most generally applied
transformation'® of this type produces enols, and thence carbonyl compounds, the
reagents 17 and 18 having acted as nucleophilic acylating agents. This methodology can be
seen in several recent total syntheses, including those of gymnomitrol®? and ginghaosu®*.
The possibility of generating reagents related to 18, but in chiral form, has been explored ®*
without great success.

This regiospecific ring opening by cleavage of the C—O bond proximate to silicon has
been subjected to considerable scrutiny, since the opposite regiospecificity would be
expected if the -effect were playing a dominant role. Hiickel calculations have indicated®’
that the enhanced ground state electrophilicity of the a-carbon may be due to enhanced
antibonding C-O interactions. An extensive study of 1,2-epoxy-1-tms-cyclohexane has
confirmed®® this propensity for ring opening to occur in a trans manner by attack of the
nucleophile at the silicon-substituted carbon atom; similar results®’ have been obtained
with 1,2-epoxy-tms-cyclooctane. In conjunction with the regioselectivity observed in
related reactions of the parent vinylsilane, 1-tms-cyclohexene, it has been proposed that
the major factor determining the regioselectivity in either case is the stability of the
intermediate ‘onium ion, and that assistance by an empty d-orbital on Si to the attacking
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nucleophile will play a role only in those reactions involving less stable three-membered
ring intermediates, such as the protonated epoxide.

However, and whatever the origin of this directing effect, it can be overcome; several
reports®®:89 of regioselective f-opening of a, f-epoxysilanes have appeared (Scheme 29).
2-tms-Furans undergo regiospecific oxidation®® to butenolides (Scheme 30); an inter-
mediate epoxysilane has been implicated.

f'-Hydroxy-a, f-epoxysilanes, on treatment with BF ;-Et,0, undergo sequential rear-
rangement and Peterson olefination to provide «, ff-unsaturated carbonyl compounds; a
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stepwise pathway involving preliminary ring opening is shown (Scheme 31). but a
concerted process may be involved®!.

VI. ALLYLSILANES

A. Preparation

Alkynes of various types have been transformed®2~%4 into functionalized allylsilanes, as
illustrated in Scheme 32. An extensive study of Sy displacement reactions of allyl halides
with silyl anions and their complexes has provided®s the regioselective alternatives shown
in Scheme 33. This scheme also illustrates the application®® of an established route for the
alkylative deoxygenation of allyl alcohols.

Allyl acetates®” and ally! silyl ethers®® can be transformed into allylsilanes with varying
regio- and stereo-selectivity. In particular, the silyl cuprate 19 reacts®® with tertiary allyl
acetates in a stereospecifically anti manner (Scheme 34), providing a convergent synthesis
of stereo-defined allylsilanes. The same cuprate has been employed!®® in a three-step
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transformation of «, f-unsaturated esters in which the silyl group appears at the more
substituted end of the allyl group.

Various [3, 3]-sigmatropic rearrangement routes'®’ to allylsilanes have been reported.
An intriguing process'%2 involving an ene reaction which leads to homoallyl silanes is
exemplified in Scheme 35.

B. Reactions

Allylsilanes, being homologues of vinylsilanes, undergo a similar regio-controlled
electrophilic attack, loss of the silyl group resulting in formation of a product of
substitution with net shift of the double bond (Scheme 36).
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Strong evidence that the cation 20 is indeed an intermediate, stabilized by favourable
overlap of the Si—C bonding orbital with the empty p-orbital of the cation, has been
provided by an investigation'?3 of the silanes 21 and 22; protiodesilylation gave the same
mixture of products, in the same ratios, in each case. Interestingly, the unsymmetrical
allyldisilane 23 undergoes'®* chemospecific electrophilic attack.

Extensive studies'®® of such Sg. reactions of allylsilanes have demonstrated high anti
stereoselectivity with the majority of electrophiles employed (Scheme 37) in cases where
steric effects do not play a dominant role. An investigation'°® of possible chirality transfer
by electrophilic attack on asilicon-chiral allylsilane proved discouraging. However, Chow
and Fleming'®? have demonstrated, in an exemplary synthesis, the full range of stereo-
control available using stereo-defined allylsilanes and related species.

Diuastereoselective additions' 87119 of allylsilanes to chiral aldehydes and a-ketoamides
have been reported; with aldehydes, the best results were obtained using
a-alkoxyaldehydes and SnCl, as a Lewis acid catalyst (Scheme 38).

Certain allylsilanes react with PhSeCl to give products of apparent direct desilylation.
Careful investigation''' showed that the initial product was indeed the expected Sg
internal selenide, but that this rearranged rapidly under the reaction conditions to give the
terminal isomer. Coupled with the observation that the products from similar reactions
with PhSCI were regiostable, this has provided the alternative allyl alcohol transform-
ations shown (Scheme 39).

Several additional applications''27!'® of intramolecular attack, with resulting car-
bocyclization, are illustrated in Scheme 40; for such reactions, both Lewis acids and
fluoride ion seem equally effective, although sometimes with complementary results' ',

CF,CO,H
o=-<_>~0H —22 s 0
N (ref. 118) N

X
onn

R,
. AQBF, "
+ AN SiMe; —— ° »
tref. 119) N%\

SCHEME 41

CO,R

+
N -
c- /Y\S'M°3 /\ﬂ N\
IAY
MeCN
MeO MeO MeO

SCHEME 42



6. Preparation and use of organosilicon compounds 561

Chemoselectivity''” in the palladium-mediated cycloaddition of substituted trimethy-

lenemethanes, generated from substituted allylsilanes, has been investigated.

Iminium ions of various types, including those derived from S-lactams, react' '*'!? with
allylsilanes to give usefully functionalized products (Scheme 41). In showing this reactivity,
allylsilanes once again demonstrate similar reactivity to silyl enol ethers, which, for
example, also react'?° smoothly with f-lactam derived iminium ions (Section X111.B.6).
Additional electrophiles furthering this parallel behaviour include «, f-unsaturated nitro
compounds'?!, simple acetals'22, and the 1, 3-dithienium cation'?23,

Iminium ions also take part in a photochemically induced single electron-transfer
reaction'2* with allylsilanes to produce cyclic amines, providing, in intramolecular cases,
spiro-fused products (Scheme 42).

Oxocarbenium ions and other stabilized carbenium ions efficiently attack allylsilanes.
The anomeric C-allylation of carbohydrates'?® and related species'2¢, and of diaryl
carbinols and ketones'?27, attests to this. Sakurai'2® has reviewed his extensive contri-
butions to allylsilane chemistry and he and coworkers have provided details'2® of further
applications of 2-trimethylsilylmethylbuta-1,3-diene in synthesis, including its reactions
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with electrophiles with Lewis acid activation, and its Diels—Alder cycloaddition reactions,
in which it shows a high degree of para-regioselectivity (Scheme 43).

Allylsilanes can be converted by a variety of methods into trimethylsilylmethylcy-
clobutanones, which in turn undergo controlled fragmentation on exposure to mild acid.
Applications of this methodology can be seen in an elegant synthesis'*® of (+)-
aphidicolin, and in a photochemical method!*! for the allylation of naphthoquinones
(Scheme 44).

Further evidence' *? has been presented for the general y-regioselectivity in the reactions
of simple deprotonated allylsilane anions with electrophiles, vinylsitanes being obtained as
products. However, if the allylsilane anion is first complexed with certain metals, then
a-regioselectivity predominates, and a high degree of diastereoselectivity'3?® can be
obtained with aldehyde substrates. For example, boron, aluminium, and titanium
complexation all induce threo selectivity, whereas use of tin results in an erythro preference
(Scheme 45), providing, inter alia, a stereocontrolled route to terminal dienes.

VIl. ARYLSILANES

The preparation and many of the properties of aryl- and heteroaryl-silanes have been well
reviewed'**'*% and only some recent advances will be discussed here.

A. Preparation

The most frequently employed route to arylsilanes involves quenching of a metallated,
normally lithiated, arene with chlorotrimethylsilane. Site-selective ortho-lithiation can be
achieved using tertiary benzamides'*¢ or 5®-anisole chromium tricarbonyl complexes!3’
(Scheme 46). Metallation of related substrates carrying a trialkylsilyloxy substitu-
ent' %139 induces an O — C migration, often in a preparatively useful manner. In the case
illustrated, cross-over experiments have indicated an intermolecular mechanism.

Tertiary benzamides undergo double'*” ortho-lithiation: in a similar manner, the
thiophene carboxamide'4' 24 undergoes 3, 5-dilithiation (Scheme 47). Phenylethyne'42
can also be doubly metallated.

n®-Indole chromium tricarbonyl complexes undergo regiospecific lithiation at the
2-position or, if blocked, at the 7-position. However, when the N atom is functionaliz-
ed by the bulky Pr',Si group, lithiation and thence silylation occurs regiospecifically 43 at
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the 4-position (Scheme 48). Similar N-protection of pyrrole itself results in electrophilic
attack'#* occurring regiospecifically at the 3-position under conditions of kinetic control.

