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Preface 

The origin of this Manual, was a series of three post-graduate workshops which I had 

the privilege to host in the late eighties. These five-day seminars provided ample 

opportunity for the participants to talk to the lecturers, solve exercises and, in 1987 at 

least, to practise their new skills in the laboratory. One common feature became 

apparent in all such interactions between tutors and novices: the psychological and 

practical barrier for newcomers to enter the field of organometallic chemistry is still 

very high 
Therefore, this Manual is meant primarily for those researchers who have not yet 

had a chance to familiarize themselves with the basic concepts and techniques of 

organometallic reactions. It is a nuts-and-bolts text: full of useful hints, rules of thumb 

and, last but not least, carefully selected working procedures. Thus, it summarizes what 

organometallic reagents can do for modern organic synthesis and at the same time 

explains how they are conveniently employed. 
However, as Ludwig Boltzmann recognized, ‘nothing is more practical than a good 

theory’. The message applied to our case is that sound mechanistic insight is required 

if we wish not only to document the course of known reactions but also predict the 

outcome of future experiments. Therefore, despite its down-to-earth approach, this 

Manual puts great emphasis on the presentation of first principles that can provide a 

rational basis for understanding organometallic reactivity, a fascinating and at the 

same time still widely mysterious subject. 
In order not to discourage the reader by too voluminous a book, we had to restrict 

the coverage to a selection of the most popular metals and methods. Hence, many 

important reagents and topics had to be neglected for the moment. They may, however, 

be included in a future, more comprehensive edition. 
It is now my pleasure to express by profound gratitude to my co-authors who, 

notwithstanding their numerous other commitments, have agreed to share their exper¬ 

tise with the reader and thus to contribute to the propagation of organometallics in 

synthesis. I wish also to acknowledge the help of my coworkers who have checked many 

working procedures. Finally, I am indebted to my wife Elsbeth, who has made the 

Chem-Art china ink drawings (contributions Nos 1, 2, 3 and 8) with artistic skill and 

aesthetic taste. 

Lausanne, Spring 1994 Manfred Schlosser 
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1.1 THE ORGANOMETALLIC APPROACH: A LOOK BACK 

The cradle of polar organometallic chemistry stood some 150 years ago in Northern 

Hesse [1]. There, in 1831, Wohler became a teacher at the newly founded Higher 

Industrial School (Hohere Gewerbeschule) in Cassel. Previously, he had held an 

appointment at a similar institution in Berlin, where he had succeeded in the preparation 

of the ‘natural product’ urea from the undisputably inorganic precursors ammonia and 

silver or lead cyanate [2, 3]. Thus, he had defeated the dogma of the indispensable vis 

vitalis and had fired the starting shot for the start of the race towards organic synthesis. 

An outburst of cholera prompted him to leave the Prussian capital and to return to 

the proximity of his native town. Among his numerous noteworthy accomplishments 
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in Cassel was the preparation of diethyltellurium [4] as the first Main Group organo- 

metallic compound. This discovery, however, remained without aftermath. 
In 1836, Wohler occupied the vacant chair of chemistry at the University of 

Gottingen while the young Privatdozent Robert Wilhelm Bunsen became his successor 

in Cassel. Scientifically ambitious, Bunsen decided to tackle one of the greatest 

experimental challenges of his time. He was determined to solve the mysteries of the 

dreadful Cadet’s liquor, an atrociously smelling, poisonous distillate that forms when 

arsenic and potassium acetate are exposed to red heat. At the risk of his health, he 

managed to isolate the main component and to identify its elementary composition as 

C4H 12^^20 [5]. While he initially called the new substance alcarsine oxyde, he soon 

adopted the more revealing name of cacodyl oxyde {KotKd(^ = stinking, dSrj(^ = odor). 

Nowadays, we can unambiguously assign the structure of bis(dimethylarsanyl) oxide 

to this compound. However, in the middle of last century, the notions of chemical 

bonding, valency and connectivity had not yet seen the light of day, although a 

forerunner concept had just emerged. The great Swedish chemist Jons Jacob Berzelius, 

the dominant authority of the time, conceived organic molecules to consist of two 

electrostatically matched subunits, for example an alcohol of an alkyl and a hydroxy 

moiety, exactly as mineral salts are made up from cations and anions. If the organic 

world really were nothing but a reproduction of the inorganic, should one riot be able 

to identify highly reactive molecular fragments in just the same way as metallic sodium 

and elementary chlorine had been obtained from sodium chloride? Indeed, there was 

a general consensus that the isolation of organic radicals in the free state would 

constitute compelling evidence for the correctness of Berzelius’s ‘electrostatic theory,’ 

which postulated a ‘dualistic’ constitution of all matter. Unfortunately, all experiments 

undertaken in this respect so far had failed. 
Bunsen was the man to create a sensation. He treated cacodyl oxide with concentrated 

hydrochloric acid to obtain cacodyl chloride (dimethylarsanyl chloride). This substance 

was painstakingly purified and filled into glass ampoules which contained activated 

zinc sheets and which had beforehand been purged with carbon dioxide before they 

were flame sealed and heated on a water-bath. After 3 h, the vessel was opened, the 

zinc chloride formed extracted and the remaining oil collected. When exposed to air, 

the compound spontaneously ignited. It was, as we know, tetramethyldiarsane. Bunsen, 

however, believed he had isolated the free cacodyl radical, and many of his con¬ 

temporaries shared his conviction. 

H3C CH3 HCl H3C^ Zn /H3C^ \ H3C^ ^CH3 

As-O-As' -► As-Cl -► /s- -► 
H3C' 'CH3 H3C \H3C / H3C CH3 

Otherwise feared as a merciless critic, Berzelius wholeheartedly praised Bunsen. The 

latter moved as an associate (1839) and later full professor (1841) to Marburg before, 

after a short interlude in Breslau, he climbed in 1852 to the then most prestigious 

position in Heidelberg. His rising renown attracted scholars from all over the world. 

One of them, Edward Frankland, hoped to obtain the free ethyl radical by applying 
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his mentor’s method, i.e. reduction with zinc to ethyl iodide. He prepared the first 

organozinc compounds instead [6]. A few years later, John A. Wanklyn, another English 

research fellow in Bunsen’s laboratory, treated dialkylzincs with sodium and produced 

the first, though ill-defined, organosodium species [7]. 

No 

H5C2-I H5C2-Na 

H5C2-I 
Zn 

H5C2-ZnI 

(H5C2)2Zn 
No 

H5C2-Na 

The work of Wanklyn was followed up by Paul Schorigin (from 1906) and Wilhelm 

Schlenk (from 1922). Frankland inspired Sergei Nikolaijevitch Reformatzky (from 

1887), whose a-bromo ester-derived zinc enolates became the first synthetically useful 

organometallic reagents. Philippe Barbier (from 1899) and Victor Grignard (from 1900) 

changed from the organozinc to the organomagnesium series. The latter compounds, 

being universally accessible and at the same time more reactive, soon became favourite 

tools for synthesis. It still needed the ingenuity and perseverance of pioneers such as 

Morris S. Kharasch, Avery A. Morton, Henry Gilman, Georg Wittig and Karl Ziegler, 

who systematically developed, complemented and refined the methods that became the 

foundations of the organometallic approach to synthesis. The seeds planted by such 

outstanding researchers in the 1930s and 1940s began to grow in the years after the 

Second World War. A few decades later, organic synthesis has undergone a complete 

metamorphosis. The genealogy of polar organometallic chemistry is outlined in 

Figure 1.1. 
What is so special and is so novel about the organometallic approach to organic 

synthesis? To gain a perspective, let us first consider the most classical and typical 

organic reaction, the process (route 3.2 in the scheme overleaf): a standard 

nucleophile M—Nu (iodide, cyanide, enolate, etc.) encounters in a bimolecular collision 

a suitable carboelectrophile —C—X from the rear with respect to the nucleofugal 

leaving group X (halide, sulfonate, etc.) and promotes the replacement of the latter 

under Walden inversion of configuration. In general, such a type of nucleophilic sub¬ 

stitution proceeds with great ease if the carboelectrophilic substrate has a methyl or 

primary alkyl group as the organic moiety. With a sec-alkyl carbon as the reaction 

centre, generally only a poor yield is obtained, tert-Alkyl, 1-alkenyl, 1-alkynyl, aryl, 

hetaryl and cyclopropyl halides or sulfonates are completely S^2 inactive. In other 

words, the concerted bimolecular nucleophilic substitution has a fairly narrow scope of 

applicability. 

Organometallic chemistry now offers a way out of this dilemma. Say we wish to 

convert an aryl bromide into the corresponding benzoic acid. It would be more than 

naive to treat it with potassium cyanide in the hope of obtaining in this way the aryl 

nitrile which subsequently could be hydrolysed. However, if it is allowed to react with 

magnesium or lithium (butyllithium may also be used advantageously, as we shall see 



ORGANOALKALI REAGENTS 5 

later), a highly reactive organometallic species is formed (route b), which can be readily 

condensed with cyanogen bromide or cyanogen to give the expected nitrile (route C2). 

Alternatively, the carboxylic acid may be directly obtained by nucleophilic addition of 

the organometallic intermediate to carbon dioxide. 
Switching from a halide to an organometallic compound implies an Umpolung [8]. 

The term was coined by Wittig and later popularized by Seebach. By the reversal of 

the familiar product polarities, the experimentalist is rewarded with a second option, 

he may now select from a fresh set of electrophiles El X his preferred building block, 

the choice again being embarrassingly large. It is like reshuffling a pack of cards and 

starting the game over again. 
The reductive or permutational replacement of halogen by a metal M (route b) can 

hardly fail and subsequent electrophilic replacement of the metal (route C2) rarely causes 

trouble. On the other hand, the selective access to the required starting material (route 

a^) may give us a true headache. In general, neither such a halide nor the corresponding 
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alcohol exists as such in nature. Ultimately, most of them have to be prepared from a 

suitable saturated or unsaturated hydrocarbon. The site-selective introduction of the 

heteroatom is far from being a trivial task. There is a great temptation to try a short-cut 

and to convert the hydrocarbon directly into an organometallic intermediate (route c^). 

Obviously, this is easier said than done. Simple hydrocarbons are only minimally 

acidic and hence extremely reluctant to undergo deprotonation. The second obstacle is 

that several or even many different hydrogen atoms, not just one, are present in ordinary 

substrates (omitting the few high-symmetry structures known, such as benzene, neo- 

H-X’ 

s 

-r 

M-A/iy M-X 

;C-M 

pentane and cyclohexane). We have to learn how to exploit subtle differences in their 

environment in order to discriminate between them chemically. In concrete terms this 

means that we have to conceive metallating reagents that unite two seemingly incompat¬ 

ible reactivity profiles; maximum reactivity and maximum selectivity. A substantial part 

of this contribution will be devoted to this fascinating problem. It will be shown how the 

two antagonistic features can be reconciled and what impressive practical results can 

be achieved in this way. 
In summary, the present contribution assigns a higher priority to the generation of 

organometallic reagents than to their transformation, their reactivity or other properties. 

When we consider the various possibilities that exist for the preparation of key 

organometallic intermediates, emphasis will be put on the most direct method, permuta- 

tional hydrogen-metal exchange. 
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Li 

Na Mg 

K Ca Zn 

Cs Ba 

Figure 1.2. A Periodic Table featuring the major elements used as constituents of 'polar 

organometallic reagents 

The coverage will be restricted to the so-called polar organometallics [9]. This class 

of compounds includes the derivatives of the most common alkali and alkaline earth 

metals and also organozinc compounds, which deserve to be assimilated with their 

organomagnesium analogues (Figure 1.2). Although all of these species are characterized 

by a polar carbon-metal bond, the degree and pattern of polarity vary significantly 

with the element. While nucleophilicity and basicity are the absolutely dominant features 
of organic derivatives of potassium, caesium and barium, the reactions of lithium, 

magnesium and zinc compounds are, in increasing order, triggered by the electrophilicity 

(Lewis acidity) of the metal. As will be stressed over and over again, the individuality 

of the metal involved is the most crucial parameter for orienting and ‘fine-tuning’ 

organometallic reactions. 
This contribution neglects organic derivatives of transition elements, no matter 

whether produced in a stoichiometric reaction or as a transient species in a catalytic 

cycle. Of course, one cannot ignore either the interdependence or the complementarity 

of main group and transition block chemistry in modern organic synthesis. For example, 

organotitanium and organocopper compounds are most conveniently prepared through 

organolithium or organomagnesium reagents. Organocopper and organopalladium 

compounds allow us to escape completely from the 5n2 restrictions even in such cases 

as when, despite Umpolung, no suitable electrophile can be matched with a polar 

organometallic reagent. The area of transition element chemistry (like that of boron, 

aluminium and tin or the technical implications of lithium reagents) will be treated in 

the following chapters by some of the most competent workers in the field. 

1.2 STRUCTURES 

Two decades ago, the term ‘polar organometallics’ [1] was coined as a common 

designation for the organic derivatives of magnesium, zinc, lithium, sodium and 

potassium. While their first appearance was inconspicuous, they have in the meantime 

become key reagents for modern organic synthesis. At first sight they are all endowed 
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with the same high basicity and nucleophilicity. Such behaviour is readily compatible 

with a bond model in which the metal-bearing carbon carries a negative charge and 

the inorganic counterpart is a cation. Therefore, such reactive intermediates have 

frequently been called ‘carbanions’ [2]. This primitive description was very helpful 

indeed when, in the years after the Second World War, Wittig and other pioneers began 

to popularize the rapidly developing branch of organometallic chemistry. Nevertheless, 

the conceptual reduction of organometallic species to carbanions is an oversimplifica¬ 

tion which must lead to misjudgments. In fact, no difference in the reactivity pattern 

of given organometallic reagents can be rationalized unless the metal and its specific 

interactions with the accompanying carbon backbone, the surrounding solvent and the 

substrate of the reaction are explicitly taken into account. 

In other words, in order to understand reactivity we need a detailed knowledge of 

the structures involved. Only if we have a realistic idea about the nature of an 

organometallic bond can we dare to predict what changes it may undergo under the 

influence of a suitable reaction partner until a thermodynamically more stable entity 

will emerge from such a molecular reorganization. For this reason, this section is 

devoted to the unique architecture of polar organometallic compounds. 

Many of us may have heard in high school that metals want to get rid of their valence 

electrons in order to become cations having the same electron shell as noble gases. 

Although common, this belief is entirely wrong, of course. We just have to look up the 

ionization potentials of monoatomic metals in order to convince ourselves of the 

contrary. Stripping off an electron from even the most ‘electropositive’ metals requires 

energies of 124 (lithium), 118 (sodium), 100 (potassium), 98 (rubidium) and 90 (cae¬ 

sium) kcal mol ” ^ (1 kcal = 4.187 kJ) [3]. Why, then, should a metal want to become 

a cation? Actually it does not. As with most other elements also, it merely seeks to 

form a chemical compound. In the case of metals this is, however, not a trivial matter. 

Let us consider a metal atom, say lithium, in the gas phase. When it is allowed to 

combine with another radical, binding energy is gained. If a lithium chloride molecule 

is formed, this amounts to 112 kcal mol“L In order to evaluate its heat of formation 

from the elements, one now has to deduct half of the dissociation energy of elemental 

chlorine (58 kcal moP ^) and, in addition, the heat of fusion, vaporization and atomiza¬ 

tion of bulk lithium (all together some 70 kcal moP^). In other words, the formation 

of lithium chloride from the elements is an endothermic process as long as monomeric 

species are produced in the gas phase. This conclusion holds also for other alkali metal 

halides. They become thermodynamically strongly favoured only in the solid state. What 
structural features make the crystal lattice so advantageous? 

The answer can be found in any textbook of general chemistry. Owing to the dense 

packing of the ball-like ions, each of them is surrounded by several, e.g. six, counter 

ions. In this way, the attraction between oppositely charged particles increases steeply 

while the repulsion of ions having the same sign remains moderate because of the longer 

internuclear distances. The electrostatic model can be used to describe smaller molecular 

packages such as aggregates or clusters. As an extension, solvation may be portrayed 
as a charge-dipole interaction. 
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Although nothing is wrong with these ideas, we wish to adopt a different point of 

view or, perhaps to put it more properly, to use a different vocabulary. We prefer to 

conceive of the sodium chloride crystal being held together by ‘partial bonds’ (electron- 

deficient bonds) rather than ‘ionic bonds’. This approach has the merit of universality; 

it creates a continuum of binding interactions spanning from perfectly covalent to highly 

polar bonds as the extremes. 
The reader may immediately wish to object. How can somebody dare to deny the 

ionic nature of the sodium chloride crystal? Has it not been proved that within the 

radii of 0.95 and 1.81 A around sodium and chloride nuclei precisely 10 and 18 

electrons, respectively, can be found and that, most revealingly, the electron density 

between such spheres drops to zero? [4] Yet, electron population analyses may be 

fallacious [5]. A lithium atom in the gas phase would have to be visualized as an 

‘electride’ if treated in the same way as solid lithium fluoride: at a 0.65 A distance from 

the nucleus the electron density is zero; inside this ‘ion radius’ confinement we find 

just two Is electrons, but outside is the 2s valence electron! [6, 7] 
To feel reassured, the reader should not forget how imperfect any description of the 

physical reality using man-made equations, images and terminology notoriously is; 

hence the liberty, if not necessity, to choose in a given case the model which appears to be 

the most appropriate one. For example, the t (‘banana bond’) and the a—n depiction of 

ethylene are equivalent. Depending on the situation, one or the other representation 

may be more suitable. In the same way, it is a matter of convenience whether to deal 

with metal derivatives in terms of ionic and partial bonds. Since all molecular ensembles 

are tied together by the electrostatic attraction between protons and electrons, ulti¬ 

mately both models must converge and lead to the same conclusions. 
With all these precautions in mind, we shall now attempt to rationalize the most 

characteristic features of metal binding, in particular aggregation and coordination. Our 

selection of examples is focused entirely on carbon—metal compounds, although metal 

amides, metal alkoxides or aroxides and metal halides exhibit the same structural 

peculiarities. 

1.2.1 FIRST-ORDER PRINCIPLES OF METAL COORDINATION 

Subunits can assemble to afford larger chemical entities when the attractive forces 

overcompensate the repulsive forces. In order to minimize repulsion, electrons must be 

able to spread out over a maximum of space. In order to maxim’ze attraction, the 

electrons have to approach the atomic nuclei as closely as possible. These seemingly 

contradictory requirements can best be reconciled if the electrons surround the atomic 

nuclei spherically. Within a diatomic molecule (1) such as lithium chloride, electrons 

will inevitably concentrate between the two poles of attraction, the metal and halogen 

nuclei, and thus create an energetically unfavourable asymmetric charge distribution. 

In a crystal lattice (2), however, each metal atom has four, six or eight heteroatomic 

neighbours with which to share the valence electrons. The phenomenon of solvation 

can be treated in a similar manner. As we have already seen, a naked metal ion (3) is 
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extremely energetic if kept in empty space. It can, however, be efficiently stabilized by 

solvent molecules {Sv, 4) or other ligands which surround it spherically and share their 

non-bonding electrons with the metal. 

The typical coordination number of lithium [8], magnesium [9] and zinc [10] is four 

and of larger cations such as sodium [11] or potassium [12] six. Special effects, in 

particular steric hindrance, may deplete the coordination sphere and reduce it to two 

ligands (e.g. lithium perchlorate dietherate, 5 [13]), bis[tris(trimethylsilyl)methyl]mag¬ 

nesium [9], while with crown ether- or cryptand-like complexands exceptionally high 

coordination numbers of six (lithium tetrafluorborate bis[c/5,c/5'-l,2;3,4;5,6-triepoxy- 

cyclohexane], 6 [14]), magnesium dibromide tetrakis(tetrahydrifuran) dihydrate [15]), 

seven (sodium perchlorate benzo-15-crown-5 [16]), potassium 2-phenylethenolate 

18-crown-6 [17]), eight (diethylmagnesium 18-crown-6 [18], diethylzinc 18-crown-6 

[18], sodium and potassium thiocyanate nonactin [19]), potassium ethyl acetoacetate 

18-crown-6 [20]) and ten (barium bis[l,l,l,5,5,5-hexafluoro-l,3-pentanedione anion] 

18-crown-6, 7 [21]). 

CIO^' 

(6) 

CF3 

(7) (5) 
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1.2.2 AGGREGATION IN THE GAS PHASE, IN THE CRYSTALLINE STATE 
AND IN SOLUTION 

The fascinating structures of organometallic compounds become immediately in¬ 
telligible if we keep in mind that metals in organic as in inorganic derivatives always 
strive for maximum coordination numbers. Partial or electron-deficient bonds are the 
instruments with which this goal is materialized. This trick allows organometallic species 
to cluster into oligomeric or polymeric superstructures. These so-called aggregates exist 
in the vapour phase, in solution as in the solid state. 

1.2.2.1 Gas-Phase Structures 

The prototype of all electron-deficient bonds is the double hydrogen bridge that keeps 
the diborane molecule together. The monomeric borane, being isoelectronic with the 
methyl cation, has only six electrons in the valence sphere. In order to attain tetra- 
coordination, the metalloid atom abandons one ordinary boron-hydrogen bond in 
favour of two electron-deficient bonds, which then allow two BH3 units to be combined. 

Although only a total of four electrons is available to construct the four bridging 
B—H bonds, the resulting dimer (8) is thermodynamically very stable, the aggregation 
enthalpy amounting to 35 kcal mol“^ [22]. Boron-hydrogen, boron-boron and, where 
appropriate, boron-carbon electron-deficient bonds are also at the origin of the stability 
of polyboranes [23], such as pentaborane (9), and carboranes [23], such as the 
1,2-carborane (10); open and filled circles represent BH and CH groups, respectively. 

Unlike dimethylborane (11), trimethylborane is no longer capable of dimeriza¬ 
tion [24]. This is to some extent a consequence of the inferior strength of boron-carbon 
compared with boron-hydrogen electron-deficient bonds. The increased steric hin¬ 
drance is another crueial, even determining, factor. Despite their substantially longer 
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H 

H H 
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H H H 
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metal-carbon bonds, triisopropylaluminium and trineopentylaluminium are also mono¬ 

meric [25]. Unbranched trialkylaluminiums can better accommodate two bridging 

carbon moieties and therefore dimerize. The binding forces being relatively moderate 

(AH° = 20 kcal moP^) [26], monomers and dimers of trimethylaluminium (12) are 

concomitantly observed in the gas phase [27], whereas benzene solutions contain only 

the dimer [27]. An X-ray diffraction crystal analysis [28] shows the electron-deficient 

A1—C bonds to be markedly longer (2.24 A) than the ordinary ones (2.00 A). The 

exocyclic C—A1—C angle is found slightly wider (124°) than in the monomer (120°) 

whereas the endocyclic angle within the bridge approximates tetrahedral geometry 

(110°). The A1—C—A1 angle is compressed to 70°. 

H.C 
H 

.CH- 

H 

\^H 
.C 

H 

Y'' 

Al At 
CH3 

HaC- -H- '■CH3 ^CH3 

H 

(11) (12) 

Dimethylberyllium vapour consists of an equilibrium mixture of monomers, dimers 

(13) and trimers (14) [29]. On slow condensation colourless needles form. The X-ray 

analysis of the latter reveals a polymer (15) having Be—C—Be—C rhombs alternating 

in two perpendicular planes. The bond angles around the metal atoms are close to 

tetrahedral (114°) while the carbon-centred Be—C—Be angles are only 66° wide [30]. 

Obviously, beryllium has to contribute both of its valencies to the construction 

of electron-deficient bonds in order to attain tetracoordination (as in 15). If only one 

classical metal-carbon bond is sacrificed and converted into two half-bonds, the metal 

will be placed in a trigonal environment (as in 13). 
For the monovalent methyllithium it should be particularly difficult, if not impossible, 

to reach tetracoordination. On the other hand, its driving force for oligomer formation 

H3C-Be-CH3 H3C-Be Be-CHj 
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is remarkably high. The lightest alkali metal allows fairly reliable ab initio calculations 

to be performed if large basis sets are used and electron correlation is included. 

Thus, the aggregation enthalpy was evaluated to approximate 20, 25 and 30 kcal moP^ 

per LiCH3 unit in the methyllithium dimer, trimer and tetramer, respectively [31]. 

Actually no monomers, only oligomers, can be observed in the gas phase [32]. The 

monomer can be generated, of course, but it must be trapped in an argon matrix in 

order to be preserved [33]. On the other hand, bis(trimethylsilyl)methyllithium was 

found to be cleanly monomeric in the gas phase, although it is polymeric in the 

crystalline state [34]. 
Unfortunately, gas-phase studies of organometallic species are often hampered by 

practical problems such as insufficient volatility of the sample. Even the most powerful 

techniques for structure elucidation of vapours, infrared spectrometry and electron 

diffraction [35], do not always provide unambiguous and conclusive answers. Therefore, 

the available information is scarce in comparison with crystal and solution data. 

1.2.2.2 X-Ray Crystallography 

The first-single crystal X-ray analysis of a solvent-free organometallic compound was 

that of ethyllithium reported in 1963 and refined two decades later [36]. It revealed 

tetrameric subunits having a core built up from Li4 tetrahedra with four methyl-bearing 

methylene moieties each of which is bridging an Lij face. Thus, every a-carbon atom 

is hexacoordinated and every lithium site has three a-carbon nearest neighbours. In 

addition, however, short Li—H contacts and elongated a-C—H bonds suggest that one 

of the proximal hydrogen atoms acts as a fourth pseudo-ligand of the metal. Since then, 

coordination of C—H or B—H bonds to lithium has frequently been observed (e.g., in 

the polymeric lithium tetramethylborate 16 [37], the monomeric lithium tetrakis(di- 

tcrt-butylmethyleneimidoaluminate 17 [38] and the dimeric lithium boronate- 

N,Al,N',iV'-tetramethylethylenediamine adduct 18 [39]) and the ‘agostic’ C H Li 

interactions have become a popular concept [40]. 
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The trimethylsilylmethyllithium (19) crystal [41] is composed of hexameric units 

exhibiting a chair-like arrangement of the metal atoms. The structure may be visualized 

as a distorted octahedron having two small- and four medium-sized triangular faces 

which are each bridged by a trimethylsilylmethyl group. Thus, every lithium atom is 

tricoordinated. 
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.R 

R = CH2Si(CH3)3 

(19) 

Methylalkali metal compounds, the smallest organometallics, can only be isolated as 

powders. Nevertheless, it was possible to collect accurate and meaningful data by 

submitting the perdeuteriated species to a combination of neutron and synchroton 

radiation diffraction techniques at 1.5 and 290 K (Figures 1.3-1.5). Methyllithium [42] 

was found to contain tetrameric units. A carbon and a smaller lithium tetrahedron 

penetrate each other to form a distorted Li4C4 cube with methyl groups adopting a 

staggered position relative to the adjacent lithium triplet (elementary cell 20). Methyl- 

potassium [43] shows a monotonously repeating orthorhombic unit cell (21) containing 

(20) 

Figure 1.3. Crystal lattice of methyllithium (20) 
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(21) 

Figure 1.4. Crystal lattice of methylpotassium (21) 

four methylpotassium species in a trigonal-prismatic array. The methyl groups have 

alternating orientations, each one facing with their electron pair three potassium atoms 

at a close distance (3.0 A) while turning their hydrogen-covered rear side (^HCH 

105°) to three others at a longer distance (3.3 A). The structures of methylrubidium 

[44] and methylcaesium [44] are similar and again resemble an ion lattice of the NiAs 

type. Methylsodium 22 [45] presents features which are characteristic of the methyllithi- 

um and others which are characteristic of the methylpotassium structure. The space 

group is orthorhombic and contains 16 molecules. Half of them are clustered together 

to give tetramers which are linked by the remaining 8 molecules arranged in Na zig-zag 

chains. 
Solvent- or ligand-free crystals of organometallic compounds are rare. In general, 

they incorporate ether or amine molecules as, for example, monomeric phenylmagnesi- 

um bromide dietherate (23) [46], dimeric ethylmagnesium bromide bis(diisopropylether- 

ate) [47], monomeric bis(pentafluorophenyl)zinc di(tetrahydrofuranate) [48], dimeric 

mesityllithium di(tetrahydrofuranate) (24) [49], dimeric 2,4,6-triisopropylphenyllithium 

etherate [50], tetrameric 3,3-dimethyl-1-butynyllithium tetrahydrofuranate [51] (25) 

and tetradecameric 3,3-dimethyl-1-butynyllithium [51] (26) carrying just four tetra- 

hydrofuran molecules at the cluster periphery or dimeric ethylmagnesium bromide 

trimethylamine [52] and the phenyllithium-TMEDA [53] and the 1-bicyclobu^' 

lithium-TMEDA [54] 1:1 adducts. 
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(22) 

Figure 1.5. Crystal lattice of methylsodium (22) 

1.2.2.3 Composition in Solution 

As Hein and Schramm [55] already recognized in 1930, organolithium compounds tend 

form oligomers. In the meantime, numerous systematic investigations have been 

out, the principal techniques of investigation being cryoscopy, ebullioscopy or 
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vapour pressure measurements and nuclear magnetic resonance spectrometry. A com¬ 

parison of existing data reveals a few clear trends: 

1. The aggregation number may, although need not always, be higher in paraffinic or 

aromatic solvents when compared with ethereal solvents. Ethyllithium [56-58] and 

butyllithium [56-60] are hexameric in hexane, but tetrameric in diethyl ether or 

tetrahydrofuran; dilute solutions of trimethylsilylmethyllithium in hexane are hexa¬ 

meric but only tetrameric in benzene [58, 61]. 
2. Steric bulk hinders aggregation. In contrast to primary alkyllithiums, isopropyl- 

lithium [58] scc-butyllithium [62] and tert-butyllithium [58, 63] are not hexameric, 

but rather tetrameric, in hexane. tcrt-Butyllithium appears to be dimeric in diethyl 

ether and monomeric in tetrahydrofuran, at least at low temperatures [64]. 

3. Hybridization towards increasing s-character disfavours aggregation. Whereas, for 

example, isopropyllithium [58] is always tetrameric in ethers, phenyllithium [65-67] 

and 3,3-dimethyl-1-butynyllithium [63, 68] exist as equilibrium mixtures in which, 

depending on temperature and concentrations, dimers or tetramers dominate. 

4. Charge delocalization also disfavours aggregation. Polyisoprenyllithium is dimeric 

in light petroleum and monomeric in diethyl ether or tetrahydrofuran [69]; allyl-type 

species such as 2-methylallyllithium [70] and 2-methylallylpotassium [71] in tetra¬ 

hydrofuran are apparently monomeric [72]. 
5. Low temperatures cause deaggregation. Below —100 °C in tetrahydrofuran, the 

butyllithium tetramer disintegrates to a large extent to form a dimer whereas the 

phenyllithium dimer establishes an equilibrium with its monomer [67]. 

Aggregate statics and dynamics are of prime importance for the reactivit- 

organometallic reagents. Since, in general, the rate efficient species is the mono 



18 M, SCHLOSSER 

and only occasionally a dimer [73] or higher aggregate fragment, total or partial 

deaggregation has to take place before a reaction can occur. Organolithium reagents 

that combine to give particularly tight oligomers are handicapped fn this respect. As a 

monomer, methyllithium should be more basic than phenyllithium by more than 10 pA" 

units (see below). At a 0.01 m concentration in tetrahydrofuran methyllithium is, 

however, only three times more reactive than phenyllithium and at a 0.5 m concentration 

it is even of inferior reactivity [65]. 
Alkyllithium reagents have a high tendency to combine with other organolithium 

[74], organomagnesium, organozinc [75] and organosodium compounds [76]. The 

mixed aggregates (heterooligomers) thus obtained are in general thermodynamically 

more stable than the corresponding ‘pure blood’ homooligomers. Mixed aggregate 

formation can promote rapid intracomplex hydrogen-metal exchange processes and 

thus explain the ease with which certain dimetallation reactions can be brought about 

[1]. 

1.3 REACTIVITY AND SELECTIVITY 

The way in which a metal atom and a carbon moiety establish a chemical bond between 

themselves is the contrary of a Romeo and Juliet story! The two elements can get 

together, but actually they do not want to. What is the reason for this lack of affinity? 

No matter whether we look upon the sodium chloride crystal as a three-dimensional 

inorganic polymer kept together by electron-deficient bonds or as a cubic lattice of 

electrostatically attracted cations or anions, we immediately realize how ideally the 

metal and halide fit together owing to their spherical symmetries and complementary 

electronegativities. The matching of an alkali or alkaline earth metal with an organic 

moiety is energetically far less favourable. The two unlike binding partners have to enter 

into a compromise: the metal has to content itself with an imperfectly designed ligand 

and low coordination numbers and the carbon counterpart has to tolerate hypervalency 

and a fractional negative imposed by the high polarity of the organometallic bonds. 

Lack of thermodynamic stability means a high reactivity potential. The conversion 

of an organometallic compound into an essentially covalent hydrocarbon and a salt-like 

metal derivative will inevitably be accompanied by a substantial gain in free reaction 

enthalpy and should therefore provide an important driving force for the chemical 

transformation. 

1.3.1 CHEMICAL POTENTIAL OF ORGANOMETALLIC REAGENTS 

A crude estimate of reaction enthalpies can be based on a comparison between the 

bond strengths of starting materials and reaction products. As a compilation of literature 

data [1,2] reveals, the homolytic dissociation energies of metal species vary over a wide 

range of numbers (see Figure 1.6). Metal-metal bonds as present in small clusters [3] 

the bulk state are notoriously weak. At the other end of the scale we find molecular 

‘‘ormed between metals and electronegative counterparts. Metal halides or metal 



ORGANOALKALI REAGENTS 19 

_ 0 

"o 

~o 
u 

-iC 

-20 
o 

-40 

-50 

-60 

-120 

Figure 1.6. Approximate bond strengths of typical metal derivatives (including elemental 

metal) 

alkoxides, for example, are held together by very strong forces. Half-way between these 

extremes are located metal hydrides, metal-ligand complexes and finally organometallic 

compounds. The respective bond strengths are moderate and may be compared with 

that of a carbon-iodine bond. 
If we want to select the most suitable reagent for a given transformation, it is not 

enough to know that organometallics are globally reactive entities. What we need is a 

kind of a yardstick that will allow us to evaluate the relative chemical potential of any 

individual organometallic reagent. A simple, non-computational method would be most 

welcome provided that it leads to predictions that are at least semiquantitatively reliable. 
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Our attempt to solve this problem begins with the wrong assumption that naked 

carbanions were involved in our organometallic reactions. Then we would expect the 

reactivity roughly to parallel the proton affinity of those intermediates. Since in reality 

we deal with organometallic contact species, we have to find out how and to what 

extent the metal counterpart attenuates the carbanion basicity. This can easily be done 

if we just consider that the polar organometallic bond to be a hybrid between a 

covalently bonded and an ionic non-bonded limiting structure. With a highly electro¬ 

positive metal such as potassium the charge-separated resonance form will become 

preponderant and the organometallic compound will conserve most of the carbanionic 

reactivity. At the other extreme, a weakly electropositive metal such as mercury will 

favour the homeopolar resonance form and make the reagent almost as inert as a pure 

hydrocarbon. We may even try to assign ‘polarity coefficients’ to various metals and 

metalloids: hydrogen (as the standard) 0%, lithium 35%, sodium 50%, potassium 65%, 

caesium 75%, and so on [4]. Although these numbers are arbitrarily chosen, they can 

serve to illustrate the principle. 

6 + 6 - + - 

M-iC; E M-C; M ;C^ 

The reactivity potential of an organometallic reagent not only depends on the metal 

but also on the organic moiety. If, on the basis of our polarity coefficients, we postulate 

methyllithium to have retained 35% of the methyl anion basicity, we do not know yet 

what chemical potential to attribute to, say, vinyllithium. To answer this question we 

have to know the reactivity of the vinyl anion and, in a wider sense, of all typical 

carbanions relative to the methyl anion. A very suitable measure is gas-phase proton 

affinities, which have recently become available for numerous anions [3]. The depro¬ 

tonation of ethylene turns out to be less endothermic than that of methane by ca 

lOkcalmoP^ This difference may shrink to ca 3kcalmol“^ if the corresponding 

lithium compounds are compared. 
The chemical potential of typical organometallic compounds can now be represented 

as a function of both the metal and the organic counterpart in a simple graph (Figure 

1.7) in which carbanion basicities are plotted against metal-dependent polarity coeffi¬ 

cients. When the metal is replaced with hydrogen, the polarity and at the same time 

the chemical potential of all species vanish. 
A two-parameter set can hardly cope with all the complexity of organometallic 

reagents and reactions. Hence it is obvious that the fit with experimental results will 

be approximate at best. But does one not have to challenge the approach as such? Let 

us just examine the most important of possible objections. 

1. How can one hope to correlate ‘basicity’ via an ill-defined ‘chemical potential’ with 

‘reactivity’? First of all, this has already been attempted before. In the Bronsted 

equation [5], proton transfer equilibrium constants are correlated with the corre¬ 

sponding transfer rates. The problem with organometallic reactions is that not only 

are protons (or other electrophiles) transferred, but also metal atoms which are 
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M = 

H MgBr Li Na K 0 

Figure 1.7. Gas-phase basicities of free carbanions (listed on the right) and their attenua¬ 
tion as a function of the metal electropositivity 

delivered in the countercurrent sense. This may require extremely complicated 

mechanisms. Nevertheless, a proportionality between reactivity and basicity appears 

probable as long as acid-base-type processes or reversible reactions are investigated. 

2. Why are only straight lines and no curves drawn in the diagram? Does a given metal 

really affect the carbanion basicity always in the same way irrespective of the nature 
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of the organic moiety? Certainly not, especially as organometallic compounds exist 

in a variety of structural patterns which dilfer in the aggregation state (monomers, 

oligomers, polymers) and the coordination type bonding). As already 

emphasized, however, we seek simplicity and generality even at the expense of 

accuracy. As will be demonstrated later (Section 1.3.2), the approach outlined above 

allows one to rationalize many fundamental findings in a qualitative and even 

semiquantitative manner. 

3. What makes gas-phase data more meaningful than dissociation constants obtained 

in or extrapolated to aqueous media? In protic media, hydrogen bonding may 

completely override intrinsic carbanion stabilities. In aqueous solution, for example, 

the enormous hydration enthalpy [6] of the hydroxy anion makes water (pA^ 15.6) 

considerably more acidic than, say, toluene {pK ^41). The gas-phase acidities are 

reversed: the deprotonation of water is more endothermic than that of toluene by 

ca \2 kcal mol“M Hydroxide or alkoxide anions are strong and amines moderately 

strong whereas carbanions are relatively weak hydrogen bond acceptors. With the 

last class of species it makes a substantial difference, however, whether the negative 

charge is localized at just one carbon atom or spread out over an entire area of 

unsaturation. Although the conjugatively stabilized [50] anions of the allyl and 

benzyl type may simultaneously interact with a multitude of protic solvent molecules, 

the total gain in binding energy is small because of the low local charge density. 

Geometrically stabilized [50] carbanions of the methyl, cyclopropyl, vinyl or acety- 

lide type can form much stronger hydrogen bonds and hence their basicity is far more 

sensitive to solvent effects. The pA^ values of acetylene and fluorene differ by only 

5 units in aqueous or alcoholic solution whereas the gas-phase acidities are at least 

15 units apart (AAH°deprot ^ 20 kcal mol “^). In ethereal or paraffinic solvents, the 
standard reaction media for strongly basic organometallic intermediates, no hydro¬ 

gen bonding can occur. Therefore, the relative thermodynamic stabilities of such 

reactive species should be better reflected by gas-phase rather than aqueous solution 
data. 

1.3.2 METAL EFFECTS ON REACTION ENTHALPIES 

Our key postulate is that a metal counter ion inevitably attenuates the differences in 
free carbanion basicities. The effect should be the more pronounced the less electroposi¬ 

tive the metal is. Let us present some experimental evidence for the correctness of this 
affirmation. 

The first example features a set of irreversible reactions. More than a decade ago, 

carefully measured heats of neutralization were reported for typical organomagnesium 

[7] and organolithium [8] compounds (see Table 1.1). If these species had not retained 

any carbanion character, the reaction enthalpies should be virtually the same. On the 

other hand, if they were completely ionized, the differences in the heats of neutralization 

would not depend on the metal and would be identical with the corresponding gas-phase 

data. As the comparison demonstrates (see Table 1.1), the difference in the thermo- 
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Table 1.1. Relative heats of neutralization (kcal mol~^) 
as measured for representative organomagnesium [7] 
and organolithium [8] compounds in comparison with 
the proton affinities [3] of the corresponding carban- 
ions in the gas phase 

R M = MgBr M = Li M = : 

C(CH3)3 + 9 + 13 + 15 

CH(CH3)2 + 6 + 9 + 10 
CH2C3H7 -e3 + 7 + 5 
CH3 0 0 0 

CgHb -3 -3 -15 
CH2CH=CH2 -5 -4 -30 

CH2-<Q -5 _a -38 

® Not determined. 

dynamic stabilities of a pair of carbanions is two or three times larger than that of their 

magnesium and lithium derivatives. 
A strict proportionality between the three series was, of course, not to be expected. 

For instance, methyllithium forms a particularly tight tetrameric aggregate (see Section 

1.2) and hence is far less basic than it would if it were a monomer as most of the other 

species are. 
The metal effect can also be probed under the conditions of a reversible reaction. 

The hydrogen-metal exchange between a variety of toluene derivatives and benzyl-type 

organometallics 1 in tetrahydrofuran solution was followed kinetically until equilibrium 

was attained by approaching it from both sides. If potassium was involved as the metal, 

the equilibrium positions were significantly more extreme than in the analogous 

reactions with organolithium compounds. A slope of pX'^“^VpX^“^‘ = 0.7 was ob¬ 

tained when the metal-specific equilibrium constants were plotted against each other 

(see Figure 1.8) [9, 60]. 
The investigation of an intramolecular reaction has provided a most elegant and 

conclusive illustration of how metals can effect equilibria positions. In general, the 

so-called cyclopropylcarbinyl-homoallyl rearrangement operates in one direction, pro¬ 

ducing the ring-opened product exclusively. This holds not only for cyclopropylmethyl- 

type cations [10] and radicals [11] but also for simple organometallic species such as 
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-3 -2 -1 0 +1 +2 +3 

-► Ap/<(K) 

Figure 1.8. Proton and metal transfer between two benzyl-type moieties: metal effect on 
the equilibrium constants [10,11] 

cyclopropylmethylmagnesium bromide [12] or cyclopropylmethyllithium [13]. Also 

cyclopropyldiphenylmethylmagnesium bromide [14] (2-MgBr), as soon as generated, 

is instantaneously converted into 4,4-diphenyl-3-butenylmagnesium bromide (3-MgBr). 

In contrast, the reaction takes place in the opposite sense if the corresponding potassium 

compounds are studied. The reaction is self-monitoring: the colourless 4,4-diphenyl-3- 

butenylpotassium (3-K) disappears rapidly to re-emerge as the bright red cyclopropyl- 
diphenylmethylpotassium (2-K) [14]. 

How can one rationalize this metal-mediated reversal of relative stabilities? Let us 

(2) (3) 
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first consider the extreme cases, the hydrocarbons 2 and 3 (M = H) and the carbanions 

2 and 3 (M = I). The olefinic hydrocarbon should be thermodynamically more stable 

by about 15 kcal mol~^ than its three-membered ring isomer. The main contributions 

in favour of the ring-opened form are relief of ring strain (cyclopropane strain 

27 kcal moP^; olefinic strain, i.e. the difference in the homolytic dissociation energies 

between two ethane and one ethylene carbon-carbon bonds, 22 kcal mol"^), relief of 

steric strain due to angle widening {lCCC of ca 112° and 122° in the cyclic and acyclic 

derivative, respectively), double bond conjugation and free rotation around one extra 

carbon-carbon bond after ring opening. At the carbanion level, the same parameters 

are effective. In addition, however, delocalization of the negative charge into the two 

phenyl rings comes into play and proves to be a dominant factor. Despite the uncertainty 

of how to assess the steric and electronic effects of the three-membered ring, resonance 

can be safely assumed to stabilize the cyclopropyldiphenylmethyl anion (2, M = :)) 

relative to the isomeric primary carbanide (3, M = :) by at least 45 kcal mol ^ 
The ‘morphology bonus’ of ca 15 kcal mol ^ in favour of the open form is metal 

invariant and always remains the same. It is largely overcompensated for by the 

delocalization term not only when the free carbanion is considered but also in the case 

of the potassium derivative (2, M = K). If we suppose, for the sake of argument, that 

the latter species has still retained two thirds of the full carbanion character, the 

resonance stabilization will still amount to ca 30 kcal mol On the other hand, the 
magnesium analogue (2, M = MgBr) is carbanion-like only to the extent of, say, one 

fifth and consequently benefits little from charge delocalization, probably by 10 kcal - 

moP ^ at best. This is not enough to counterbalance the driving force of 15 kcal mol ^ 

for the ring opening. 
The corresponding lithium compounds (2 and 3, M = Li) behave as structural 

chameleons: in diethyl ether they exist in the open form (6-Li, colourless) whereas in 

tetrahydrofuran they prefer the ring-closed shape (2-Li, red) [14]. Obviously, new factors 

now have to be taken into account. The open form should benefit from substantial 

extra stabilization due to the aggregation phenomenon which is so typical of alkyl- 

lithium compounds. Nevertheless, when diethyl ether is replaced with tetrahydrofuran, 

this superior donor solvent coordinates so strongly to the metal that the oligomers 

break up. The ionicity of the organometallic bond is increased or loose ion pairs are 

even formed. In either case, the gain in resonance energy rises considerably. 

1.3.3 METAL EFFECTS ON REACTION RATES 

An equilibrium constant is the ratio of two reaction rates, one referring to the forward 

and the other to the reverse process. Since a change in the metal was found to cause a 

shift in equilibrium positions, it should also affect irreversible reactions by either 

accelerating or retarding them. This has indeed been observed in numerous substitution, 

addition, elimination and isomerization reactions. 
The metal dependence of the Grovenstein—Zimmerman rearrangement [15] is parti¬ 

cularly impressive. In the course of this process, an alkylmetal intermediate is converted 
into a resonance-stabilized 1,1-diarylalkyl species. Bis(2,2,2-triphenylethyl)mercury is a 
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perfectly stable compound which can serve as the precursor to all analogous metal 

derivatives 4 when submitted to metal-metal cleavage. Whereas the magnesium com¬ 

pound requires reflux temperatures to undergo slowly 1,2-phenyl migration leading to 

the 1,1,2-triphenylethylmetal isomer 5, the rearrangement of the corresponding lithium, 

sodium, potassium and caesium species occurs at about 0, —25, —50 and — 75°C, 

respectively [16]. 

The gain in resonance energy constitutes the driving force for the reaction. It increases 

with increasing electropositivity of the metal, as we have already seen. For the reaction 

kinetics, however, the extent of the resonance stabilization at the pentadienylmetal-like 
1,2-aryl bridged transition state becomes the crucial issue. Metal ^/^-complexation [17] 

may also contribute. 

The transient species can evolve into an interceptable intermediate (6) if the charge 

delocalization in the bridged species is further improved by replacing the migrating 
phenyl with a p-biphenyl moiety [18]. At the same time, any resonance stabilization of 

the starting material or the rearrangement product must be avoided (hence R = H, CH3 

or CD3 in 6). 

A different isomerization mechanism is observed if one of the three phenyl groups is 

replaced by a benzyl moiety. This time the benzyl rather than an aryl group migrates 

and hence again an extensively delocalized 1,1-diarylalkylmetal compound 8 is formed. 

As crossover experiments with isotope-labelled material have unequivocally demon¬ 

strated, the rearrangement is brought about in a two-step elimination-readdition 

sequence with a benzylmetal species 7 as the crucial intermediate. However, only lithium 
and sodium derivatives give a clean reaction. Benzyl and phenyl migration compete 
with each other if potassium or caesium analogues are used [19]. 
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Readdition must not necessarily take place. 3,3-Diphenylpropyllithium (9) was found 

to decompose irreversibly into diphenylmethyllithium and ethylene [20]. The corre¬ 

sponding magnesium derivative is stable under the same conditions. 

(9) 

Astonishingly, however, the opposite behaviour was found with 3-methyl-3-(4- 

pyridyl)butylmagnesium bromide (10) and the corresponding lithium analogue. Whereas 

the latter proved to be perfectly stable in tetrahydrofuran, the former rapidly de¬ 

composes with evolution of ethylene [21]. 

CH3 CH3 

N^>“C-CH2-CH2-MgCl -► N^^^C-MgCl + H2C = CH2 

CH3 CH3 

(10) 

Triphenylmethylmagnesium bromide readily reacts with tetrahydrofuran to form the 

adduct bromomagnesium 5,5,5-triphenylpentanolate whereas triphenylmethyllithium, 

-sodium and -potassium are stable under the same conditions [22]. Evidently, the ring 

opening of the cyclic ether requires electrophilic participation. The alkaline earth metal 

is, of course, a stronger Lewis acid than any alkali metal ion. 
Inverse metal effects, that is, decreasing reactivity with increasing metal electroposi¬ 

tivity, have also been identified in connection with simple elimination reactions. 

Although cyclohexadiepyllithium [23] and -sodium [24] rapidly lose hydride to afford 

benzene, cyclohexadienylpotassium [25] and alkylated derivatives [26] thereof were 

found to be perfectly stable in tetrahydrofuran at - 60 °C. Evidently it is this time the 

metal-hydride bond strength rather than the more or less efficient interaction of 

the metal with the pentadienyl-type organic backbone that dictates the course of the 

reaction. 

H H 

M 
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Inverse metal effects are generally observed when the reaction pathway leads through 

carbocationic intermediates. While being inert towards Grignard reagents, tert-butyl 

chloride rapidly and quantitatively undergoes ^-elimination of hydrogen chloride when 
treated with butyllithium. With organozinc compounds, however, a substitution reac¬ 

tion occurs producing a quaternary carbon derivative with high yield [27]. Organozinc 

compounds are neither particularly basic nor nucleophilic, but have a pronounced Lewis 

acid character. Hence one may assume the reaction to be initiated by the formation of 

a carbenium zincate intermediate (11). 

CH3 

H3C-C-CI 

CH3 

LiC^Hj 

BrMgC^Hj 

— II — 

H2C--H-C4H9 

H3C-C -Cl - Li 

CH3 

CIZnCiHj I 
H3C-C + 

\ 'CH3 

(11) 

Cl 2ZnC4H 

/ 

(H3C)2C = CH2 

(H3C)3C-C4H9 

Organomagnesium compounds can also give rise to the paradox of organometallic 

reactions operating through carbocationic mechanisms. Whereas orthoformates and 
other orthoesters are not attacked by organolithium compounds, they condense 

smoothly with ordinary Grignard reagents to give acetals [28]. The inverse metal effect 

suggests again an electrophilically assisted ionization generating a grem-dialkoxy- 

carbenium ion (12) to be the crucial step of the reaction. 

BrMg-R 
HC(0CH3)3 -► 

/ ^0CH3 R n 

HC^'^Mg 

\ 'OCH3 H3C0^ "Br j 
(12) 

R = alkyl, aryl 

{H3C0)2CH-R 

The reactivity behaviour of two diastereomeric cyclic orthoformates corroborates this 

hypothesis. When treated with ethereal methylmagnesium bromide, the trans-2-methoxy- 

ds-4,6-dimethyl-l,3-dioxane {trans-l3) rapidly exchanges the methoxy substituent 

against a methyl group with retention of its configuration [29]. The leaving group in 

the axial position can fully benefit from the neighbouring group assistance provided by 

the two ring heteroatoms. The all-cis stereoisomer (c/s-13) lacks this possibility since, 

for steric reasons, the triaxial form is virtually unpopulated in the conformational 

equilibrium and the relevant orbitals occupy gauche positions in the triequatorial form. 
Hence no reaction can take place. 
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H^C-T^O-r-OCH, 

H-,C CH3 OCH, 

-7—0' 

H3C 

(c/s-13) 

OCH3 

-I 
H3C 

(frons-13) 

HjCMgBr 

H3C 
^01 

H3C 

Br^ - 
Mg - 

OCH3 

H,C 0^ 
H 

H3C 

H3C 

H3C 

The smooth replacement of the oxygen functional group in an a-alkoxy- [30] or 

a-silyloxyamine [31] by the organic moiety of a Grignard reagent can again be 

rationalized in terms of a cationic mechanism. The postulated carbenium-immonium 

intermediate 14 enjoys a particularly efficient resonance stabilization. 

R'2N-CH-0CH3 

R' 

H-,C0 

Br. - 
Mg-R 

BrMg-R 
R2N-CH-R 

^R 

R'pN-CH 
'R' 

_(14)_ 

R” = alkyl, (H3C)3Si; R' and R = alkyl, aryl 

Finally, even organosodium compounds have conserved sufficient electrophilic power 

to be capable of generating cationic intermediates if the latter are only stable enough. 
This is apparently the case when iV,N-dimethyl(2-chloropropyl)amine is treated with 

sodium diphenylketenimide, prepared by deprotonation of diphenylacetonitrile with 

phenylsodium. A secondary amine was isolated rather than the expected primary isomer 

[32], which would have been the result of an 5N2-like direct substitution. Obviously 

the product forms through an intermediate aziridinium ion 15, which must have emerged 

from a cation triggered, j?-amino group-assisted departure of a chloride ion. 

Cl' - // 

H2C-CH-CH3 

NalN^C-ClCgHsljl 

(H3C)2N 

(15) 

N=C-CH(C6H5)2 

H2C-CH-CH3 

(H3C)2N 

NEC-ClCgHglj 

H2(:-ch-ch3 

N(CH3)2 

Radical mediated mechanisms become more frequently operative than cationic ones. 

They invariably intervene when halides get exposed to ‘radical-anions’ (metal-arene 1:1 

adducts) or bulk metal, evidence existing in the latter case for both freely diffusing and 
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surface attached species [33]. Radicals may also be generated when organometallics are 

treated with oxygen or other electron acceptors and may give rise to rearrangement 

cyclizaton or hydrogen transfer [34]. 

Acetylides [35] are known to have a characteristic reactivity profile. Only moderately 

basic, they are relatively nucleophilic owing to the high polarity of the carbon-metal 

bond. Therefore, one would expect them to exhibit the normal metal effect and indeed 

this is frequently found. For example, phenylethynylmagnesium bromide, -lithium, 

-sodium and -potassium combine in diethyl ether with acetonitrile or benzonitrile to 

form the imide-type adduct 16 with increasing ease [36]. 

R-C=N + M-CEC-CgHs -► R-C-CrC-CgHs -► R-C-CEC-CgHs 

N-M 0 

(16) 

R = H3C, HgCg; M = BrMg, Li, No, K 

The same rate enhancement as a function of the metal electropositivity is observed 

when metal 3,3-dimethyl-1-butynides are allowed to react with methyl iodide in diethyl 

ether. The electrophilic substitution reaction shows normal metal dependence: 

Li < Na < K < Cs [37]. However, changing the solvent from diethyl ether to tetra- 

hydrofuran produces discontinuity in the otherwise monotonous series. The reactivity 

order now becomes Li > Na < K < Cs [38]. Why does this breaking away of the 

smallest alkali metal occur? Presumably, all intermediates, regardless of the nature of 

the metal, exist as contact species in the less polar ethereal medium and hence have to 

employ a multi-centre type of mechanism [39] (transition state 17, X = iodide or 

acetylide). On the other hand, the higher donor capacity of tetrahydrofuran may offer 

the opportunity to the lithium derivative to form a (solvent-separated) ion pair, and 

thus a carbanion mechanism [39] (transition state 18) may become operative in the 

latter solvent. 

M :C=C-C(CH3)3 

M-C = C-C(CH3)3 

+ 
M H 

I 

I-C-CEC-C(CH3)3 

H H6- 

(18) 
H3C-CEC-C(CH3)3 

X--M. 

M H C=C-C(CH3)3 

(17) 
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The remarkable solvent and metal dependence of acetylide reactivity can be exploited 

to achieve optional transformation of co-hydroxy-1-alkynes at either the acetylenic or 

the hydroxylic site. The dilithio compounds 19 react with alkyl halides in tetra- 

hydrofuran exclusively at the carbanionic centre. In contrast, the dipotassio analogue 

20 undergoes predominantly 0-alkylation [37]. 

Li-C=C-(CH2)n-0Li 

(19) 

K-CEC-(CH2)n-0K 

(20) 

RCHjBr 
-► RCH2-CEC-(CH2)n-OLi 

RCH,Br 

-► K-CEC-(CH2)n-OCH2R 

Control over the typoselective outcome of a reaction can be commonly achieved by 

the appropriate choice of the organometallic component. The only prerequisite is that 

the competing sites show a marked difference in their susceptibility to metal effects. The 

nucleophilic addition to enolizable ketones represents a typical example. Thus, aceto¬ 

phenone is almost quantitatively converted into the corresponding tertiary alcoholate 

if a Grignard reagent such as phenylmagnesium bromide is employed. On the other 

hand, more polar reagents such as phenyllithium, phenylsodium and phenylpotassium 

M 

H2C-C-O 

H3C-C=0 
(21) 

of the adduct 22 [38]. 

M = MgBr; 0 % 

M = Li 75% 

M = No 60% 

M = K 67% 

M = MgBr: 97% 

M = Li 14% 

M = No : 4 % 

M = K 0 % 

(22) 

Analogously, complete a-deprotonation is ensured when aliphatic nitriles are treated 

with organosodium [34] or sometimes even organolithium [40] reagents. The resulting 

ketene-imides (23) readily undergo electrophilic substitution, in particular alkylation, 

at the electron-rich carbon centre. In contrast, ethereal organomagnesium derivatives 

cleanly add to the carbon-nitrogen triple bond to afford metal imides (24), which, on 

treatment with water, are rapidly hydrolysed to ketones [41]. Proton abstraction occurs 

only if the Grignard reagent is employed in a highly polar solvent such as hex- 

amethylphosphoric triamide [42]. 
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R-CH2-CEN 
M-R' 

M 

R-CH-C=N 

(23) 

-► R-CH-CEN 
R’CHjBr , I 

R-CH2 

HjO 

R-CH,-C-N-M - 

R' 

(24) 

R-CHo-C=0 
^ I 

R' 

It is a common feature that the electropositivity of the metal affects the basicity more 

strongly than the nucleophilicity of an electron-rich species. Thus, potassium hydride 

is capable of converting aliphatic ketones by a-proton abstraction into the correspond¬ 

ing enolates ca 1000 times faster than sodium hydride and at least 10® times faster than 

lithium hydride does [43]. All three alkali metal hydrides are poor reducing agents; 

in other words, all of them lack major nucleophilic activity. 

The nature of the metal is particularly crucial for the regioselectivity exhibited by 

delocalized entities. As a juxtaposition of prenyl type (3-methyl-2-butenyl) organo- 

metallics clearly reveals (Table 1.2), the magnesium compounds react almost exclusively 

at the inner, alkyl-substituted reactive centre, producing vinyl-branched derivatives 25, 

whereas the potassium analogues combine with electrophiles preferentially at the 

unsubstituted terminus of the allyl moiety, thus giving rise to chain-elongated products 
26 [44]. 

Similarly, electrophiles may attack benzyl-type organometallics at the exocyclic a- or 

at the ortho- and occasionally [45] even the para-position. The regioselectivities are 

Table 1.2. Reaction between prenyl-type organomagnesium and -potas¬ 
sium compounds and a variety of electrophiles: ratio of branched vs 
chain-elongated products 25 and 26 

X-EI 

R = H R = H3C ' 

M = MgBr M = K M = MgBr M = K 

CISi(CH3)3 1 :99 1 :99 0:100 0:100 
FB(0CH3)2 80:20 5:95 80:20 2:98 
ICH3 — — 92:8 6:94 
IC3H7 75:25 15:85 70:30 10:90 
BrCHzCH^CHa — — 73:27 19:81 
0(CH2)2 98:2 43:57 98:2 20:80 
0=CH2 99:1 28:72 — 30:70 
0=C=0 99:1 10:90 — 4:96 
H2C = CH2 — — — 100:0 
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El 
(25) (26) 

again high enough to be of practical utility. For instance, 4-tert-butylbenzylpotassium 

reacts with formaldehyde to produce the 2-(4-tert-butylphenyl)ethanolate, whereas the 

corresponding magnesium derivative gives an ort/io-substituted adduct 27 which spon¬ 

taneously tautomerizes to the rearomatized 5-tert-butyl-2-methylbenzyl alcoholate [46]. 

H abstraction 
from solvent 

K(Sv)n ^ 

(27) 

How does the metal steer the electrophile to its particular position? At the moment, 

any attempt to answer this question must be speculative. Nevertheless, a few facets of 

the problem have been clarified in the past two decades. Organomagnesium compounds 

are tightly rr-bonded species. Neither in the front nor in the back lobe of the 

carbon-metal linking orbital is enough charge density available to capture the electro¬ 

phile directly (transition states 28). Therefore, the electrophile has to approach the 

sterically more accessible vinylogous position of the allyl moiety and eventually becomes 

attached there, a steady flow of electrons to that centre being secured at the expense 

of the gradually disappearing organometallic bond. The product emerging from such 

a ‘vicarious’ Sg reaction can be unequivocally distinguished from the one resulting from 

a normal Sg attack by the dislocated double bond, which has undergone an ‘allyl shift.’ 

What is unknown yet, however, is whether the electrophile attacks supra- or antarafaci- 

ally, i.e. on the same or on the opposite side of the metal (transition states 29*“^''" and 
2^antaray ^ formcr hypothcsis was favoured since it suggests the 

operation of an aesthetically appealing multi-centred concerted cyclic mechanism 
^29^upray ^ proccss should involve retention of the configuration of the electrophile. 

With oxiranes, however, the addition reaction of crotylmagnesium bromide was demon¬ 

strated to occur with inversion of configuration [47]. Hence ‘open-circuit’ mechanisms 

(29“"“"'") are now generally accepted as plausible alternatives at least. 
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Alkali metal cations combine with allyl anions [48], and also with many benzyl 

moieties [49], to form more or less symmetrical 7r-complexes having a trihapto (rj^) 

interaction between the metal and the carbon backbone. Consequently, the electrophile 

encounters at both termini of the allyl entity roughly the same electronic situation. 

Under such circumstances, the reagent will be directed to the sterically least hindered 

site. It will presumably enter on the metal-bearing face (transition state 30) since 

retention is the ordinary mode of direct electrophilic substitution. 

(30) 

The electrophile must, however, not necessarily react with the ground state species 

but rather may intercept the metallomer which coexists with the former in finite 

although minute equilibrium concentrations. This course of events becomes particularly 

plausible if the coordinative gap that opens at the -bonded metal is immediately 

occupied by complexation of the electrophile. In a subsequent rapid step, the latter will 

be delivered by suprafacial intramolecular transfer to the vinylogous alkyl-substituted 

allyl terminus. Such a mechanism takes place with a high degree of certainty when 

ethylene [50] acts as the electrophile (intermediate 31; Sv means a solvent molecule) 

and it may also be operative, partially at least, with aldehydes, oxiranes and oxetanes. 

* 
H obslroclion 

from solvent 

Enolates [51], phenolates [52], deprotonated Schiff bases [53, 54], N-metalloanilines 

[55], pyrroles [56] and indoles [56] are oxa or aza analogues of allyl- and benzyl-type 

organometallics. Once again, the proper choice of the metal is of prime importance for 

achieving regiocontrol over the chemical transformations of such intermediates. 

Finally, also the stereoselectivity of organometallic reactions is prone to element 

effects. Nucleophilic additions to carbonyl compounds are particularly prone to such 

influences. Thus, the polar allylalkali metal reagents show some preference for approach¬ 

ing 4-rert-butylcyclohexanone on the sterically less hindered cis face (affording adduct 

c^-32), whereas allylzinc bromide becomes mainly attached on the trans face (affording 
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adduct ax-32) [57]. The change in orientation (see Table 1.3) may be a consequence of 

preceding complexation of the less electropositive metal to the carbonyl oxygen. 

,0 

Table 1.3. Addition of allyl- 
metals to 4-ferf-butylcyclohexa- 
none: face selectivity as a 
function of the metal 

M axial vs equatorial OH 

ZnBr 85:15 
MgBr 45:55 
Li 35:65 
Na 35:65 
K 37:63 

Frequently, steric accessibility favours one mode of reaction and metal complexation 

(or chelate formation) over the other [58]. The chemistry of a-hetero-substituted 

aldehydes offers many striking examples for the struggle between two conflicting 

parameters. Among them we find the addition of diethylzinc, ethylmagnesium bromide 

and ethyllithium to 2-(3,4-dihydro-2//-pyranyl)carbaldehyde (‘acrolein dimer’). The 

strongly coordinating bivalent metals afford essentially the threo adduct {threo-33) 

whereas the alkali metal derivative produces large proportions of the erythro isomer 

{erythro-33), particularly in the presence of the polar cosolvent hexamethylphosphoric 

triamide (Table 1.4) [59]. 

The conformational preferences of allyl- and pentadienyl-type organometallics belong 

to the most fascinating stereochemical phenomena [11]. The metal-dependent differ¬ 

ences are pronounced enough to have great potential for stereocontrolled synthesis. 

They begin to level out with heptatrienyl and have practically completely vanished with 

nonatetraenyl species. 
2-Alkenylmetal compounds (34) may be generated by metal insertion into the 

carbon-hetero bond of allyl halides and ethers or, more conveniently, by metallation 
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Table 1.4. Addition of ethylmetals to 
acrolein dinner: diastereoselectivity as 
a function of the metal 

M.SCHLOSSER 

M erythro- vs threo- 33 

ZnCaHg 15:85 
MgBr 30:70 
Li 72:28 
Li + HMPT 88:12 

of a suitable alkene using a strong organometallic base. If the configuration of the 
original double bond is conserved, a trans-alkene, or a derivative thereof, will give rise 
to an exo- or (£)- and a cis precursor will lead to an endo- or (Z)- organometallic 
intermediate (34). On trapping with an electrophile, trans- and cis-isomers, respectively, 
should be produced selectively. Allyl-type magnesium and lithium compounds, however, 
undergo rapid torsional isomerization (via transition state 35) at temperatures below 
— 50°C, typical energies of activation falling in the range 10-15 kcal moP^ [60]- 
Sodium and notably potassium and caesium analogues are conformationally far more 
stable [61]. Without catalysis it requires several hours until their enda-exo equilibria 
are established. 

X = Cl, Br; 

X = OCH3, OCgHs; 

X = H 

/ 

R 

El 

R El 

Typical endo-exo distributions of allylmagnesium or allyllithium derivatives do not 
deviate very much from a 1:1 ratio. However, remarkably enough, the heavier alkali 
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metals show a strong preference for the sterically more congested endo conformation 

(Table 1.5) [61]. The endojexo equilibrium ratios reach their maximum with 2- 

butenylpotassium (124:1) and 2-butenylcaesium (> 500:1) and diminish on replacement 

of the methyl with a primary alkyl group and even more on introduction of a secondary 

alkyl group. If the substituent is a tertiary alkyl group, the exo species becomes the 

thermodynamically favoured isomer. Nevertheless, as a comparison with the corre¬ 

sponding hydrocarbon 4,4-dimethyl-2-pentene reveals, also this organometallic species 

must display some electronic effect that offers a substantial bonus (of ca 3 kcal mol"^) 

to the conformer carrying the doubly branched alkyl substituent in the endo rather than 

the exo position. 

Table 1.5. endo!exo Ratios of 2-alkenylmetal compounds 35 (M = Li, Na, K, 
Cs) after torsional equilibration and, for comparison, cis/trans equilibrium ratios 
of the corresponding 2-alkenes (M = H) 

M = H M = Li M = Na M = K M = Cs 

R = H3C 1 :5 2:1 10:1 100:1 500:1 

R = H3C—CH2 1 :5 15:1 

R = (H3C)2CH 1 :5 5:1 

R = (H3C)3C 1:10000 1 :10 

If a vinyl group is connected to the allyl moiety, the area of delocalization will be 

extended provided all five carbon atoms lie in the same plane. The vinyl tail may occupy 

an endo or an exo position. In either case, it may be twisted inward or outward. In this 

way, a set of three privileged, since coplanar, and hence perfectly resonance stabilized 

species results: a horseshoe-like U, a sickle-shaped S and a zig-zag lined W conformer. 

Pentadienyllithium (36, M = Li) can be readily generated by treating 1,4-pentadiene 

with scc-butyllithium at — 75 °C in tetrahydrofuran. It rapidly and completely adopts 

the sterically and electrostatically optimized Wform as evidenced by NMR spectroscopy 
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[62] or by chemical transformation to derivatives having the trans configuration [63]. 

Pentadienylpotassium (36, M = K) in hexane suspension [63, 65] exhibits the same 

structural preference. When dissolved in tetrahydrofuran, however, it chooses the 

[/-shaped conformation, the driving force being apparently the formation of a penta- 

hapto (^/^)-coordinated open sandwich [63]. Trapping with electrophiles produces cis 

isomers. 
The introduction of an alkyl group into a terminal position of the pentadienyl 

backbone first of all removes the degeneracy of the S form. The substituent will be 

either located at the end of the sickle handle or at the tip of the sickle blade. Moreover, 

it may occupy the endo or the exo position. This formally gives rise to a new pattern 

of eight privileged, maximally delocalized conformers (37). In reality, steric crowding 

prohibits the coplanarity of the endo-U and of one of the endo-S forms. Three of the 

remaining six species can be selectively ‘cultured’ under the conditions of conforma¬ 

tional competition. The endo-W form becomes preponderant to the extent of >91 Vo 

if an organolithium reagent is used to deprotonate a cis-1,4-alkadiene and the exo-U 

shape results if an organopotassium compound is allowed to react with a trans-1,4-diene 

[66]. When generated from the same trans-isomer, organolithium species exist mainly 

(ca 90%), although not exclusively, in the exo- W shape. 

Once again, the analogy between allyl- or pentadienylmetal compounds and their 

nitrogen and oxygen analogues should be stressed. The conformational dynamics and 

preferences of deprotonated, a,j8-unsaturated Schiff bases have been extensively studied 

[67]. Enolate reactions take a different stereochemical course depending on whether 

they carry an alkyl substituent in the endo or exo position [68]. 
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1.4 PREPARATION OF ORGANOMETALLIC REAGENTS AND 
INTERMEDIATES 

There are two principal options for the introduction of a metal atom into an organic 

moiety [1]. One of them is to use another organometallic reagent as a carrier for the 

metal M, the latter being exchanged against a mobile electrofugal group Z which is 

suitably located in the target molecule and which is transferred countercurrent to the 

reagent. Such a permutational interconversion is a most versatile, convenient and still 

powerful means for the generation of‘carbanionic’ intermediates. 

]C-Z * M-R ;C-M + Z-R 

The use of a ready-made organometallic reagent only defers the problem of the de 

novo creation of carbon-metal bonds. The ultimate source of the metal can only be the 

element itself. Therefore, the most straightforward and frequently also the most rational 

approach is the direct reductive replacement of the leaving group Z by the insertion of 

elemental metal. 

-C-Z + 2M* -► -C-M + Z-M 
/ ^ 

In either category, the favourite leaving groups are hydrogen, halogens (notably 

bromine) and metalloids (notably mercury and tin). The standard procedures for the 

preparation of organometallic species are based on the replacement of such elements. 

They are complemented by methods which have a more restricted area of application 

and which imply the cleavage of carbon-oxygen, carbon-sulfur or carbon-carbon 

bonds (Table 1.6). 

Table 1.6. Synopsis of general methods for the preparation of organometallic species; the 
arrows indicate in which chronological order the various methods will be dealt with and 
their relative importance is represented by one to three plus signs 

Reductive 
replacement Z 

Permutational 
interconversion 

+ + + X (halogen) + + + 

+ + Y (oxygen, sulfur...) ( + ) 

-E H (hydrogen) -1-1" 

+ C (carbon) + 

+ + Q (mercury, tin .. .) + + 
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1.4.1 REDUCTIVE REPLACEMENT (OR DIRECT INSERTION) METHODS 

The ease with which the various types of metal insertions occur parallels fairly closely 

the respective enthalpy gains. As a comparison of the respective bond strengths reveals, 

the reductive replacement of a halogen by a metal should be a highly exothermic process 

(see p. 19). The new metal halide or metal alkoxide interaction overcompensates the 
sacrificed carbon-heteroelement bond and the strength of the carbon-metal linkage 

exceeds the energy required for the atomization of bulk metal. The driving force and 

hence the enthalpy gain diminishes when less polar metal species, such as metal 

hydrides or metal derivatives of organometalloids (e.g., tributylstannyllithium), are 

formed at the expense of carbon-hydrogen or carbon-metalloid bonds. Finally, the 

imaginary cleavage of ethane by elementary lithium to afford two equivalents of 

methyllithium would have to be an endothermic reaction. 

1.4.1.1 Reductive Replacement of Halogen by Metal 

In a formal sense, the reductive insertion of a metal always follows the same scheme, 

irrespective of the nature of the elements involved. The practical execution, however, 

has to adjust for huge differences in absolute and relative conversion rates. Therefore, 

individually distinct and optimized protocols have to be elaborated. 
The preparation of organomagnesium [2] and organozinc [3] compounds is notor¬ 

iously sluggish. Sometimes an acceleration can be achieved by merely replacing the 

organic chloride, if this is the precursor, with the corresponding bromide or iodide. 

More frequently, one attempts to overcome the inertness of the bulk metal by 

mechanically dividing it to very fine dispersions. 

Metal clusters of atomic dimensions can be prepared if metal salts are reduced with 

elemental potassium [4] or, even more rigorously, if metal vapours are condensed into 

a solvent matrix at the temperature of liquid nitrogen [5]. Alternatively, rather than to 

increase the surface of the metal by pulverization, one can activate it by etching with 

an aggressive substance. In the case of zinc, washing with mineral acid [6] or 

incrustation of a heavy metal (e.g. producing a zinc-copper couple [7]) are equally 

recommended. If a reluctant organic halide has to be converted into the organo¬ 

magnesium species, mechanical in situ grinding or ultrasonication [8] will generally 

provide sufficient activation. Otherwise the ‘entrainment method’ [9] may be used to 

solve the problem. The trick is continuously to add small quantities of a very reactive 

halide, say ethyl bromide or 1,2-dibromoethane or iodine, which then drags along the 

poorly reactive substrate. 

For a long time, the ‘pacemaker’ was believed to act merely as a surface sweeper, 

corroding the metal even when it becomes covered with oxide deposits and thus always 

supplying new areas of high activity. More recent evidence, however, points at a more 

specific role [10]. The reductive insertion of magnesium into a carbon-halogen bond 

inevitably involves the intermediacy of free radicals 1. They may be immediately 

generated as such (R*) by homolytic scission of a freely diffusing radical anion produced 

by single electron transfer from the metal to the organic halide [11]. Alternatively, they 

may, at the moment of their formation, remain sequestered by adsorption on the metal 
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surface [12]. Even if this were the case, they might eventually manage to become 

detached and to enter into the solution. In order to be processed to the organometallic 

compound (RM), the radical has to return to the metal surface and to absorb a second 

electron. While in the ethereal phase, however, the radical may abstract an atomic 

hydrogen from the solvent and thus be lost for the production of an organometallic 

reagent. This is especially the fate of secondary or tertiary and allylic or benzylic radicals. 

Such endangered species, however, can be efficiently trapped by metal transfer from a 

primary alkylmagnesium halide which has been formed from the entrainment promoter. 

The concomitantly resulting primary alkyl radical appears to find its way back to the 

metal surface with particular ease and thus becomes metal loaded again before it can be 

destroyed by solvent attack. 

R-H 

R-Br 

H3C-R 

(Mg)oo 

R- (1) •CH2-R BrMg-R 

With increasing electropositivity of the metal, the transfer of the second electron and, 

as a corollary, the interception of the radical become more and more efficient. Now, 

however, new obstacles arise. If we replace magnesium or zinc with lithium or sodium, 

not only the reactivity of the metal towards the organic halide is enhanced but also, 

and even to a much greater extent, the reactivity of the resulting organometallic 

derivative towards its own precursor. Depending on the organic moiety, the latter 

reaction mainly proceeds according to 5'n2, E2 or radical pair mechanisms [13], leading 

to a mixture of coupling and dismutation products. 

R- X 

R-H (R-) 

:c=c; 

(R. .R) -► R-H 

M-R R-R 
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Fortunately, the nature of the halide employed affects much less the rate with which 

it is reduced by the metal than the rate with which it reacts with the organometallic 

reagent formed. In 1930, a landmark semikinetic study [14] was undertaken in which 

butyl chloride was recognized to be almost inert towards butyllithium, irrespective of 

the solvent. On the other hand, butyl bromide was found to react rapidly in diethyl 

ether, unless the mixture was cooled below 0 °C, and the iodide did so even in benzene 

(Table 1.7). The practical advice is to prepare butyllithium from the chloride rather 

than the bromide and never from the iodide. 

Table 1.7. Approximate half-life periods, ti/2, of 
butyllithium in the presence of butyl chloride, 
bromide or iodide, all of them having a 0.5 M initial 
concentration in benzene or diethyl ether at 25 °C 
[14] 

Li-C4H9 + H9C4-X 

'^M2 (h) 

Benzene Diethyl ether 

X = Cl >100 40 
X = Br 40 0.5 
X = 1 3 <0.1 

Special precautions are required in order to make tertiary alkyllithium compounds. 

The only convenient starting material for the preparation of tert-butyllithium is the 

chloride, and hexane is the solvent of choice. Moreover, sodium-lithium alloy [15] or 

a sodium-lithium codispersion [16] have to be used unless standard quality lithium is 
activated by abrasion [17]. 

Aryl halides are, of course, much less prone than their aliphatic counterparts to 

coupling with the corresponding organolithium reagents. Phenyllithium can be readily 

prepared from bromobenzene in ethereal medium [18]. Chlorobenzene reacts with 
lithium in diethyl ether relatively slowly, but rapidly in tetrahydrofuran [19]. 

The Krotos reverse behaviour (the children swallow their procreator) becomes more 

acute than ever when the reductive replacement of exceptionally ‘mobile’ halogen atoms 

is attempted. The conversion of chloromethyl methyl ether into methoxymethyllithium 

[20] is typical. The use of dimethoxymethane (formaldehyde dimethyl acetal) as an 

excellent donor solvent and of finely dispersed metal together with careful temperature 

control allows the problems to be overcome. In other cases, for example when allylic 

chlorides are involved as the precursors, an in situ interception of the organometallic 

intermediate may give satisfactory results [21]. More often, however, the use of 

‘dissolved metals’ is the best measure to be taken in order to ensure a sufficiently rapid 

electron transfer. All alkali metals dissolve when stirred with ethereal solutions of 

electron acceptor arenes with which they form deeply green or blue so-called ‘radical 

anions’ [22]. These are 1:1 adducts such as naphthalene-lithium (lithium dihydro- 

naphthylide) or biphenyl-lithium (lithium dihydrobiphenylylide). Naphthalene-lithium 
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has been successfully applied to convert a host of alkyl chlorides carrying hydroxy, 

amide, acetal or dithioacetal functional groups into the corresponding organolithium 

species [23]. The 1:1 adduct between lithium and 4,4-di-rert-butylbiphenyl (Freeman’s 

reagent [24]) offers the advantage of improved chemical stability of the hydrocarbon. 

It was found to be very convenient for the generation of 7-norbornadienyllithium (2) 

[25] from its labile chloro precursor. 

The preparation of ovganosodium reagents (3) from the corresponding halides is 
particularly troublesome. Only chlorides were found to sustain the attack of such 

organometallic species and even then only for a short period of time. Therefore, the 

reaction should be completed as quickly as possible. Once again, the particle size of 

the metal turns out to be the crucial factor. With the less critical chlorobenzene or 

p-chlorotoluene it suffices to employ sodium ‘sand’ [26,27]. However, alkylsodium 

compounds such as propyl- [29], butyl- [29], pentyl- [30, 31], octyl- [32] and decyl- 
[33] sodium can be obtained with fair to good yields only if a very detailed protocol 

is scrupulously followed. An ultrafine dispersion (^ 25 pm average particle diameter) 

of the metal must be prepared; high-speed stirring (5000-20 000 rpm) and vortical fluid 

motion in special glass equipment (‘greased flasks’) have to be used to ensure efficient 

mixing and the reaction temperature must be kept at —10 °C. 

2 Na 
R-Cl -► R-Nq 

(3) 

Despite all such efforts, alkyl chlorides always afford the corresponding potassium 

compounds in poor yields (e.g. pentylpotassium [31] 35%; dodecylpotassium [33] 

10%). In contrast, the preparation of aryl- and 1-alkenyl-type potassium derivatives 

gives acceptable results (e.g., phenylpotassium 55% [34]; vinylpotassium 73% [35]; 

1-dodecenylpotassium 47% [36]). 

1.4.1.2 Reductive Cleavage of Ethers and Thioethers 

Metals undergo the insertion into carbon-oxygen or carbon-sulfur bonds much less 

readily than into carbon-chlorine, carbon-bromine or carbon-iodine bonds [37]. 

Obviously, chalcogens do not pick up electrons as efficiently as halogens do when 

exposed to a metal. Thus, saturated ethers are perfectly stable against reductive cleavage 

under ordinary conditions. Nevertheless, at reflux temperatures 1,4-dioxane is slowly de¬ 

composed by potassium-sodium alloy [38]. Even more astonishingly, magnesium can 

intrude into the carbon-oxygen bond of tetrahydrofuran and produce a six-membered 
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magnesia cycle (4). The process, however, requires catalysis by titanium tetrachloride 

or cobalt dichloride unless oligoatomic metal (‘Rieke magnesium’) is employed [39]. 

In a similar way, ring-opened products (e.g. 5), are obtained when tetrahydrofuran, 

2,2-dimethyltetrahydrofuran or 2-vinyltetrahydrofuran are simultaneously treated with 

the 4,4'-di-tert-butylbiphenyl-lithium radical-ion (Li-DBBP) and boron trifluoride [40]. 

Small rings can gain additional driving force by the relief of angular strain. Therefore, 

oxiranes and oxetanes in tetrahydrofuran do not require electrophilic assistance to 

undergo reductive ring opening. However, while exclusively primary alkyllithium 
derivatives (e.g. 6a and 7a) are formed under such conditions, isomers with secondary 

or tertiary organometallic bonds (e.g. 6b and 7b) result when the reaction is carried out 

in the presence of Lewis acid catalysts such as boron trifluoride or triethylaluminium 
[41]. 

Li ^ 
(7b) 

The reductive ring scission of a-lactones can be brought about with potassium in 

tetrahydrofuran in the presence of 1,4,7,10,13,16-hexaoxacyclooctadecane (18-crown-6) 
at —20 °C. This results in a (2-enolato)oxyalkylpotassium species of type 8 [42]. 
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K 

A 

45 

R^=0 
l8-crown- 6 

R 

(8) 

0 
I 
K 

Diaryl ethers and alkyl aryl ethers undergo reductive cleavage with remarkable ease. 

In the case of an unequally substituted ether, two pairs of possible reaction products 

have to be envisaged. In general, the less basic organometallic compound is formed 

preferentially or exclusively. Thus, phenylpotassium and potassium methoxide are 

obtained when anisole is treated with potassium in refluxing heptane [34]. However, 

if applied in liquid ammonia, the same metal produces potassium phenolate and 

methane, the latter obviously via methylpotassium [43]. 

in K-CH3 

+ K-O-CH3 

How can one rationalize this dichotomy in product composition? It may reflect a 

dichotomy in mechanism [44]. Apparently, the aromatic moiety of the anisole serves 

as an electron sink where negative charge can be accumulated. The uptake of the first 

electron leads to a radical anion (9). There is ample evidence that carbon-oxygen bond 

scission may directly occur at that stage [45]. The dianion 10, having an antiaromatic 

decet of delocalized 7r-electrons, is not likely to be involved. Nevertheless, a second 

mode of reductive ether cleavage can be conceived of. Under certain conditions, the 

transfer of the second electron may not merely follow the carbon-oxygen bond scission 

in a posterior step but rather may occur simultaneously and actively support the 

cleavage of the radical anion. Since the latter process would by-pass any transient radical 

intermediate, the relative thermodynamic stabilities of the possible fragment combina¬ 

tions (phenylpotassium plus potassium methoxide vs methylpotassium plus potassium 

phenolate and methyl radical plus potassium phenolate vs phenyl radical plus potassium 

methoxide) could be reversed. 

+ 
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Allylsodium (11, M = Na) [46] and allylpotassium (11, M = K) [47] are readily 

produced by the treatment of allyl phenyl ether with the alkali metal in ethereal or even 

paraffinic solvents. However, the preparation of allyllithium (11, M = Li) [48], cro- 

tyllithium [49], prenyllithium (3-methyl-2-butenyllithium) [44] and other homologues 

by ether cleavage with lithium requires tetrahydrofuran as the solvent. Invariably the 

corresponding metal phenolate is formed as a by-product. Owing to its relative inertness 

it does not compromise subsequent reactions. 

9^6*^5 M (2 equiv.) 

-[MOCeHsl 

(11) 

Methyl or ethyl benzyl ether, bis(l-phenylethyl) ether and butyl 2-methoxybenzyl 

ether react smoothly with lithium in tetrahydrofuran to afford benzyllithium [50, 51], 
1-phenylethyllithium [50] and 2-methoxybenzyllithium [52], respectively. Remarkably 

enough, the heavier alkali metals cleave benzylic ethers only sluggishly if at all unless 

the latter carry alkyl or aryl substituents in the a-position. The generation of the 

ether-soluble, fairly stable 2-phenyl-2-propylpotassium (‘cumylpotassium’) [53, 54] by 

treatment of cumyl methyl ether with potassium-sodium alloy became a milestone in 

the development of the preparative organometallic chemistry. The disappearance of its 

deep red colour allows the progress of its transformations to be monitored visually. 

K(2 equiv.) 
-1 

-[KOCHj] 

K 

The scission of symmetrical ethers is advantageous since it avoids any ambiguity 

about the cleavage site. In this way, a-methoxydiphenylmethylpotassium [55, 56] and 

-sodium [56], diphenylmethylpotassium [56], a,a-dibenzylbenzylpotassium [53], 9- 

fluorenylsodium [57], 9-phenylfiuorenylsodium [57] and 9-methoxyfluorenylsodium 
[58], among others, have been made accessible. 

Compared with their oxygen analogues, thioethers have considerably higher electron 

affinities and weaker carbon-heteroelement bonds. Moreover, thiolates are much less 

basic than alcoholates or even phenolates. All these factors should favour the reductive 

cleavage of sulfides. Actually, lithium insertion into carbon-sulfur bonds is such a 

facile process that even heterocycles such as thiophene [59] and iV-alkylphenothiazines 
[60] can be cleaved in this manner. 

From a preparative point of view, the reductive cleavage of alkyl phenyl sulfides 

deserves attention. It can be accomplished with bulk metal or, more conveniently, with 

radical anions such as di-tert-butylbiphenyl-lithium and yields alkylmetal compounds 

in addition to thiophenolate [61,62]. The reduction of allyl phenyl sulfides is of 

particular practical importance [63]. In an elegant study, exo-3-methoxyallylpotassium 
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{exo-\l, M = K) was generated by treatment of the thioether with naphthalene- 

potassium at —120 °C. While the potassium compound underwent only slow equilibra¬ 

tion to afford the thermodynamically more stable endo isomer {endo-12, M = Li), 

stereomutation occurred very rapidly after replacement of the heavier alkali metal with 

lithium. 

H^CO 

SCgHs M 

It 

H3CO M 
k' ;• {endo-\Z) 

Mercaptals (dithioacetals) [65], thioorthoformates [66], a-(phenylthio)amines [67] 
and a-(phenylthio)ethers [68] can again be very efficiently cleaved. The last type of 

substrate gives access to the very versatile a-alkoxyalkyllithium reagents (e.g. 13). The 

favourite reducing agent for such reactions is the 1-dimethylaminonaphthalene-lithium 

1:1 adduct (‘LIDMAN’) [69,70], despite its instability in tetrahydrofuran above 

— 50 °C. It offers the great advantage of being easily removed from the crude reaction 

mixture by simple acid extraction. 

Not only aryl derivatives of chalcogens, as described, but also those of pnictogens 

are prone to reductive cleavage by alkali metals. Shaking a solution of triphenylamine, 

-phosphine, -arsane or -stiborane in tetrahydrofuran with elemental lithium produces, 

in addition to phenyllithium, lithium diphenylamide [71, 72], diphenylphosphide 

[72, 73], diphenylarsanide [72] and diphenylstiboride [72], respectively. 

1.4.1.3 Reductive Replacement of Hydrogen by Metal 

The conversion of acetylene into sodium acetylide is the oldest [74] and most extensively 

studied reaction of this type. It is generally carried out in liquid ammonia [75], the 

evaporation of which leaves behind the solid material [76]. The reducing agent sodium 

may be replaced with lithium, potassium, rubidium, caesium or an alkaline-earth metal 

[77]. The transformation of higher 1-alkynes or arylacetylenes into the corresponding 

lithium or sodium acetylides is equally possible [78]. In all these cases, the replaced 

hydrogen is in part evolved as the diatomic molecule. The rest is consumed by a 

reduction of the acetylene to the olefin. 
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A reductive replacement can also be expediently brought about between cyclopenta- 

diene or methylcyclopentadiene with potassium in refluxing benzene [79] or with 

sodium in refluxing xylene [81]. The dimeric cycloadduct can be used directly if higher 

boiling solvents such as decalin [81] or polyethylene glycol ethers [82] are used and 

reaction temperatures in the range 170-200 °C are applied. Under such conditions, half 

an equivalent of molecular hydrogen is produced per cyclopentadienylsodium or 

potassium formed. If, however, the reaction is carried out in liquid ammonia [80, 81], 

half an equivalent of cyclopentene is obtained instead as the by-product. Obviously, 

the ammonia intercepts both negatively charged intermediates, the radical anion 14 and 

the allylmetal species 15 by protonation. The concomitantly resulting sodium amide 

then reacts immediately with cyclopentadiene under proton abstraction [82]. In 

paraffinic or ethereal solvents the reaction has to take a different route. Presumably 

via a diene-metal (1:2) adduct (16), sodium hydride is eliminated, which is basic enough 

to abstract a proton from cyclopentadiene. In either reaction step one equivalent of 
cyclopentadienylsodium is formed. 

Na 

Indenylsodium [82] and -potassium [82] and fluorenyllithium [83], -sodium [84] 

and -potassium [85] can be prepared under similar conditions. Even in aprotic solvents 

reduced hydrocarbons (e.g. tetrahydrofluorene) are unavoidable by-products. 

Both triphenylmethylsodium and -potassium can be easily generated by reductive 

hydrogen replacement in liquid ammonia. On evaporation of the solvent, however, the 

sodium derivative decomposes to triphenylmethane and sodium amide [86]. Only the 

potassium compound can be isolated intact and crystalline [86]. Alternatively, it may 
be prepared in ethylene glycol dimethyl ether (‘glyme’) [87]. 

All hydrocarbons studied so far belong to the most acidic ones known. Attempts to 

extend the method to moderately or poorly acidic substrates were only sporadically 

successful. Toluene [88] and allylbenzene [88] do react with caesium reasonably well. 

On the other hand, the reaction of toluene with potassium requires hexamethyl- 
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phosphoric triamide as a cosolvent [89], which unfortunately is rapidly attacked by 

the benzylpotassium thus formed. Benzylpotassium and naphthylmethylpotassium and 

derivatives carrying alkyl substituents in the exocyclic a-position or on the ring can be 

obtained with moderate to good yields if the alkyl arene and potassium sand are heated 

in the presence of sodium oxide to temperatures around or above 110 °C [90]. Furan 

[91], 2-methylfuran [91], a variety of thiophenes [92] and benzothiophene [93] do 

react with sodium or potassium under reductive replacement, but the process again is 

not clean and is without practical value. 
Under favourable circumstances, even saturated hydrocarbons or simple olefins can 

interact with elemental metals. Atomic calcium in the vapour phase was found to insert 

smoothly into the C—H bonds of cyclohexane [94]. Benzene has been claimed to give 

phenylcaesium when treated with metallic caesium [95]. As a careful reinvestigation 

has revealed, however, a temperature-dependent mixture of products is obtained 

containing the black 1:1 adduct (radical anion 17), the yellow dimer (18) and the black 

biphenyl-caesium 1:2 adduct (19) as the principal components [96]. 

Cs Cs Cs 

Allylpotassium is formed if, in an autoclave at 80 atm pressure, propene is heated 

together with a potassium dispersion to 150 °C [97]. Much milder conditions can be 

applied with 1,4-pentadiene as the substrate. It suffices to treat it in tetrahydrofuran at 

0 °C in the presence of triethylamine with elemental potassium to produce penta- 

dienylpotassium (20) [98]. 

K 

(20) 

Finally, ethylene can be cleanly converted into vinyllithium if a solution in tetra¬ 

hydrofuran is vigorously stirred at - 25 °C with finely dispersed lithium in the presence 

of a cocktail of arene-type electron carriers [99]. Apparently, 1,2-dilithioethane (21) is 
involved as a key intermediate in the reaction sequence. At — 25 °C, it cannot be 

observed, however, since it immediately loses lithium hydride. In contrast, the corre¬ 

sponding caesium compound appears to be stable. It forms spontaneously when caesium 

is in contact with ethylene [100]. 

H2C-CH2 

/Li 

CHo-CHo 
\ ^ • 

Li 

CH2-CH2 

(21) 

-iLiHl 
H2C = CH-Li 
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An extension of the method to terminal alkenes as substrates appears to be possible 

if 2,5-diphenyl-1,6,baA'^-trithiapentalene is employed as a catalyst. The latter compound 

can bind several lithium atoms [101]. With this electron carrier, 1-octene can be 

efficiently converted into isomerically almost pure (£)-l-octenyllithium (22) [102]. 

1.4.1.4 Reductive Replacement of Carbon by Metal 

The reaction of ethylene with lithium affording vinyllithium and lithium hydride not 

only involves a carbon-hydrogen cleavage but also the scission of the carbon-carbon 

TT-bond. Olefins may be conceived of as two-membered carbocycles. The relief of the 

corresponding ring strain of ca 22kcalmol“^ provides the driving force to promote 

metal addition to the olefin. The reductive opening of three- and four-membered rings 

(e.g. dicyclopropylidene [103] and dihydrobenzobutene [104]) can be rationalized in 
the same way. 

Alkynes are far better electron captors than alkenes. The stereoselective reduction of 

alkynes to frawj'-alkenes in liquid ammonia passes through transient alkyne-metal 1:2 

adducts [105]. It is possible to generate such a dimetal species (23) under aprotic 

conditions and thus to make it survive by treating the strained cyclooctyne with lithium. 
A 2:2 adduct (24) is obtained as a by-product [106]. 

The reductive cleavage of ethane to give two equivalents of methyllithium or of higher 

alkanes to alkyllithium fragments has never been observed. Such processes would be 

endothermic or thermoneutral at best. Moreover, no reasonable mechanism for the 

required electron transfer can be operative. Phenyl substituents may attenuate or 

remove both shortcomings. They can serve as electron-acceptor moieties and thus 

improve the kinetics of the envisaged reaction and they can make it thermodynamically 

feasible by providing resonance stabilization to the resulting organometallic products. 

The oldest example of this type is the preparation of triphenylmethylsodium from 

the triphenylmethyl dimer, at that time erroneously considered to be hexaphenylethane 
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[107]. l,l,2,2-Tetraphenyl-l,2-(phenylethynyl)ethane [108], 9,9'-dixanthyl [109] and 

9,9'-di-9-methylxanthyl [109] again react smoothly with sodium under reductive C—C 

bond scission. Rapid cleavage of 1,1,2,2-tetraphenylethane [109], however, occurs only 

with potassium whereas l,2-di(phenoxy)-1,1,2,2-tetraphenylethane [110] may be cleaved 

with either lithium, sodium or potassium. With the corresponding dimethyl ether as 

the substrate, the carbon-carbon bond scission (affording 25) has to compete with a 

reductive methoxide elimination. The latter process leads, presumably through tetra- 

phenylethylene, to the dilithio compound 26 [111]. 

Potassium is again required for the cleavage of 1,2-di-p-biphenylylethane [112], 
l,l,6,6-tetraphenyl-l,5-hexadiene [112] and 2,2,7,7-tetramethyl-3,5-octadiyne [113], 

whereas only caesium is capable of promoting the cleavage of 1,2-diphenylethane 

[114]. Lithium in tetrahydrofuran converts 9,9-diphenylfluorene into a mixture of 
9-phenyl-9-fluorenyllithium and phenyllithium [115]. The central bicyclic unit is split 

when triptycene (27) is treated with potassium-sodium alloy [116]. 

(27) 
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1.4.1.5 Reductive Replacement of Another Metal or Metalloid by Metal 

The controlled preparation of organic alkali metal derivatives was first achieved by the 

reductive cleavage of dialkylzinc compounds [117]. A short time later the use of di- 

organomercury compounds [118] was found to be preferable since the reaction is much 

cleaner and, despite its potential reversibility, it goes to completion if an excess of the 

alkali metal is employed. In this way numerous organolithium, -sodium, -potassium 

and -caesium compounds have been conveniently prepared, e.g. methyllithium [119], 

ethyllithium [119], propyllithium [119], butyllithium [120], 2,2-diphenylpropyllithium 

[121], benzyllithium [122], cyclopropyllithium [123], vinyllithium [124], phenyllithium 

[125], o-phenylenedilithium [126], 2,2'-biphenylidenedilithium [127], meththylsodium 

[119,128], ethylsodium [119, 129-130], propylsodium [119, 131], butylsodium [132], 

octylsodium [119], benzylsodium [119], phenylsodium [119], methylpotassium 

[119,129,133], ethylpotassium [130], butylpotassium [132], phenyl-potassium [134], 

trimethylsilylmethylpotassium [135] and trimethylsilylmethylcaesium [136]. 

As a rule, the less electronegative (‘more electropositive’) metal drives the more 

electronegative one out of its bonding interaction with carbon. This makes sense if one 

conceives of the conversion of the element into an organometallic derivative as a partial 

oxidation of the metal. If we compare the ionization potentials of potassium 
(99 kcal moP^) and lithium (126 kcalmol"^), we realize immediately that the former 

has a greater reductive potential than the latter. In agreement with this relationship, 

the lighter alkali metal is replaced by the heavier one if solutions of organolithium 

reagents are stirred with bulk potassium or, more efficiently, potassium-sodium alloy. 

This method has been applied to the preparation of triphenylmethylpotassium [137], 

ethylpotassium [138], butylpotassium [138], ^ec-butylpotassium [138] and tert- 

butylpotassium [138]. The samples thus obtained are, however, impure. In addition to 

finely dispersed lithium and excess of potassium, they appear to contain small amounts 

of the organolithium precursor, which coprecipitates with the organopotassium com¬ 
pound to form mixed aggregates. 

The mechanism of this reductive metal-metal replacement process is still obscure. 

Radicals (such as 28) may be involved since .sec-butylbenzene was identified as one of 

H3C •K \ .K H3C 
CH-Li ^CH- -► /CH- 

H5C2 \ H5C2 / H5C2 

(28) 

mixed 
aggregate 
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the products when a benzene solution of 5ec-butyllithium was allowed to react with 

potassium [139]. 

1.4.2 PER MUTATIONAL INTERCONVERSION (OR INDIRECT 
EXCHANGE) METHODS 

It is often more convenient to perform a reaction of the permutational interconversion 

type rather than the reductive replacement type. Such methods, of course, rely on the 

availability of a highly reactive organometallic auxiliary MR'. In most cases, one of the 

commercial reagents, notably butyllithium, hexyllithium, ^ec-butyllithium, tert- 

butyllithium, methyllithium or phenyllithium, is used for this purpose. 

R-Z + M-R’ * R-M + Z-R’ 

Formally at least, all permutation reactions are reversible. In a first approximation, 

the position of the equilibrium established in a given case depends on the relative 

basicities of the two organometallic species, MR and MR', involved. The reaction tends 

to produce a less basic at the expense of a more basic reagent. For example, di- 

methylmercury and ethyllithium are almost completely converted into diethylmercury 

and methyllithium when they are allowed to react in a paraffinic or aromatic, non- 
ethereal solvent [140]. 

When evaluating basicities, one has to keep in mind, of course, what has been 

explained earlier (see pp. 20-22). It is an oversimplification to correlate the chemical 

potential of a series of organometallic compounds merely with the relative thermo¬ 

dynamic stabilities of the corresponding carbanions without taking other factors into 

account. Differences in aggregation energies may attenuate or even reverse the natural 

basicity order which one would observe with the monomers. An equilibrium may be 

even more drastically affected if one of its components precipitates. 

1.4.2.1 Permutational Metal-Metal Exchange 

The interconversion between alkyllithium reagents and organic derivatives of‘soft’ and 

fairly electronegative metals, so-called ‘metalloids’, proceeds particularly smoothly. 

When treated with butyllithium, dimethylmercury sets free methyllithium [141]. 

Bis(l-methylpropyl)mercury and bis(A,A-diethylcarbomoyl)mercury were found to be 

suitable precursors for the generation of optically active 5ec-butyllithium [142] and 

A,A-diethylcarbonyllithium [143], respectively. A large excess of tert-butyllithium 

converts tetrakis(chloromercurio)methane (29) into tetralithiomethane [144], previously 

Cl Cl 
^C^ 

Cl' Cl 

ClBIOCHjlj (H3C0)2B B(0CH3)2 

(H3C0)2B B(0CH3)2 

CIHg^ ^HgCI 
'c' 

CIHg' 'hgCI 

(29) 

Li 

Li Li 
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identified as one of the products formed upon the reaction between tetrachloromethane 

and lithium vapor [145]. 
Tetravinyllead may be used to prepare vinyllithium [146]. (3,3-Dichloroallyl)triphe- 

nyllead, when treated with butyllithium, sets free grem-dichloroallyllithium (30) [147]. 

Li 

CUC-C-CHo 
H 

(30) 

The most versatile components for organometal-organometalloid interconversions 

are organotin compounds. This is not only because of the ease with which the 

permutational exchange occurs. A second crucial advantage is that the starting materials 

are accessible by a variety of different, complementary methods. There is on the one 

hand the classical route, which implies the reaction between a Grignard reagent and 

an organic tin chloride. Alternatively, the polar organometallic precursor may be 

condensed with a (halomethyl)tin derivative. Finally, one can reverse the polarities and 

couple an organic halide or tosylate with trimethyl- or tributylstannyllithium. 

R-Li ♦ BrCH2SnR3 

R-CH2-MgBr * ClSnR’3 -► R-CH2-SnR'3 

R-CH2Br LiSnR‘3 

Organotin compounds allow the efficient preparation of organolithium reagents 

which are otherwise troublesome to obtain: cyclopropyllithium [148], vinyllithium 

[149], (Z)- or (£)-l-propenyllithium [150], trifluorovinyllithium [151], (Z)- or (£)-l,2- 

diphenylvinyllithium [142], (Z)- or (£)-2-p-chloro-1,2-diphenyl vinyllithium [142], 
l-(2-chloroethyl)vinyllithium [152], allyl-, 2-methylallyl- and crotyllithium [153, 154], 

benzyllithium [153, 155], 1-phenylethyllithium [154] and o-bromobenzyllithium [156]. 

Allyl- and benzyl-type organopotassium and organocaesium compounds are again 

readily accessible by the interconversion method [157]. Bis(trialkyltin) precursors such 

as the olefin 31 [158] and the diene 32 [159] can be submitted to a unilateral [158] 
or bilateral [157, 159] exchange. 

Tin reagents open up a very convenient entry to a-alkoxyalkyllithium species [160] 

which may subsequently undergo a Wittig rearrangement [161] or can act as synthetic 

equivalents of a-deprotonated alkanols [162] if they carry an acetal function or a 

benzyloxy group which may hydrolytically or reductively be removed at a later stage. 

Among the numerous a-alkoxyorganolithium compounds prepared in this way are 
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H H 
I I 

(H9Cj3Sn-C::C-Sn(C4H9)3 ♦ Li-C-C-Sn(C4H9)3 

H 

(31) 

H CH3 

H 

H CH3 

(H3C)3Sn-C:C-(:=C-Sn(CH3)3 

HoC H 

(32) 

Li-C = C-C = C:-Li 
I I I 

H3C H 

benzyloxymethyllithium [163], methoxymethoxymethyllithium (33) [164], (1-ethoxy- 

ethoxy)methyllithium [165], (2-tetrahydropyranyloxy)methyllithium [166], (benzyloxy- 

methoxy)methyllithium (34) [167], l-(methoxymethoxy)cyclohexyllithium [168], 

2-tetrafuryllithium [168], 2-tetrahydropyryllithium [168] and lithiated sugar derivatives 

such as 35 [169]. 

Li-CH20CH20CH2C6H5 

(34) 

L1-CH2OCH2OCH3 

(33) 

(35) 

Permutational interconversions are not restricted to organometallic reagents and 

organometalloid compounds, but can also be carried out between organometallic 

reagents and metal (or metalloid) salts [170]. In general, the exchange proceeds in the 
direction where the more electropositive metal combines with the less basic organic 

moiety. Thus, treatment with ethereal lithium bromide converts 2-naphthylmethylpo- 

tassium [171] and allylpotassium [172] into the lithium compounds. In the same way 

allylsodium [172] can be prepared if sodium tetraphenylborate in tetrahydrofuran is 

used. Nevertheless, the exchange can also produce the more basic organometallic 

species. This is notably the case when organolithium compounds are allowed to interact 

with soluble sodium [173], potassium [173] or caesium [174] alkoxides. As the 

equilibrium is driven to the side of the exceptionally strong oxygen-lithium bond, 

the carbon has to accept the heavier alkali metal as a binding partner. 

1.4.2.2 Permutational Halogen-Metal Exchange 

The interconversion process between an organic halide and an organometallic reagent 

belongs to the synthetically most useful reactions [175]. The driving force lies in a 

partial neutralization: the more strongly basic organometallic species is converted into 

the less basic component of the equilibrium. For example, when phenyl iodide is added 

to an ethereal solution of propyllithium, the latter disappears almost completely from 

the equilibrium, which contains almost 10 000 times more of phenyllithium [176]. On 
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the other hand, vinyllithium and phenyllithium coexist under similar conditions in an 

approximate ratio of 250:1 [176]. As the phenyl anion has a smaller protonation 

enthalpy than vinyl anion (see Figure 1.7), the basicity gradient does not explain why 

vinyllithium should be favoured. Other factors such as strong aggregation and poor 

solubility have to be invoked. 

^ I-R 

The dynamic nature of the exchange equilibrium can be demonstrated by ‘up-hill’ 

(endoenergetic) metal transfers. When phenyllithium is added to an alkyl halide, only 

infinitely small amounts of the alkyllithium species are formed. However, if an efficient 

mode of interception exists, this intermediate will be continuously transformed as 

supplied in the equilibrium until all material is consumed. In this way, endo-tricy- 

clo[4.2.1.0^-^]non-7-ene (36) [177] was readily obtained. The analogous preparation of 

6,7-dihydrodibenzo[6/]oxepin (37) [178] energetically runs ‘down-hill’ all the way, of 

course, since the treatment of bis(2-bromomethylphenyl) ether with phenyllithium 

generates a benzylic, hence resonance stabilized organolithium intermediate. 

Br Br 

Being intramolecular, such cyclizations are fast. Nevertheless, they can be suppressed 

at low temperature. Treatment of 2-(2-bromoethyl)bromobenzene with .butyllithium 

generates 2-(2-bromoethyl)phenyllithium (38), which can be trapped if the temperature 

is maintained at —100 °C [179]. 

(38) 

From a practical point of view, the halogen-metal interconversion mode can almost 

entirely be narrowed down to bromine-lithium and iodine-lithium exchange. Chlorine- 

lithium exchange gives satisfactory results only when polyhalogenated substrates 

are involved. Thus, for example, trichloromethyllithium [180] can be obtained from 
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tetrachloromethane, dichloroallyllithium [181] from 3,3,3-trichloropropene, endo- 

and exo-7-(7-chloro)bicyclo[4.1.0]heptyllithium (39) [180] from 7,7-dichloronorcar- 

ane, l-chloro-2,2-diphenylvinyllithium [180] from l,l-dichloro-2,2-diphenylethy- 

lene, trifluorovinyllithium (40) [182] from trichlorofluoroethylene and 1,1-dichloro- 

2,2,2-trifluoroethyllithium [183] from l,l,l-trichloro-2,2,2-trifluoroethane. 

F. ,F 
C-C / \ 

F Li 

(40) 

Alkaline earth or heavy alkali metals rarely participate in halide interconversion 

processes. Methyl iodide [184], 1- or 2-dodecenyl bromide [185], phenyl bromide [186], 

p-tolyl bromide [186] and 1-naphthyl bromide [186] do form the corresponding sodium 

derivatives, although in moderate yields, when treated with butylsodium or pentyl- 

sodium. 3-Thienylpotassium [187], from 3-bromothiophene and cumylpotassium, 

appears to be the sole potassium species so far prepared by halogen-metal exchange. 

The element effects can be readily understood on the basis of the exchange mechanism. 

The intermediacy of ate complexes first postulated by Wittig and Schollkopf [188] 

is nowadays generally accepted. A lithium diphenyliodate (41) has been identified as a 

reaction intermediate in tetrahydrofuran [189]. While the heavy halogen centre can 

accommodate the negative charge most efficiently, the lithium cation will benefit from 

a particularly high solvation energy. The crucial role of solvation in ion-pair formation 

is reflected by the thermal stability of lithium bis(pentafluorophenyl)iodate, which can 

be isolated in crystalline form. It undergoes vigorous decomposition above — 75 °C if 

the metal is surrounded by tetrahydrofuran molecules (42; Sv — C4H8O; n = 4), but 

the complex is stable up to 25 °C if coordinated with two equivalents of N,N,N',N'- 

tetramethylethylenediamine [42; Sv = (H3C)2NCH2CH2N(CH3)2; n = 2] [190]. 

Li(Sv)n 

The halogen-metal exchange is the method of choice to introduce specifically a 

lithium atom into a given, non-activated position. Thus, it allows the selective prepara¬ 

tion of 0-, m- and p-anisyllithium whereas the hydrogen-metal exchange method, i.e. 

the direct ‘metallation’ of anisole (see p. 86), can only give access to the ortho isomer 

(see page 58). 
The mild reaction conditions make halogen-metal interconversion processes particu¬ 

larly attractive for the preparation of labile organolithium species. A few a-, p-, y-, S- or 

£-heterofunctional organometallic compounds, all of them generated by permutational 

bromine-lithium exchange, will be mentioned as typical examples: heptafluoropropyl- 

(39) 



58 M. SCHLOSSER 

OCH 3 

OCH 3 

Br 

OCH 

Li 

3 

lithium [191], (Z)-l-chloro-2-phenylvinyl chloride (43) [192], endo- and ejco-7-fluoro- 

7-bicyclo[4.1.0]heptyllithium (44) [193], l-bromo-2,2-dimethyl-l-cyclopropyllithium 

[194] and 1-methoxy-l-cyclopropyllithium [195]; (Z)-2-ethoxyvinyllithium [196] (45, 

OR = OC2H5), (Z)-2-(trimethylsilyloxy)vinyllithium [197] [45, OR = OSi(CH3)3], 1- 

(ethoxymethyl)vinyllithium [198], 6-ethoxy-1-cyclohexenyllithium [198], l-(diethoxy- 

methyl)vinyllithium [199], 3,3,6,6-tetramethoxy-l,4-cyclohexadienyllithium (46) [200], 

l-(lithiooxymethyl)vinyllithium [201], (Z)-l-lithiooxymethyl-l-propenyllithium [202], 

(Z)-3-lithiooxy-l-methyl-l-propenyllithium [202] (47) and 2-lithiooxy-6-methyl-l- 

cyclohexenyllithium [203]; 2-(2-methyl-2-dioxolanyl)propyllithium [204] (48), 3,3- 

diethoxy-l-propenyllithium [205], (£)-3-methoxymethoxy-l-octenyllithium [206], 

Li 

Cl 

(43) (44) (45) 

H3CO 

H3C0^V^ 

OCH- 

(46) 

LiO 

Li 

(47) 

(48) 

Li 

Si{CH3)3 

(49) (50) 
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(S)-3-(l-methoxy-l-methylethoxy)-(£)-l-octenyllithium [206] (49) and 3-trimethyl- 

silyloxy-4,4-dimethyl-l-octenyllithium [207]; 4,4,4-trimethoxybutyllithium [208]; 

a convincing (lZ,3£)-4-trimethylsilyloxy-l,3-butadienyllithium [209] (50) and 

(1 Z,3£/1 -E,3£^)-6,6-diethoxy-1,3-hexadienyllithium [210]. 
The halogen-metal interconversion also offers a reliable entry to a great variety of 

metal-bearing heterocyclic compounds. Again, we list just a few: 2-pyridyllithium [211], 

3-pyridyllithium [211], 4-pyridyllithium [212], 3,4,6-triphenyl-2-pyridyllithium [213], 

5,6,7,8-tetrahydro-2-quinolyllithium [214], 2-quinolyllithium [215] (51), 3-quinoly- 

llithium [215], 4-quinolyllithium [215], 1-isoquinolyllithium [215] and 4-isoquinoly- 

llithium (52) [215], 3-furyllithium (53) [216], 4-methyl-2-thienyllithium [217], 

l-triisopropylsilyl-3-pyrryllithium (54, R = isopropyl) [218] and -7/14-chloro-5,7-di- 
lithio-7-(pyrrolo[2,3-rf]pyrimidyl)lithium (55) [219]. 

(54) (55) 

If several halogen atoms are present in the substrate, iodide is exchanged in preference 

to bromine and chlorine. If several like halogen atoms are present in a substrate, the 

one which occupies the most acidic site is first replaced. As a convincing demonstration 

of this principle, 2,4,5-tribromo-l-imidazoles (56; R = CH3, CH2C6H5) was submitted 

to three consecutive electrophilic substitutions at positions 2, then 4 and finally 5 [220]. 

Similarly, lithium was consecutively introduced into 2,4-dibromothiazole first at posi¬ 

tion 2 and next at position 4 [221]. 

N .Br 1. Lic^H, 

T -• 
N-^Br 

R 

(56) 

1. LiC^H, 

2. f/'-X 

V LiCjHj 

2. f/’-X 
El 

El' 

El" 

R 

The organolithium species initially generated may gradually be transformed to a less 

basic isomer, if such a possibility exists. Thus, 3-bromo-2-chlorothiophene and butyl- 

lithium react to afford 2-chloro-3-thienyllithium (57), which is slowly converted into 

5-chloro-2-thienyllithium (58) [222]. Analogously, l-benzyloxymethyl-4,5-diiodoimida- 

zole gives first l-benzyloxymethyl-5-iodo-4-imidazolyllithium (59), which subsequently 

‘metamorphoses’ to l-benzyloxymethyl-5-iodo-2-imidazolyllithium (60) [223]. 

Such isomerization processes involve hydrogen-metal interconversions. It suffices to 

produce incidentally, for example by deprotonation of 3-bromo-2-chlorothiophene with 

2-chloro-3-thienyllithium, a small amount of 2-chlorothiophene. This compound now 

can enter an exothermic acid-base reaction in which 5-chloro-2-thienyllithium is 
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(59) (60) 

continuously produced at the expense of the 3-chloro isomer. The 2-chlorothiophene, 

acting like a turntable, is continuously recovered as consumed. 

Cl 

Bromine-lithium and iodine-lithium exchange reactions occur instantaneously, even 

at —75 °C, if an ethereal solvent is employed [224]. Prolonged exposure times are not 

only unnecessary but have to be avoided because of threatening side-reactions. The 

newly generated organolithium species may in particular undergo a condensation 

reaction with butyl bromide or butyl iodide. There are, however, tricks for removing 

such inevitable by-products of the halogen-metal exchange. If the interconversion is 

carried out in a hydrocarbon medium such as benzene or toluene, most aryllithium and 

1-alkenyllithium compounds are sufficiently insoluble to permit removal of the butyl 

halide by washing and filtration [225]. The same goal can be achieved more con¬ 

veniently if two equivalents of fert-butyllithium are used as the exchange reagent [226]. 

The tert-hntyX bromide or iodide formed is immediately destroyed by the unconsumed 

?err-butyllithium, which promotes a ^-elimination of hydrogen halide thus producing 

lithium bromide or iodide the presence of which generally does affect the outcome of 
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the subsequent reaction. In this way, it was possible to generate the organolithium 
intermediate 61 at —120 °C from a co-bromodiene precursor and to use it as a key 
building block in the first enantioselective synthesis of maysine [227]. 

tert-Butyllithium may also be advantageously employed to shift exchange equilibria 
towards a dimetallated species. Thus 1,5-diiodonaphthalene was found to give cleanly 
the monolithio and dilithio derivatives 62 and 63 when treated with two and four 
equivalents of tert-butyllithium, respectively [228]. 

I Li Li 

I I Li 

(62) (63) 

Imperceivable halogen-metal exchange processes may give rise to products which, 
at first glance, could be mistaken as resulting from an 5'N2-forbidden reaction. On closer 
inspection, of course, one realizes that the amide 64 obtained after neutralization was 
not formed by direct coupling of (£)-l-iodo-l-hexene with N,2-dilithio-iV-benzoylethyl- 
amine but rather via the two components generated by halogen-metal interconversion 

[229]. 

OLi OLi 

(64) 

1.4.2.3 Permutational Chalcogen-Metal Exchange 

According to all available evidence, first-row heteroelements do not participate at all 
in interconversion reactions. In the second row, silanes [230] undergo a rapid and 
phosphines [231] a slow exchange of substituents when they are treated with alkyl- 
lithium reagents and diphenyl sulfide [232] is practically inert. 

The aryl-aryl replacement can, however, be accelerated by a factor of ca 10^ if one 
switches from the inter- to an intramolecular reaction. Deuteriated 2-(2'-lithiophenyl)di- 
benzothiophene (see formula scheme on p. 62) needs less than 1 min at — 75°C in 
tetrahydrofuran to achieve complete isotope scrambling between positions 9 and 3' 
[233]. The ate complex 65, which acts as a transient intermediate in the exchange 
process, is present in undetectable concentrations. However, the corresponding selenium 
compound (65, Se instead of S) becomes the preponderant, spectroscopically observable 
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species if hexamethylphosphoric triamide is added to the solution in tetrahydrofuran 

in order to improve the solvation of the lithium cation [233]. 

Selenides [233] and tellurides [234] are 10"^ and 10^^ times, respectively, more reactive 

than sulfides towards organolithium reagents. While the synthetic potential of tellurides 

is just beginning to be explored [235], organoselenium compounds have attracted wide 

attention as intermediates in organic synthesis [236]. Diseleno acetals, carrying at least 

one hydrogen atom at the a-carbon position, can be deprotonated with alkali metal 

dialkylamides whereas, unlike dithio acetals [237], they react with alkyllithium reagents 

with selenium-lithium exchange [238]. This reaction mode opens up a wide field for 

structural modifications, as illustrated by the synthesis of the spiro compound 66 [239]. 

^5^6 — 

^5^6% OH ^5^6 
HSnICgHs), 

{nc-(-n:n-(-cn} 
(66) 

1.4.2.4 Permutational Carbon-Metal Exchange 

Ordinary carbon-carbon bonds are completely resistant to the attack of organolithium 

reagents. However, the latter do undergo nucleophilic addition to many olefins. This 

process can be conceived of as the replacement of one carbon moiety by another, the 

metal being simultaneously transferred from the entering to the departing fragment. 

-C-C- + M-R / \ 

+ M-R 

Butyllithium combines with ethylene not only at elevated, but also at ordinary 

temperatures. Since the adducts are as reactive as their precursors, the addition can 

continue and linear polyethylene of low molecular weight is produced [240]. On the 

other hand, the reaction stops cleanly after the first addition step if isopropyllithium 

or tcrt-butyllithium is used, since the resulting primary alkyllithiums are less basic than 
the secondary or tertiary compounds [241]. 

H2C-CH2 Li-C(CH2)3 ^ Li-CH2-CH2-C(CH3)3 

-C-M + -C-R / / 

-c-c- 
M R 



ORGANOALKALI REAGENTS 63 

Relief or ring strain facilitates the organometallic addition reaction and also con¬ 

tributes to control its outcome. Norbornene [242] and cyclopropene [243] rapidly react 

with a variety of organolithium and, in the latter case, even organomagnesium 

compounds. Finally, neighbouring group assistance may play an important role. Allyl 

ethers and alcoholates do react under conditions where simple olefins are completely 

inert. When treated with Grignard reagents, butyl cinnamyl ether undergoes a viny- 

logous substitution either via the adduct 67 or, more likely, in a concerted fashion [244]. 

Allylmagnesium bromide combines with homoallyl alcoholates to give adducts of type 

68 (R = e.g. CgHg) [245] while organolithium reagents add smoothly to allyl alcoholates 

producing branched derivatives such as 69 (R = alkyl, aryl) [246]. 

R R 

(69) 

Allylic and benzylic sodium and potassium compounds are particularly efficient 

nucleophiles that readily combine with ethylene although the only remaining driving 

force is the transformation of a tt to a ct bond (in other words, the relief of strain inherent 

in the double bond which may be visualized as a ‘two-membered ring’). Actually, 

adducts (e.g. 70 [247] and 71 [248]) are far more basic than their organometallic 

precursors. The newly formed intermediates are actually so reactive that they cannot 

K 

(71) 
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be trapped as such but rather are destroyed by proton abstraction from the solvent, if 

ethereal, or from another C,H acid. 
The high propensity of delocalized organometallics for nucleophilic addition to 

carbon-carbon double bonds is at the origin of the so-called anionic polymerization of 

butadiene, isoprene and styrene [249]. In general, an alkyllithium reagent is used to 

initiate the reaction. This first adduct is formed relatively slowly but its subsequent 

reaction is fast. Since each addition step to the diene or styrene restores an allyl- or 

benzyl-type structure, the polymer chain grows rapidly until all monorner has been 

consumed. The chain growth can be started again if another monomer is introduced 

into the batch. In other words, the polymer remains ‘living’ [25] until the reactive ends 

are quenched by solvolysis. When butyllithium is allowed to react with 1,1-diphenylethy- 

lene rather than styrene, one encounters the reverse situation: any subsequent reaction 

is too slow to compete with the relatively fast first addition step. In this way, 

I,I-diphenylhexyllithium (72) is obtained virtually quantitatively. 

'C:CH 2 

Li-C^H, 

slow 
Li-CH-CHj-C^Hg 

fast 
Li--CH-CH2-CH-CH2-C4H9 

(72) 

Organolithium reagents add with particular ease to fulvenes [251] and at more 

moderate rates to polycyclic aromatic or quasi-aromatic ring systems such as anthracene 

[252] or azulene [253]. Phenyllithium undergoes slow addition to the triple bond of 

diphenylacetylene [254]. All such reactions are of only limited value for the preparation 

of organometallic reagents. Since they are of principal importance, they nevertheless 

have deserved appropriate coverage. 

1.4.2.5 Permutational Hydrogen-Metal Exchange 

The terms ‘metallation’ and ‘transmetallation’ are widely used to designate the transfer 

of metal from an organometallic reagent to a hydrocarbon substrate in exchange for a 

carbon-bound hydrogen atom. This reaction mode was accidentally discovered by 

Schorigin [255] when he submitted diethylmercury, dissolved in benzene, to reductive 

cleavage with sodium metal. Rather than the expected ethylsodium, he obtained 

phenylsodium as the reaction product, without doubt the result of a subsequent 
interconversion process. 

No 

Hg(C2Hg)2 
CsHs 
-► Na-C2H5 

-ICjHj] 
Nq-C0H5 
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In the following decades, systematic investigations have established the universality 

of this transmetallation route. In accordance with their formal relationship to acid-base 

reactions [256], these interconversion processes inevitably generate a less basic organo- 

metallic compound at the expense of a more basic compound. For example, fluorene 

was found to react with ethyllithium to afford ethane and 9-fluorenyllithium [257]. A 

convenient working procedure for the preparation of benzylsodium [258] uses chloro¬ 

benzene, sodium and toluene as the ingredients; obviously the method relies on the 

in situ transformation of phenylsodium by transmetallation with toluene. 

Scope and Limitations 

Gradually it was also realized that the ease with which a hydrogen-metal exchange 

reaction occurs depends not only on the acidity gradient established between the two 

hydrocarbons involved but also on the electropositivity of the metal employed (see 

Figure 1.9). While alkylpotassium reagents are claimed to be powerful enough to 

metallate even pentane, in other words to promote thermoneutral reactions [259], 

organolithium, unlike organosodium, compounds are unable to deprotonate benzene 

or even toluene if no special activation is provided. Finally, organomagnesium reagents 

do not participate in transmetallation processes unless a very acidic substrate such as 

an acetylene or cyclopentadiene is present as the proton source. 

Being soluble in ethereal and frequently also in paraffinic solvents, alkyllithium 

reagents are most convenient to work with. Moreover, many of them are commercially 

available. Therefore, it is of great practical importance to define the scope and 

limitations of alkyllithium-promoted metallation reactions. Generally, only substrates 

Substrate BrMgC4H9 L1C4H9 NdC^Hg KC4H9 

Figure 1.9. Pictorial representation of the interdependence between acidity gradients and 
metal effects in prototype transmetallation reactions (employing butylmagnesium bromide 
and butyllithium in an ethereal and butylsodium and butylpotassium in a paraffinic solvent). 
Open boxes mean no reaction and shaded boxes mean the reaction is taking place 
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with enhanced C,H acidity are amenable to hydrogen-lithium exchange. One can 

differentiate between several fundamental carbanion-stabilizing and thus acidity- 

increasing factors, as follows. 

Ring Tension The gas-phase protonation enthalpy of cyclohexanide is at least 

lOkcalmoP^ higher than that of cyclopropanide (see Figure 1.7). The relationship 

between geometry (‘hybridization’) and acidity can be understood on the basis of the 

Gillespie-Nyholm model (valence shell electron pair repulsion concept, VSEPR) 

[260, 261]. Cyclopropane reacts only sluggishly with organosodium (see pp. 72-73) 

and not at all with organolithium compounds. More severely strained three-membered 

rings such as tricyclo[3.1.1.0®'^]heptane [262] and 1,3,3-trimethylcyclopropene [263] 

are, however, readily deprotonated by butyllithium, giving rise to intermediates 73 
and 74. 

Li 

(73) (74) 

Following Pauling’s advice that ‘bent bonds are better’ [264], ethene and ethyne can 

be conceived as ‘cycloethane’ and ‘bicyclo[0.0.0]ethane’ [261]. The enhanced proton 

mobility of olefinic, allenic and acetylenic C,H bonds can then again be attributed to 

C—C—C angle compression [261]. 

Finally, ring strain contributes significantly to the C,H acidity of five-membered 

carbo- and heterocyclic rings. Pentylsodium metallates spiro[4.4]nona-1,3-diene at 

position 2 (intermediate 75) [265] under conditions where an ordinary open-chain and 

conjugated diene would simply become the prey of polymerization. 1-Trimethyl- 

silylpyrrole undergoes metallation with butyllithium in hexane at the nitrogen adjacent 

position 2 (see p. 85), but with tert-butyllithium at the sterically more accessible 

position 3 (intermediate 76) [266]. 

No Li 

(75) (76) 

Polarization In the last two cases a second factor has to be taken into consideration. 

Conjugated or homoconjugated double bonds can interact with each other in a way 

that helps to attenuate a charge excess by deformation (‘polarization’) of their electron 

clouds [267]. In these terms it can be explained why norbornadiene (bicyclo[2.2.1]- 

hepta-2,5-diene) [268, 269], bicyclo[3.2.0]hepta-2,6-diene [268] and cycloheptatriene 
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[268], when metallated with pentylsodium to afford the intermediates 77, 78 and 79, 
react one or two orders of magnitude more rapidly than the monounsaturated 

analogues. Polarization phenomena may also be invoked to explain why butyllithium 

deprotonates 4//-pyran [270] (generating intermediate 80) more rapidly than 3,4- 

dihydro-2H-pyran [271] and to rationalize certain reactivity patterns of substituted 

arenes. 

(77) (78) (79) (80) 

p-Orbital Resonance Effects Charge delocalization offers a more efficient mechanism 

for the attenuation of electron excess than mere bond polarization. The proton affinities 

(see Figure 1.7) of the allyl and benzyl anions are roughly 35 and 40kcalmol"'\ 

respectively, smaller than that of the propyl anion (1-propanide ion). These energy 

differences reflect the resonance energy which is gained by charge delocalization within 

a molecular framework having alternating loops (antinodal points) and nodes. 

Butyllithium is not reactive enough to metallate simple alkenes or methylarenes unless 

it is activated by complexation with N,iV,N',N'-tetramethylethylenediamine (TMEDA). 

Under such circumstances allyllithium [272], 2-methylallyllithium [272], 2-butenyllithi- 

um [273] and benzyllithium [274] were prepared with acceptable yields. 1,4-Dienes 

[275], 1,3,6-trienes r276T dinhenvlmethane [277] and triphenylmethane undergo a 

rapid hydrogen-lithium interconversion with butyllithium in ethereal solvents. The 

deprotonation of fluorene [275, 278], indene [279] and cyclopentadiene [280] occurs 

instantaneously, all of them generating quasi-aromatic organometallic entities. 

Resonance effects become even more pronounced if they allow the negative charge 

to be displaced from a carbon to a hetero atom. Enamide and enolate ions accumulate 

most of the excess electron density at the nitrogen or, in particular, oxygen atom. This 

is the reason why aliphatic carbonyl compounds are more acidic than azomethines 

(Schiff s bases) and the latter for their part more acidic than alkenes. 

HX-C-CHp 
H 

H.C-C-N-R 
H 

HX-C-0 
H 
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Inductive Electron Withdrawal The polarization effects discussed under one of the 

preceding headings could also have been ascribed to inductive electron withdrawal 

caused by the olefinic carbon centres which are arguably more electronegative than 

saturated centres. We prefer to speak of inductive effects only in conjunction with 

heteroelements. 
The electrostatic attraction exerted by a heteroatom becomes especially strong if the 

latter carries a positive charge. Thus, tetramethylammonium bromide is rapidly depro- 

tonated to afford a so-called nitrogen ylid (81), more precisely the lithium bromide 

adduct of trimethylammoniomethanide [281]. The metal-free ylid is unstable; it de¬ 

composes instantaneously by methyl migration (Stevens rearrangement) or methylene 

transfer [281]. Af-Ylid-related structures are diazomethane (82) and lithiated isocyanides 

(83) [282]. 

+ 

:NrN-CH2 :C = N-CH2-Li 

(82) (83) 

We do not expect trimethylamine and dimethyl ether to be much more acidic than 

methane in the gas phase (ApK ^ 5) [283]. In other words, uncharged nitrogen and 

oxygen substituents should only modestly stabilize carbanions and organometallics 

derived therefrom. They facilitate, however, very markedly hydrogen-metal exchange 

processes occurring in their vicinity by providing neighbouring group assistance (see 

pp. 81-88). 

d-Orbital Resonance Effects Like trimethylsulfonium salts, tetramethylphosphonium 

bromide was found to be many orders of magnitude more acidic than the corresponding 

ammonium salt [284]. On the basis of electrostatic forces alone, the first-row element 

should outperform its higher isologue because of the shorter distance between the 

oppositely charged centres in the zwitterionic ylids originating from deprotonation. The 

second-row element must hence offer extra stabilization to the carbanion- and this was 

attributed to an expansion of its valence shell beyond the usual electron octet. Hence 

the true bonding situation in the ylid could be represented by two resonating limiting 

structures, an ‘ylid’ and an ‘ylene’ form (84a and 84b, respectively) [284, 285]. 

H3C 

H3C-y = CH2 
H3C 

(84b) 

The capacity of phosphorus to accommodate ten or even twelve valence electrons 

has been amply demonstrated. The syntheses of pentaphenylphosphorane [286] 
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(85) and bis(o,o'-biphenylene)phosphonium tris((?,(9'-biphenylene)phosphate [287] (86) 
illustrate this in a particularly convincing manner. 

Although the concept of d-orbital resonance remains controversial [288], there can 

be no doubt about the existence of a special acidifying effect of second- and higher 

row elements. The heteroatom must not carry a positive charge to become effec¬ 

tive. Methyldiphenylphosphine is readily deprotonated at the a-position by TMEDA 

activated butyllithium giving (diphenylphosphino)methyllithium (87) [289]. The 

corresponding phosphine oxide reacts, of course, much faster to afford (diphenyl- 

phosphinoyl)methyllithium (88a) [290], which presumably exists preferentially in a 

metallomeric ylid form (88b) [291]. 

(87) (88a) {88b) 

Analogously, methyl phenyl sulfide (thioanisole) can be converted into phenylthio- 

methyllithium [292], 2-methyl-1,3-dithiane into 2-methyl-2-(l,3-dithianyl)lithium [293] 

and trimethyl trithioorthoformate into tri(methylthio)methyilithium [294]. Tetra- 

methylsilane and ethoxytrimethylsilane can be metallated to give trimethylsilyllithium 

[295] and (ethoxydimethylsilyl)methyllithium [296], respectively. 

Unlike the corresponding ffuoro analogues, dichloromethyllithium and trichloro- 

methyllithium can be easily generated and can be conserved at low temperatures (e.g. 

— 110°C) [297]. Tribromomethane and trichloromethane are far more acidic than 

triffuoromethane, despite the very short carbon-halogen bond in the latter [298]. A 

rationalization of these differences must again take into account d-orbital resonance 

effects. 
Second-row and heavier elements can exert their special carbanion-stabilizing interac¬ 

tion without being subject to any geometrical restriction. At olefinic centres they display 

an unimpaired acidifying effect: 1-alkenyl chlorides [299] are much more readily 

deprotonated than 1-alkenyl fluorides and enesulfides [300] than enethers and thio¬ 

phene [301] is more reactive than furan (overleaf). 
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c=c. 
Cl SR 

The most striking feature is the formal violation of Bredt’s rule by the second-row 

element sulfur. While the tricyclic enolate 89 is by at least 15 units more basic 

than an open-chain analogue [302], the rigid trisulfone anion 91 [303] is only slightly 

more basic {ApK^ ^ 3) and the trisulfide 90 [304] is even less basic than the correspond¬ 

ing acyclic counterpart. 

The d-orbital resonance effect appears to originate from a deformation of the 

carbanion electron density in the direction toward the heavy heteroatom. In a wider 

sense, the strong acidifying effect exerted by transition elements on complexed cyclo- 

pentadienyl or arene ligands may be considered as a related phenomenon. For example, 

ferrocene [305] and di(benzene)chromium [306] can both be submitted to efficient 

monometallation (species 92 or 93) and dimetallation. 

I I 

(92) (93) 

As we have seen above, a wide variety of substrates undergo smooth hydrogen- 

lithium exchange with butyllithium alone. In the case of a relatively inert substrate, the 

reagent may require activation by added TMEDA. What can be done, if under such 

circumstances the reaction still fails to proceed in the desired way? 

Let us try to gain some insight into the action of such a chelating complexand as 

TMEDA before considering what options for improvements exist. The perfect transition 

state (94) for the proton transfer from one carbon moiety to another would be 

characterized by a linear C—H—C bridge. This could only be accomplished, however, 

if the metal were not directly involved in the interconversion process but rather were 

to be separated from the carbon backbone as a persolvated ion (YR2 means a solvent 

molecule) and wait until the new binding site has been uncovered. As we have seen 

previously (p. 30), such a carbanion mechanism can only be realized if exceptionally 

stable carbanions are involved. The general exchange mode implies a four-centre-type 

transition state (95) which suffers from compressed bond angles at the crucial carbon 

centres and an angular C—H—C bridge. Moreover, the reorganizing carbon-metal 
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bonds are weak. In order to compensate for the latter defect, the solvation of the metal 

has to be improved. This can be achieved by using a chelating complexand such as 

TMEDA (schematized transition state 96) or even a macrocyclic polyether. 

RnY.. + YRn ♦ 
M" 

RnY" 'YR, 
\ / 
-C- H- C- 

(94) 

/—\ 
R„Y, YR„ Rn-lY .YRn-1 

M' ■m; 
V . ■ * . / N . ‘ • . / 
-c. x- -c. c- 
. ••H-- ' 

(95) (96) 

Actually, TMEDA-type diamines and crown ethers exert a twofold effect. As described 

above, they polarize, i.e. weaken, carbon-metal bonds and thus facilitate four-centre 

bonded transition states (as depicted in 96). Before doing that, they break up the 

alkyllithium hexamers or tetramers into far more reactive smaller subunits, mainly 

dimers or monomers. These two effects taken together provide powerful activation to 

metallating reagents. Nevertheless, the application of such complexands has narrow 

practical limits. Although the activation may not yet be strong enough to cope with a 

reluctant substrate, it may already be too much to allow undamaged survival of the 
fragile complexand. TMEDA undergoes slow metallation at one of its methyl groups 

[307] whereas crown ethers are fairly rapidly degraded by ^-elimination [308]. If we 

wish to optimize activation, we have to identify a potential ligand of the metal being 

endowed with a superior donor capacity and, at the same time, being itself completely 

resistant against attack of an organometallic reagent. 
There are two independent solutions to the problem. One can use a relatively weak 

electron-donor moiety but covalently attach it to the substrate so that its complexing 

power is potentiated by the entropy-saving proximity effect. This is the approach based 

on neighbouring group assistance to metallation (transition state 97). Alternatively, one 

can add potassium fert-butoxide or another soluble alcoholate having a heavy alkali 

metal as a counter ion. In this way, one disposes of an extremely electron-rich 

complexand (schematized transition state 98: MYR represents, e.g., potassium tert- 

butoxide) without incurring the risk of losing it by destructive collision with the 

organometallic reagent. This is the superbase approach. Let us first deal with the latter 

aspect. We can restrict ourselves to a brief outline, since ‘LIC-KOR’ [309] mixtures 

of alkyllithium (LIC) and potassium alcoholates (KOR) have gamed m the meantime 

a solid reputation as powerful tools for modern organic synthesis. Moreover, the 

superbase chemistry has been reviewed recently [310, 311]. 

r r ♦] 
x-Y , M' 
( M, v / 
-c... L, .. c- / ■ ■ H- ' -
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1 
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Superbase Approach 

The combination of butyllithium and potassium fert-butoxide should be conceived of 

as a mixed metal reagent. It is not simply butylpotassium, as has sometimes been 

claimed. The alleged identity of the two reagents can be disproved on the basis of fairly 

sophisticated arguments [309, 312], but also by a simple empirical comparison of their 

behaviour. Butylpotassium can be very conveniently generated from dibutylmercury 

[313] . It reacts with tetrahydrofuran at temperatures below — 100°C [314], whereas 

the LIC-KOR reagent can be conserved for some time in the same solvent at — 60 °C 

[314] . 

The increased solvent stability is doubtless one of the key factors that can explain 

why metallation protocols employing superbases usually outperform similar reactions 

carried out with neat organosodium or organopotassium reagents. Typical results 

featuring three cyclopropanes, three olefins without resonance-active allyl positions and 

three ordinary alkenes are listed in Table 1.8. 

Superbase reactions are easy to perform, even on a ton scale. Moreover, the reagents 

are not only extremely powerful but at the same time show a high degree of typo-, 

regio- and stereocontrol. Thus they combine brute force with subtlety or, in chemical 

terms, reactivity with selectivity, two attributes that are difficult to match and rather 

tend mutually to exclude each other. In order to establish a collection of leading 

references, we shall now present a concise but systematic overview of the different classes 

of organometallic intermediates that have been generated by means of superbasic 

reagents with preparatively useful yields and selectivities. 

Cyclopropylmetal Compounds Bicyclo[4.1.0]heptane (‘norcarane’) [265] and spiro- 

[2.2]pentane [324] are the least acidic hydrocarbons that have so far been successfully 

metallated under stoichiometrically controlled conditions. Tricyclo[2.2.1.0^’^]heptane 

(‘nortricyclene’) [265, 325] is considerably more reactive owing to increased ring strain. 

Functional groups at cyclopropane rings accelerate the interconversion process by 

neighbouring group assistance and direct the metal to their closest neighbourhood. This 

principle is illustrated by the metallation of 3-methoxytricyclo[2.2.1.0^’®]heptane [318]. 

1 -Alkenylmetal Compounds Not only ethylene [326] but also bicyclo[2.2.1]heptene 

[268], bicyclo[3.2.0]heptene [268] and bicyclo[2.2.2]octene [265] can be efficiently 

metallated. With 3,3-dimethyl-1-butene [265] and camphene [265, 318] as substrates 

the metal enters exclusively into the sterically unhindered ^-position (to afford species 
99 and 100). 
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Table 1.8. Metallation of model hydrocarbons either with standard organosodium and 
-potassium reagents or with mixed metal superbases (reaction conditions and yields 
obtained after trapping with the electrophiles being specified in brackets) 

Metallation reaction® Previous work Superbase results 

NaCsH-i 1 
HEX, 100 h, 25 X, 
3% [CO2] [265] 

NaCgHii 
HEX, 22 days, 25 X, 
5% [CO2] [315] 

NaC5Hn-KOC(CH3)3'’ 
HEX, 50 h 25 X, 
30% [CO2] [265] 

NaC5Hii-KOC(CH3)3'’ 
PEN, 24 h, 25 X, 
60% [CISi(CH3)3] [265] 

[> 

M 
/ 

M 

M 

NaC5Hi 1 

HEX, 7 days, 25 X, 
20%'= [CO2] [316] 

NaCgHii 
HEX, 69 days, 25 X, 
18%® [CO2] [317] 

NaCsHn 
HEX, 17 days, 25 X, 
60% [CO2] [315] 

NaCgHn 
HEX, 5h 25 X, 
0%^ [CO2] [315] 

NaC5Hii-KOC(CH3)3t> 
PEN, 1 h, 25 X, 
68% [CH3I] [318] 

LiC4H9-NaOC(CH3)3‘= 
THE, 15 h, -50 X, 
88% [CISi(CH3)3] [268] 

LiC4H9-NaOC(CH3)3^ 
THE, 15h S ', -50 X, 
92% [CISi(CH3)3] [268] 

NaC5H-| 1 

HEX, 24 h, 25 X, 
0% [CO2] [319] 

NaC5Hi 1 

HEX, 30 days, 25 X, 
38%^[C02] [322] 

KC4H9< 
HEX, 22 h, 25 X, 
52%*^ [CO2] [323] 

LiC4H9-KOC(CH3)3 
THE, 1 h, -55 X, 
74% [CO2] [320, 321 ] 

LiX4H9-KOC(CH3)3‘= 
PEN, 24 h, 25 X, 
77% [0(CH2)2] [318] 

LiC4H9-KOC(CH3)3 
THE, 6 h, -50X'' [324] 
70% [EB(0CH3)2-H202] 

® Abbreviations: M = metal, HEX = hexane, PEN = pentane, THE = tetrahydrofuran, Li®C4H9 = sec-butyllithium. 
‘’Similar results, although with lower yields, with LiC4H9-K0C(CH3)3. 

Cyclopropane used as a cosolvent. 
® Not attempted. 
® Impure material. 
‘ Only fragmentation products were identified. 
^ Virtually the same yield was obtained after 2 h. 

With 'aged' (e.g. 4 weeks old) pentylsodium and sodium isopropylalcoholate about 80% yield. 
'With pentylsodium (HEX, 18 h, 25 °C) and a fourfold excess of the olefin about 45% yield. 
' Mixtures of 2-nonyl-3-butenoic acid (main component), (f)-2-tridecenoic acid and (Z/£)-3-tridecenoic acid. 
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Vinyl ethers [327] and enesulfides [300] can already undergo a hydrogen-metal 

exchange at the a-position when conventional organolithium reagents are used. 3,4- 

Dihydro-2//-pyran requires at least organosodium reagents [271]. The LIC-KOR 

mixture offers distinct advantages, in particular when the heterocyclic ring carries labile 

substituents (e.g. intermediates 101 [328] and 102 [329]). 

Arylmetal Compounds The instantaneous and quantitative metallation of excess of 

benzene by butyllithium and potassium ferf-butoxide was the first revelation of the 

enormous reactivity potential of the LIC-KOR superbase [277]. Subsequently, condi¬ 

tions were disclosed that allow stoichiometric amounts of benzene to be submitted to 

mono- or dimetallation in tetrahydrofuran or hexane medium, respectively [312]. 

l-(Methylcyclopropyl)benzene [312] and /er/-butylbenzene [312, 330] react roughly five 

times more slowly, producing a ca 1:1 mixture of meta- and para-isomers. 1,3-Di(?erf- 

butyl)benzene, however, gives a single intermediate (103) [312]. 

K(Li) 

Alkinyl substituents enhance the reactivity of the arene. Lithium or potassium 

phenylacetylide undergoes clean hydrogen-metal exchange at the orrAa-position [331]. 

On the other hand, (3,3-dimethyl-l-butynyl)benzene and (3-hydroxy-3-methyl-l- 

butynyl)benzene form mixtures of ortho-, meta- and para-isomers in the ratios of 

9:78:13 and 69:25:6, respectively [331]. 

Heterosubstituted arenes such as fluorobenzene, anisole and aniline derivatives are 

particularly reactive. The art/za-metallated intermediates which can be readily generated 

from such substrates is discussed in detail later (pp. 85-103). 

Benzylmetal Compounds Toluene can be cleanly a-metallated with the LIC-KOR 

superbase [277] whereas TMEDA-activated [332] butyllithium gives rise to some 

contamination by ring-metallated products. a-Alkyl substituents diminish the reactivity 

of benzylic positions. l-Ethyl-4-methylbenzene is selectively deprotonated at the methyl 

group and l-ethyl-4-isobutylbenzene at the uncrowded methylene group (leading to 
intermediates 104 and 105) [333]. 
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H3C-CH2 (H3C)2CH-CH2 

(104) (105) 

Cyclopropylbenzene [248] and isopropylbenzene (cumene) [318] react only slugg¬ 

ishly. The LIC-KOR superbase metallates the latter hydrocarbon mainly at the 

meta- and /jara-positions regardless of whether a paraffinic or ethereal solvent is 

employed. Clean a-deprotonation is only accomplished with trimethylsilylmethylpo- 

tassium as the metallating reagent [318]. 
Smooth monometallation [334] but only partial dimetallation [335] occurs with 

o- and p-xylene. m-Xylene [335], however, can be readily converted into a dimetallated 

and 1,3,5-trimethylbenzene (mesitylene) [336] into a trimetallated species. 

The LIC-KOR base promotes the hydrogen-metal exchange selectively at the 

benzylic position of N,N,4-trimethylaniline (50 h at —75 °C in tetrahydrofuran, then 

addition of dimethyl sulphate; 65% alkylation product) [337] whereas TMEDA- 

activated butyllithium exclusively attacks the or/Ao-position [338]. Depending on the 

choice of the reagent and metallation conditions, 2-, 3- and 4-methoxytoluene (cresyl 

methyl ethers) [339], 2-, 3- and 4-fluorotoluene [340] and 3-(trifluoromethyl)toluene 

[340] can be selectively deprotonated at the benzylic methyl group or at a position 

adjacent to the hetero moiety. This ambiguity is, of course, removed with 2,6-dimethyl- 
anisole [341] and l,4-bis(methoxymethoxy)-2,3,5,6-tetramethylbenzene [342] as sub¬ 

strates, since proton abstraction can now occur only at a methyl group (producing 

intermediates 106 and 107, the latter being a potential a-tocopherol building block). 

(107) 

Allylic Organometal Compounds Allyl-type organoalkali species can be prepared with 

particular ease: allylpotassium [343], allylcaesium [136], 2-methylallylpotassium 

[171, 344], 2-ethylallylpotassium [345], 2-isopropylallylpotassium [346], 2-5ec-butyl- 

allylpotassium [321], 2-tert-butylallylpotassium [346, 347], 2-(l,l-dimethylpropyl)- 
allylpotassium [344], 2-(l-ethyl-l-methylpropyl)allylpotassium (108) [344], (1-cyclo- 

propenyl)methylpotassium (109, from methylenecyclopropane) [348], pinenylpotassi- 

um(llO) [350,351], 2-phenylallylpotassium [347], 2-[2-(l-methylvinyl)]allylpotassi- 
um [347], 2-(2-biphenylyl)allylpotassium [347] and bicyclo[3.2.1]octa-3,6-dien-3-ylpo- 

tassium (11) [349]. As the deprotonation of allylic methylene or methine centres is in 
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general more difficult to accomplish than that of corresponding methyl groups, the 

metallation of cyclohexene [318,320] and cycloheptene [320] requires optimized 

reaction conditions. The same is true for the generation of 2,3-dimethylallylpotassium 

(112) [320] from 2,3-dimethyl-2-butene (‘tetramethylethylene’), 3-methyl-2-butenyl- 

potassium (‘prenylpotassium) from 3-methyl-1-butene [318] and 3-ethyl-2-pentenyl- 

potassium (113) from 3-ethyl-1-pentene [352]. 

(108) (109) (110) (111) (112) (113) 

Allyl-type organopotassium compounds are most attractive species for organic 

synthesis. They do not only offer the desired typo- and regioselectivity, but provide 

stereocontrol as an extra. The stereocontrol can be brought about in two different ways. 

Either the original configuration of the alkene precursor may be delivered via the 

allylpotassium intermediate unchanged to the final product (‘stereoconservative’ or 

‘stereodefensive’ approach), or one may allow for torsional equilibration at the stage 

of the organometallic intermediate which generally will then exhibit a strong preference 

for one of the possible conformations (‘stereoselective approach’) [353]. For example, 

(Z)- and (£)-2-butenylpotassium (114) can be selectively generated by superbase depro¬ 

tonation of cis- and tra«.s-2-butene, respectively [354-356]. If, however, the organo¬ 

metallic solutions or suspensions are kept for hours before the electrophile is added, 

progressively an equilibration takes place until a 124:1 Z/£ ratio is attained [354, 355]. 

It is also possible to catalyse this isomerization process [353]. 