Bromoarenes bearing a considerable range of additional functionality undergo a nickel-
catalysed exchange reaction*® with (Me,Si);Al The first synthesis of a 1,2, 3-tristri-
methylsilylarene was achieved by Halterman etal.'5; other applications of the
cobalt-mediated co-cyclization route to arylsilanes have been described!#°. Lithiation
of oxazoles gives a mixture of C-2-lithiated products and the open-chain isocyano enolate
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isomers, which can be trapped’®’ by quenching with chlorotrimethylsilane. In the case of
4-methyloxazole, subsequent distillation in the presence of KOH resulted in intra-
molecular insertion of the isonitrile group'*® into the O—Si bond (Scheme 49).

B. Reactions

The advantages gained by replacing an aromatic/heteroaromatic proton with a
trialkylsilyl group are manifold. The silyl group can mask a potentially acidic proton, it
can act as a strong para-director in reactions of n®-arene chromium tricarbonyl complexes,
and it can be readily removed, either by electrophiles or nucleophiles, normally resulting in
products of ipso-desilylation.
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To exemplify each of these in turn, the substituted benzamide 25 undergoes directed
lithiation and subsequent electrophilic attack '#® as shown in Scheme 50. This scheme also
illustrates a case where potentially acidic benzylic protons can similarly be afforded
temporary protection by silylation.

The hydrogen at the 5-position of 1, 3-oxazoles such as 26 is much more acidic than a
2-alkyl substituent; masking by silylation has allowed!*° selective metallation and
functionalization (Scheme 51). The benefit'3! of silyl substitution in the stereospecific
transformation of thiophenes into enynes has been demonstrated.

A variety of nucleophiles add to n® arene chromium tricarbonyl complexes; trimeth-
ylstlyl substituents have been demonstrated'2 to act as strong para-directors in such
reactions (Scheme 52).

All three isomeric aryl acetates 27 undergo clean ipso-desilylation allowing the
preparation®3? of, inter alia, radiohalogen-labelled phenols; the free phenols and methyl
ethers corresponding to 27 proved too reactive, giving mixtures of products of substitution
and desilylation. Similarly, 2-trimethylsilylthiazole (28) reacts regiospecifically!3* at the
2-position with a range of electrophiles.

OAc
No S
SiMes SiMe,
(27) (28)

Aryltrimethylsilanes have been shown'3® to take part in a butoxide-catalysed
condensation with electrophiles (Scheme 53). The order of reactivity correlates well with
the ¢' substituent constants, but not with the expected order of aryl anion stability; this
suggests that the electrophile participates significantly in the rate-limiting step, in contrast

1o normal nucleophilic desilylation®35.
ArSiMe; + E* ——22" | ArE
dmrl or hmpu

SCHEME 53



566 E. W. Colvin

P i .
0 {1) (PhMe,Si)CuLi hMe/Zs'k/ﬁ\ PhMe,Si o
R/\/kRI (19) > R . R] + R R‘
(2) Mal g
(29)
98 2
SCHEME 54
‘-
BugN F/hmpa

Me3Si—SiMe; T———= BusN'[Me;Si—SiMeyF]” T——= BusN*5iMe; + Me,SiF

(30)
[{}] Bu.N’l?/hmpc
MeySi—SiPhy; + RCHO EEEme—— RCHOH
(2) H,0t
SiPhy
. As above
MeaSl—SiMa:5 + ArCHO —» ArCH—CHAr
OH OH
[o] o] o]
As above
Me;Si—SiMey + _
Me3Si SiMey
(31)
’ -
BugN F, Me.Si
i—Si + ]
Me;Si—SiPhy N T 3 I\/\/\ SiPhy
23)
/L )
PhMGZSi—SiMezPh + CFy —_—_ F%/SIM%Ph
F
(32)
R'COR? ,
(MagN)5S* MesSiFp~ catalysis
F F
R! R
R2
OH

SCHEME 55
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Vill. ORGANOSILYL ANIONS/ANIONOIDS

Addition of the silyl cuprate 19 to an acyclic unsaturated system 29 produces a f3-silyl
enolate, which can be alkylated or, in suitable cases, protonated with high diastereoselect-
ivity'37, an effect which seems to be mainly electronic in origin (Scheme 54).

(Me,Si);Al adds regioselectively'*® to enones, low temperatures favouring 1,4-
addition; it has also found use*$®” in routes to vinyl-, allyl-, and aryl-silanes.
Tetrabutylammonium fluoride in hmpa cleaves hexaalkyl-/aryl-disilanes to produce
‘naked’ silyl anions!%* (30); in unsymmetrical cases, production of the electronically more
favoured anions is observed. These anions react with aliphatic aldehydes to give the
expected addition products (Scheme 55). Aromatic aldehydes give dimeric products,
formed either by single electron-transfer processes, or by addition, Brook rearrangement,
and further condensation. Although cyclohexenone gives the dimer 31, conjugate addition
to cyclopentenones'3? proceeds normally, in contrast to the attempted use of other silyl
anion systems. Reaction with butadienes produces the doubly silylated allyl species 23.
Higher silane homologues behave analogously'S®. This same reagent system trans-
forms'6! trifluoromethylallyl species into difluoroallylsilanes (32). These in turn react
regioselectively with carbonyl compounds, the fluoride ion catalyst shown being the most
effective.

IX. B-FUNCTIONAL ORGANOSILANES AND PETERSON OLEFINATION

The general process whereby organosilanes substituted at the ff-position by an electro-
negative group can be induced to undergo !,2-elimination has been subjected to
continuing scrutiny. In those cases where the electronegative group is hydroxy, the
reaction is known as the Peterson reaction, and this has been recently reviewed'®2,
Elimination can be induced by either acid or base, with complementary stereochemical
consequences (Scheme 56).

Ha

+ .
H SiMey

SCHEME 56
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OH
RCHO + Me,SiCH,MgCI —— R/k/SiMe'-*
(33)
(1) CrOy
(2)/\M°Br
R
SCHEME §7

In base-induced rearrangements where X is an anion-stabilizing group, such as
carbonyl, facile 1, 3-C — O migration of the silyl group is very likely to take part in the
elimination pathway'¢3. Although this pathway does not necessarily preclude a direct syn-
elimination, stereoselective alkene formation can equally well be accounted for by anti-
elimination of a tmso group. Hudrlik etal.!®® reported that simple unactivated
B-hydroxysilanes can undergo protiodesilylation when treated with strong base in dmso;
this homo-Brook rearrangement occurs, as expected, with retention of configuration at
carbon.

The main route to fi-hydroxysilanes involves reaction between carbonyl compounds
and a-metallosilanes, normally under kinetic control. The simplest version of this uses the
Grignard reagent 33 to introduce methylene units; a particularly nice example'®S creates
substituted butadienes (Scheme 57).

In more complex cases, the metal of choice is lithium, but this imposes a considerable
limitation in that, until recently, a-lithiosilanes have not been easy to prepare in the
absence of another carbanion-stabilizing substituent. However, reductive lithiation of
phenylthioacetals, using either lithium naphthalenide'®® or, more advantageously,
lithtum dimethylaminonaphthalenide'®’, makes the general process outlined in
Scheme 58 feasible.

In certain cases, simple deprotonation of a functionalized silane can suffice, as illustrated
{Scheme 59) in a route'®® to asparenomycinC. Such examples normally carry a
carbanion-stabilizing substituent, as mentioned earlier, and a selection of these is given in
Table 3.

R><SPh () 1dmon R SiMey \dman R SiMe
—— — »
]! spn (@) Meysicl ] SPh R!

Li
SCHEME 58
Me, Si i t : ¢
3 OSiMe,Bu M 1da 0SiMe,Bu
N 9 g
0" siMe,Bu’ @ Lo sme NsiMe,Bu’

SCHEME 59
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TABLE 3. Some additional examples of the Peterson reaction
R .
o [ — <]
R M
Metallosilane Products Notes® Ref.
R' 1.2 169
H \KCOZMB \Mcozme
u SiMey "
R CO,E CO,Et 3.4.5 170-172
\KSiMath : <
Li
R 6 173
SiMey
Me, Si SiMey
oLi
Ma,s.><spn , : 6 174
SiMe SiMey
ut SMe SMe 7.8 175176
R /.\:)\SiMe, R/W
PhSOzYSH\h; : :5°="" 1.9 177,178
Li
R
PhSO, \}/S.M,’ : :SOzPh — 178
Li
o 10 179
i E NI
KN > e
Li' SiMey R? H
6.11.12. 13 180

Ma,Si/\/\B<ZE /k/\
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TABLE 3. (Contd.)

Metallosilane Products Notes® Ref.
Lit OH 6.12.13 181
MaySi— S siMe, Rl/'\_/\/s”"'“a
;lMu,
H B{Mes), 14,15 182
\K PhCH,CHO
SiMey
Li
Ph 14 183
HYpbpha
SiMe \
Li s PbPhy
Ph s. _Ph ol Fh — 184
S
R!
K’ ‘SiMe, Ph

1, Normally ca. 1:1 E:Z. 2, with (E}-R'CH=CHCHO. 3, Mainly Z. 4, Reagent (R = H) adds 1.4 to cyclopen-
tenones. 5. Reagent (non-metallated) also reacts with Grignard reagents to produce alkenes. 6, With R'CHO.
7. With McCOMe. 8, Simple allylic anion adds both 1,2 and 1,4 to enones, y-regioselectively. 9, Also with R'*CHO.
10, With R'CHO, mainly Z. 11, No base required. 12, Subsequent base or acid treaiment yields (Z)- or (E)-dienes.
13. See also ref. 133. 14, With PhCHO. 15, After oxidative work-up.