{enc/o-^^A) 

El 

K 

[exo-WAr) 

El 

The same principles apply to all other allylpotassium compounds that carry a primary 

alkyl group at a terminal position. Starting with the 2-alkene of the desired configuration 

the endo (Z) or exo (E) organopotassium species can be selectively generated and 

subsequently transformed into a stereochemically homogeneous derivative. Alternat¬ 

ively, any mixture of endo- and exo-allylpotassium species may be prepared, from either 
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the 2-alkenes or the corresponding 1-alkene, and submitted to torsional isomerization. 

Again the endo (Z) component turns out to be clearly favoured, although this time only 

to the extent of approximately 94:6 [353]. Pertinent studies have been performed 

with (Z)- and (£)-2-pentenylpotassium [357], (Z)- and (£)-2-hexenylpotassium 

[354, 355, 358], (Z)- and (£)-2-octenylpotassium [359], (Z)-2,7-octadienylpotassium 

[360], (Z)-2-dodecenylpotassium [357], (Z)-2,13-tetradecadienylpotassium [360] and 

(Z,Z)-2,12-heptadecadienylpotassium (115) [360]. 

When allylpotassium species 116 carrying a methyl and a primary alkyl substituent 

(e.g. R = C2H5 [321], C3H2 [361]), (H3C)2CHCH2CH2CH2 [361] at the same termi¬ 
nal position were allowed to undergo torsional isomerization, amazingly high stereo¬ 
preferences were observed again. Apparently for conformational reasons the methyl 

group proves to be more successful in conquering the endo site, thus giving rise to Z/£ 

equilibrium ratios of typically 9:91 [361]. 

(Z-116) (Z-116) 

The endo preference reaches maximum values if the allylpotassium compound has 

alkyl substituents at both positions 1 and 2. Disadvantaged anyway, the exo isomer 

now suffers from the additional handicap of steric repulsion between the two alkyl 

moieties. This brings the Z/£ ratios in the range 50:1 to 500:1 [362]. Relevant 

systematic investigations have focused on l-alkyl-2-methylallyl, l-alkyl-2-ethylallyl and 

l-alkyl-2-isopropylallyl species 117 (R = methyl [350], ethyl [321], butyl [354], 2-(2,3- 

dimethyltricyclo[2.2.1.0^’®]hept-3-yl)ethyl [320]), 118 (R = methyl [362], ethyl [362], 

butyl [362]) and 119 (R = methyl [321], ethyl [321]). The 1,2,3-trialkyl-substituted allyl 

species 120 [363] shows the same e«(i<9-selective behaviour. 

R K R K R K R K 

(117) (118) (119) (120) 

Functionalized allylmetal compounds have also captured much attention. Metallated 

enamines [364], allylamines [365], enethers [343] and allyl ethers [343, 366-370] have 

been used as versatile intermediates in organic synthesis. Hydroxy- and carboxy- 

substituted alkenes have been converted into doubly 0,C-deprotonated species such as 
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121 [372], 122 [343,373], 123 [343], 124 [374], 125 [359,374] and 126 [374] 

(M = Li, K, etc.). 

(122) 

The superbase proved to be the reagent of choice for the metallation of a series of 

allylic silanes such as allyltrimethylsilane [375], cis- and tra«5'-2-butenyltrimethylsilane 

[376] , cis- and rran5-2-hexenyltrimethylsilane [376], trimethyl-2-methylallylsilane 

[377] , butoxydimethyl-2-methylallylsilane [377] and (diisopropylamino)dimethyl-2- 

methylallylsilane [377]. The last three substrates gave organometallic intermediates 127 

(X = CH3, OC4H9, N(i-C3H7)2; M = Li or K) which covered a wide range of a/y- 

selectivities when reacting with alkyl halides [377]. 

X CHo 
\ / 

,^,Si-CH3 

(127) 

Dehydroallylmetal Compounds 2-Alkynes and allenes can be conveniently deprotonated 

with the LIC-KOR reagent producing the dehydroalkenylpotassium intermediates 128 

and 129 [375], neither being subject to stereoisomerism. Unless the substituent R is a 

bulky tert-alkyl group, electrophiles bind preferentially, if not exclusively, to the inner 

end of the delocalized moiety [348]. 

R-C:C-CH3 R-C=C-CH2 

(128) 

R-C = C-CH2-E/ 

R-C^C^CH, 

El 

R-CH=C:CH2 

K. 

R-CH-C=CH 

(129) 

R-CH=C=CH-E/ 

R-CH-CECH 
I 

El 
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Replacement of the alkyl or aryl group by a heterofunctional substituent affects the 

outcome of such a metallation-derivatization sequence in several respects. First, an 

ordinary organolithium reagent will generally suffice to abstract a proton from a 

heteroallene. Furthermore, it is no longer the free terminal position but rather the 

position adjacent to the heteroatom which preferentially undergoes deprotonation. 

Thus, diethyl-amino-1,2-propadiene generates the same organometallic intermediate 

(130) which results from the treatment of 1-diethylamino-l-propyne with the superbase 

[378]. 

Finally, the regioselectivity of the electrophilic attack may change. While protonation 

and alkylation are oriented towards the y-position of the 2-alkynyl ether-derived species 

131 [379, 380], all electrophiles prefer to become linked to the a-position of the allenyl 

ether-derived species 132 [380, 381]. 

K 

H3C-CSC-N(C2H5)2 

R-CzC-CH2-0R' 

R-CH=C=CH-0R' 

H2C-C = C-N(C2H5)2 

(130) 

Li 

R-C=C-CH-0R' 

(131) 

Li 

R-CH-C'=C-0R' 

(132) 

H2C = C=CH-N(C2H5)2 

R-C-C = CH-0R' 
I 

El 

R-CH-C=C-0R' 
I 

El 

Pentadienylmetal Compounds Like allylarenes [277, 382] and alk-l-en-4-ynes [383], 

1,4-alkadienes also undergo with butyllithium or, better, .sec-butyllithium very rapid 

deprotonation at the position flanked by the two unsaturated moieties. Hydrogen-metal 

exchange can still be accomplished at an allylic position of a conjugated diene such 
as 2,4-dimethyl-1,3-pentadiene [384], l-isopropyl-4-methyl-l,3-cyclohexadiene (a-terpi- 

nene) [385] or 7,8-dehydrocholesterol (pro-vitamin D3, leading to the intermediate 133) 

[386]. 

(133) 
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The fascinating stereochemistry of pentadienyl-type organometallics [352] will be 

summarized only briefly. A resonance-stabilized pentadienyl moiety can choose from 

among three coplanar structures: a horseshoe-like U shape, a sickle-like S shape and 

a zig-zag band-like W shape. Pentadienylpotassium in tetrahydrofuran exists in the U 

shape (f/-134), as evidenced by the formation of (Z)-2,4-pentadien-l-ol upon treatment 

with hydrogen peroxide [384]. In contrast, the corresponding lithium derivative favours 

the W shape (IT-134), and when submitted to the borylation-oxidation sequence, is 

converted into the (£)-2,4-pentadienol [382]. 

The sensitivity of the parent system 134 to metal and solvent effects can be plausibly 

explained [384]. Additional, notably steric, factors may, however, become dominant. 

Therefore, 3-methylpentadienyl and 2,4-dimethylpentadienyl species opt for the W and 

U conformations, respectively (IT-135 and t/-136), regardless of what metal (M = Li or 

K) or solvent (hexane, tetrahydrofuran, etc.) is involved [384]. 

The number of conformers increases to eight when a single substituent is attached 

to the C5 backbone, provided that it is not located at the centre (3-position) but in one 

of the wings. From a practical point of view, unbranched 2,4-alkadienylmetals are most 

important. Depending on the geometry of the hydrocarbon precursor, the metal, the 

solvent and the metallation temperature, either of three structures can be generated: 

the (Z)-IT, the (£)-IT and the {E)-U shape {endo-W-l31, exo-IT-137 and exo-U-l31; 

R = methyl, pentyl, hexyl, etc.). After borylation and oxidation, three dienols having 

the (2£,4Z), the {2E,4E) and the (2Z,4£) configurations can be isolated with high 
isomeric purity [387]. 
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Heptatrienylmetal Compounds The number of coplanar, and hence optimally reso¬ 

nance-stabilized, structures increases exponentially with increasing areas of delocaliza¬ 

tion. Thus, even unsubstituted heptatrienylmetal species can exist in ten different, at 

least formally, coplanar conformations. In reality, however, only two of them are 

populated in the proportions of 1:4. The major component has a zig-zag band like a 

‘triple-V’ shape {W-W-13S), while the serpent-like semicoiled conformation {U-W-13S) 

can only be tentatively assigned to the minor conformer [348]. 

Methyl or primary alkyl substituents at antinodal points favour the W-W conforma¬ 

tion to the extent of exclusivity. Irrespective of the nature of their metal (M = Li, Na 
or K), 3,7-dimethyl-2,4-6-octatrienyl (139) and j9-ionylideneethyl (140) species occupy 

only the completely outstretched W- W shapes and consequently produce all-(£) deriva¬ 

tives when trapped with an electrophile [388]. 

M' 

(139) 

(140) 

Neighbouring Group Assistance 

The successful replacement of a hydrogen atom at the ortho position of anisole with 

sodium [389] or lithium [390] was one of the landmark events in the evolution of 
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preparative organometallic chemistry. The consequence of this achievement was ob¬ 

vious; a method began to emerge that allows one to carry out electrophilic substitutions 

in an ortho-soiectiwQ manner, thus avoiding the regioisomeric mixtures notoriously 

obtained in Bronsted- or Lewis acid-catalysed aromatic substitution reactions. Since 

then the or//zo-selective metallation of heterofunctionalized aromatic substrates has been 

systematically explored and has opened up new entries to a variety of important natural 

and synthetic products [391, 392]. 
Despite the progress already made, ‘ort/zo’-directed metallations continue to attract 

much attention. One tends to forget, however, that this subject is only one manifestation 

of a more general phenomenon. Heteroatoms are capable of accelerating hydrogen- 

metal interconversion not only at aromatic but also at heterocyclic, olefinic, 

cyclopropanic and aliphatic sites. Before summarizing the present state of the art in the 

aromatic field, we shall take a few glimpses at these other areas. When doing so, we 
shall focus on the first-row elements fluorine, oxygen and nitrogen. Otherwise, d-orbital 

resonance effects (see pp. 68-70) may turn out to be preponderant when elements of 

the higher periods such as chlorine, bromine, sulfur, selenium, phosphorus or silicon 

are involved. 
Trifluoromethane can be readily deprotonated by ethereal methyllithium at —75 °C, 

but the organometallic intermediate 141 is too labile to be trapped with electrophiles 

[393]. Dimethyl ether [314], tert-buty\ methyl ether [314,394] and tetrahydrofuran 

[314] react rapidly with butylpotassium at —75 or — 100°C to afford methoxy- 

methylpotassium (142a), ferf-butyloxymethylpotassium (142b) and 2-tetrahydrofur- 

anylpotassium, respectively. Tetrahydropyran and oxepane react more sluggishly [314]. 

Organolithium or mixed metal reagents convert simple amines such as trimethylamine 

(143, R = R' = CH3) [395], iV-methylpiperidine (143, R + R' = (CH2)5) [396], 
iV,iV,N',N'-tetramethylethylenediamine (TMEDA) [397], iV-(?erf-butyloxycarbonyl) 

pyrrolidine [398] and iV-lithiooxycarbonyl-l,2,3,4-tetrahydroquinoline [399] into the 

corresponding metallomethyl or metallomethylene derivatives. 

.R' 
K-CHo-OR M-CHo-N 

'R 

142a : OR = OCH3 143 ; R, R' = Alkyl' 

142b : OR = 0C(CH3)3 

Allylic or benzylic halides, ethers or amines are doubly activated and hence particu¬ 

larly reactive. Lithium diisopropylamide (LIDA) and lithium 2,2,6,6-tetramethylpiper- 

idide (LITMP) are basic enough to abstract a proton from allyl chloride [400] or benzyl 

chloride [401]. Alkyl allyl ethers [343, 366-370] and alkyl benzyl ethers [402] react 

instantaneously with ^ec-butyllithium or even phenyllithium to give organometallic 

compounds which can be submitted to electrophilic substitution at temperatures below 

— 50°C or, when warmed up, undergo the Wittig rearrangement. Finally, versatile 

reactive intermediates can be generated by the metallation of enamines and allylamines 

[364,403]. 

Li -CF3 

(141) 
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Owing to the ring strain effect, cyclopropane is not only considerably more acidic 

than cyclohexane but even more than methane [404]. Whereas alkyl-substituted 

cyclopropanes undergo a hydrogen-metal exchange only with the most powerful sodium 

and potassium reagents known [265], the oxygen functional derivative 144 can be 

readily prepared by treatment of the sterically hindered cyclopropanecarboxylate with 

^ec-butyllithium in the presence of TMEDA [405]. 

Li 

The incorporation of an oxygen atom into the three-membered ring has a particularly 

strong acidifying effect. Oxiranes are readily deprotonated by organolithium reagents 

or metal amides. Under favourable circumstances, the a-metallated species (e.g. 145) 
can be intercepted by electrophilic attack [406]. Generally, however, it tautomerizes by 

metallotropic migration to become a carbene, which evolves into final stable products 

by a j?-hydrogen shift or by insertion into more distant C—H bonds [407]. Alternatively 

or competitively, proton abstraction from a j?-position and simultaneous C“—O bond 

scission may occur, leading to an allyl alcoholate [407, 408]. 



84 M. SCHLOSSER 

As we have seen already (pp. 72—73), resonance-impotent alkenes do undergo 

superbase metallation at olefinic sites, although slowly. Heterosubstituted alkenes are 

far more reactive. ‘Carbenoid’ species such as 146 can be smoothly generated by 

metallation of 1-alkenyl chlorides at very low temperatures [409]. Alkyl vinyl ethers 

are easily a-deprotonated by butyllithium in the presence of TMEDA [327]. Un¬ 

branched 1-alkenyl alkyl ethers require pentylsodium [271] or superbasic mixed metal 

reagents [343]. All these methods fail when 2-alkyl-2-alkenyl alkyl ethers are the 

substrates. However, after replacement of the alkoxy group with an acetal moiety, the 

desired metallation can be easily brought about with 5cc-butyllithium (affording 

intermediate 147, for example) [410]. 

The acidifying effect of a heterosubstituent diminishes with distance but does not 

vanish. Therefore, 1,1-difluoroethylene [411], a-(methoxymethoxy)styrene [412] and 

l-ethoxy-2-bicyclo[2.2.2]octene [413] smoothly undergo a hydrogen-metal exchange 

reaction with sec- or tert-butyllithium to produce the ‘vicinally counterpolarized’ [414] 

species 148,149 and 150. If a vinyl group is part of a tertiary allyl alcohol, treatment with 

butyllithium in the presence of TMEDA allows the replacement of even its terminal, 

y-distant hydrogen in the cis position with lithium (affording 151, for example) [415]. 

(148) (149) (150) (151) 

In general, no a-metallation of enamines can be brought about [416]. Noteworthy 

exceptions are A-vinyl- and A-l-propenylbenzotriazoles, which readily undergo a- 

lithiation (to give, e.g., species 152a and 152b) [417]. On the other hand, proton 

abstraction occurs readily at the jS-position (to give, e.g., intermediates 153 and 154) 
when chelating enamines are submitted to the action of tert-butyllithium in hexane (8 h 

at 25 °C) [418]. Finally, the metallating reagent attacks exclusively at the terminal 

cw-position when N-tert-h\ity\- or A-(trimethylsilyl)allylamine is treated with two 

equivalents of butyllithium and TMEDA in refluxing hexane (thus generating the 

y-lithio species 155 and 156) [419]. 
Furans, thiophenes and pyrroles can be conceived of as concatenate twofold enethers, 

enethioethers and enamines, respectively. The combined ring strain, heteroatom and 
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(152a) (152b) 

C^C / \ R, 
HoC-N 

(HaOsQ^ .Li 
HoC-N Li N Li 

\ 
H2C-CH2-N(CH3)2 

V^N(CH3)2 

(153) (154) 155 : Q r C 

156 : Q r Si 

polarization effects make the a-position in such heterocycles highly acidic. 2-Furyl- 

lithium (157) [420], 2-furylsodium [421], 2-thienyllithium [40], 2-thienylsodium (158) 
[421, 423], Ar-trimethylsilyl~2-pyrryllithium (159) [266] and numerous derivatives there- 

of can be very readily prepared. 

n ^S>'Na ^N'^Li 

SilCH3)3 

(157) (158) (159) 

These heterocyclic compounds are quasi-aromatic. They lead us directly into the area 

of benzene-type carbocycles. 

Functional Arene Substituents as ortho-Directing Groups The various neighbouring 

groups containing halogen, chalcogen or pnictogen heteroatoms will be addressed in 

order of decreasing electronegativity. In other words, we shall start with halides, turn 

next to oxygen and sulfur moieties and ultimately deal with nitrogen and phosphorus 

moieties. 
(a) Activating substituent located at a P-position: Fluorobenzene [424], 1-fluoro- 

naphthalene [424] and 9-fluorophenanthrene [425] can be metallated with butyl- 

lithium in tetrahydrofuran selectively at positions 2 or 10. Carboxylation products 

are obtained with yields of ca 60%. The organometallic intermediate 160 forms 

quantitatively if the superbasic mixture of butyllithium and potassium tert-butoxide 

(LIC-KOR) is employed [426]. In the same way, the three isomeric difluorophenyl- 

metals 161 [426], 162 [427] and 163 [426] and also the fluorine-substituted methyl- 

phenylmetals 164 [428], 165 [428] and 166 [428] can be effectively generated (formula 

160). 

F 

(160) 



86 M, SCHLOSSER 

(161) (162) (163) (164) (165) (166) 

In general, elimination of lithium (or potassium) fluoride occurs at temperatures 
around -50°C, setting free the corresponding 1,2-dehydroarene (‘aryne’). ortho- 
Metallated chloroarenes are even more labile. Nevertheless, it is possible to lithiate 
chlorobenzene [429] and 1,3-dichlorobenzene [430] and to trap the resulting species 
167 and 168 with a variety of electrophiles at temperatures around -100 °C. 

Cl Cl 

(167) (168) 

(Methoxymethoxy)benzene [431] and (2-dimethylaminoethoxy)benzene [432] under¬ 
go urt/2o-metallation (affording intermediates 169 and 170) much more rapidly than the 
parent compound anisole. The superior neighbouring group assistance provided by an 
acetal moiety can be also demonstrated by an intramolecular competition experiment. 
l-Methoxymethoxy-8-methoxynaphthalene is lithiated at the 2- rather than at the 

7-position (intermediate 171) [433]. 

(169) (170) 

Phenol can be converted with tcrt-butyllithium in tetrahydrofuran into o-lithiooxy- 
phenyllithium [434]. Lithium 1-naphtholate undergoes concomitant metallation at the 
2- and 8-positions (products 172 and 173) while its 2-isomer reacts only at the 3-position 

(product 174) [435]. 

OH 

(172) (173) 

(174) 
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Owing to the accumulation of electron excess at the ortho- and /j^ra-positions of the 

aromatic nucleus, phenolates react more sluggishly than the corresponding alkoxy- 

arenes. This difference in reactivity is well reflected by the outcome of an intramolecular 

competition. Lithium 4-methoxyphenolate gives the two regioisomeric metallation 

products 175 and 176 in a 3:97 ratio [434]. 

OH OLi OLi 

H3CO H3CO H3CO 

(175) (176) 

Alkyl- or arylthio substituents do activate the ort/zo-positions although to a con¬ 

siderably smaller extent than do alkoxy groups; 2- and 4-isopropylthioanisole are 

lithiated at an oxygen rather than a sulphur adjacent position (yielding intermediates 
177 and 178) [436]. 

(H3C)2CHS 

Acyclic or cyclic sulfones can be or//zo-lithiated provided that they lack ‘mobile’ 

hydrogens at an a-carbon atom (e.g. intermediates 179 [437], 180 [438], 181 [439], 182 
[440, 441] and 183 [440]. Arenesulfonic esters (e.g. intermediate 184 [61]) and secondary 

or primary sulfonamides (e.g. intermediates 185 [443], 186 [444], 187 [445] and 188 
[444, 446]) are also suitable substrates for selective ort/io-metallations. 

186 ; R = CH3 

187 : R = C(CH3)3 

188 :R = CgHg 

(184) (185) 
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iV,iV-Dimethylaniline [447-449] and alkyl-substituted derivatives [448] readily 

undergo <?rt/jo-metallation with butyllithium in diethyl ether or TMEDA-activated 

butyllithium in hexane. Triphenylamine was claimed to afford the meta-isomer of 

diphenylaminobenzoic acid (29%, via intermediate 189) when consecutively treated 

with phenylsodium, carbon dioxide and acid [450]. However, when the LIC-KOR 

superbase was used as the metallating reagent, only the art/jo-isomer was obtained 

(30%, via intermediate 190) [451]. 

N(C0H5)2 

(189) 

K(Li) 

6 *^5^2 

(190) 

N-Lithiated N-alkylanilides are fairly unreactive because of the extensive charge 

delocalization into the aromatic ring. Lithium diarylamides do undergo ort/za-metalla- 

tion as exemplified by the species 191 [452] and 192 [453]. It may still be more 

advantageous to protect and at the same time activate such a secondary amine by an 

N-pyrrolidinomethyl or lithiooxycarbonyl moiety (see, e.g., intermediates 193 and 194) 

[454]. 

Aniline-derived aldimines or ketimines are prone to undergo nucleophilic addition 

at the C=N double bond. However, with A-pivaloyl- and iV-tert-butoxycarbonyl- 

(BOC) anilides as the precursors, this addition mode is suppressed since the instantan¬ 

eously occurring deprotonation of the N—H bond produces an electron-rich imidate 

or iminocarbonate moiety. Subsequently, smooth ort/?a-metallation can take place 

generating intermediates such as 195 [455] and 196 [456]. 

^ 195; R = C(CH3)3 

196 :R = 0C(CH3)3 

No clean metallation of a triarylphosphine has been reported so far. On the other 

hand, triphenylphosphine oxide undergoes smooth ort/io-lithiation when treated with 
an ethereal solution of phenyllithium [457]. m-Anisyldiphenylphosphine oxide is 

deprotonated by lithium diisopropylamide at —75 °C [458]. The resulting species 197 
is a key intermediate on the route to atropisomerically chiral bisphosphines of the 
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biphenyl type [458]. Strangely enough, tert-butyllithium promotes a hydrogen-metal 

exchange with the closely related (2,5-dimethoxyphenyl)diphenylphosphine oxide at the 

ortho-position of one of the unsubstituted nuclei (generating intermediate 198) rather 

than at the doubly activated position of the methoxy-bearing ring [459]. 

Li 0 

H3CO 

(197) (198) 

OCH- 

Both phenylphosphonic bis(dimethylamide) and the corresponding thiono compound 

react with butyllithium under ort/zo-metallation. The lithiated intermediates 199 [460] 

and 200 [461] can be trapped with standard electrophiles. 

Y" 

P-N(CH3)2 

■''n(CH3)2 
199 ; Y = 0 

200:Y r S 

(b) Activating substituent located at a y-position: When trifluoromethylbenzene is 

kept for 6 h in a refluxing ethereal solution of butyllithium, then is poured onto dry-ice 

and finally is neutralized, a 1:0.4:0.01 mixture of o-, m- and /?-trifluoromethylbenzoic 
acid can be isolated with yields varying in the range 33-48% [462]. In contrast, the 

LIC-KOR base allows the urt/zo-metallated intermediate 201 to be generated virtually 

quantitatively and free from regioisomeric contamination [426]. 

The accumulation of three halogens does not fully compensate for the relative 

remoteness of the heteroatoms from the metallation site. A single fluorine atom, if 

directly attached to the aromatic nucleus, outperforms the trifluoromethyl group by its 

superior ortho-directing power. Thus, the three isomeric fluoro(trifluoromethyl)benzenes 

give cleanly the metallated species 202, 203 and 204 [426]. 

K(Li) K(Li) K(Li) 

(202) (203) (204) 

One would expect l,3-bis(trifluoromethyl)benzene to undergo a hydrogen-metal 

exchange with particular ease at the position flanked by the two electron-withdrawing 
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substituents. The activating inductive effect, however, appears to be counterbalanced 

by steric effects to a considerable extent. Butyllithium in diethyl ether attacks the 2- and 

4-(6-)positions almost randomly (producing intermediates 205 and 206 in a 2:3 ratio) 

[463,464]. TMEDA-activated butyllithium deprotonates selectively the 2-position 

although the yields are poor (30%) [465]. If the LIC-KOR superbase is used, derivatives 

of intermediate 205 are formed in 78% yield [426]. On the other hand, the isomer 206 

is obtained with satisfactory selectivity if 5ec-butyllithium in the presence of PMDTA 

is employed as the metallating agent. Finally, the bulky fert-butyllithium in tetra- 

hydrofuran (1 h at -20 °C) generates a 45:55 mixture of the organometallic species 

206 and 207 [426]. 

(206) 

No such problems are encountered with l,4-bis(trifluoromethyl)benzene, 1,3,5-tris- 

(trifluoromethyl)benzene and 5-dimethylamino-l,3-bis(trifluoromethyl)benzene. Treat¬ 

ment with ethereal butyllithium readily converts them into the lithio derivatives 208 

[463], 209 [466] and 210 [465]. 

Benzylic ethers generally undergo a very fast hydrogen-metal exchange at the 

exocyclic a-position to give intermediates (e.g. 211) which at temperatures above 

— 50 °C can isomerize by means of a Wittig rearrangement. In view of the high benzylic 

reactivity, it requires additional neighbouring group participation (e.g. in 212 [467]) if 

one wishes to divert the metallating agent to an orr/jo-position. 
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Li 

(211) 

Li 

H3C0^,;^^CH20CH-0C2Hc 

H3CO 
CH- 

(212) 

a-Deprotonation can be successfully prevented by merely replacing the benzylic ether 

function by a free hydroxy group. On treatment with two equivalents of butyllithium 

in the presence of TMEDA, a suspension of the lithium alcoholate in hexane will be 

instantaneously formed. Heating this reaction mixture for several hours under reflux 

eventually produces ort/jo-metallated species such as 213, 214 and 215 [468]. Lithium 

1-methyl-1-indanolate can still be successfully submitted to ort/zo-lithiation (affording 

intermediate 216), despite its rigid structure and the consequently increased distance of 

the functional group [469]. 

Li OLi 
213; R = R’ = H3 

214: R = CH3, R' = H 

215: R = R' = CH3 (216) 

The-jmele0phih€--axidift^ dialkylamide tQ.,m..a£Qmatk..aldeh.ydg.g6^ 

or^-metallation can, be.,.performed with those adducts, 
as 217. After trapping with a suitable electrophile, the formyl group can be liberated 

again by simple acid hydrolysis [470]. In this manner, aromatic aldehydes can be 

effectively submitted to electrophilic substitution at the ortho-position of the ring. 

The most rigorous way to preclude deprotonation at the benzylic position is to avoid 

a-hydrogen atoms. Thus, methyl triphenylmethyl ether or 1-phenyl 0-trimethylsilyl enol 

ether have no choice other than ortAo-metallation, generating intermediates 218 [471] 

and 219 [472]. The same is true for ethyl benzoate except that the corresponding 

o-deprotonated species 220 is unstable and is destroyed by autocondensation [473]. 

OCH3 

C(CeH5)2 
Li OSilCH 3'3 5 

(218) (219) (220) 
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/ Practically useful results are obtained with arylcarboxamides. Whereas N,N^ 

j dimethylbenzamide reacts ^th,_yec-butyllithium under jiucleopWlic addition to the 

caf^355n:gEo5|Jf^sliQS5_,C^^^^^>-lithiafr6n^ steric^ly 'morTilmSered 

N,N-diejdi^or_jy,N-^iisopfopy1tozainide'( to ihEmedMes 221_^ 

{TT^^TEveiTrnore powerfuFas'aiT'‘^tM-directing group is the nitrogen function of 

N-lithio secondary carboxamides. The corresponding ur//zu-metallated species (e.g. 

1 223 [475], 224 [476] and 225 [475]) are readily accessible regardless of the nature of 

\ the variable substituent R. 

NR 
I I 

C-OLi 

221 : R = C2H5 223; R = CH3 

222: R r CH(CH3)2 224: R = C(CH3)3 

225; R = CeHs 

Cyclic iminoethers, in particular 2-aryl-4,4-dimethyl-l,3-oxazolines, belong to the 

most powerfully activated substrates. The resulting orr/zo-lithiated derivatives (e.g. 226) 
are synthetically equivalent to ort/zo-anionized benzoic acids [477]. Simple azomethines 

(Schiff bases) react more sluggishly (forming, e.g., intermediate 227). Again, a bulky 

iV-alkyl substituent is advisable to avoid nucleophilic addition to the C=N double 

bond [478]. 

N-Deprotonated N-benzyl pivalamides, 0-tert-h\xiy\ carbamates or iV',iV'-dimethyl- 

ureas tend to undergo a- rather than ort/zo-metallation [479]. However, the latter 

process can become the favoured reaction mode (intermediates 228-230) [479] if a 

fluorine atom or another suitable electron-withdrawing substituent provides additional 

activation of the aromatic position. N-Lithio derivatives of secondary benzylamines are 

attacked by TMEDA-activated butyllithium exclusively at the ortho-position (e.g. 

intermediates 231 and 232) [480]. Tertiary benzylamines exhibit the same high reactivity 

and perfect site selectivity (e.g. intermediates 233-235) [481]. 

R 

Li N^^OLi 
F 

228 :R = ClCHjlg 231: R = CH3 

229 :R = OClCHjlj 232: R - CgHs 

230; R = N(CH3)2 

233.'R ^ R' = H 

234: R = CH3, R' = H 

235;R = R' = CH3 
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orf/zo-Lithiated benzylamines are particularly versatile modules for organic synthesis. 

They allow the regioselective introduction of substituents into precursors to a variety 

of N-heterocyclic compounds. In this way, for example, numerous 8-substituted 4- 

hydroxy-l,2,3,4-tetrahydroisoquinolines (e.g. 236 and 237) have been prepared [482]. 

Li El El 

236 ; El ^ OCH3 

237 :f/ ^ I 

Tetrahydroisoquinolines can be converted into isoquinolines or iV-alkyl-3,4-dihydro- 

quinolium salts (e.g. 238 and 239). Nucleophilic addition of the lithium enolate generated 

from 6,7-dimethoxy-l-isobenzofuran to such compounds gives erythro-threo mixtures 

of narcotine (240, R = CH3) and its N-benzyl analogue, for example. The latter product 

can be submitted to hydrogenolytic debenzylation to afford nornarcotine (241, R = H) 

[483]. 

238 : R = CH3 

239:R = CH2CeH5 

Similarly, o-formyl-substituted benzylamines have become readily accessible. They 

may be employed in the ‘off-shore construction’ of benzoannelated heterocyclic 

moieties, in particular for the synthesis of 3-formyl-1,2-dihydroisoquinolines (e.g. 242) 

[484]. 

0 

(242) 

M H — M = Li 

(c) Activating substituent located at a 3-position: Only a few cases of long-range 

neighbouring group assistance have been documented. Even then, its manifestation 

frequently depends on the concurrent action of a second heterosubstituent or functional 

group. 
The adduct of phenyllithium with hexafluoroacetone can rapidly exchange an 

ortho-hydvogen against lithium (intermediate 243) [485]. The rate-enhancing effect of 

OC2H5 

'^0C2H5 

0C,H. 

OC2H5 
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the six halogen atoms becomes apparent when one compares the ease of this transforma¬ 

tion with the sluggish reaction of the halogen-free lithium 2-phenyl-2-propanolate (see 

p. 91). 

Li OLi 

C-CF3 

CF3 

(243) 

Alkoxy groups at <5-distance still exert a weak directing effect. 2-(3,4-Dimethoxy- 

phenyl)acetaldehyde dimethyl acetal gives the 2-lithiated species (244) although the 

competing 5-position is sterically less hindered [467]. 

H3CO 

H3CO 

HaCO^ 
CH 

CH 

^OCH 

2 

3 

(244) 

Only poor yields of orrAo-metallated derivatives are obtained on treatment 
of Ar,N-dimethyl-2-phenylethylamine or iV,N-dimethyl-2-methyl-2-phenylpropylamine 

with organolithium reagents [486]. A substantial improvement can be achieved by the 

introduction of an electronegative substituent into the mefa-position. The ortho- 

lithiation of 2-(3,4-dimethoxyphenyl)-A-(trimethylsilyl)ethylamine (intermediate 245), 
followed by formyl transfer from A,N-dimethylformamide and subsequent acid- 

catalysed cyclization gives 45% of 7,8-dimethoxy-3,4-dihydroisoquinoline [487]. 

The same mode of reaction is observed when N-pivaloyl-2-(3-methoxyphenyl)ethyl- 

amine is treated with two equivalents of butyllithium in diethyl ether at 25 °C (inter¬ 

mediate 246) [488]. However, with potassium ?err-butoxide-activated butyllithium in 

tetrahydrofuran the /?ara-position of the ring is attacked (intermediate 247). Finally, 

a-deprotonation occurs if ferr-butyllithium in tetrahydrofuran acts as the base (inter¬ 
mediate 248) [488]. 

Interplay of Two or More Activating Groups So far we have dealt with individual 

or?/20-directing groups. If two such groups are attached to the same aromatic moiety, 

they can cooperatively combine their activating powers if they occupy mera-positions. 

In contrast, if located with respect to each other in ortho- or para-positions, they will 

have to exert their neighbouring group assistance independently, even competitively. 



The evaluation of relative ort/zo-directing aptitudes will provide a guide for predicting 

the rate and the outcome of metallations involving electronegatively di- or polysub- 

stituted aromatic substrates. At the same time it will raise the question as to the nature 

of neighbouring group participation in hydrogen-metal interconversion processes. 

(a) Relative ortho-directing aptitudes: As a brief survey of pertinent literature 

[391, 392] reveals, the efficiency of ort/zo-directing groups varies within vast limits. If 

substrates are ranked according to the ease with which they undergo ortAo-lithiation, 

a coarse calculation results in which sulfones and carbamates appear at the top and 

N,N-dialkylanilines and aryl fluorides at the bottom (Table 1.9). 
(b) Intramolecular competition of two ortho-directing substituents: The hierarchy 

given above (Table 1.9) is not without ambiguities, as we shall see later. Nevertheless, 

Table 1.9. orfho-Directing power of typical heterofunctional substituents [391,392] 

-0C0N(C2H5)2 -S02C(CH3)3 

-C0N(C2H5)2 

.NCH3 

-c 
'OLi 

-CH2N(CH3)2 -OCH20CH3 

,0C{CH3)3 
-N^C 

'OLi 

0CH3 

-N(CH3)2 -F -CF3 
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it offers us a first orientation about the approximate rate of a projected ortho- 

hydrogen-metal exchange reaction and, in addition, allows us to anticipate the regio- 

selectivity encountered in the case of an intramolecular competition of two different 

activating groups. Thus, a whole series of methoxy-substituted iV,N-dialkylarenecar- 

boxamides were found to be metallated exclusively at a position adjacent to the amino- 

carbonyl moiety and distant from the methoxy substituent (intermediates 249 [489], 

250 [490], 251 [491] and 252 [492]). 

Li 
J\^C0N(C2H5)2 

OCH, 

CONlCjHs)^ 

(249) 

Li Li CHICH 
CON 

3'3 

Whereas two equivalents of tcrt-butyllithium deprotonate iert-butyl AT-p-anisylcarb- 

amate at the nitrogen-adjacent orf/io-position (intermediate 253 [493]), most ether 

amines, including phenoxazine, give rise to species (e.g. 254 [494] and 255 [495]) which 

carry the metal in the immediate neighbourhood of the oxygen atom. On the other 

hand, the l-diethylamino-6-methoxynaphthalene derivative 256 [496], a benzyl type 

amine, undergoes metallation in the vicinity of the nitrogen function. 

(253) (254) (255) (256) 

The three N-BOC-trifluoromethylanilines react with two equivalents of tcrt- 

butyllithium to afford the intermediates 257-259 lithiated at the nitrogen-adjacent 
position [497]. Although the meta-isomer could benefit from additional activation due 

to the electron-withdrawing effect of the trifluoromethyl moiety, this advantage is over¬ 

compensated by steric crowding. Consequently, the metallation occurs at the other 

ort/io-position remote from the trifluoromethyl group. 

In contrast, the meta-isomer of iV-BOC-fluoroaniline is deprotonated at the doubly 

activated 2-position (intermediate 261) [497]. The ortho-isomer is attacked at the 

nitrogen-adjacent position as expected (intermediate 260) [497]. 

LiO 
Li "C 

.0C(CH3)3 

F3C 

.0C(CH3)3 

(257) (258) (259) 
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LiO^ ,0C(CH3)3 

L' S 
• N 

(260) 

On the other hand, the hydrogen-metal exchange is reoriented to the halogen- 

neighbouring position when l-(Ar,N-dimethylamino)fluorobenzene or N-(4-fluoro- 

phenyl)-N'-(rer/-butoxycarbonyl)piperazine serves as the substrate (intermediates 262 
and 263) [497]. Finally, 3-fluoro-N,Ar-bis(trimethylsilyl)aniline is metallated at that 

ortho-position next to the fluoro substituent which is at maximum distance from the 

amino function (intermediate 264) [497]. 

Li 

262; RjN = (H3C)2N 

263:R2N = H3COOC-N 

Li 

(264) 

(c) Optional site selectivities: We have already considered two impressive examples 

of regioselectivity available ‘on command.’ Both, l,3-bis(trifluoromethyl)benzene 
(p. 90) and N-pivaloyl-2-(3-methoxyphenyl)ethylamine (pp. 94-95) can be submitted to 

selective metallation at either one of three privileged positions merely by variation of 

the metallating agent and the reaction conditions. 

4-Methoxy-N,N-dimethylbenzylamine represents a similar case of optional site se¬ 

lectivity. With butyllithium alone, deprotonation of the 2-position near to the nitrogen¬ 

carrying side-chain occurs (intermediate 265); with TMEDA-activated butyllithium the 

oxygen adjacent 3-position is attacked (intermediate 266) [498]. 

When treated with terr-butyllithium in tetrahydrofuran, A-BOC-4-fluoroaniline is 

almost quantitatively converted into the 2-lithio derivative (intermediate 267) [497]. 

However, the 3-position close to the halogen substituent is deprotonated (intermediate 

268) if the superbasic mixture of terr-butyllithium and potassium tert-butoxide is 

employed as the reagent [497]. 
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KO, .0C(CH3)3 
C 
11 

K (268) 

Butyllithium in tetrahydrofuran metallates the ortho- and /jam-isomers of fluoro- 

anisole exclusively at the oxygen-adjacent position (intermediates 269 and 271). Again 

the LIC-KOR reagent behaves differently and generates organometallic species (270 

and 272) showing the opposite regioisomeric pattern [500]. 

Li 

(269) 

This compilation of reagent-dependent regioselectivities could be continued. It seems 

to us more important, however, to understand the phenomena observed. Our explana¬ 

tion [500] argues with the dual character of heterosubstituents; electron-withdrawing 

because of the inductive polarization of c-bonds and electron-donating because of the 

availability of lone pairs. 

The latter effect is crucial for the complexation of metal compounds. However, for 

obvious reasons only small-sized metals can interact strongly with solvent molecules 

or other potential ligands. Therefore, butyllithium has a high affinity for ethers or amines 

such as anisole or N,N-diamethylamine. Once docked at the heteroatom, it can easily 

reach over to a C—H bond in the vicinity and perform a hydrogen-metal exchange 

under quasi-intramolecular conditions. 

TMEDA- or potassium /err-butoxide-complexed butyllithium is coordinatively 

saturated. There is little tendency left to combine with, say, anisole. Consequently, the 

‘proximity effect’ favouring the metallation of oxygen-adjacent positions is lost. What 

remains intact is the activation by virtue of the inductive effect. In this respect, the 

highly electronegative halides are far more powerful than oxygen and nitrogen. 

Mechanistic Considerations Inevitably there is an oversimplification if we describe the 

ortho-directing effect of all kinds of heterosubstituents by a set of just two parameters, 

as was done above. The following discussion will reconfirm the ffindamental validity 

of this first-order approach. At the same time it endeavours to add some colour and 
some subtlety to the present black-and-white picture. 

(a) Intrinsic nature of neighbouring group assistance to metallation reactions: Butyl¬ 

lithium effects the urt/zu-lithiation of 2-methoxyethoxybenzene roughly 15 times faster 
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than that of anisole [501]. This is an experimental fact; there was some controversy 

about how to rationalize it. Is it the chelating capacity of the bis(ether) moiety or the 

inductive effect of the second oxygen atom that causes the acceleration [502]? Re¬ 

phrased in more general terms, the question reads as follows; how can one differentiate 

between the manifestation of an acidifying inductive and that of a metal complexing, 

entropy-saving effect? We suggest applying three different tests. 
'Proximity’probe. Inductive effects rely mainly on through-bond transmission while 

the probability for a reactive encounter between a C—H bond and a ‘docked-on’ 

organometallic base depends on the through-space distance between the crucial centres. 

1-Methoxynaphthalene reacts with rerAbutyllithium in cyclohexane exclusively at the 

8-position [503]. Apparently, complexation of the organometallic reagent with the 

oxygen atom precedes the hydrogen-metal interconversion, which, under such circum¬ 

stances, can take place more conveniently at the peri- rather than j5-position (transition 

states 273 and 274, respectively). 

OCR 

3 t 

TMEDA-activated butyllithium does not always require additional complexation. 

Consequently, metallation occurs only at the 2-position this time [503]. 1-Dimethylami- 

nomethylnaphthalene undergoes random hydrogen-lithium exchange at both peri- (8-) 

and P- (2-) positions [504]. 4-Dimethylaminomethyl-l-methoxynaphthalene gives the 

5- and no 2-, 3- or 8-lithiated derivative (275) [505]. Excess of butyllithium abstracts 

instantaneously two protons from the nitrogen centre of 2'-amino-3,4-dimethoxybiphe- 

nyl and then slowly another one from the 2-, not the 5-position (intermediate 276) [506]. 

N(CH3)2 

(275) (276) 
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Methoxymethoxy-, 2-methoxyethoxy- and (2-dimethylaminoethoxy)benzene undergo 

or^/zo-metallation with comparable ease (intermediates 277-279). If the heteroatoms 

were to act only by their inductive electron-withdrawing effect, the reactivity should 

decrease drastically from left to right. 

(277) (278) (279) 

‘'Extreme model'probe. One can devise model substrates that will allow one to identify 

the nature of the neighbouring group effect without ambiguity. The idea will be 

illustrated by two paradigms, in one case only inductive, in the other only coordinative 

forces being operative. The bis(u,o'-biphenyl-ene)ammonium and -phosphonium salts 

280 and 281 (M = H), respectively, are devoid of any possibility of binding metals by 

coordination with an electron-donor atom. Nevertheless, the positively charged het¬ 

eroatom causes a strong acidification of the ort/zo-positions (generating 280 and 281, 
M = : [507]). The primary adduct of butyllithium with diphenylacetylene (282, M = H) 

cannot be intercepted as such since it immediately undergoes a subsequent ortho 

deprotonation to give an 6>,a-dimetallated species (282, M = Li) [508]. No electronega¬ 

tive substituent being present, the reaction must be triggered by the formation of a 

mixed aggregate between the initial adduct and unconsumed butyllithium. 

281:Q = P 

‘Naked anion' probe. Without metal there will be no metal complexation. If we could 

employ metal-free anions as bases, the coordinative potential of any heterofunctional 

substituent would remain unutilized and only the inductive effect would manifest itself. 

Of course, free carbanions do not exist except in the gas-phase and their investigation 

is troublesome even under such esoteric conditions. Since information about their 

relative thermodynamic stabilities is still sparse, one has frequently to resort to a 

comparison with isoelectronic species. In this sense, pyridines may be considered 

as metal-free analogues of aryl anions. As their gas-phase proton affinities reveal, only 

fluorine, trifluoromethyl and cyano substituents have a pronounced electron-with- 

drawing effect while alkoxy and, in particular, dialkylamino groups are globally donors 

owing to a dominant electron-releasing resonance effect (Table 1.10) [509]. 

On the basis of such data, we conclude that halogens facilitate transmetallation 
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Table 1.10. Gas-phase proton affinities, AAHprot (kcal mol"^), of 
2-, 3- and 4-substituted pyridines relative to the parent compound 
pyridine: effect of dimethylamino, methoxy, methyl, fluoro, tri- 
fluoromethyl and cyano substituents [509] 

Substituent at 2-position at 3-position at 4-position 

N(CH3)2 + 9 + 10 + 15 
OCH3 + 1 + 2 + 6 

CH3 + 3 + 2 + 3 
F -9 -6 -3 
CF3 -9 -8 -7 
CN -12 -11 -10 

reactions chiefly by inductive stabilization of the incipient negative charge whereas 

nitrogen-containing substituents primarily display their coordinative properties. In the 

case of alkoxy or aroxy groups it depends on the individual situation which factor 

becomes dominant. 
(b) Primary and secondary metallation sites: In an idealized manner we can differ¬ 

entiate between three archetypes of transition states of the hydrogen-metal exchange 

process [318]. The carbanion mechanism (transition state 283), extremely rare anyway, 

has little chance of realization in the arene field. It would require a strongly acidic 

substrate (say, like a thiazolium salt) and an ionized base (e.g. fluorenylpotassium in 

the presence of a macrocyclic polyether such as 18-crown-6). The four-centre mechanism 

(transition state 284) is very common. When olefinic or aromatic substrates are involved, 

organosodium reagents fit particularly well into such a scheme. Finally, there is the 

multi-centre mechanism with participation neighbouring group X (transition state 285). 

Organolithium reagents are most suitable to establish this kind of interaction with a 

heterofunctional substituent. 

A given structural feature will stabilize or destabilize both the transition state and 

the final product. However, the two entities may not experience the substituent effect 

to the same extent. In plain words, the most favourable transition state may lead to an 

organometallic intermediate which is not necessarily the most stable among all possible 

isomers. Under such circumstances, a subsequent transmetallatidn may take place and 

convert the primary into a less basic secondary metallation product. 
This happens, for example, when 2-(3,4-dimethoxyphenyl)ethyl-N,iV-dimethylamine 

is treated with butyllithium in the presence of TMEDA. The hydrogen at the 5-position 

is rapidly replaced with lithium [510]. The resulting intermediate (286) exists only 

temporarily, however. It gradually undergoes isomerization to.afford a more stable 
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intermediate (287) in which the organometallic bond is flanked by two heterosub¬ 

stituents [510]. If this second intermediate is thermodynamically more favourable, then 

why did it need the detour via the isomeric precursor 286 rather than to generate it 

directly? Apparently, the transition states of metallation reactions are particularly 

sensitive to steric strain. Therefore, attack of the base at a readily accessible position 

may be preferred even if it is less acidic than another site. 

H,C CH, 
J \ / O 

HXO 
N(CH3)2 JkJ N(CH 

'Ll 
(286) 

3'2 

Not only steric hindrance but also complexation may play a more critical role in the 

transition state when compared with the ground state of the organometallic compounds. 

2-(2-Imidazolin-2-yl)furan and -thiophene react with excess of butyllithium in tetra- 

hydrofuran at — 75 °C to afford the 3-lithiated species (288, Y = O, and 289, Y = S) 

[511]. Obviously the 3-position, owing to the coordination offered by the neighbouring 

imidazolinyl group, is the most reactive but not the most acidic site. In fact, in 

(mono)ethylene glycol dimethyl ether (MEGME) as the solvent or with the weaker base 

lithium diisopropylamide (LIDA), the 5-metallated isomers (290, Y = O, and 291, Y = S) 

are selectively obtained [511]. 

288 ; Y = 0 

289 : Y = S 

Li Li 

290:Y = 0 

291 :Y = S 

It is plausible to assume that the latter intermediates are not formed in a straightfor¬ 

ward manner but rather via the 3-lithiated isomers (288 and 289). Either a C-zero- or 

a C,C-dimetallated species then has to act as the turnable for the metal transposition. 
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Recently, a dilithio species (293) was found to be involved in the reaction between 

N-phenylpyrrole and TMEDA-activated butyllithium in hexane (65 °C) or diethyl ether 

(0 °C). The a-metallation is apparently a relatively slow process. Most of the resulting 

monolithio species (292) rapidly undergoes an aggregate-mediated second hydrogen- 

metal exchange, which this time occurs at the orrAu-position of the aromatic ring. The 

dimetal compound (293) thus obtained slowly delivers the aryl-bound second lithium 

atom to unconsumed AT-phenylpyrrole and, in this way, selectively reverts to the 

monometal species (292) [512]. 

(292) (293) 

(c) Outlook: Scepticism has already been expressed about the possibility of rationaliz¬ 

ing all phenomena of neighbouring group participation solely with the dual nature of 

heterosubstituents which are inductive electron attractors and at the same time 

metal-complexing electron donors. Nevertheless, this model, simple as it is, has been 

found to explain amazingly well the experimental findings, at least qualitatively. What 

has to be considered in addition in order to make the predictions more accurate and 

more quantitative? 
First, we should recognize the interdependence that exists between the acidifying 

inductive polarization and the entropy-saving coordination. When the oxygen atom of 

an ether or the nitrogen atom of an amine binds a metal, it has to share electrons with 

the latter. This imposes a partial positive charge on the heteroatom and, as a corollary, 

enhances its electron-withdrawing inductive effect. 

Another feature that merits attention is the non-additivity of substituent effects. 
Formaldehyde dimethyl acetal (dimethoxymethane) is virtually inert towards butyl- 

lithium, and diphenylmethane reacts only sluggishly. On the other hand, benzyl 

methyl ether is instantaneously deprotonated even at —75 °C. Evidently the combina¬ 

tion of two different substituents is advantageous, since one alkoxy group is enough to 

ensure complexation and one phenyl group provides sufficient resonance stabilization. 

Finally, the subtle, although still efficacious, action of heteroatom-free neighbouring 

groups should not be overlooked. 1,5-Hexadiene reacts five times faster than 1-hexene 

with LIC-KOR in tetrahydrofuran, affording the corresponding allyl-type organo- 

potassium compounds (294 and 295, respectively) [360]. The acceleration suggests an 

extra coordination of the metal by the ‘passive’ second ene moiety. In tetrahydrofuran 

solution, the reaction of 1,co-dienes having moderate chain lengths stops cleanly at the 

monometallation level even if the reagent is employed in large excess. In contrast, the 

dimetallated species (e.g. 296) is formed preferentially, if not exclusively, when the 

reaction mixture is suspended in hexane. This selectivity is strictly obeyed even when 

under-stoichiometric amounts of the LIC-KOR reagent are used, provided that the 
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chain length does not exceed eleven carbon atoms [310, 360]. Apparently, the mono- 

metallation products form with unconsumed LIC-KOR reagent in paraffinic media a 

mixed aggregate (e.g. 297) within which the second hydrogen—metal interconversion can 

be accomplished at a much faster rate than the preceding first one. 

H9C4... 

295: R = H3C-CH2- 

1.5 HANDLING OF ORGANOMETALLIC REAGENTS 

This section covers all practical aspects of the work with organometallic compounds 

such as safety precautions, special equipment, analytical determinations and shelf-life. 

First, a collection of detailed procedures for the preparation of organometallic reagents 

and their application in organic synthesis is given. 

1.5.1 STANDARD REAGENTS 

The most common organolithium compounds, such as methyllithium, butyllithium 

(‘«-butyllithium’), hexyllithium, 5ec-butyllithium, rer/-butyllithium and phenyllithium, 

can be purchased from several chemical suppliers. Nevertheless, it may occasionally be 

advantageous, even mandatory, to prepare such reagents oneself. This is the case, for 

example, if one needs lithium bromide containing phenyllithium [1]. The salt remains 

in solution if the phenyllithium is made from bromobenzene in diethyl ether whereas 

it precipitates from the commercial 3:7 ether-benzene solvent mixture. 

1.5.1.1 Alkyl-, 1-Alkenyl-and Aryllithiums 

All reactions should be carried out under a blanket of ^ 99.99% pure nitrogen. Appro¬ 

priate glassware for work under inert gas protection and convenient methods for 

titration of organometallic concentrations are described below (pp. 137-138). 

Ethereal Methyllithium [2] 

Diethyl ether (0.4 1) and lithium shred (69 g, 10 mol) are placed in a 4 1 three-necked round- 
bottomed flask which is hermetically closed with a mercury seal. Under vigorous magnetic stirring, 
methyl chloride (0.25 kg, 5.0 mol) is bubbled into the mixture at a sufficiently slow rate to prevent 
most of the gas from escaping through the mercury seal. As soon as the reaction starts, the 
suspension becomes turbid while the metal surface becomes shiny and silvery white. Now the 
flask is cooled with an ice-bath and a larger quantity of diethyl ether (0.2 1) is added. After 
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approximately 1 h, all the methyl chloride is absorbed and most of the lithium is consumed. The 
mixture is heated for 30 min under reflux in order to expel residual methyl chloride from the 
solution. Finally, it is siphoned through a plug of glass-wool into storage burettes. Roughly 2 1 
of a 2 M solution are obtained. 

Lithium Bromide Containing Ethereal Methyllithium 

The same protocol is applied as above but methyl bromide (350 g, 3.7 mol) is used as the starting 
material besides lithium (56 g, 8.1 mol). 

Lithium Bromide Containing Ethereal Butyllithium [3] 

At 25 °C and under vigorous stirring, a small quantity of butyl bromide is added to lithium shred 
(69 g, 10 mol) covered with diethyl ether (0.4 1). As soon as the reaction starts, the flask is placed 
in a salt-ice-bath and butyl bromide (0.44 1, 0.55 kg, 4.0 mol) in diethyl ether (2.0 1) is added 
dropwise in the course of ca 60 min at such a rate that the interior temperature is kept around 
— 10 °C. Towards the end of the reaction, the temperature is allowed to rise to 0 °C. The solution 
has to be stored in a freezer (at —20 or —25 °C) to avoid rapid decomposition. 

Lithium Bromide Containing Ethereal Cyclopropyllithium [4] 

Analogously as described above for butyllithium, cyclopropyllithium and alkyl-substituted deriva¬ 
tives thereof can be prepared as ethereal, lithium bromide-containing solutions. 

Ethereal 1,4-Tetramethylenedllithium [5] 

Lithium (20 g, 2.9 mol), in the form of powder or dispersion (from which the mineral oil has been 
removed by thorough washing), is suspended in diethyl ether (0.6 1). Under vigorous stirring, a 
solution of 1,4-dibromobutane (60 ml, 108 g, 0.5 mol) in diethyl ether (0.40 1) is added dropwise 
in the course of 90 min. As soon as the reaction starts, the mixture is cooled from 25 to —15 °C. 
In addition to the expected dilithio compound {ca 65%), cyclobutane and other by-products are 
formed. 

Vinylllthium in Tetrahydrofuran [6] 

The hexane is removed from the commercial dispersion of 98:2 (w/w) lithium-sodium alloy (6.9 g, 
1.00 mol) and replaced with tetrahydrofuran (0.11). Vinyl chloride (25 g, 0.40 mol) is slowly 
condensed into this slurry under stirring. As soon as the reaction starts, the flask is placed in an 
ice-bath and more tetrahydrofuran (0.7 1) is added, while the addition of the halide is continued. 
When the entire quantity is absorbed, stirring is continued for another 60 min at 0 °C. Owing to 
side-reactions, only 60-70% of vinyllithium is obtained. 

Lithium Bromide Containing Ethereal Phenyllithium [7] 

The reaction is started by pouring bromobenzene (10 ml, 15 g, 0.10 mol) into the vigorously stirred 
slurry of lithium shred or wire (35 g, 5.0 mol) in diethyl ether (0.11). As soon as the reaction starts, 
the flask is placed in an ice-bath and bromobenzene (0.211, 0.31 kg, 2.0 mol) in diethyl ether (2.5 1) 
is added in the course of ca 1 h while the temperature of the mixture is kept below its boiling 
point. The magenta-coloured solution obtained is ca 0.75 m in phenyllithium and contains ca 
6-8% of biphenyl. Pure phenyllithium is colourless [8], (as all alkyl- and aryllithium compounds 
are). Phenyllithium in tetrahydrofuran can be prepared from bromobenzene [9] or chlorobenzene 
[10] around —60 °C, but rapidly loses its titre unless conserved below 0 °C. 



M. SCHLOSSER 106 

1.5.1.2 a-Heterosubstituted Alkyllithiums 

Methoxymethyllithium [11] 

Sodium (0.89%) containing lithium (6.3 g, 0.91 mol) is finely dispersed by heating it in the presence 
of paraffin oil (0.1 1) to 220 °C and by operating a vibromixer until the temperature has fallen to 
120 °C. The paraffin oil is removed by filtration through a frit and the collected metal dispersion 
is washed with anhydrous diethyl ether. After drying, it is transferred into a three-necked flask 
filled with formaldehyde dimethyl acetal (0.15 1). At 0 °C, chloromethyl methyl ether (30 ml, 32 g, 
0.40 mol) in formaldehyde dimethyl acetal (0.101) is added dropwise under vigorous stirring. As 
soon as a temperature rise indicates the start of the reaction, the mixture is cooled to —25 °C 
and the remaining chloride is added in the course of 3 h. After an additional 30 min of stirring 
at — 25 °C, the solution is filtered through a glass-wool plug. The organometallic titre generally 

ranges from 0.32 to 0.35 m. 

Methoxymethylpotassium [12] 

Dibutylmercury (1.6 g, 5.0 mmol) is slowly added to a vigorously stirred suspension of po¬ 
tassium-sodium alloy (78:22, w/w; 1.0 ml, 0.86 g, 18 mmol) in pentane (20 ml). After 30 min of 
stirring, the solvent is stripped off and the residue dissolved in precooled ( —75°C) dimethyl 
ether (5.0 ml, 4.0 g, 86 mmol). The mixture is kept 2 h at 60 °C before being treated with 
benzaldehyde (1.0 ml, 1.1 g, 10 mmol). The excess of metal is cautiously destroyed by dropwise 
addition of ethanol (5 ml) followed by water (10 ml). Extraction with hexane (3x10 ml) and 
distillation give 2-methoxy-l-phenylethanol; 75%; b.p. 123-124 °C/15 mmHg. 

Dichloromethyllithium [13] 

Butyllithium (41 mmol) in hexane (25 ml) is added dropwise over 45 min to dichloromethane 
(2.6 ml, 3.2 g, 40 mmol) in tetrahydrofuran (90 ml) at —75 °C. 

Trichloromethyllithium [14] 

Butyllithium (10 mmol) in hexane (15 ml) is added dropwise over 15 min to chloroform (1.6 ml, 
2.4 g, 20 mmol) in tetrahydrofuran (32 ml) and diethyl ether (8 ml) at —110 °C. 

1.5.1.3 Organosodium and Organopotassium Reagents 

Pentylsodium [15] 

At —10 °C, pentyl chloride (60 ml, 53 g, 0.50 mol) is added dropwise during 1 h to a sodium 
dispersion [16] (23 g, 1.0 mol) in pentane (0.21) under vigorous high-speed stirring (5000- 
lOOOOrpm) [17]. After continuous stirring for 30 min at — 10°C, a bluish grey suspension is 
obtained which may be used as such. If only a small quantity is needed or if an aliquot has to 
be transferred for analytical purposes, the desired volume can be withdrawn from the well stirred 
suspension by means of a nitrogen-purged pipette. 

Phenylsodium [18] 

Under vigorous stirring, chlorobenzene (0.101, 0.11 kg, 1.0 mol) is added dropwise to a sodium 
dispersion [16] (50 g, 2.2 mol) in benzene (0.501). After one tenth of the chlorobenzene has been 
introduced, the reaction should have started (as evidenced by a sudden rise in temperature to 
50-80 °C). If this is not the case, the sodium has to be activated by the addition of a small amount 
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(1 ml) of 1-pentanol. Now an ice-salt bath is used to keep the temperature of the reaction mixture 
around 35 °C. The addition of chlorobenzene is finished after ca 30 min; the yield is almost 
quantitative. 

Trimethylsilylmethylpotassium (Suspension in Pentane) [19] 

A solution of bis(trimethylsilylmethyl)mercury (5.0 ml, 7.5 g, 20 mol) in pentane (50 ml) is vigor¬ 
ously stirred for 30 min with potassium-sodium alloy [20] (78:22, w/w; 3.5 ml, 3.0 g, 64 mmol 
potassium). The resulting grey amalgam-containing suspension can be used as such. 

Trimethylsilylmethylpotassium (Solution in Tetrahydrofuran) [19] 

A suspension of trimethylsilylmethylpotassium (40 mmol) in pentane (50 ml) is prepared according 
to the procedure given above. The solvent is stripped off under reduced pressure and is replaced 
with precooled ( — 75 °C) tetrahydrofuran (80 ml). After 15 min of vigorous stirring at —75 °C, 
one waits until a sediment has deposited and transfers the colourless supernatant liquid by means 
of a pipette. The organometallic solution is stored at temperatures around or below — 50 °C. 

1.5.2 WORKING PROCEDURES 

Numerous well elaborated protocols have been published elsewhere [21]. The examples 

given below are intended to illustrate the progress achieved recently, in particular by 

the use of superbasic reagents. For simplicity, the intermediates resulting from metalla- 

tion reactions with the LIC-KOR mixture [22] are designated throughout as potassium 

species, although they invariably contain substantial amounts of organolithium com¬ 
pounds also. 

1.5.2.1 Metallation of Simple Hydrocarbons 

Cyclopropanes and resonance-inactive alkenes and arenes belong to the least acidic 

hydrocarbons. Only ordinary alkanes are still more reluctant to undergo deprotonation. 

Consequently, the most powerful reagents are required in order to accomplish the 

hydrogen-metal exchange process with synthetically useful efficiency. In this section the 

metallation and subsequent electrophilic substitution of tricyclo[2.2.1.0^'^]heptane 

(nortricyclene), 3,3-dimethyl-1-butene (ferf-butylethylene), bicyclo[2.2.1]hepta-2,5-diene 

(norbornadiene), spiro[4.4]nona-2.4-diene and bicyclo[2.2.2]oct-2-ene are described in 

detail. The case of 2,2-dimethyl-3-methylenebicyclo[2.2.1]heptane (fenchene) is included 

in Section 1.5.2.8 (p. 128). 

1 -Tricyclo[2.2.1.0^^]heptylpotassium (Nortricyclylpotassium) [23] 
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Tricyclo[2.2.1.0^ ®]heptane (1.9 g, 20 mmol) is added to a vigorously stirred suspension of 
pentylsodium (20 mmol) and potassium ter/-butoxide (2.2 g, 20 mmol) in pentane (40 ml). After 
24 h, the mixture is treated with chlorotrimethylsilane (3.2 ml, 2.7 g, 25 mmol). l-(Trimethylsilyl)- 
tricyclo[2.2.1.0^-^]heptane is isolated by distillation under reduced pressure; 60%; b.p. 52-55 °C/ 

17 mmHg. Starting material {ca 35%) is recovered. 

(E) - 3,3-Dimethyl-1 -butenylsodium [24] 

3,3-Dimethyl-1-butene (3.0 ml, 2.0 g, 23 mmol) is added to the suspension of pentylsodium 
(20 mmol) and disodium pinacolate (20 mmol) in pentane (50 ml). After 50 h of vigorous stirring, 
the sealed Schlenk tube is opened and the mixture is treated with a 0.8 m solution of formaldehyde 
[25] (10 mmol) in tetrahydrofuran (25 ml). After neutralization, 4,4-dimethyl-2-penten-l-ol having 
a (Z/£) ratio of 0.2:99.8 is isolated; 88%; b.p. 76-77 °C/20 mmHg. 

2-Bicycio[2.2.2]oct-2-enylpotassium [24] 

Bicyclo[2.2.2]oct-2-ene (27 g, 25 mmol) is added to a suspension of pentylsodium (25 mmol) and 
potassium rer/-butoxide (2.8 g, 25 mmol) in pentane (25 ml). After 10 h of vigorous stirring, the 
mixture is consecutively treated with fluorodimethoxyboron etherate (5.0 ml, 4.5 g, 27 mmol) [26] 
and 35% aqueous hydrogen peroxide (3.0 ml, 3.4 g, 35 mmol) to which a few pellets of sodium 
hydroxide have been added. 2-Bicyclo[2.2.2]octanone is isolated by bulb-to-bulb (Kugelrohr) 
distillation; b.p. 130-135 °C/10 mmHg; 70%; m.p. 177-178 °C. 

2-Bicyclo[2.2.1 ]hepta-2,5-dienylsodium [27] 

Butyllithium (50 mmol), from which the commercial hexane solvent has been stripped off, is 
dissolved in precooled (—75°C) tetrahydrofuran (0.101). Sublimed sodium rm-butoxide (5.3 g. 
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55 mmol) and bicyclo[2.2.1]hepta-2,5-diene (norbornadiene) (5.1 ml, 4.5 g, 50 mmol) are consecu¬ 
tively added. The reaction mixture is stirred until it becomes homogeneous. After 15 h at — 50 °C, 
it is treated with chlorotrimethylsilane (7.6 ml, 6.5 g, 60 mmol). On distillation under reduced 
pressure, 2-(trimethylsilyl)bicyclo[2.2.1]hepta-2,5-diene is obtained; 92%; b.p. 55-57 °C/ 
10 mmHg. 

3-Spiro[4.4]nona-2,4-dienyisodium [24] 

Spiro[4.4]nona-2,4-diene (3.0 g, 25 mmol) is added to a suspension of pentylsodium (25 mmol) in 
pentane (25 ml). After 100 h of vigorous stirring, the reaction mixture is consecutively treated with 
fluorodimethoxyboron etherate [26] (5.0 ml, 4.5 g, 27 mmol), 35% aqueous hydrogen peroxide 
(3.0 ml, 3.4 g, 35 mmol) and 5 m aqueous sodium hydroxide (5 ml). Spiro[4.4]non-4-en-3-one is 
formed in 45% yield; b.p. 92-94 °C/10 mmHg. If the organometallic intermediate is trapped with 
chlorotrimethylsilane (30 mmol), a 65% yield of the corresponding silane is obtained. 

2 - Cyclohepta -1,3,5-trien yisodi um [27] 

Butyllithium (30 mmol), from which the commercial hexane solvent has been stripped off, is taken 
up in precooled ( —90°C) tetrahydrofuran (50 ml). At — 50°C, cycloheptatriene (3.1 ml, 2.8 g, 
30 mmol) and sodium rcrt-butoxide (2.9 g, 30 mmol) are dissolved under stirring in the reaction 
mixture, which then is kept for 15 h at —50 °C. Chlorotrimethylsilane (4.0 ml, 3.4 g, 32 mmol) is 
added and the 2-(trimethylsilyl)cyclohepta-l,3,5-triene is isolated by distillation; 57%; b.p. 

100-102 °C/10 mmHg. 

3,5- Di-terX- butylphenylpotassium [28] 

1,3-Di-rerr-butylbenzene (11 ml, 9.5 g, 50 mmol) and potassium tcrf-butoxide are added to a 1.5 m 

solution of butyllithium (53 mmol) in hexane (35 ml). After 2 h of stirring at 25 °C, the mixture 
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is poured on to dry-ice covered with tetrahydrofuran (25 ml). After evaporation of the solvents, 
the residue is dissolved in water (100 ml) and washed with diethyl ether (3 x 20 ml). On 
acidification of the aqueous layer, 3,5-di-tert-butylbenzoic acid precipitates. It is collected, washed 
and dried; 56%; m.p. 173-174 °C. 

5-(1,1,3,3-Tetramethyl- 1,3-dihydroisobenzofuryl)potassium [29] 

Potassium rerr-butoxide (2.5 g, 22 mmol) is added to a solution of l,l,3,3-tetramethyl-l,3- 
dihydroisobenzofuran (3.5 g, 20 mmol) and butyllithium (22 mmol) in hexane (45 ml). The mixture 
is sonicated for 2 h at 25 °C before being consecutively treated with lithium bromide (25 mmol) 
in tetrahydrofuran (50 ml) and dimethylformamide (3.0 ml, 2.9 g, 39 mmol). Elution from silica 
gel with a 1:5 (v/v) mixture of ethyl acetate and hexane affords 5-(l,l,3,3-tetramethyl-l,3- 
dihydroisobenzofuran)carbaldehyde; 50%; m.p. 83-85 °C. 

1.5.2.2 Neighbouring Group-Assisted Metallation of Olefinic Positions 

Enechlorides (1-alkenyl chlorides) [30] and enesulfides [31] undergo a hydrogen- 

metal exchange at the hetero-adjacent position with particular ease. The a-metallation of 

enethers has been reported previously [32] and has the greatest practical utility since 

the resulting intermediates are synthetic equivalents of acyl anions [33]. 

1 -Ethoxyvinyllithium [34] 

H2C=CH-0C2H5 
LiCICHjlj 

TMEDA 
H2C:C 

^0C2H5 

Li O^CH-CgHj 

OC2H5 

H2C=C-CH 

OH 

At —30 °C, ethyl vinyl ether (9.6 mL, 7.2 g, 0.10 mol) and Ar,N,N',iV'-tetramethylethylenediamine 
(15 ml, 12 g, 0.10 mol) are added to /erf-butyllithium (0.10 mol) in pentane (0.10 L). The reaction 
is complete after 1 h at 25 °C. Addition of benzaldehyde (1.0 ml, 1.1 g, 10 mmol) and neutraliza¬ 
tion with acetic acid (0.60 mL, 0.63 g, 11 mmol), immediately followed by distillation, afford 
2-ethoxy-1-pheny 1-2-propen-l-ol; 57%; b.p. 93-95 °C/1 mmHg. 

1 -(2-Tetrahydropyranyloxy) -1 -propenyllithium [35] 

Under stirring, potassium rer/-butoxide (2.8 g, 25 mmol) and 5ec-butyllithium (25 mmol) in hexane 
(25 mL) are consecutively added to a solution of cfs-l-propenyl 2-tetrahydropyranyl ether (3.6 g, 
25 mmol) in tetrahydrofuran (50 mL). After 1 h at — 75 °C, the reaction mixture is treated with 
methyl iodide (1.8 ml, 4.0 g, 28 mmol). (Z)-1-Methyl-1-propenyl 2-tetrahydropyranyl ether is 
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.CH3 
H3C Li-CH 

\ C,Hi5 

C-CH-O-r-O'—\ -• 
u' KOClCHjIj 

H3C 

H K CH3-I 

H3C 

H 
c=c ^ 

'CH3 

isolated by distillation, 66% (83% formed according to gas chromatographic analysis); b.p. 
87-89 °C/15mmHg. 

5-Chloro-3,4-dihydro-2H-pyran-6-yllithium [36] 

A 1.5 M solution of butyllithium (0.11 mol) in hexane (70 ml) and 5-chloro-3,4-dihydro-2H-pyran 
[37] (12 g, 0.10 mol) in tetrahydrofuran (30 ml) are mixed at —75 °C. After 5 min at 25 °C, the 
mixture is placed in an ice-salt bath ( — 20 °C) and dimethyl sulfate (17 g, 0.11 mol) is added in 
the course of 10 min under stirring. The mixture is washed with brine (3 x 25 ml) and con¬ 
centrated. Distillation affords 5-chloro-6-ethyl-3,4-dihydro-2H-pyran; 79%; b.p. 56-58 °C; np® 
1.4688. The latter product undergoes clean ring opening when a 2 m solution of it in tetra¬ 
hydrofuran is treated for 15 min at 25 °C with finely dispersed sodium sand (3.0 molar equiv.). 
After careful hydrolysis with methanol and water, 4-heptyn-l-ol is isolated in 84% yield; b.p. 
93-95 °C/ 14 mmHg. 

1.5.2.3 Neighbouring Group-Assisted Metallation of Aromatic Positions 

Fluorine or trifluoromethyl substituents, alkoxy or aroxy moieties and nitrogen func¬ 
tional groups in aniline or benzylamine derivatives all activate the neighbouring 
aromatic positions strongly enough to make them amenable to hydrogen-metal 
exchange. Such ortho-diiQcXed metallations play a prominent role as key steps in modern 
organic synthesis. Optional site selectivity in favour of one among different activated 
positions can be established when two ort/zo-directing substituents are attached to the 
same nucleus. Several of the following selected examples emphasize this possibility. 
Further, it is shown how diphenyl ether can be submitted to either 6>-mono- or 
6>,o'-dimetallation. 

2-Fluorophenylpotassium [38] 
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A solution of fluorobenzene (4.7 ml, 4.8 g, 50 mmol) and potassium tert-butoxide (5.6 g, 50 mmol) 
in tetrahydrofuran (0.101) is cooled to — 75 °C before it is added to butyllithium (50 mmol) from 
which the commercial hexane solvent has been stripped off. After 3 h ats,—75 °C, the mixture is 
poured on to freshly crushed dry-ice. The solvents are evaporated and the residue is treated with 
ethereal hydrogen chloride (2.5 m; 75 mmol). Extraction with hot hexane, filtration and crystalliza¬ 
tion afford pure 2-fluorobenzoic acid; 87% (98% by gas chromatographic analysis of the crude 
mixture); m.p. 123-124 °C. 

2-(Trifluoromethyl)phenylpotassium [38] 

In exactly the same way as described above, trifluoromethylbenzene (benzotrifluoride, a,a,a- 
trifluorotoluene) (8.2 ml, 9.8 g, 50 mmol) is converted into 2-(trifluoromethyl)benzoic acid; 84% 
(94% by gas chromatography); m.p. 110-113 °C (from cyclohexane). 

2,6-Bis(trifluoromethyl)phenylpotassium [38] 

Under the same conditions as above, l,3-bis(trifluoromethyl)benzene (hexafluoro-m-xylene) 
(7.8 ml, 10.7 g, 50 mmol) gives 2,6-bis(trifluoromethyl)benzoic acid; 78%; m.p. 133-135 °C (from 
hexane). 

2,4-Bis(trifluoromethyl)phenyllithium [38] 

A precooled ( —75°C) solution of l,3-bis(trifluoromethyl)benzene (7.8 ml, 10.7 g, 50 mmol) and 
A/',iV,N',7V",iV"-pentamethyldiethylenetriamine (PMDTA) (10.2 ml, 8.7 g, 50 mmol) in tetrahydro¬ 
furan (50 ml) is added to ^ec-butyllithium from which the commercial solvent (hexane) has been 
stripped off. After 10 h at —75 °C, the mixture is poured on to crushed dry-ice. The mixture is 
worked up as described for the 2-fluorobenzoic acid to give 56% of 2,4-bis(trifluoromethyl)benzoic 
acid; m.p. 109-110 °C (from hexane). 
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3-Fluoro-2-methoxyphenyllithium [39] 

2-Fluoroanisole (5.6 ml, 6.3 g, 50 mmol) is added to a solution of neat butyllithium (50 mmol) in 
tetrahydrofuran kept at — 75°C. After 50 h, the mixture is poured on to crushed dry-ice. 
Evaporation of the solvent, neutralization of the residue with ethereal hydrogen chloride (2.5 m, 

70 ml) and recrystallization from toluene affords pure 3-fluoro-2-methoxybenzoic acid; 50%; m.p. 
154-156 °C. 