An extension of this elimination process can be seen in the use of i-trimethylsilylethanol
and its equivalents as protecting/masking groups for molecules with reactive hydrogen
atoms. The parent alcohol can be obtained in a straightforward manner'8’ from
chloromethyltrimethylsilane (Scheme 60). The protection afforded is related to the
functionality involved and, when desired, liberation is readily achieved using fluoride ion

(1) Mg
MesSiCH,Cl ———— %  MeSiCH,CH,0H
3T (2) (CHaO) 3T e

i Y
x> 5Me T o i 4+ CHy—CH, + MegSiY
SCHEME 60

Bu"Li
:N: :N: ~Li
ko/\/SiMe3 k.oé\/siM%
SCHEME 61
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+ -
NM038r
CsF
) T
'\[j—ei“ (ref. 192) N
+ -
NMe,
( 3)
ref. 19
N SiMe N
I 3 [
R R
OH
)\c/\ i
—_—
R SiMe;  SnCle RN
(ref. 194)
SCHEME 62
NC/\ITI/\SiMea R0 N\ siMe,
R! R!
AgF, Me,SIiOT f or
MeCN Me,SiI/ CsF
. -
SN
h
SCHEME 63

or a Lewis acid. Reactive groups to which such protection has been afforded include
carboxylic!®¢ and phosphorus acids'®?, alcohols'#¥, including sugar hemiacetals'®®, and
amines!%%. Pyrrole can be N-protected in this manner, encouraging a-lithiation and so
providing a synthetic equivalent!®! of 2-lithiopyrrole (Scheme 61).

Vinylogous versions of this elimination have found use in the generation of
o-quinodimethanes'®? and related species'®?, and in the preparation!®* of terminally
substituted butadienes (Scheme 62); other highly reactive species which have been
generated include sulphenes'®®, nitrile oxides!%%, and azomethine ylids'®"'%8
(Scheme 63).

A remarkable rearrangement occurs when the tertiary seleno ether 34 is treated with
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H
OH . oj
Ag .
PhSe><t\/SiMe3 — >+)\/S|Me3 — Tcno
e SiMey
(34) (35)

SCHEME 64

Ag*ions; the product 35 has been rationalized'®? in terms of a 1,2-migration of a
Me,;SiCH, group from a secondary to a tertiary carbon atom (Scheme 64).

Fleming and co-workers have given full details??? of the synthetic equivalence between
f-silyl ketones and enones: the parent ketones arise from conjugate addition of various
silyl cuprate reagents®%-2%! to enones, or from conjugate addition of carbon nucleophiles
to f-silyl enones?°?; demasking is effected by bromination/desilylbromination.

X. ALKYNYL- AND ALLENYL-SILANES

The physical and spectroscopic properties?®? of a wide range of ethyny! silanes have been
tabulated.

Because of the tautomeric relationship between alkynyl- and allenyl-silanes and their
corresponding metalloids, no strict separation of preparation and properties can be made.
To exemplify the facile nature of this tautomerism, the allene 36, on deprotonation with
Bu'Li, has been reported?°* to react with aldehydes with integrity; on treatment with acid,
2-silylfurans2®3 are produced (Scheme 65). On the other hand, deprotonation using lda

=C%
(1) Bu’Li (36) SiMey
(2) RCHO ) Ida
(2) RCHO
OMe OH

T )\ )\
SiMey R Ca
R/k/c e _ome

Hyot KH,
7\ R _ OMe:]
R/<:>\SiMe3 [H>=c c=<H

RC=CCH=CHOMe
SCHEME 65
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Me35i\n/Li M83siYLI RYH R -EE
D

C C + N e X
)k /U\ \R| R‘NH C\SiM33
M
(37) (38)
SCHEME 66
1
() at/Hg R, PH
Me,SiC== CCH_Br —_—
3 2® (2) R'cor?® P c—
(39) -
SiMey

Me,SiC==CCHR

O

(40)
SCHEME 67

has been reported?°® to lead to the propargyl tautomer; the products from aldehydes
undergo a further base-induced Peterson elimination to give enynes2°’, in spite of the
remoteness of the groups being eliminated (see also Scheme 62).

The lithiated tms-allene 37 undergoes silylation with integrity, but reacts propargyli-
cally?®® with carbonyl compounds; the lower homologue (38) reacts similarly with
imines?%®, when it shows high threo diastereoselectivity (Scheme 66). -

Propargyl bromide, as the corresponding aluminium organometallic, reacts with
carbonyl compounds to give propargyl alcohols. However, use of the silyl derivative 39
leads?' to allenyl alcohols (Scheme 67); similar results, especially with aldehydes?'®, have
been obtained with the 9-bbn derivative 40 and with related titanium species?'?,

The ortho-ester 41 functions?!? as a synthetic equivalent of the 3-anion of ethyl
propiolate. The preparation and some reactions of the dithiane derivative 42 have been

described?'4.
Me,SiC==CC(OFEt) m
3 2 s><s
Li C

S

Alkynylsilanes are attacked by electrophiles at the a-position, normally regiospecifically
(Scheme 68), in an extension of the S-effect. Recent examples of electrophiles being used for
such a purpose include acid chlorides?!3, 8, y-unsaturated acid chlorides?'®, thicesters?'’,
and a, f-unsaturated acy! cyanides?!®; the employment of oxocarbenium ions can be seen
in an elegant synthesis?'? of resistomycin.
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RC=CSiMe, + E* — RC=CE
SCHEME 68

Ethynyltrimethylsilane reacts with dichloroketene in apparent contravention of
this generalization (Scheme 69); this has been explained?2? in terms of FMO theory by
invoking a concerted reaction pathway.

Alkynylsilanes have been used as radical traps in routes to pyrrolizidine alkaloids
and to f-agarofuran??? (Scheme 70). The origin of this regiospecific directing effect is
probably steric, since in the former case the corresponding rert-butyl derivative reacted
analogously.

Allenylsilanes undergo a titanium-catalysed cycloaddition reaction??? with electron-
deficient alkenes (Scheme 71); the mechanistic explanation of the example shown is left to
the ingenuity of the reader!

Terminal silylation of diynes permits selective reduction of the internal alkyne. Recent
examples include the use of either activated Zn in EtOH?** or, if there is a proximate

221

(o]
Cl Cl Me; Si
T[:—CI
MezSiIC==CH + \n/ _—

c \0

Il

(0]

SCHEME 69

Me,Si SiMey
SiMey
i g I
C BuySnH o}
—_— +
k/N N K/N
o] o] o]
70% 22°%
BuzSnH
—_—
Meg Si
SCHEME 70

0]
+ =c=< —_—
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hydroxy group, of LiAlH,2?* for reduction, both leading to (E)-enynes. Conjugate
addition reactions of the ethyne anionoid 43 to a, f-unsaturated sulphones?28, and of the
Grignard reagent 44 to enones??’, have been reported, as have several new routes?28 1o
propargylic silanes.

Me,SiC=C"K" Me,SiC=CCH,CH,MgCl
(43) (44)

Kuwajima et al.22% have given full details of the use of fluoride ion to effect desilylation
of alkynysilanes and so afford nucleophilic alkyne anion equivalents for reaction with
carbonyl compounds.

XI. CYCLOPROPYL- AND CYCLOPROPYLCARBINYL-SILANES

These species, represented by 45 and 46, can be obtained by carbene/carbenoid addition to
suitable vinyl-2*® and allyl-silanes?3!, respectively. Cyclopropylsilanes can also be
introduced as intact units using the organolithium reagent 47, generated by transmetall-
ation of the corresponding bromo-232, thio-23°, or seleno-cyclopropane?®3, Alternatively,
more complex silanes?3* can be employed, such as the aldehyde 48.

SiMe3
>—SiMe3
(45) (46)
><SiMe3 l><SiMe3
Li CHO
(a7) (48)

Paquette and co-workers?33 have summarized their extensive contributions in this area,
particularly in the vinylcyclopropane/cyclopentene thermal rearrangement, which here
produces vinylsilanes (Scheme 72). They have also demonstrated?3®-2*7 that cyclopropyl-
silanes bearing anion-delocalizing substituents, such as carbonyl or vinyl, can provide
synthetically useful sources of the corresponding cyclopropyl anions or their equivalents

(Scheme 73).
= D
_—
Ma3Si Me3 Si

SCHEME 72
SiMe R'COR? R\ OH
D>
X F RZ
x

X =@ CN, COoMe, COMe,
CH=CR,

SCHEME 73
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SOCI; Cl F-
dmso
OH
SiMey
Me5Si
(49) (50) (51)
SCHEME 74
RCOCI
_— R
> | AlCly \n/\/\
SiMey 0
0
0
. BFy - 2 AcOH
Me3S|
(52)
SCHEME 75
CO,Me
Me33i—x~<1 ., "ﬁ/\/cozme
H
(63) X =0
(54) X = CH,
SCHEME 76

In an otherwise successful route?*® to dicyclopropylideneethane (51), the

B-hydroxysilane 49 could not be induced to undergo Peterson olefination. The allylic
chloride 50, on the other hund, reacted smoothly (Scheme 74). The influence of bridgehead
silyl substitution in controlling displacement reactions on substituted bicyclo [4.1.0]
heptane systems has been demonstrated?3®.

Cyclopropylcarbinylsilanes behave as *homoallyl' silanes, the outcome of electrophilic
attack?*® being controlled by the f-effect (Scheme 75). This scheme also illustrates a
particularly nice example of such regio-control, in the acid-catalysed fragmentation?*! of
the biscyclopropyl ketone 52.

As mentioned in Section VI.B, the reactions of allylsilanes and silyl enol ethers are
comparable. This *homoenol’ ether 53 shows a higher degree of reactivity towards ring
opening?*? using fluoride ion than does the ‘homoallyl’ silane 54 (Scheme 76). High-
temperature fluoride ion-induced desilylation of cyclopropylcarbinylsilanes bearing
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TABLE 4. Preparation of alkyl silyl ethers
ROH — ROSIR?,
{p = primary, s = secondary, t = tertiary alcohol)

571

Reaction Ref.
p.s.t ROSiMe, 244
OWI/N—SiMel,
o]
TfOH cat. o
p.sit OSiMey ROSiMe, 245
PN
p.sit : :om ROSIEt, 246
OSiEly,
T{OH cat.for st o
ps PriSiOTHY, ROSiPri, 247
2,6-lutidine g
p 0SiMe,Bu* ROSiMe,Bu! 248
,TsOH cot.
OMe .
p.s au‘Mezs)io\)cJ)\ ROSiMe,Bu’ 249
TsOMH cot. o
p.sit _DuMesioT, ROSiMe,Bu’ 247
2,6-lutidine
p.s _ DuMese ROSiMe, Bu' 250,251
Pri;NEt or dhu
OH . (0] .
C PrizSi(OTH)2. ( >SiPré 252
2, 6-lulidine o
OH
ButSi(OT);, 2.6_lutidine < O\SiEué 252
or Bui3SiCl. EaN, /
0 253
1-hydroxy benzoiriazole
or Bu®;SiCla, imidazole, dmf 254
255

R,SHOCR*  CRj), CO\

R = Me, Et, Pr! SiRy

o/
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243

2-chloro-2-fluoro substituents has been reported to lead to monofluorinated

butadienes.

XIl. ALKYL SILYL ETHERS

This section deals with the preparation, stability range, and cleavage of alkyl silyl ethers.
The number of instances of the use of silyl ethers in synthesis is vast, and comprehensive
coverage would be impossible; many interesting applications are contained in the
preparative and cleavage references cited here. Additionally, many of the methods cited
are equally applicable to other protic substrates, such as phenols, carboxylic acids,
mercaptans, and amines (Section XV), although the individual stability ranges vary
widely. As with other sections, only recent material is covered.

A. Preparation

A selection of recently reported preparative methods is given in Table 4. Emphasis has
been placed on mild, often uncatalysed, routes of sufficient generality to be applicable to
alcohols of all degrees of substitution, including diols.

B. Stability Range

Table 5 gives the relative rates of cleavage, by acid- or base-catalysed methanolysis, of a
selection of aryl and alkyl silyl ethers. From even these limited data, the effect of
substituent change on silicon is apparent. Additionally, it can be seen that alkyl silyl ethers
are much more labile in acid than in base; the reverse is the case with aryl silyl ethers.

C. Cleavage

Trimethylsilyl ethers are readily and rapidly cleaved under a variety of mild conditions.
The more stable silyl ethers require more vigorous, and sometimes more selective,
conditions. A selection of these are given in Table 6. Aryl and alky! tert-butyldimethylsilyl
ethers can be cleaved?®® individually and selectively (Scheme 77); similar results were
obtained with Bu'Ph,Si ethers but, not surprisingly, no selectivity was observed with
Me,Si ethers. In an elegant synthesis2®® of the endiandric acids, selective cleavage of a
Bu'Me,Si ether in the presence of a trimethylsilylalkyne proved possible (Scheme 78).

TABLE 5. Relative rates of cleavage

Compound Base-induced Acid-induced

ROSiR', — ROH

Mc,Si | 108
E1,Si 10-# 2x10°
Prl,Si 14
PhMc,Si 3 10%

ArOSiR'y; — ArOH
Mc,Si 2 1
E1,Si 0.2 0.02
Bu'Me,Si 1.6 x 107 55x 1073
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TABLE 6. Cleavage of alkyl silyl cthers
ROSiR'; — ROH

Reactant Conditions Ref.
ROSiMe,Bu’ HF, H,0, MeCN 256
KO,, 18-crown-6 257

ROSiBu'Ph, py. HF 258
N KO,. 18-crown-6 57
C ,SiBub HF, H,0, McCN 252
o py. HF 253

Bu’Me,Si0— g @\
0SiMe,Bu’

HF, MeCN, .
Ho0 BugN F ™, thf

Ol sumesso—{ O]
0SiMe,Bu’ OH

SCHEME 77
SPh SPh
L . ,  AcOH,tht . X
Me3SiC == CCH(CH,);0SiMe,Bu T> Me; SiC==CCH (CH, );0H
2
SCHEME 78

XIll. SILYL ENOL ETHERS AND KETENE ACETALS

The preparation and properties of silyl enol ethers and ketene acetals have been
reviewed ' up to 1981, so only some of the more recent advances will be discussed here.

A. Preparation

It is comparatively simple to generate ‘kinetic’ silyl enol ethers in high regiochemical
purity. Corey and Gross?®? have advocated the simultaneous presence of Ida or a more
hindered base and tms chloride at — 78 °C as a further improvement. *Thermodynamic’
enol ethers are more problematic. The use of boron enolates?? or of magnesium amide
bases?%* has been reported to be of value, giving virtually pure regioisomers; variation of
the base in the boron enolate procedure can also yield ‘kinetic’ enolates of similar
regiochemical purity (Scheme 79). A very simple method employing2%® triflic anhydride
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o OSiMe, OSiMey

(1) KN(SiMe,), .
_— > 90%
() E1,B

(3) Me,SiCl

(I KH

e > 90%,
(2) E1,B

(3) Mc,Sicl

(1) Pri;NMgBr
_— 97 : 3
{2) Me,SiCl

Tr,0(Me,Si),0
o 87 : 13

dbu

SCHEME 79

0 0SiMey OSiMes OSiMe,

(1) Fel0)
RN 1 : 92 : 7 95%
{2) Me,SiCLE(;N.

hmpa

{1) Fe{D).MeMgBr
SN 96 : 2 : 2 99%,
(2) Me,SiCLEL,N.

hmpa

SCHEME 80

and hexamethyldisiloxane, to generate tms OTT in sity, also gives a good thermodynamic
bias.

Cyclic enones undergo kinetic deprotonation to give the cross-conjugated enolate
ions2%%, and hence enol ethers. Treatment of such enones with two different modific-
ations2%7 of the Kharasch reagent, Fe(0), gives individual access to the isomeric exo- and
endo-cyclic ‘thermodynamic’ isomers, as illustrated for the case of isophorone
(Scheme 80); the rapid process leading to the endocyclic isomer is very sensitive to the
presence of O,, suggesting a single electron-transfer pathway.

A careful study?5? of stereoselectivity in silyl enol ether generation, employing the
‘internal quench’ method described above, has shown that production of the (E)-enolate is
kinetically favoured; the presence of hmpa allows equilibration to the thermodynamically
more stable (Z)-enolate isomer. Additionally, the more hindered the base, the better was
the kinetic stereoselectivity (Scheme 81), and hence the greater the preponderance of the
(E)-isomer.
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OSiMey OSiMe 4
/\n/\ , /=</ + \=</
o]
LiNR ;,Me,SiCl,
LiNR 2.8 equiv.Me3SiCl,
37 : 63
thf, hmpa
LiNR,.1 Tequiv.Me,SiCl, 46 : 54
thl, hmpa
{1) LiNR,
» 18 : 82
12) Mc,SiCl, thf, hmpa
SCHEME 81

f-Ketosilanes undergo rearrangement to silyl enol ethers. As stated earlier
(Section ITIB), this has rarely been viewed as a viable route to such species, largely owing to
a paucity of general routes to the requisite S-ketosilanes; for example, dithiane-based
routes2¢® have been largely unsuccessful. This situation is now changing: in addition to the
rearrangement routes discussed earlier, esters, especially of hindered acids?¢?, and acid
chlorides??® can both be converted into fi-ketosilanes in good yield (Scheme 82).
Alternatively, a-silylated esters?’* react with excess of Grignard reagent as shown. Simple
B-ketosilanes undergo a tms triflate-catalysed rearrangement?’® of the above type to
furnish ‘kinetic’ silyl enol ethers of methyl ketones.