2-Fluoro-3-methoxyphenyllithium [39] 

A solution containing 2-fluoroanisole (5.6 ml, 6.3 g, 50 mmol), butyllithium (50 mmol) and 
N,N,N',N",N"-pentamethy\ethy\ene diamine (PMDTA) (10.2 ml, 8.7 g, 50 mmol) in a mixture of 
tetrahydrofuran (60 ml) and hexane (40 ml) is kept for 2 h at —75 °C. The 2-fluoro-3-methoxy- 
benzoic acid is isolated as described above; 87%; m.p. 154—156 °C (from water). 

5-Fluoro-2-methoxyphenyllithium [39] and 2-Fluoro-5-methoxyphenyllithium [39] 

When the protocols given above are applied to 4-fluoroanisole (5.7 ml, 6.3 g, 50 mmol) rather 
than to its ortho-isomer, 5-fluoro-2-methoxybenzoic acid (50%; m.p. 84-85 °C, from hexane) and 
2-fluoro-5-methoxybenzoic acid (85%; m.p. 144-145 °C, from toluene) are obtained. 
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5-[N-(1- Lithiooxy-2,2-dimethylpropylidene) ]-1,3-benzodioxolan-4-yllithium 
(Conversion into the Carboxylic Acid) [40] 

At —75 °C, butyllithium (0.24 mol) in hexane (0.15 1) is added to IV-pivaloylpiperonylamine (24 g, 
0.10 mol) in tetrahydrofuran (0.25 1). After the mixture has been allowed to stand for 1 h at 0 °C, 
a suspension has formed which is poured on to crushed dry ice. Water (0.5 1) and concentrated 
hydrochloric acid are added until a pH of 2 is reached. 5-Pivaloylamidomethyl-l,3-benzodioxane- 
4-carboxylic acid precipitates as a white solid, which is collected and recrystallized from ethyl 
acetate; 70%; m.p. 181-182 °C. 

5-[N -1 -Lithiooxy-2,2-dimethylpropylidene)]-1,3-benzodioxolan-4-ylithium 
(Conversion into the Phenol) [40] 

Alternatively, the suspension formed on metallation of iV-pivaloylpiperonylamine (0.10 mol) may 
be treated, at —75 °C, with the fluorodimethoxyborane diethyl etherate (28 ml, 25 g, 0.15 mol). 
After evaporation of the solvents, the residue is dissolved in methanol (0.15 1) and 35% aqueous 
hydrogen peroxide (25 ml, 28 g, 0.29 mol) is added. A white pasty precipitate deposits in the course 
of 30 min. The methanol is evaporated and the remaining mixture is partitioned between saturated 
aqueous ammonium chloride (0.25 1) and dichloromethane (0.25 1). The aqueous layer is again 
extracted with dichloromethane (2 x 0.101) and the combined organic layers are washed with 
water (0.101) and evaporated. Recrystallization of the residue from ethanol (or 2-propanol) affords 
4-hydroxy-5-pivaloylamidomethyl-l,3-benzodioxolane; 68%; m.p. 197-198 °C. 

2-Phenoxyphenylpotassium [41] 

Potassium fert-butoxide (2.8 g, 25 mmol) is dissolved in a solution containing butyllithium 
(25 mmol) and diphenyl ether (4.3 g, 25 mmol) in tetrahydrofuran (30 ml) at -75 °C. The mixture 
is allowed to stand 5 h at -75 °C, before sulfur (0.96 g, 30 mmol) is added. At + 25 °C, the mixture 
is treated with 5 M hydrogen chloride in diethyl ether and is then evaporated to dryness. The 
residue is extracted with hot hexane (3 x 25 ml). Upon concentration and cooling of the combined 
organic phases, 2-phenoxybenzenethiol crystallizes as colourless needles; 66%; m.p. 68-69 °C. 
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Bis(2-lithiophenyl) Ether [41,42] 

A solution of diphenyl ether (17 g, 0.10 mol), Ar,A,iV',iV'-tetramethylethylenediamine (TMEDA) 
(30 ml, 23 g, 0.20 mol) and butyllithium (0.20 mol) in diethyl ether (0.10 1) and hexane (0.15 1) is 
allowed to stand for 3 h at 25 °C. A brownish red precipitate settles out. On cooling with an 
ice-bath, jP,P-dichlorophenylphosphine (benzenephosphonous dichloride) (27 ml, 36 g, 0.20 mol) 
is added dropwise. The mixture is evaporated to dryness and the residue extracted with hot 
hexane. On concentration and cooling of the solution, 10-phenylphenoxaphosphine crystallizes 
as colourless platelets; 59%; m.p. 95-96 °C. 

1.5.2.4 Generation of Benzyl-Type Organometallics 

The benzylic metallation of diaryl- and triarylmethanes is trivial. It can already be 

accomplished with ordinary butyllithium [22] in tetrahydrofuran or glycol dimethyl 

ether and with potassium amide [43] in liquid ammonia. However, it requires butyl- 

potassium [44] or the superbasic butyllithium-potassium tert-butoxide mixture [22] for 

clean deprotonation at the methyl group of toluene. All other reagents concomitantly 

attack the aromatic positions to a considerable extent (>10%) [45]. The clean 

a-metallation of isopropylbenzene (cumene) can only be brought about with trimethyl- 

silylmethylpotassium [23] (see p. 107); even butylpotassium [46] fails this test on site 

selectivity. Toluene-type substrates carrying electron-donating substituents, e.g. p- 

fluorotoluene [47], /7-cresyl methyl ether [22, 48] and A(,A,/>-trimethylaniline [49], are 
particularly inert. The difficulties can again be overcome with superbasic mixed metal 

reagents. In addition, such species tend to discriminate very efficiently between different 

benzylic positions if the latter are subject to unequal electronic or steric shielding. 

Thus, p-ethyltoluene and l-ethyl-4-isobutylbenzene give 77-ethylbenzylpotassium and 

l-(4-isobutylphenyl)ethylpotassium exclusively [50], 

4-(Dimethylamino)benzylpotassium [49] 

At —75 °C, butyllithium (15 mmol) in hexane (10 ml) and potassium ter/-butoxide (1.7 g, 15 mmol) 
are added to a solution of iV,A,/>-trimethylaniline (iV,A-dimethyl-/7-toluidine) (2.2 ml, 2.0 g, 
15 mmol) in tetrahydrofuran (15 ml). The mixture is vigorously stirred until it becomes homogen¬ 
eous, then kept for 48 h at — 75 °C using a cryogenic unit. After the addition of dimethyl sulfate 
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(1.4 ml, 1.9 g, 15 mmol), it is allowed to reach 25 °C. Gas chromatographic analysis by means of 
an internal reference substance (‘standard’) reveals the presence of 65% of iV,Af-dimethyl-/7- 
ethylaniline in addition to some unconsumed starting material. The main product is isolated by 
distillation; b.p. 96-97 °C/10 mmHg. 

4-Ethylbenzylpotassium [50] 

A mixture of /j-ethyltoluene (2.8 ml, 2.4 g, 20 mmol), butyllithium (22 mmol), potassium tert- 
butoxide (2.5 g, 22 mmol) and hexane (15 ml) is vigorously stirred for 2 h at 25 °C. At —25 °C, 
isopropyl bromide (2.1 ml, 2.7 g, 22 mmol) is dropwise added in the course of 15 min. l-Ethyl-4- 
isobutylbenzene is isolated by distillation; 87%; b.p. 87-89 °C/10 mmHg. 

1 -(4-lsobutylphenyl)ethylpotassium [50] 

Under vigorous stirring, a mixture of l-ethyl-4-isobutylbenzene (3.2 g, 20 mmol), butyllithium 
(25 mmol), potassium /er/-butoxide (2.8 g, 25 mmol) and hexane (20 ml) is heated for 3 h to 60 °C 
before being poured onto crushed dry-ice covered with anhydrous tetrahydrofuran (50 ml). After 
evaporation of the volatiles, the residue is dissolved in water (0.10 1). The aqueous phase is washed 
with diethyl ether (3 x 30 ml), acidified to pH 1 and extracted again with diethyl ether (3 x 30 ml). 
The organic layer is washed with a 1% aqueous solution of sodium hydrogen carbonate 
(1 X 10 ml, then 1 x 15 ml) and dried. The oily material left behind on evaporation of the solvent 
is crystallized from hexane to afford pure 2-(4-isobutylphenyl)propanoic acid; 79%; m.p. 70-72 °C. 

1.5.2.5 Generation of Allyl-Type Organometallics 

The superbasic LIC-KOR (butyllithium-potassium ferf-butoxide) mixture is particu¬ 

larly suitable for the conversion of simple alkenes into highly reactive 2-alkenyl- 

potassium species. These versatile synthetic intermediates can be generated in a stereo- 

controlled manner. Depending on the reaction conditions, the original configuration of 

the olefin is either retained {stereodefensive or stereoconservative mode [51]) or it 

undergoes a torsional isomerization to establish to thermodynamically more stable 

structure {stereoselective mode [51]). The last three procedures given below illustrate 
this option. 
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2-Phenylallylpotassium [52] 

Butyllithium (40 mmol) in neat tetrahydrofuran (25 ml) is added dropwise, over 30 min, to a well 
stirred solution of a-methylstyrene (5.2 ml, 4.7 g, 40 mmol) and potassium tert-butoxide (4.5 g, 
40 mmol) in tetrahydrofuran (120 ml) at — 75°C. After Ih at — 50°C, the mixture is added 
portion wise to chlorotrimethylstannane (8.0 g, 40 mmol) in tetrahydrofuran (30 ml) at — 75°C. 
The turbid liquid is poured into water (0.2 1). The aqueous phase is extracted with hexane 
(3 X 40 ml) and the combined organic layers are washed with brine (2 x 0.10 1) before being dried 
and evaporated. Distillation through a short (10 cm long) Vigreux column gives colourless 
trimethyl(2-phenyl-2-propenyl)stannane; 31%; b.p. 68-69 °C/0.1 mmHg; 1.5542. 

2-(Trimethylsilyl)allylpotassium [52] 

Trimethyl(l-methylethenyl)silane (2.3 g, 20 mmol) and potassium /er/-butoxide (2.2 g, 20 mmol) 
are consecutively added to butyllithium (20 mmol) in neat tetrahydrofuran (50 ml) at — 75°C. 
After 5 h at — 50 °C, the mixture is treated with chlorotrimethylstannane and worked up as 
described in the preceding paragraph. Trimethyl[l-(trimethylstannylmethyl)ethenyl]silane is ob¬ 
tained as a colourless liquid; 45%; b.p. 33-34 °C/0.7 mmHg; 1.4816. 

Pinenylpotassium [26, 53] 

A well stirred mixture of (15)-(x-pinene (0.8 ml, 6.8 g, 50 mmol) and hexane (35 ml) is heated for 
30 min to 50 °C. At — 75°C, precooled tetrahydrofuran (25 ml) and fluorodimethoxyborane 
dietherate (11 ml, 10 g, 60 mmol) are added. At 0 °C, the mixture is treated with a 40% aqueous 
solution of formaldehyde (10 ml, 11 g, 0.14 mol) before being heated for 40 min at 50 °C. After 
addition of 2 m sulfuric acid (50 ml), the organic layer is washed with 3 m aqueous sodium 
hydroxide (25 ml) and brine (25 ml), then dried and evaporated. Distillation affords [17?- 
(la,3a,5a)]-6,6-dimethyl2-methylene-bicyclo[3.11]heptane-3-methanol; 58%; b.p. 82-84 °C/ 

2 mmHg; 1.5021; [a]^° + 44° {c = 1, CH3OH). 
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(Z)-2-Butene (14 ml, 8.5 g, 0.15 mol) is condensed into a solution of butyllithium (0.10 mol) and 
potassium tert-butoxide (11 g, 0.10 mol) in neat tetrahydrofuran (75 ml) at —75 °C. After 15 min 
of stirring at — 50 °C, the mixture is transferred into a — 75 °C dry-ice-methanol bath and treated 
with fluorodimethoxyborane diethyl etherate (50 ml, 45 g, 0.27 mol). The orange-yellow mixture 
immediately decolorizes. After 30 min at — 75°C, propanal (8.0 ml, 6.4 g, 0.11 mol) is added 
dropwise. After 30 min at —75 °C, the mixture is poured into 2 m aqueous sodium hydroxide 
(0.21) and vigorously stirred for 2 h at 25 °C before being extracted with hexane (3 x 25 ml). 
Distillation affords 4-methyl-5-hexen-3-ol having an erythro/threo [55] ratio of 96:4; 62%; b.p. 
66-68 °C/50 mmHg. 

exo-2-Butenylpotassium [54] 

The same procedure applied to (£)-2-butene (14 ml, 8.5 g, 0.15 mol) furnishes 4-methyl-5-hexen- 
3-ol with an erythrojthreo [55] ratio of 3:97; 61%; b.p. 64-67 °C/50 mmHg. 

endo-5-(2,3-Dimethyltricycio [2.2.1.0^'^]hept-3-yl)-2-methyl-2-pentenylpotassium 
("a-santalenylpotassium") [41, 56] 

LiC^H, Ac K-'i 
1. FBIOCHjlj 7 

^0 w-^ KOCICHjlj 2. HjOj 

Potassium tert-hutoxide (2.5 g, 22 mmol) is added to a solution of butyllithium (24 mmol) and 
5-(2,3-dimethyltricyclo[2.2.1.0^’®]hept-3-yl)-2-methyl-2-pentene (a-santalene) (4.1 g, 20 mmol) in 
neat tetrahydrofuran (20 ml) at -75 °C. The mixture is stirred until homogeneous, then kept for 
2h at — 50°C. At — 75°C, it is consecutively treated with fluorodimethoxyborane diethyl 
etherate (7.5 ml, 6.6 g, 40 mmol) and 35% aqueous hydrogen peroxide (4.0 ml, 4.5 g, 47 mmol). 
After 1 h of stirring at 25 °C, the aqueous phase is saturated with sodium chloride before being 
extracted with diethyl ether (2 x 25 ml). The combined organic layers are absorbed on silica gel 
(25 ml). The dried powder is placed on top of a chromatographic column filled with fresh silica 
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gel (100 ml) and hexane. Elution with a 15:85 (v/v) mixture of ethyl acetate and hexane followed 
by evaporation gives a colourless oil having the characteristic smell of a-santalol; 46%; b.p. 
92-93 °C/0.1 mmHg; 1.5022; [a]D° + T (c = 0.1, CHCI3). No trace of the unnatural (E) isomer 
is detected by gas chromatography. a-Santalene (77%) is readily prepared from 7-iodomethyl- 
l,7-dimethyltricyclo[2.2.1.0^’®]heptane and 3-methyl-2-butenylpotassium (prenylpotassium) [23] 
in tetrahydrofuran. Without isolation of the hydrocarbon thus obtained, the reaction can be 
continued according to the procedure given above to afford a-santalol with a 35% overall yield. 

1.5.2.6 Generation of Pentadienyl-Type Organometallics 

The metallation of 1,3-dienes and, in particular, 1,4-dienes can be accomplished with 

great ease. Open-chain, i.e. mobile, pentadienylmetal species may adopt different 

conformations depending on the choice of the metal involved or the solvent (see 
pp. 79-81). In contrast to cyclohexadienyllithium [57], the corresponding potassium 

compound (or derivatives thereof [58]) is relatively stable towards hydride elimination 

and survives long enough to be trapped by electrophiles. 

1,3-Cyclohexadienylpotassium [59] 

At — 75°C, 1,4-cyclohexadiene (1.9 ml, 1.6 g, 20 mmol) is added dropwise to a solution of 
trimethylsilylmethylpotassium (20 mmol; see p. 107) in tetrahydrofuran (40 ml). After 15 h at 
— 50 °C, the mixture is poured onto freshly crushed dry-ice. The solid material is neutralized 
with ethereal hydrogen chloride (10 ml of a 2.3 m solution) before being treated with ethereal 
diazomethane until the yellow colour persists. The solution is filtered and concentrated. Bulb-to- 
bulb (Kugelrohr) distillation (bath temperature 130-140 °C/10 mmHg) affords 44% of methyl 
2,5-cyclohexadienylcarboxylate in addition to small amounts {ca 5%) of methyl benzoate. 

(E)-2,4-Pentadienylpotassium, Suspended in Hexane [60, 61] 

1,4-Pentadiene (4.1 ml, 2.7 g, 40 mmol) and butyllithium (40 mmol) in hexane (25 ml) are rapidly 
added to a well stirred slurry of potassium /ert-butoxide (4.5 g, 40 mmol) in hexane (25 ml) kept 
in an ice-bath. After 20 min at 0 °C, the mixture is cooled to -75 °C before being treated with 
fluorodimethoxyboron dietherate (8.0 ml, 7.1 g, 43 mmol) in diethyl ether (12 ml). Aqueous sodium 
hydroxide (10 ml of a 5 m solution) and 35% aqueous hydrogen peroxide (5 ml, 5.7 g, 58 mmol) 
are added and the two-phase mixture is vigorously stirred for 2 h. The organic layer is decanted. 
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briefly dried and concentrated. Distillation of the residue gives 2,4-pentadien-l-ol having a 
cisftrans ratio of 3:97; 88%; b.p. 55-57 °C/12 mmHg. 

(Z)-2,4-Pentadienylpotassium, Dissolved in Tetrahydrofuran [60, 61] 

1,4-Pentadiene (40 mmol) is metallated as described above. The hexane is stripped off and the 
residue is dissolved in precooled ( —75°C) tetrahydrofuran (50 ml). After 2 h at — 75°C, the 
mixture is treated with fluorodimethoxyboron etherate (43 mmol) and 35% aqueous hydrogen 
peroxide (5 ml). 2,4-Pentadien-l-ol is isolated having a cis/trans ratio of 98:2; 59%; b.p. 62-63 °C/ 
18 mmHg. 

1.5.2.7 Ether Cleavage vs Hydrogen-Metal Exchange 

All procedures given so far refer to the ‘metallation’ (hydrogen-metal interconversion) 

mode. The preference for this method is well justified by its evident advantages. 

Nevertheless, this method also has its limits, and other ways leading to organometallic 

intermediates should always be taken into consideration. 

As the following comparison reveals, it is not necessary to prepare allyllithium and 

allylsodium by reductive ether cleavage. Allylpotassium can be very easily obtained by 

the superbase-promoted metallation of propene. If a less electropositive metal is 

required, potassium can be replaced with lithium or sodium in a metathetical exchange 

with lithium bromide [62] and sodium tetraphenylborate [63], respectively. On the 

other hand, the building blocks )5-ionylideneethyllithium and -potassium can be 

more conveniently generated by treatment of methyl vinyl-)5-ionyl ether with the 

corresponding metal rather than by metallation of the unsaturated hydrocarbon, the 
latter being not readily accessible. 

Allyllithium [64] 

H 
NCgHs 

RsCg CgHg 

Allyl phenyl ether (6.8 ml, 6.7 g, 50 mmol) in diethyl ether (25 ml) is added over 45 min to a rapidly 
stirred suspension of freshly cut lithium wire (4.2 g, 0.61 mol) in tetrahydrofuran (0.10 1) kept in 
a —15 °C cooling bath. Usually after the first few minutes a slightly exothermic reaction sets in, 
manifesting itself by the appearance of a pale bluish green colour. If this is not the case, the metal 
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has to be activated by introducing a spatula tip amount of biphenyl or a few drops of 
1,2-dibromoethane. The reaction mixture is then stirred for 15 min at 25 °C before the solution, 
which has become dark red in the meantime, is filtered through polyethylene tubing filled with 
glass-wool into a storage burette. Reaction with equivalent amount of {diphenylmethylene)aniline 
gives N-(l,l-diphenyl-3-butenyl)aniline; 68%; m.p. 78-79 °C (isolated by elution from a chroma¬ 
tography column filled with silica gel and recrystallized from ethanol). 

Allylsodium [65J 

0 No No 1. COj 

2. H® 

A dispersion of sodium (5.8 g, 0.25 mol) is prepared in octane [16, 17], which is then replaced by 
hexane (0.5 1). Diallyl ether (18 ml, 14 g, 0.15 mol) is added over a period of 1 h under high-speed 
stirring (5000 rpm) and at an average temperature of 35 °C. After a further 30 min of stirring the 
reaction mixture is siphoned on to dry-ice. After acidification, the 3-butenoic acid is extracted 
with diethyl ether and distilled; 77%, b.p. 61-62 °C/3 mmHg. 

Allylpotassium [66] 

LiC^H, 
K V7 

0 
OH 

KOCICHjlj H + 

Propene (0.21, 11 g, 0.25 mol), potassium /err-butoxide (11 g, 0.10 mol) and hexane (25 ml) are 
placed in a three-necked flask equipped with a dry-ice condenser. Butyllithium (0.10 ml) in hexane 
(65 ml) is added over 30 min under vigorous stirring. The reaction mixture is kept at reflux for a 
further 5h before oxirane (6.0 ml, 5.3 g, 0.13 mol) is added at — 75°C. After evaporation to 
dryness, the residue is treated with ethereal hydrogen chloride (0.12 mol, 2.4 m). Immediate 
distillation gives pure 4-penten-l-ol; 63%; b.p. 82-85 °C/60 mmHg. 

1 -Methyl-1 -phenylethylpotassium [67] ('2-Phenylisopropylpotassium,' 
(x,o!.-Dimethylbenzylpotassium)from Cumyl Methyl Ether 

OCH3 K 0=0 

H3C-C-CH3 H3C-C-CH3 HOOC' 'C(CH3)2 

— ^ U 
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Potassium-sodium alloy [20] (78:22 w/w; 18 ml, 15 g, 0.32 mol potassium) is transferred by means 
of a pipette into a solution of cumyl methyl ether [67] (2-methoxy-2-phenylpropane) (15 g, 
0.10 mol) in diethyl ether (0.50 1). The mixture is vigorously stirred or, if placed in a sealed tube, 
shaken. The bright red solution is carefully decanted through polyethylene tubing fitted with a 
glass-wool plug into a burette. Tolane (11.6g, 65 mmol) was added in portions to an aliquot 
(200 ml) of this roughly 3 M solution. An exothermal reaction caused the solvent to boil. The 
reaction mixture was poured on dry ice. Extraction with water (3 x 25 ml) and evaporation gave 
a colourless resinous material; 26%. 

1 -Methyl-1 -phenylethylpotassium from Cumene [23] 

Isopropylbenzene (cumene) (0.50 ml, 0.43 g, 3.6 mmol) is added to a precooled solution of 
trimethylsilylmethylpotassium (see p. 107) (3.6 mmol) in tetrahydrofuran (5.0 ml). After 24 h 
at —50 °C, the reaction is quenched with methyl iodide (0.30 ml, 0.68 g, 4.8 mmol). While 74% 
of tcrt-butylbenzene were identified by gas chromatography, no trace of cymols (isopropylto- 
luenes) was found. 

2-(P- lonylidene)ethyllithium 
[3-Methyl-5-(2,6,6-trimethyl-1 -cyclohexenyl)-2,4-pentadienyllithium] [61] 

At —75°C, a 0.5 m solution of the lithium-biphenyl (1:1) adduct [68] (20 mmol) in tetra¬ 
hydrofuran (40 ml) is added to (£)-3-methoxy-3-methyl-l-(2,6,6-trimethyl-l-cyclohexenyl)-l,4- 
pentadiene (methyl vinyl-)?-ionyl ether) (4.9 g, 21 mmol) in tetrahydrofuran (lOinl). Immediately 
a bright red colour develops. Still at —75 °C, the mixture is consecutively treated with fluoro- 
dimethoxyboron etherate (3.8 ml, 3.4 g, 20 mmol), 35% aqueous hydrogen peroxide (2.0 ml, 
2.3 g, 23 mmol) and 4 m aqueous sodium hydroxide (20 ml). After 30 min of stirring, the aqueous 
phase is saturated with sodium chloride. The organic layer is decanted and evaporated. Chroma¬ 
tography of the residue on active alumina using a 1:1 (v/v) mixture of diethyl ether and hexane 
as the eluent gives 75% of analytically pure (2£,4£)-3-methyl-5-(2,6,6-trimethyl-l-cyclohexenyl)- 
2,4-pentadien-1 -ol. 

3,7-Dimethyl-2,4,6-octadienyllithium [61] 

3,7-Dimethyl-1,3,6-octatriene (ocimene; mixture of Z- and £-isomers) (1.4 g, 10 mmol) is added 
to a solution of lithium diisopropylamide (prepared from diisopropylamine and butyllithium) 
(10 mmol) in hexamethylphosphoric triamide (1.0 ml), tetrahydrofuran (7.0 ml) and hexane (7.0 ml) 
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at —75 °C. After 5 h at —75 °C, the reddish black mixture decolorizes when fluorodimethoxybor- 
ane diethyl etherate (2.0 ml, 1.8 g, 11 mmol) and 70% aqueous hydrogen peroxide (10 mmol) are 
added consecutively. After 15 h of stirring at 25 °C, the organic phase is diluted with diethyl ether 
(10 ml) and, protected by nitrogen against contact with air, washed with brine (3 x 10 ml). It is 
dried and evaporated. Distillation affords (2£,4£)-3,7-dimethyl-2,4,6-octatrien-l-ol {trans-dehy- 
drogeraniol); 51%; b.p. 84-85 °C/2 mmHg; m.p. 47^9 °C (from pentane). The yield increases to 
68% if the metallation of ocimene is carried out with a 0.5 m solution of trimethylsilylmethylpo- 
tassium (see p. 107) for 1 h at —75 °C. 

1.5.2.8 Halogen-Metal vs Hydrogen-Metal Exchange 

Frequently it is difficult to make a choice between the two most important methods 

known for the generation of organometallic intermediates. The halogen-metal exchange 

route offers the advantage of a particularly easy and rapid execution. On the other 

hand, one has to consider the accessibility of the starting materials: unlike the simple 

hydrocarbons required for the hydrogen-metal exchange, the halogenated precursors 

are in general not commercially available. 

There are, however, still other factors to be taken into account. Let us assume we 

wish to prepare a series of (u-(l-naphthyl)alkanols. The two lowest members of this 

family, 1-naphthylmethanol and 2-(l-naphthyl)ethanol, can be easily prepared by 

treatment of 1-bromonaphthalene with butyllithium and reaction of the resulting 

1-naphthyllithium [69] with formaldehyde or oxirane. However, if longer chains have 

to be attached, it is better to start with 1-methylnaphthalene, submit it to a hydrogen- 

metal exchange employing the superbasic LIC-KOR reagent [70,71] and treat the 

resulting benzyl-type intermediate with oxirane, oxetane or even tetrahydrofuran. 

Further, the 1-naphthylmethylpotassium can be converted with magnesium dibromide 
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into the corresponding Grignard reagent (see scheme on preceding page). Addition of 

formaldehyde now produces mainly (53%) 2-(l-methylnaphthyl)methanol in addition 

to small amounts (8%) of 2-(l-naphthyl)ethanol [70]. 
(Z)-2-Ethoxyvinyllithium is a versatile synthetic equivalent of the acetaldehyde 

enolate. It can be very easily generated from cA-2-bromovinyl ether by halogen-metal 

exchange [72]. The hydrogen-metal exchange with ethyl vinyl ether as the substrate 

would lead to a different, a-metallated species [35]. j5-Deprotonation can be achieved, 

however, if the enether is replaced by ethyl ethynyl ether [73]. The ethoxyacetylide may 

then be added to the carbonyl group of an aldehyde or ketone, giving rise to a 

propargyl-type alcohol. Partial hydrogenation of the latter leads to the same (Z)-y- 

ethoxyallyl alcohol which can be obtained more directly with the (Z)-2-ethoxyvinyl- 

lithium reagent. 

H H H H 
^C = C — C = C^ 

Br 'OC2H5 Li' 'OC2H5 

H-CSC-OC2H5 — BrMg-C=C-0C2H5 

'C:C' — R'RC=CH-CH:0 
R-C^ 'OC2H5 

R' OH 

f Hj{Pd} 

R' 

R-C-CEC-OC2H5 — R'RC=CH-C00H 

HO 

Other powerful synthetic equivalents of enolates are a-deprotonated Schiff bases 

(azomethines) derived from acetaldehyde or other alkanals [74]. Such entities are the 

key intermediates in the so-called ‘directed aldol condensation,’ a method which has 

also been successfully applied to the conversion of j8-ionone into j?-ionylideneacetalde- 

hyde [74]. Finally, the lithium enolate of acetaldehyde (lithium ethenolate) can be 

generated by the spontaneous fragmentation of a-lithiated tetrahydrofuran [75]. On 

reaction with carbonyl compounds, however, this species gives only moderate yields, 

presumably as a consequence of tight aggregate formation and poor solubility. 

The halogen-metal exchange is a flexible method having little, if any, structural 

limitations. 2-, 3- and 4-Bromoanisole can be converted with the same ease into 2-, 

3- and 4-anisyllithium [76]. In contrast, the metallation of anisole [77] leads invariably 
to a 2-anisylmetal species no matter what conditions are applied. 
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The metallation route is restricted with respect not only to regioisomers but also to 

stereoisomers. Treatment of camphene with a superbasic mixed metal reagent gives 

exclusively a species having the (£)-configuration [23], whereas the halogen-metal 

exchange method allows the generation of either (Z)- or (£)-a)-camphenyllithium 

selectively, provided that the corresponding bromides or iodides are available [78]. 

The halogen-metal exchange procedure can be also applied to all kinds of hetero¬ 

cyclic substrates [79]. In contrast, the metallation method works well only with 
five-membered ring systems, which, in addition, should not carry acidic methyl or 

methylene substituents. Pyridines, pyridazine, pyrimidines, pyrazines, triazines and 

other six-membered nitrogen heterocycles undergo preferentially nucleophilic addition 

of an organometallic reagent followed by rearomatization through elimination of metal 

hydride [80, 81]. 

C^Hg 

The halogen-metal exchange between 1-bromonaphthalene and butyllithium can be 

followed visually if executed in a 1:1 (v/v) mixture of diethyl ether and hexane. In this 

solvent, 1-naphthyllithium precipitates. It is not recommended to work in tetra- 

hydrofuran or to use 1-iodonaphthalene as the starting material, since otherwise 

extensive condensation between 1-naphthyllithium and the butyl halide formed as a 

by-product will occur. 



126 M, SCHLOSSER 

1 -Naphthyllithium [41] 

Br Li CH2OH 

LiC^Hj (CHjOln 

At 0 °C, 1-bromonaphthalene (18 ml, 41 g, 0.20 mol) and dry paraformaldehyde (7.5 g, 0.25 mol) 
are consecutively added to butyllithium (0.20 mol) in diethyl ether (0.121) and hexane (0.131). 
After 1 h of stirring at 25 °C, the mixture is neutralized with ethereal hydrogen chloride (0.20 mol, 
3.5 m), the solvents are stripped off and the residue is distilled; b.p. 163-164 °C/12 mmHg. The 
1-naphthalenemethanol crystallizes spontaneously; 91%; m.p. 61-62 °C. 

1 -Naphthylmethylpotassium [41, 71] 

A solution of butyllithium (0.10 mol) in hexane (60 ml) is evaporated to dryness and the residue 
is taken up in precooled (-75°C) tetrahydrofuran (0.101). 1-Methylnaphthalene (14ml, 14g, 
0.10 mmol( and potassium tert-butoxide (11 g, 0.10 mol) are consecutively added. The mixture is 
stirred 3 min at - 50 °C until the alcoholate has dissolved and is kept 2 h at - 50 °C. At - 75 °C, 
oxetane (trimethylenoxide: 7.8 ml, 7.0 g, 0.12 mol) is introduced. The mixture is allowed to reach 
25 °C and the solvent is evaporated. Brine (50 ml) is added and the product is extracted with 
hexane (3 x 25 ml). Distillation affords 4-(l-naphthyl)!-butanol; 81%; b.p. 150-152 °C/3 mmHg. 

(Z)-2-Ethoxyvinyllithium [41, 72] 

Butyllithium (0.10 mol), from which the commercial solvent hexane has been stripped off, is 
dissolved in precooled (-75 °C) diethyl ether (50 ml). Always at -75 °C, (Z)-2-bromovinyl ethyl 
ether [72] (11 ml, 15 g, 0.10 mol) and, 5 min later, 4-(l,6,6-trimethyl-l-cyclohexen-l-yl)-3-buten- 
2-one ()?-ionone) (20 ml, 19 g, 0.10 mol) are added. When the mixture has reached 25 °C, it is 
treated with 0.5 m sulphuric acid (50 ml) and vigorously stirred for 15 min. The organic phase is 
decanted and the aqueous phase is rapidly extracted with diethyl ether (2 x 25 ml). The combined 
ethereal layers are washed (2 x 25 ml of a saturated aqueous solution of sodium hydrogen- 
carbonate, 1 X 25 ml of brine) and dried. Distillation affords j5-ionylideneacetaldehyde as a 1:3 
(Z/E) mixture; 73%; b.p. 103-105 °C/0.1 mmHg; 1.5765. 
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2-Ethoxyethynylmagnesium bromide [73] 

Under ice cooling, ethoxyacetylene (ethyl ethynyl ether; 28 ml, 21 g, 0.30 mol) and, 10 min later, 
)9-ionone (42 ml, 40 g, 0.21 mol) are dropwise added to a solution of ethylmagnesium bromide 
(0.31 mol) in diethyl ether (0.25 1). The mixture is poured into a saturated aqueous solution of 
ammonium chloride (0.15 1) and shaken until the precipitate formed has dissolved. The ethereal 
layer is decanted, washed with water (3 x 0.10 1) and dried. After evaporation of the solvent, the 
residue (54 g, 99% of crude products) is absorbed on deactivated alumina and eluted with hexane, 
benzene and diethyl ether. The last fraction contains relatively pure carbinol (23 g). It is 
concentrated and taken up in ethyl acetate (0.101). Palladium (2.5% on barium sulphate, 0.5 g) 
is added and the suspension is shaken under a hydrogen atmosphere. The reaction starts slowly, 
then proceeds rapidly. When the calculated amount of hydrogen (85 mmol) has been absorbed, 
the catalyst is removed by centrifugation. The ethyl acetate is evaporated and replaced by diethyl 
ether (0.10 1). The ethereal solution is shaken for 30 min at 25 °C with 0.2 m hydrochloric acid 
(0.10 1), then washed with aqueous sodium hydrogen carbonate and water, dried and concentrated. 
Distillation gives jS-ionylideneacetaldehyde as a (Z/£) isomeric mixture; 36%; b.p. 118-122 °C/ 
0.01 mmHg. 

3-Methoxyphenyllithium [76] 

A solution of butyllithium (50 mmol) in hexane (30 ml) is diluted with tetrahydrofuran (70 ml). 
At — 75°C, 3-bromoanisole (5.4 ml, 8.6 g, 50 mmol) and, 5 min later, while a white precipitate 
has formed, 6-methyl-5-hepten-2-one (7.4 ml, 6.3 g, 50 mmol) are added. The volatiles are eva¬ 
porated and the residue is triturated with brine (35 ml). 2-(3-Methoxyphenyl)-6-methyl-5-hepten- 
2-ol is extracted with hexane (3 x 20 ml) and isolated by distillation; 65%; bp 118-120 °C/ 
0.5 mmHg; n^^ 1-4219. 

2-Methoxyphenyllithium (o-Anisyllithium) [82] 
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A solution of anisole (11 ml, 11 g, 0.10 mol) and butyllithium (0.10 mol) in diethyl ether (0.15 1) is 
heated for 21 h under reflux. The mixture is poured onto an excess of crushed dry-ice (20 g) covered 
with diethyl ether (50 ml). Extraction of the ethereal layer with 2% aqueous sodium hydroxide 
followed by acidification with hydrochloric acid gives a precipitate which exhibits the properties 
of 2-methoxybenzoic acid; 65%. Trace amounts of phenol can be detected by gas chromatography. 

(Z)-2-(3,3-Dimethylbicyclo[2.2.1 ]hept-2-yliclene)methyllithium 
['Z'-CL>-Camphenyllithium] [78] 

(Z)-2-(3,3-Dimethylbicyclo[2.2.1]hept-2-ylidene)methyl bromide (4.3 g, 20 mmol; by gas chroma¬ 
tographic separation of the stereoisomers [79] and, 5 min. later Al,Ar-dimethylformamide (2.0 ml, 
1.9 g, 26 mmol) were added to a solution of terr-butyllithium (40 mmol) in neat tetrahydrofuran 
(50 ml) at —75 °C. Evaporation of the solvent, addition of water 25 ml, extraction with hexane 
(3 X 20 ml), washing with brine (20 ml) and distillation afforded the product as a colourless oil; 
53%; b.p. 91-94 °C/2 mmHg. 

(E)-2- (3,3-Dimethylbicyclo[2.2.1 ]heptylidene)methylpotassium 
(r(^) -w-Camphenylpotassium'] [23,41] 

A mixture of camphene (8.1 ml, 6.8 g, 50 mmol), pentylsodium (50 mmol) and potassium tert- 
butoxide (8.0 g, 71 mmol) in pentane (50 ml) is submitted during Ih to high-speed stirring 
(20 000rpm) before being allowed to stand overnight (15 h). On dropwise addition of dimethyl 
sulfate 10.0 ml, 12.6 g, 105 mmol, an exothermic reaction takes place. In addition to some starting 
material (11%), (£)-3-ethylidene-2,2-dimethylbicyclo[2.2.1]heptane is collected on distilla¬ 
tion; 60%; b.p. 86-89 °C/12 mmHg. 

2-Pyridinyllithium [41, 83] 
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A solution of tert-butyllithium, (50 mmol) in hexane is evaporated to dryness and the residue is 
taken up in precooled ( — 75 °C) tetrahydrofuran (50 ml). 2-Bromopyridine (4.9 ml, 7.9 g, 50 mmol) 
and, 5 min later, 4-cyanopyridine (5.2 g, 50 mmol) are added. The solvent is evaporated and the 
residue triturated with brine (25 ml). The 2-pyridyl 4-pyridyl ketone is extracted with diethyl ether 
and purified by crystallization from a 1:10 (v/v) mixture of acetone and hexane; 59%; m.p. 
122-123 °C. 

1 -(2-Butyl-1,2-dihydropyndinyl)lithium [84] 

o LiC4H5 
■ H 

-iLiHl 

Li 

Butyllithium (50 mmol), from which the commercial solvent (hexane) has been stripped off, is 
dissolved in toluene (25 ml). Pyridine (4.0 ml, 4.0 g, 50 mmol) is added and the mixture is heated 
for 2 h to 100 °C. The clear solution obtained after filtration [in the presence of diatomite 
(kieselguhr)] is concentrated and distilled. 2-Butylpyridine is obtained with a yield of 86%; b.p. 
64-66 °C/12 mmHg; 1.4883. 

1.5.3 STORABILITY OF ORGANOMETALUC REAGENTS 

As we have seen in the preceding section, organometallic compounds employed as key 

intermediates for synthetic purposes are used as soon as prepared. Commercial reagents 

are generally purchased in large quantities and are consumed only over a longer period 

of time. In such cases, the researcher has to know how to conserve the material. 

Two modes of decomposition tend to shorten the shelf-life of organometallic species 

even if stored under inert atmosphere. They may be destroyed by reaction with the 

solvent or by spontaneous jS-elimination of metal hydride (or other metal-bearing 

fragments). 

Stability Towards Hydride Elimination 

The hydride elimination is difficult to control. Fortunately, with most standard reagents 

it occurs to a significant extent only at elevated temperatures (50-150 °C) [85, 86]. There 

is, however, one important exception. A commercial solution of j'ec-butyllithium should 

be stored in the cold (around 0 or — 25 °C), otherwise it will lose ca 1 % of its 

organometallic titre per week owing to the formation of lithium hydride in addition to 

1- and 2-butene. This process will be drastically accelerated if more than trace amounts 

of a lithium alkoxide are present [87]. Alkoxides are inevitably formed when air enters 

into contact with an organometallic solution. 

Stability Towards Solvent Attack 

Hexane and other alkanes are almost inert towards standard organometallics. However, 

whenever an ethereal reaction medium is employed, one has to worry about competitive 

reactions between the reagent and the solvent. 
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Numerous careful studies on the stability of methyl- [88], primary alkyl [88-90], 

5ec-alkyl- [90, 91], cyclopropyl- [90], cyclohexyl- [90], tert-alkyl- [91], vinyl- [92] and 

phenyllithium [88] have been performed. Butyllithium has received particular attention 

[88,90,93]. Nevertheless, the accuracy of the reported data should not be over¬ 

estimated. So far, rate constants and reaction orders have been measured in not more 

than a single case [93] and a detailed kinetic analysis of solvent-mediated decomposi¬ 

tion of organometallic reagents is still lacking. For practical purposes, however, it is 

amply sufficient to compile half-lifes, Tii2, of organometallic reagents as a function of 

the solvent and the temperature in a semi-quantitative way (see Tables 1.11 and 1.12). 

The relevant trends then become even more clearly visible. 

The replacement of a hydrogen atom in methyllithium by an alkyl group diminishes 

its resistance against ethereal solvents by a factor of 10, if not 100 (see Table 1.11). This 

Table 1.11. Stability of typical organolithium compounds towards ethereal solvents: 
temperature ranges in which half-lifes of ca 100 h are observed 

[°C] DEE THE MEGME 

^ 50 Li-CH3 

^ 25 

0 Li'^CH2C3Hy Li-CH3 

- 25 
,CH3 

Li-CH 
'C2H5 

- 50 Li-C(CH3)3 Li-CH2C3H7 Li-CH3 

7 75 
,CH3 

Li-CH 
'C2H5 

-100 Li-C(CH3)3 Li-CH^CsH, 

-125 
,CH3 

Li-CH 
''C2H5 

-150 Li-C(CH3)3 
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Table 1.12. Stability of organometallic compounds towards ethereal solvents as expressed 
by temperature-dependent half-lifes of ca 100 h: comparison between alkyllithium, -sodium 
and -potassium reagents 

[°C] Li-R No- R K-R 

^ 50 

- 25 

0 L1-CH3 

- 25 

- 50 Li-CH2C3H7 Na-CH3 

- 75 K-CH2Si(CH3)3 

-100 NQ-CH2C3H7 K-CH3 

-125 

-150 K-CH2C3H2 

means in practical terms that one has to lower the temperature by at least 25 °C in 

order to ensure the same chemical stability as met with the previous reagent. The more 

polar the solvent, the more it activates the organometallic species and thus provokes 

its destruction. As a rule of thumb, alkyllithium species react with diethyl ether 100 

times more slowly than with tetrahydrofuran and 10 000 times more slowly than with 

monoethylene glycol dimethyl ether (‘glyme’, MEGME). Finally, phenyllithium being 

only loosely aggregated (see pp. 17, 56) proves to be considerably more vulnerable in 

ethereal solvents than one might have expected on the basis of its much inferior basicity 

compared with alkyllithium reagents. 

Replacement of lithium by a heavier alkali metal makes the organometallic species 

much more labile. Alkylsodium and -potassium compounds require temperature ranges 
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of —50 to —100 °C and —100 to — 150 °C, respectively, to have a chance of survival 

in tetrahydrofuran (Table 1.12). Trimethylsilylmethylpotassium and the superbasic 

LIC-KOR (butyllithium-potassium tert-butoxide) mixture are less critical to handle. 

They can be kept in tetrahydrofuran at dry-ice temperature for hours. 

So far, we have not taken account of the nature of the reaction that may take place 

between an organometallic entity and a solvent molecule. In fact, one has to differentiate 

between three processes, although only one or two of them will manifest themselves 

with a given solvent. 
When treated with strong bases (M—R), diethyl ether simply undergoes a direct, 

possibly 5yn-periplanar (transition state 1) [94] )5-elimination of metal ethoxide. Unlike 

benzyl ethyl ether [95-97], diethyl ether is not acidic enough to be susceptible to 

a-deprotonation. Otherwise an a-metallated species 2 would be generated that would 

become engaged in either a Wittig rearrangement [98] producing 2-butanol or in an 

a',/?-elimination [95], affording again ethylene and metal ethoxide. The intermediacy of 

species such as 2 has been ruled out on the basis of deuterium-labelling experiments 

under some reaction conditions [96], but has been demonstrated to occur under others 

[97]. 

H3C 

+ M-R 

(2) 

H3C-CH2”0“CH2“CH3 

H2C-CH2 

H3C-CH2-O H 

M-R 

H3C-CH-CH2-CH3 

MO 

\ 
\ 

s 
\ 

H3C-CH2 H2C:CH2 

MO 

(1) 

jS-Elimination is once more the dominant reaction when alkyllithium reagents interact 

with the chelating solvent ethylene glycol dimethyl ether [99]. In addition, a substitution 

process has been found to be possible, a methyl group being transferred to the 

organometallic reagent (M—R) [22]. 

H3CO-CH2-CH2-OM + H3C-R 

H3CO-CH2-CH2-O-CH3 * M-R 

H3CO-M - H2C:CH-0CH3 + H-R 

A similar alkylation of the organometallic reagent may occasionally occur if tetra¬ 

hydrofuran acts as the solvent. This was found to be the case with allyl-type organopo- 
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tassium species [100], with lithium dimethylphosphide [101] and with organocuprates 

[102] , all of them being excellent nucleophiles. The more basic alkylmetal reagents, 

however, effect a hydrogen-metal exchange at the a-position. The resulting gem- 

counterpolarized intermediate 3 (M = K) can be trapped at — 75 °C with electrophiles 

[103] . Above — 60°C, species 3 (M = K or Li) performs a fragmentation and de¬ 

composes to ethylene and acetaldehyde enolate 4 [75, 104]. The latter component may 

be intercepted with carbonyl compounds, its nucleophilic addition affording aldol-type 

products [104, 105]. 

1.5.4 ANALYSIS 

In order to check the stability of a reagent in a given solvent under given conditions, 
reliable methods for the determination of organometallic concentrations must be 

available. In general, titration techniques are used that allow one to distinguish between 

the ‘reagent basicity,’ i.e. the alkalinity originating from the hydrolysis of the organome¬ 
tallic, and the ‘residual basicity,’ i.e. the alkalinity due to the presence of metal oxides, 

alkoxides, hydroxides and carbonates. The latter compounds form when reagent 
solutions are exposed to contact with air. 

The same methods can be used to evaluate the concentration of an organometallic 

species generated as a key intermediate in a synthesis sequence. Frequently, however, 

one prefers to probe the presence of the expected intermediate in a more pragmatic 

way. An aliquot of the reaction mixture is withdrawn and is poured on to dry-ice or 

is added to an ethereal solution of benzaldehyde. The carboxylation and a-arylhydroxy- 

methylation of organometallics being virtually quantitative transformations, they pro¬ 

vide a meaningful estimate of the concentration with which the crucial intermediate 

has been obtained. 

If more detailed information is required, NMR studies may provide the answer. Of 

course, ‘invisible’ solvents such as perdeuteriated tetrahydrofuran, dioxane, dimethyl 

ether, diethyl ether or benzene have to be employed and the sample-containing tubes 

have to be well stoppered or, better, flame sealed. The findings can be quantified if a 
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known amount of an inert reference compound (e.g. cyclohexane or neopentane) is 

added as an internal standard. 
On the other hand, often only qualitative information is sought. One would like to 

know whether an organometallic reagent has been essentially consumed rather than to 

specify the trace amount that possibly has remained unchanged. Colour tests are the 

most convenient probe if one simply wants to monitor the disappearance of an 

organometallic compound. 

1.5.4.1 Quantitative Determination of Organometallic Concentrations 

The most popular method is the so-called double titration according to Gilman and 

Haubein [106]. It is carried out in two steps. First, an aliquot of the reagent solution 

is hydrolysed with ice and the aqueous phase is neutralized with 1 M hydrochloric acid 

(against phenolphthalein). In this way, the ‘total basicity’ is accounted for. Next, the 

organometallic compound (MR) is selectively destroyed by the addition of excess of 

1,2-dibromoethane from which either bromine or hydrogen bromide is eliminated 

(producing BrR and ethylene or HR and vinyl bromide) whereas it is not affected by 

hydroxide or alkoxide bases. Hence the ‘residual basicity’ found after the treatment 

with 1,2-dibromoethane can be ascribed to non-organometallic by-products. The 

difference between total and residual basicity corresponds to the organometallic 

concentration. 

H,0 1. BrCH2CH2Br 

OH- - MR -► Br - (!) 
2. H2O 

OH- - M2O -► OH- 

OH- -- MOH -► OH- 

OH- - MOR -► OH- 

HCO3- M2CO3 HCO3- 

"total basicity" "residual basicity" 

The double titration method has the advantage of simplicity and wide applicability. 

It can even be adapted to the titre evaluation of radical anions such as the naphthalene- 

lithium (1:1) adduct (lithium dihydronaphthylide) [107]. 

Nevertheless, many attempts have been devoted to the development of so-called direct 

titration methods. The basic idea is trivial. Benzyl-type organometallics usually exhibit 

a characteristic and intense orange-red or cherry red colour. Hence they may be taken 

as self-indicators and be titrated directly with a normalized solution of benzoic acid in 

an ethereal or aromatic solvent [108]. 
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A possible extension of this approach to colourless organoalkali reagents is obvious. 

One has only to add an excess of triphenylmethane to their solution in diethyl ether 

or, better, tetrahydrofuran. If a reactive alkyl- or arylmetal species is involved, an 

instantaneous hydrogen-metal exchange will occur, generating triphenylmethyllithium 

[109] . Alternatively, 1,1-diphenylethylene could be allowed to react with the reagent, 

whereupon an adduct of the 1,1-diphenylethylmetal type will result. Either species being 

deeply coloured, its concentration can be again determined by direct titration with an 

anhydrous acid. 

Particularly intense colours appear if an organolithium reagent combines with 

1,10-phenanthroline. On titration with 2-butanol, sharp end points can be observed 

[110] . Also, the deprotonation of amines and imines carrying aromatic substituents 

can lead to intensely coloured species. Thus, the treatment of either N-benzylidenebenzy- 

lamine [111] or iV-phenyl-l-naphthylamine [112] produces yellow solutions which can 

be accurately titrated with anhydrous acids. 

In the meantime, profound modifications of the transmetallation protocol have been 

proposed. The troublesome preparation of standard solutions of benzoic acid or 

2-butanol is avoided by using a known amount of a divalent solid proton source such 

as diphenylacetic acid [113]. When an alkyllithium reagent is added, first the carboxy 

group is deprotonated to give a colourless carboxylate. Additional alkyllithium will 

produce a yellow enolate-type species 5 and thus indicate that precisely one equivalent 

of base has already been consumed [113]. Similar results can be achieved with 

4-biphenylmethanol [114], 2,5-dimethoxybenzyl alcohol [115] and 1,3-diphenylacetone 

p-toluenesulphonylhydrazone [116]. 

CH-COOH (5) 

All these methods suffer from lack of generality since they work well only with 

strongly basic alkyllithium reagents. Moreover, as the colours of the doubly deproto¬ 

nated species are relatively pale, changes cannot be recognized unambiguously. The 

recent introduction of 1-pyreneacetic acid as an indicator appears to obviate these 

shortcomings [117]. This time the doubly deprotonated enolate species 6 (M = 

metal) has an intense red colour and its carboxylate precursor is acidic enough to react 
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not only with alkyllithiums but also with weakly basic lithium acetylides, lithium 
diisopropylamide and even with Grignard reagents [117]. 

There remain, however, doubts about how strictly such a method can discriminate 
between organometallic and residual basicity. In other words, one has to consider 
whether the conversion of diphenylacetic acid and 1-pyreneacetic acid into the corre¬ 
sponding carboxylates really requires the action of an organometallic reagent or could 
also be accomplished with one of the alkaline impurities, say lithium oxide. Under these 
circumstances an entirely new approach is particularly welcome. A very promising 
recent suggestion is to monitor the decolouration of brick-red diphenyl ditelluride (7) 
when titrated with an organometallic reagent [118]. The trick is to replace a CH acid 
giving rise to a coloured ‘anion’ by a coloured nucleophile that produces colourless 
reaction products, namely a telluride and a metal tellurolate [118]. Again, the method 
appears to be applicable to a variety of organometallic intermediates including 1- 
alkynyllithium and organomagnesium reagents [118]. 

H-C.-Te-Te-C^H^ + M-R -► KC,-Te-R + M-Te-C,H, 
Oo 65 56 65 

(7) 

1.5.4.2 Qualitative Tests 

Inspired by earlier work dealing with the addition of Grignard reagents to diarylketones 
[119] , Gilman has devised colour tests that allow one to probe very easily the presence 
of organometallic reagents. The most widely used Gilman-Schulze test (Colour Test I) 
[120] responds to virtually all polar organometallics. A small sample (0.1-0.5 ml) of the 
dissolved reagent is transferred by means of a pipette into a 1 m solution of 4,4'- 
bis(dimethylamino)benzophenone (Michler’s ketone) in benzene (1-2 ml). On addition 
of water (1-2 ml) and a few drops of a 0.2% solution of iodine in glacial acetic acid, a 
very intense malachite green-blue colour appears. 

The characteristic colour is associated with the formation of a di- or triarylmethyl- 
type cation depending on whether an alkyl- or arylmetal compound was present. In 
the latter case the ionization of the carbinol precursor does not require acetic acid; it 
can be brought about in a buffered medium (e.g. with 20% aqueous pyrocatechol [121]) 
and even in the absence of iodine. 

A distinction between aliphatic and other organometallic reagents may be very 
valuable, for example when primary, secondary or tertiary butyllithium is used in a 
neighbouring group-assisted metallation of an aromatic position. The Gilman-Swiss 
test (Colour Test II) [122] is specific to alkyllithium reagents. The key step is a 
halogen-metal interconversion. A small sample of the presumed organometallic solution 
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(0.5 ml) is introduced into a 15% solution (1 ml) of 4-bromo-iV,A^-dimethylaniline in 

benzene. Then a 15% solution (1 ml) of benzophenone in benzene and, a few minutes 

later, concentrated hydrochloric acid (1 ml) are added. A bright red colour results only 

if an alkyllithium reagent was present. 

7.5.5 EQUIPMENT AND HAZARDS 

The physical handling of reagents is the ‘alpha’ and ‘omega’ of their application to 

laboratory-scale and industrial-scale syntheses, the beginning and the end. Therefore, 

this contribution will close with some practical hints. 

1.5.5.1 Anaerobic Devices 

The manufacturers supply butyllithium in steel containers ranging from small cylinders 

to 35 000 1 tank cars. Detailed instructions concerning the discharge and cleaning of 

the vessels, the safe handling and the properties of the reagent and emergency routines 

can be obtained on request [123, 124]. 
Alkyllithium solutions can be purchased for laboratory purposes in quantities as 

small as 100 ml in screw-capped or serum sealed glass bottles. If such reagents are used 

regularly, it is far more economic to order 5-101 quantities. Siphoning is the most 

convenient technique for the transfer of the liquid to Schlenk type storage burettes (see 

Figure 1.10). 

Figure 1.10. Transfer of butyllithium from a steel cylinder to a Schlenk burette under a 
nitrogen atmosphere 
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The various possibilities of carrying out reactions in the laboratory under an inert 

atmosphere have been summarized in several reviews [125]. Synthetically oriented 

chemists performing small-scale (0.01-0.1 mol) experiments are well advised to work 
routinely under >99.99% pure nitrogen using a gas/vacuum line apparatus. Suitably 

designed and reasonably priced Schlenk-type glassware can be obtained from the 

specialized trade [126]. 

1.5.5.2 Safety Precautions 

Any alkaline material may cause irreversible damage to the eyes. Therefore, it is essential 

to wear goggles with sideshields before entering any organometallic laboratory. If, 

nevertheless, eyes have accidentally come into contact with an alkaline substance, they 

should be immediately rinsed with 3% aqueous boric acid and a physician should be 

consulted urgently. If organolithium solutions have been spilled over parts of the skin, 

dilute (e.g. 5%) acetic acid may be used for neutralization. 

Some organometallic compounds, notably tert-butyllithium, are pyrophoric (self- 

ignitable), especially if highly concentrated. Potassium-sodium alloy catches fire particu¬ 

larly rapidly. In the case of such an accident, extinguishers operating with watery foam, 

halocarbons or carbon dioxide (!) must not be used. Dry sand, uncontaminated with 

mud and butts, is very efficient for fighting such a fire. 
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2.1 INTRODUCTION 

Although known for almost 80 years [1] and readily available even in large quantities 

since the thirties [2], organolithium compounds have been used in the chemical industry 

for only three decades. For a long time the only organolithium compound manufactured 

on an industrial scale was butyllithium. Its main use was as a catalyst in the anionic 

polymerization of alkenes to produce synthetic rubbers [3]. 
A search in the WPAT database shows a substantial increase in the number of patents 

dealing with organolithium compounds during the past 20 years: 

• 46 patents/year in 1970-80; 

• 62 patents/year in 1981-85; 

• 89 patents/year in 1986-90. 

In the same manner, the demand for organolithium compounds has increased. Today 

the commercial production of butyllithium has reached an order of approximately 1000 

tons/year of neat butyllithium. Other organolithium compounds, e.g. methyllithium and 

phenyllithium, have meanwhile also become commercially available, although they are 

manufactured in considerable smaller quantities. 
The most important application of butyllithium is still its use as a polymerization 

catalyst in the synthetic rubber industry. However, butyllithium and other organo¬ 

lithium compounds are more and more recognized as valuable tools for industrial 

organic synthesis, e.g. for the production of pharmaceuticals and agrochemicals. Owing 

to their strong basicity, which can be modified by various additives sueh as metal 

alkoxides and amines, they ean be used as versatile reagents for the metallation of 

organic substrates. This opens the field to more sophisticated chemistry in industry too. 

Organometallic chemistry and its application in organic synthesis play an important 

role in the professional training of chemists. Every student has experience of using 

butyllithium during his or her practical work on preparative chemistry. Although the 

advantages of organolithium compounds are well known to chemists in production 
facilities, they still try to avoid them as organolithium compounds are regarded as 
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dangerous and not to be handled on an industrial scale. For the synthesis of a target 

molecule they often prefer a more complicated and often troublesome way. 

The aim of this chapter is to reduce this psychological barrier. It will be shown by 

means of important examples that organolithium compounds are already used in 

industrial organic synthesis. 
With the knowledge of the properties and the equipment for handling air- and 

moisture-sensitive substances, it is possible to take advantage of organolithium com¬ 

pounds in organic synthesis even on a larger scale. If attention is paid to some safety 

precautions, their handling is feasible without problems. 
It is intended to give an introduction to the handling of organolithium compounds 

on an industrial scale. Detailed information for potential users is available from the 

producers. 

2.2 SYNTHESIS AND PROPERTIES 

2.2.1 INDUSTRIAL SYNTHESIS OF ORGANOLITHIUM COMPOUNDS 

Although many methods are known for preparing organolithium compounds in 

laboratory [4], the commercially available derivatives are manufactured by reacting an 

organic halide, mainly chlorides, with lithium metal: 

RCl + 2 Li -^ RLi + LiCl (2.1) 

To realize this reaction on an industrial scale, the following points are of special interest. 

Organolithium compounds are usually prepared as solutions in hydrocarbon sol¬ 

vents. The reaction is highly exothermic, and therefore the temperature has to be 

controlled carefully. The rate of the reaction is determined by the rate of addition of 

the halide and is limited by the capacity of the reflux condenser. 
An important point with regard to the economy of the process is the quality of the 

lithium metal used. A satisfactory yield and a high rate constant are obtained if the 

lithium metal, which is applied as a fine dispersion, contains 0.5-2% of sodium. The 

sodium content supports the initiation and accelerates the reaction. After completion 

of the reaction, excess of lithium metal and lithium chloride are removed. 
Concerning butyllithium and .yec-butyllithium, which are the commercially most 

important organolithium compounds, the hydrocarbon solution obtained from syn¬ 

thesis is normally concentrated to >90%. The concentrate is stored and can be diluted 

with different solvents to different concentrations according to the customers’ needs. 

The manufacture of ferr-butyllithium is somewhat problematic because terf-butyl- 

lithium and unreacted tert-buty\ chloride easily react to give hydrocarbon by-products. 

Even under optimum conditions the yields are considerably lower than for butyllithium 

and .yec-butyllithium [5]. 
Because of its insolubility in hydrocarbon solvents, methyllithium is produced 

normally in diethyl ether as solvent. The preparation in aromatic hydrocarbon- 

tetrahydrofuran (THF) mixtures containing some magnesium has been described [6]. 
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Phenyllithium, which up to now has not been produced in substantial quantities, is 

prepared in a mixture of 70% cyclohexane and 30% diethyl ether. 

2.2.2 AVAILABILITY 

Butyllithium and ^ec-butyllithium are available in different solvents and different 

concentrations; 

butyllithium 15%, 23%, 50% and 90% in hexane 

20% in cyclohexane 

20% in toluene 

5ec-butyllithium 10% in isopentane 

12% in cyclohexane 

tert-butyllithium 15% in pentane 

15% in hexane 

The highest concentration in which butyllithium is shipped is 90%. This solution is 

recommended if the user’s process requires a solvent other than hexane, cyclohexane 

or toluene. It also helps to avoid additional transportation costs. 

It should be stressed that hexyllithium is now available on an industrial scale. The 

common concentration is 33%. On a molar basis this concentration corresponds to the 

common concentration of 23% butyllithium. This reagent could help to overcome the 

barrier in using organolithium compounds in organic synthesis because a disadvantage 

of butyllithium, the formation of the gaseous by-product butane (see Section 2.4.1) is 

eliminated. Instead of butane the commonly used solvent n-hexane is formed. 

The following organolithium compounds are also available on an industrial scale; 

other may be manufactured on request. 

methyllithium 

ethyllithium 

phenyllithium 

lithium acetylide 

5% in diethyl ether 

6.4% in diethyl ether containing ca 10% LiBr 

2.6% in cumene-THF containing 0.5% methylmagnesium 

2% in hexane 

20% in cyclohexane-diethyl ether 

solid complex with ethylenediamine 

2.2.3 PROPERTIES OF ORGANOLITHIUM COMPOUNDS 

Organolithium compounds in the eyes of a production chemist show properties which 

a university chemist does not consider so important. Although some monographs have 

been published on their preparation and constitution [7], little information about the 

technical and economic properties of organolithium compounds is available. In the 

opinion of a process development chemist, the kind of aggregates of organolithium 

compounds are not as important as e.g. the stability, the reactivity and, of course, the 

price. The following sections deal with these aspects and give some examples. 
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2.2.3.1 Stability and Solvents 

Organolithium compounds are not thermally stable. Ziegler and Gellert [8] have 

studied the thermal decomposition of concentrated butyllithium. The main reaction 

results in the formation of lithium hydride and 1-butene in the course of a )6-elimination: 

QHgLi -. CH3CH2CH=CH2 + LiH (2.2) 

In an open system the evolved gas consists almost exclusively of 1-butene. In a closed 

system, however, butane and some polymeric material (from butadiene produced by 

elimination of lithium hydride from crotyllithium?) are also formed to a certain 

extent owing to secondary reactions: 

CH3CH2CH=CH2-P LiQHg -^ CH3CH(Li)CH=CH2 + C4H10 

CH3CH(Li)CH=CH2 -^ CH2=CHCH=CH2 + LiH 

Since most commercially available organolithium compounds are supplied as solu¬ 

tions in hydrocarbon solvents, their thermal stability in these solvents is of special 

interest. It is reported that the thermal decomposition of butyllithium in hydrocarbon 

solution is a first-order reaction catalysed by the corresponding lithium n-butoxide, 

which may be formed in the presence of traces of oxygen [9]. The decompositions of 

5ec-butyllithium [10] and /ert-butyllithium [11] are best described by a 0.5-order kinetic 

law. Nevertheless, in a closed system, e.g. a transport container, there is no appreciable 

pressure build-up as the olefin formed in the decomposition process dissolves well in 

the applied solvent, which is also a hydrocarbon. 
In general, the decomposition rate of an organolithium compound depends strongly 

on the concentration of the solution, the solvent, the temperature and the content of 

free base, i.e. lithium alkoxide. Table 2.1 gives the decomposition rates of commercially 

important butyllithium solutions as a function of temperature and concentration [12]. 

The isomers of butyllithium differ remarkably in their stability. terAButyllithium is 

more stable than butyllithium. 5ec-Butyllithium is by far the least stable isomer and 

therefore has to be stored and shipped in isolated containers below 0 °C. The stability 

of n-hexyllithium seems to be higher than that of butyllithium. 
The solvation of organolithium compounds in hydrocarbons normally does not 

Table 2.1. Decomposition rates (% material lost per day) 

Storage 
temperature 
(°C) 

C4H9Li 
15-20% 

in hexane 

C4H9Li 
90% 

in hexane 

sec-C4H9Li 
10-12% 

in isopentane 

0 0.00001 0.0005 0.003 

5 0.0002 0.0011 0.006 

10 0.0004 0.0025 0.012 

20 0.0018 0.013 0.047 

35 0.017 0.11 0.32 
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Table 2.2. Decomposition of butyllithium in ethers [15] 

Ether Temperature (°C) h/2 

Diethyl ether 25 6d 
35 31 h 

Diisopropyl ether 25 18d 

Glycol dimethyl ether 25 10 min 

THF 0 23.5 h 
-30 5d 

produce significant heat. The heat of solvation for, e.g., butyllithium in light petroleum 

is ca — 0.7 kcal mol"^ [13]. This confirms the experience that the dilution of con¬ 

centrated solutions can be done without problems. 

Common solvents for reactions with organolithium compounds are ethers. The 

addition of donor solvents to hydrocarbon solutions results in a break-up of the existing 

clusters due to solvation of the lithium ion: 

(RLi)„ ^ (RU), — (RLi)^ ^ {RLih (2.4) 

The enhanced nucleophilicity of the residual alkyl increases the reactivity, resulting 

in cleavage of the ether C—O bonds [14]. To slow this undesired side-reaction, low 

temperatures are necessary using ethers as co-solvents (Table 2.2). 

The cleavage of diethyl ether results in the formation of ethylene and lithium 

methoxide. The decomposition products of THF are ethylene and the lithium enolate 

of acetaldehyde. It is remarkable that the temperature coefficient of the ether cleavage 

becomes negative if equimolar amounts of symmetrical ethers are added to heptane 

solutions of organolithium compounds [15]. 

2.2.3.2 Behaviour Towards Air and Water 

Organolithium compounds react with oxygen of the air to form lithium alkoxides. 

Reaction with moisture in air results in the formation of lithium hydroxide and the 

corresponding hydrocarbons, butane gas in the case of butyllithium. These reactions, 

of course, decrease the content of active material. 

The risk of self-ignition in air due to the pyrophoric properties of organolithium 

compounds depends on several factors: 

• nature of the organolithium compound; 

• concentration of the solution; 

• humidity of the air; 

• surface on which the solution is spilled; 

• age of the solution. 

Various experiments summarized below show the pyrophoric properties of butyl¬ 

lithium solutions [16]. A video tape which illustrates the experiments and gives some 

practical hints in handling organolithium compounds is available from the authors. 
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If a 15% solution of butyllithium is poured into a porcelain cup, self-ignition normally 

does not occur. Nevertheless, a reaction with air takes place. When a filter-paper is 

dipped in the solution and then exposed to air it begins to char but does not ignite. In 

the case of a 50% solution, again no self-ignition of the solution is observed but the 

filter-paper immediately catches fire. This demonstrates that the risk of self-ignition 

increases with the concentration of the solution. If the surface is large enough that 

evaporation of the solvent is sufficiently fast, self-ignition is possible. Therefore, special 

care has to be taken not to spill butyllithium or other organolithium compounds on 

to materials with large specific surface areas, e.g. clothing, mineral wool or filter-papers. 

The risk of self-ignition is also dependent on the age of the butyllithium solution, as 

during storage lithium hydride is formed. If the amount of finely dispersed lithium 

hydride is large enough, spilled butyllithium solutions normally ignite. 
The addition of water to solutions of organolithium compounds leads to immediate 

hydrolysis with the evolution of heat and the formation of the respective hydrocarbon. 

In the presence of oxygen spontaneous ignition can occur. The heat of hydrolysis for, 

e.g., butyllithium (15% in light petroleum) is —54.7 kcal mol“^ [13]. 
Generally, although butyllithium solutions at the usual concentrations do not catch 

fire when spilled, self-ignition cannot be ruled out. Therefore, they should always be 

kept under an inert gas (see Section 2.4; pp. 181-183). 

2.2.3.3 Toxicology 

The toxicological properties of organolithium compounds refer to the properties of the 

hydrolysis products. The caustic effect of lithium hydroxide leads to severe irritation of 

the skin, mucous membranes, eyes and respiratory tract. The lithium ion is considerably 

more toxic than the sodium ion. On the other hand, certain forms of manic-depressive 

diseases are treated with dosages of lithium carbonate [17]. 
The properties of the organic hydrolysis products can be found in the literature [18]. 

2.3 APPLICATION 

2.3.1 POLYMER CHEMISTRY 

After the identification of natural rubber as cw-l,4-polyisoprene at the beginning of this 

century, attempts were made to produce rubbers synthetically [19]. The first industrial 

processes started with conjugated dienes and alkali metals as catalysts. In the 1920s the 

former IG Farbenindustrie manufactured a sodium-processed polybutadiene called 

BUNA [BUtadiene-NAtrium (sodium)]. 
The first styrene-butadiene copolymers and butadiene-acrylonitrile rubbers were 

made in the late 1930s with persulfates and peroxides as radical catalysts. The 

styrene-butadiene rubbers are still the most important synthetic rubbers. 

In the 1950s a new development in the field of synthetic rubbers was started. Organo- 

metallic complex catalysts of the Ziegler-Natta type [20, 21] and also lithium [22] and 

lithium alkyls [23] catalyse the polymerization of isoprene to d5-l,4-polyisoprene, the 

structure of natural rubber. 
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2.3.1.1 Polybutadiene 

After the BUNA production in the 1930s, the polymerization of butadiene was 

considerably improved when the Ziegler-Natta catalysts based on trialkylaluminium- 

titanium(IV) chloride were discovered in 1956. They polymerize butadiene mainly in the 

l,4-d5-position [24]. BUNA, on the other hand, contains 10% l,4-d5-polybutadiene, 

20% \,A-trans- and about 70% 1,2-linked butadiene with vinyl groups. 

The initial step in the polymerization reaction is the addition of butyllithium to the 

butadiene monomer to form a butylbutenyllithium [25]; 

H9C4—Li + H2C=CHCH=CH2 -► H9QCH2—CH=CHCH2Li (2.5) 

The next step is the growth of the chain [26], which continues until all monomer is 

consumed. Under normal reaction conditions no termination of the polymerization 

reaction occurs by elimination of lithium hydride, the polymer staying active (‘living 

polymers’ [27]). The resulting polymers have a narrow molecular weight distribution 

which can be adjusted by varying the concentration of the butyllithium catalyst. The 

microstructure can be modified over a wide range by varying the counter ion [28] (Li, 

Na, K), the solvent and/or the temperature [29]. 

Owing to its good availability and the resulting lower price, rubbers based on 

butadiene (butadiene rubbers, BR) are much more important than those of isoprene 

(isoprene rubbers, IR; see below). 

Owing to their excellent abrasion resistance and high resilience, the main use for 

butadiene rubbers is in the field of car and truck tyres. They are also used for shoe 

soles and mechanical rubber goods, e.g. conveyor belts. 

2.3.1.2 Polyisoprene 

The polymerization of isoprene is carried out in solution with pentane or hexane as 

solvent. Lithium alkyls are more advantageous than Ziegler-Natta catalysts as they are 

less sensitive to impurities. The lithium alkyls are added to the isoprene at a concentra¬ 
tion of ca 0.1-0.2 mmol per 100 g. 

The polymerization reaction is again divided into two steps [30]. A slow initial step 

is followed by a fast chain growth, again forming ‘living polymers’: 

LiC4H9 + CcHo -> LiC5HgC4H9 
(2.6) 

LiC,^ Li(C5H8)„^,C4H9 

Natural rubber is nearly exclusively built up from m-l,4-polyisoprene units. Synthetic 

isoprene rubber contains, depending on the kind of catalyst, between 90-92% (Li type) 

and 98% (Ziegler-Natta type) cw-l,4-polyisoprene. In the case of the lithium-type 

catalyst the remainder consists of 2-3% 1,4-poly isoprene and 6-7% 3,4-poly- 
isoprene [31]. 

Synthetic isoprene rubber types are used in the same fields as natural rubber, e.g. as 

vehicle tyres. Ziegler-Natta-type rubber is an adequate replacement for natural rubber 

whereas lithium-type rubber can only be used in combination with other rubber types. 
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2.3.1.3 Styrene-Butadiene Rubber 

The production of styrene-butadiene rubbers (SBR) can be carried out both in emulsion 

and in solution. Emulsion-polymerized styrene-butadiene rubbers consists of ca 25% 
styrene and ca 75% butadiene in a random distribution. The catalysts for this 

copolymerization are radical-forming compounds such as peroxides or persulfates. 

Solution styrene-butadiene rubber is generally made with lithium-based catalysts 

such as butyllithium. The resulting copolymers are either random copolymers such as 

the emulsion-polymerized styrene-butadiene rubber or block copolymers. The block 

copolymers are made by polymerization of styrene or butadiene and continuation of 

the polymerization by addition of the counterpart (butadiene or styrene monomers). 

With dilithium compounds, three-block polymers which are of economic interest are 

in principle accessible [32]. They could be synthesized by a discontinuous polymeriza¬ 

tion of butadiene and styrene. 
As dilithium compounds are still not readily accessible, polymerization is carried out 

in practice with butyllithium. Polymers made with lithium alkyls are ‘living polymers,’ 

i.e. still reactive. Terminating reactions, such as elimination of LiH, do not occur under 

the reaction conditions normally used. The ‘living polymers’ are finally coupled by 

reagents such as 1,2-dibromoethane or silicon tetrachloride to give the SBS three-block 

polymer. These polymers are deformable at higher temperatures (thermoplastic elasto¬ 

mers). 

Polymer 

Block copolymers: -SSSSSSS-BBBBBBBBBB 
-SSS-BBBBBBB-SSSSSS- 

Random copolymers: -S-BBB-SS-BB-SS-BBB- 

2.3.2 ORGANIC SYNTHESIS 

As a result of its widespread application as an initiator for anionic polymerization, 

butyllithium is today available in large quantities at a reasonable price {ca 75DM kg“^ 

butyllithium content for bulk quantities). On the other hand, the equipment and the 

know-how for safe handling of air- and moisture-sensitive chemicals also exists. 

Therefore, chemists and engineers began to transfer the long experience with organo- 

lithium compounds as useful reagents in organic synthesis from the laboratory to the 

large-scale production of organic intermediates. Today an increasing percentage of 

butyllithium production is used for the synthesis of organic derivatives, especially in 

the pharmaceutical industry, but also for the manufacture of agrochemicals, flavours 

and fragrances [33]. The use of organolithium compounds in industrial organic 

synthesis is still a rapidly growing field. 
In many cases the advantages of using organolithium compounds in chemical 

synthesis outweigh the necessary investment in appropriate technical equipment. Reac¬ 

tions with organolithium compounds are normally very economical because of the mild 

Catalyst 

Butyllithium 

Lithium alkyls and 

dilithium compounds 

Butyllithium 
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reaction conditions, high yields, few by-products and easy separation of the products 

from the resulting lithium salts. In some cases it is also possible to recycle the lithium 

residues (see Section 2.4.5), thus avoiding additional costs for their disposal. 