Interestingly, f-ketosilanes undergo deprotonation?’? at the side remote from the silyl
substituent, a selectivity ascribed to steric hindrance; Lewis acid-catalysed reactions
proceed as expected (Scheme 83). Fluoride ion-induced reactions2’3 of such species with
electrophiles have also been described.

0
2LICH,SiMey /U\/SiMe Me, SiCH,MgC!
RCO,Me ————» R 3 «———— RCOCI
Cul
Me;SiOT
OSiMe5
R
excess R‘MqBr
RCHCO,Et ———————»  RCHCOR'
SiMePhy SiMePh,

SCHEME 82
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HO R
R1 Rz
SiMe5
R g2 + RCHO
O .
LiNPr'y
\ HO R
R' R?
o]
SCHEME 83
OSiMe,8u’ OSiMe,Bu’
2 BULi X
_—
XC R o0 R
OSiMey o
92% | 10%

Bu/COCEt, —% —» Bu/C=CEt, <—— 4—— Bu/CCHE,
Br
SCHEME 84

Trichloromethyl-substituted silyl ethers?”# can be converted into (Z)-haloenol ethers
(Scheme 84). Blocked or highly substituted a-bromoketones give better yields of silyl enol
ethers?’® than does simple deprotonation, lda being used in each case.

B. Reactions

The reactivity of silyl enol ethers and ketene acetals is based largely on their synthetic
equivalence with enols/enolate ions, although recently some effort has been devoted to
revealing a different spectrum of behaviour. Silyl enol ethers are, of course, highly
nucleophilic in comparison with simple alkenes. In situations where such enhanced
nucleophilicity might be disadvantageous, the use of enol carbonates?’® has been
recommended; the nucleophilicity order is silyl enol ether > alkene > enol carbonate, and
enol carbonates can still give rise to site-specific enolates. It would appear that, under
Lewis acid conditions, silyl enol ethers are more nucleophilic2”” than allyl silanes (a
frequently drawn reactivity parallel).

1. Direct reaction with strong electrophiies

A good example of this is reaction with the dithienium cation (Scheme 85); with
dienolates, selective y-attack is normally observed?7®,
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2. Enolate generation using MelLl

A useful example of this reaction allows the regioselective generation®?® of enol triflates

from silyl enol ethers; the former species have been shown to undergo a regiospecific
conversion into the corresponding alkenes (Scheme 86).

3. Formal enolate generation using F~, Increasing the nucieophllicity of the
sllyl enol ether

Mukaiyama?®® has provided an excellent overview of directed aldol reactions, and
Kuwajima et al.28! have given full details of the regiospecific monoalkylation of ketones.
More information has been provided by Noyori et al.?8? on the use of the commercially
available?®? (and expensive!} complex fluoride source 55, which generates ‘naked’ enolate
ions. These have been found to react with high syn-selectivity with aldehydes, regardless of

(Et,N),S*  Me,SiF,~
(55)

the original enolate geometry; an extended acyclic transition state has been proposed.
When applied to silyl ketene acetals, the same fluoride source induces?® 1, 4-addition to
enones; interestingly, the same overall addition can be achieved in the absence of any
catalyst, but only when MeCN or MeNO,?8% is used as a solvent. Similar conjugate
addition of ester enolates to acrylate esters has been explored?®® as a method of group-
transfer polymerization. The reaction is rapid, gives a controllable narrow molecular
weight distribution, and can additionally lead to block copolymers. '



584 E. W. Colvin

0SiMey OSiMe OSiMe; OSiMey
R R R
R > > »
OSiMey 0SiMe,
BuySnF
(CHz)g e, (CHy)g
Ph Ph
(RyP),PdCI, \n/
0SiMe, o]
, (1) LiNPr/,
Pr’CHO, (2) Pr/CHO
TiClg (3) Hyo*
0 HO
(CHy) 0
2’8
Ph )K/(CH )
hd e 2Je
0]
HO o}
SCHEME 87

Tributyltin fluoride has been found?®” to cleave the silyl group from silyl enol ethers
fairly selectively in the presence of a patladium catalyst. The reaction rate is highly
dependent on the degree of steric hindrance around the enol double bond, with the relative
order of cleavage being as shown in Scheme 87. Applications include selective desilylation
in intramolecular cases, and in removal of the less substituted ‘kinetic’ enol ether from a
‘thermodynamically’ enriched mixture.

4. Lewis acid-induced reactions, increasing the electrophilicity of the electrophiie

The Lewis acid most frequently employed in this context is TiCl,, and its broad
applicability in directed aldol reactions using silyl enol ethers has been discussed in
Mukaiyama’s review289. Lewis acid-induced alkylation, using Sy1 electrophiles, has been
further advanced and reviewed by Reetz?®® and Fleming?2. The factors controlling?®® the
introduction of the tert-butyl group have been studied. Lewis acid-induced reactions of
functionalized phenylthio systems such as 562°° and 57%°! have been outlined; the species
56 reacts only with ketone-derived silyl enol ethers, and is y-regioselective in its reactions
with dienolates. An ingenious method for the formal alkylation?®? of esters with alkenes is
illustrated in Scheme 88.

Phs\’/CI PhS\’/CI
COyMe SiMey
(56) (57)

Oxocarbenium ions function efficiently as electrophiles towards silyl enol ethers. This
has been employed to good effect by Kocienski and coworkers in their elegant approaches
to pederin?®® and milbemycin?®4, and can be seen to advantage in a synthesis*®® of
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medium-sized rings (Scheme 89). Here, the formation of an eight-membered ring without
the need for high dilution conditions has been ascribed to a Ti-template effect, with the silyl
enol ether and acetal oxygens both coordinated to the metal catalyst in the transition state.
When such reactions of silyl enol ethers are applied to sugar chemistry, axial, a-attack is
observed to occur at the anomeric centre?°¢,

Miyashita et al.2®” have given full details of the Michael addition of silyl enol ethers and
ketene acetals to conjugated nitroalkenes, when 1,4-diketones and y-keto-esters, respec-
tively, are produced.

5. Acylation

Contrary to general impression, silyl enol ethers do undergo smooth acylation2?® on
reaction with simple acid chlorides in the presence of Lewis acids (Scheme 90). The
application of chlorinated acid chlorides has been extended to ketene acetals, so providing
a rapid route2?® to tetronic acids. Acyl cyanides react°° with ketone-derived silyl enol
ethers to give selectively protected f-diketones: reaction of such cyanides with allylsilanes
similarly gives cyanohydrins of f, y-unsaturated ketones.

6. Reactions with Iminium jons: amido- and amino-methyiation

The simplest version is the equivalent of the Mannich reaction, and can be performed
using the alkoxymethylamine 58 in the catalytic presence of tms iodide or tms triflate as a
substitute®' for Eschenmoser's salt (59). Interestingly, this iminium ion reacts with tert-
butyldimethylsilyl enol ethers to produce amines which retain3°? the silyl enol ether
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moiety (Scheme 91). This has been rationalized by proposing rapid inter- or intra-
molecular deprotonation of the intermediate cation by the basic nitrogen atom; similar
results3®3 have been obtained on bromination in the presence of a base. Both of these
observations highlight the different mechanisms3®* of hydrolysis of the tert-
butyldimethylsilyl enol ethers, where the rate-determining step is protonation of the enol
carbon atom, and their trimethylsilyl analogues, where the corresponding step is
nucleophilic attack at silicon.

More complex examples of Lewis acid-catalysed reactions of alkoxymethyl-*°5 and
silyloxymethyl-amines®®6 with silyl enol ethers and ketene acetals have been described.
One of the major applications of such iminium ion chemistry is seen in the synthesis and
synthetic manipulations of B-lactams. Further studies*®” on the Lewis acid-catalysed

+
ROCH,NR, CHa=NMe,I~
(88) (59)
0SiMe,Bu’ OSiMe,Bu’
+ 59 —_— NMs,
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reaction of imines with ketene acetals have been described. In a significant advance,
N-silylimines have been shown to react with silyl ketene acetals°® in the presence of ZnI,,
or with the related lithium enolates?®, leading to N-unsubstituted f-lactams; the former
method is threo-selective, preferentially producing trans-fused B-lactams, whereas the
latter selectively yields the cis-fused isomers (Scheme 92). An elegant route3'® to the
usefully functionalized azetidinone 60 has been described.

Attrill et al.*'! have given full details of the reaction of azetidinium ions with silyl enol
ethers (Scheme 93). Several extensions***!2 of this sequence have been reported, and
various N-heterocycles®'? have been employed as precursors to iminium ions for similar
trapping. The intermediates involved in the Beckman rearrangement of cyclic oxime
sulphonates can be trapped?'* with silyl enol ethers, producing vinylogous amides
(Scheme 94).
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7. Diastereoselective aldoi reactions

This area of silyl enol ether and ketene acetal chemistry has been discussed in
an excellent review?!®. Silyl enol ethers are not sufficiently nucleophilic to react
spontaneously with aldehydes; they do so, however, under the influence of either Lewis
acids or fluoride ion, as mentioned earlier. The number of definitive studies in this area is
limited, with few clear trends emerging, a situation not helped by certain ambiguities in
diastereoisomeric assignment. The stereochemical outcome naturally depends on a
number of factors, including the involvement of cyclic or extended transition state
geometries, enol or ketene acetal structure and geometry, aldehyde (acetal) structure,
especially if chiral, and kinetic vs. thermodynamic control. Cases involving the interplay of
these factors have been reported®’$, and it is to these primary sources that the reader is
referred for further information.