Most frequently butyllithium (or hexyllithium) is used to generate lithiated inter¬ 

mediates by substitution reactions via metal-hydrogen or metal-halogen exchange 

followed by further reaction of the resulting carbanions with electrophiles. Special 

organolithium compounds such as methyllithium and ethyllithium are mainly used to 

perform direct addition of the alkyl group to multiple bonds, e.g. carbonyl groups. 

In the following, some selected reactions for the use of organolithium compounds in 

organic synthesis on an industrial scale are given as examples. Although arbitrary to 

some extent, the choice made is meant to illustrate the wide range of chemistry and 

applications where organolithium compounds are useful. 

2.3.2.1 Deprotonation Reactions 

Some reactions involving a carbanion generated via proton abstraction by the strong 

base butyllithium are industrially important: 

RLi + R'H -. RH + R'Li (2.7) 

Hetero-substituted unsaturated, heteroaromatic and aromatic systems are important 

structural fragments in many pharmaceuticals and agrochemicals. Since these com¬ 

pounds can easily be metallated with organolithium bases, the corresponding carba¬ 

nions are useful for numerous derivatization reactions with different electrophiles. 
Direct metallation of heteroaromatic systems normally takes place at the a-position 

adjacent to the heteroatom. Since, e.g., thiophenes and furans are readily available 

and the 2-lithio derivatives are easy to obtain and relatively stable, their derivatization 

reactions have been studied extensively [4a, 34]. In the following some industrially 

important examples are discussed. 

The first example is the synthesis of ticlopidine [35]. Although several methods of 

preparation have been described, the most convenient is with butyllithium. Thiophene 

is lithiated in the 2-position with butyllithium in THF-hexane. Then the organolithium 

species formed is reacted with oxirane and after hydrolysis 2-(2-thienyl)ethanol, a key 

intermediate in the synthesis of this drug, is obtained (reaction 2.8). 

The pharmacological activity of ticlopidine has been thoroughly examined and 

described in many patents. It is used as a blood platelet aggregation inhibitor. In 

combination with aspirine the activity is potentiated [36]. It is also considered to be 
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an anticancer drug which prevents metastasis and, unlike most other anticancer drugs, 

it has few side effects [37]. 
Another example is the preparation of 2-(2,2'-dicyclohexylethyl)piperidine, also 

known as perhexiline [38]. This drug is used for the prevention of angina pectoris in 

case of coronary-arterial diseases. The synthesis starts with a-picoline, which is 

metallated with butyllithium at the methyl group. The organometallic intermediate is 

allowed to react with either benzophenone or dicyclohexylketone. After elimination of 

water from the resulting tertiary alcohols, the residual double bonds are catalytically 

hydrogenated. 

Deprotonation of hetero-substituted arenes at the ortho position with organolithium 

bases and subsequent reaction with an electrophile is a versatile tool in the chemistry 

of aromatics. 
2,6-Dimethoxybenzoic acid is an intermediate in the synthesis of the antibiotic 

methicillin [39]. A useful method of preparation is the lithiation of 1,3-dimethoxy- 

benzene and subsequent reaction of the organometallic with carbon dioxide. 

(2.10) 

Another application of the so-called orr/zo-directed lithiation is the preparation of 

suitable intermediates in the synthesis of liquid crystal compounds. Regioselective 

deprotonation of 2,3-difluorobenzene derivatives in the 4-position and subsequent 
reaction with electrophiles yields l,4-disubstituted-2,3-difluorobenzenes which are valu¬ 

able as intermediates in the synthesis of liquid crystal compounds or as components 

which increase, e.g., the dielectric properties of liquid crystal phases [40]. 
The lithiated intermediates are unstable above - 50 °C. Therefore, it is necessary to 

work at relatively low temperatures. In this reaction it is advantageous to increase the 

basicity of butyllithium by addition of alkoxides or complexing agents, e.g. amines or 

amides. 
The addition of tetramethylethylenediamine (TMEDA) to increase the basicity of 

butyllithium is applied in the synthesis of 3-(2,2-difluoro-l,3-benzodioxol-4-yl)-4-cyano- 

pyrrole, a new pyrrole fungicide. 2,2-Difluoro-l,3-benzodioxole is lithiated at the 

4-position using 20% n-butyllithium in toluene and TMEDA as metallating agent. The 

reaction temperature is —10 °C. Subsequent reaction with electrophiles yields the 
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desired intermediates (reaction 2.11) [41]: 
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F 

F 
LiC^H, 

TMEDA an 
HjCjO-CH^C^ 

COOCjH, 

'Ftudioxinil 

(2.11) 

- In this context it should be pointed out that another variation of metallation 

conditions is the use of lithium amides, especially lithiurii drisoj^i^pylam as 
a base. LDA has the advantage over butyllithium that its (thermodynamic) basicity is 

lower, so it lacks_jmctmty-JTiwards^electrppM^^^ substituentsj)res^ in, the sub^^te 

to be metallated. LDA can be prepared in situ by reaction of butyllithium with 

diisopropyTamine. The use of hexyllithium instead of butyllithium avoids the formation 

of gaseous butane. 
Lithiation of l,3-bis(trifluoromethyl)benzene with butyllithium and subsequent 

reaction with an electrophile results in the formation of a mixture of 2,4- and 2,6-isomers. 

A dramatic shift of the isomer distribution towards the 2,4-isomer is observed when the 

lithiation is performed with lithium 2,2',6,6'-tetramethylpiperide, which is readily ob¬ 

tained by treatment of the corresponding amine with butyllithium [42]. Reaction of 

the organometallic intermediate with A,A-dimethylformamide (DMF) yields 2,4-bis(tri- 

fluoromethyl)benzaldehyde with more than 98% selectivity. Bis-2,4-(trifluoromethyl) 

benzene derivatives are valuable intermediates for the production of pharmaceuticals 

containing 2,4-bis(trifluoro)benzene groups, e.g. antimalarial drugs. 

In the recent literature, advances concerning enantioselective deprotonation reactions 

using butyllithium as a base and, e.g., optically active amines as chiral auxiliaries have 

been described [43]. Since the market for optically pure fine chemicals in the field of 

pharmaceuticals, aromas and agrochemicals is expected to grow from US$900 million 

in 1988/89 to US$2000 million in 2000 [44], the producers of organolithium compounds 

are quite confident about the future evolution. Without doubt, many more laboratory 

processes will be developed to the industrial scale. 

2.3.2.2 Lithium-Halogen Exchange Reactions 

Like lithium-hydrogen exchange, lithium-halogen exchange reactions are also very 

useful in the industrially important field of aromatic and heteroaromatic chemistry. In 

general, the equilibrium of the reversible reaction is shifted far the side of the less basic 

organolithium component. 

RLi -F R'Hal RHal + R'Li (2.12) 

Lithium-halogen exchange reactions can be accompanied by alkylation since butyl 

bromide or iodide are invariably formed as a by-product. However, the high rate of 

the reaction even at very low temperatures always makes it possible to avoid such 

undesirable side reactions. Actually, already several plants have been built that allow 

reactions to be performed even at —90 °C [45]. 
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The following examples from the field of drug and agrochemical synthesis demon¬ 

strate that lithium-halogen exchange reactions are often used to prepare lithiated 

isomers which are not accessible by deprotonation. 
In the manufacture of the vasodilator cetiedil, 3-thienyllithium is used for further 

reaction with lithium cyclohexylglyoxylate to afford the tertiary alcohol. The deprotona¬ 

tion of thiophene with butyllithium yields the 2-thienyl derivative (see synthesis of 

ticlopidine, reaction 2.8) and the conversion of 3-bromothiophene to the Grignard 

compound is not possible. However, the 3-isomer can be prepared by lithium-bromine 

exchange from readily accessible 3-bromothiophene and butyllithium (reaction 2.13). 

The reaction conditions, diethyl ether as solvent and reaction temperature —70 °C, are 

typical for lithium-halogen exchange reactions. At higher temperatures, 3-metallated 

thiophenes may undergo ring opening reactions [4a]. 

UC4H, 

-[BrqH,] 

(2.13) 

In the field of agrochemicals, 3-pyridinemethanol derivatives are useful as fungicides 

[46] or as growth inhibitors for aquatic weeds [47]. They can be synthesized by reaction 

of 3-lithiopyridine with a suitable ketone (reaction 2.14). 

LiC^H, 

-[BrC^H,] 

(2.14) 

A 5-pyrimidinemethanol derivative is the well known fungicide fenarimol. Its synth¬ 

esis implies the generation of 5-pyrimidyllithium by treatment of 5-bromopyrimidine 

with butyllithium. ^ 

Fenarimol 

2.3.2.3 Wittig Reactions 

Organolithium compounds are widely used as bases for the conversion of phosphonium 

salts into ylids, which are useful in Wittig reactions. Lithium halide, which is a 

by-product when the ylid is generated by means of an organolithium compound, 

favours the formation of trans-alkenes. 
1 l-[3-(Dimethylamino)propylidine]-6,l l-dihydrodibenz[6,e]oxepin, the generic 

name of which is doxepin, is as an antidepressant drug. Some carboxylic acid derivatives 

of doxepin and carbocyclic analogues thereof surprisingly possess potent antihistaminic 
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and antiasthmatic properties [48]. They are prepared industrially by means of a Wittig 

reaction, the required phosphorus ylid being generated by treatment of the correspond¬ 

ing phosphonium salt with butyllithium (reaction 2.15) 

0 CH-PlCjHjlj CH 
1 
CHj CH, 

Y = CH,, 0 

Y-Y’ = CHj-CHj, CHj-O, O-CH2 
1 
CH, CH, 

Y = CH2O 

n -- 0-7 
1 

NlCHjlj 
T 2 

NICH,), 
: 0-7 

(2.15) 

2.3.2.4 Direct Addition Reactions 

For economic reasons, only the butyllithium isomer and hexyllithium are commercially 

used as strong bases whereas the other organolithium compounds serve as sources for 

the direct introduction of the corresponding alkyl group. 
A typical field for the use of methyllithium in industrial organic synthesis is steroid 

chemistry. An important step in the synthesis of the androgen mesterolone is the 

introduction of a methyl-group at C-1. The most economic way to perform this 

transformation is a conjugate addition of lithium dimethylcuprate to the A^’“^-3-0X0- 

steroid structure (reaction 2.16) [49, 50]. 

(2.16) 

The organocopper reagent is prepared in situ from methyllithium solution in diethyl 

ether and copper(I) iodide. Referring to the methyl group attached to C-10, the 

trans-product is selectively formed. This one-step reaction replaces a multi-step synthesis 

including a halogenation, reductive dehalogenation, addition of a Grignard reagent and 

acid-induced rearrangement. 
Another example from the field of steroid chemistry is the synthesis of hydroxy- 

progesterone. The addition of methyllithium to a nitrile group is used to construct the 

acetyl side chain. Beforehand, the hydroxy group has to be protected. The primarily 

formed imine is hydrolysed to the desired ketone. This reaction provides a general access 

to the 0X0 function. 

1’? i..0^0. 
). LiCHj 

2. HVHjO 
(2.17) 
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C-8 Alkyl-substituted l,5-dimethylbicyclo[3.2.1]octan-8-ols possess exceptional 

odoriferous properties and are useful as components for perfumes and perfumed 

products. Since their odour is close to the original woody odour of Patchouli oil, they 

can be used as substitutes for this natural product. They are prepared by addition of 

organolithium compounds to the corresponding ketones (reaction 2.18) [51]. 

If a Grignard reagent is used instead of organolithium compounds, considerable 

amounts of by-products, resulting from a simple reduction of the keto group, are formed. 

For addition reactions of this type, the work-up can be performed in a very simple 

way. After the reaction, a 2-5-fold excess of water is added to the reaction mixture. 

After decomposition of excess of organolithium reagent {caution: formation of methane 

or ethane), the resulting lithium hydroxide precipitates in the form of a pasty mass 

which sometimes sticks on the wall of the reactor. The organic phase is easily 

removed by decantation. 

2.3.2.5 Coupling Reactions 

An industrial application of a coupling reaction between an organolithium compound 

and a halide is the manufacture of ?cr/-butyldimethylchlorosilane. It is accomplished 

by condensng dichlorodimethylsilane with tcrt-butyllithium. 

(H3C)2SiCl2 
LiCtCHjlj 

CH3 

Cl-Si-C(CH3)3 

CH-, 

(2.19) 

This reaction is the most important technical application of fcrf-butyllithium. The 

reaction product is known as an excellent protective agent for hydroxy and amino 

groups. Increasing amounts of this protective agent are expected to be required for the 

synthesis of a new generation of j?-lactam antibiotics of the penem and carbapeneme 

type. Several synthetic routes have been developed [52]. Most of them rely on a 

temporary protection of the hydroxyethyl side-chain by a /crAbutyldimethyllsilyl 

moiety. 
HO H H 

0-4 
COOH COOH 

Penem Carbapenem derivative 

Methyllithium is also useful for the preparation of high-purity trimethylgallium and 

trimethylindium. 

. MCI3 + 3CH3Li -^ M(CH3)3 + 3LiCl 

M = Ga, In 
(2.20) 
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These compounds are used as Group III precursors for the preparation of III V 

epitaxial layers by metal-organic chemical vapour deposition (MOCVD): 

Ga(CH3)3 + ASH3 -► GaAs + 3CH4 (2.21) 

These are used in the manufacture of microelectronic and optoelectronic devices. 

2.4 HANDLING 

2.4.1 TECHNICAL EQUIPMENT 

2.4.1.1 General Remarks 

As mentioned in the Introduction, preparative chemists in industry are well informed 

about the advantages of using organolithium compounds in organic synthesis. However, 

when they have to scale up a special synthesis from the laboratory to production, they 

often try to avoid these reagents and develop other, often more complicated ways to 

obtain the target molecule. In the following it is shown that it is possible to work with 
organolithium compounds on an industrial scale without any problems provided that 

certain safety aspects of plant design and personal safety measures are borne in mind 

[53]. 

Organolithium compounds are normally available in organic solvents which are 

flammable. Therefore, the entire electrical installation of the plant has to fulfil all 

regulations which are necessary to prevent electrical discharges corresponding to the 

explosive and temperature classes of the solvent. This means that among other things 

all apparatus and machines must be earthed (grounded). 
Normally there should be no solvent vapour-air mixtures as the whole production 

unit is equipped with an inert gas safety system (see below). However, owing to 

unforeseen circumstances, e.g. leakages, such solvent vapour-air mixtures can occur. 

Hence the whole production area must be ventilated to prevent the accumulation of 

such mixtures, taking into consideration that solvent vapour-air mixtures normally are 

heavier than air. 
In addition to these general safety precautions, the sensitivity of organolithium 

compounds towards air and water requires their handling under an inert gas and the 

avoidance of accidental contact with water. 

2.4.1.2 Inert Gas System 

The primary protective measure for eliminating atmospheric air and moisture from the 

production process and the storage tanks of organolithium compounds is the inert gas 

respiratory and safety system (Figure 2.1). 

Suitable inert gases for the handling of organolithium compounds are nitrogen and 

argon. All parts of the plant are connected to the closed circular respiratory main line 

via an individual respiratory line. The respiratory collecting main leads into a gas buffer 
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vessel which simultaneously serves as entrainment separator (A). This gas buffer vessel 
is connected via a second line to the respiratory pressure regulator which is used to 

maintain an inert gas overpressure of 20-40 mbar. The pressure regulator R2 allows the 

inert gas to flow into the equipment and the spill valve R1 allows gases to escape from 

the equipment when the pressure rises above a threshold value. The inert gas over¬ 

pressure ensures that in case of leakages in the respiratory system or the connected 

vessels air and moisture cannot enter. Because all vessels of a plant are connected to 

one respiratory system via the respiratory main line, inert gas losses during product 

transfer processes are avoided and of course emissions are minimized. The condenser 

between gas buffer vessel and pressure regulator should be operated at temperatures 

as low as possible (e.g. — 40°C) in order to recover also solvents with high vapour 

pressure. 
In addition to the breathing system, the vessels should also be equipped with a safety 

valve system leading into a safety buffer container (SV, S). The system is closed by an 

oil-filled immersion seal which closes the safety valves against the environment and 

keeps them under inert gas atmosphere. 
All breathing and safety pipelines enter the main line from above to prevent solvent 

carryover or possible product transfer by foaming. The main lines should be constructed 

without pockets and should have a slight inclination towards the buffer containers. 

2.4.1.3 Reactors 

In general, organolithium compounds do not corrode ordinary steel. Owing to the 

special conditions of reactions at low temperatures it is recommended to use low-carbon 

stainless steel. Using this material it is also possible to work with liquid lithium metal 

which normally, owing to the small size of the lithium atom, attacks carbon at the grain 

boundary. 

Another possibility is the use of glass enamelled vessels. They are resistant to most 

of the media used and are available in heat- and pressure-resistant modifications. The 
main drawback is that they are not completely resistant to alkaline aqueous solutions, 

e.g. lithium hydroxide solutions produced during work-up. The normally smooth 

surface becomes slightly dull after a certain time. The inferior heat-exchange properties 

of enamelled vessels are compensated for by means of an effective stirring system and 

the installation of an internally mounted heat exchanger. 

An effective stirring system is also advantageous to achieve good heat dissipation if the 

reaction mass becomes viscous during the reaction or the work-up procedure. 

Examples are known in which lithiation reactions are performed continuously in flow 

reactors on a pilot-plant scale. This is advantageous if the reaction requires very low 

temperatures and/or if short residence times are necessary because the lithiated inter¬ 

mediate is unstable. 

Special aspects such as pumps, seals and fittings are not discussed here, but the 

producers of organolithium compounds are of course willing to share their relevant 

experience with potential users of organolithium compounds. 
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2.4.1.4 Heating and Cooling 

As already mentioned, organolithium compounds react very vigorously with water. 

Therefore, any accidental contact with water must be strictly avoided. The best method 

is to use inert liquid heat transfer media for cooling and heating the reaction vessels 

and for the reflux condensers. 
If water has to be used, the following safety precautions are strictly recommended: 

• installation of the cooling/heating pipes outside the vessel; 

• installation of very fast self-closing valves; 
• use of X-ray-examined and pressure-tested reflux condensers together with 

automatic water alarm systems; 
• reduction of the corrosive properties of the cooling water by adjusting the 

pH to ca 8.2 by adding e.g. sodium hydroxide solution; 

• avoiding the formation of condensation water in the installation by insulating 

the respective pipes; 

• no water-taps in the plant. 

It is, of course, advantageous to have the possibility of switching very quickly from 

heating to cooling in case of unforeseen exothermic reactions. 

2.4.1.5 Treatment of the By-Product Butane 

In all deprotonation reactions butyllithium yields butane as a by-product. Depending 

on the reaction temperature, it escapes from the reaction mixture in the form of a gas, 

either immediately during the reaction or during following work-up. As butane is a 

flammable gas (lower explosion limit 1.5 vol.%, upper explosion limit 8.5 vol.%), 
precautions have to be taken. Some possibilities are direct burning in a plant flame, 

burning after trapping the gas in chilled hydrocarbon solutions or dilution with air by 

a strong ventilator. 
All operations have to be carried out in accordance with governmental regulations. 

In order to avoid the formation of butane gas, butyllithium can be replaced by 

n-hexyllithium (see Section 2.2.2), which forms liquid hexane as a by-product. 

2.4.1.6 Personal Safety 

The most important part of ensuring safe handling of organolithium compounds is the 

proper training of the operating personnel in the plant. This includes primarily providing 

the necessary information about the properties and potential hazards and also the 

correct action to be taken in the case of spillage and/or fire. 
All personnel working with organolithium compounds on an industrial scale should 

be protected by appropriate measures, i.e. 

• face and eye protection; 

• leather gloves; 
• protective clothing against fire; 

• protective shoes. 
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The staff in production plants wear leather suits, which are recommended because 
of their high thermal insulation capacity. The clothing is made from impregnated leather 
as it soaks up much less liquid than unprotected leather. The leather suits must not 
have any pockets outside in order to avoid any trapping of liquids. As leather shrinks 
somewhat in a fire or it may be necessary to remove this clothing quickly, it has 
rows of snap fasteners along the arms and legs. Another suitable material for protective 
clothing is Nomex, an aluminium-coated fibre. Compared with leather it has a lower 
thermal insulation capacity and it is more sensitive to alkali. 

The face and eyes are protected by goggles and face shields fixed on the worker’s 
helmet. Gloves should be made of leather. To prevent electrostatic discharges, the 
personnel should wear protective shoes with conductive soles. 

2.4.2 CONTAINERS AND SHIPPING REGULATIONS 

Organolithium compounds are normally delivered as solutions in a hydrocarbon 
solvent. Depending on the desired quantities, different types of transport containers are 
used. Small amounts for laboratory use are delivered in glass bottles with PTFE-sealed 
screw-caps. For use on an industrial scale various types of containers up to rail tanks 
with a maximum content of 35 m^ are available. All containers, except the glass bottles 
are equipped with a dip tube for safe filling and emptying and a connection for inert 
gas. Normally the valve of the dip tube is red and the inert gas connection is green. 

For reasons of safety and compliance with governmental regulations, the containers 
may be filled to no more than 90% of their capacity. A slight inert gas overpressure is 
maintained during shipment in the containers. After emptying, this inert gas over¬ 
pressure should continue to be maintained. 

Containers for temperature-sensitive organolithium compounds, e.g. 5cc-butyllithium, 
are insulated. Solutions of this are filled into the containers at a temperature below 
— 15 °C and reach the customer under normal transport conditions still below 0 °C. 

Organolithium compounds have to be shipped in officially approved containers. The 
following regulations apply (example butyllithium). Emptied containers are still danger¬ 
ous goods according to the following regulations. 

Postal shipment: not permitted. 

Rail: GGVE/RID: Class 4.2 (No. 31a). 
Warning label: 4.2/4.3. 
Consignment note designation: Spontaneously combustible, butyllithium. 

Road: GG VS/ADR: Class 4.2 (No. 31a). 
Warning label: 4.2/4.3. 
Note in accompanying documents: spontaneously combustible, butyllithium. 

Sea: GGVSee/IMDG: Class 4.2/UN-No. 2445. 
Label: ‘Spontaneous combustible.’ 

Air: not permitted. 



ORGANOLITHIUM COMPOUNDS—INDUSTRIAL APPLICATION AND HANDLING 187 

The containers should be labelled as follows: 

F 

C 

Umbrella 

R 14/15 

R 17 

R 20 

R 34 

R 48 

S 6 

S 7/9 

S 16 

S26 

S 33 

S 36/37/39 

S43 

‘Highly flammable.’ 

‘Caustic.’ 

‘Moisture sensitive.’ 

Reacts violently with water liberating highly flammable gases. 

Spontaneously flammable in air. 

Harmful by inhalation. 

Causes burns. 

Danger of serious damage to health by prolonged exposure. 

Keep under nitrogen or argon. 

Keep container tightly closed in a well ventilated place. 

Keep away from sources of ignition. No smoking. 

In case of contact with eyes, rinse immediately with plenty of water and 

seek medical advice. 

Take precautionary measures against static discharges. 

Wear suitable protective clothing, gloves and eye/face protection. 
In case of fire use extinguishing powder on base of sodium chloride. 

Never use water. 

2.4.3 STORAGE 

Storage tanks (see Figure 2.2) for solutions of organolithium compounds usually are of 

a normal steel construction and can be positioned either vertically or horizontally. If 

the storage temperature is to be kept below —10 °C because of the thermal sensitivity 

of the product (e.g. ^ec-butyllithium), then storage tanks made of fine-grain steel must 

be used. 
In case the tanks should be emptied via a dip-tube with the aid of inert gas 

pressure or a self-priming centrifugal pump, the tanks are designed for pressure use. 

The tanks can have a bottom outlet to empty the tanks completely for cleaning 

operations or for changes to other products, e.g. butyllithium to hexyllithium or in case 

a solvent is changed. 
Two pressure gauges are recommended on the tank for measuring and reading both 

the minimum respiration pressure range and the pressure range up to the maximum 

permissible container pressure. All equipment included in the tank farm must meet 

governmental regulations for storing flammable liquids, e.g. earthing of the components 

according to the respective regulation. 
For the measurement of the level in the tank, a level indicator has to be installed. 

This level indicator should be fitted with an alarm device to indicate when the product 

level reaches 90% of the container capacity. 
In addition to filling and emptying lines, the tank has to be equipped with additional 

connectors for nitrogen and reserve flanges for tank cleaning, i.e. for steam, water and 

waste gas. 
It is recommended to equip the tank with a stirrer for product homogenization after 
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P = magnetic coupled pump 

1 = sampling point 

LASH = level alarm switch high 

LASL = level alarm switch low 

TI = temperature indicator 

LI = level indicator 

Figure 2.2. Storage tank 
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the addition of solvent and for the cleaning of the tank. From time to time it is necessary 

to clean the storage tanks and the pipes. A detailed description of the procedure and 

technical advice are available from the producers of organolithium compounds. 

2.4.4 SAMPLING AND ANALYSIS 

Many methods are known for the determination of active organolithium reagents. 

Numerous colorimetric single-titration methods have been developed recently [54]. 

They can be classified into three categories: 

• Coordination of an organolithium compound to polycyclic aromatic bases 

forms coloured charge-transfer complexes, which are decolorized by titration 

with an alcohol. 
• Single deprotonation of various compounds forms coloured anions, which 

are also titrated with an alcohol. 
• Double deprotonation of various compounds forms a coloured dianion. This 

method requires no standard acidic solution. The reagent is titrated with the 

organolithium reagent by using a syringe. 

For quality reasons, the producers of organolithium compounds are not only 

interested in the determination of the active reagent. They also have to know the content 

of the free base (mainly lithium alkoxide). Therefore, a modified procedure of the old 

double titration method of Gilman and Haubein [55] is frequently preferred for an 

exact analysis. First the total base is determined by acidimetric titration of the lithium 
hydroxide formed after hydrolysis of the sample, then the active lithium organic 

compound is reacted with an organic halide leaving the ‘free’ base (lithium alkoxide and 

oxide) unaffected. The assay of the lithium organic compound (active base) is the 

difference between the total base and free base. 
In the original method of Gilman and Haubein [55], diethyl ether was used as a 

solvent. Because of possible ether-cleavage reactions this method leads to inaccurate 

results. On the other hand, it is known that the reaction of organic halides with lithium 

organic compounds in the absence of ethers is slow and not quantitative. It was found 

that the reason for the incomplete reaction is the large amount of solvent, which absorbs 

the resulting heat of reaction. When the halide and the organolithium compounds are 

mixed using only the amount of hydrocarbon solvent present in the organolithium 

solution, the reaction suddenly starts after an induction period of a few minutes, causing 

evolution of heat, gas (!) and precipitation of lithium halide. It is complete after a few 

seconds. For the analysis of butyllithium and 5ec-butyllithium, benzyl chloride is 

recommended as the organic halide; for the determination of fcrt-butyllithium and 

methyllithium (solution in diethyl ether), allyl bromide is preferred. Detailed descriptions 

of the procedures are available from the authors. 
In the production plant samples of lithium organic compounds are usually analysed 

when the solution is transferred from the transport containers to the storage tanks, or 

from there to the reaction vessel. For this purpose special equipment is available which 
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is mounted in the transfer lines and allows the sample to be taken under inert conditions. 

To obtain a representative sample first several litres of organolithium solution should 

be removed from the container. This is to avoid incorrect results if finely dispersed 

lithium hydride is present and has accumulated near the end of the dip tube. 

2.4.5 RECYCLING AND WASTE DISPOSAL 

The batches of a reaction with organolithium reagents are usually worked up with water 

or acid. Lithium, being present, e.g. as alkoxide, sulfide or halide, goes into the aqueous 

phase in the form of lithium hydroxide or lithium halide, in most cases lithium chloride. 

The desired product remains in the organic phase. The question arises of what should 

be done with the lithium in the aqueous phase. 
For economic and ecological reasons, it is of course desirable to recycle the lithium 

content. A major problem is the unavoidable organic contamination from the solvent 

and the organic reaction products. The content of organic carbon in 30% lithium 

chloride solutions from the synthesis of phamaceuticals ranges typically from 1000 up 

to 20 000 mg P ^ TOC (total organic carbon). If such amounts of impurities are present 

in the aqueous phase it is nearly impossible to recover pure lithium hydroxide or lithium 

chloride which meets the quality demands for other applications. 

Because of the special properties of highly concentrated lithium chloride solutions, 

it is necessary to develop specific techniques for the treatment of such solutions. Because 

every organic reaction produces another series of impurities, the user of organolithium 

compounds should contact the supplier to discuss the recycling of contaminated 

lithium-containing solutions in detail. The general protocol (Figure 2.3) can be adapted 

to any given problem. 
For the disposal of residual organolithium compounds or spilled solution, the 

following procedures are recommended. 

Smaller quantities can be decomposed by slow, controlled addition of or to water 

with vigorous stirring and cooling under an inert gas. The resulting aqueous solution 

of lithium hydroxide can be removed from the solvent by phase separation. Larger 

amounts can usually be returned to the supplier. 

Spilled solutions should be covered with ground limestone or sodium hydro- 

gencarbonate for absorption and then placed in an open area where the solvent can 

evaporate and the organolithium is oxidized and hydrolysed by air. Subsequently the 

remainder can be flushed away in the water treatment system and treated according 

the applicable regulations and laws. 

2.4.6 FIRE FIGHTING 

When working with organolithium compounds one should always keep in mind that 

there is the possibility of spontaneous ignition. Therefore, all necessary equipment for 

fire fighting should be kept available, e.g. portable extinguishers for fighting small fires 

and mobile, larger extinguishers for fighting larger fires. In addition, boxes with ground 

limestone powder and shovels should be kept on hand for covering spilled solutions 



ORGANOLITHIUM COMPOUNDS—INDUSTRIAL APPLICATION AND HANDLING 191 

Figure 2.3. Recycling lithium 

and extinguishing small fires. Fires must not be fought with water, carbon dioxide or 

halogenated hydrocarbons (halons) as they react vigorously with organolithium com¬ 

pounds. 
Suitable media for fire fighting are ground limestone powder (for small fires), sodium 

hydrogen carbonate-based extinguishing agents (not for concentrated organolithium 

compounds) and sodium chloride-based extinguishing agents (e.g. Totalit M). 

For personnel, protection blankets and self-rescue showers should be readily access¬ 

ible. Self-rescue showers are devices that release a shower of extinguishing powder when 

activated by stepping on a floor plate. It makes sense to install water showers or 

tempered water basins outside a production plant to extinguish the fire of a person’s 

clothing or to wash off alkalinity from the skin. 

2.4.7 SOURCES OF SUPPLY 

Ventilation pressure regulators: 
Regel- und Messtechnik GmbH, 

Osterholzstrasse 45, 

D-34123 Kassel-Bettenhausen, Germany. 
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Protective leather suits: 
August Schwan GmbH & Co., 

Postfach 120268, 

D-41721 Viersen, Germany. 

Extinguishing powders based on sodium chloride: 

Total Walther GmbH, 

Postfach 1127, 
D-68526 Ladenburg, Germany. 

Samplers: 

Dovianus BV, 

P.O. Box 47, 

Kompasstraat 40, 
NL-2900AA Capelle an der Issel, The Netherlands. 

Absorption of butane in chilled hydrocarbons: 

Citex Maschinen- und Apparatebau GmbH, 

Im Hagen 3, 
D-22113 Oststeinbeck, Germany. 
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3.1 INTRODUCTION 

Titanium is the seventh most abundant metal on earth and has been used in a multitude 

of reactions in organic, inorganic and polymer chemistry. Several important processes 

will not be discussed in this ehapter, including the Ziegler-Natta polymerization [1], 

Friedel-Crafts [2] and Diels-Alder reactions induced by stoichiometric amounts of 

TiCl4 [3], Ti(OR)4-mediated transesterifications [4], Ti-based olefin metathesis [5] and 

most of the inorganic chemistry assoeiated with titanium-based sandwich compounds 

[6, 7]. 
The emphasis is on the use of titanium(IV) in C—C bond formation, especially on 

the titanation of classical carbanions which generates selective reagents for Grignard, 

aldol and Michael additions and substitution reactions. Another important aspect to 

be treated is the TiC^-mediated carbonyl addition and alkylation reactions of allysi- 

lanes, enolsilanes and enolizable C—H acidic compounds, processes that may or may 

not involve organotitanium intermediates, depending on the eonditions and substrates. 

A variety of titanium-promoted olefin-forming reactions are also described, as are 

enantioselective C—C bond forming reactions catalyzed by chiral titanium compounds. 

The latter inelude Grignard-type and aldol additions, Diels-Alder and [2 + 2]-cyclo¬ 

additions and ene reactions. The Sharpless epoxidation has been presented in detail 

elsewhere, and only the essential aspects are reiterated in this chapter. 

Since the appearance of the first book on organotitanium reagents in organic synthesis 

in 1986 [8], the amount of information on this topic has more than doubled. Space 

limitations do not allow for an exhaustive treatment. Rather, basic principles illustrated 

by typieal examples are emphasized. 
A number of titanium eompounds sueh as CH3TiX3 have been known for decades, 

but were not tested in organic synthesis [6, 7]. Such physical organic aspects as bond 

energies, structure, spectroscopy, MO treatments and kinetics have been delineated 

elsewhere [8]. Only a few central points are repeated here. 

The Ti—C bond is not particularly weak in a thermodynamic sense, as was assumed 

for a long time. However, kinetically low-energy decomposition pathways such as 

jS-hydride elimination may limit the use of certain organotitanium compounds [8]. The 

Ti—O bond is fairly strong (~ 115 kcal mol"^), whieh means that any reaction in 

which a Ti—C bond converts to a Ti—O entity is expected to have a strong driving 
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force. The Ti—C bond is typically 2.1 A long, similarly to Li—C and Mg—C bonds, 

but shorter than Zr—C (2.2 A). Importantly, the Ti—O bond is short (~ 1.7 A) relative 

to Li—O (~2.0 A), Mg—O (~2.1 A) and Zr—O (^2.2 A) bonds. This means that 

transition states in such reactions as Grignard or aldol additions are expected to be 

most compact in the case of titanium. The ligands in Ti(IV) compounds are tetrahedrally 

arranged around the metal. 

Reagents of the type RTiCl3 and RTi(NR2)3 are monomeric in solution. Compounds 

such as CH3Ti(OR)3 are monomeric or show little aggregation if the alkoxy ligand is 

as bulky such as isopropoxy (or bulkier), whereas analogs having smaller ligands 

(ethoxy) are dimeric. The electronic nature of titanium changes greatly in the series 

TiCl4, Cl3TiOiPr, Cl2Ti(OiPr)2, ClTi(OiPr)3 and Ti(OiPr)4 in that Lewis acidity 

decreases as electron-donating alkoxy ligands are introduced. The same effect operates 

in reagents such as CH3TiCl3 vs CH3Ti(OiPr)3. Amino ligands also decrease Lewis 

acidity dramatically, as do pentahaptocyclopentadienyl groups [8]. 

3.2 SYNTHESIS, STABILITY AND CHEMOSELECTIVE GRIGNARD 
AND ALDOL ADDITIONS OF ORGANOTITANIUM REAGENTS 

3.2.1 TITANATION OF CLASSICAL CARBANIONS 

3.2.1.1 Titanating Agents 

Grignard and alkyllithium compounds and a host of heteroatom-substituted and 

resonance-stabilized ‘carbanions’ generated by halogen-metal exchange, reductive 

cleavage of sulfides or deprotonation of CH-acidic organic compounds constitute a 

large class of reagents traditionally used in carbonyl addition reactions [9]. The reagents 

are generally basic and reactive, which means that the degree of chemo- and stereo¬ 

selectivity in reactions with carbonyl compounds may be limited. For example, almost 

five decades ago it was noted that phenylmagnesium bromide hardly discriminates 

between aldehyde and ketone functionalities [10]. A similar lack of chemoselectivity 

has been observed for alkyllithium reagents and for lithium ester enolates, deprotonated 

nitriles, sulfones and similar reactive species [11, 12]. This means that reactions 

of these carbanions with ketoaldehydes or diketones have not been part of rational 

synthetic design. Some of the classical reagents also lead to undesired enolization and 

to indiscriminate attack at polyfunctional molecules [8, 11-16]. 

In 1979-80, it was discovered that certain organotitanium reagents prepared by 

transmetallation of RMgX, RLi or R2Zn undergo chemo- and stereoselective C—C 

bond-forming reactions with carbonyl compounds and certain alkyl halides [17-21]. 

These observations led to the working hypothesis that titanation of classical ‘carban¬ 

ions’ increases chemo- and stereoselectivity (Scheme 3.1) [22]. It became clear that 

steric and electronic properties of the reagents can be adjusted in a predictable way by 

proper choice of the ligands X at titanium [8, 11, 14]. 
If the ligand X is Cl, the organyltitanium trichlorides RTiCl3 are fairly Lewis acidic, 

forming octahedral bisetherates with diethyl ether or tetrahydrofuran (THF). This 
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ORGANYL -M 

M = Li, Mg, Zn 

CITiXs 

ORGANYL -11X3 

X = Cl, OR, NRj etc. 

/ 

\ 
Scheme 3.1. 

property can be modulated by introducing alkoxy or amino ligands which increase the 

electron density at the metal. Thus, reagents of the type RTi(OR)3 or RTi(NR2)3 do 

not form bisetherates. This electronic difference is important in chelation- or non¬ 

chelation-controlled additions to alkoxy carbonyl compounds (Section 3.3) and in 

certain substitution reactions of alkyl halides (Section 3.6). By varying the size of 

the alkoxy or amino ligands, steric properties are also easily tuned. Finally, chiral 

modification is possible (Sections 3.3.3 and 3.7.1). For the purpose of controlling 

chemoselectivity, the nature of the ligand is not crucial in most cases, whereas 

stereoselectivity depends critically on the type of ligand (Section 3.3). An important 

parameter not apparent in Scheme 3.1 is the possibility of increasing the number 

of ligands in the reagents. For example, if Ti(OR)4 is used as the titanating agent for 

RLi, ate complexes RTi(OR)4Li evolve which are bulkier than the neutral RTi(OR)3 

counterparts. 
Common titanating agents are TiC^, ClTi(OiPr)3 [11, 12], ClTi[N(CH3)2]3 [23], 

ClTi[N(C2H5)2]3 [24] and CpTiCl3 [25]. Most of the compounds are easily accessible 

(and commercially available): 

TiCU + 3Ti(OiPr)4 -. 4ClTi(OiPr)3 

TiCl4 + 3LiNR2 -► ClTi(NR2)3 

R = CH3, C2H5 

TiCU CpTiCl3 

One of the dramatic results of titanation is the pronounced increase in chemo- and 

stereoselectivity of Grignard and aldol additions. For example, most reagents RTiX3 

react with ketoaldehydes solely at the aldehyde function. Mechanistically, this can also 

be studied by reacting a 1:1 mixture of an aldehyde and a ketone with one part of the 

titanium reagent (reaction 3.1) [11-15]. 

0 OH R OH 
11 

* R"^R"' 
A 

R' R 
* X „ 

R R 

RLi ~ 50 50 
RTiX3 > 99 <1 

(3.1) 

Titanium reagents are less basic and less reactive than the lithium and magnesium 

precursors. Steric factors are primarily responsible for aldehyde selectivity [26]. The 
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terms ‘metal tuning’ and ‘ligand tuning’ have become popular in describing the 

methodology summarized in Scheme 3.1. Indeed, it has stimulated the search for other 

metals in controlling carbanion selectivity. Analogs involving zirconium [27-30], cerium 

[31], chromium [32], hafnium [33], manganese [34], iron [35] and ytterbium [36] are 

prominent examples. The influence of ligands still needs to be studied before a final 

comparison with titanium can be made. The important virtues of titanium reagents 

include low cost, high degrees of chemo- and stereoselectivity and non-toxic waste on 

work-up (ultimately Ti02). 

3.2.1.2 Chlorotitanium Reagents 

A few general rules should be kept in mind when attempting to titanate carbanions [8]. 

Approaches that do not work well include titanation of primary alkyllithium reagents 

with TiCl4, because this leads to the undesired reduction of titanium [14, 37], probably 

via jS-hydride elimination. However, by choosing dialkylzinc reagents R2Zn as the 

precursor, TiC^-mediated addition reactions with carbonyl compounds are possible 

[38]. These may not involve titanium trichlorides of the type RTiCl3, but rather 

activation of the carbonyl compound by TiC^ complexation followed by reaction of 

the zinc reagents. 
The parent compound CHaTiCla is easily accessible in >95% yield either by the 

titanation of methyllithium in diethyl ether [13] or by Zn-Ti exchange using (CH3)2Zn 

in CH2CI2 [6, 17, 39]. In the former case the reagent exists in equilibrium with the 

mono- and bisetherate [13, 40]. Although ether-free CH3TiCl3 can be distilled prior to 

reactions with electrophiles, in situ reaction modes are preferred. 

CH3Li(etherate) ——>■ CH3TiCl3(etherate) 
diethyl ether 

(CHjjjZn or (CH,),^ 
TiCU 

CH2CI2 
CH3TiCl3 

Since dimethylzinc is pyrophoric [41], the first reaction is the method of choice. 

However, in certain chelation-controlled carbonyl additions [42] and substitution 

reactions [17,18], ether-free solutions are required which makes the use of dimethylzinc 

or trimethylaluminum mandatory. Solutions of (CH3)2Zn in CH2CI2 are much less 

hazardous and can be handled like n-butyllithium [39, 43]. 
Currently it is not known how general the problem of undesired reduction in reactions 

of organolithium reagents with TiCl^ actually is [37]. Cases in which no difficulties are 

encountered include the titanation of cyclopropyllithium 1^2 [44] and of resonance- 

stabilized carbanions of the type 3 and 5 to form the reagents 4 [45] and 6 [46], 

respectively. All of them are stable in diethyl ether solutions at —78 to — 10°C and 

undergo smooth aldehyde additions. 

Li 

TiCIt 

(1) (2) 
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Occasionally, trichlorides RTiCla are not completely chemoselective, specifically when 

the precursor is extremely reactive, e.g. the lithium reagent 3. The trichloride 4 is formed 

quantitatively, but the aldehyde selectivity is only 73% [45, 47], Problems of this kind 

are solved by using alkoxy ligands as delineated below. 

KO n( 

Ti Cli 

(5) 
OCR, CbTiO 0CH3 

(6) 

3.2.1.3 Alkoxytitanium Reagents 

The majority of titanation reactions of organolithium and magnesium reagents has been 

performed with ClTi(OiPr)3. This generates compounds of the type RTi(OiPr)3, usually 

in >95% yield [11]. Typical examples are reagents 7 [11, 12, 48], 8 [11], 9 [11, 12], 

10 [44], 11 [11], 12 [11], 13 [14, 49, 50, 51], 14 [52], 15 [53, 54, 55], 16 [56, 57], 17 
[57], 18 [11, 12, 58], 19 [58], 20 [59], 21 [44], 22 [60], 23 [11], 24 [61], 25 [11], 26a 
[44], 26b [62], 27 [63], 28 [64], 29 [8, 44], 30 [8, 44], 31 [8, 44], 32 [45], 33 [65] and 

34 [66]. The precise structures have not been elucidated. However, in the case of several 

ambide nucleophiles, NMR spectroscopy has been helpful in determining the 

position of titanium. For example, a-lithio nitriles and hydrazones are titanated at 

nitrogen (cf. 25, 26 and 33), whereas a-lithio sulfones are titanated at carbon (23) [47]. 

H3CTi(0'Pr)3 H5C2Ti(0'Pr)3 

(7) (8) 

[^Ti(0'Pr)3 _^Ti(O'Pr) 

(11) (12) 

H9C4Ti(0'Pr)3 

(9) 

HsCgCHjTKO'Prlj 

(10) 

-Ti(0'Pp)3 ^_^Ti(0'Pr)3 

(13) (^30381 
(14) 

RCECTi(0'Pr)3 

(15) 

Ti(0'Pr)3 

(16) 

_ Til0'Pr)3 

V-OCHi 
H3CO 

(17) 

R 

M-t, _ :i(0'Pr)3 

(18a)R r H 

(18b)R = F 

H5C6SCH2Ti(0'Pr)3 (H5C6)2SbCH2Ti{0'Pr)3 (H3C)3SiCH2Ti(0'Pr)3 (H5C6)2PCH2Ti(0'Pr)3 

(19) (20) (21) ;22) 
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0 
11 

HsCeSCHjTilO'Prla Cl2CHTi(0'Pr)3 

0 

(23) (24) 

OTilO'Pr) 
H3CO H 

C^C^C 
/ \ 6 

H3C Ti(0'Pr)3 
(28) 

(27) 

JilO'Prlj 
CHj-C^N 

(25) 

R. JilO'Prlj 
CH^C^N 

(26a)R = CgHj 

(26b)R :: CN 

0Ti(0'Pr)3 

OC2H5 

(30) 

CH 
i 

3 

OTilO'Prlj 

(31) 
NNICH,), 

Ti(0'Pr)3 

(33) 

Ti(O'Pr) 

(34) 

3 

Further reagents are described in Section 3.3. CH3Ti(OiPr)3 (7) is so stable that it can 

be distilled [11,48], but not the alkyl homologs such as 8 and 9. For synthetic purposes 

an in situ reaction mode is sufficient. This means that lithium salts are present in the 

reaction mixture. Pronounced differences in the selectivity of carbonyl addition reac¬ 

tions in the presence or absence of lithium or magnesium salts have not been observed 

to date, although this needs to be studied. 
All of the reagents add smoothly to most aldehydes. The rate of addition to ketones 

is much lower, which means high degrees of aldehyde selectivity. Typical examples 

concern the reaction of the ketoaldehyde 35 with reagents 7 and 23 leading solely to 

products 36 and 37, respectively. In contrast, the lithium precursors do not discriminate 

between the two carbonyl functionalities and lead to complex mixtures [11]. 

When performing reactions with polyfunctional compounds, it is generally important 

to add the organotitanium reagent to the organic substrate in order to obtain the 

maximum degree of chemoselectivity. The other reaction mode, i.e. addition of the 

substrate to the reagent, means a local excess of the latter, which may lead to reactions 

at two or more sites [11]. This could be the reason why the yield of the reaction of the 

allyltitanium reagent 12 with the trifunctional substrate 38 to form adduct 39 turned 

out to be only 58% [67]. Other titanium reagents react completely chemoselectively 

with compounds of the type 38 [67]. 
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(38) 

A number of other points should be remembered when performing carbonyl addition 

reactions with RTi(OiPr)3 reajents [8]. The reactivity varies widely, depending on the 

nature of the R group. Reagents derived from ‘resonance-stabilized’ carbanions, e.g. 12, 
13, 14, 23, 25, 26, 27, 28, 29, 30, 31, 32 and 33 are most reactive, rapidly adding to 

aldehydes at low temperatures ( — 20 to — 78°C/lh); addition to ketones is con¬ 

siderably slower, but generally fast enough for yields to be good under reasonable 

conditions (-10 to -78 °C, 3^h). The less reactive compound, CH3Ti(OiPr)3, adds 

smoothly to aldehydes at low temperatures, but ketones require room temperature and 

long reaction times (6-72 h). Working in the absence of solvents speeds up the addition 

to bulky ketones dramatically [68]. Saturated analogs such as reagents 8, 9, 10, 11, 19, 
20 and 21 are even less reactive and generally fail to add to ketones and bulky aldehydes. 

When reacting the somewhat sluggish alkynyl compounds 15 with aldehydes, an excess 

of reagent is required [54, 55]. 
Certain vinyltitanium reagents have been reported to decompose via reductive 

dimerization at -60°C in THF, rendering them useless for synthetic purposes [27]. 

However, the rate of reductive elimination depends on the solvent, such undesired 

decomposition being slowest in diethyl ether [57]. Thus, besides tlfe parent reagent 16 
[56, 57], a fairly wide variety of vinyltitanium reagents undergo Grignard-type addition 

to aldehydes in diethyl ether at -78 °C (4-8 h) [57]. The reactivity of the phenylti- 

tanium reagent 18a [11] is similar to that of the methyl analog 7, but orrAo-substituted 

derivatives such as 18b require room temperature for effective aldehyde additions [12, 

58]. 
In most cases an equivalent amount or a slight excess (10-20%) of titanating agent 

suffices [11, 12]. However, it has recently been observed that in the titanation of the 

extremely reactive quinoline reagent 3 a double or even triple excess of ClTi(OiPr)3 is 

necessary to ensure maximum chemoselectivity [45]. The reason for this is currently 

not clear, but may involve ate complexes 40. Collapse of this interrriediate with 

formation of the reagent 32 may be promoted by additional ClTi(OiPr)3 acting as a 

Lewis acid [45]. These observations suggest that whenever similar problems arise in 

other situations, an excess of titanating agent should be tried. In fact, cases in which 

stereoselectivity is influenced favorably by an excess of ClTi(OiPr)3 have been reported 

[69] (see Section 3.3.3). 
Secondary and tertiary alkyllithium and -magnesium reagents cannot be used in the 

(40) 

TilO'Prlj 

(32) 
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titanation/carbonyl addition sequence owing to undesired j5-hydride elimination, reduc¬ 

tion and/or rearrangement [8]. This applies to titanating agents of the type ClTi(OiPr)3, 

Cl2Ti(OiPr)2 and TiC^. However, sometimes these transition metal properties can be 

exploited in a useful manner, as in the titanium mediated hydromagnesiation of olefins 

and acetylenes [70-72] (see also Section 3.5.3): 

H 

R3C TiCU • \\ 

>-MgCl -► h'TiCIa -► V + HTiClj -► CH3CH2CH2TiCl3 -► CH3CH2CH2MgCI 
H3C H3C HjC 

Although zinc reagents of the type R2Zn and RZnX generally do not add smoothly 

to carbonyl compounds, amino alcohols [73] or Lewis acids such as TiC^ [38] lead 

to rapid Grignard-type additions. A synthetically important variation concerns gen¬ 

eration of zinc reagents RZnBr followed by addition of ClTi(OiPr)3 [74]. Presumably, 

this generates the corresponding titanium reagents which add smoothly to aldehydes. 

Another potentially important development concerns the addition of Et2Zn to alde¬ 

hydes mediated by Ti(OiPr)4 [38b]; chiral versions occur enantioselectively (Section 

3.7.1). 

1. CITilO'PrIj I 

RZnBr -► R R 
2. R CHO 

The reactivity of reagents of the type CH3Ti(OR)3 varies according to the nature ot 

the alkoxy group [8, 15, 26]. For example, the reaction of CH3Ti(OiPr)3 with heptanal 

at - 30 °C is about 40-50 times faster than that of the triethoxy analog CH3Ti(OC2H5)3 

[26]. This is because the latter is largely dimeric via Ti—O bridging and therefore less 

reactive, whereas the bulkier CH3Ti(OiPr)3 is only partially aggregated [8, 26]. Such 

phenomena should be useful in designing catalytic processes. The triphenoxy reagent 

CH3Ti(OPh)3 is considerably less reactive than CH3Ti(OiPr)3, probably owing to steric 

reasons [50]. Further variation of alkoxy groups needs to be examined, especially with 

respect to stereoselectivity (Section 3.3). Acyloxy ligands have yet to be tested system¬ 

atically [75]. 
Dialkyl- and dialkynyltitanium dialkoxides, e.g. 42 [11], 43 [76a] and 44 [76b] are 

easily prepared via the dichloride 41, which is accessible by mixing equivalent amounts 

of TiCU and Ti(OiPr)4 [11]. An X-ray structural analysis of 43 has been reported [76a]. 

TiCU + Ti(0‘Pr)4 -^ Cl2Ti(OTr)2 (41) 

Reactivity toward carbonyl compounds increases dramatically in the series 
CH3Ti(OiPr)3 < (CH3)2Ti(OiPr)2 < Ti(CH3)4 [11, 28]. Thus, reagent 42 reacts 

smoothly with sterically hindered ketones such as 45 (22 °C/4 h; 98% yield of adduct 46), 
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Cl2TilO'Pr)2 
IX 

Li 

SO; 

(41) 

lCH3)2Ti(0'Pr)2 

(42) 

( ) TKO'Prlj 
' El5CgS02 /2 

(43) 

(RC = C)2Ti(0'Pr)2 

(44) 

whereas CH3Ti(OiPr)3 requires 2 days for 90-94% conversion [11]. Similarly, di- 

alkynyltitanium reagents 44 provide much higher yields in aldehyde additions than the 

alkynyltrialkoxytitanium counterparts [76b]. 

A powerful method for the generation of functionalized carbon nucleophiles concerns 

the reaction of the corresponding iodides (e.g. 47) with zinc (activated by 4% 1,2- 

dibromoethane and 3% chlorotrimethylsilane) to produce zinc reagents (e.g. 48), which 

can be transmetallated with CuCN/2LiCl [77] or Cl2Ti(OiPr)2 [78]. In the latter case 

reagents of the type 49 are formed, which readily add to aldehydes in high yield [78]. 

A disadvantage of this method is the fact that an excess of reagent (1.5 equiv.) is required, 

in contrast to an alternative reagent involving three metals (1.3 equiv. of RCu(Cn)ZnI 

and 2 equiv. of BF3/OEt2) [77]. 

NC Zn/THF NC CITitO'Prlj /NC \ 
^ ^ ^ Ti(0'Pr)2 

I Znl \ \/2 

(47) (48) (49) 

Although compounds of the type (CH3)3TiOiPr [6] have not been utilized in synthetic 

organic chemistry, the extremely reactive and non-basic tetramethyltitanium (CH3)4Ti 

adds to sterically hindered enolizable ketones which normally fail to undergo Grignard 

reactions with CH3Li, CH3MgX and (CH3)2Ti(OiPr)2 [11]. Organocerium reagents are 

ideal reagents for easily enolizable ketones [31], but highly sterically hindered substrates 

have not been tested. Tetramethylzirconium surpasses even (CH3)4Ti as a super- 

methylating agent in such extreme situations [11]. 

RCHO HO 

3.2.1.4 Titanium ate Complexes 

A different type of organotitanium reagent containing alkoxy ligands concerns ate 

complexes [8, 11, 14, 50, 64]. For example, when adding methyllithium to Ti(OiPr)4 at 
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low temperatures, the expected CH3Ti(OiPr)3 is not formed, but rather an ate complex 

of yet undefined structure, formally CH3Ti(OiPr)4Li (50) [8, 14, 44]. Reagent 50 adds 

Grignard-like to aromatic aldehydes (70-80% yields), but the conversion in the case of 

aliphatic aldehydes is poor owing to the basic nature of the reagent (probably competing 

aldol condensation) [8, 14, 44]. Nevertheless, the cheap Ti(OiPr)4 can be used as a 

titanating agent if the carbon nucleophile is particularly reactive. This requirement is 

fulfilled in the case of resonance-stabilized precursors such as allylic lithium or 

magnesium reagents, lithium enolates and other heteroallylic species. Typical examples 

are 51 [11, 52], 52 [11, 52], 53a [11, 50, 52], 53b [79] and 54 [64] (see also Section 

3.3). In some cases the ate complex may be converted into the neutral reagent 

RTi(OiPr)3, especially if an excess of Ti(OiPr)4 is used [45, 69]. 

HjCTilO'Prl^Li 

(50) 

(O'Pr)^Li 

(51) 

(O'Prl^MgCl 

(52) 

(O'PrIiLi 

R 

(53a) R ^ SilCHjIj 

(53b) R 3 SC2H5 

OTKO'PH^Li 

(54) 

Many of the reagents have been shown to be aldehyde selective and/or stereoselective 

(Section 3.3). For example, adding Ti(OiPr)4 to a solution of the very reactive allylmag- 

nesium chloride results in the ate complex 52, which reacts with the ketoaldehyde 35 
solely at the aldehyde function [11]. In the absence of Ti(OiPr)4 a complex mixture of 

products is obtained. Hence this titanation is a simple way to tame the very reactive 

allylmagnesium chloride. 

3.2.1.5 Aminotitanium Reagents 

A wide variety of alkyl-, aryl- and vinyllithium (or -magnesium) reagents can be titanated 

with ClTi(NR2)3 to form distillable compounds of the type RTi(NR2)3 [80]. Surpris¬ 

ingly, even the tert- butyl titanium analogs are thermally stable. Unfortunately, most of 

the trisamino reagents do not undergo Grignard-type additions, because amino- 

alkylation occurs [11, 14, 81]. Nevertheless, these ligands can be used if the carbon 

nucleophile is very reactive. This requirement is fulfilled in the case of ‘resonance- 

stabilized’ carbanions, e.g. 55-57 [11, 52, 64, 65]. All of them are accessible by titanation 

of the Li or Mg precursor with ClTi(NEt2)3 and transfer the carbon nucleophile in 

preference to undesired amino addition. Since chemoselectivity is achieved using 

TiCl4, Cl2Ti(OiPr)2 or ClTi(OiPr)3, the more expensive titanating agents ClTi(NR2)3 

should be employed only if stereoselectivity needs to be controlled (Section 3.3). 

OTKNEtjIa 

Ti(NEt2)3 

Ti(NEt2l3 

NN(CH3)2 

H3C 
(55) (56) (57) 
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3.2.1.6 Further Types of Chemoselectivity 

Organotitanium reagents are also chemoselective in reactions with diketones, dial¬ 

dehydes [11, 26] and carbonyl compounds containing additional functional groups 

[11, 13, 15]. In the case of aldehyde/aldehyde and ketone/ketone discrimination, 

competition experiments point to surprisingly high degrees of molecular recognition 

[11, 14, 26, 45]. Small differences in steric environment can tip the balance in favor of 

the less shielded reaction site. This type of molecular recognition is related to Brown’s 

work on amine-borane equilibria [82a] and to Yamamoto’s report on Lewis acid-Lewis 

base interactions involving bulky aluminum compounds and carbonyl compounds 

[82b]. 
The mechanism of all of the Ti-based reactions most likely involves reversible 

complexation of the carbonyl group by the metal followed by irreversible C—C bond 

formation [26]. This may lead to enhanced select!vities through molecular recognition. 

Scheme 3.2. 

Other than steric factors, chelation effects in the case of a- and j5-alkoxy and amino 

carbonyl compounds also influence the sense and degree of molecular recognition [14, 

26, 33, 42]. In fact, detailed kinetic experiments [26] (which are more precise than 

simple 1:1:1 competition experiments) show that steric effects are completely overriden 

in the case of a-alkoxy and amino ketones. 

/frel = 10 /f.el = 27 = 23 

Scheme 3.3. 

In stereochemically relevant cases a single, chelation-controlled diastereomer is 

formed [26] (see also Section 3.3), corroborating the hypothesis that chelation enhances 

the rate of addition [26]. a-K\ko\y-aldehydes do not react faster, and in fact lead to 

non-chelation-controlled adducts [26] (Section 3.3.1.3). Similar observations have been 

made in related cases involving titanium and other metal reagents [62b, 83, 84]. Other 

activating factors such as field effects have been invoked in the aldol addition of lithium 

enolates [85]. Whatever all of the phenomena behind site selectivity may be, they form 

the basis of a potentially powerful synthetic tool in reactions of polyfunctional 

molecules. 
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Typical examples of chemoselective additions to di- or polyfunctional compounds 

are shown below. They are all cases in which the lithium or magnesium precursors 

alone are unsuitable, conversion to the desired products being less than 45%. For 

example, the addition of CH3MgX or CH3Li to the nitro-aromatic ketone 58 results 

in attack at the aromatic ring, whereas prior titanation with TiC^ leads to smooth 

carbonyl addition, the yield of addition product 59 being 80% [13]. a,^-Unsaturated 

aldehydes and ketones react in a 1,2-manner [1,12]. An exception is the reaction of 

tetrabenzyltitanium with certain a,j5-unsaturated ketones [86]. Aldehyde 60, having a 

sensitive acetoxy moiety, reacts with CH3Ti(OiPr)3 to form the adduct 61 in 81% yield 

[11], whereas CH^MgCl affords less than half of this amount. Other notable examples 

are the reactions of the difunctional carbonyl compounds 62 and 64, which react with 

the titanium reagents shown to form the adducts 63 (82% yield) [12, 21] and 65 (76%) 

[13], respectively. 

NOj 

(58) 

CHjLi/TiClt 

AcO 
CHO 

(60) (61) 

Saturated reagents of the type RTiCl3 and RTi(OiPr)3 generally do not add to 

aldimines. Exceptions are more reactive reagents such as allylic compounds [87], 

enolates [87] or substrates with reactive C—N double bonds such as pyrimidones [53], 

yields being 80-82%: 

BnO NR 

H3C H 
Bn : HjCjCH, 

BnO NHR 

H3C 

-fT' 

CjHjTilO'Prlj 

H5C6 

O'^N"^ 

‘"CgHs 
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3.2.2 ALTERNATIVE SYNTHESES OF ORGANOTITANIUM REAGENTS 

In addition to the titanation of classical ‘carbanions’ and zinc reagents, several other 

routes to organotitanium reagents are available. Some involve metal-metal exchange 

reactions of silicon, tin or lead compounds, especially with the reactive TiC^ to form 

trichlorotitanium reagents, e.g. 66 [88], 67 [89], 68 [90] and 69 [91a]. Adding Ti(OiPr)4 

or Ti(NR2)4 to such reagents has not been tried. This would lead to the ligand exchange, 

thereby making ligand tuning possible. All of the trichlorotitanium reagents add 

smoothly to aldehydes. Et4Pb/TiCl4 ethylates chiral aldehydes stereoselectively [91b-e]. 

In an interesting extension, chiral a-alkoxy lead compounds have been shown to react 

stereoselectively with steroidal aldehydes in the presence of TiC^ [91c]. Ketones were 

not tested, but are likely to react much less readily. 

(H3C)3Sn OCb oCb 

OCb = OCONl'Prlj 

CeHs 
(H3Cl3Sn nA 

^6*^5 

(69) 

In the case of enolsilanes, rapid Si-Ti exchange using TiC^ is possible only with 

Z-configured compounds [88]. The trichlorotitanium enolate derived from cyclopenta- 

none decomposes as it is formed. An exception is the enolsilane from cyclohexanone 

which undergoes fairly fast Si-Ti exchange [88]. Reaction with aldehydes is related to 

the Mukaiyama aldol addition [92] (Section 3.2.3), in which enolsilanes are treated with 

aldehydes in the presence of TiC^, a process, which does not involve titanium enolates 
[92d]. 

Sn-Ti exchange reactions have been exploited to generate such interesting reagents 

as 67, 68 and 69. It is likely that the stannylated form of many other resonance- 

stabilized carbanions will react with TiC^ in the desired way. Whereas tetramethyltin 

(CH3)4Sn does not add to aldehydes in the presence of TiC^, the benzyl compound 70 
affords the desired adducts 71 in yields of 60-75% [44]. 

Sn(CH3)3 TiCU OH 
CcH 

:7i) (70) 
RCHO 

'5 
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Titanium homoenolates such as 73 are accessible by TiC^-mediated ring cleavage of 
the silicon compounds 72 [93]. The reagent is dimeric and adds smoothly to aldehydes 
to form adducts 74, but reactions of ketones are sluggish. Treatment of the titanium 
homoenolate 73 with Ti(OiPr)4 results in the dichloroisopropoxy analog, which is 
monomeric and therefore more reactive, adding to ketones and sterically hindered 
aldehydes [94]. In a synthetically important extension, siloxycyclopropanes containing 
further functionalities have been shown to undergo Ti-mediated homo-aldol additions 
[95a, b]. j5-Stannylated ketones react similarly [95c]. 

OR TiCij 
_ 

0Si(CH3)3 

(72) 

^OR 

Cl3Ti-0 

(73) 

RCHO 

OH 

COOR 

(74) 

Along a different line, isonitriles were reported to react with TiC^ to form the 
a,a-adducts 75 [96], which add chemoselectively to aldehydes [97]. Following aqueous 
work-up, the products are N-methyl-a-hydroxycarboxamides 76. 

* - TiClt TiCl3 I- RCHO oh 
RNiC -► RN:< -► „.A^NHR 

Cl 2- H:0 R ^ 

(75) (76) 

In a completely different and powerful approach, CH-acidic compounds are treated 
with TiCl4 and a tertiary amine, thereby inducing titanation. An early example pertains 
to the Knoevenagel condensation of malonates with aldehydes in the presence of TiC^ 
and triethylamine (Sections 3.3.2.2 and 3.5.1) [98], a process which probably involves 
intermediate chlorotitanium enolates. In more recent times a stepwise procedure for the 
formation of chlorotitanium enolates has been devised [100] e.g. 77 -> 78 [99]. This 
important development allows for S^l substitution reactions (Section 3.6) and aldol 
(Section 3.3) and Michael additions (Section 3.4). 

0 0 

'—( 

TiCIi 

HjCjNl'Pr); 

Bn 

CIn 
Ti 

O' 0 

'—( 
Bn 

(77) Bn = GHjCgHg 
(78) 

Claisen condensations utilizing Cl2Ti(OTf)2 are also based on titanation of carbonyl 
compounds [101]. For example, the diester 79 readily affords the Claisen condensation 
product 80 (83%) regioselectively. 

^COjCH^CgHs 

C^C02CH3 

CljTitOTflj 

^^N-C,H5,-23*C,3h 

COOCH2C6H5 

(79) (80) 
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Interestingly, even Ti(OR)4 will induce enolization of aldehydes and ketones, albeit 

at higher temperatures (20-140 °C). A convenient procedure for aldol condensations 

has been devised [102]. For example, heating a mixture of acetone and benzaldehyde 

in the presence of Ti(OiPr)4 affords 75% of the aldol condensation product 81 [102]. 

In order to avoid undesired Meerwein-Ponndorf side-reactions, Ti(OtBu)4 may be used 

in certain cases. 

CgHsCHO 
TKO'PrIt 

Finally, ketene reacts with Ti(OiPr)4 to form reagents 82 (or more likely the enolates) 

which undergo smooth aldol additions [103]. 

CH2:C:0 
TilO'Prlt 

CH2C00'Pr 

('■prOlaTi 
(82) 

rcho 
OH 

^A^COO'Pr 

3.2.3 TiCU-MEDIATED ADDITIONS OF ENOL- AND ALLYLSILANES TO 
CARBONYL COMPOUNDS 

One of the synthetically reliable methods for performing crossed aldol reactions is the 

Mukaiyama aldol addition [92]. Accordingly, enolsilanes are reacted with aldehydes 

(at —78 °C) or ketones (at 0 °C) in the presence of stoichiometric amounts of TiC^. 

Generally, it is believed that TiC^ activates the carbonyl component by complexation 

and that the enolsilane then undergoes C—C bond formation. In recent mechanistic 

studies it has been demonstrated that the silyl groups do not become bonded to the 
aldehyde oxygen atoms, i.e. open transition states are involved [92b, d]. However, in 

rare cases prior Si-Ti exchange may occur (Section 3.2.2). Various aspects of stereo¬ 

selectivity are discussed in Section 3.3.2.2. Perhaps one of the disadvantages is the fact 

that stoichiometric amounts of TiC^ are needed. Catalytic amounts of other Lewis 

acids have been shown to the effective [92b, 104]. 0-Silyl ketene ketals undergo TiCl4- 

promoted additions to imines, making j?-lactams accessible [92b, c]. 

R’ OSi(CH3)3 Ticu 
RCHO « >=< - 

R" R- 

OH 0 

R' R" 

Closely related are allysilane additions [105]. They too have been exploited widely, 

especially in diastereofacial additions to chiral aldehydes (Section 3.3.1.2). Although in 

the original procedure ambient temperature was chosen, addition to aldehydes is in 

fact rapid at — 78°C, whereas ketones require higher temperatures (—10 to 0 °C). 

This means that ketoaldehydes react completely aldehyde selectively [67]. A detailed 

NMR study of the mechanism of the reaction has recently appeared [105d]. Si-Ti 

metathesis plays no role, and the initial products are titanium alkoxides. A similar 

conclusion has been reached in a rapid injection NMR study of the TiC^-mediated 
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chelation controlled addition of allysilanes to chiral a-alkoxyaldehydes [92d]. In¬ 

tramolecular allylsilane additions constitute a useful way to synthesize carbocycles 

[106], 

0 

R' R" 

SilCHalj TiCI^ 

R' R" 

3.2.4 REVERSAL OF CHEMOSELECTIVITY VIA SELECTIVE IN SITU 
PROTECTION OF CARBONYL FUNCTIONS 

Although titanium reagents allow for high levels of site selectivity in Grignard and aldol 

additions to ketoaldehydes, dialdehydes and diketones as delineated in Sections 3.2.1- 

3.2.3, selective C—C bond formation at the sterically more hindered functionality may 

well be required in other situations. Classically, this problem can be solved to some 

extent by a sequence of reactions involving protection, reaction and deprotection. 

Unfortunately, protection is not always completely site selective, even if modern reagents 

are chosen, as in the protective ketalization of the less hindered ketone functionality in 

steroidal diketones using silicon reagents of the type R3Si0CH2CH20SiR3/R3Si0Tf 

[107]. Titanium chemistry provides a partial solution to such problems. It was 

discovered that the amides Ti(NR2)4 (R = CH3,C2H5) readily add to aldehydes 

at — 78 °C to form adducts 83, whereas ketones react only with the less bulky reagent 

Ti[N(CH3)2]4 at —40 °C to form the analogs 84 [108]. 

Ti(NR2)4 

R'CHO 
OTilNRjla 

R'-^NR2 

(83a) R = CH3 

(83b) R = C2H5 

R = CH3 

R = C2H5 -iO'C 

R,N 0Ti(NR2)3 
.x„.. 

R R 
(84a) R : CH3 

(84b) R = C2H5 

This difference in reactivity can be exploited to protect aldehydes selectively in the 
presence of ketones. Following in situ protection, the addition of carbanions such as 

reactive alkyllithium reagents or enolates forces C—C bond formation to occur at the 

less reactive ketone site. Aqueous work-up regenerates the aldehyde function, e.g. 

35^85. Ketone selectivity in this one-pot sequence is >99%, the isolated yield of 

the aldol adduct being 88% [108]. 

1. TilNEtjU 

2 =< 
,0Li 

(35) 
OCjHs 

(85) 
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Differentiation between two ketone sites is also possible, as is addition to ester 

functions in the presence of aldehyde moieties [108]. On the basis of this methodology 

selective olefination (Section 3.5.1) of ketoaldehydes at the ketone function has been 

accomplished [109]. 

0 0 V TilNEIj)<, 

2. CHjIj/Zn/TiClj 

CH, 

'(CH 2'8 H 

This methodology is powerful but limitations have become apparent. Only very 

reactive carbanions can be used because rapid addition needs to occur at temperatures 

below — 30 °C. This is because decomposition of the amino adducts 83 and 84 to form 

enamines occurs at temperatures above — 25°C [108, 110]. A related method based 

on in situ protection by TiC^/PPhj is very simple to perform, but its synthetic scope 

remains to be explored [111]. 

3.3 STEREOSELECTIVE GRIGNARD AND ALDOL ADDITIONS 

3.3.1 DIASTEREOFACIAL SELECTIVITY 

Since the two 7r-faces of a chiral aldehyde 86 (or ketone) are diastereotopic, the addition 

of Grignard-like reagents or enolates may lead to unequal amounts of diastereomeric 

products 87 and 88. If is hydrogen and and R^ constitute medium and large 

alkyl or aryl groups, the problem of Cram/anti-Cram selectivity pertains, for which 

various models have been proposed [112, 113]. If one of the substituents involves a 

heteroatom (alkoxy, amino groups), the problem of chelation vs non-chelation is 

relevant [42]. Although a great deal of progress has been made in these areas, including 

reactions based on organotitanium chemistry [8, 42], a number of problems persist. If 

the stereogenic center is positioned further away from the carbonyl function, l,n- 

asymmetric induction becomes even more difficult. 

oM 
- 0 

RL H 

rs oh 

— .n- • 

rs R^ oh 

RL H 

(86) (87) (88) 

3.3.1.1 Cram Selectivity 

Although Cram selectivity is generally acceptable in addition reactions of bulky 

Grignard reagents (e.g. tert-buty\, isopropyl), mediocre diastereoselectivities are ob¬ 

served in the case of smaller analogs such as methyl, n-alkyl, allyl and phenyl reagents 

[112]. In a number of cases the power of metal and ligand tuning has become apparent 
as shown below, e.g. [19, 22, 50]: 
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H3C 0 

H5C6 H 

H3C OH 

H5C6 R 

H3C 
H 

OH 

^5^6 

CHgMgBr 66 34 
CHsTKOiPOa 90 10 
CHaLi/TiCU 90 10 
CH3Ti(OPh)3 93 7 
CH2=CHCH2MgCI 65 35 
CH2=CHCH2Ti[N(CH3)2]3 88 12 
CH2=CHCH2Ti(NEt2)3 94 6 
PhS02CH2Ti(0iPr)3 65 35 
PhS02CH2Li 64 36 

The results show that increasing the size of the ligands generally increases dia- 

stereofacial selectivity. The reaction of the titanated sulfone is a painful reminder that 

the problem of Cram selectivity has not been solved in a general way and that more 

work with other ligands and metals is necessary. It should be mentioned that in a recent 

study the reaction of methyl- and n-butyllithium with 2-phenylpropanal was carefully 

re-examined [44b]. In contrast to earlier reports in the literature, Cram selectivities of 

89-94% were observed at —78 °C. Hence 2-phenylpropanal is not a good probe to 

test Cram-type stereoselectivity, at least in reactions involving methyl- and n-butylmetal 

reagents. 
An impressive application of titanium chemistry concerns the regio- and stereoselec¬ 

tive reaction of 2-phenylpropanal with the homoenolate 89 [114]. Of the eight possible 

diastereomers of y-attack, only two are formed in a ratio of 90:91 = 93:7. This means 

high Cram preference and complete simple diastereoselectivity (see Section 3.3.2), in 

addition to exclusive formation of the m-form of the enol moiety. The lithium precursor 

affords a complex mixture of products. 

TilN(CH3)2l3 

OCb 

(89) 

OH OH 

H3C H3C OCb H3C H3C OCb 

(90) (91) 
OCb = 0C0N('Pr)2 

Side-chain extending reactions of steroidal aldehydes and ketones are often fairly 

selective using classical reagents [115], but titanation may increase asymmetric 

induction markedly [50]. A clear limitation concerns n-alkyltitanium reagents 

RCH2Ti(OiPr)3, which are too sluggish to add to ketones [8]. Alkynyltin reagents add 

stereoselectively to steroidal aldehydes in the presence of TiC^ [116]. Several interesting 
cases of Cram-selective additions of alkynyltitanium reagents in prostaglandin inter¬ 

mediates have been reported [55], although simple chiral aldehydes react non-selectively 

[54]. Sometimes vinyllithium reagents are more selective than the titanium analogs 

[56b]. 



M. T. REETZ 216 

3.3.1.2 Chelation-Controlled Grignard and Aldol Reactions 

In contrast to the Cram case in which the carbonyl compounds may react in a 

variety of conformations, alkoxy carbonyl compounds are potentially capable of 

chelation. In such cases the number of degrees of freedom is greatly reduced, making 

asymmetric induction much easier. The principles on which depend this approach are 

illustrated by the examples given below [42]. The problem is to find the right metal 

for each particular situation. 

BnO 0 
\_'t 

M 

BnO 0 
.M 

R H 

(92) (93) 

Bn 

BnO-A 0 
\ 

H /O.. 
\— — D-M 

R H R \/ 

(94) (95) 

BnO 0 
R H 

i- ^—0 M 

^0' 

(96) 
Bn 

(97) 

Scheme 3.4. 

Efforts up to 1980 provided solutions to only two general problems. According to 

Cram’s classical work on a-alkoxy ketones, simple Grignard reagents RMgX react with 

high levels of chelation control [117]. Secondly, a-chiral j5-alkoxyaldehydes 94 react 

with cuprates R2CuLi to form the chelation-controlled Grignard-type adducts [118]. 

However, these methods do not generally extend to such aldehydes as 92 or 96. Further, 

aldol additions of lithium enolates usually afford mixtures of diastereomers in reactions 

with aldehydes 92, 94 and 96 [42]. Finally, the classical reagents cannot be used to 

induce non-chelation control. In many cases metal and ligand tuning based on titanium 

chemistry solve such problems [42]. 

Since CHjTiCla forms bisetherates (Section 3.2.1.2), it was speculated that such 

aldehydes as 92 should form intermediate Cram-like chelates 98 [119]. Indeed, the ratio 

of chelation- to non-chelation-controlled adducts turned out to be 99; 100 = 93:7 [119]. 

Later the intermediacy of octahedral complexes of the type 98 was proved by NMR 

spectroscopy [120]. They are the only cases of direct spectroscopic evidence of 

Cram-type chelates. Chelation-controlled reactions of RTiCl3 need to be performed in 

an ether-free medium (e.g. CH2CI2) since diethyl ether (or THF) competes for the Lewis 

acidic titanium, thereby breaking up the chelate. A number of chelates involving TiC^ 

or CHjTiClj have been calculated usng ah initio methods in combination with 

pseudopotentials [42c]. 
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CH, 
I 
JiCl3 

BnO 0 CHjTiCij Bnd 0 BnO OH BnO 01- 
\ ^ _» ) -» )—^ ♦ )—( 

r' h r r CH3 R 'a 

(92) (98) (99) (100) 
R . CH3 

Although other highly Lewis acidic titanium reagents also show excellent levels of 

chelation control, the range of reagents of the type RTiClj is limited (Section 3.2.1.2), 

especially since ether-free solvents such as CH2CI2 are mandatory [42]. Therefore, a 

different methodology had to be developed. Accordingly, the alkoxyaldehydes 92 are 

‘tied up’ by Lewis acids such as TiC^ to form chelates of the type 101, which are then 

reacted with allyl- and enolsilanes [119], dialkylzinc reagents [119], tetraalkyllead 

compounds [91b, e] or (CH3)3SiCN [121]. In most cases conversion is >90% with 

chelation control being >95%. 

R CN 

If the carbon nucleophile is prochiral, the problem of simple diastereoselectivity 

(Section 3.3.2) is also relevant, i.e. four diastereomeric products are possible. In some 

cases complete control is possible, simple diastereoselectivity being syn [122]. Open 

transition states of the type 102 have been proposed [122]. The mechanistic details of 

cu 
Ti 

BnO’ 0 \ OSi(CH3)3 

R H CgHj 

(101) 

CU 
Ti, 

BnO 0 

OSi(CH3)3 

OH 0 

BnO H3C 

(102) 
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the TiCl4-promoted chelation-controlled Mukaiyama aldol addition had been illumi¬ 

nated by a rapid injection NMR study [92d]. 

It should be mentioned that in some cases Lewis acids other than TiC^ should be 

used (e.g. SnCl^, MgX2) [42, 122, 123, 124]. Perhaps a disadvantage is the fact that 

stoichiometric amounts of Lewis acid have to be employed. The fact that catalytic 

amounts of LiC104 induce chelation-controlled additions in some cases is a promising 

development [92d, 92e]. Nevertheless, the enormous generality observed in the case of 

TiCl4-induced chelation controlled additions remains to be shown for the LiC104- 

mediated process. The concept of using Lewis acids capable of chelation in combination 

with carbon nucleophiles has turned out to be a general principle in stereoselective 

C—C bond formation [42, 125]. It has been extended to a-chiral j5-alkoxyaldehydes 

(94) [122, 126], j5-chiral j5-alkoxyaldehydes (96) [127] and a-chiral a,^-dialkoxyalde- 

hydes [128]. This means that in Scheme 3.4 the metal M does not participate in the 

form of an organometallic reagent such as RMgX or RTiClj, but rather as a normal 

Lewis acid. NMR [8, 119, 129] and X-ray structural data [119b] have been presented, 

e.g. in the case of TiC^ and SnC^ chelates. Along related lines, a- and ^-alkoxy acid 

nitriles react analogously, forming tertiary cyanohydrins stereoselectively [121]. 

A typical example is the reaction of j?-benzyloxyaldehydes 96 with allylsilane in the 

presence of TiC^ in CH2CI2 at —78 °C. A chelate 103 is involved which is attacked 

at the less hindered ;i-face, 1,3-asymmetric induction being >95% [127]. Intramo¬ 

lecular versions lead to a reversal of diastereoselectivity (104 vs 107) [130a]. In these 

cases the aldehydes 105 become chelated in the form of intermediates 106, which 

spontaneously react to form the products 107 with diastereoselectivities of 90%. 

Chelation-controlled intramolecular addition of allylsilanes in the presence of TiC^ 
affords carbocycles in other cases [130b]. 

BnO 0 

(96) 
Bn = HgCgCHj 

TiCI, 

■SilCH 

X/ 
Z_=o-TiCl4 

O' 

Bn 

(1031 

3'3 

0 

\ / 

R' 

(105) 

TiCI 

R H Cl 
' Cl 

= 0- Ti' 
'i Cl ; 0 I-'. 

r I Cl; 
Osi-'' 

1^ 
(106) 

BnO OH 

(107) 

The types of prochiral C-nucleophiles capable of participating in chelation-controlled 

reactions vary widely, e.g. 108 [131], 109 [122], 110 [132], 111a [133a], 111b [133b], 

112 [134], 113 [124] and 114 [135]. In most cases chelation control is >95% and 
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0Si(CH3)3 
(108) 

simple diastereoselectivity is syn. Transition states such as 102 (or synclinal analogs) 

have been proposed [92b, 122]. In related work, chelation-controlled Mukaiyama aldol 

additions of chiral ^-formyl esters have been shown to proceed with >90% dia- 

stereofacial selectivity [133c]. The products are y-lactones having additional keto- 

functionality. 

OSi(CH3)3 

OSi(CH3)3 

(109) 

H3CS 

OSi(CH3)2^Bu 

(110) 

R' OSi(CH3)3 

R" 

(111) 

H3CS OCH3 

(112) 

OSi(CH3)2^Bu 

R' = CH3; R” = S'Bu 

R' r Si(CH3)3; R" ^ OCjHj 

SnlC^Hglj 

(113) 

Si(CH3)2'Bu 
=< 

CH3 

(114) 

N,N-Dibenzylaminoaldehydes (115) undergo TiC^-mediated chelation-controlled 

allylsilane and (CH3)2Zn additions, although the diastereoselectivity is not consistently 

acceptable (the 116:117 ratio ranges between 65:35 and 95:5) [136]. This is due to 

steric inhibition of chelation. If the nitrogen has only one protective group, as in 118, 
chelation-controlled allyl- and enolsilane additions are highly effective [137], as are 

TiCl4-mediated ene reactions [138]. 

BrioN 0 
)—\' 

R H 

(115) (116) (117) 
Bn = H5C6CH2 
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ROCNH 0 

M' 
R H 
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TiCIt 

OSilCHjIj 

OCH3 

0 

R’OCNH OH 

COOCH, 

(119) 

0 
R'OCN^OH 

R ''-COOCH3 

(120) 

R'O = (H3C)2CH0, (H3C)3C0 

Finally, titanium enolates from thioesters prepared by the Evans method (TiC^/NRa) 

add to chiral a-alkoxyaldimines to produce the chelation-controlled adducts [139]. This 

recent development is of considerable interest in the stereoselective synthesis of fi- 

lactams. Chelation-controlled additions of allylstannanes and Grignard reagents to 

a,j9-epoxyaldehydes mediated by TiCl^ and MgBr2 have also been reported (dia¬ 

stereoselectivity ds > 95%) [140]. 
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3.3.1.3 Non-Chelation-Controlled Grignard and Aldol Additions 

Non-chelation control is more difficult to achieve because there are no general ways 

to reduce the number of rotamers of non-complexed alkoxycarbonyl compounds [42]. 

Reagents incapable of chelation must be used. Electronic and/or steric factors, notably 

those defined by the Felkin-Anh model [113], must then be relied on. Since Lewis 

acidity of organotitanium reagents decreases drastically on going from RTiClj to 

RTi(OR')3 (Section 3.2), the latter could be expected to undergo non-chelation- 

controlled reactions. Indeed the parent compound triisopropoxymethyltitanium, 

CH3Ti(OiPr)3, adds to a variety of a-alkoxyaldehydes in exactly this manner, as shown 

below [119]. 

BnO 
y 

r' 

CHjTilO'Prl, 

H 
(92) 

R = CH3 

BnO OH 

—( 
R CH3 

8 

R CH3 

92 

n-Butyltriisopropoxytitanium (9) is too sluggish to react with a-alkoxyaldehydes [44]. 

However, it adds to a,j?-dialkoxyaldehydes with non-chelation control [56]. 

Titanium enolates derived from acetic acid esters do not add diastereoselectively to a- 

alkoxyaldehydes [141]. The method also fails in the case of crotyltitanium reagents 

[142]. In contrast, prochiral titanium enolates such as 121 having alkoxy or amino 

ligands show good degrees of non-chelation control [141], as do certain homoenolate 

equivalents based on titanium chemistry [114]. Simple diastereoselectivity in the aldol 

additions is syn (see Section 3.3.2 for this type of diastereoselectivity). 

BnO ^0 \ 0Ti(0'Pr)3 

(92) R^H * CgHs (121) 

R = CH3; Bn r HjCgOHj 

OH 0 OH 0 
1 II : II 

r^^CgHs 
BnO CH3 BnO CH3 

13 85 

Since a-alkoxy ketones have a pronounced tendency to undergo efficient chelation 

control even with simple Grignard reagents, reversing the diastereoselectivity is expected 

to be difficult. Indeed, even CH3Ti(OiPr)3 reacts with 99% chelation control [68]. 

However, the combination of metal, ligand and protective group tuning [143] can tip 

the balance completely. By using bulky silyl protective groups, addition of methyl- and 

allyltitanium reagents or titanium enolates of low Lewis acidity results in >99% 

non-chelation control, as in the reaction of the enolate 122 with a-siloxy ketones [68]. 

The use of bulky silyl protective groups in combination with classical reagents RMgX 
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results in low degrees of selectivity. Similarly, the trimethylsilyl protective group is 

generally inefficient. Thus, steric factors are more important than possible electronic 

effects originating from silicon [144]. Clearly, it is the combination of metal tuning, 

ligand tuning and protective group tuning which ensures success! A clear limitation of 

this method concerns the less reactive n-alkyltitanium reagents which do not add to 

ketones. 

OTilNEt^lj 

OC2H5 

^3^ (122) 
RO : (HjCljC-Si-O 

H3C 

RO OH 

C02C2Hg 
H3C CO2C2H5 

1 99 

A,A-Dibenzylaminoaldehydes (115) react with a variety of classical reagents RMgX 

and RLi with surprisingly high degrees of non-chelation control {ds > 90%) [136]. An 

exception is the very reactive allylmagnesium chloride (3:1 diastereomer mixtures). In 

this case prior addition of ClTi(NEt2)3 to the Grignard reagent results in >90% 

non-chelation control [136]. Classically protected a-aminoaldehydes (e.g. those having 

Boc groups) generally react with Grignard or organolithium reagents to form mixtures 

[145], and titanation in one case did not improve the diastereoselectivity greatly [146]. 

In such cases the interplay of metal, ligand and protective group tuning is necessary 

[147]. 

R’OCNH 0 
\_// 

H3CN 0x1X3 

T1X3 

0 

R'OCNH OH 

R H 
(123) 

R = H5C6CH2, R'O = (H3C)3C0, X = (H3C)2CH0 

NHCH, 

cfs = 60% 

BnoN 0 H3CN 

R H 
(115) 

R = H5C6CH2 

0X1X3 

XiX3 

Bn,N 

X = N(CH3)2 

NHCH-, 

cfs = 90% 

In summary, non-chelation control in reactions of iV,N-dibenzylaminoaldehydes is 

easily achieved using classical Grignard reagents and lithium enolates, titanation being 

necessary only in difficult cases [148]. The possible reasons for the general behavior of 

these aldehydes have been delineated elsewhere [148]. In complete contrast, there are 

no general ways to obtain consistently high levels of non-chelation control in reactions 

of a-alkoxyaldehydes or -ketones, in spite of progress achieved with a number of 

titanium reagents. Perhaps the combination of metal and protective group tuning will 

provide a solution to this problem. Reagent control [149], albeit more expensive, has 

been successful in the case of boron [150] and titanium [151-153] reagents (Section 

3.3.3). 
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A number of chelation- and non-chelation-controlled titanium mediated reactions of 

chiral lactols [154-156], 2-alkoxy-l-(l,3-dithian-2-yl)-l-propanones [157a], a-keto- 

amides [157b], arylsulfinylacetophenones [158] and a-alkoxyimines [139d] have been 

reported. In another interesting development, titanium phenolates were shown to arylate 

glyceraldehyde acetonide and a-aminoaldehydes selectively with non-chelation control 

[159a, d]: 

OM 0 

M = MgBr 

M = TilO'Prlj 

OH OH OH OH 

96 4 

5 95 

Along similar lines, titanated pyrroles reacted stereoselectively with glyceraldehyde 

acetonide and with arabinofuranose and glucopyranose derivatives to form pyrrole 

C-glycoconjugates [159c]. The method constitutes an elegant route to heteroarylate 

sugars in a highly stereoselective manner {ds > 98%). In certain cases the cerium analog 

affords diastereomers having the opposite relative configuration (chelation control). The 

bromomagnesium salt of pyrrole produces mixtures. 

3.3.2 REACTIONS INVOLVING SIMPLE DIASTEREOSELECTIVITY 

3.3.2.1 Prochiral Allylic Titanium Reagents 

The reaction of an aldehyde with a prochiral reagent such as a Z- or ^-configured 

crotyl metal reagent affords syn- and fl«r/-adducts, respectively [160], each in racemic 

form (only one enantiomer shown in Scheme 3.5). Perhaps the most efficient reagents 

are crotylboron compounds, the JE-configured form resulting in >95% anti-selectivity 

and the Z-analog showing opposite simple diastereoselectivity (>95% syn selectivity) 

[160]. Compact chair-like transition states are the source of stereoselectivity (Scheme 

3.5). Nevertheless, other metal systems have been tested, some of which are easily 

accessible and fairly stereoselective [160]. One of the drawbacks of most of these 

reagents has to do with the fact that addition to ketones fails chemically or occurs 
non-stereoselectively. 

The titanation of crotylmagnesium chloride (which is a mixture of stereo- and 

regioisomers) provides stereoconvergently ^-configured reagents, crotyltriisopropoxy- 

CH3 

Scheme 3.5. 
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(O'Prl^MgCI ■TilNEto) 2'3 

(13) (123) (124) 

titanium (13), the crotyltitanium ate complex 123 or crotyltris(diethylamino)titanium 

(124) [14, 50]. 
The addition of aldehydes occurs with moderate to good degrees of anti selectivity 

[14, 15, 50]. Real benefits of the crotyltitanium reagents become apparent in reactions 

with prochiral ketones, diastereoselectivity generally being >90% [14, 15, 50]. In the 

case of acetophenone, the ate complex 123 is best suited, but purely aliphatic ketones 

require the trisamide 124 for the best results. Crotyltriphenoxytitanium also adds 

stereoselectively to ketones, but is less easily accessible [161]. In all cases chair-like 

transition states have been proposed. 

0 

R 
II 

CH3 

Bis(cyclopentadienyl)titanium(IV) reagents 125 [162] and the related Ti(III) com¬ 

pounds 126 [163] add to aldehydes highly anti selectively. Reversal of diastereoselectiv¬ 

ity in reactions of 125 occurs if BF3-etherate is used as an additive [164]. In this case 

the BF3 adduct of the aldehyde reacts with the titanium reagent via an open transition 

state. This is of synthetic importance because so far it has not been possible to generate 

Z-configured crotyltitanium reagents which are required for syn selectivity. Neverthe¬ 

less, the simplicity and low cost involved in the production of such reagents as 13 and 

123 does not pertain to the Cp2-titanium compounds. 

T1XCP2 

(125, X = Cl, Br, I) 
(126) 

A large number of heteroatom-substituted allyltitanium reagents have been generated 

and reacted with aldehydes to form the corresponding anti adducts, generally with more 

than 98% diastereoselectivity [8]. In most cases a very simple experimental protocol 

is used: generation of the allylic lithium precursor by deprotonation of the neutral 

compound followed by titanation with Ti(OiPr)4 and in situ aldehyde addition. 

Reductive cleavage of thiothers followed by titanation is another elegant procedure 

[165]. Titanium ate complexes (Section 3.2.1.4) have been postulated, although structur¬ 

al ambiguities remain. An early example is the silyl-substituted titanium ate complex 

53a which adds regio- and stereoselectively to aldehydes with exclusive formation of 

the adducts 127 [50, 52]. This one-pot procedure is simpler than the multi-step process 

based on boron chemistry [166]. Titanation of the Li precursor using ClTi(OiPr)3 [50], 
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ClTi(NEt2)3 [50] or Cp2TiCl [167] also results in species which react anti selectively, 

but the cheap Ti(OiPr)4 is clearly the titanating agent of choice. Reactions with ketones 

are also stereoselective. The products are synthetically useful because stereospecific 

conversion into dienes via the Peterson elimination under basic or acidic conditions is 

possible [50]. Prolonged reaction times in the actual addition reactions of 53a lead 

directly to the dienes. 

(HjOjSi, 

Li 

TilO'PrL -TilO'Prl^Li 

(H3C)3Si 
(53a) 

RCHO 

(H3C)3Si 

(127) 

Using the above techniques, reagents 128 [79], 129 [79], 130 [169], 131 [170], 132 
[171], 133 [172], 134 [172] and 135 [8, 44] were prepared and reacted with aldehydes. 

Again, the simplicity and high anti selectivity of this procedure make it more efficient 

than alternative methods based on other metals. For example, reagent 131 has been 

used in a highly efficient synthesis of the diterpene (± )-aplysin-20 [170]. It is important 

to point out that some of the reagents are chiral, but were used in racemic form, e.g. 

130,133 and 134. Therefore, enantiomerically pure forms should provide diastereomeric- 

ally and enantiomerically pure adducts. This interesting aspect has been studied recently 

[168] (Section 3.3.3). 

•Ti(0'Pr),Li 

HsC^S 

(128) 

■Ti(0'Pr),Li 

(R5^6^2^ 
(132) 

■TilO'PrliLi 

H5C2S (H3C)3S' 

(129) 

TilO'Prl^Li 

'•=r-^S'Bu 

(130) 

0 0 
l(H3C)2Nl3Ti ''>-N('Pr)2 ('Pr0)3Ti ';-N('Pr)2 

' 0 V-0 

RO^^^y-TilO'Prl^Li 

(H3C)3Si 

(131) 

^Ti(0'Pr)3 

(H3C)3Si R5^6^®2 

(133) 034) (135) 

Along similar lines, variously substituted prochiral allenyltitanium reagents 136 
[173a, b] and 138 [174] react with aldehydes anti selectively with formation of 

j?-acetylenic alcohols 137 and 139, respectively. Reagents of the type 128-134 and 136 
are useful in the synthesis of pheromones, terpenes and 4-butanolides. Triisopropoxy 

analogs of 136 [R' = CH3; R" = (€113)381] react stereoselectively with imines [173c]. 

R' R" 

^TilO'Prl^Li 

RCHO 

(136) 

R" 

R' 

(137) 

H3CO H 

>=-< 
H3C Ti(0'Pr)3 

H 

(138) (139) 
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3.3.2.2 Titanium-Based Aldol Additions 

Aldol additions using prochiral titanium enolates (and heteroatom analogs) are useful 

reagents in certain situations, particularly when they are complementary to existing 

methodologies based on other metals [175]. The titanation of lithium enolates with 

ClTi(OiPr)3 or ClTi(NR2)3 affords titanium enolates which add syn selectively to 

aldehydes, irrespective of the geometry of the enolate [64]. Since diastereoselectivity is 

not consistently above 90%, the method is limited in scope. However, it is useful in the 

case of cyclic ketones [64], because it is complementary to boron enolates which provide 

the opposite diastereomeric products (anti selectivity >95%) [175]. A prime example 

is the enolate derived from cyclohexanone, a case which also illustrates the power of 

ligand tuning [64]. Certain tin enolates also react syn selectively [176a]. The triisoprop- 

oxytitanium enolate derived from isobutyric acid methyl ester reacts stereoselectively 

with chirally modified imines to produce (4R)-jS-lactams [176b]. The use of the lithium 

enolate results in the formation of the (4S)-j8-lactams. Chirally modified triisopropoxy- 

titanium enolates react highly selectively (Section 3.3.3). In fact, this is their primary 

area of application. 

X = O'Pr 86 : U 

X = NlCHjlj 92 : 8 

X = NlEtlj 97 : 3 

The Mukaiyama crossed aldol addition, i.e. the reaction of an aldehyde and an 

enolsilane in the presence of TiC^, does not involve titanium enolates (Section 3.2.3) 

and generally affords mixtures of syn and anti adducts, although progress has been 

made [92]. 

RCHO 

R" TiClj 
( ^ 

OH 0 

R " 

R’ 

OH 0 
1 II 

* R 

R’ bSi(CH3)3 

syn anti 

The proper choice of substrates and conditions may result in high levels of simple 

diastereoselectivity irrespective of the geometry of the double bond [92b]. If R' is small 

(methyl), good to excellent anti selectivity results, provided R" is a bulky group as in 

sterically demanding ketones [177, 178]. Some ketene ketals (R' = CH3; R" = OEt) 

also react anti selectively [179]. In the case of bulky R' groups (silyl, tert-huXyX), syn 

selectivity results [179]. Open transition states in which the enolsilane attacks the 

activated aldehyde RCHO/TiC^ were proposed to explain the stereochemical results. 

Sometimes other Lewis acids are more effective [178, 180]. One of the important 

applications of the Mukaiyama reaction is the chelation-controlled addition of enol- 

silanes to TiC^-chelated forms of chiral a- and j?-alkoxyaldehydes [42] (Section 3.3.1.2). 
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As mentioned in Section 3.2.2, some but not all enolsilanes derived from ketones 

react smoothly with TiC^ to form the corresponding titanium trichlorides [88]. These 

undergo aldol additions with aldehydes, but simple diastereoselectivity is moderate 

(65-89% syn selectivity). Certain chiral enolsilanes undergo the Si-Ti exchange reaction, 

leading to titanium trichlorides which react diastereo- and enantioselectively (Section 

3.3.3) [92b]. 
Significant progress was made with the discovery that ketones and carboxylic acid 

derivatives can be titanated by treatment with TiC^ and a tertiary amine [99, 181]. 

Formally, this generates the trichlorotitanium enolate and the amine hydrochloride, 

which may actually interact to form the tetrachlorotitanium ate complex having the 

ammonium salt as the counter ion, e.g. 140. It is also not clear whether monomers or 

aggregates are involved. In any event, the reagents add to aldehydes with high degrees 

of syn selectivity [181]. For example, diastereoselectivity in the formation of adduct 

141 is 92%. This methodology has been applied successfully in the aldol addition of 

thioesters to aldehydes and aldimines [139]. 

(141) 

The sense and degree of stereoselectivity are comparable to those of the well known 

boron-mediated processes [175], but the yields are often higher. Zimmerman-Traxler 

transition states accommodate the results [181]. Chirally modified enolates react 

diastereo- and enantioselectively [181] (Section 3.3.3). Hence this methodology is 

expected to be the process of the future, although the enolates derived from cyclic 

ketones still need to be studied. 
Titanium enolates derived from lactams show moderate to good levels of simple 

diastereoselectivity [8, 44]. Ligand tuning needs to be looked at. No method for the 

diastereoselective addition of aldehyde-enolates to aldehydes is known. Although 

aldehyde titanium enolates also provide syn-anti mixtures, titanated hydrazones 142 
derived from aldehydes add to aldehydes syn selectively (143:144 ^ 10: ^ 90) 

[65]. The reagents 142 are ^-configured, which means that syn selectivity is difficult to 

explain (boat transition state?) [65]. Titanated chiral bislactims react enantio- and 

diastereoselectively (Section 3.3.3). 

NNlCHj)^ 

RCHjCH 
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2. ClTitO'Pr)j 

Ti(0'Pr)3 

NN(CH3)2 R'CHO 

OH NN(CH3)2 

R 
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(142) R 
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H 
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TiC^/NEtj-mediated Knoevenagel condensations using active methylene carbonyl 

compounds probably proceed via chlorotitanium enolates [98]. In the case of the 

phosphonate 145, the thermodynamically more stable £-configured condensation pro¬ 

ducts 146 are formed preferentially [98]. In contrast, the sodium salt of 145 reacts with 

ClTi(OiPr)3 to form an isolable mixture of £/Z-enolates [182] which condense stereo- 

convergently with aldehydes to form selectively the Z-configured olefins 147 with 

concomitant transesterification [183]. Triethylamine as the base is also efficient [183]. 

Mechanistically, a kinetically controlled j'yw-selective aldol addition is involved followed 

by stereospecific 0-titanate elimination [182]. Malonates and other CH-acidic com¬ 

pounds also undergo this type of Knoevenagel condensation [183, 98]. The method is 

mild and works in cases in which traditional Knoevenagel conditions fail [184]. 

0 

(H5C20)2PCH2C00C2H5 

(145) 

TiCI^/NlCjH,), 

NoH/CITi(0'Pr)j 

RCHO 

0 
P(0C2H5)2 

R COOC2H5 

(146) 

0 
P(0C2H5)2 

COO'Pr 

(147) 

3.3.3 ENANTIOSELECTIVE ALDOL AND GRIGNARD ADDITIONS 

Chiral modification of titanium reagents is possible in one of several ways [8]: 

1. Using reagents RTiXj in which chirality occurs in the organyl moiety R; the chiral 

information may or may not be removed after C—C bond formation. 

2. Using reagents having chiral ligands X. 

3. Using reagents having a center of chirality at titanium. 

4. Using reagents which incorporate two or more of the above features. 

The first known example of type 1 reactions involves aldol addition of the enolate 

148, which reacts with benzaldehyde to form essentially one of four possible adducts 

[28]. The original chiral information remains in the product 149. Related reactions have 
been reported for titanium enolates derived from j5-lactams [185] and titanated terpenes 

[186]. 

C5H5CH0 

(148) (149) 
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This methodology has been extended to the enolate 151, which adds to aldehydes to 

form adducts 152 preferentially {ds ^ 98%) [69]. This means essentially complete 

simple diastereoselectivity {syn type) and complete diastereofacial selectivity. Since the 

original chiral information can be cleaved off oxidatively, enolate 151 is a ‘chiral 

propionate.’ It competes well with the boron analog [187]. As a result of a systematic 

study it became clear that an excess of titanating agent ClTi(OiPr)3 enhances stereo¬ 

selectivity dramatically. It is possible that less selective ate complexes are formed in the 

initial titanation step which rapidly lose chloride ions in the presence of additional 

ClTi(OiPr)3. Based on earlier work on the titanation of lithium enolates using Ti(OiPr)4 

to form titanium ate complexes [64], the lithium enolate derived from 150 was reacted 

with Ti(OiPr)4. [69]. The use of an excess of this titanating agent resulted in an enolate 

which showed the same selectivity as 151. The influence of excess of ClTi(OiPr)3 or 

Ti(OiPr)4 [45, 188] needs to be studied in other systems also. 

OSi(CH3)3 

M 
0 

150 

1. LDA 

2. CITKO'Prjj 

OSi(CH3)3 

0Ti(0'Pr)3 
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H3C OSi(CH3)3 
RCHO R 

OH 0 
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Along similar lines, the enolate 154 was prepared and reacted with benzaldehyde 

[188]. Using a threefold excess of ClTi(OiPr)3 in diethyl ether, a 92:5:3:0 ratio of 

diastereomers was observed, adduct 155 being the major product. The result is 

synthetically significant because the analogous boron enolate derived from 153 shows 

opposite diastereofacial selectivity [175]. This is due to the fact that the titanium reagent 

undergoes internal chelation, in contrast to the boron analog [188]. 
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The previously mentioned titanation of carbonyl compounds using TiCl4/EtN(iPr)2 

(Section 3.3.2.2) is particularly effective in the case of chiral reagents [181]. por example, 

ketone 150 undergoes the Ti-mediated aldol addition to benzaldehyde with 99% syn 

selectivity. Carbonyl compounds 156-158 show similar levels of stereoselectivity. The 

yields (70-95%) and occasionally even the selectivities are higher than in the case of 

the ^yw-selective boron analogs [181, 189]. 

R3SiO 0 
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CH2CgH5 
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(158b)R = CH3 
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Enantioselective versions of the Mukaiyama aldol additions based on chiral 0-silyl 

ketene ketals have also been described. Reagents 159a [190], 161 [190] and 163a [191] 

add to aldehydes to form aldol adducts 160 or 162 on an optional basis. Although the 

diastereoselectivity (92-99%) is comparable to that of other leading ‘chiral acetate 

synthons’ [192], the chemical yields are moderate (47-69%). The Oppolzer-sultam 158a 
provides an alternative solution to this long-standing problem [193]. Conversion of 

158a into the corresponding enolsilane affords a ‘chiral acetate’ which undergoes 

TiCl4.-mediated aldol additions. The products are solids and can be isolated by 

recrystallization in yields of 54-73%; such work-up provides stereochemically pure 

products [193]. 

(159a)R = H 
(159b)R = CH3 

(161) 

II : 

0 OH 

(160) 

R*0 
II I 
0 OH 

(162) 

OSi(CH3)2'Bu 

(163a) R = H 

(163b) R = CH3 

RCHO 

TiClj 
II 

0 OH 
(160) 

In the case of the chiral propionates 159b [190], 163b [191] and 164 [194], 

enantioselectivity is generally >90%, but simple diastereoselectivity is not uniformly 

good, antijsyn ratios of 5:1 being common. Nevertheless, in a number of cases excellent 

results are obtained, depending on the type of aldehyde. For example, reagent 164 in 

combination with TiC^/PPha adds to aromatic aldehydes with essentially exclusive 

formation of adducts of the type 165 {ds = 97%) [194]. The silicon reagent 164 
undergoes an exchange reaction with TiCl4 to form the trichlorotitanium enolate in 

which the titanium is complexed intramolecularly by the amino group [194]. The 

method has been applied in a highly efficient synthesis of tran^-^-lactones possessing 

interesting biological properties [194c]. Such reagents have also been added stereo- 

selectively to imines [195^ A number of other chiral enolsilanes have been shown to 
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undergo TiC^-mediated aldol additions [92b]. In most of the above reactions, the 

0-silyl reagents react via open transition states, although under certain conditions Si-Ti 

exchange prior to aldol additions may occur [92b]. A number of stereoselective 

additions to imines as a means to produce j?-lactams has been reported [92b, c]. 

H5C6 

H3C I OSi(CH3)3 
NlCHjlj 

(164) 

TiCIt/PlCjHjlj 

CjHjCHO 

CH3 

II : 

0 OH 

(165) 

Lithiated bis-lactim ethers 166 are alkylated stereoselectivity trans to the isopropyl 

group, hydrolysis then affording amino acids in >98% enantiomeric purity (Schollkopf 

amino acid synthesis) [196]. This powerful method is inefficient if aldehydes are used 

as electrophiles because simple diastereoselectivity in the aldol-type process is low. This 

problem was nicely solved by titanating the lithium reagent with ClTiN[(CH3)2]3 (or 

the iV,N-diethyl analog). The titanated form 167 reacts with aldehydes to form 

essentially only one of the four possible diastereomers 168 [197]. This means that simple 

diastereoselectivity is anti, which was explained in terms of a chair transition state [197]. 

The adducts 168 can be hydrolyzed, cleaving off the recyclable chiral auxiliary (valine). 

Reagents of the type 167 have also been added to chiral aldehydes with complete reagent 

control [198]. The titanium reagent 167 also reacts stereoselectively with nitroolefins 

and a,j?-unsaturated carbonyl compounds (Section 3.4). 
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One of the most efficient methods for enantioselective homo-aldol addition concerns 

the reaction of the titanium reagent 169, which adds to aldehydes to produce essentially 

a single adduct (170) [199]. Cleavage of the chiral auxiliary affords furans (171), which 

are readily oxidized to the enantiomerically pure lactones (172). 
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Methyl-substituted analogs of 169 would involve not only enantioselectivity, but also 

simple diastereoselectivity. Although such reagents have not been developed, a simple 

approach based on chiral 1-oxyallyltitanium compounds has been reported [200] 

(Section 3.3.2 describes racemic versions). For example, lithiation of the enantiomerically 

pure alkenyl carbamate 173 results in the (unselective) lithium reagent 174 which can 

be titanated by Ti(OiPr)4 with retention of configuration to form the ate complex 175. 
The latter reacts with 2-methylpropanal to form essentially a single diastereomer (176), 
having an enantiomeric excess (ee) of 86% [200]. Interestingly, titanation with 

ClTi(OiPr)3 leads to racemization, whereas ClTi(NEt2)3 results in inversion of configu¬ 

ration. The reasons for the dramatic differences are not fully understood [201]. The 

stannylated form of 174 undergo stereoselective TiCl^-mediated aldehyde additions 

which involve prior Si-Ti exchange [90]. 
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Chiral a-alkoxy alkyllead compounds undergo TiC^-mediated additions to alde¬ 

hydes via an S^l retention pathway to provide the corresponding syn adducts {ds > 

96%) [91c]. 
Particularly exciting is the observation that the achiral carbamate 177 can be 

deprotonated enantioselectively by ^ec-butyllithium in the presence of (- )-sparteine 

to form a lithium intermediate, which after titanation with Ti(OiPr)4 (cf. 178) undergoes 

diastereo- and enantioselective homo-aldol additions to form adducts 179 {ee = 

80-95%) [202]. The titanium ate complex 178 is configurationally stable in solution 

below — 30 °C. The lithium precursor is configurationally labile in solution, but stable 

in the solid state [202]. Since only one form of the lithium reagent precipitates, 

second-order asymmetric induction is involved. Originally it was assumed that the 

lithium precursor having the ^-configuration reacts with the transmetallating agent 

Ti(OiPr)4 with retention of configuration to form the titanium ate complex 178 [202a]. 

Later it was reported that in fact the S-configured lithium precursor is transmetallated 

by Ti(OiPr)4 with inversion of configuration to produce reagent 178 [202b]. The 

methodology has been applied in the synthesis of the insect pheromone (+ )-eldanolide 

{ee = 92%) [202c]. It is likely that chiral diamines which are even more efficient than 

sparteine will be developed and utilized soon. 
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The alkenyl carbamate chemistry has been exploited efficiently in the synthesis of 

natural products [201-203]. It has also been instrumental in the development of an 
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elegant method for the determination of configurational stability of chiral organo- 

metallic compounds [174]. 
Early attempts at devising organotitanium compounds RTiX3 having chiral ligands 

X were not very successful [8, 15], but paved the way to more efficient reagents. Thus, 

compounds of the type 180 [12, 14, 44, 204], 181 [12, 204] and 182 [205] add 

enantioselectively to aromatic aldehydes, the ee values ranging between 70% and 95%. 

Unfortunately, enantioselectivity in the addition to aliphatic aldehydes turned out to be 

meager. It is important to stress that the precise structure and aggregation state were 

not determined. In fact, evidence accumulated which showed that monomeric cyclic 

structures are not always involved, but rather ring-opened oligomers [8, 205]. 

(180a) R = CgHg 

(180b) R = CH3 

R5C6 ^6^5 
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The power of metal and ligand tuning (Section 3.2) in terms of enantioselectivity 

really became evident with the introduction of the chiral titanating agent 184 [206]. It 

contains a bulky, electron-donating Cp group and two sugar ligands based on the cheap 

diacetoneglucose 183. Allyl Grignard-type additions and aldol additions are highly 

enantioselective {ee > 90%) [206]. Structural and mechanistic features of this powerful 

methodology have been delineated elsewhere [207]. 

CpTiCl, 

DAG0'"{'''0DAG 

Cl 

(184) 

■MgCt ■ 

DAGO'^I'^ODAG ’ 

OH 

(185) 

Reagent 186 adds to aldehydes to produce jS-hydroxyamino acid derivatives 187, 

simple diastereoselectivity {syn) being 96-98% and the ee values ranging between 87 

and 98% [206]. 

r={ 
OTiCpIODAGjj 

:Si' 
OC2H5 

OH 
RCHO .COOC2HS 

(186) NH2 

(187) 

A stereochemically complementary allyl transfer reagent is 190 [206c]. The C2- 

symmetric titanating agent 189, prepared from the Seebach-diol 188, does not undergo 
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ring opening to form oligomers. Allyl addition to aldehydes occurs with ee values 

of >95%. In the case of analogous crotyltitanium reagents (and other substituted allylic 

and enolate compounds), enantioselectivity is also essentially complete. The reagents 

are so powerful that complete reagent control is observed in reactions with chiral 

aldehydes. Diols of the type 188 have been used to prepare chiral cyanotitanium reagents 

which add enantioselectively to aldehydes {ee = 68-96%) [206d]. 

H5C5 CgH^ 

H5C5 CgHj 

(188) 

^5^6 ^6^5 

Cl 

X I 'ti' 
CP 

H5C6 CgHg 

(189) 

RCHO 

(190) 

A limitation of using Cp ligands is related to the fact that alkyl groups are not 

transferred chemically to aldehydes very well [8], owing to the strongly electron 

releasing effect of such ligands. In such cases zirconium and hafnium analogs are better 

suited because they are more Lewis acidic [207]. Titanium reagents having two Cp 

groups are even less reactive. However, allyl transfer reactions are possible. The first 

case of such a titanium reagent having two different Cp groups and the stereogenic 

center at the metal has been described [208]. Since the two Cp groups which were used 
are too ‘similar,’ the ee values in aldehyde additions turned out to be poor. Nevertheless, 

reagents with a stereogenic center at titanium (or zirconium) constitute an intriguing 

goal for the future (see also reagent 182 [205]). 

3.4 MICHAEL ADDITIONS 

Two outstanding Michael-type reactions are TiC^-mediated additions of allylsilanes 

[209] and enolsilanes [210]. Neither of them involve Si-Ti exchange prior to C—C 

bond formation [105d, 210]. Rather, complexation of the carbonyl group by TiCU 

initiates the reaction. 

R R"' R"" R" R 

Conjugate additions of allylsilanes to enones are fairly general, whereas a,^- 

unsaturated esters react poorly [211]. If the enone is chiral, diastereofacial selectivity 

is possible, provided one of the 71-faces is sterically shielded in the ground state. An 

example is the reaction of the enone 191 which affords the adduct 192 in 85% yield, 

diastereoselectivity being >99% [209]. Substrates capable of chelation such as 193 
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(192) 

react via TiC^ intermediates to afford good yields of adduct 194 {ds = 91%) [212]. In 

an interesting recent development, crotylsilanes were shown to undergo TiC^-promoted 

stereoselective conjugate additions to chiral a,)S-unsaturated keto esters and to 2-(5')- 

tolylsulfinyl-2-cyclopentenone [213]. Stereoselective TiC^-induced additions of allyl- 

trimethylsilane to chiral a,)5-unsaturated iV-acyloxazolidinones and N-enoylsultams 

constitute another example of conjugate C—C bond formation [214]. 

(194) 

Conjugate additions to a,j8-unsaturated acid nitriles are also possible [215], as are 

selective 1,6-additions to dienones [216]. A wide variety of intramolecular allylsilane 

additions to form polycyclic and/or spiro compounds have been reported [217], as in 

the cyclization of enone 195 [217c]. Sometimes undesired protodesilylation occurs 

(proton source?), in which case Lewis acids such as EtAlCl2 (proton sponge!) or fluoride 

ions are the promoters of choice [217]. Little is known concerning high levels of simple 

diastereoselectivity in intermolecular conjugate additions of crotylsilanes to achiral 

enones [209]. 

Si(CH3)3 

(195) 

TiCl^ 
F - 

H3C 

80 

U 

Related are allenylsilane reactions which involve 1,4-addition, silyl group migration 

and ring closure to form good yields of cyclopentenes, e.g. 196 [218]. Although a 

variety of enones react similarly, the method cannot be extended to the unsubstituted 

parent allenyl reagent [218]. Allenylstannanes substituted in the 3-position provide 

acetylenic products such as 197 [219]. 

Enolsilanes derived from ketones or esters undergo conjugate additions to enones 

and acrylic acid esters, the yields ranging between 55 and 95% [210]. If the enolsilane 

and/or the carbonyl component are sensitive to TiC^, mixtures of TiCl^ and Ti(OiPr)4 

[which form the milder Lewis acids CljTiOiPr or Cl2Ti(OiPr)2] should be used [220a]. 

An interesting development concerns the use of compounds of the type (R0)2Ti=0 
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CH3 

as catalysts for the Mukaiyama-Michael addition [220b]. In the TiC^- and SnC^- 

mediated conjugate addition of 0-silyl ketene ketals, a mechanistic study has shown 

that electron transfer is involved [221]. 
Although the problem of simple diastereoselectivity was not addressed in the early 

work [210], mixtures of diastereomers are probably formed in most of the relevant 

cases. Later work using similar substrates and TiC^ or SnC^ showed that syn-anti 

mixtures are indeed formed, but that in some cases the reaction can be manipulated in 

a stereoselective sense [222]. Enolsilanes 198 derived from ketones result in moderate 

to high anti selectivity, (cf. 199), regardless of the geometry of the enolsilane. The 

(Z)-enolsilanes from propiophenone and related aromatic ketones show excellent anti 

selectivity if SnCl^ is used as the Lewis acid {ds = 90-98%) [222]. Z- and £-configured 

0-silyl ketene ketals react highly syn selectively with tert-huty\ enones to form adducts 

200 preferentially (ds = 96-99%), but stereorandomly with most other enones [222]. 

H3C OSi(CH3)3 

R 

(198) 

TiClj 

ISnClJ 

0 R’ 0 
II : II 

(199) 

0 R’ 0 

(200) 

Chiral enones have been shown to react with remarkable degrees of simple dia¬ 

stereoselectivity and diastereofacial selectivity [223]. Finally, chiral 0-silyl ketene ketals 

undergo stereoselective TiC^-mediated conjugate additions (e = 72-75%) [224]. Other 

metal-mediated Michael additions have been reviewed [225]. Acyclic transition states 

have been proposed for all of these reactions, but the details of the mechanism remain 

obscure. Additions to nitroolefins are also mediated by TiC^, the products being 

1,4-diketones following Nef-type work-up [226]: 

NO2 R' OSi(CH3)3 n p 

.. —^ 

R R R R' R" 0 

Bona fide organotitanium reagents [8, 15] including triisopropoxytitanium en- 

olates derived from esters [14] generally add to enones in a 1,2-manner (Section 3.2). 

Exceptions are tetrabenzyltitanium [86] and certain titanium ate complexes of en- 

ethiolates (e.g. 201) [227]. In the case of unsaturated esters (e.g. methyl methacrylate) 
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the triisopropoxytitanium enolate derived from isobutyric acid ester induces group 
transfer polymerization involving repetitive Michael additions [125b]. The Evans 
procedure for Ti-enolate generation (Section 3.2.2) provided reagents capable of under¬ 
going stereoselective Michael additions. 

STilO'Prl^Li 

(201) 

0 
II 

H5C6 

(H3C)2N 

Allyltitanium reagents add to enones cleanly in a 1,2-manner [44]. However, by 
increasing the Michael acceptor propensity and by making the 1,2-addition mode less 
favorable (esters vs ketones), 1,4-additions prevail, as in the reaction of the diester 202 
with the crotyltitanium reagent 13 to produce a 90:10 mixture of adducts 203 and 204 
[228]. The same stereoselectivity is observed using boron reagents, but crotyltriisopro- 
poxytitanium (13) is much easier to prepare. 

HjCgOOC 

IsCgOOC'"^ 

(202) 

■^TilO'Prlj 

(13) 

H5C2OOC CH3 H5C20( 

H5C,00C''"Sr'’^^ * H5C2OOC 
^ ' CH3 CH3 

(203) (204) 

The question of regioselective addition of carbon nucleophiles to 1-acylpyridinium 
salts has been addressed fairly often. For example, lithium enolates react with the 
pyridinium salt 205 to produce 1:1 mixtures of 1,2- and 1,4-adducts [229]. Simply 
treating the enolates with Ti(OiPr)4. results in high degrees of 1,4-preference. For 
example, reaction of 205 with the titanium ate complex 206 results in a 92:8 mixture 
of 207 and 208 [229]. 

Of the large number of other types of Michael acceptors known in the literature, few 
have been reacted with organotitanium reagents. One of the early examples involves 
chiral sulfoxides, e.g. 209, which undergoes chelation controlled Michael additions with 
methyl- and ethyltitanium reagents [230]. Reductive cleavage of the sulfur moiety results 
in enantiomerically pure {ee > 98%) ketones of the type 210. Zinc reagents are less 
selective {ee — 42%), but work well for the cyclopentenone analog [230]. 

© 

To I 
1. CHjTilO'Prl, 

2. Al/Hg 

(209) (210) 
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The Schollkopf bis-lactim methodology, which is successful in the alkylation of the 

lithium reagents and in aldol-type additions of the titanium analogs [196] (Section 

3.3.3), can be used in Michael additions to prochiral nitroolefins [231a, b]. Thus, the 

titanium reagent 167 adds to nitroolefins such as 211 to produce essentially one of four 

possible diastereomers, e.g. 212. The lithium precursor is more reactive and considerably 

less selective [231a]. The titanium reagent also undergoes highly selective conjugate 

additions to a,j5-unsaturated esters [231c]. 

Ti[N(CH,).,l3 

(211) (167) 
(212) 

In summary, Michael additions involving organotitanium reagents have not been 

studied in such detail as titanium-mediated Grignard-type and aldol additions. More 

work is necessary in this interesting area. 
In a recent study, lithium ketone enolates were treated with Ti(OiPr)4 and the 

resulting Ti-ate complexes reacted with (£)-enones to form Michael adducts having 

the anti configuration [232]. Ti-ester enolates also provide anti adducts, in contrast to 

the Li enolates [232]. Tetrakis(dialkylamino)titanium reagents, Ti(NR2)4, have been 

added to a,jS-unsaturated ketones and esters in a conjugate manner; the intermediate 

trisaminotitanium enolates were then reacted with aldehydes [233]. The process 

amounts to an interesting tandem conjugate addition-aldol reaction. Imines of a-amino 

esters undergo cycloaddition reactions with acrylates in the presence of triethylamine 

and ClTi(OiPr)3 or Cl2Ti(OiPr)2 [234]. Titanium enolates are involved which undergo 

Michael-type addition/cyclization. Finally, reagents of the type RTi(OiPr)3 and 

RTi(OiPr)4Li undergo Cu(I)-catalyzed 1,4-additions [235]. 

3.5 OLEFIN-FORMING REACTIONS 

3.5.1 WITTIG-TYPE AND KNOEVENAGEL OLEFINATIONS 

The Wittig olefination is one of the most widely used synthetic reactions [236]. However, 

in the case of enolizable and/or highly functionalized ketones, the yields are often poor. 

Epimerization at stereogenic centers may also occur owing to the basic nature of the 

ylides. In the case of methylenation, titanium chemistry provides a general solution to 

these problems [237]. 
The addition of TiC^ (0.7 parts) in dichloromethane to a mixture of CH2Br2 (1 part) 

and zinc dust (3 parts) in THF at room temperature leads within 15 min to a reagent 

which smoothly olefinates a variety of ketones, e.g. 213 [237a] and 215 [238]. The yield 

of methylenecycloheptane (214) is 83%, compared with the 10% yield obtained by the 

reaction of the Wittig reagent Ph3P=CH2. The sensitive ketone 215 yields no 

olefination product using classical methodology, whereas the titanium-based procedure 
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affords 60% of the desired olefin 216. The use of CH2I2 results in a more reactive and 

in some cases more selective reagent [237b]. Another reagent based on CH2l2/Zn/ 

Ti(OiPr)4 reacts aldehyde selectively with ketoaldehydes [109]. 

On attempting to apply the titanium-mediated reaction to the synthesis of gibber- 

ellins, difficulties were encountered [239]. However, letting the reagent age in THF at 

5 °C for 3 days resulted in dramatic improvements [239]. For example, reaction of the 

non-protected polyfunctional ketone 217 affords a 93% yield of the olefin 218. In fact, 

it was claimed that this version is the method of choice in other cases also, including 

the conversion of (-E )-isomenthone (219) into (-E )-2-methylene-cw-p-menthane (220), 
which proceeds without any epimerization [240]. Several other impressive applications 

of the CH2X2/Zn/TiCl4 reagents have been described [241]. 

(219) (220) 

In an important extension of these reactions, alkylidination of carboxylic acid esters 

221 by means of RCHBr2/Zn/TiCl4/TMEDA to produce predominantly (Z)-alkenyl 

esters (222) has been reported [242]. The method has unprecedented generality and can 

be extended to the synthesis of Z-configured enolsilanes from trimethylsilyl esters [243], 

enamines from amides and alkenyl sulfides from thioesters [244]. Classical Wittig 

reactions fail in all of these transformations. A limitation of the titanium-based method 

is the poor yields in the case of olefination reactions of aldehydes; in these cases 

low-valent chromium reagents are better suited [245]. 

(221) RCO2R' 
R"CHBr2 R 

>=\ (222) 
R'O R" . 

Zn/TiClj/TMEOA 
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The titanation of Wittig-Horner compounds results in reagents which undergo 

stereoselective Knoevenagel condensations [182,183] (not Wittig-type) (Section 3.3.2.2), 

a process which is general for active methylene compounds [98]: 

A' , TiClj/NRj 

H,C « RCHO - 
^ \ or 

A CI7i(0iPrlj/NRj 

A' 

R-CH:c' 
A 

A,A‘ = COR, COOR. CN, P0(0R)2, NOj 

The Tebbe reagent 223 is an isolable and well characterized compound which 

olefinates carbonyl compounds, including enolizable ketones [246]. The reactive species 

is actually the carbene complex Cp2Ti=CH2. Thus, titanacyclobutanes can also be 

used as a source for Cp2Ti=CH2. Its prime virtue is the ability to olefinate esters (e.g. 

224 225 in 70% yield) [247] and sensitive carbonyl compounds [248]. An alternative 

(and perhaps cheaper) method for olefination is based on the thermolysis of 

Cp2Ti(CH3)2 at 60-65 °C [249]. Under such conditions ketones and esters are readily 

olefinated. 

■OH? Ch\^ 
Cp2Ti A1 

'-cr ' 'cHj 

(223) (224) (225) 

Related methylenating agents such as 226 [250] and 227 [246, 251] have been 

described. Reagent 227 is not as Lewis acidic as the Tebbe reagent itself and is thus 

better suited for the olefination of acid-sensitive ketones and lactones. It remains to be 

seen which reagents will be used most often. The main advantages of the dibromo- 

alkane/Zn/TiCU systems are ready availability, ease of performance and high olefination 

yields. 

Cp2TiCH2ZnX 

(226) (227) 

The chemistry of titanacyclobutanes is fascinating, particularly in their role in olefin 

metathesis as applied to ring-opening polymerization [5, 252]. They also react with 

acid chlorides to form titanium enolates [253]. Such reagents as 228 and 229 react with 

carbonyl compounds to form allenes [254]. 

Cp2Ti^ 

R’^R 
(228) 

R AKCHjlj 

R' TiCp2Cl 

(229) 
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3.5.2 DEOXYGENATIVE COUPLING OF CARBONYL COMPOUNDS 

In 1973-74, three different groups independently discovered that low-valent titanium 

induces the deoxygenative coupling of ketones and aldehydes to form olefins. The 

methods differ in the source of low-valent titanium: TiCl3/3THF/Mg [255], TiClj/ 

LiAlH4 [256] and Zn/TiCU [257]. Subsequently, the ‘McMurry-reagent’ (TiCla/ 

LiAlH^.) was used most often. The substrates can be saturated or unsaturated, and the 

reaction works in an intermolecular sense to yield acyclic alkenes and intramolecularly 

on dicarbonyl compounds to yield cycloalkenes. Mechanistically, zerovalent titanium 

in a pinacol-type coupling followed by reductive elimination has been postulated. 

However, it has recently been demonstrated that Ti(II) species (specifically polymeric 

HTiCl) actually induce the McMurry-type couplings [258a]. In the case of titanium on 

graphite, zero valency may pertain; this reagent undergoes a number of interesting 

reactions including olefin-forming coupling of ketones and cyclizations with formation 

of furans and indoles [258b, c]. Several extensive reviews on McMurray-type couplings 

and other reductive processes have appeared [259]. 

0 
II 

Ti* iO 0TiL„ 

R' R 
R' 

■Ti' 
R R' 

)=( 
R' R 

Unfortunately, in the early version the reproducibility depended on the age, history 

and source of trichlorotitanium (TiClg). Although improvements based on a number of 

other low-valent titanium sources were reported [259], some confusion as to the best 

procedure persisted. This uncertainty ended with a definitive study of an optimized 

procedure based on TiClg/Zn-Cu in dimethoxyethane (DME) [260]. Accordingly, 

intermolecular couplings and intramolecular processes leading to small-ring cyclo¬ 

alkenes are best performed by rapid addition of the carbonyl component to a reagent 

prepared by using three equivalents of TiCl3(DME)i 5 per equivalent of carbonyl 

compound. More difficult intramolecular couplings require four or more equivalents of 

titanium reagent per carbonyl moiety and also very slow addition to achieve high 

dilution [260]. The value of this new version is illustrated by the smooth coupling 

of diisopropyl ketone to form tetraisopropylethylene in 87% yield [260], compared 

with 12% by the original TiCl3/LiAlH4 method and 37% by the TiC^/Zn-Cu 

procedure in the absence of DME. 

In special cases it may be advantageous to use titanium as a fine dispersion on 

graphite [258d]. 

3.5.3 HYDROMETALLATION AND CARBOMETALLATION OF ACETYLENES 

Hydrometallation of acetylenes using metals such as boron, aluminum and zirconium 

are part of standard synthetic organic methodology. In the hydromagnesiation of 
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acetylenes using isobutylmagnesium bromide as the hydride source, Cp2TiCl2 has been 

found to be an efficient catalyst [71, 261]. Disubstituted acetylenes react at room 

temperature to produce (£)-alkenyl Grignard reagents in excellent yields. After hydro¬ 

lysis, (Z)-olefins of high purity are obtained. The reaction occurs with low regioselectivity 

for unsymmetrical dialkylacetylenes (which is of no consequence in the hydrolysis) 

[72, 262]. 

(HjCljCHCHjMgBr R R 
RC=CR' -► \=< -► 

CpjTiCij (cot.) MgBr 

Regioselectivity is high in the case of alkylarylacetylenes, which means that quenching 

with electrophiles other than protons becomes meaningful [72, 262]; 

HjCgCiCR 
'C^HjMgBr 

CpjTiCl, Icot.) 

HgCg R 

BrMg 

£I-X HcC 5Y6 

El 

The hydromagnesiation of 1-trimethylsilyl-l-alkylenes proceeds with complete 

regioselectivity if the reaction is carried out at 25 °C for 6 h. The intermediate 

vinylmagnesium reagents react with a variety of electrophiles, e.g. protons, RI/CuI, I2, 

RCHO. This constitutes a powerful method for the synthesis of prochirally pure 

vinylsilanes [262, 263]: 

RC=CSi(CH3)3 
'CiHjMgBr 

CpjTiCIj (cal.) 

R Si(CH3)3 

MgBr 

El-X R Si(CH3)3 

El 

Titanium has also played a role in the carbometallation of acetylenes [264], although 

zirconium seems to be more versatile, e.g. in Cp2ZrCl2-catalyzed additions of R3AI [29, 

265]. However, titanium-based reactions appear to be superior in the carbometallation 

of homo-propargylic alcohols in which the hydroxy group dictates regioselectivity [266]. 

For example, the one-pot reaction shown below proceeds fully regioselectively with 

70% yield [266]. 

(CH,I]AI 

H0CH,CH,C=C-CH:CH2 —— 
‘ ‘ TiCli 

HbC } 
Ti- 0' 

AIL, 

3.6 SUBSTITUTION REACTIONS 

Substitution reactions involving carbon nucleophiles are synthetically important proces¬ 

ses. In carbanion chemistry deprotonated carbonyl compounds (and their nitrogen 
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analogs), sulfones, sulfoxides, thioesters, nitriles, etc., undergo smooth reactions with 

5^2- active alkyl halides [9]. A serious synthetic gap becomes apparent when attempting 

to perform these classical reactions with tertiary alkyl halides and other base-sensitive 

alkylating agents not amenable to 5^2 substitution. Similarly, cuprates R2CuLi and 

higher order analogs do not undergo substitution reactions with tertiary alkyl halides. 

Many of these problems can be solved using titanium reagents of high Lewis acidity 

which induce reactions. Some of these reagents also allow for a combination of 

two C—C bond-forming reactions in a one-pot sequence, namely addition to carbonyl 

compounds followed by S^l-type substitution of the oxygen function. Conversely, 

titanium reagents, regardless of the type of ligands, are generally not nucleophilic enough 

to undergo 5^2 reactions with primary alkyl halides. For example, compounds of the 

type CHjTiXj (X = Cl, OR) do not react with RCH2X (X = Cl, Br, I), nor do titanium 

enolates or a-titanated sulfones [8, 14, 44]. 
The Lewis acidic character of trichloromethyltitanium CH3TiCl3 (Section 3.2) is so 

pronounced that the reagent will ionize -active alkyl halides to form carbocations 

such as 231, which are spontaneously captured by the non-basic carbon nucleophile 

[17, 18]. Essentially all tertiary 230 and aryl-activated secondary alkyl halides 233 are 

methylated at —78 to 0 °C to form high yields of products 232 and 234, respectively. 

R3C-CI * H3CTiCl3 

(230) 

R3C^H3CrT,Cl, 

(231) 

R3C-CH3 

(232) 

HjCTiClj CH3 

" H^Ce'^R 

(234) 

Ether-free solvents such as CH2CI2 are mandatory, since diethyl ether or THF 

complexes CH3TiCl3, making it incapable of inducing S^l ionization. This means that 

precursors such as (CH3)2Zn or (CH3)3A1 must be used (solutions of the more readily 

accessible CH3Li and CH3MgX contain diethyl ether or THF!). There are several ways 

to perform these reactions; 

1. Solutions of (CH3)2Zn in CH2CI2 are treated with two equivalents of TiC^ to form 

CH3TiCl3, followed by addition of an S^l-active alkyl halide. 

2. Solutions of (CH3)2Zn are treated with one equivalent of TiC^ to form (CH3)2TiCl2, 

followed by addition of an -active alkyl halide: 

(CH3)2Zn + TiCU -. (CH3)2TiCl2 

3. Only catalytic amounts of TiC^ are used to produce (CH3)2TiCl2, which reacts in 

situ with the S^l-active substrate. 

All of these methods result in excellent yields of alkylated products, the last version 

being the mildest [18]. The fact that in some cases (e.g. 235) rearrangements occur is 

in line with the proposed mechanism [18]. Functional groups such as primary and 

Cl 

HsCe'^R 

(233) 
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secondary alkyl halides and esters are tolerated. (CH3)3A1 in the presence of catalytic 

amounts of TiCl4 is also effective [20]. 

Tertiary ethers and even -active alcohols are methylated by excess (CH3)2X103 

[267]. The conversion of the tertiary alcohol 236 into the geminal dimethyl compound 

237 (74% yield) is a typical example. 

OH 
2 (CHjjjTiCI, (237) 

Homologs (e.g. n-BuTiCl3) do not induce efficient coupling because reduction of the 

carbocations via ^-hydride abstraction prevails [20]. In this case dialkylzinc reagents 

in the presence of ZnCl2 is the method of choice [20]. Allylsilanes react smoothly with 

SNl-active alkylating agents in the presence of TiC^ [268]. Chromium-complexed 

benzylic alcohols undergo stereoselective substitution reactions with (CH3)3Al/TiCl4. 

[269], as do )?-chlorosulfides [270]. Both processes involve neighboring group participa¬ 

tion, CH3TiCl3 or (CH3)2TiCl2 being the reactive species. In the case of j9-chlorosulfides 

only catalytic amounts of TiC^ are needed in a process which involves intermediate 

episulfonium ions. Substitution (60-75% yields) therefore occurs with formal retention 

of configuration [270]. Chiral alkenes show pronounced degrees of diastereofacial 

selectivity. These two-step reactions provide a simple means to carbosulfenylate olefins 

regio- and stereoselectively [270]. 

Direct geminal dimethylation of ketones using an excess of (CH3)2TiCl2 works well 

for most ketones [39, 267] and aromatic aldehydes [43], a process which involves 

Grignard-type addition with formation of intermediates 238 followed by ionization 

and further C—C bond formation. The yields generally range between 60 and 90%, 

but conversion may be lower in the case of extremely sterically shielded ketones. 

0 
II 

iCHjJjTiClj H3C OTilCH (CHjjjTiCI, H3C CH, 

R^R- 

(238) 
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The limitation of this interesting method has to do with the fact that only a few types 

of additional functionalities are tolerated and that rearrangement may occur [271]. 

Nevertheless, in the synthesis of certain molecules with quaternary carbon atoms [272], 

it is the method of choice [267]. (CH3)2Zn may be replaced by (CH3)3A1 [39]. 

0 
11 

2 ICHjljTiCI, 

-SO^C— 2500 

2tH3C)2TiCl, 

-30'>C—► 25°C 

2(HjC),TiCI, 

-30»C—25»C 

2(HjC)jTiClj 

-30»C —25®C 

Direct geminal dimethylation of ketones in which one of the newly introduced groups 

is an alkyl moiety and the other a methyl group is possible in some cases by a one-pot 

procedure in which an alkyllithium reagent (in ether-free solvent) is added to a ketone 

and the resulting tertiary alkoxide is treated with an excess of dichlorodimethyltitanium 

in CH2CI2, as in the preparation of synthetic tetrahydrocannabinoids 239 [273]. The 

one-pot geminal dialkylation proceeds typically with yields of 70-90%. 

Acetals, ketals and geminal dichlorides also undergo methylation reactions [8, 274]. 

Certain acetals react with Grignard reagents in the presence of TiCl^ to form the 

corresponding substitution products, e.g. 240 (82% yield) [275]. An interesting version 

pertains to chiral acetals of the type 241 [276]. The reaction with CH3MgCl/TiCl4 

affords a 96; 4 mixture of substitution products 242 and 243, respectively. 

Cl 

H3C 

R H 

0^0 

CH, 

(241 ) 

HpCeMgCI 

TiCI. 

HjCMgCl 

TiCl4 

0 OH 

(242) 

0 OH 

H3C'^’"CH3 

(243) 
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SN2-like processes have been postulated. Transition state 244 appears to be more 

favorable than transition state 245 [277]. However, tight ion pairs in which 1,3-alylic 

strain is operating have not been excluded [278]. 

Vo-WR 
,c / i ' 

R3C 

H3C H 

(244) (245) 

R 

Nu 

Not only Grignard and alkyllithium reagents, but also allylsilanes [279], cyano- 

trimethylsilane [277] and silylated acetylenes [280] function as efficient C-nucleophiles. 

Sometimes mixtures of TiC^ and Ti(OiPr)4 are better suited. Many of these reactions 

may not involve the titanium intermediates RTiCla. However, CHaTiClj, generated 

from (CH3)3Zn/TiCl4, is in fact capable of undergoing such stereoselective substitution 

reactions [281]. The whole area of stereoselective substitution reactions of chiral 

non-racemic acetals using titanium reagents and other organometallics has been 

reviewed [282]. 
The TiCl4-mediated allylation of the chiral substrate 246 affords a single diastereomer 

248 in 68% yield [283a]. This interesting transformation proceeds via the acyliminium 

ion 247 with complete retention of configuration. Intramolecular allylsilane additions 

to N-acyliminium ions are very useful in heterocyelic chemistry [283b]. 

COOCH3 TiCl^ 

The reactions of metallated N,0-hemiacetals bear some resemblance to the above 

processes [284]. 

^OTiClj ^ . ^R" 

RCHO + R^NTiClj -► RCH —^ RCH 

'NR2 'NR2 

The classical alkylation of lithium enolates using 5js|2-active alkyl halides is one of 
the important C—C bond-forming reactions [9]. However, tertiary and many base- 

labile secondary alkyl halides fail to react. This long-standing problem can be solved 

by reacting the enolsilanes derived from carbonyl compounds with tertiary and other 

-active alkyl halides in the presence of Lewis acids [285]. In the case of ketones, 

TiCl4 is the Lewis acid of choice. The mechanism involves 5^1 ionization followed by 

addition of the carbocation to the enolsilane (Scheme 3.6). The alternative mechanism, 

R' OSilCHjjj 

T.c. / * - \ r^.- R,C 0 
R3C-CI -- [R3C TiCls) -► R'^r- -" R"^R- 

R R 

Scheme 3.6. 
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i.e. Si-Ti exchange followed by ionization of R3CCI and alkylation of the tetra- 

chlorotitanium enolate, may occur in rare systems in which alkylation of the enolsilane 

is slow relative to Si-Ti exchange [88b, 286]. 
Typical examples illustrating the scope of the reaction are shown below [287-289]. 

The yields of isolated products range between 60% and 95%. Regioselective tert- 

alkylation [288] is possible since the corresponding enolsilanes [290] are readily 

accessible. Undesired polyalkylation has never been observed. The reaction is best 

performed by treating the mixture of an enolsilane and a tertiary alkyl halide in CH2CI2 

with the equivalent amount of TiC^ at —40 to —50 °C. Alternative reaction modes, 

e.g. adding the enolsilane to a mixture of TiC^ and tertiary alkyl halide, result in poor 

yields (30-54%) [291]. In the case of enolsilanes which are sensitive to TiC^ (e.g. those 

derived from aldehydes or esters), milder Lewis acids such as ZnCl2 or BiCl3 need to 

be employed [288]. 

These and other Lewis acid-induced alkylations are synthetically significant 

because they are complementary to the classical alkylations of lithium enolates using 

Sis|2-active alkyl halides [285]. Any alkylating agent which has a higher activity 

than isopropyl halides is likely to be suitable. Neighboring group participation is an 

important factor in relevant cases [292]. 

lodo-carbocyclization of malonates containing olefin functions occurs in the presence 

of Ti(OtBu)4/l2 [293]. This interesting synthetic development probably involves titan¬ 

ium enolates which attack intermediate iodonium ions intramolecularly. 

Acetals [294], ketals [294] and chloro ethers [295] can also be used in TiCl^-mediated 

alkylations of enolsilanes. Intramolecular versions result in carbocycles [296]. Again, 

chlorotitanium enolates are probably not involved. However, the previously mentioned 
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enolization method based on TiCVNRa (Sections 3.2.2, 3.3.2.2 and 3.3.3) can be used 

to induce a-alkoxyalkylation of carbonyl compounds [99]. In the case of chiral 

chlorotitanium enolates, stereoselectivity often approaches 100%, as in the conversion 

of the amide 249 into the a-alkylated product 250 [99]. 

0 0 

0 
1. TiCIi 

(249) 
Bn 

2. EINi'Pr), 

3. BnOCHjCI 

II 

O^N 
^^ CH20Bn 

Bn : Benzyl 

Bn 

(250) 

Chirality can also be incorporated in the electrophile, as in the case of the chiral 

formyl cation equivalent derived from the ephedrine derivative 251, which reacts 

stereoselectively with enolsilanes. Diastereoselectivity in the case of the substitution 

product 252 is 88% [297]. The reaction can also be induced by other Lewis acids such 

as SnCl4, BF3/OEt2 and (CH3)3SiOTf [297]. Related approaches have been used in 

other enol- and allylsilane reactions [298]. 

Ts 

H3CO^oX 

(251) 

CH3 H3C OSi(CH3)2'Bu 

CcH 

TiCIt 

6*^5 H3C 
CH-, 

(252) 

Reports of epoxides as alkylating agents are rare. Undesired ring opening followed 

by a hydride shift to form aldehydes occurs if the medium is too Lewis acidic (TiClJ. 

For example, treatment of a mixture of the enolsilane 253 and the epoxide 254 does 

not afford the alkylation product 255, but rather the aldol adduct 256 [44]. Perhaps 

trichlorotitanium enolates are better suited. However, such reactions have not been 

reported to date. 

(256) 

Less Lewis acidic reagents such as CH3Ti(OiPr)3 are not reactive enough to undergo 

smooth C—C bond formation with most epoxides [8, 44]. However, more reactive 

species such as allyltitanium reagents react with styrene oxide 257 [8, 44]. 

Regioselectivity in favor of the ring-opened product 258 (rather than 259, see overleaf) 

contrasts well with the non-selective behavior of the Grignard reagent. Conversion 

amounts to >80% in all cases. Other expoxides react less selectively. However, on 

going from isopropoxy to phenoxy ligands, a dramatic improvement results, ring 
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opening of epoxides 260 (R = alkyl) occurring consistently at the more substituted 

carbon atom (80-85% yields of alcohols 261) [299]. This is of practical importance 

because cuprates generally react at the less substituted position. 

OH OH 

(257) (259) 
(258) 

CH2=CHCH2MgCI 70 30 

CH2=CHCH2Ti(OiPr)3 >99 <1 

CH2=CHCH2Ti(OiPr)4MgCI >99 <1 

(260) 

•Ti(OC6H5)3 R 

(261) 

Epoxides have also been reacted with titanium reagents in completely different ways. 

One of them is based on the Cp2TiCl-induced cyclization of epoxyolefins, a process 

which involves radical intermediates, e.g., 262/263 [300a]. Radicals 263 are reduced to 

the organotitanium compound 264, which can be intercepted with iodine to form the 

final product 265 (63% overall yield). 

CpjClTiO 

CpjTiCI 

(262) 

Cp2CITi0 CH2TiCICp2 

Cp2TiCI 1. 
2. HjO 

H 

( 264) 

HO^ CH2I 

H 

(265) 

A synthetically attractive access to bicyclic cyclopentenones employs catalytic amounts 

of titanocene equivalents (‘Cp2Ti’) [300b]. 
Organotitanium reagents have also been used in Pd- or Ni-catalyzed C—C bond 

formation [301]. An interesting example is the phenylation of the acetates 266 using 
triisopropoxyphenyltitanium, PhTi(OiPr)3, which occurs regioselectively to form the 

products 267 and 268 in ratios of greater than 91:9 [302]. In a highly interesting 

development, titanium reagents RTi(OiPr)3 and RTi(OiPr)4Li were shown to undergo 

selective Cu(I)-catalyzed S'is|2' allylation with allylic chlorides and phosphates [235]. 

A few reports of Heck-type substitution reactions of vinyl and aryl hydrogen atoms 

are known, e.g. 269 —> 270 (65%) [303] and 271 272 (32%) [304]. The mechanism 

of these unusual reactions appears to be related to the Ziegler-Natta polymerization 

and/or to Cp2TiCl2- or TiC^-mediated carbo- and hydrometallation of olefins and 

acetylenes (Section 3.5.3). 

R' OCOCH, 
y. 

RC=C R” 

(266) 

HjCjTitO'Prlj 

PdtPPhj)^ 

R R' 

HcC 5'-6 R" 

(267) 

R' CcHc 
y 

RCEC R" 

(268) 

IHjCljAl 

H 

(269) 

Cl 2 H3C 

(270) 
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(271) (272) 

The latter substitution reaction has been optimized and is general for homoallylic 

alcohols. In some cases trimethylaluminum, (CH3)3A1, can be replaced by CH3Li. 

Homoallylic alcohols having a terminal olefinic double bond are converted stereoselect- 

ively into (£)-3-alken-l-ols, whereas 3-alken-l-ols such as 273 and 275 with internal 

double bonds afford branched 4-methyl products 274 and 276, respectively (55-60% 

yields). In both cases an intriguing ‘configurational inversion’ of the double bond occurs 

[305]. 

OH 

(HjCljAl 

TiCl4 

(273) 

(275) 

OH 

(276) 

Acylation reactions of organotitanium reagents have not been studied extensively. 

CH3Ti(OiPr)3 reacts with acid chlorides to form the isopropyl esters, not the ketones 

[8]. In contrast, imidazolides 277 react with allylic titanium reagents to form the 

^,y-unsaturated ketones 278 in 46-89% yield [306], a process that fails using allylmag- 

nesium chloride [306, 207]. A few cases of Ti-promoted Claisen condensations have 

been reported [101] (Section 3.2.2). 

R 

0 
11 

(277) 

Ti(NEt2)3 

R' 
(278) 

3.7 CATALYTIC ASYMMETRIC REACTIONS 

3.7.1 CARBON-CARBON BOND-FORMING REACTIONS 

The development of chiral catalysts for asymmetric C—C bond formation is an active 

area of current research [73, 308]. Titanium has had some part in this exciting race. 

The requirements for such a process to be synthetically useful are stringent, because 

the products are enantiomers, not separable diastereomers. Since purification of en¬ 

antiomeric products in most cases does not result in enantiomeric enrichment, ee values 

of >95% in product formation are really required. 
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Whereas a variety of titanium-mediated Diels-Alder reactions employing stoichio¬ 

metric amounts of chiral information have been highly successful [3], only a few efficient 

titanium-promoted catalytic versions are known. The currently most successful one 

employs the Narasaka catalyst 280, which is based on the diol 279. The latter interacts 

with dichlorodiisopropoxytitanium, Cl2Ti(OiPr)2, in an equilibrium reaction in favor 

of the dichloride 280 [309]. In the presence of molecular sieves (MS 4 A), the 

equilibrium is shifted from 87:13 to 94:6. Although Cl2Ti(OiPr)2 should be more 

reactive than the bulky analog 280, the isopropanol which is liberated is believed to 

cause deactivation of Cl2Ti(OiPr)2 by inducing aggregation [309]. Compound 280 
catalyzes the Diels-Alder reaction of acycloxazolidinone derivatives of a,^-unsaturated 

carboxylic acids with various dienes [310]. Maximum enantioselectivity is achieved by 

using mesitylene, CFCI3 or a mixture of toluene and light petroleum as solvents in the 

presence of molecular sieves. 

For example, using 10 mol% of 280, ee values of >90% and endo selectivities of 

90% can be achieved in reactions of dienophiles 281 and 282 [310a]. In other cases 

enantioselectivity is lower (64-90%), which means that this catalytic system is less 

general than the boron-based CAB catalyst or other catalysts [311]. However, the 

catalyst 280 is highly efficient in Diels-Alder reactions of l,3-oxazolidin-2-one deriva¬ 

tives of 3-borylpropenoic acids [310b]. This development is synthetically significant 

because the dienophiles are jS-hydroxyacrylic acid equivalents. The titanium catalyst 

is believed to form a rigid chelate between the two amide-carbonyl oxygen atoms. 