8. Oxidation and reduction

Larson and Prieto®'” have extended their studies on the hydroboration of cyclic silyl
enol ethers, and Rubottom et al.*'® have published full details on the oxidation of

COLH

Cu(il;il//' [:v/”
OSiMe,Bu’ HOO_ OSiMe,Bu’ 33%

CO,SiMe,Bu’

Hp0p Fe ()
— s .
\

HO,C(CH,),6CO,H
53%
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aldehyde-derived substrates with lead (IV) acetate, when a-acetoxyaldehydes are obtained
as major products. The use of chromyl chloride, CrO,Cl,, has been recommended*'® for
the regioselective production of a-hydroxyketones.

Cyclic silyl enol ethers react with H,0, to produce hydroperoxy hemiacetals2°. These
in turn can be transformed3?!, with ring scission, into w-olefinic acids or dimeric diacids,
generally in good yield; no unsymmetrical cases were described (Scheme 95). Similarly,
cyclic silyl enol ethers undergo regioselective oxidative cleavage®?? on treatment with
Bu'‘OOH and a molybdenum catalyst (Scheme 96); simple double bonds are unaffected.

Silyl enol ethers and ketene acetals react with ally! alcohol carbonates under palladium
catalysis3?® to give products of either allylation or dehydrogenation (Scheme 97),
depending on the particular catalyst used.

9. Cycloaddition

The following reactions are classified either by the outcome of the cycloaddition process
or by the substrate structure. No inference regarding concertedness or non-concertedness
is intended.
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a. [2 + 1]-Cycloaddition.

Cyclopropanone alkyl trimethylsilyl ketals can act as precursors to homoenolate ions,
as exemplified by the isolation and characterization of the titanium32¢ and zinc3?®

OR
(Y + MeySiCl
Tic'/v Ticl, ©
(61)
OSiMey

Na, Me,SiCI

Cl OR ————
W oR
ZnMOR> +  Me,SiC|

2

(62)

homoenolates 61 and 62. The zinc species 62 undergoes a copper(I) catalysed conjugate
addition to unsaturated systems (Scheme 98) under carefully controlled conditions; in

o OSiMe,
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particular, the simultaneous presence of Me,SiCl is mandatory, probably to activate the
unsaturated system.

As shown, the precursor ketals were generated by reductive silylation. An alternative
method2® of wider potential application is cyclopropanation of ketene silyl acetals
(Scheme 99). Using bromoform/Et,Zn, mainly cyclopropropy! esters*?’ were formed,
accompanied by smaller amounts of a, f-unsaturated esters, which in turn are the sole
products?*?® when chlorocarbenes are used. The intermediacy of carbenoids in the
formation of such cyclopropyl esters has been demonstrated by intramolecular trapping.

b. [2 + 2]-Cycloadditions.

In an interesting case of regioselectivity, silyl dienol ethers have been reported®?? to
react with dichloroketene at the remote double bond (Scheme 100). Silyl ketene acetals,
on the other hand, yield acyclic products3%; other ketene acetals react differently. In an
extended version of the de Mayo reaction, certain silyl enol ethers take part in a
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photochemical [2 + 2]-addition®3! with cyclohexenones, providing an efficient route to
fused cyclohexane-1,3-diones (Scheme 101).

¢. [3+ 2]-Cycloaddition.

Whereas nitrones undergo dipolar cycloaddition with dialkyl ketene acetals, with silyl
ketene acetals®*2 acyclic products are formed; a mechanism involving initial O — O silyl
transfer has been proposed (Scheme 102). Silyl nitronates, hetero-analogues of ketene
acetals, add to a range of alkenes???, and have additionally been employed in the trapping
of thioaldehydes*3* (Scheme 103).

d. [4 + 2]-Cycloadditions and silyloxybutadienes.

The most frequently encountered mode of reaction of silyloxybutadienes is Diels—Alder
cycloaddition. Danishefsky3*® has reviewed his pioneering work in utilizing such
reactions in natural product syntheses, and has additionally described preparations of the
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dienes 6333° and 64337. Other new dienes whose preparation and use in this context have
been described include 65°3¥, 66937, 6745449 and 68°*'; a particularly simple preparation
of the crotonate derivative 69 has been reported**2. Diene 70 has been employed in routes
to fomannosin**? and illudol*4, 71 in an alternative route**® to sodium prephenate, and
72 and 73 in anthracycline synthesis>*. Intramolecular reactions of the dienes 74°*7 and
75%*® have been reported, and nickel(0)-catalysed dimerization of the diene 76 leads**®
efficiently to the cyclooctadiene 77; this last process is, of course, a formal [4 + 4]-
cycloaddition.
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The nitro group functions as the stronger director®*° in cycloaddition reactions of cyclic
f-nitroenones; with unsymmetrical dienes this gives the opposite substitution pattern in
the product to that of enones themselves. Danishefsky and coworkers have also
investigated extensively the reactions of oxygenated butadienes with heterodienophiles,
particularly aldehydes. Here, Lewis acid catalysis is required, and substantial asymmetric
induction can be achieved by using either an a-chiral aldehyde®3' or a chiral rare earth
catalyst®32. A typical example of such methodology can be seen in Scheme 104; further
transformation®®? of the major adduct led to syntheses of (+)-fucose and (+)-
daunosamine derivatives.

2,4-Bis(silyloxy)butadienes undergo a [4 + 2] non-concerted cycloaddition333 reaction
with ketenes, ultimately leading to 4-pyrones. Other reactions of bis(silyloxy)butadienes
are discussed in Section XII1.B.11. Cycloaddition reactions of such oxygenated butadienes
with singlet oxygen*3® have been investigated, as have further transformations of the
products.

10. Sigmatropic rearrangements

Ireland’s modification of the Claisen rearrangement of allyl alcohol esters has found
further application, particularly in carbocycle synthesis, as illustrated by the two .
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examples37-3%% in Scheme 105. One of the many advantages of this reaction is the ability

to control product stereochemistry by controlling the enolate/ketene acetal geometry?62.
Ireland and Varney'® combined this with the (resolvable) chiral primary allyl alcohol
equivalent 78 to achieve silyl-assisted asymmetric induction (Scheme 106).

11. Sllyl dienol ethers and bis(silylenol)ethers

Chan and coworkers have provided full details of the preparation of the dienes 79, 80,
and 81 and their use in the synthesis®*® of substituted phenols, and of 82 in the
synthesis*¢® of cyclopropanes and cyclobutanes. The furan analogues 83*¢' and 68 both
react with electrophiles showing the expected high y-regioselectivity. The symmetrical
pyrrole 84 and thiophene 85 analogues have been prepared and their properties
explored*®2.
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XIV. SILYL-BASED REAGENTS

Replacement of the proton of certain inorganic acids by a trialkylsilyl group gives a new
family of reagents which behave as potent electrophiles, particularly when Si—O bond
formation occurs. When the anion of the parent acid is also a good nucleophile, it can
attack the cationic species generated in this manner or differently, resulting in overall
processes such as ether and ester cleavage, addition to aldehydes and ketones, or
replacement of heteroatom functional groups; if not a good nucleophile, then electrophile-
induced rearrangements, etc., can occur. The preparation and properties of several of these
reagents have been the subjects of recent reviews?43,

A. Preparation

Two routes for the in situ preparation of tms triflate, by reaction of triflic acid either with
allyl trimethylsilane3®* or, very conveniently, with tetramethylsilane®®%, have been
described (Scheme 107). Other silyl triflates are discussed in Section XII. Methyltrichl-
orosilane has been suggested as an alternative to tms chloride for the in situ generation of
the corresponding iodide3¢® or cyanide3®”,

B. Reactions

1. C—O Bond cleavage

Care must be exercized in the use of tms iodide for the cleavage of methyl ethers of
polyfunctional substrates; adventitious HI or tms iodide itself can initiate further

TIOH TIOH .
o~ SiMe, ~————  Me,SiOTf 4————  Me,Si

SCHEME 107
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cationic processes*®®. The combination of tms chloride and acetic anhydride has been
recommended?®® for the cleavage of methyl and methylthiomethyl ethers: the correspond-
ing acetates are produced with inversion of configuration. Tms iodide reductively
deoxygenates®”® the dihydroxyacetone side-chain of corticosteroids in a process whose
regioselectivity is solvent dependent (Scheme 108).

A similar critical choice of solvent system is involved in the conversion®”* of a wide
range of alcohols into the corresponding nitriles, using in situ generated tms cyanide; in
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appropriate cases, inversion of stereochemistry is observed. The combination of tms iodide
and hexamethyldisilazane transforms®’? dimethylketals into methyl enol ethers, by
effective elimination of methanol.