H,C 

0 

In a series of intriguing [2 -f 2] cycloaddition reactions between dienophiles of the 

type 281 and 282 and alkenyl or alkynyl sulfides catalyzed by the titanium species 280 



TITANIUM IN ORGANIC SYNTHESIS 251 

(10 mol%), high levels of enantioselectivity were observed {ee = 98%) [312]. Here again 

molecular sieves and non-donor solvents (toluene/light petroleum) are essential. Related 

reactions of substituted 1,4-benzoquinones with substituted styrenes using the diol 279 
under slightly different conditions provide cyclobutane derivatives having ee values of 

86-92% [313]. The importance of such reactions is related to the fact that four 

contiguous asymmetric centers are formed in a single reaction. 

SCH, 

SCH, 

282 

^5^6 ^6^5 

H3COOC 

0 

^0 

“.c. 0>0 

° VO 
HsCs 

H9C4-CEC-SCH3 
'N 0 

^5^6 ^6^5 

0-^0 
T Tici, 

0 -^0 
H5C6 

LJ-sch, 

H3« 

0 

A 
H9C4 ^SCH3 

Enantioselective hetero-Diels-Alder reactions of the glyoxylate 283 are catalyzed 

efficiently by 10 mol% of a different chiral titanium compound, dichloro-l,r-binaphtha- 

lene-2,2'-dioxytitanium, prepared from dinaphthol [314a]. Depending on the reaction 

conditions, the cisjIrons ratio 284/285 varies between 3:1 and 4:1, the ee values of the 

major product 284 being 92-96%. Substituted derivatives of the diene react similarly. 

OCH, 
0 
It 

h"^C00CH3 

(283) 

TiCl, 

OCH-, OCH, 

COOCH3 "COOCH, 

(284) (285) 

It is believed that of the two transition states leading to the cw-product 284, the 

syn-endo transition state 287 should be less favored owing to steric repulsion in the 

bulky titanium complex, and that the catalyst should complex in an anti fashion, the 

Diels-Alder reaction then proceeding through the anti-endo orientation 286 [314a]. 

H3C0 

H3C0 OCH, 

Dichloro-l,T-binaphthalene- 2,2'-dioxytitanium catalyzes the Diels-Alder reaction of 

cyclopentadiene and a-methylacryloin, but the ee value is poor (16%) [315]. However, 



M. T. REETZ 252 

ee values of up to 86% are obtained in the reaction of a-methylacryloin with electron- 

rich butadienes in the presence of molecular sieves [314b]. The same catalyst is highly 

effective in the glyoxylate-ene reaction, e.g. 288 289 [316], provided that molecular 

sieves are used. Accordingly, && values of 95—97% for the adducts 289 (R — CH3, Ph) 

are observed. 

^5^6 (283) (289) 
(288) 

The role of the molecular sieves is not to trap any moisture (as has been claimed in 

the Sharpless epoxidation [317]), but to accelerate ligand exchange in the formation of 

the catalyst [316]. Indeed, if an alternative preparation of the catalyst is used based on 

the reaction of the dilithium salt of dinaphthol with TiCl4 [315], molecular sieves are 

not necessary. The glyoxylate—ene reaction is fairly general for a variety of 1,1- 

disubstituted olefins, including methylenecyclohexane and methylenecyclopentane 

[316]. Sometimes the dibromo analog is more efficient, and as little as 1 mol% of 

catalyst can be used. In a recent mechanistic study, remarkable positive non-linear 

effects were discovered which are of great synthetic value [316b]. For example, using 

1 mol% of a catalyst derived from dinaphthol having an ce value of only 33%, an ene 

reaction product having an ee value of 91% can be obtained! 
Other chiral titanium dichlorides have been used in Diels-Alder reactions, but their 

scope and efficiency remain to be established [318]. 
The unusual chiral Lewis acid 291 catalyzes the Mukaiyama aldol addition of 

enolsilane 290, the cc values ranging between 36% and 85%, depending on the nature 

of the substituents in the enolsilane [319]. Although an optimization would be desirable, 

the results are already significant since most other efficient catalytic processes involve 

substituted prochiral enolates [320]. 

OSiRj 
HgCgCHO ♦ ^ 

SR' 

(290) 

R3Si0 0 
I n 

^5^6 SR' 

Dialkylzinc reagents add highly enantioselectively to aldehydes in the presence of 

catalytic amounts of chiral j5-amino alcohols [73]. A highly interesting alternative has 

been devised based on catalytic titanium chemistry [38b, 321]. Accordingly, the 

combination of the bis-sulfonamide 292 and Ti(OiPr)4 catalyzes the enantioselective 

addition of Et2Zn and Bu2Zn to benzaldehyde [38b, 321]. With as little as 0.0005 

equiv. of chiral ligand, ee values of 98% and nearly quantitative conversions are 

obtained. The method tolerates the presence of functional groups in the organozinc 

reagents [321b]. 
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a, 
NHSOjCF. 

HsCgCHO ♦ RjZn 

■'NHSOjCFj 

(292) 
R 

TilO'Pr), 

Although concise mechanistic studies still need to be carried out, alkyltitanium inter¬ 

mediates formed by ligand exchange are believed to be intermediates, Scheme 3.7 

[386, 321]. 

RZnOR'-TKO'Pr)^ R2Zn-Ti(0'Pr)^ 

Scheme 3.7. 

The idea of using chiral titanium compounds to catalyze dialkylzinc additions to 

aldehydes has been extended to alkoxytitanium catalysts based on the Seebach diol 188 

[322a]. These reactions are highly efficient {ee > 90%) and have been studied in great 

detail with respect to scope and limitation [322a-c]. A third version involving chiral 

N-sufonylamino alcohols in combination with Ti(OiPr)4 also shows great promise 

{ee = 90-97%) [323]. 
Tartrate-modified titanium compounds catalyze the addition of (CH3)3SiCN to 

aldehydes, the enantioselectivity being mediocre [322d]. Chirally modified Cp2Ti(IV) 

complexes have been found to be very promising as catalysts for the enantioselective 
hydrogenation of non-functionalized olefins [3221] or imines [322g] and for the 

epoxidation of non-functionalized olefins [322h9]. 
In summary, several notable titanium-based chiral catalysts have been developed for 

enantioselective C—C bond formation. Most of the reactions require judicious choices 

of ligands, solvent, temperature and/or additives. 

3.7.2 SHARPLESS EPOXIDATION 

A fundamentally important development in organic synthesis is the Sharpless en¬ 

antioselective epoxidation of allylic alcohols using tert-huty\ hydroperoxide, tetra- 

isopropoxytitanium and tartaric acid esters [324] (Scheme 3.8). In the original version 

[324], stoichiometric amounts of tartaric acid esters had to be used. However, by 

1-1 - larirole 

R" 
R' 

♦ molecular sieves 
R' OH 

R' 

!♦)-lorlrote 

Scheme 3.8. 
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working in the presence of molecular sieves which bind water, only catalytic amounts 

are necessary [317]. 
Dozens of successful examples have been reported by Sharpless and by other groups. 

Since the epoxides can be used for further ring-opening reactions using cuprates, amines, 

etc., they constitute useful chiral non-racemic synthetic vehicles. Several extensive 

reviews have appeared [325]. Table 3.1 contains a number of typical examples which 

illustrate substrate generality. The Sharpless group has recently published a definitive 

mechanistic study [326]. 

Table 3.1. Typical allylic alcohols successfully epoxidated by the 
Sharpless procedure (Scheme 3.8) 

R' ^OH 
>-< 

R R" 

Substrate ee (%) Yield (%) 

Unsubstituted; 
R ^ R' ^ R" = H 95 15 

frans-Substituted (R' = R" = H): 
R = CH3 >95 45 

R = C10H21 >95 79 

R - (CH2)3CH=CH2) >95 80 

R = MeaSi >95 60 

R = ferf-Bu >95 65 

R = Ar 95 0-90 

R = CH20CH2Ph 98 85 

>95 78-95 

^0 
R = d 1 >95 70 

HgCgCHjO 

0.. 

R= >99 76 

p.. 
>99 70 

c/s-Substituted (R = R" = H): 

R' = C10H21 90 82 
R' - CH2Ph 91 83 
R' - CH20CH2Ph 

1,1-Substituted (R = R' = H): 
92 84 

R" = cyclohexyl >95 81 

R" = C14H29 >95 51 
R" = ferf-Bu 85 60 
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Table 3.1. {continued) 

Substrate ee (%) Yield (%) 

frans-1,1,2-Substituted (R' = H): 
R == R" = CeHg >95 87 

R = C2H5, R" = CH3 >95 79 

H3COO 1 

,R" = CH3 >95 70 

R = xr°>c^ - R" = CH3 

Y-O 
>95 92 

cis= 1,1,2-Substituted (R = H): 
R' = H5C6CH2, R" = CH3 91 90 

1,2,2-Substituted (R" = H): 

R = (H3C)2C=CHCH2CH2, R' = H3C >95 77 

R = H3C, R' = (H3C)2C=CHCH2CH2 94 79 

1,1,2,2-Substituted: 
R = CgHs, R' = C6H5CH2, R" = CH3 94 90 

There are some limitations to the method, i.e. certain types of allylic alcohols cannot 

be successfully epoxidated, as shown in Table 3.2 [325]. First, some substrates react 

very slowly with poor to moderate enantioselectivity, such as certain Z-configured allylic 

alcohols and some sterically hindered compounds of other substitution patterns. Second, 

some substrates lead to epoxy alcohols stereoselectively, but the products are unstable 

to the reaction conditions. Such problems can often be solved by in situ derivatization 

prior to final work-up [317]. Third, stereoselectivity is sensitive to stereogenic centers 

already present in the substrate. In fact, kinetic resolution is possible in many instances 

[325, 327]. In terms of reagent control, this means that the mismatched cases may pose 

problems. 
In summary the titanium-tartrate asymmetric epoxidation constitutes a significant 

synthetic procedure. In spite of several limitations, it is surprisingly versatile and has 

been applied in a multitude of natural product syntheses and other preparations. 

3.8 EXPERIMENTAL PROCEDURES 

All manipulations should be carried out in dry flasks under an atmosphere of an inert 

gas (nitrogen or argon). Generally, TiC^ taken from fresh bottles can be used without 

prior purification. However, if moisture has entered the bottle, the TiCl^ should be 

distilled (b.p. 135-136 °C) and kept under nitrogen or argon. For manipulation, syringe 

techniques are best employed. The preceding sections contain information concerning 

the stability of organotitanium reagents and hints on what to avoid. Concerning 

work-up, simple quenching with water usually poses no problems. If problems with 

Ti02-containing emulsions arise, saturated solutions of NH4F or KF should be used, 

extraction times being short [8]. 



Table 3.2. Poor substrates for the Sharpless epoxidation 

Substrate Result 

Slow epoxidation, 
65% ee 

Slow epoxidation, 
25% ee 

Slow epoxidation, 
60% ee 

Slow epoxidation, 
no epoxy alcohol isolated 

Slow epoxidation using 
( — )-tartrate, 23% ee 
(2/?-enantiomer) 

No reaction using 
(—) -tartrate 

Slow epoxidation, 
67% ee using (-I-)-tartrate; 

0% ee using ( — )-tartrate 

No reaction using (-l-)-DET 

95% ee, 58% yield. 
Difficult to reproduce owing 
to lactone diol formation 

Product epoxy alcohol 
unstable to reaction 
conditions; either no 
product or only very low 
yields obtained under 
standard conditions using 
stoichiometric Ti tartrate 

OH 
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3.8.1 SYNTHESIS OF CHLOROTRIISOPROPOXYTITANIUM, CITi(OiPr)3 

[11, 12] 
A 1 1 three-necked flask equipped with a dropping funnel, magnetic stirrer and nitrogen inlet is 
charged with 213 g (0.75 mol) of tetraisopropoxytitanium. TiCl^ (47.5 g, 0.25 mol) is Jhen slowly 
added at about 0 °C. After reaching room temperature, the mixture is distilled (61-65 °C/0.1 Torr) 
to afford 247 g (95%) of product. The syrupy liquid is >98% pure and slowly solidifies at room 
temperature. Gentle warming with a heat gun results in liquid formation. This may be necessary 
during distillation to prevent clogging. Manipulation with a syringe and serum cap presents no 
problems. Alternatively, the product can be mixed with the appropriate solvent (e.g. pentane, 
toluene, diethyl ether, THF, CH2CI2) to provide stock solutions. The reagent is hygroscopic, but 
can be stored in pure form or in solution under nitrogen for months. The actual synthesis can 

also be performed in solvents. The reagent is commercially available. 

3.8.2 SYNTHESIS OF CHLOROTRIPHENOXYTITANIUM, CITi(OCeHs)3 [12] 

ClTi(OiPr)3 + SQHsOH -^ ClTi(OC6H5)3 + 3HOiPr 

To a solution of chlorotriisopropoxytitanium (71.9 g, 276 mmol) in 500 ml of toluene are added 
77.9 g (828 mmol) of phenol. The deep red solution is concentrated by distillation through a 10 cm 
Vigreux column, which removes most of the isopropanol azeotropically. The residue is distilled 
in a Kugelrohr at 250 °C/0.001 Torr to give 95.8 g (96%) of product, which crystallizes on 
cooling. A 0.26 m stock solution in THF can be kept under exclusion of air. 

This method of exchanging OR groups is fairly general, including the in situ preparation of 

derivatives with chiral OR groups. 

3.8.3 SYNTHESIS OF TETRAKIS(DIETHYLAMINO)TITANIUM, Ti(NEt2)4 

[24b] 
To a stirred solution of ethylmagnesium bromide (1.5 mmol) in diethyl ether (500 ml) [prepared 
from ethyl bromide (168.9 g, 1.55 mol) and Mg (37.7 g, 1.55 mol), Et2NH (109.7 g, 1.5 mol) 
dissolved in diethyl ether (200 ml) is added dropwise at 0 °C. When no more ethane is liberated, 
the mixture is stirred for 2 h at 20 °C and filtered through glass-wool. The solution is added 
dropwise at 0-5 °C to a vigorously stirred suspension of TiCl4-2THF (83.0 g, 0.25 mol) in benzene 
(250 ml). After the addition, the stirring is continued for 1 h at 0 °C, 2 h at room temperature and 
2 h at reflux. The precipitated magnesium salts are filtered and washed with diethyl ether (100 ml). 
To the combined organic solutions dioxane (150 ml) is added slowly to precipitate the magnesium 
halides as sparingly soluble dioxane addition complexes. The solvents are removed from the 
filtrate by distillation in vacuo. The residue is distilled at low pressure through a 20 cm Vigreux 
column, affording 33-42 g (40-50%) of product, b.p. 112 °C/0.3 mbar. NMR (benzene-^ig): 

3 = 45.45 (CH2), 15.67 ppm (CH3). 

3.8.4 SYNTHESIS OF CHLOROTRIS(DIETHYLAMINO)TITANIUM, 

CITi(NEt2)3 [24a] 

A mixture of diethylamine (73.1 g, 1.0 mol) and lithium (7.7 g, 1.1 mol) in dry diethyl ether (400 ml) 
is heated at reflux temperature under an atmosphere of nitrogen. A solution of styrene (52.1 g, 
0.5 mol) in diethyl ether (150 ml) is slowly added over a period of 2 h. The mixture is refluxed for 
an additional 30 min, and then cooled to 0 °C. At 0 °C, a solution of TiC^ (63.3 g, 0.33 mol) in 
toluene (150 ml) is added, the mixture refluxed for 1 h and the solvent stripped off. Vacuum 
distillation affords the desired reagent; yield, 72-76 g (73-77%); b.p. 94-96 °C/0.02 Torr. 

Lithium diethylamide can also be conveniently prepared by treatment of diethylamine with 
n-butyllithium. Treatment with TiC^ as above then affords ClTi(NEt2)3 in similar yield. 
An analogous procedure using dimethylamine affords chlorotris(dimethylamino)titanium, 

ClTi[N(CH3)2]3; b.p. 82-83 °C/0.01 Torr [23]. 
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3.8.5 SYNTHESIS OF DICHLORODIISOPROPOXYTITANIUM, Cl2Ti(OiPr)2 
(41) in solution [11, 328] 

The solution of 71 g (0.25 mol) of tetraisopropoxytitanium in 350 ml of diethyl ether is treated 
with 47.5 g (0.25 mol) of TiC^ at 0 °C. After stirring for 1 h, diethyl ether is added to a total 
volume of 0.5 1. This stock solution is 1 m and can be kept in the refrigerator under nitrogen. The 
same reaction occurs in CH2CI2. The compound can also be obtained as a solid [316] (see 
procedure for catalytic asymmetric glyoxylate-ene rection below). 

3.8.6 SYNTHESIS AND CARBONYL ADDITION REACTIONS OF 
TRICHLOROMETHYLTITANIUM ETHERATE, CHsTiCIs-ETHERATE [13] 

TiCl4 (1.9 g, 10 mmol) is added by a syringe to about 50 ml of cooled ( —78°C) diethyl ether, 
resulting in partial precipitation of the yellow TiC^-etherate. The equivalent amount of methyl- 
lithium or methylmagnesium chloride in diethyl ether is slowly added, causing the color change to 
black-purple. This mixture of CHjTiCla-etherate is allowed to warm to about — 30 °C. Then an 
aldehyde (9 mmol) is added and the mixture is stirred for 2 h. In the case of ketones, the mixture 
is stirred for 2-5 h, during which the temperature is allowed to reach 0 °C. In the case of sensitive 
polyfunctional ketones, it may be better to add the reagent to a cooled solution of substrate. In 
all cases the cold reaction mixture is poured on to water. In rare cases a Ti02-containing emulsion 
may form, in which case a saturated solution of NH^F should be used. Following the usual 
work-up (diethyl ether extraction, washing with water, drying over MgSOJ, the products are 
isolated by standard techniques, generally chromatography or Kugelrohr distillation. 

3.8.7 SYNTHESIS OF ETHER-FREE TRICHLOROMETHYLTITANIUM, 
CHjTiCIs [17] 

In a dry 100 ml flask equipped with a nitrogen inlet, 8.35 g (4.8 ml, 44 mmol) of clean TiC^ are 
mixed with 80 ml of dry CH2CI2. After cooling to —30 °C, 22 mmol of (CH3)2Zn (e.g. 5.5 ml of 
a 4 M CH2CI2 solution [39]) are slowly added via a syringe with stirring. CHjTiClj is formed 
quantitatively along with precipitated ZnCl2. This solution is used for in situ reactions, although 
CHjTiClj can be distilled [6]. Neat dimethylzinc is pyrophoric, although solutions in di- 
chloromethane can be handled safely [39]. 

3.8.8 SYNTHESIS OF ETHER-FREE DICHLORODIMETHYLTITANIUM, 
(CH3)2TiCl2 [39] 

The procedure as above is used except that 44 mmol of (CH3)2Zn are employed. Since (CH3)3TiCl2 

is less stable than CH3TiCl3, the solution should be used in reactions as soon as possible. The 
reaction can also be carried out in pentane [6c]. 

3.8.9 SYNTHESIS AND CARBONYL ADDITION REACTIONS OF 
TRIISOPROPOXYMETHYLTITANIUM, CH3Ti(OiPr)3 (7) [11, 12, 48] 

Method A A 2 1 three- necked flask equipped with a dropping funnel and magnetic stirrer is 
charged with 250 ml of diethyl ether and 130.3 g (0.50 mol) of chlorotriisopropoxytitanium (see 
above) and cooled to —40 °C. The equivalent amount of methyllithium (e.g. 312.5 ml of a 1.6 m 
diethyl ether solution) is slowly added and the solution is allowed to warm to room temperature 
within 1.5 h. The solvent is removed in vacuo and the yellow product distilled directly from the 
precipitated lithium chloride at 48-53 °C/0.01 Torr; yield 113 g (94%). NMR (CCIJ: 5 (ppm) 
0.5 (s, 3H), 1.3 (d, 18H), 4.5 (m, 3H). The compound is air sensitive, but can be kept under nitrogen 
in a refrigerator for weeks or months. On standing, slow crystallization begins, which can be 
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reversed by gentle warming with a heat gun. Stock solutions can be prepared by mixing with the 
desired solvent. 

Method B The above procedure is applied on a smaller scale (10-100 mmol, as needed 
for immediate use), but the diethyl ether solution of CH3Ti(OiPr)3 containing precipitated lithium 
chloride is used for carbonyl additions without any further treatment or purification (see below). 

Addition of CH2Ti(OiPr)3 to 6-Oxo-6-phenylhexanal (35) [11] 

The solution of 1.9 g (10 mmol) of 6-oxo-6-phenylhexanal (35) in 40 ml of THF is treated with 
2.4 g (10 mmol) of distilled CH3Ti(OiPr)3 at —78 °C. The cooling bath is removed and stirring 
is continued for 6 h. The reaction mixture is poured on to dilute HCl, diethyl ether is added and 
the aqueous phase is extracted with diethyl ether. The combined organic phases are washed with 
water and dried over MgSO^. The solvent is removed and the residue distilled in a Kugelrohr 
(220 °C/0.02 Torr); yield 1.65 (80%) of the adduct (36). An in situ reaction mode leads to the same 

result. 

Addition of CH2Ti(OiPr)2 to 3-Nitrobenzaldehyde [16] 

A dry, 500 ml three-necked flask equipped with a pressure-equalizing 100 ml dropping funnel, 
argon inlet and magnetic stirrer is evacuated and flushed with argon (three cycles). The flask is 
charged with 16.0 ml (57.7 mmol) of tetraisopropoxytitanium via a plastic syringe and hypodermic 
needle and 2.1 ml (19.2 mmol) of TiC^ is added over 5 min, with gentle cooling of the flask in 
an ice-water bath, to give a viscous oil. After the addition of 70 ml of THF, the clear solution is 
stirred at room temperature for 30 min. The dropping funnel is charged with 62 ml (77 mmol, 
1.24 M in hexane) of methyllithium, which is added to the cooled (ice bath) THF solution over a 
period of 25-30 min. During the addition the resulting suspension changes from orange to bright 
yellow. After stirring at ice-bath temperature for 1 h, a solution of 10.6 g (70 mmol) of 3-nitro- 
benzaldehyde in 60 ml of THF is added from the dropping funnel within 20—25 min at the same 
temperature. The mixture is stirred at 0-5 °C for 1 h and then 60 ml of 2 m hydrochloric acid 
are added. The organic phase is separated in a separating funnel and the aqueous phase is extracted 
with three 150 ml portions of diethyl ether. The combined organic phases are washed with 100 ml 
of saturated NaHC03 solution and 100 ml of saturated NaCl solution and then dried over 
anhydrous MgS04. After filtration the solution is concentrated on a rotary evaporator and dried 
at 0.1 mmHgfor 1 h. The residue, 11.0-11.1 g(94-95%) ofan orange-brown viscous oil, sometimes 
solidifies on standing (m.p. 55-60 °C); the purity of the crude product is at least 95% (estimated 
by ^H NMR). The product (3'-nitro-l-phenylethanol) can be purified by short-path distillation 
at 120-125 °C (0.15 mmHg) to give 9.9-10.4 g (85-89%) of a yellow oil, which solidifies on standing 
at room temperature or at —30 °C in a freezer; m.p. 60.5-62.0 °C. 

3.8.10 GENERAL PROCEDURE FOR THE FORMATION AND ALDEHYDE 
ADDITION OF VINYLTITANIUM REAGENTS [57] 

A solution (1.5 m) of tcrt-butyllithium (5 mmol) in hexane is cooled to -78 °C under N2 and 
vinyl bromide (2.5 mmol) in 3 ml of freshly distilled diethyl ether is added dropwise over 5 min. 
An immediate precipitate of LiBr forms and the mixture is stirred at —78 °C for 20 min. A 1 m 

solution of ClTi(OiPr)3 (2.5 ml) in hexane is then added and the solution, which turns brown 
immediately, is stirred for 20 min. The aldehyde (1 mmol) is added and the reaction mixture stirred 
at — 78 °C until the disappearance of the aldehyde is apparent by TLC (8 h maximum). After 
quenching with saturated NH4C1-Et20 (33 ml, 1:10), the ether layer is decanted. Two fresh 
portions of diethyl ether are similarly employed to complete extraction of the product(s). The 
combined ethereal solutions are dried, concentrated and the residue purified by chromatography 

(Si02), to afford the expected allylic alcohol. 
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3.8.11 GENERAL PROCEDURE FOR FORMATION AND CARBONYL 
ADDITION OF THE ALLYLTITANIUM ATE COMPLEX 
CH2=CHCH2Ti(OiPrhMgCI (52) [11] AND THE CROTYLTITANIUM ATE 
COMPLEX CH3CH=CHCH2Ti(OiPr)4MgCI (123) [75] 

A solution of 18 mmol of allylmagnesium chloride in about 40 ml of THF is treated with 5.68 g 
(20 mmol) of tetraisopropoxytitanium at —78 °C. The formation of the orange ate complex 52 
is complete after 30 min. Addition of aldehydes ( — 30 °C/1 h) or ketones (—10 °C/l-2 h) results 
in 85-95% conversion. The reaction mixtures are poured on to dilute HCl, diethyl ether is added 
and the aqueous phase is extracted three times with diethyl ether. The combined organic phases 
are washed with water and dried over MgSO^. In the case of di- or polyfunctional molecules, 
the solution containing 52 should be added to the substrate (reversed reaction mode). Using 
crotylmagnesium chloride as a mixture of regio- and stereoisomers, the same protocol is followed 

to synthesize and react the ate complex 123. 

3.8.12 GENERAL PROCEDURE FOR THE TITANATION OF CARBANIONS 
AND IN S/rty CARBONYL ADDITION REACTIONS [11] 

Standard techniques employing n-butyllithium or lithium diisopropylamide (LDA) are used to 
lithiate CH-acidic compounds. For example, the solution of 0.82 g (20 mmol) of acetronitrile in 
50 ml of THF is treated with 11 ml of 1.8 m n-butyllithium solution at —78 °C. After 1 h, 0.52 g 
(20 mmol) of chlorotriisopropoxytitanium or 0.66 g (22 mmol) of chlorotris(diethylamino)titanium 
are added and the mixture is stirred for about 45 min at the same temperature, producing reagent 
25 in > 90% yield. An aldehyde (19 mmol) is added and the mixture is stirred for 2 h and workedup 
up in the usual way. 

Methyl phenyl sulfone is lithiated by slow addition of n-butyllithium at 0 °C. Stirring is 
continued for 30 min and the solution cooled to —78 °C, followed by treatment with ClTi(OiPr)3; 
the temperature is then allowed to reach — 40°C, which leads to reagent 23. After cooling 
to —78 °C, an aldehyde or a ketone is added and the stirred solution is allowed to thaw to room 
temperature over a period of 3 h. The usual work-up affords the carbonyl addition product in 

80-95% yield. 
Ethyl acetate is lithiated in THF using LDA at — 78°C; titanation by ClTi(OiPr)3 occurs 

(0.5 h) at the same temperature to produce the triisopropoxytitanium enolate of the ethyl ester. 
Aldol addition to aldehydes generally sets in at —78 to —30 °C within 2 h; ketones require 3^ h 

(at -78 to 0°C). 
A 10% excess of organometallic reagent is used in all cases. Sometimes a two- or threefold 

excess of titanating agent, TKOiPr)^ or ClTi(OiPr)3, is necessary to maximize chemo- or 
stereoselectivity [45, 69]. 

3.8.13 GENERAL PROCEDURE FOR THE FORMATION AND KETONE 
ADDITION REACTIONS OF CROTYLTRIS(DIETHYLAMINO)TITANIUM (124) [11] 

A solution of 3.29 g (11 mmol) of ClTi(NEt2)3 (see above) in 50 ml of THF is treated with 10 mmol 
of crotylmagnesium chloride as a mixture of regio- and stereoisomers in THF at 0 °C. The solution 
is allowed to reach room temperature and is then cooled to —78 °C. A ketone (9 mmol) is added, 
the mixture is stirred for 2-3 h and then poured on to dilute HCl. Extraction with diethyl ether 
followed by the usual work-up affords the desired alcohols in 75-85% yield. 

3.8.14 GENERAL PROCEDURE FOR THE FORMATION AND ALDEHYDE 
ADDITION REACTION OF THE (ETHYLTHIO)ALLYTITANIUM ATE 
COMPLEX EtSCH=CHCH2Ti(OiPr)4Li (128) [79] 

To a solution of allyl ethyl sulfide (0.245 g, 2.4 mmol) in dry THF (8 ml) is added tert-butyllithium 
(2.4 mmol) dropwise at — 78°C and the orange mixture is stirred at 0°C for 30 min. Tetra- 
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isopropoxytitanium (0.71 ml, 2.4 mmol) is added at —78 °C. After stirring for 10 min, an aldehyde 
(2 mmol) is added over a period of 5 min at —78 °C and the mixture is stirred at —78 C for 
10 min and then at 0 °C for 1 h. After the usual work-up, the product is purified by column 
chromatography to give the anti-configured adducts with 99% diastereoselectivity and 87—98% 
yield. 

3.8.15 GENERAL PROCEDURE FOR THE DIASTEREOSELECTIVE 
HOMO-ALDOL ADDITION BASED ON TITANATED 
(E)-3-BUTENYL-N,N-DIISOPROPYLCARBAMATES (133 and 134) 
[114] 

To a solution of (£)-2-butenyl iV,Ar-diisopropylcarbamate (21.6 g, 0.108 mol) and tetramethylethy- 
lenediamine (TMEDA) (13.9 g, 0.12 mol) in dry ethyl ether (300 ml) in a dry nitrogen atmosphere 
kept in a dry-ice—acetone bath below —65 °C, a solution of 1.62 m n-BuLi in hexane (73.5 ml, 
0.119 mol) is added dropwise. Stirring of the light yellow suspension is continued for 30 min before 
the titanium reagent is added below — 60°C: (Method A) chlorotris(diethylamino)titanium 
(43.1 g, 0.132 mmol) or (Method B) tetraisopropoxytitanium (169.9 g, 0.60 mol). The solution is 
stirred for 50 min, and an aldehyde (0.1 mol) is introduced. Stirring is continued for 15 h 
below — 70 °C; the reaction mixture is allowed to warm to —50 °C, and is poured into 5 m HCl 
(300 ml) and diethyl ether (500 ml). The aqueous layer is extracted with diethyl ether (3 x 200 ml) 
and the combined ethereal solutions are washed with 2 m HCl (100 ml), saturated aqueous 
NaHCOj solution (200 ml) and brine (200 ml). After drying (Na2S04) and evaporation of the 
solvent in vacuum, the residue is purified by chromatography on silica gel (1000 g) with diethyl 
ether-pentane (1:4 to 1:1) as eluent. 

3.8.16 GENERAL PROCEDURE FOR THE TiCU-MEDIATED 
CHELATION-CONTROLLED GRIGNARD-TYPE ADDITION TO 
ALKOXYALDEHYDES [119] 

A solution of 5.0 mmol of an a- or j5-alkoxyaldehyde (92, 94 or 96) in 50 ml of dry CH2CI2 is 
slowly treated with TiCU (0.95 g, 5.0 mmol) at -78 °C. After 5 min, dialkylzinc (5.0 mmol), neat 
or as a CH2CI2 solution, is added and the mixture is stirred for 2-3 h. In most cases work-up 
can then begin. However, if the TiCl^-aldehyde complex partially precipitates, the final reaction 
mixture should be allowed to warm slowly to -35 °C. The mixture is poured onto 50 ml of 
water and extracted several times with diethyl ether. The combined organic phases are washed 
with NaHCOa and NaCl solutions and dried over MgSO^. Following removal of solvents, the 
residue is purified by standard techniques (chromatography or Kugelrohr distillation). The 
conversion is >90%. 

3.8.17 GENERAL PROCEDURE FOR THE TiCU-MEDIATED 
CHELATION-CONTROLLED ALDOL ADDITION TO 
ALKOXYALDEHYDES [119, 122] 

As above, 5.0 mmol of the alkoxyaldehyde in 50 ml of dry CH2CI2 are treated with 5 mmol of 
TiCL at -78 °C. After 5-10 min, 5 mmol of an enolsilane are added using a syringe. In the case 
of the more reactive ketene ketals, cooled ( — 78 “C) CH2CI2 solutions are added to the aldehyde- 
Lewis acid complex. After addition is complete, the mixture is stirred for an additional 1-2 h. 
Sometimes the initially formed aldehyde-Lewis acid complex precipitates. In these cases final 
stirring (after the enolsilane has been added) is prolonged (up to 5 h) and/or the temperature 
is raised to — 50 or even — 20 °C. The reaction is always complete within 30 min after the solution 
has become homogeneous (very often within 1—2 min!). The mixture is then poured on to water, 
extracted twice with diethyl ether and the combined organic phases are neutralized with NaHCOj 
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solution. In the case of acid-sensitive products, saturated NaHC03 solution is poured on to the 
reaction mixture. After drying over MgS04 the solvent is stripped off and the crude product 
worked up in the usual way. The conversion is >85% in all cases. The same applies to reactions 

on a 10-20 mmol scale. 

3.8.18 NON-CHELATION-CONTROLLED ADDITION OF CH3Ti(OiPr)3 (7) TO 

a-ALKOXYALDEHYDES [119] 

A solution of a-alkoxyaldehyde 92 (5.0 mmol) in 25 ml of THF, diethyl ether, CH2CI2 or n-hexane 
is treated with distilled CH3Ti(OiPr)3 (1.32 g, 5.5 mmol) at -30 °C for 3 d. The mixture is poured 
on to 50 ml of saturated NH4F solution, extracted several times with diethyl ether, washed with 
NaCl solution and dried over MgS04. The solvents are removed and the residue is Kugelrohr 
distilled, delivering 80-90% of product. Non-chelation control is highest if hexane is the solvent. 

3.8.19 GENERAL PROCEDURE FOR HOMO-ALDOL ADDITIONS BASED 
ON ALKOXYTITANIUM HOMOENOLATES DERIVED FROM 
SILOXYCYCLOPROPANES [94] 

Formation of alkyl-3-(trichlorotitanio)propionates (73) 

To a water-cooled solution of TiCl4 (110 pi, 1.0 mmol) in 2.0 ml of hexane is added a 1-alkoxy- 
1-siloxycyclopropane, e.g. 72 (R = iPr) (1.0 mmol) at 21 °C during 20 s. The initially formed 
milky white mixture turns brown in 10 s, and finally deep purple microcrystals precipitate. Heat 
evolution continues for several minutes. The mixture is allowed to stand for 30 min; NMR analysis 
of the supernatant reveals the quantitative formation of chlorotrimethylsilane (with 1,1,2,2- 
tetrachloroethane as an internal standard). The supernatant is removed with a syringe and the 
crystals are washed three times with hexane. The homoenolate 73 (R = iPr) weighs 223 mg (83%). 
This procedure can be scaled up to the 10 g level without modification. Recrystallization from 
CH2Cl2-hexane gives an analytical sample as thin, deep purple needles. The titanium alkyl melts 
at 90-95 °C with a color change to reddish brown, and sublimes with some decomposition at 
90-110 °C/0.005 Torr. 

Reaction of the alkoxide-modified homoenolate 

The purified homoenolate 73 (1.5 mmol) is dissolved in 3 ml of CH2CI2 at 0 °C and Ti(OiPr)4 

(0.75 mmol) is added. After 5 min, 1 mmol of a carbonyl compound is added. The mixture is 
stirred for 1 h (up to 18 h in the case of bulky ketones). The mixture is poured into a stirred 
mixture of diethyl ether and water. After 10 min, the ethereal layer is separated and the aqueous 
layer is extracted three times with diethyl ether. The combined extract is washed with water, 
aqeous NaHC03, and saturated NaCl. After drying and concentration, the pfoduct is purified 
to obtain the desired 4-hydroxy ester or lactone. For unreactive substrates, 2 equiv. of 73 and 1 
equiv. of Ti(OiPr)4 are used. For unreactive ketones, Ti(OtBu)4 should be employed. 

3.8.20 TYPICAL PROCEDURE FOR THE MUKAIYAMA ALDOL ADDITION [92a] 

A solution of 1-trimethylsiloxycyclohexene (0.426 g, 2.5 mmol) in 10 ml of dry CH2CI2 is added 
dropwise to a solution of benzaldehyde (0.292 g, 2.75 mmol) and TiC^ (0.55 g, 2.75 mmol) in 
CH2CI2 (20 ml) under an argon atmosphere at — 78°C. The mixture is stirred for Ih and 
hydrolyzed at that temperature. Following extraction with diethyl ether, washing with water and 
drying over Na2S04, the solution is concentrated and the residue is purified by column 
chromatography on Si02 using CH2CI2 to afford 115 mg (23%) of eryt/!ro-2-(hydroxyphe- 
nylmethyl)cyclohexanone (m.p. 103.5-105.5 °C from 2-propanol) and 346 mg (69%) of the threo 
isomer (m.p. 75% from n-hexane-diethyl ether). 
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3.8.21 TYPICAL PROCEDURE FOR THE SYN-SELECTIVE 
TiCU/NRa-MEDIATED ALDOL ADDITION OF CARBONYL COMPOUNDS TO 

ALDEHYDES [181] 

TiCU (1.1 equiv.) is added dropwise to a 0.2 m solution of 1.0 equiv. of the ketone or carboxylic 
acid derivative in CH2CI2 at —78 °C under N2, giving a yellow slurry. After 2 min, 1.2 equiv. of 
either EtjN or EtN(iPr)2 are added dropwise, and the resulting deep red solution is stirred 
at —78 °C under N2 for 1.5 h. After the dropwise addition of isobutyraldehyde (1.2 equiv.), stirring 

is continued at —78 °C for 1.5 h. The reaction is terminated by addition of 1:1 v/v of saturated 
aqueous NH4CI, the mixture is warmed to ambient temperature and the product is isolated by 

a conventional extraction. The syn selectivity is 90-99%. 

3.8.22 TYPICAL PROCEDURE FOR THE TiCU-MEDIATED KNOEVENAGEL 
CONDENSATION [98a] 

To a stirred solution of 200 ml of dry THE is added TiCl^ (11 ml, 100 mmol) in 25 ml of dry 
CCI4 at 0 °C, which leads to a flaky yellow precipitate. An aldehyde (50 mmol) and a CH-acidic 
methylene compound such as a malonic acid ester, acetoacetic ester or nitroacetic acid ester 
(50 mmol) are added in pure form or as a THE solution. Dry pyridine (16 ml, 200 mmol) or 
N-methylmorpholine (22 ml) in 30 ml of THE is slowly added to the stirred mixture within 1—2 h. 
The mixture is stirred at 0 °C (or 23 °C) for 16-24 h and diluted with 50 ml of diethyl ether. The 
usual work-up and purification (distillation or recrystallization) afford the Knoevenagel products 
in yields of 40-95%. Ketones react similarly at 23 °C/1 d [98b]. 

3.8.23 TYPICAL PROCEDURE FOR THE CITi(OiPr)3-MEDIATED 
KNOEVENAGEL CONDENSATION [183] 

Procedure A A suspension of 0.25 g (10.5 mmol) of freshly washed (THE) NaH containing no 
NaOH or Na20 in 30 ml of THE is treated with 2.24 g (10.0 mmol) of ethyl (diethoxyphos- 
phoryl)acetate (145) at room temperature and the mixture stirred until an almost clear solution 
forms. It is refluxed for 1 h, cooled to -78 °C and treated with 2.73 g (10.5 mmol) of chloro- 
triisopropoxytitanium. The cooling bath is removed and the mixture stirred for 1.5 h at room 
temperature. After the addition of an aldehyde (9.5 mmol), the mixture is stirred at room 
temperature for 4 h (overnight in the case of 4-methoxybenzaldehyde) and poured on to dilute 
hydrochloric acid. The aqueous phase is extracted twice with diethyl ether and the combined 
organic phase is washed with water and dried over MgS04. After stripping off the solvent, the 
crude product is distilled using a Kugelrohr. Z-configured vinyl phosphonates 147 are obtained 
in 57-62% yield. Transesterification occurs under the reaction conditions. 

Procedure B A mixture of 5.2 g (20 mmol) of chlorotriisopropoxytitanium, 2.24 (10.0 mmol) 
of ethyl (diethoxyphosphoryl)acetate (145) and 10.0 mmol of an aldehyde in 30-40 ml of THE is 
treated with 2.02 g (20 mmol) of triethylamine at 0 °C. The amine hydrochloride precipitates and 
the mixture is stirred at 0 °C for 2-3 h, followed by work-up according to Procedure A. 
Procedure B can be applied to the Knoevenagel condensation of malonic acid esters with 

aldehydes. 

3.8.24 GENERAL PROCEDURE FOR TiCU-MEDIATED ALLYLSILANE 
ADDITIONS TO ALDEHYDES AND KETONES [105] 

To a solution of a carbonyl compound (2 mmol) and CH2CI2 (3 ml) is added TiCl4 (1 mmol) 
dropwise with a syringe at room temperature under nitrogen. An allylsilane (2 mmol) is then 
added rapidly and the mixture is stirred for 1 min (aldehyde additions) or 3 min (ketone additions). 
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The usual aqueous work-up affords 50-91% of the homo-allylic alcohols. The reaction can also 
be carried out at low temperatures [105, 127], 

3.8.25 TYPICAL PROCEDURE FOR THE TiCU-MEDIATED ADDITION OF 
METHYL ISONITRILE TO CARBONYL COMPOUNDS [97] 

A solution of TiC^ (1.1 ml, 10 mmol) in 40 ml of dry CH2CI2 is treated with methyl isonitrile 
(0.57 ml, 10 mmol) at —5 to 0 °C. A white solid precipitates, and the mixture is stirred for 2 h at 
0 °C, forming reagent 75 (R = CH3). After cooling to — 60°C, heptanal (1.14 g, 9.5 mmol) is 
added. The temperature is allowed to reach 0 °C, which results in a homogeneous solution. It is 
treated with 25 ml of 2 m HCl and stirred for 1.5 h. The organic phase is separated and the 
NaCl-saturated aqueous phase is extracted with CH2CI2. The combined organic phases are 
washed with saturated NaCl solution and dried over MgS04. On removal of the solvent, 1.45 g 
(96%) of Af-methyl-2-hydroxyheptanoic acid amide (76); R = CH3, R' = n-C6Hi3) are obtained 
(m.p. 109.5-110 °C). 

3.8.26 PREPARATION OF THE CHIRAL TITANATING AGENT 
[(4R,5R)-2,2-DIMETHYL-1,3-DIOXOLAN-4,5- 
BIS(DIPHENYLMETHOXY)]CYCLOPENTADIENYL- 

CHLOROTITANATE (189) [206, 207] 

A solution/suspension of freshly sublimed cyclopentadienyltrichlorotitanium, 11 g (50 mmol) in 
400 ml of diethyl ether (distilled over Na-benzophenone), is treated with 23.3 g (50 mmol) of 
(4/?,5R)-2,2-dimethyl-4,5- [bis(diphenylhydroxymethyl)]-l,3-dioxolane (188) under argon in the 
absence of moisture. After 2 min at room temperature, a solution of NEt3 (12.65 g, 110 mmol) in 
125 ml of diethyl ether is added dropwise to the stirred mixture within 1 h (efficient stirring is 
essential). After further stirring for 12 h, Et3N-HCl (13.8 g) is filtered off under argon and washed 
three times with ca 50 ml of diethyl ether. This stock solution (610 ml) is assumed to be 82 mvi 
and can be used directly if desired. 

For isolation of the complex 189, the stock solution is concentrated under reduced pressure to 
ca 75 ml and 300 ml of hexane are added. After stirring for 30 min, the suspension is filtered and 
the residue is washed three times with 10 ml of hexane, yielding 26.8 g (87%) of analytically pure 
product 189. 

3.8.27 TYPICAL PROCEDURE FOR THE ENANTIOSELECTIVE ALLYLATION 
OF ALDEHYDES USING [4R,5R)-2,2-DIMETHYL-1,3-DIOXOLAN-4,5- 
BIS(DIPHENYLMETHOXY)]CYCLOPENTADIENYL CHLOROTITANATE (189) 
[206] 

A 5.3 ml volume of a 0.8 m solution of allylmagnesium chloride in THF (4.25 mmol) is added 
dropwise within 10 min at 0 °C under argon to a solution of [(4R,5R)-2,2- dimethyl-1,3-dioxolane- 
4,5-bis(diphenylmethoxy)]cyclopentadienyl chlorotitanate (189) (3.06 g, 5 mmol) in 60 ml of di¬ 
ethyl ether. After stirring for 1.5 h at 0 °C the slightly orange suspension is cooled to —74 °C and 
treated within 2 min with benzaldehyde (403 mg, 3.8 mmol, dissolved in 5 ml of diethyl ether). 
The mixture is stirred for 3 h at — 74°C. After hydrolysis with 20 ml of aqueous 45% NH4F 
solution and stirring for 12 h at room temperature, the reaction mixture is filtered over Celite 
and extracted twice with diethyl ether (50 ml). The combined extracts are washed with brine, 
dried with MgS04 and concentrated. The solid residue is stirred with 50 ml of pentane. Subsequent 
filtration furnishes 1.54 g of crude alcohol and 1.68 g of white crystalline material (ligand 188). 
Chromatography [200g of silica gel, CH2Cl2-hexane-diethyl ether (4::4;1)] affords 521 mg 
(93%) of (S)-l-phenyl-3-buten-l-ol having an ee value of 95%. 
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3.8.28 TYPICAL PROCEDURE FOR THE TiCU-MEDIATED CONJUGATE 
ADDITION OF ENOLSILANES [210] 

A 500 ml three-necked flask is fitted with a mechanical stirrer, rubber septum and a two-way 
stopcock which is equipped with a balloon of argon gas. To the flask is added 100 ml of dry 
CH2CI2, and the flask is cooled in a dry-ice-acetone bath. TiC^ (7.7 ml) is added by syringe 
through the septum. The septum is removed and replaced by a 100 ml pressure-equalizing 
dropping funnel containing a solution of 11.2g of isopropylideneacetophenone in 30 ml of 
CH2CI2. This solution is added over 3 min and the mixture is stirred for 4 min. A solution of 
13.5 g of the enolsilane of acetophenone in 40 ml of CH2CI2 is added dropwise with vigorous 
stirring over 4 min and the mixture is stirred for 7 min. The reaction mixture is poured into a 
solution of 22 g of Na2C03 in 160 ml of water with vigorous magnetic stirring. The resulting 
white precipitate is removed by filtration through a Celite pad and the precipitate is washed with 
CH2CI2. The organic layer of the filtrate is separated and the aqueous layer is extracted with 
two 40 ml portions of CH2CI2. The combined organic extracts are washed with 60 ml of brine 
and dried over sodium sulfate. The CH2CI2 solution is concentrated in a rotary evaporator and 
the residue is passed through a short column of silica gel (Baker 200 mesh, 400 ml) using 1.5 1 of 
a 9 :1 (v/v) mixture of hexane and ethyl acetate. The eluent is condensed and distilled; the first 
fraction (b.p. 81-85 °C/0.6 mmHg, 2.04 g) is a mixture of isopropylideneacetophenone and 
acetophenone; the second fraction (b.p. 85-172 °C/0.6 mmHg, 0.42 g) is a mixture of the above 
substances and the desired product; the third fraction (b.p. 172-178 °C/0.6 mmHg) gives 
14.0-15.2 g (72-78%) of 3,3-dimethyl-l,5-diphenylpentane-l,5-dione. 

3.8.29 TYPICAL PROCEDURE FOR THE TiCU-MEDIATED CONJUGATE 
ADDITION OF ALLYLSILANES [209] 

A 2 1 three-necked, round-bottomed flask is fitted with the dropping funnel, mechanical stirrer 
and reflux condenser attached to a nitrogen inlet. In the flask are placed 29.2 g (0.20 mol) of 
benzalacetone and 300 ml of CH2CI2. The flask is immersed in a dry-ice-methanol bath (-40 °C) 
and 22 ml (0.20 mol) of TiC^ are slowly added by syringe to the stirred mixture. After 5 min, a 
solution of 30.2 g (0.26 mol) of allyltrimethylsilane in 300 ml of CH2CI2 is added dropwise with 
stirring over 30 min. The resulting red-violet reaction mixture is stirred for 30 min at — 40°C, 
hydrolyzed by addition of 400 ml of water and, after the addition of 500 ml of diethyl ether with 
stirring, allowed to warm to room temperature. The nearly colorless organic layer is separated 
and the aqueous layer is extracted with three 500 ml portions of diethyl ether. The organic layer 
and ether extracts are combined and washed successively with 500 ml of saturated sodium 
hydrogencarbonate and 500 ml of saturated NaCl, dried over anhydrous Na2S04 and evaporated 
at reduced pressure. The residue is distilled under reduced pressure through a 6 in Vigreux column 
to give 29.2-30.0 g (78-80%) of 4-phenyl-6-hepten-2-one; b;p. 69-71 °C (0.2 mmHg). 

3.8.30 TYPICAL PROCEDURE FOR THE METHYLENATION OF OLEFINS 

USING CHzBrz/TiCU/Zn [239, 240] 

Into a 11 round-bottomed flask fitted with a magnetic stirrer and a pressure-equalizing dropping 
funnel connected to a nitrogen line are placed 28.75 g (0.44 mol) of activated zinc powder (L. F. 
Fieser, M. Fieser, Reagents for Organic Synthesis, Vol. I, p. 1276, Wiley, New York, 1967), 250 ml 
of dry THF and 10.1 ml (0.144 mol) of dibromomethane. The mixture is stirred and cooled in a 
dry-ice-acetone bath at -40 °C. To the stirred mixture is added dropwise 11.5 ml (0.103 mol) of 
TiCU over 15 min. The cooling bath is removed and the mixture is stirred at 5 °C (cold room) 
for 3 days under a nitrogen atmosphere. A reasonable rate of stirring must be maintained as the 
mixture thickens, but too fast a rate causes splashing up to the neck of the flask. The dark grey 
slurry is cooled with an ice-water bath and 50 ml of dry CH2CI2 are added. To the stirred mixture 
are added 15.4 g (0.1 mol) of (-E )-isomenthone (219) in 50 ml of dry CH2CI2 over 10 min. The 
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cooling bath is removed and the mixture is stirred at room temperature (20 °C) for 1.5 h. The 
mixture is diluted with 300 ml of pentane and a slurry of 150 g of NaHCOj in 80 ml of water is 
added cautiously over 1 h. It is necessary to add the slurry dropwise at the beginning, allowing 
the effervescence to subside after each drop. After the initial vigorous effervescence, larger portions 
can be added. During this part of the addition, the stirrer becomes ineffective and gentle shaking 
by hand is continued until effervescence ceases. The residue is washed three times with 50 ml 
portions of pentane. The combined organic solutions are dried over a mixture of 100 g of Na2S04 

and 20 g of NaHCOj, filtered through a sintered-glass funnel and the solid desiccant is thoroughly 
washed with pentane. The solvent is removed at atmospheric pressure by flash distillation through 
a column (40 cm x 2.5 cm i.d.) packed with glass helices. The liquid residue is distilled to give 
( + )-3-methylene-cw-p-menthane (220) as a clear, colorless liquid, b.p. 105-107 °C/90 mmHg, 
13.6 g, 89% yield. 

The reagent must be kept cold at all times because at room temperature the active reagent 
slowly decomposes and the mixture darkens considerably. Once prepared, the reagent can be 
stored at — 20 °C (freezer) in a well sealed flask without a significant loss of activity. A sample 
stored in this way for 1 year showed only a slight (5-10%) loss of activity. The molar activity of 
the active reagent is equivalent to the TiC^ molarity (determined by reaction with excess of 
ketone followed by GLC analysis); however, an increase in the proportion of TiC^ makes no 
difference to the molar activity. 

3.8.31 TYPICAL PROCEDURE FOR THE ALKYLIDENATION OF 
CARBOXYLIC ACID ESTERS USING RCHBr2/Zn/TiCl4/TMEDA [242] 

A solution of TiCl4 (1.0 m, 4.0 mmol) in CH2CI2 is added at 0 °C to THF (10 ml) under an argon 
atmosphere. To the yellow solution at 25 °C is added tetramethylethylenediamine (TMEDA) 
(1.2 ml, 8.0 mmol) and the mixture is stirred at 25 °C for 10 min. Zinc dust (0.59 g, 9.0 mmol) is 
added to the mixture. The color of the suspension turns from brownish yellow to dark greenish 
blue in a slightly exothermic process. After stirring at 25 °C for 30 min, a solution of methyl 
pentanoate (0.12 g, 1.0 mmol) and 1,1-dibromohexane (0.54 g, 2.2 mmol) in THF (2 ml) is added 
to the mixture. The color of the resulting mixture gradually turns dark brown while stirring at 
25 °C for 2 h. Saturated K2CO3 solution (1.3 ml) is added at 0 °C to the mixture. After it has 
been stirred at 0 °C for another 15 min, the mixture is diluted with diethyl ether (20 ml) and then 
passed rapidly through a short column of basic alumina (activity III) using diethyl ether- 
triethylamine (200:1, 100 ml). The resulting clear solution is concentrated and the residue is 
purified by column chromatography on basic alumina (activity III) with pentane to give the 
desired 5-methoxy-5-undecene (222; R = n-C4H9, R' = CH3, R" = n-CjHii) (0.18 g, Z/E = 91:9) 
in 96% yield. 

3.8.32 TYPICAL PROCEDURE FOR THE METHYLENATION OF 
CARBOXYLIC ACID ESTERS USING THE TEBBE REAGENT (223) [247] 

To a 250 ml round-bottom flask equipped with a magnetic stirring bar are added 5.0 g (20.0 mmol) 
of bis(cyclopentadienyl)dichlorotitanium. The flask is fitted with a rubber septum through which 
a large-gauge needle is passed to flush the system with dry nitrogen. After the vessel has been 
thoroughly purged, the nitrogen line flowing to the needle is opened to a mineral oil bubbler and 
20 ml of trimethylaluminum solution (2.0 m in toluene, 40 mmol) are added by a nitrogen-purged 
syringe (caution: pyrophoric material). Methane gas evolved by the reaction is allowed to vent 
as the resulting red solution is stirred at room temperature for 3 days. 

The Tebbe reagent thus formed is used in situ by cooling the mixture in an ice-water bath, 
then adding 4.0 g (20 mmol) of phenyl benzoate dissolved in 20 ml of dry THF by syringe or 
cannula to the cooled stirring solution over 5-10 min. After the addition, the reaction mixture is 
allowed to warm to room temperature and is stirred for about 30 min. The septum is removed 
and 50 ml of anhydrous diethyl ether are added. To the stirred reaction mixture are gradually 
added 50 drops of 1 m sodium hydroxide solution over 10-20 min. Stirring is continued until gas 
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evolution essentially ceases; then to the resulting orange slurry are added a few grams of 
anhydrous Na2S04 to remove excess of water. The mixture is filtered through a Celite pad on a 
large coarse frit using suction and liberal amounts of diethyl ether to transfer the product and 
rinse the filter pad. Concentration of the filtrate with a rotary evaporator to 5-8 ml provides 
crude product, which is purified by column chromatography on basic alumina (150 g) eluting 
with 10% diethyl ether in pentane. Fractions which contain the product are combined and 
evaporated to give 2.69-2.79 (68-70%) of 1-phenoxy-l-phenylethene (225) as a pale yellow oil. 

The acid lability of enol ether products requires rigorous treatment of all glassware used for 
the reaction in order to avoid migration of the double bond in susceptible cases. Satisfactory 
results are obtained by treating the glassware sequentially with ethanolic 0.5 m solutions of 
hydrogen chloride and potassium hydroxide for ca 1 h, thoroughly rinsing with distilled water 
after each treatment and finally oven drying. This protocol is also effective for removing stubborn 
deposits on the glassware after the reaction. Methylenation must be carried out at -78 °C in 

the case of extremely sensitive substrates or products. 

3.8.33 OPTIMIZED MCMURRY COUPLING OF KETONES [260] 

Preparation of TiCl2(DME)-^ 5 

TiCla (25.0 g, 0.162 mol) is suspended in 350 ml of dry dimethoxyethane (DME) and the mixture 
is refluxed for 2 days under argon. After the mixture has cooled to room temperature, filtration 
under argon, washing with pentane and drying under vacuum give the fluffly, blue crystalline 
TiCl3(DME)i.5 (32.0 g, 80%) that is used in the coupling reaction. The solvate is air sensitive but 

can be stored indefinitely under argon at room temperature. 

Preparation of Zinc-Copper couple 

The zinc-copper couple is prepared by adding zinc dust (9.8 g, 150 mmol) to 40 ml of nitrogen- 
purged water, purging the slurry with nitrogen for 15 min and then adding CUSO4 (0.75 g, 
4.7 mmol). The black slurry is filtered under nitrogen, washed with deoxygenated (nitrogen- 
purged) water, acetone and diethyl ether, and then dried under vacuum. The couple can be stored 

for months in a Schlenk tube under nitrogen. 

Typical Procedure for Ketone Coupling 

TiCl3(DME)i 5 (5.2 g, 17.9 mmol) and Zn-Cu (4.9 g, 69 mmol) are transferred under argon to a 
flask containing 100 ml of DME, and the resulting mixture is refluxed for 2 h to yield a black 
suspension. Cyclohexanone (0.44 g, 4.5 mmol) in 10 ml of DME is added and the mixture is 
refluxed for 8 h. After being cooled to room temperature, the reaction mixture is diluted with 
pentane (100 ml), filtered through a pad of Florisil, and concentrated in a rotary evaporator to 
yield cyclohexylidenecyclohexane (0.36 g, 97%) as white crystals, m.p. 52.5—53.5 C. If a 3.1 ratio 
of TiCl3(DME)i 5 to carbonyl compound instead of 4:1 is used, the yield decreases from 97% 

to 94%; if a 2:1 ratio is used, the yield is 75%. 

3.8.34 TYPICAL PROCEDURE FOR THE METHYLATION OF TERTIARY 

ALKYL CHLORIDES [17, 20] 

A solution of 6 mmol (CH3)2Zn (e.g. 1.5 ml of a 4 m CH2CI2 solution) [39] in 30 ml of 
dry CH2CI2 is treated with TiCl4 (180 mg) and subsequently with rran5-9-chlorodecalm (1.72 g, 
10 mmol) at — 30°C. After 15 min the mixture is poured onto ice-water. Following extraction 
with diethyl ether, washing with NaHC03 solution and drying over MgS04, the solvent is 
removed and the residue is distilled (90 °C/12Torr) to provide 1.31 g (82%) of 9-methyldecalin 

as a 1; 1 cis-trans mixture. 
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3.8.35 GENERAL PROCEDURE FOR THE GEMINAL DIMETHYLATION 
OF KETONES USING (CH3)2TiCl2 [39] 

To a stirred solution of 40 mmol of (CH3)2TiCl2 in dichloromethane (see above) is added a 
ketone (20 mmol) at — 30 °C. The mixture is slowly allowed to come to room temperature during 
a period of about 2 h and is then poured onto ice water. The aqueous phase is extracted with 
ether and the combined organic phases are washed with H2O and NaHCOj. After drying over 
MgS04, the solvent is removed and the product distilled (e.g., using a Kugelrohr) or crystallized. 
In the case of aryl or a,)?-unsaturated ketones, addition is best performed at — 40°C and the 
mixture allowed to come to 0 °C prior to the usual workup. 

3.8.36 TYPICAL PROCEDURE FOR THE a-TERT-ALKYLATION OF 
KETONES VIA THEIR ENOLSILANES [288, 289] 

A dry 250 ml three-necked, round-bottomed flask is fitted with an argon inlet, gas bubbler, rubber 
septum and magnetic stirrer. The apparatus is flushed with dry nitrogen or argon and charged 
with 120 ml of dry CH2CI2, 15.6 g (0.10 mol) of l-trimethylsilyloxycyclopentene and 11.7 g 
(0.11 mol) of 2-chloro-2-methylbutane. The mixture is cooled to — 50°C and a cold ( —50°C) 
solution of 11 ml (0.10 mol) of TiC^ in 20 ml of CH2CI2 is added within 2 min through the rubber 
septum with the aid of a syringe. During this operation rapid stirring and cooling are maintained. 
Direct sunlight should be avoided. The reddish brown mixture is stirred at the given temperature 
for an additional 2.5 h and then rapidly poured on to 1 1 of ice-water. After the addition of 400 ml 
of CH2CI2, the mixture is vigorously shaken in a separating funnel; the organic phase is separated 
and washed twice with 400 ml portions of water. The aqueous phase of the latter two washings 
is extracted with 200 ml of CH2CI2, the organic phases are combined and dried over anhydrous 
Na2S04. The mixture is concentrated using a rotary evaporator and the residue is distilled at 
80 °C (12 mmHg) to yield 9.2-9.5 (60-62%) of 2-re/'/-pentylcyclopentanone as a colorless oil. 

3.8.37 TYPICAL PROCEDURE FOR THE ENANTIOSELECTIVE 
DIELS-ALDER REACTION MEDIATED BY THE NARASAKA CATALYST 
(280) [310] 

Preparation of the Catalyst (280) 

Under an argon atmosphere, to a toluene solution (5 ml) of dichloroiisopropoxytitanium (41) 
(140 mg, 0.59 mmol) is added a toluene solution (5 ml) of the chiral diol 279 (354 mg, 0.67 mmol) 
at room temperature, and the mixture is stirred for 1 h. 

Diels-Alder Reaction 

To a toluene suspension (3 ml) of molecular sieves 4 A (150 mg) is added a toluene solution of 
the catalyst 280 (about 0.07 mmol) and the mixture is cooled to 0 °C. A toluene solution (4 ml) 
of the fumaric acid derivative 282 (140 mg, 0.7 mmol) is added to the mixture and then hexane 
(5 ml) and isoprene (1 ml) are added. The mixture is stirred overnight at 0 °C, then pH 7 phosphate 
buffer is added, the organic materials are extracted with ethyl acetate and the combined extracts 
are dried over anhydrous MgS04. After evaporation of the solvent, the crude product is purified 
by thin-layer chromatography [ethyl acetate-hexane (1:2)] to give the pure Diels-Alder product 
in 92% yield (ee = 94%). 
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3.8.38 GENERAL PROCEDURE FOR THE ASYMMETRIC 
GLYOXYLATE-ENE REACTION CATALYZED BY 
DICHLORO-hl -BI-NAPHTHALENE-2,2 - DIOXYTITANIUM [316] 

Isolation of Dichlorodiisopropoxytitanium (41) 

To a solution of tetraiisopropoxytitanium (2.98 ml, 10 mmol) in hexane (10 ml) is added TiC^ 
(1.10 ml, 10 mmol) slowly at room temperature. On addition of TiCl^, heat evolves. After stirring 
for 10 min, the solution is allowed to stand for 6 h at room temperature and the precipitate is 
then collected. The precipitate is washed with hexane (2x5 ml) and recrystallized from hexane 
(3 ml). The crystalline material is dried under reduced pressure and then dissolved in toluene to 

give a 0.3 m toluene solution. 

Catalytic Ene Reaction 

To a suspension of activated powdered molecular sieves 4 A (500 mg) in CH2CI2 (5 ml) is added 
a 0.3 m toluene solution of the above dichlorodiisopropoxytitanium (0.33 ml, 0.10 mmol) and 
(K)-( + )- or (S)-(-)-binaphthol (28.6 mg, 0.10 mmol) at room temperature under an argon 
atmosphere. After stirring for 1 h at room temperature, the mixture is cooled to -70 °C. An 
excess of the isobutylene is bubbled through the mixture 288 (R = CH3) [ca 2 equiv.), and freshly 
distilled methyl glyoxylate (283) (88 mg, 1.0 mmol) is added. The mixture is then warmed 
to —30 °C and stirred for 8 h. The solution is poured on to saturated NaHCOj solution (10 ml). 
Molecular sieves 4 A are filtered off through a pad of Celite, and the filtrate is extracted with 
ethyl acetate. The combined organic layer is washed with brine. The extract is then dried over 
MgS04 and evaporated under reduced pressure. Separation by silica gel chromatography 
[hexane—ethyl acetate (20:1)] gives a 72% yield of methyl 2-hydroxy-4-methyl-4- pentenoate (289, 
R = CHj) having an ee value of 95%. 

3.8.39 TYPICAL PROCEDURE FOR THE ENANTIOSELECTIVE ADDITION 
OFZnEtz TO ALDEHYDES CATALYZED BY CHIRAL SULFONAMIDES IN THE 
PRESENCE OF Ti(OiPr)4 [38b, 321a] 

In a flame-dried round-bottomed flask is placed (lR,2R)-l,2-lV,iV'-bis(trifluoromethylsulfonyl- 
amino)cyclohexane (189 mg, 0.5 mmol) under an argon atmosphere. To this are added degassed 
toluene (10 ml) and Ti(OiPr)4 (8.53 g, 30 mmol) and the mixture is stirred at 40 °C for 20 min. 
After being cooled to — 78°C, Et2Zn (1.0m hexane solution, 30 ml, 30 mmol) is added to the 
solution. The solution rapidly turns orange. To the resulting solution is added benzaldehyde 
(2.12 g, 25 mmol) in toluene (2 ml) and the mixture is warmed to -20°C and stirred at that 
temperature for 2 h. The reaction is quenched by adding 2 m HCl and the product is extracted 
with diethyl ether. The organic phase is washed with saturated NaCl, dried over anhydrous 
Na2S04 and concentrated. The residue is chromatographed on a silica gel column (ethyl acetate 
2% in hexane as eluent) to obtain crude 1-phenylpropanol. Distillation gives pure 1-phenylpropa- 
nol (3.27 g, 98%); b.p. ~ 103 °C/15 Torr; [a] - 48.6 ° (c 5.13, CHCI3). The product has the 

S-configuration and an ee value of >99%. 

3.8.40 TYPICAL PROCEDURE FOR THE CATALYTIC SHARPLESS 
EPOXIDATION OF ALLYLIC ALCOHOLS [317] 

Caution: Owing to possible explosions, ter/-butyl hydroperoxide should not be used in pure form. 
Also, strong acids and transition metal salts known to be good autoxidation catalysts (Mn, Fe, 
Ru, Co, etc.) should never be added to high-strength tert-huty\ hydroperoxide. 
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An oven-dried 1 1 three-necked, round-bottomed flask equipped with a magnetic stirbar, 
pressure equalizing addition funnel, thermometer, nitrogen inlet and bubbler is charged with 3.0 g 
of powdered, activated molecular sieves 4 A and 350 ml of dry CH2CI2. The flask is cooled 
to — 20°C. L-(-I-)-Diethyl tartrate (1.24 g, 6.0 mmol) and Ti(0-iPr)4 (1.49 ml, 1.42 g, 5.0 mmol, 
via a syringe) are added sequentially with stirring. The reaction mixture is stirred at —20 °C as 
tert-butyl hydroperoxide (39 ml, 200 mmol, 5.17 m in isooctane) is added through the addition 
funnel at a moderate rate (over ca 5 min). The resulting mixture is stirred at — 20 °C for 30 min. 
(£)-2-Octenol (12.82 g, 100 mmol, freshly distilled), dissolved in 50 ml of CH2CI2, is then added 
dropwise through the same addition funnel over a period of 20 min, being careful to maintain 
the reaction temperature between —20 and — 15°C. The mixture is stirred for an additional 
3.5 hat -20 to -15°C. 

Work-up [317] is as follows. A freshly prepared solution of 33 g (0.12 mol) of iron(II) sulfate 
heptahydrate and 10 g (0.06 mol) of tartaric acid [or 11 g (0.06 mol) of citric acid monohydrate 
instead of tartaric acid] in a total volume of 100 ml of deionized water is cooled to ca 0 °C by 
means of an ice-water bath. The epoxidation reaction mixture is allowed to warm to ca 0 °C and 
is then slowly poured into a beaker containing the precooled stirring iron(II) sulfate solution 
(external cooling is not essential during or after this addition). The two-phase mixture is stirred 
for 5-10 min and then transferred into a separating funnel. The phases are separated and the 
aqueous phase is extracted with two 30 ml portions of diethyl ether. The combined organic layers 
are treated with 10 ml of a precooled (0 °C) solution of 30®/o w/v NaOH in saturated brine. The 
two-phase mixture is stirred vigorously for 1 h at 0 °C. Following transfer to a separating funnel 
and dilution with 50 ml of water, the phases are separated and the aqueous layer is extracted 
with diethyl ether (2 x 50 ml). The combined organic layers are dried over sodium sulfate, filtered 
and concentrated, yielding a white solid (12.6 g, 88% crude yield, 92.3% ee by GC analysis of 
the Mosher ester). After two recrystallizations from light petroleum (b.p. 40-60 °C) at —20 °C, a 
white solid, (2S)-tran5-3-pentyloxiranemethanol, is obtained (10.5 g, 73% yield, >98% ee by GC 
analysis of the Mosher ester); m.p. 38-39.5 °C. 

For alternative workup procedures in other cases, see ref. 317. The best work-up procedure 
depends on the type of allylic alcohol. The epoxidation of low molecular weight allylic alcohols 
is facilitated by in situ derivatization [317]. 
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4.1 INTRODUCTION 

For many organic chemists, carrying out an organocopper reagent-mediated transfor¬ 

mation presents special problems. Aside from the more obvious experimental rigors 

implicit in any sensitive organometallic scheme (i.e. care to exclude air and moisture), 
there are several issues which must be confronted, including: 

• Which copper(I) precursor should be chosen and what level of purity is 
required? 

• Although an ethereal solvent is the norm, which is best for a particular 
reaction type? 

• With so many variations of copper reagents from which to choose, is there 

one that is likely to be best suited for the goal in mind? 

• Under what circumstances should additives be relied upon to assist with a 
selected coupling reaction? 

• When and how can the number of equivalents of potentially valuable 

organolithiums be minimized without sacrificing efficiency? 

These and a host of other questions often come to the fore when contemplating the use 

of organocopper reagents. Hence, it might well be expected that such a need for decision 

making may encourage those unfamiliar with this area to seek other avenues for 

solutions to synthetic problems. It is perhaps a great tribute to copper, therefore, that 
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it continues to serve as the most relied upon transition metal for effecting carbon-carbon 

bonds [1]. 
The explanations behind the intense usage of these reagents are not cryptic. Copper 

reagents, although utilized for several unrelated types of couplings, tend to react under 

very mild conditions and generally afford synthetically useful yields [2]. The reagents 

themselves, formally at least, are soft nucleophiles, but in most cases are actually 

electrophilically driven. That is, without the presence of gegenions capable of Lewis 

acidic character (e.g. Li'^, MgX^), most couplings do not take place [3]. Such 

fundamental properties impart highly valued chemoselectivity patterns not witnessed 

with other organometallic species, especially those composed of far more ionic metals 

(e.g. RLi, RMgX, R3AI, RZnX). Thus, few would consider introducing, in any direct 

way, an alkyl, vinylic or aromatic moiety in a Michael sense by means other than copper 

chemistry. The remarkable penchant for copper reagents to add to conjugated carbonyl 

groups in a 1,4-manner [2c], together with their relative inertness towards carbonyl 

1,2-additions [4], combine to enhance their worth as selective agents. In substitution 

reactions, their low basicity encourages displacement over competing elimination [2d]. 

Although these two processes (i.e. 1,4-addition and subtraction) make up the lion’s 

share of organocopper reagent usage, other characteristic reactions include carbocupra- 

tion and metallocupration of an acetylene. Although 1,2-additions to enones are rare 

[4], non-conjugated ketones and especially aldehydes can also be appropriate reaction 

partners. 
In the light of the comments above, this chapter strives to address many of the 

concerns which researchers less experienced in organocopper chemistry may harbor. 

With assistance from the information provided herein, it is hoped that the inertial barrier 

toward employing an organocopper reagent will be substantially lowered. Indeed, it 

could be argued that manipulation of copper reagents may well be less technically 

demanding than the successful preparation and use of a Grignard reagent, thus involving 

skills normally taken for granted beyond the very early stages of one’s career in organic 

chemistry. It should be mentioned however, that skill in handling such powerful 

synthetic weapons by no means implies an appreciation as to the mechanistic details 

surrounding their use, or an understanding of their composition and structure. It is 

only over the past 5-10 years of their 40-year history [5] that insight has begun to 

accrue concerning these otherwise black box phenomena. Therefore, although the 

emphasis here is mainly on how to utilize copper reagents to form carbon-carbon bonds, 

it is important for the synthetic practitioner to bear in mind that unanswered, complex 

physical organic questions envelop virtually every reaction in this expansive field. 

4.2 ORGANOCOPPER COMPLEXES DERIVED FROM 
ORGANOLITHIUM REAGENTS 

4.2.1 LOWER ORDER, GILMAN CUPRATES R2CuLi 

Historically, Gilman’s orginal recipe for combining two equivalents of an organolithium 

with either Cul or CuSCN was envisioned to arrive at cuprate R2CuLi (1), proceeding 
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via an intermediate (presumed polymeric) organocopper (RCu)„ [5]. Although it is now 
known that for X = I, Br and Cl equation 4.1 does hold, thiocyanate ligand loss does 
not occur but leads to a completely different reagent (R2Cu(SCN)Li2; see below [6]. 
Species 1 may consist of virtually any sp^-, sp^- or sp-based ligand originating from 
the corresponding organolithium precursor 

2RLi + CuX -. [(RCu)„ + RLi + LiX] -► R2CuLi + LiX (4.1) 

(1) 

Generation of a homocuprate 1 (i.e. where both R groups are the same) is a very 
straightforward operation, as long as good-quality Cul, CuBr or CuBr-SMe2 is used. 
There are a number of methods for purifying these salts [7] and, of course, all copper(I) 
halides are readily available commercially. When using Cul, care must be exercised to 
protect it from light and excessive moisture. When pure, it is a readily flowing white 
powder. Tinges of yellow-orange to pink suggest traces of I2 are present, although it 
is the accompanying product of disproportionation, Cu(II), that is the more serious 
impurity. Hence, whereas Soxhlet extraction will remove halogen, only recrystallization 
frees the (Cul)„ from other materials. One procedure which works well is as follows. 

Purification of (Cul)^ [8] 

A dark brown solution of Cul (Fisher, 13.167 g, 69.1 mmol), KI (Fisher, 135 g, 813 mmol) and 
100 ml of water were treated with charcoal and filtered through a Celite pad. The yellow filtrate 
was then diluted with 300 ml of water, causing a fine gray-white precipitate to form. The resulting 
mixture was cooled in an ice-water bath and additional water was added portionwise to ensure 
complete precipitation. The precipitate was then suspended and filtered on a medium sintered- 
glass frit under a cone of purging dry N2. The filtrant was triturated under purging dry Nj 
successively with 4 x 100 ml portions of water, 4 x 80 ml of acetone and 4 x 80 ml of distilled 
diethyl ether. The remaining off-white solid was allowed to dry with suction on the frit under a 
purge of dry Nj and transferred into a 50 ml round-bottomed flask, wrapped in foil and dried 
under vacuum (^0.20 mmHg) overnight. The evacuated flask was then heated at 90 °C for 4 h. 
Yield: 9.33 g (49.0 mmol, 70%) of grayish white powdery Cul. 