Turning to ring-opening reactions of oxiranes, some controversy has arisen>’? over the
regiochemistry of opening of terminal substrates using tms iodide. Both tms azide3’* and
tms thiophenoxide®”® open oxiranes (Scheme 109) under Lewis acid-catalysed or thermal
conditions, respectively. Tms triflate has been reported?’® to initiate a cation-induced
cyclization of humulene 6, 7-oxide.

Interestingly, tms cyanide reacts with cyclic epoxy alcohols under Lewis acid catalysis to
produce isonitriles, in a stereoselective route’’” to cyclohexane-1,2, 3-aminodiols
(Scheme 110).

373

2. Carbonyi addition processes

Full experimental details have been provided for the preparation of cyanohydrin silyl
ethers37® of aryl aldehydes (Scheme 111); with a-substituted ketones as substrates,
KCN/18-crown-6 has been recommended?’® as a superior catalyst to Znl,.

Stabilized anions from aldehyde-derived cyanohydrin ethers undergo electrophilic
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C-amination*®°, with resulting overall oxidative conversion into the corresponding
amides (Scheme 112).

Ketone-derived cyanohydrin ethers react with Grignard reagents to produce
acyloins in good yield; alternative use of alkyllithium reagents*®? leads to 1,2-amino
alcohols (Scheme 113).

Extending the earlier work of Motherwell on the reductive activation of ketones, Corey
and Pyne®®? have described a new method for the reductive cyclisation of w-unsaturated
ketones (Scheme 114); an intermediate silyloxy radical has been implicated.

Tms iodide induces the conjugate addition of furans to enones?®* whose substitution
pattern resists normal acid catalysis (Scheme 115); similar conjugate addition?®* of silyl
enol and dienol ethers has been reported. This reagent has also found use in a route?86 to

381



600 E. W. Colvin

Me,SiCN ,
_— —
cl Ticl, N=C

Me,SiCN,
Rt —> ' [RN:C:] 0O » Rre=N

SnClg cat.

SCHEME 117

quassinoids. In all cases, the active intermediacy of a 3-iodosilyl enol ether (the product of
conjugate addition of the reagent) has been involved.

Full details*®7 of the Lewis acid-catalysed addition of tms cyanide to enones have been
published; depending on the reaction conditions and the substrate structure, 1, 2- or 1,4-
addition can be favoured, as illustrated by the example?8® shown in Scheme 116,

3. Heteroatom exchange

Sn1-reactive halides have been found to give isonitriles*®® as initial products on

treatment with tms cyanide in the presence of Lewis acids; in most cases, these rearrange
spontaneously*®® to the more stable nitriles (Scheme 117). Tms azide reacts with such
substrates to give the corresponding alkyl azides*?'; with aroyl chlorides as substrates,

OH Me,Si00SiMs, ,
VO({acac),cat.

OH

v

(ref. 398)
Me, Si0OBu’,
—_—_———--
OSiM83 VvO(acac); cat.,(MeySi0)yPO
(ref. 399)
0 o}
. o]
Moy Si00SiMe, ,
Me,SiOT1 cot.
{ref. 400)
OH OH
/K o _MssSI00SiMey, *
(CHy )y N\ I (CHp)p” N e
2 (PnyP)4RuCl, cat. 2)7 o
(ref. 401}
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Ph
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aroyl azides*%? are produced. A variety of oxocarbenium ions*®7+3%3 react with TMS
reagents in a similar manner. For example, tms bromide converts anomeric sugar acetates
into the corresponding bromides®* with inversion of configuration, whereas tms cyanide
reacts analogously but with retention®?5. Tms iodide has been reported°% to convert
primary, secondary, and tertiary nitroalkanes into nitriles, oximes, and iodides,
respectively.

4. Oxidizing agents

A short review*®7 of the chemistry of silyl hydroperoxides has been published. Bis(tms)
peroxide continues to find useful applications. With the help of vanadium catalysis, it
mediates*®® the remarkable transformation of primary allylic alcohols into their tertiary
isomers, without any accompanying double bond epoxidation; under similar conditions,
tms tert-butylperoxide?®? epoxidizes allyl and homoallyl alcohol tms ethers, with mainly
syn-stereoselectivity. Smooth Bayer-Villiger oxidation can be achieved*®® with tms
triflate as catalyst, double bonds once again being left intact. Using a ruthenium catalyst,
primary alcohols, especially allylic alcohols, are oxidized selectively*®' in the presence of
secondary alcohols. Examples of these processes are shown in Scheme 118.

Tms triflate also catalyses a reaction between peroxides, including endo-peroxides
and carbonyl compounds, to produce 1, 2, 4-trioxanes (Scheme 119). This heterocyclic ring
system is present in the antimalarial ginghaosu®®. The preparation and oxidizing
properties*®? of the dangerous chlorochromate 86 have been described.

402
)

0
Me;SiOCrCl
f
o]
(86)

5. Miscellaneous

Tms diazomethane has been recommended®°? for the esterification of carboxylic acids
and the O-methylation of phenols. To enhance its advantages further over diazomethane,
an improved method*®? for its preparation has been described (Scheme 120). Cycload-
dition reactions with nitriles*°®, and its involvement in a new route*®” to vinylsilanes, have
also been reported. The preparation*®® and some reactions®*®#!° of tms methyl azide
have been described (Scheme 121).

Me,SiCH,MgCl + (PhO),P(O)N, — Me;SiCHN,

SCHEME 120
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T PhyP
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Me3SiCH,Cl ——#  Me,SiCH Ny

(1) ArMgBr
(2) Hy0

ArNH,
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The combination of tms chloride and AgBF , has been suggested*!! for use in solvolysis
reactions; the active species thought to be involved has been disputed®'2. An improved
method*!? for the synthesis of methyl ketones from carboxylic acids has been described,
using tms chloride to quench any excess of methyllithium prior to work-up. Certain silyl-
based reagents show considerable regioselectivity*'* in the ring-opening reactions of
cyclopropyl ketones and related species. Both tms iodide*'® and tms polyphosphate*!®
have been recommended for use in Beckman rearrangement reactions.

XV. AMINOSILANES AND RELATED COMPOUNDS

The commercially available dichlorodisilane 87 converts primary amines into ‘stabase’
adducts (88) (Scheme 122). Such species are stable*!” to alkyllithiums, lithium dialkyl-
amides, pyridinium dichromate, and, surprisingly, aqueous KF; regeneration is achieved
using aqueous acid or alkali, or pyridinium chlorochromate. Reversing this concept, the
siladiamine 89 has been reported®!® to react with diacid chlorides to give macrocyclic
tetraamides; silicon apparently acts as a template, with high dilution conditions being
unnecessary (Scheme 123).

Si—cl \S'/
i EtyN !
[ + HM,NR  TT———= \NR
Si—cl HyO* or HO™ Si/
7\
(87) (88)
SCHEME 122
T T coci
(CHa ) R /T \ R
NH Me,Si(NEty), N\ \cou o) \N N/ 0
—_— SiMg, ———» \r
/ n=3,5,7
h[JH ']\I (CH,), (CH5),
R R O)\N N/ko
(@9) R/ R

SCHEME 123
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R,NSiMe,Bu’

Ry;NH  +  Bu'Me,SiCl

RNCHO

SCHEME 124

RZCH,N(SiMeg), —— RZCHyNH,

RZMgBr
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(Me3Si),NNa ———  R'OCH,N(SiMes),
(90)
CMe
>.=< , MeySiOT!

0SiMe,

COo,Me

COzMe  MaoH
(Me3Si)2N/>( /" HZN/v(

SCHEME 125
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Secondary amines do not give the expected N-tert-butyldimethylsilyl derivatives under
the conditions normal for such functionalization: instead, N-formamides are produced*!®
in good yield through a dmf-derived Vilsmeier reagent (Scheme 124). The complete
N-formyl unit can be introduced*2° at the 6-position of suitably activated penicillins using
bis(tms)formamide. N-Tms carbodiimides undergo a cycloaddition reaction*?! with
ketenes to give 4-iminoazetidinones.

Protected carbinolamines (90) react with a good range of Grignard reagents and
with ketene silyl acetals*?* in an overall process of electrophilic aminomethylation
(Scheme 125). Improved Peterson-based (Section 1X) methods have been presented3©8-399
for the preparation of silyl imines from non-enolizable aldehydes (Scheme 126); such
imines have found use in the synthesis of N-unsubstituted f-lactams (Section XII1.6) and
in electrophilic aminomethylation®?3,

Corriu and coworkers have given a detailed account®2® of their elegant studies on
(N, N)-bissilylenamines, which can be prepared as shown®2” in Scheme 127 or from

422,423
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N(SiMe, ) N(SiMe )
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70 : 30
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a-aminonitriles*2®. Under fluoride ion catalysis, they react with a variety of electrop-
hiles*2® to produce, inter alia, azadienes by a modification of the Peterson reaction.

Ketone-derived silyl enamines have been reported**° to undergo a Lewis acid-catalysed
aldol condensation (Scheme 128) with a reasonable degree of erythro kinetic
diastereoselectivity.

XVI. SILANES AS REDUCING AGENTS

A. Hydrosilylation

This term applies to the transition metal-catalysed addition of a hydrosilane to a
multiply bonded system (see also Chapter 8). Further studies®?'-**? of the rhodium(I}-
catalysed hydrosilylation of alk-1-enes have been published; variable mixtures of vinyl and
allylsilanes are produced, accompanied by saturated silanes. Selective reduction of
carbonyl compounds with such catalytic systems has proved to be a fruitful area of
investigation. Under suitable conditions*?*?, 4-rert-butylcyclohexanone can be reduced to
the thermodynamically more stable diequatorial epimer with a high degree of selectivity
(Scheme 129).

Fult details have been published*** on the selective 1,2- and 1,4-reduction of a, f-un-
saturated ketones. The observation that dihydridosilanes give predominantly products
of 1,2-addition, whereas 1,4-addition is favoured with bulky monochydridosilanes, has
been rationalized in terms of competitive rates of hydrogen transfer from rhodium to
carbon in the allyl complex 91 and of isomerization of 91 to 92, with the latter process
being accelerated by adverse steric interaction in 91 when bulky silanes are employed
(Scheme 130).
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ﬂ><H OSiR, X
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(91)

The enantioselective reduction of ketones**® and oximes*3% using chiral catalyst
systems has been studied further; use of the chiral silanes 93 derived from (—)-f-pinene
resulted in modest chiral induction and enantioselectivity*®”.

/SiMe,, Hi_,

(93)

B. Fluoride Activation of Hydridosilanes

Under suitable conditions, fluoride ion coordinates with hydridosilanes to give a
pentacoordinate silicon species in which the Si—H bond is weakened; KF, or better, CsF,
are suitable fluoride sources in this context. Corriu and coworkers*25-438 have demon-
strated the remarkable selectivity of this system using alkoxyhydridosilanes, especially for
1,2-reduction of «, f-unsaturated ketones and aldehydes; most other functional groups are
unaffected.

Using silicon-chiral silanes, a modest degree of enantioselectivity has been observ-
ed*3® with prochiral aralkyl ketones. Remarkably, a-chiral ketones can be reduced with
extremely high diastereoselectivity**? using a fluoride-activated system, when a Felkin
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0 OH OH
OCOPh OH OH
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_— 7 . 93
CF, CO,H
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transition-state model seems to be involved; the opposite diastereoselectivity is attained
using trifluoroacetic acid as activator, i.e. ionic hydrogenation conditions, when a proton-
bridged Cram cyclic model explains the observed results (Scheme 131).

C. lonic Hydrogenation

This ability of hydridosilanes to transfer a hydride ion to "onium ion systems has been
used to trap an acyliminium ion intermediate*! in an aza-Cope rearrangement. Anomeric
sugars undergo exclusive axial (a) attack#42 at the intermediate oxonium ion (Scheme 132)

OB 0B
o]
BO EtySiH BO °
BO — BO
80 C=cCrR B8R ELO BO C=CcR
OH
B = PhCH,
SCHEME 132
OH OH
0 EtySiM o}
+ S ———— + 95
BFy-Et,0, —78 °C
Ph Ph
(94) (95)

EtySiH
R
BF,-Et,0, — 78 °C
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on treatment with triethylsilane and boron trifluoride etherate. This reagent combination
has proved to be extremely selective at low temperatures, reductively deoxyge-
nating*#* the unsaturated lactol 94 without affecting the allylic alcohol 95; the same
n-selectivity has been observed*** in intramolecular cases (Scheme 133).

Aryl aldehydes are converted reductively into the corresponding benzylic bromides or
jodides by treatment**> with tms halide, generated in situ, and a hydridosilane, with the
plausible intermediacy of a silylated halohydrin (Scheme 134).

XVIl. ACYLSILANES

The chemistry of acyl silanes has been reviewed'®.

A. Preparation

Reich et al.**® have reviewed their extensive contributions to the preparation of a,
p-unsaturated silanes of diverse types such as 96 and 97. Two routes to saturated and

o]
_ Oy~ SiRy

SiR, Y
R R c
Il
C
l
R

(96) (97)

unsaturated acylsilanes are shown in Scheme 135. The first*” of these involves Brook

rearrangement of an ally! silyl ether anion, followed by catalysed isomerization to a silyl
enol ether and hydrolysis. The second proceeds via hydroboration**® of bis-tms-ethyne,
with the product being transformed further**? into (E)-, f-unsaturated acylsilanes,

! 1 1
R . (1 BUL R , 10% Pd/C R
\/=\/osm , —— SR ———— SiR?%,
R1 (2) Me, SiCl R‘ MeOH or H,0 R'
OSiMes 0
o]
(1) Me,S- BH, SiMe, (1) LiNPr7
Me,SiC=CSiMe, ————> Me3Si/\n/ 3 - SiMe
(2) MeyNO (2) R®% 3
v o) ;.  R% R3
(31 Hy0 (3) LiNPrfy
{(4) R*cHO
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B. Reactions

In testament to the earlier work of Brook, several valuable reactions involving S$i—C
bond cleavage have been reported. Aromatic and, surprisingly, aliphatic acylsilanes can be
converted into the corresponding aldehydes**° by treatment with fluoride ion in the
presence of a proton source, such as H,O (Scheme 136). This transformation seems to
proceed, at least in aromatic cases, via the acyl anion, which can be trapped*3°-4%! by other
electrophiles. The (E)-a, fi-unsaturated acylsilanes shown in Scheme 135 undergo clean
oxidative cleavage to carboxylic acids.

Acylsilanes react, although sluggishly, with organolithium compounds to give
a-silylatkoxides. In suitable cases (Scheme 137), these undergo Brook rearrangement to
give simple alcohols®32 or, as Reich et al. have shown**%, to specific silyl enol ethers (see
also Section II1.A).

XVI. a-SILYL RADICALS

a-Halosilanes undergo smooth reduction on treatment with organotin hydrides, in a
reaction which does not affect Si—X bonds, but does, as expected, result in racemization

' '
OBu CHBr OBu
Me,SiCl Bu,SnH
B _—

HO

oBu’
(1) KF, M0,
(2) NaoOCI
SCHEME 138
Ph
H :/Ph
(1) BuySnH >
o] Br _—
\Si——J (2) KF , H,0, HO OH
—
H
Ph Ph
>_}—Ph '
S Br As obove Y\l +
\g_J HO  OM HO  OH
—~
84 16

SCHEME 139



610 E. W. Colvin

atcarbon if appropriate. The observed rate of enhancement over all-carbon analogues has
been ascribed**? to a kinetic polar effect in the mechanism, and does not reflect per se any
special thermodynamic stability of the intermediate «-silyl radicals.

Stork and Kahn*3* employed such a-silyl radicals to achieve the effective trans-addition
of a functionalized alkane to the double bond of a cyclic alcohol (Scheme 138); critical
steps are stereoselective quenching of the intermediate ring-fusion radical from the less
hindered, x, face, and fluoride-assisted oxidative cleavage of the C—Si bonds
(Section I1.C). Such a protocol can also be seen in a new method**® for the
stereoselective synthesis of 1, 3-diols, exemplified in Scheme 139.

XIX. CONCLUSIONS

This chapter has selectively reviewed some of the recent advances in organosilicon
chemistry. It is hoped that it has demonstrated the wide applicability of such chemistry to
organic transformations, capitalizing on the unique properties of silicon. As a measure of
its respectability in the organic chemist’s armoury, it has recently been subjected to a
computer-assisted mechanistic evaluation!? of its utility!
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I. INTRODUCTION

Iron plays an essential role in life and in modern industry and it also is the commonest and
cheapest metal. However, the molecular chemistry of iron evolved slowly. The first
carbonyl compound, [Fe(CO),], was prepared by Berthelot and Mond' nearly a century
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ago (1891) and the first organoiron complex, [ (butadiene)Fe(CO),] was found much later
(1930) by Reihlen et al.2. On this time scale, the discovery of ferrocene, the first non-
carbonyl organoiron compound, by Keally and Pauson® and by Miller ez al.* appears
relatively recent (1951). However, this latter date marks the beginning of the tremendous
development of organoiron chemistry. This richness arises for two reasons. Firstly, iron
has a strong tendency to form complexes with 18 electrons in the valence shell® and this
rare gas configuration confers high thermodynamic stability. Secondly, in the organoiron
complexes, the metal centre has no oxophilicity (in contrast to early transition metal
complexes), which generally makes these complexes stable to air and water and thus eastly
handled.

The raw materials® for organoiron complexes are FeCl,, ether-soluble FeCl,, the toxic
light yellow liquid [Fe(CO)s], the orange solid [Fe,(CO)g] {available by photolysis of
[Fe(CO)s]}, cheap, commercially available ferrocene, and the more expensive dimer
[(7°-CsHj),Fe,(CO),], often called in short form' Fp,'? still often made in the laboratory
from [Fe(CO),] and dicyclopentadiene, as is the permethyl analogue’}.

The essential strategy in using iron complexes stoichiometrically in organic synthesis®
involves (i) complexation of an organic molecule with one of these raw materials,
(i1) reaction(s) of the iron complex, and (iii) decomplexation (Scheme 1).

However, two or even all three operations are sometimes carried out in a single reaction,
which may be stoichiometric or, exceptionally, catalytic. For instance, many reactions of
unsaturated substrates or of