As for CuBr, its use in the uncomplexed state is rare, and can be problematic. As 
the dimethyl sulfide complex, however, it is an excellent cuprate precursor [9]. 
Unfortunately, however, aged material tends to lose percentages of volatile Me2S, and 
can easily lead to improper stoichiometries. That is, with losses of Me2S, excess of CuBr 
will be present and the two equivalents of RLi added cannot fully form R2CuLi [10]. 
Hence, relatively fresh bottles of CuBr-81*^102 should be employed and, once opened, 
they should be well wrapped with Parafilm and stored under a blanket of Ar. 
Alternatively, the CuBr SMe2 complex can be prepared fresh following the standard 
procedure given below. 

Purification of the CuBr SMe2 Complex [9] 

To 40.0 g (279 mmol) of pulverized CuBr (Fisher) were added 50 ml (42.4 g, 682 mmol) of Me2S 
(Eastman, b.p. 36-38 °C). The resulting mixture, which warmed during dissolution, was stirred 
vigorously and then filtered through a glass-wool plug. The residual solid was stirred with an 
additional 30 ml (25 g, 409 mmol) of Me2S to dissolve the bulk of the remaining solid and this 
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mixture was filtered. The combined red solutions were diluted with 299 ml of hexane. The white 
crystals that separated were filtered with suction and washed with hexane until the washings were 
colorless. The residual solid was dried under N2 to leave 51.6 g (90%) of the complex as white 
prisms that dissoved in an Et20-Me2S mixture to give a colorless solution. For recrystallization, 
a solution of 1.02 g of the complex in 5 ml of Me2S was slowly diluted with 20 ml of hexane to 
give 0.96 g of the pure complex as colorless prisms, mp 124-129 °C (decomp.). The complex is 
essentially insoluble in hexane, Et20, acetone, CHCI3, CCI4., MeOH, EtOH and H2O. Although 
the complex does dissolve in DMF and in DMSO, the observations that heat is evolved and that 
the resulting solutions are green suggest that the complex has dissociated and that some oxidation 
(or disproportionation) to give Cu(II) species has occurred. 

Copper(I) triflate (Fluka, CF3SO3CU O.5C6H6) is also a good source from which to 

generate lower order cuprates, the subsequent chemistry from which works well [11]. 

It is, however, a far more expensive and more sensitive precursor than the halides, and 

as such has not found widespread acceptance. 

The other major component required in forming R2CuLi is the organolithium. One 

of the surest pitfalls in all of cuprate chemistry, irrespective of reagent type, is a lack 

of knowledge concerning the quality and quantity of RLi being used to form the copper 

reagent. When relying on commercially available RLi, it is never good practice to assume 

that a molarity as given on a bottle is correct. Usually they are sufficiently ofT- 

specification, irrespective of direction (i.e. a high or low titre), to be detrimental. Thus, 

with a high titre, insufficient RLi will be introduced, leading to mixtures of copper 

species. On the other hand, with a low titre, excess of RLi (i.e. above the 2.0 equiv. 

needed) will inadvertently be present, which can have disastrous consequences. 
There are several titration procedures which can be followed to insure that correct 

amounts of RLi are being combined with CuX [12]. One which is frequently called upon 

relies on complexation between lithium and 1,10-phenanthroline, which is brown-red. 

Neutralization with 5-BuOH leads to a lemon-yellow end-point, from which the 

molarity of an RLi can be determined, as outlined for the titration of n-BuLi. 

Titration of Organolithium Reagents: Normal Addition [13] 

An over-dried 50 ml Erlenmeyer flask and stirring bar were cooled under an Ar stream. A few 
crystals of 1,10-phenanthroline (Fisher) were placed in the flask and dissolved in 15-20 ml of 
diethyl ether. The flask was then capped with a rubber septum, maintained under an Ar 
atmosphere and stirred at 0 °C. The organolithium was added dropwise to this colorless solution 
until a colored end-point was observed (e.g. for «-butyllithium a reddish brown color was noted). 
Exactly 1 ml of organolithium was then added. To this solution, 5-BuOH was added dropwise 
until the colored end-point was obtained; for «-butyllithium red-brown ^ pale yellow). This 
method was then repeated, again adding 1 ml of organolithium (first drop again indicating 
end-point) followed by titration with s-BuOH. The molarity was determined from the following 
equations: 

Molarity (RLi) = 
mmol (RLi) 

ml (RLi) used 

density (s-BuOH) 
mmol (RLi) = mmol (s-BuOH) =-x ml (s-BuOH) 

MW(s-BuOH) 

806 mg ml“^ 

74.12 mg mrnoP^ 
X ml (s-BuOH) 
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At least three consistent measurements should be made to insure accuracy. (For titration of 
f-BuLi, benzene was used in place of diethyl ether at room temperature.) 

Still more accurate is the procedure above, but in reverse, i.e. addition of the RLi to 

the 5-BuOH. The control realized by adding a solution of RLi to the alcohol, as opposed 

to introducing neat j'-BuOH to a solution of RLi, accounts for the improvement. 

Titration of Organolithium Reagents: Inverse Addition 

Methyllithium and n-butyllithium were purchased as solutions, 1.4 m in Et20 and 2.5 m in hexane, 
respectively, from Aldrich and were titrated as follows. An oven-dried 25 ml Erlenmeyer flask 
equipped with a magnetic stirring bar was cooled under Ar and charged with 10 ml of freshly 
distilled Et20 and one crystal of 1,10-phenanthroline. At ambient temperature, 50 pi of 2-pentanol 
(distilled from CaH2) were added via a 100 pi syringe to provide a clear, colorless solution. The 
solution of organolithium reagent in question was then added dropwise via a 0.5 ml syringe to 
the vigorously stirred alcoholic-Et20 solution until an end-point was realized. This was evidenced 
by a persistent tan-light maroon solution. Beware that if too much base has been added a 
brown-maroon solution will result, indicating that the proper end-point has been surpassed. This 
protocol was repeated in the same Erlenmeyer flask until three trials were within 95% agreement 
of organometallic solution added. The molarity of organolithium reagent may be calculated 
following the equation given in the alternative procedure above. 

With high-quality Cul or CuBr SMe2 available and accurate control of the molarity 
of an RLi of interest, obtaining the corresponding Gilman cuprate 1 is relatively 

trivial. Before preparing an organocopper reagent of any type, however, there are a few 

points which must be considered: (1) All reactions involving organocopper complexes 

should be run under either an argon or nitrogen atmosphere with a slightly positive 

pressure applied, being vented to a bubbler. Argon, although more expensive than 

nitrogen, is strongly recommended for two major reasons: (a) it is heavier than air, and 

hence blankets any reactions which may have residual amounts of other lighter gases 

present; (b) its use permits (although not recommended) removal of stoppers for 

purposes of introducing solids to the reaction vessel; (2) Since essentially every organo¬ 

copper reaction is sensitive to moisture to some extent, the educt to be added to the 

reagent must be dry. It is therefore good technique routinely to dry a substrate 

azeotropically with toluene at room temperature under a high vacuum prior to use; (3) 

Along similar lines of thought, and as is normally done prior to other organometallic 

chemistry, the glassware should either be stored in an oven at temperatures > 120 °C 

or flame-dried just before use. 

To prepare a lower order cuprate (R2CuLi), then, the copper salt is slurried in an 

ethereal solvent and cooled to —78 °C, where two equivalents of the RLi are added. 

Warming to dissolution completes the process. Depending on the type of reaction to 

be performed and the specific R2CuLi being utilized, the cuprate may be recooled to 

— 78 °C prior to addition of the substrate. The cornerstone of modern cuprate chemistry, 

Gilman’s Me2CuLi, is prepared in this manner, the subsequent chemoselective 1,4- 
addition of which to, e.g. a bromo enone, is described below. 
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Preparation of Me2CuLi; Chemoselective 1,4 Addition to a Primary Bromo Enone [14] 

Me2CuLi 

EtjO, McjS 
0-3 °C, 1.5 h 

(83-92%) 

To a cold (0 °C) solution of Me2CuLi, prepared from 365 mg (1.78 mmol) of CuBr-SMe2 in 8 ml 
of Et20 and 5 ml of Me2S at 0 °C to which had been added 3.56 mmol of MeLi (halide free) was 
added a solution of 295 mg (1.07 mmol) of the bromo enone in 5 ml of Et20. The resulting mixture, 
from which an orange precipitate separated, was stirred at 0-3 °C for 1.5 h and then siphoned 
into a cold aqueous solution (pH 8) of NH3 and NH4CI. The ethereal extract of this mixture was 
dried and concentrated and the residual crude product (0.35 g of yellow liquid) was chromato¬ 
graphed on silica gel with Et20-hexane (1:39 v/v) as eluent. The bromo ketone was collected as 
0.28 g (92%) of colorless liquid: 1.4687; IR (CCIJ, 1710 cm”^ (C=0); NMR (CCI4), 
d 3.2-3.5 (m, 2H, CH2Br), 2.2-2.4 (m, 2H, CH2CO), 1.3-2.1 (m, 5H, aliphatic CH), 1.12 (s, 9H, 
t-Bu) and 0.7-1.0 (m, 9H, CH3 including a CH3 singlet at 0.85); mass spectrum, m/z (relative 
intensity, %) 292 (M + , 4), 290 (M^, 4), 276 (16), 274 (16), 234 (100), 232 (100), 127 (16), 83 (18), 
69 (33), 57 (57), 55 (22), 43 (20), and 41 (29); NMR (CDCI3, multiplicity in off-resonance 
decoupling), 5 213.7 (s), 44.0 (s), 38.8 (t), 38.5 (t), 35.2 (t), 34.5 (s), 27.2 (t), 26.2 (q, 5 C atoms), 24.4 
(d) and 14.7 (q). Analysis; calculated for Ci4H27BrO, C 57.73, H 9.34, Br 27.43; found, C 57.97, 
H 9.39, Br 27.21%. From a comparable reaction in Et20 at 0-5 °C for 2 h, the yield of the bromo 
ketone was 83%. 

For lithium reagents which require prior generation by metal-halide (usually Li-I or 

Li-Br) or metal-metal (Li-Sn) exchange, warming the 2RLi-fCuX mixture to effect 

dissolution may present complications owing to ligand isomerization and/or cuprate 

decomposition. To avoid this potential problem, the Cu(I) salt can be solubilized by 

admixture with any of several possible additives, e.g. (MeO)3P [15], LiX [16], Me2S. 
This trivial modification is exemplified by the formation and ultimate addition of a 

(Z)-2-ethoxyethenyl group to cyclohexenone. 

Conjugate Addition of a Divinylic Cuprate to Cyclohexenone [17] 

EtO CixLi O 

THE, -78 to -40°C 

1.5 h (g2%) 

A solution of cw-2-ethoxyvinyllithium was prepared from 2.18 g (6.04 mmol) of cM-l-ethoxy-2- 
tri-n-butylstannylethylene and /i-butyllithium (1.1 equiv.) in 15 ml of THF at —78 °C over 1 h. 
A solution of d5-2-ethoxyvinyllithium was prepared from 2.18 g (6.04 mmol) of cw-l-ethoxy-2- 
tri-n-butylstannylethylene and n-butyllithium (1.1 equiv.) in 15 ml of THF at —78 °C over 1 h. 
A solution of 0.577 g (3.03 mmol) of purified copper(I) iodide and 0.89 ml (12.1 mmol) of Me2S 
in 5 ml of THF was then added over 5 min. After stirring for 1 h at —78 °C, 0.264 g (2.75 mmol) 
of cyclohexenone in 5 ml of THF were added over 10 min. After stirring for 1 h, the mixture was 
warmed to — 40°C over 30 min, quenched with aqueous 20% NH4CI solution and extracted 
(d, IH, / = 6 Hz), 4.28 (dd, IH, / = 6, 9 Hz), 3.78 (q, 2H, 7 = 7 Hz), 1.42-3.30 (br m, 9H), 1.22 (t, 
3H, 7=7 Hz). Analysis: calculated for C10H16O2, C 71.39, H 9.59; found, C 71.78, H 9.79%. 
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Conversion of the lithium enolate of acetone dimethylhydrazone (presumably) to the 

corresponding azaallyl cuprate occurs on addition of predissolved Cul in diisopropyl 

sulfide at -78 °C. Thus, 1,4-rather than 1,2-additon of the equivalent of acetone 

enolate to, e.g. methyl vinyl ketone, occurs in excellent yield. 

Conjugate Addition of a Cuprate Derived from a Lithiated N,N-Dimethylhydrazone 
to Methyl Vinyl Ketone [18] 

^NMe2 

THF, -78°C tor.t. 
12 h 

A precooled {ca — 30 °C) clear solution of 0.96 g (5 mmol) of copper(I) iodide in 2.88 ml (20 mmol) 
of diisopropyl sulfide and 10 ml of THF was added dropwise with stirring at — 78°C to 
a suspension of 6 lithio-2-methylcyclohexanone dimethylhydrazone [5 mmol, generated from 
1.54 g (10 mmol) of 2-methylcyclohexanone dimethylhydrazone and lithium diisopropylamide 
(10 mmol)] in 40 ml of THF. The lithium compound dissolved during warming of the orange 
reaction mixture from —78 to —20 °C over 30 min and from —20 to 0 °C over 10 min, resulting 
in a clear, golden yellow solution. It was cooled again to —78 °C and 0.41 ml (5 mmol) of methyl 
vinyl ketone were added dropwise. After 2 h, the reaction mixture was slowly warmed to room 
temperature over a period of 12 h. The black-brown reaction mixture was poured into a solution 
of saturated NH4CI containing ammonia solution (pH 8) and repeatedly extracted with GHjC^. 
The organic phase was shaken several times with NH4Cl-ammonia solution until the aqueous 
phase was no longer blue. The combined aqueous phase was again extracted with CH2CI2 and 
the combined organic phases were then dried over sodium sulfate. After removal of the solvent 
by rotary evaporation in vacuo, the crude product (1.19 g, spectroscopic yield 100%) was purified 
by distillation to give 0.42 g (85%) of a light yellow oil, kp. 100 °C (0.05 mmHg). 

Displacement reactions with R2CuLi are also extremely valuable, yet equally as 

straightforward to conduct. The most cooperative electrophiles are primary centers 

bearing iodide, bromide or tosylate. Epoxides of varying substitution patterns likewise 

couple fairly well, especially less hindered examples (e.g. monosubstituted oxiranes). 

Tosylates (in Et20) and iodides (in THF) are rated roughly comparable in terms of 

leaving group ability toward R2CuLi [19] and relatively unreactive cuprates such as 

Ph2CuLi can nonetheless be used to prepare functionalized aromatic systems, as 

illustrated below [20]. Differences in leaving group ability can also be used to advantage, 

as in the case of displacement in a chlorobromide by a dicyclopropyl cuprate [21]. 

Double Displacement of a Ditosylate with Ph2CuLi [20] 

2 PhjCuLi 

THF, EtjO, r.t., 2 h 

V OY^Ph 

(47%) 

To a solution of 3.0 g of copper(I) iodide in 10 ml of dry diethyl ether, stirred at 0 °C under dry 
Ar, was added dropwise 20 ml of 2.1 m phenyllithium as a solution in 75% benzene-25 % hexane. 
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A solution of 1.93 g of 2,3-O-isopropylidene-L-threitol ditosylate in 12 ml of diethyl ether and 
3 ml of THF was added dropwise to the resulting green solution and the mixture was stirred at 
25 °C for 2 h. Saturated aqueous NH4CI was added and the volatile solvents were removed under 
reduced pressure. The aqueous residue was extracted with several portions of diethyl ether and 
the extracts were washed with saturated brine solution, dried and concentrated in vacuo. The 
yellow oily residue was chromatographed on 20 g of silica gel, eluting first with hexane to remove 
biphenyl, then with hexane—ethyl acetate (3:1) to elute the product. Distillation at 140 °C 
(0.1 mmHg) yielded 650 mg (47%) of the colorless product; IR (neat) 3080, 3060, 3010, 2940, 2880, 
1620, 1500, 1460, 1380, 1370, 1240, 1215, 1160, 1075, 1050, 750, 695 cm”!; NMR (CDCI3), 5 
1.4 (s, 6H), 2.8 (m, 4H), 4.0 (m, 2H), 7.25 (s, lOH). 

Selective Displacement of a Bromochloride by a Cyclopropylcuprate [21] 

[>^CuLi 

g _I_ 
THF,-35°C, 1.5h 

(90%) 

A solution of 1.1 m cyclopropyllithium in diethyl ether (660 ml) was added over 45 min at —35 °C 
to a slurry of 73 g (0.38 mol) of copper(I) iodide in 660 ml of THF. After a Gilman test [22] (see 
below) was negative, l-bromo-4-chlorobutane (54 g, 0.32 mol) was rapidly added to the mixture, 
which was held at —35 °C for 1.5 h. Aqueous saturated ammonium sulfate was then added and 
the mixture was filtered. The product was extracted with 21 of diethyl ether-pentane (1:1). The 
organic layer was washed several times with water, then with brine. After drying over calcium 
sulfate, the extract was distilled through a 45 cm Vigreux column to remove solvents. The pot 
residue was then short-path distilled to yield 37.4 g (90%) of the product, b.p. 58—59 C 
(17 mmHg); IR (neat) 3084, 3008,2941, 2864,1024 cm” ^; ^H NMR (CCI4), d 3.48 (t, 2H, 7 = 6 Hz); 

mass spectrum (70 eV), m/z 55 (base). 

Gilman Test for Free RLi (or RMgX) [22] 

MejN NMe2 

1. RM 
-»- blue aqueous layer? 
2. HjO 
3. h/HOAc 

To an ethereal solution of the cuprate [ca 2.5 ml sample) is added an equal volume of a 1 % 
solution of Michler’s ketone in toluene and the mixture is allowed to warm to room temperature. 
Water (1.5 ml) is then added and the mixture stirred vigorously for 5 min. A 0.2% solution of I2 

in glacial acetic acid is then added dropwise. If a true blue solution results, this is indicative of 
a positive test (i.e. there is free RLi/RMgX in the cuprate solution). A solution which develops a 
yellow, tan or greenish coloration implies a negative test. 

Ring opening of an epoxide occurs under conditions reflecting both the nature of the 

substrate and the relative reactivity of the cuprate. In general, although THF is an 

acceptable solvent, Et20 is preferred as the Lewis acidity of lithium cations associated 

with R2CuLi is maximized in this medium [23]. Mixed solvent systems, when necessary, 

are certainly acceptable. The compatibility of functional groups with soft R2CuLi is 

often used to advantage. 
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Opening of a Cyclohexene Epoxide with Me2CuLi [24] 

MeOjC"’ 
O' 

o 
Me7CuLi 

EtjO, 20 °C, 18 h 

OH 

(85%) 

To a solution of lithium dimethylcuprate [from 6.4 ml of 0.75 m methyllithium (4.8 mmol) and 
490 mg (2.58 mmol) of copper(I) iodide] in diethyl ether under N2 at 0 °C was added methyl 
c/5-6-benzyloxy-rran5-2,3-epoxy-l-methylcyclohexane-rac-l-carboxylate in diethyl ether and the 
mixture was stirred at 20 °C for 18 h. Addition of saturated aqueous NH4CI and extraction with 
diethyl ether gave the product as a colorless oil (125 mg, 85%); IR (film), 3560, 1720, 1270, 
1060 cm-i; NMR (CDCI3), <5 1.05 (d, 3H, 7 = 6 Hz), 1.20 (s, 3H), 1.46-1.89 (m, 5H), 2.99 (d, 
IH, J = 2.9 Hz), 3.64 (s, 3H), 3.87 (m, IH), 3.98 (dd, IH, J = 2.9), 10.7 Hz), 4.28 (d, IH, 7 = 11.7 Hz), 
4.52 (d, IH, 7 = 11.7 Hz), 7.28 (m, 5H). 

Another attractive feature of lower order cuprates R2CuLi is their ability to induce 

coupling at an sp^ carbon center bearing an appropriate leaving group. Although 

procedures exist which augment the action of R2CuLi alone in this regard (see below 

and Section 4.2.1.3), there are many circumstances where additives are not required, 

such as in the cases of a vinyl bromide and vinyl triflate. 

Substitution of a Vinylic Bromide Using Ph2CuLi [25] 

(60%) 
(£:Z4:1) 

(Z:£4:l) 

Lithium diphenylcuprate was prepared at 0°C by slowly adding 25 ml of 1.86 m (46.5 mmol) 
phenyllithium solution to a suspension of 5.03 g (24.4 mmol) of copper(I) bromide-dimethyl sulfide 
complex in 20 ml of dry diethyl ether. A yellow precipitate formed initially, which changed to a 
homogeneous green solution after complete addition. After 40 min at 0 °C, a solution of 1.36 g 
(5.81 mmol) of l-(l-bromo-2-deuterioethenyl)naphthalene (£: Z = 4:1) in 3 ml of dry diethyl ether 
were then added. After 4.5 h at 0 °C, the reaction mixture was poured into aqueous saturated 
NH4CI solution (pH 9 by addition of ammonia solution), and this was stirred for 1.5 h. The ether 
layer was separated, washed twice with brine and then dried. Removal of solvent afforded a light 
yellow oil, which was purified by short-path distillation, collecting the fraction with b.p. 
124-134 °C (1 mmHg). The yield was 0.80 g (60%) of the product, which was crystallized from 
methanol, m.p. 57.5-58.5 °C; ^H NMR (CDCI3), <5 5.36 (s, 0.2H), 5.93 (s, 0.8H), 6.8-7.9) (m, 12H); 
the Z-isomer predominated (4:1). 

Substitution of a Vinylic Trifluoromethanesulfonate (Triflate) with Me2CuLi [26] 

OSO2CF3 

Me^CuLi 

THF, -15 °C, 12 h 

(75%) 
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A solution of 2.0 m methyllithium in hexane (5.5 ml, 10.8 mmol) was added to a stirred slurry of 
copper(I) iodide (1.43 g, 7.5 mmol) in 15 ml of THF at 0 °C. A solution of 1-trifluoromethanesulfo- 
nyloxy-4-fer;-butylcyclohexene in 5 ml of THF was added and the reaction mixture was stirred at 
— 15°C for 12 h. It was then diluted with hexane, filtered through a pad of Florisil and 
concentrated on a rotary evaporator in vacuo. Chromatography of the residue on silica gel 
provided the product (250 mg, 75%); NMR (CDCI3), 5 5.38 (m, IH), 1.87 (m, 4H), 1.63 (s, 

3H), 1.25 (m, 3H), 0.84 (s, 9H). 

Carbocupration of acetylenes with R2CuLi (and also with magnesiocuprates; see 

below) is an excellent route to vinylic cuprates [2j, 27]. A 2:1 stoichiometry of the 

acetylene to R2CuLi is required so as to arrive at the divinylic species. Once the 

intermediate reagent has been formed, subsequent introduction of a variety of elec¬ 

trophiles is possible and couplings follow the normal modes of reaction. 

Carbocupration/Protio Quench of a 1-Alkyne Using n-Bu2CuLi [2j] 

pEt 

'OEt 

1. /i-Bu2CuLi 

EtjO, -55°C 
2. NH4CI-H2O 

«-Bu, OEt 

OEt 

(91%) 

«-Butyllithium (50 mmol) was added to a suspension of copper(I) iodide (5.3 g, 28 mmol) in diethyl 
ether (50 ml) at —40°C. The mixture was stirred at —35 to —25°C for 30 min and to the 
resulting solution was added at - 55 °C 2-propynal diethyl acetal (6.4 g, 50 mmol) in diethyl 
ether (30 ml). After stirring for 30 min at -40 °C, the vinylcuprate (ready for further use with 
E+ ^ if desired), was hydrolyzed with saturated aqueous NH4.CI solution (80 ml) admixed 
with a concentrated ammonia solution (20 ml). After filtration on Celite and separation of the 
layers, the organic phase was dried with potassium carbonate, the solvents were evaporated in 
vacuo and the crude product was distilled; yield, 8.4 g (91%); b.p. 96-97 °C (15 mmHg). 

Some of the most useful carbocuprations involve acetylene gas {ca 2 equiv.) and give 

rise to bis-(Z)-alkenylcuprates, which can then go on to transfer both vinyl groups in 

many reactions. A generalized procedure is as follows. 

Carbocupration of Acetylene Gas: Preparation of a Lithium bis-(Z)-alkenylcuprate [2j] 

RjCuLi 
Et^O 

2 HC=CH -----► „ CuLi -► products 
-50 to-20 °C ^ 

15 min 

The organolithium reagent (50 mmol) prepared in diethyl ether (from the corresponding bromide 
and lithium) was added to a suspension of copper(I) iodide (5.35 g, 28 mmol) or copper(I) bromide- 
dimethyl sulfide (1:1 complex; 5.75 g, 28 mmol) in diethyl ether (100 ml) at -35 °C. The mixture 
was stirred for 20 min at -35 °C to effect dissolution. Acetylene, cleared from acetone (through 
a —78 °C trap) was measured in a water gasometer (50 mmol; 1.2 1) and bubbled into the reaction 
mixture after being dried over a column packed with calcium chloride. The temperature was 
allowed to rise from -50°C (at the start) to -25 °C. Stirring of the pale green solution was 
maintained for 20 min at -25 °C, at which point the cuprate was ready for use. 

Whereas acetylene carbocupration with R2CuLi leads to (2)-alkenylcuprates (see 

above), it is also possible in the presence of excess acetylene to effect a double 
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carbocupration to (Z,Z)-dienylcuprates [28]. The first equivalent of acetylene reacts at 

— 50 °C, conversion to the dienylcuprate requiring warming to 0 °C but no higher as 

decomposition ensues. A range of electrophiles (e.g. enones, aldehydes, CO2, X2, 

activated halides) can then be introduced affording the expected dienes in fair to good 

yields. Preparation of the navel orangeworm pheromone [hexadeca-(llZ,13Z)-dienal] 

is illustrative of the method. 

Double Carbocupration of Acetylene: Synthesis of a Pheromone [29] 

Et2CuLi 

1. 2H^-H 
-50°C 

2. 4H-^H 
-10°C 

,CuLi OEt 

* /=. ;^(CH2),CH0 
^30 EC 

(33%) 

A stock solution of ethyllithium was prepared by addition of bromoethane (2.61 ml, 25 mmol) to 
a suspension of finely cut lithium wire (1 g, 143 mmol) in hexane (30 ml) at —20 °C. After being 
stirred at this temperature for 1 h, the mixture was allowed to warm to room temperature during 
an additional 2h. Titration gave the molarity as 0.85 m (73%). A portion of this ethyllithium 
solution (8 ml, 6.8 mmol) was added dropwise to a stirred suspension of CuBr 81^102 (0.689 g, 
3.36 mmol) in diethyl ether (25 ml) at —40 °C. A homogeneous blue-black solution of lithium 
diethylcuprate formed. After being stirred at — 35 °C for 30 min, the solution was cooled to 
— 50°C and treated with acetylene (165 ml, 7.4 mmol). The mixture was allowed to warm to 
— 25 °C for 30 min and then to —10 °C. More acetylene (300 ml, 13.4 mmol) was added during 
ca 10 min, while the temperature was maintained at —10 °C. Once addition was complete, the 
solution was cooled to —40°C and treated with the iodoacetal (1.0 g, 2.79 mmol) and HMPA 
(0.5 ml, 2.8 mmol). After being stirred at —40 to 0 °C for 3 h, the reaction was quenched with 
water (30 ml), diluted with brine (50 ml), and the product was extracted with diethyl ether 
(2 X 30 ml). The combined extracts were washed with brine (50 ml) and dried over MgS04. After 
chromatography on silica (CH2CI2), the product acetal was treated with oxalic acid (2 g) in water 
(20 ml). THF was added until the mixture became homogeneous and the solution was stirred for 
2 h at 60 °C. The product was extracted with light petroleum (3 x 100 ml) and the extract was 
dried over MgS04 and concentrated under reduced pressure. Rapid distillation from a Kugelrohr 
oven (125 °C, 0.3 mmHg) gave hexadeca-(llZ,13Z)-dienal (0.22 g, 33%); IR, 3040, 3000, 2720, 
1730, 1600, 725cm-i; NMR (60 MHz), ,5 1.00 (t, 3H, 7 = 7.2 Hz), 1.32 (m, 14H), 1.90-2.60 
(m, 6H), 5.45 (m, 2H), 6.20 (m, 2H), 0.68 (br t, IH); NMR, d 14.21, 20.78, 22.08, 27.48, 29.36 
(5 X C), 29.65, 43.86, 123.06, 123.53, 131.92, 133.45, 202.43; mass spectrum, m/z 236 (M^). The ^H 
NMR data were consistent with published values [30]. 

Addition of R2CuLi across simple olefins, as opposed to acetylenes, is an unknown 

reaction. However, with cyclopropenone ketal 2, homo- and mixed Gilman cuprates 

react at —70 °C in 1 min to afford a product of m-addition [31]. Both activated and 

unactivated electrophiles (in the presence of HMPA) can be employed to trap the 

intermediate vinylic cuprate, which occurs with retention of stereochemistry. The ketal 

can be stored (in an ampoule) at — 20 °C, although it is handled at ambient tempera- 
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tures. A slight excess of R2CuLi is usually used; greater quantities of cuprate do not 

improve yields. Given the rapidity of the carbocupration step, the ketal should be added 

as a solution in Et20 or THF, rather than as a neat liquid. If vinylic cuprates are used, 

the vinylcyclopropane products can be rearranged to cyclopentenone derivatives. 

Likewise, trapping the intermediate of such an addition with a vinylic electrophile to 

afford a divinylcyclopropane can ultimately lead to seven-membered ring formation. 

Should these latter two types of transformations be of interest, it should be noted that 

vinylcyclopropanone ketals are sensitive to acid, opening via a cyclopropylcarbinyl 

cation to the corresponding jS,y-unsaturated ester. A further application utilizing chiral, 

non-racemic cyclopropenone ketals to afford regio- and stereoselectively substituted 

cyclopropyl cuprates has also been achieved [32a]. 

Carbocupration of a Cyclopropenone Ketal with R2CuLi [32b] 

Mel 

HMPA 

To a THF (13 ml) solution of 1-bromocyclooctene (0.63 ml, 4.4 mmol) was added at -70°C 
/-BuLi (5.8 ml of a 1.53 m solution in pentane, 8.8 mmol) over 30 s. After stirring for 3 min, the 
vinyllithium solution was added via a cannula to a suspension of CuBr SMe2 (0.451 g, 2.2 mmol) 
in Et20 (3 ml). The mixture was stirred at -40 °C for 20 min, then cooled to -70°C. The 
cyclopropenone ketal 2 (0.28 ml, 2 mmol) [33] in Et20 (1.5-ml) was added to the cuprate solution 
over 1 min and stirred for 5 min. An Et20 (2 ml) solution of iodomethane (0.62 ml, 10 mmol) and 
HMPA (0.38 ml, 2.2 mmol) was added and the mixture was warmed slowly to 0 °C over 3 h, and 
then stirred 1 h at 0 °C. The solution was poured into saturated NH4CI (15 ml) and the water 
layer was extracted with Et20. The combined organic layer was filtered through a short column 
of silica gel and concentrated in vacuo. The residual oil was chromatographed on silica gel (2% 
ethyl acetate in hexane) to obtain the 2,3-disubstituted cyclopropanone ketal as a colorless oil 
(0.423 g, 79%); IR (neat), 2950, 2920, 2850, 1470, 1450, 1395, 1260, 1155, 1070, 1025, 915 crn'i; 
^H NMR (200 MHz, CDCI3) d 0.94 (s, 3H), 0.95-1.75 (m involving s, at 1.29), 2.05-2.49) (m), 
3.45-3.65 (m, 4H), 5.63 (dt, J= 1.9, 9.0 Hz). Elemental analysis corresponded to C17H28O2. 

4.2.1.1 Reactions in the Presence of BFa'EtaO 

Exposure of the Gilman dimeric cuprate (Me2CuLi)2 in THF to BF3 Et20 at —78 °C 

was recently shown to give rise to Me3Cu2Li, along with MeLi-BF3, the former being 
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the species responsible (along with BF3-Et20) for the chemistry of this cuprate-Lewis 

acid pair (equation 4.2) [34]. 

[R2CuLi]2 + 2BF3 R3Cu2Li + RLiBF3 + BF3 (4.2) 

Regardless of the events which occur rapidly on mixing R2CuLi with BF3-Et20, of 

necessity done and maintained at low temperatures ( —78 °C up to ca — 50°C), this 

combination is responsible for remarkable accelerations in numerous situations where 

R2CuLi alone is either too unreactive or incompatible with increasing temperatures 

needed for a reaction to ensue [35]. Little or no visible changes in solutions of R2CuLi 

occur on addition of BF3-Et20 at —78 °C, and there is no induction period prior to 

introduction of a substrate. Thus, as is true for Me3SiCl (see below), the cuprates are 

prepared exactly as described earlier, as these additives are involved only after the initial 

preparation. At least one equivalent of BF3 Et20 (or TMS-Cl) is required for the full 

benefits to be realized, in part owing to the likely formation of boron ate complexes, 

rather than lithium salts, as the initial products [36]. In each of the examples which 

follow, it is noteworthy that BF3-Et20 is essential for the desired chemistry to take 

place. The reactions include the conjugate addition to a highly hindered propellane 

skeleton [37], displacement of an aziridine to afford a secondary amine [38] and a 

highly diastereoselective bond formation involving a chiral, non-racemic acetal [39]. 

BFy Et20-Assisted Conjugate Addition of Me2CuLi to a Hindered Unsaturated 
Ketone [37] 

To a cold ( — 30 °C) slurry of 870 mg (4.6 mmol) of purified copper(I) iodide and 8.0 ml of diethyl 
ether were added under Ar 6.0 ml (9.6 mmol) of methyllithium (1.2 m). The clear solution of lithium 
dimethylcuprate was stirred for 5 min and cooled to —78 °C, and 0.19 ml (1.54 mmol) of freshly 
distilled BF3 Et20 was added. After the mixture had been stirred 5 min, a solution of 310 mg 
(1.6 mmol) of isomeric enones in 2 ml of diethyl ether was added dropwise; an immediate 
precipitation of methylcopper was observed. The mixture was stirred at —78 °C for 15 min, an 
additional 0.08 ml (0.75 mmol) of BF3-Et20 was added and the mixture was stirred at —78 °C 
for 1 h. After the mixture had slowly warmed to room temperature, the organic material was 
extracted into diethyl ether and washed with saturated NH4CI, water and brine, and then dried. 

Evaporation of the solvent in vacuo afforded 277 mg of crude product, which was shown by IR 
spectroscopy to consist of approximately a 60:40 mixture of saturated ketone and enone, 
respectively. Without prior isolation of the ketone, the crude produce mixture was recycled in 
the same manner as described above. Kugelrohr distillation (b.p. 90-100 °C, 0.4 mmHg), afforded 
233 mg (71%) of product as a 2:1 mixture of anti and syn isomers, respectively; vapour-phase 
chromatography (VPC) (195 °C) cleanly separated the mixture. The first component {anti isomer) 
had the following spectral data: IR (CCIJ, 2880-3000 (s, br), 1730 (s), 1460 (m) cm“L NMR 
(250 MHz, CDCI3), (5 1.01,1.05,1.08 (d, / = 6.5 Hz, and 2s, 9H), 1.24-2.16 (m, 1IH), AB q centered 
at 2.25 (Tab = 15.7 Hz, = 40 Hz, 6/^ 2.16, 2.33, 2H, H^ and Hg); mass spectrum, m/z 
206.1679 (M^; calculated for C14H22O, 206.1675). The second component {syn isomer) displayed 
the following spectral data: IR (CCI4), 2870-3000 (s, br), 1730 (s), 1450 (m) cm“L NMR (250 MHz, 
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CDCI3), d 0.95, 0.99, 1.08 (s, d, J = 6.5 Hz, and s, 9H), 1.16-2.12 (complex m, 12H, containing 
of an AB pattern at 1.97, 7^8 = 15 Hz), 2.67 (d, IH, Hg of an AB pattern centered at 2.32, 
Adab = 175 Hz, 7^0= 15 Hz); mass spectrum, m/z 206.1673 (M"^; calculated for C14H22O, 

206.1675). 

BF^ - Et20-Promoted Alkylation of a Protected Aziridine [38] 

1. PhjCuLi, THF 
BFa-EtjO 

-78 °C tor.t. 

2. HCOOH 
80-85 °C 

90 min (80%) 

A 50 ml round-bottomed flask charged with Cul (1.5 mmol) and THF (6 ml) was cooled under 
Ar to —40 °C and treated with phenyllithium [3 mmol in cyclohexane-diethyl ether (7:3)]. The 
resulting black mixture was stirred 15 min, then cooled to —78 °C. To it was rapidly added the 
4,4-dimethoxybenzhydryl (DMB)-protected aziridine (0.5 mmol) in THF (0.5 ml) followed by 
BF3-Et20 (1.5 mmol). After warming the mixture to room temperature, 14% ammonia solution 
(15 ml) was added along with diethyl ether (10 ml) and solid NH4CI (1 g). The resulting dark blue 
aqueous layer was extracted three times with hexane-diethyl ether (1:1). The combined extracts 
were dried (K2CO3), filtered and concentrated to afford the A^-DMB derivative of jS-phenethyla- 
mine in 95% yield after flash chromatography [hexane-ethyl acetate (4:1)]. This sample was 
deprotected by stirring in 88% formic acid (5 ml) at 80-85 °C for 90 min. After removing the 
solvent in vacuo at 15 mmHg and then at 0.5 mmHg, the amine was partitioned between 5% 
aqueous HCl and diethyl ether to furnish pure )3-phenethylamine (44 mg, 80%). 

BF- Et20-Assisted Cuprate Alkylation of a Chiral, Non-Racemic Acetal [39] 

(/i-C«H,3)2CuLi 

EtjO, BFj EtjO 

-78 to -55 °C 
15 min 

H Me 

(89%) 

Me 

To a slurry of Cul (2.86 g, 15 mmol) in Et20 (70 ml) was slowly added, at -40 °C, an ethereal 
solution of «-hexyllithium-LiBr (30 ml of a 1 m solution, 30 mmol; prepared from «-hexyl bromide 
and Li metal). The blue solution of the cuprate was ready after complete dissolution of Cul 
(30-60 min). After cooling to -78 °C, the chiral acetal (0.58 g, 5 mmol) dissolved in 10 ml of Et20 

was slowly added. If the addition is too rapid it will result in the formation of a yellow-orange 
precipitate which redissolves on warming. Under vigorous stirring, a solution of BF3-Et20 (1.9 ml, 
15 mmol) in Et20 (10 ml) was added. The reaction was exothermic and the mixture was allowed 
to warm to -55 °C (internal temperature) for 15 min, whereupon no starting material remained 
(GC analysis). The orange-red mixture was hydrolyzed by addition of 30 ml of aqueous NHpi 
and 20 ml of aqueous ammonia. The salts were filtered off and the aqueous layer extracted twice 
(2 X 50 ml of Et20). The combined organic phases were dried over Na2S04 and the solvents 
were removed in vacuo. The residue was chromatographed on silica gel [cyclohexane—EtOAc 
(80 • 20)] to afford 897 mg of a pale yellow oil (89%). Only one set of signals was seen by NMR. 
IR 3300 1100 cm-1; ^H NMR, ^ 3.52 (m, 2H), 3.14 (m, IH), 1.45-1.30 (m, lOH), 1.16 (d, 6H), 
1 10 (d, 3H), 0.90 (t, 3H); NMR, ^ 77.50 (-CHO-), 73.06 (-CHO-), 71.06 (-CHOH), 
37 66 31 94, 29.44, 25.77, 22.67 (CH2), 20.00, 18.53, 16.15, 14.09 (CH3). The diastereomer at C-2 
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may be prepared in the same manner from Me2CuLi and 2-hexyl-(f?,/?)-4,5-dimethyldioxolane. 
The corresponding NMR data are as follows: NMR, d 3.58 (m, IH), 3.50 (m, IH), 3.28 (m, 
IH), 1.40-1.30 (m, lOH), 1.14 (d, 3H), 1.12 (d, 3H), 1.08 (d, 3H), 0.90 (t, 3H); NMR, d 78.18 
(—CHO—X 74.55 (—CHO—), 70.97 (—CHOH), 36.92, 31.97, 29.61, 25.71, 22.73 (CH^), 21.27, 

18.62, 16.86, 14.12 (CHj). 

4.2.1.2 Reactions in the Presence of MeaSiCI 

Although Gilman reagents are modified under the influence of BF3-Et20 [34], just 

how TMS-Cl alters the reaction pathway of lower order cuprates is currently a hot 

topic of debate. Arguments favoring both trapping of intermediate Cu(III) adducts [40] 

and trace quantities of carbonyl-TMS-Cl Lewis acid-Lewis base activation [41] have 

been advanced. Whatever the role, this simple synthetic maneuver usually pays off hand¬ 

somely, and should be considered whenever hindered unsaturated carbonyl-containing 
molecules are involved. An illustrative procedure is cited below, the process (aside from 

the introduction of McaSiCl to the cuprate) being otherwise essentially identical with the 

standard mode of reagent use. Other work also suggests that both TMS-I and 

TMS-Br [42], in some cases, may provide even a greater boost to reagent activity. 

Me^SiCI-Accelerated 1,4-Addition of Bu2CuLi to Acrolein [43] 

Bu2CuLi, THF 
CHO - 

HMPA, MejSiCI 
-70°C, 2.5 h (80%) 

(£:Z98:2) 

To a stirred suspension of CuBr SMe2 (61.7 mg, 0.3 mmol) in 0.8 ml of THF at —70°C was 
added dropwise butyllithium in hexane (0.60 mmol). The mixture was stirred at — 40 °C for 
30 min and then cooled to —70 °C, after which HMPA (174 pi, 1.0 mmol) was added. After several 
minutes, a mixture of acrolein (33.4 pi, 0.50 mmol), chlorotrimethylsilane (120 pi, 1.0 mmol) and 
decane (internal standard) in 0.3 ml of THF was added dropwise. After 2.5 h at —70 °C, 80 pi of 
triethylamine and pH 7.4 phosphate buffer were added. GLC analysis of the resulting mixture 
indicated an 80% yield and an £: Z ratio of 98:2. 

4.2.1.3 Reactions in the Presence of Other Additives 

Cuprate couplings effected in the presence of highly polar solvents, such as DMF or 

HMPA [14], or modified by inclusion of other metals can lead to changes in 

chemoselectivity or product formation that would not otherwise occur. For example, 

1,4-diene formation by attachment of a vinylic cuprate (in particular, one derived via 

carbocupration) to an sp^ center is best done in the presence of a catalytic amount of 

Pd(Ph3P)4 and ZnBr2 (1 equiv.) [44]. Thus, following the preparation of a (Z)-vinylic 

cuprate (see above), a typical procedure is exemplified by the preparation of 7(£),9(Z)- 

dodecadien-l-yl acetate. 
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Coupling of a Vinylic Iodide with a Vinylic Cuprate; 1,3-Diene Synthesis [44] 

Et CuLi 

AcO(CHj)g-V_ -- AcO(CH2)«^^^=. 
THE, ZnBr^ ^Et 

Pd(PPh3)4 
-20 to 10 °C 

30 min 

(78%) 

To a solution of (Z)-dibutenyl cuprate (prepared from 6 mmol of EtLi in 30 ml of diethyl ether 
and acetylene via carbocupration; see above) were added at —40 °C 20 ml of THF and then a 
solution of 700 mg of ZnBr2 in 10 ml of THF. After stirring for 30 min at —20 °C, a mixture of 
3 mmol of l-iodo-l(£)-octen-8-yl acetate (94% E purity) and 0.15 mmol of Pd(PPh3)4 in 10 ml 
of THF was added. The reaction mixture was slowly warmed to 10 °C and, after 30 min at this 
temperature, 40 ml of saturated NH^Cl solution were added. The organic phase was concentrated 
in vacuo and 50 ml of pentane were added to precipitate the inorganic salts, which were filtered 
off. The organic solution was washed twice with 20 ml of saturated NH4CI solution, dried over 
MgS04 and the solvent removed in vacuo. The crude residue was purified by preparative TLC 
to afford a 78% yield of the pheromone (97% E/Z purity). 

4.2.1.4 Reactions in Non-Ethereal Media 

Although not routine, cuprate reactions can be run in solvents other than Et20 or THF 

[45]. The impetus may lie, e.g., in changes expected where stereochemical issues are 

present, or where increased interactions between substrate and cuprate are desirable. 

Solvents such as hexane, benzene, toluene or (as in the case below) CH2CI2 may be 

used to replace Et20 in which the cuprates are initially formed. NMR analyses confirm, 

at least in the case of CH2CI2, that all of the Et20 is not removed, the residual solvent 

serving as ligands on Li"^ [46]. As long as the cuprate is used immediately after solvent 

exchange {in vacuo), decomposition does not appear to be a problem. Occasionally, 

manipulations of this type can have multiple benefits, such as increasing both the rate 
and stereoselectivity of 1,4-additions. 

Conjugate Addition of Me2CuLi to an (x,^-Unsaturated Ester in CH2CI2 [46] 

Me 
l.MejCuLi 

EtjO 

2. -EtjO 
3. + CH2CI2 

0 °C, 1 h 

EtjO: (40%), de ; <35 
(89%), de ; 0 

THF: (<1%), de : - 

CH2CI2: (92%), de 71 

NMe, 

Methyllithium (0.5 ml, 1.6 m) was added to a slurry of Cul (167 mg, 0.88 mmol) in 3 ml of diethyl 
ether at 0 °C. After stirring for 10 min the ether was evaporated in vacuo at 0 °C for 30-60 min. 
CH2CI2 (2 ml) was added and evaporated at 0 °C for 30 min to remove all the ether except the 
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equivalent coordinating to the cuprate. Finally, 8 ml of CH2CI2 were added before the enoate 
(0.4 mmol) dissolved in 2 ml of CH2CI2 was added and the mixture stirred for 60 min at 0 °C. 
The reaction was then quenched at 0 °C with concentrated aqueous ammonia-aqueous NH4CI 
and extracted with CH2CI2 (3 x 10 ml). The organic layer was washed with brine, dried (Na2S04) 
and the solvent evaporated in vacuo; yield 92%; de, 71%. The same procedure was used for 

lithium diphenylcuprate (phenyllithium, 0.8 ml, 2 m). 

4.2.2 LOWER ORDER, MIXED CUPRATES RR'CuLi 

In a reaction of a Gilman homocuprate, transfer of only one R group usually takes 

place leading to a by-product organocopper (RCu)„ which is lost on work-up (as RH 

and copper salts). Thus, based on RLi invested, for every equivalent of cuprate (which 

requires 2RLi to form), the maximum realizable yield with one equivalent of substrate 

is 50%. While tolerable for most commercially obtained RLi, those cuprates whose 

precursors must be synthetically prepared and then lithiated are too costly to sacrifice. 

To conserve valued RLi, mixed cuprates have been developed which derive from two 

different organolithiums; one is the organometallic of interest, RjLi; the other, RfLi, 

consists of a ligand R^ which is less prone to release by copper. When R,Li and R^Li 

combine with CuX (X = I, Br), R^R^CuLi is formed. Subsequent reaction with a suitable 

substrate leads to transfer of the R, group in preference to R^, with loss of the by-product 

(RrCu)„ being of no consequence. 
Many different residual ligands (R^) have been developed over the years [47]. Perhaps 

the most widely used are acetylenic derivatives, first introduced in 1972 [48]. Examples 

include lithiated ferf-butylacetylene [49], 1-pentyne [48] and 3-methyl-3-methoxy-l- 

butyne [50]. Procedures in which each of the above is involved are given below. All of 

these acetylenes are easily obtained either in a single operation (see procedure below 

for 3-methyl-3-methoxy-l-butyne) or from commercial sources. Metallation is readily 

performed with, e.g., MeLi or «-BuLi, and the resulting lithiated acetylene is ready for 

use. When added to Cul, the transmetalated product, a copper(I) acetylide, tends to 

have reasonable solubility in Et20 and is readily dissolved in THE as solutions bearing 

a red-orange color. Owing to their relative volatility, reformation of the neutral 

acetylenes on work-up does not complicate this methodology. 

Michael Addition of a Mixed Acetylenic Cuprate to Isophorone [49] 

=—Cu(Me)Li 

EtjO, 5-7 °C 
20 min 

O 

(76%) 

A solution of t-BuC=CLi, prepared from 269 mg (3.28 mmol) of /6?rr-butylacetylene and 
3.06 mmol of MeLi in 2.4 ml of Et20, was added with stirring to a cold (10-13 °C) slurry of 
573 mg (3.02 mmol) of purified Cul in 2.0 ml of Et20. To the resulting cold (5-7 °C) red-orange 
solution of the acetylide was added 1.7 ml of an Et20 solution containing 2.74 mmol of MeLi. 
This addition resulted in a progressive color change from red-orange to yellow to green. To the 
resulting cold (5-7 °C) solution of the cuprate was added 2 ml of an Et20 solution containing 
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2.08 mmol of isophorone. The color of the reaction mixture changed progressively from green to 
yellow (1-2 min) to red-orange (20 min), after which the mixture was partitioned between Et20 

and an aqueous solution (pH 8) of NH^Cl and NH3. The resulting orange Et20 solution was 
washed with 3 x 25 ml of 28% ammonia solution to complete hydrolysis and the remaining 
colorless Et20 solution was washed with water, dried and concentrated in vacuo. After the residual 
yellow liquid (288 mg) had been mixed with a known weight of «-Ci4H3o (as an internal standard), 
analysis (GLC, silicone fluid QFj on Chromosorb P, apparatus calibrated with known mixtures) 
indicated the presence of the tetramethyl ketone (76% yield) and the unchanged enone (12% 
recovery). None of the reduced ketone was detected. Collected samples of the ketones were 
identified with authentic samples by comparison of GLC retention times and IR and NMR 

spectra. 

Conjugate Addition of a Lower Order Acetylenic Butyl Cuprate [48] 

O O 
/1-H7C3 —= 1 Cu(n-Bu)Li 

EtjO, HMPA, -78°C, 
15 min 

(97%) 

A slurry of 0.64 g of dry n-propylethynylcopper (4.90 mmol) in 10 ml of anhydrous diethyl ether 
was treated with 1.80 ml of dry hexamethylphosphoric triamide (9.80 mmol) and the mixture 
was stirred at room temperature under Ar until a clear solution was obtained (5-10 min). To the 
cooled (-78°C) solution were added 3.10 ml of a 1.49 m solution of n-butyllithium (4.62 mmol) 
in hexane, and the resulting yellow solution was stirred for 15 min at —78 °C. The solution of 
mixed cuprate so formed was then treated with 2.50 ml of a 1.80 m solution of 2-cyclohexenone 
(4.50 mmol) in anhydrous diethyl ether, stirred for 15 min at -78 °C, quenched by pouring into 
ice-cold aqueous ammonium sulfate solution and extracted with diethyl ether. The ethereal layers 
were extracted with ice-cold 2% v/v sulfuric acid, then filtered through Celite and washed with 
aqueous sodium hydrogen carbonate (5%). The dried (Na2S04) extracts afforded almost pure 
3-«-butylcyclohexanone (0.675 g, 97%), homogeneous by TEC analysis \_Rf 0.40; diethyl ether- 
benzene (1:10)] and >99% pure by GLC analysis (10 ft, 10% SE-30 column, 170 °C, retention 

time, 5.2 min). The IR and NMR spectra were satisfactory. 

Preparation of 3-Methyl-3-methoxy-1 -butyne [50] 

\ 1. NaH,DMF, Ih 
HO—)—=—H - 

I 2. Me2S04, 0 °C to r.t. 
1 h 

A slurry of sodium hydride (7.2 g, 150 mmol; 50% in mineral oil) in 150 ml of DMF was cooled 
to 0 °C and 8.4 g (100 mmol) of 2-methyl-butyn-2-ol dissolved in 100 ml of DMF were added 
dropwise over 30 min. The reaction mixture was stirred for an additional 30 min and dimethyl 
sulfate (19 g, 14.3 ml, 150 mmol) was slowly added over a 20 min period. After stirring for an 
additional 5 min at 0 °C, the flask was allowed to warm to room temperature and stirring was 
continued for 45 min. Excess of sodium hydride was then destroyed by the dropwise addition of 
glacial acetic acid to the cooled (0 °C) reaction mixture. Direct distillation through a 30 cm Vigreux 
column afforded 8.2 g (84%) of pure material, b.p. 77-80 °C; IR (liquid film), 3290, 1080 cm ; 

NMR (CDCI3), S 3.35 (s, 3H), 2.38 (s, IH), 1.46 (s, 6H). 

MeO 

(84%) 
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Displacement of a Benzylic Halide with a Mixed Lower Order Acetylenic Cuprate [50] 

A 1 M solution of 3-niethoxy-3-methyl-l-butyne in THF was treated at 0 °C with 1 equiv. of 
n-butyllithium. The clear, colorless solution was stirred for 5-10 min and transferred into a slurry 
of copper(I) iodide in THF (1 mmol mP*), precooled to 0 °C. The resulting red-orange solution 
was then stirred at this temperature for 30 min and subsequently transferred either by syringe or 
cannula to a — 78°C solution of the lithio reagent (0.5-1 m). Under the above conditions, a 
virtually instantaneous reaction occurred, yielding a pale yellow to colorless solution of the mixed 
cuprate. The use of more concentrated conditions led to the appearance of a white precipitate 
during cuprate formation (presumably lithium iodide), which readily dissolved at ca — 30 °C to 
give a homogeneous solution. Addition of the substrate (0.985 equiv.) as a solution in THF at 
— 78 °C was followed by warming to —20 °C and stirring for several hours. Standard extractive 
work-up employing pH 8 aqueous ammonia in saturated NH4CI gave the product (92%), which 
was virtually pure (by NMR). The formation of these mixed Gilman reagents can also be 
accomplished satisfactorily by the addition of an R,Li reagent to a solution of the copper(I) 
acetylide (i.e. ‘normal addition’). 

Other non-acetylenic groups have also found favor as residual ligands (R^) in lower 

order cuprate reactions. The strong associations of copper with sulfur, and also with 

phosphorus, have led to the development of the thiophenoxide (PhS—) [51], 2-thienyl 

(2-Th—) [52] and dicyclohexylphosphido [(C6Hii)2P—] [16, 53] ligands in this capa¬ 

city. Each in lithiated form is readily prepared from commercial materials and has 

proved to serve in a manner similar to that of the acetylenic unit (see above). 

Acylation of a Mixed Phenylthio Cuprate [51a] 

PhS 
\ 

v^CuLi 

THF, -78 to -20°C 

A stirred suspension of 4.19 g (22.0 mmol) of copper(I) iodide in 45 ml of THF was treated at 
25 °C with 18.3 ml of 1.20 m (22.0 mmol) lithium thiophenoxide in THF-hexane (1:1). A clear, 
yellow solution formed within 5 min but became a cloudy suspension on cooling to — 78°C. 
Dropwise addition of 10.6 ml of 2.06 m (21.8 mmol) t^rt-butyllithium in pentane to the cold 
( —78°C) suspension gave a fine, nearly white precipitate. Into this cold ( —78°C) suspension 
was injected after 5 min 15.0 ml of a precooled ( — 78 °C) solution containing 2.81 g (20.0 mmol) 
of benzoyl chloride in THF. Addition of the substrate regenerated the cloudy, yellow suspension, 
and the reaction mixture was stirred for 20 min before quenching was effected by injection of 
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5.0 ml (125 mmol) of absolute methanol. The reaction mixture was allowed to warm to room 
temperature, then poured into 200 ml of saturated, aqueous NH4CI, and the yellow precipitate 
thus formed was removed by suction filtration. The aqueous phase was extracted with 3 x 100 ml 
of diethyl ether and the combined ether phases were washed twice with 50 ml of 1 m NaOH and 
dried with MgS04. The solvent was removed in vacuo to afford 3.21 g (99%) of a slightly yellow 
oil with spectral properties essentially identical with those of pure pivalophenone. Short-path 
distillation gave 2.82 g (87% yield based on benzoyl chloride) of colorless pivalophenone, b.p. 
105-106 °C (15 mmHg); 1.5092; IR (CCI4), 1680cm-i (C=0); NMR (CCI4), S 7.6-7.8 (m, 
2H), 7.2-7.5 (m, 3H), 1.33 (s, 9H). 

In the case of mixed thienylcuprates [Rj(2-Th)CuLi], the thiophene obtained from 

various vendors is usually not of satisfactory quality to be used as received. At least 

one distillation (b.p. 84 °C) is strongly recommended, and clean thiophene should appear 

as a close to water-white liquid. Metallation in ethereal media should afford solutions 

pale yellow (when done in THF at ca — 25°C) to yellow (at 0 °C to ambient 

temperature). When Rj = Me [i.e. Me(2-Th)CuLi], a particularly stable reagent is 

formed, thereby allowing commercialization of this methyl thienyl cuprate by the 

Lithium Division of FMC Corporation [52a]. 

Michael Addition of a Mixed 2-Thienyl Cuprate to an Unsaturated Ester 
Assisted by Me^SiCI [52b] 

Me(2-Th)CuLi 

EtiO, TMS-Cl 
-50to0°C 

«-Butyllithium (2.5 mmol) was added to a solution of thiophene (3 mmol) in diethyl ether (5 ml) 
at 0 °C and the solution was stirred at room temperature for at least 40 min. Then another 2.5 ml 
of diethyl ether were added, the mixture was cooled in an ice-bath and finally powdered copper 
iodide (2.5 mmol) was introduced. 2-Thienylcopper formed immediately as a yellowish suspension. 
The mixture was stirred for about 5 min and then methyllithium (4.85-4.95 mmol) was added. 
The mixture was stirred until the Gilman test (see Section 4.2.1) for free alkyllithium was negative 
(about 5 min). The color of the cuprate solution was yellow to light green. The reaction mixture 
was then cooled to about — 50 °C and methyl cinnamate (2 mmol) in diethyl ether (2.5 ml) was 
added. The addition resulted in a shiny yellow color. Within 1 min after substrate addition, 
trimethylchlorosilane (5 mmol) was added. The temperature was allowed to rise to 0 °C and the 
reaction was followed by GLC. After work-up the crude product, dissolved in pentane, was 
chromatographed through silica gel to separate trimethylsilylthiophene from the conjugate 
adduct. The silica gel was then eluted with diethyl ether. After filtration, drying with sodium 
sulfate and evaporation, the yield was 0.268 g (75%) of methyl (3-phenyl)butanoate. 

cr'’ COjMe COiMe 

(75%) 

The use of dicyclohexylphosphine, en route to the mixed phosphido lower order 

cuprates R,(C6Hii)2PCuLi, requires some care in terms of handling (i.e. minimized 

exposure to air). Once formed, however, the cuprates are particularly stable reagents, 

although they participate readily in substitution and Michael additions. 
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Conjugate Addition of a Lower Order Phosphide Cuprate to Cyclohexenone [53] 

'^p 
0 

6 

* \ 
.CuLi 

n-Bu ^ 

0 

(80%) 

EtjO, - 78 °C, 45 min 

A 10.7 g (54.0 mmol) quantity of dicyclohexylphosphine (K & K Labs or Organometallics) 
dissolved in 30 ml of dry, oxygen-free diethyl ether in a septum-sealed 100 ml pear-shaped flask 
was cooled to 0 °C (ice bath) and 37.5 ml (54.0 mmol) of 1.44 m (0.21 m residual base) butyllithium 
(Aldrich, in hexane) were added. The resulting suspension was stirred at 0 °C for 1 h and then 
transferred by cannula into a suspension of 10.9 g (53.0 mmol) of CuBr SMe2 (Aldrich) in 60 ml 
of diethyl ether in a septum-sealed 500 ml round-bottomed flask, which was also at 0 °C. (The 
flask containing the phosphide was rinsed with 10 ml of diethyl ether.) The homogeneous brown 
solution was stirred for 15 min at 0 °C and then cooled to — 50°C for 15 min. A 36.8 ml 
(53.0 mmol) quantity of 1.44 m butyllithium was added and the homogeneous brown solution was 
stirred for 15 min at —50 °C. It was then cooled to —75 °C for 15 min and 4.80 g (49.9 mmol) 
of 2-cyclohexen-l-one (Aldrich, distilled and refrigerated) in 20 ml of diethyl ether in a septum- 
sealed 50 ml pear-shaped flask cooled to — 75°C were added by cannula. (A further 5 ml of 
diethyl ether were used to rise the 2-cyclohexen-l-one flask.) After 45 min at —75 °C, a 2.0 ml 
aliquot (out of a total of 200 ml) was withdrawn by syringe and added to 1 ml of 3 m aqueous 
NH4,C1 in a septum-selaed 2 dram vial, which also contained 29.7 mg of tetradecane (internal 
standard). Calibrated GLC analysis indicated a 91% yield of product; no starting material 
remained. After a total of 1 h, 200 ml of 3 m aqueous NH4CI (deoxygenated with N2) were added 
to the reaction mixture, which was allowed to warm to ambient temperature. The final pH of 
the aqueous layer was 8. The mixture was filtered through Celite 545 and the filter deposit was 
washed with 200 ml of diethyl ether. The organic layer was separated and back-extracted with 
250 ml of 0.2 m aqueous sodium thiosulfate, 200 ml of NH4CI solution, 250 ml of 0.4 m aqueous 
sodium thiosulfate and finally 100 ml of NH4CI. The aqueous layers were sequentially extracted 
with 50 ml of diethyl ether, which were added to the original organic layer. Drying over anhydrous 
sodium sulfate (Baker, granular) and evaporation under reduced pressure (<30 °C, 30 Torr) gave 
9.31 g of a yellow oil, which was purified by flash chromatography on 180 g of Florisil (Fisher) 
slurry-packed in a 40 x 3.5 cm i.d. column and eluted with 3.5 1 of 5% diethyl ether-hexane 
followed by 0.5 L of 10% diethyl ether-hexane. All fractions collected were of 50 ml (the column 
volume was 350 ml), and 5.61 g (98% pure by GLC) of product were recovered from fractions 
11-76. An additional 0.53 g (98% pure) was obtained by stripping the column with 20% diethyl 
ether-hexane (ca 750 ml). The total yield of pure product was 6.14 g (80%). Analysis: calculated 
for CioHigO, C 77.87, H 11.76; found, C 77.60, H 11.59%. 

All of the above ‘dummy’ ligands have one feature in common: they are introduced 

as lithiated species (RfLi) either to react with CuX to form initially R^Cu -I- LiX and 

thence with R,Li, RtR^CuLi, or with R,Cu to form R,RrCuLi directly. Another alterna¬ 

tive does exist, however, in which the R, is already bound to copper as the Cu(I) salt. 
That is, CuCN is special in that treatment with R,Li affords the lower order cyanocu- 

prate R,Cu(CN)Li, rather than the products of metathesis, R,Cu -I- LiCN (Scheme 4.1) 

[54]. 
The strength of the copper-cyanide bond is presumably responsible for this behavior, 

but what is gained in simplicity of preparation and stability is paid for in reactivity. 
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R,Li + CuCN 

RCu(CNLi 

R,Cu + LiCN 

Scheme 4.1 

Hence, while lower order cyanocuprates are easily formed by this simple 1:1 corre¬ 

spondence (Scheme 4.1), the cyano ligand serving as the non-transferable R^, they 

are best used in reactions with activated electrophiles, e.g. allylic epoxides. 

Ring Opening of an Allylic Epoxide with a Lower Order Cyanocuprate [54a] 

OTMS 

MeCu(CN)Li 

EtjO, -78°C, 1 h 

(93%) 

Caution: All cuprate reactions using CuCN should never be quenched with acidic aqueous 
solutions, so as to prevent generation of HCN. 

CuCN (720 mg, 8 mmol) was placed into a flame-dried round-bottomed flask, which was then 
filled with ca 40 ml of dry diethyl ether and cooled to —40 °C under N2. A 4.67 ml volume of 
methyllithium in diethyl ether (1.71 m, 8 mmol) was added and the yellowish suspension stirred 
for ca 30 min at — 40°C, until no CuCN was visible at the bottom of the flask. After cooling 
to — 78 °C, a solution of 400 mg (2.0 mmol) of the epoxy enol ether in 5 ml of dry diethyl ether 
was added dropwise, with an intensification of the yellow color. The mixture was allowed to 
warm to room temperature over 5 h and then quenched with 30 ml of saturated NH4CI solution. 
After filtration through a Celite pad and washing of the ether layer with brine solution, the organic 
phase was dried over sodium sulfate and concentrated in vacuo to yield 390 mg (93%) of adduct. 
The crude reaction product was of high purity, as determined by 360 MHz NMR and ^^C 
NMR. Only one product was detectable by the aforementioned spectroscopic techniques. IR 
(neat), 840, 890, 1200, 1255, 1655, 3400 cm"NMR (CDCI3, 90 MHz), 5 0.07 (s, 9H), 0.89 
(d, 3H, 7 = 7 Hz), 1.16 (s, 3H), 1.20-2.39 (m, 5H), 4.65 (br s, IH); '^C NMR (CDCI3), ^ 0.027, 
17.31, 27.06, 29.93, 32.96, 34.32, 69.48, 110.59, 156.32; mass spectrum, m/z 214 (M), 199, 196, 181, 
171, 165, 156, 144, 141, 127, 75 (100%), 73. 

4.2.3 HIGHER ORDER CYANOCUPRATES R2Cu(CN)Li2 

Retention of the cyano group on copper when CuCN is exposed to R,Li (Scheme 4.1) 

presumably reflects an element of % basicity between the filled d orbitals on Cu(I) and 

n acidity of the vacant n* orbitals in the nitrile. These interactions, together with the 

polarization of the C=N ligand, may be responsible for the lower order species 
[RCu(CN)Li] being receptive toward a second equivalent of RLi, thereby forming 

R2Cu(CN)Li2 (equation 4.3). 
These Cu(I) dianions are far more reactive than the corresponding lower order 

cyanocuprates, and also compare favorably with Gilman reagents in this regard [2a, 

e-g]. However, while more robust toward, e.g., primary halides and epoxides, they are 

OTMS 
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at the same time more stable than lower order species R2CuLi [55], another fringe 

benefit of the cyano ligand. 

RLi 
RLi + CuCN -^ RCu(CN)Li -^ R2Cu(CN)Li2 (4.3) 

The precursor to both RCu(CN)Li and R2Cu(CN)Li2 is CuCN, which offers several 

advantages over Cul or CuBr SMe2. CuCN is far less costly, and requires no special 

handling (such as recrystallization or protection from light), although it is good practice 

to store it in an Abderhalden at 56 °C (refluxing acetone) over KOH. It comes in several 

different forms (according to the Merck Index) which imparts different colors to ethereal 

solutions of these cuprates. They range from an apple juice light brown (at ca 0.3 m) with 

CuCN in the tan form (Mallinckrodt) to yellowish green (green form, Fluka), to almost 

water-white solutions (off-white powder, Aldrich). Fortunately, there is no distinction 

between them in terms of the subsequent chemistry of the derived R2Cu(CN)Li2 [56]. 

With both CuCN and the RLi of interest available admixture in THF or Et20 at 

— 78 °C followed by slight warming effects dissolution to the higher order cuprate. Care 

should be exercised at this point not to slosh the mixture, placing the CuCN too high 

up on the walls of the flask, which could engender slight reagent decomposition 

(observed as a black ring around the flask). Once homogeneity has been reached 

in THF (or cloudy solutions on occasion in Et20), recooling to —78 °C sets the stage 

for substrate addition. Unsaturated enones tend to react at these low temperatures fairly 

quickly [57], as do unhindered epoxides [58] and primary bromides [59]. Et20 is the 

preferred solvent for most conjugate additions and oxirane couplings, mainly because 

of the enhanced Lewis acidity of the Li in solution. Halide displacements, on the other 

hand, are not ‘push-pull’ events, and therefore THF is the solvent of choice [56]. As 

with the case above involving a lower order cyanocuprate, work-up procedures should 

always avoid the use of highly acidic solutions to prevent generation of noxious HCN. 

1,4-Addition of a Higher Order Cyanocuprate to Mesityl Oxide [57] 

Ph2Cu(CN)Li2 

EtjO, -78°C, Ih 

Ph 

XT 
O 

(83%) 

Ph2Cu(CN)Li2 was prepared by the addition of PhLi (0.65 ml, 1.44 mmol) to CuCN (66 mg, 
0.74 mmol) in 0.95 ml of Et20 at —78 °C. Warming this mixture to 0 °C produces a yellowish 
but not completely homogeneous solution. The temperature was returned to —78 °C, at which 
point mesityl oxide (57 fi\, 0.5 mmol) was added neat via a syringe. Stirring was continued at 
— 78 °C. After 45 min the solution became viscous and further stirring was difficult. Quenching 
after 1 h and work-up in the usual manner were followed by column chromatography on Si02 

with pentane-Et20 (3; 1), yielding 72.6 mg (83%) of product: Rf [pentane-Et20 (3:1)] 0.43; IR 
(neat), 3060, 3025, 1722, 1705, 763, 698 cm“^; NMR, 5 1.45 (s, 6H), 1.80 (s, 3H), 2.70 (s, 2H), 
7.10-7.45 (m, 5H); mass spectrum, m/z (relative intensity, %) 176 (M^, 11.8), 119 (100), 91 (45.5), 
43 (52.7); HRMS, calculated for C12H16O, 176.1201; found, 176.1178. 
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Coupling of a Divinyl Higher Order Cyanocuprate with a 1,1 -Disubstituted 
Oxirane [58] 

•'^Cu(CN)Li2 

THF, 0 °C, 5 h 

To (vinyl)2Cu(CN)Li2 at 0 °C, formed via addition of vinyllithium (0.96 ml, 2.0 mmol) to CuCN 
(89 mg, 1.0 mmol) in 1.5 ml of THF, was added 92 /il (0.77 mmol) of the epoxide. The solution 
was stirred at 0 °C for 5 h, then quenched and worked up in the usual fashion. Chromatographic 
purification on SiOj with 10% Et20-pentane yielded 92.3 mg (94%) as a clear oil: TLC, Rf 
[Et20-pentane (1:1)] 0.73; IR (neat), 3400, 3080, 1640, 1150, 960, 910cm'^; NMR, 5 0.85 
(t, 6H, y = 9 Hz), 1.35 (s, IH), 1.47 (q, 4H, 7 = 9 Hz), 2.20 (d, 2H, J = 7.5 Hz), 5.10 (m, 2H), 5.80 
(m, IH); mass spectrum, m/z (relative intensity, %) 113 (3.0), 99 (5.1), 87 (52.8), 81 (27.6), 67 (38.7), 
57 (100), 41 (52.8); HRMS, calculated for CgHigOCHj, 113.0938; found, 113.0952. Analysis: 
calculated for CgHjeOGHj, C 74.27, H 13.34; found, C 73.98, H 13.51%. 

Displacement of a Primary Bromide by a Higher Order Cyanocuprate [59] 

Br(CH2)4CN 
/i-Bu2Cu(CN)Li2 

THF, -50°C, 2.5 h 
CH3(CH2)7CN 

(92%) 

Copper cyanide (89.6 mg, 1.0 mmol) was placed in a 25 ml two-necked, round-bottomed flask, 
evacuated with a vacuum pump and purged with Ar, and the procedure was repeated three times. 
THF (1.0 ml) was injected via a syringe and the resulting slurry cooled to —75°C, then 
n-butyllithium (0.8 ml, 2.0 mmol) was added dropwise. Subsequent warming to 0 °C produced 
a tan solution, which was immediately recooled to — 50 °C, followed by dropwise addition, via 
a syringe, of 5-bromovaleronitrile (0.089 ml, 0.77 mmol). The reaction mixture was stirred at this 
same temperature for 2.5 h, followed by quenching with 5 ml of saturated NH4Cl-concentrated 
ammonia solution (9:1). Extraction with Et20 (3x5 ml), drying over Na2S04 and evaporation 
of the solvent in vacuo resulted in a light yellow oil, which was chromatographed on silica gel 
with 15% Et20-pentane to yield 0.099 g (92%) of a clear liquid: TLC, Rf [Et20-pentane (1:4)] 
0.5; NMR and IR data identical with those of pelargononitrile (Aldrich). 

4.2.3.1 Reactions in the Presence of BF3 Et20 

When higher order cyanocuprates are exposed to 1 equiv. or more of BF3 Et20 in 

THF, two significant events occur immediately, in spite of no visible change in 

appearance of the solution: (1) an equilibrium is established with the lower order 

cyanocuprate (equation 4.4), and (2) the BF3 situates itself to a significant degree on 

the nitrile ligand m R2Cu(CU)Li2 [60]. 

R2Cu(CN)Li2 + BF3 R2Cu(CN—BF3)Li2 RCu(CN)Li + RLiBF3 

(4.4) 

As control experiments demonstrated that the reactive species is surely the higher 

order reagent, it now seems likely that the boost in cuprate reactivity may be ascribed, at 

least in part, to the rapid inclusion of this potent Lewis acid into the cuprate cluster. 
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Thus, as the enone is added, it sees a species bearing a far stronger carbonyl activating 

moiety than would otherwise be the case (i.e. BF3 rather than, or in addition to, Li ). 

Although the and NMR data unequivocally attest to the equilibrium as shown, 

whether the BFj-complexed cuprate species is the actual reagent responsible for the 

chemistry is open to debate. What is not a matter for conjecture, however, is the often 

extraordinary difference this combination of reagents can make in otherwise challenging 

substrates [35]. The argument is particularly convincing, for example, with isophorone, 

where only with BF3'Et20 present could a phenyl group be delivered to the ^-site in 

high yield [36]. 

BFy EtzO-Assisted 1,4-Addition of a Higher Order Cyanocuprate to a Hindered 

Enone [61 ] 

O 
PhjCu(CN)Lij JL 

THE, BFj EtjO 
-78to-50°C, 1 h 
-15 °C, 0.75 h 

(>95%) 

Ph2Cu(CN)Li2 was prepared as a yellow solution in THF (0.6 ml)-Et20 (0.6 ml) using PhLi 
(2.0 mmol, 0.90 ml) and CuCN (1 mmol, 89.6 mg). BF3-Et20 (1.0 mmol, 0.13 ml) was added to 
the cuprate at —78 °C with no visible change seen. Isophorone (0.50 mmol, 0.074 ml) was added, 
neat, at — 78°C, followed by stirring at — 50°C for Ih and then at — 15°C for 0.75 h. 
Quenching followed by quantitative VPC analysis indicated that phenyl transfer had occurred 
to the extend of >95%. Filtration through Si02 afforded pure material; IR (neat), 1712 cm” 
mass spectrum, m/z (relative intensity, %) 216 (M"^, 52), 201 (85), 159 (43), 145 (64), 118 (100); 
HRMS, calculated for C15H20O, 216.1490; found 216.1501. 

Usually this additive, if successful in turning an otherwise sluggish coupling into a 

facile process, is ‘compatible’ with R2Cu(CN)Li2 up to ca -50 °C. Temperatures much 

above this limit start to erode seriously the percentage of educt consumption, pre¬ 

sumably owing to side-reactions between ‘RLi’ and BF3 (cf equation 4.4), in addition 

to BF3-mediated opening of THF by the RLi BF3 present [62]. Fortunately, 5^2 

displacements of epoxides with the R2Cu(CN)Li2-BF3 mixture also tend to occur at 

low temperatures and at greater rates relative to reactions in the absence of this additive 

[63]. Such is also true for openings of oxetanes. 

BF^-Et20-Mediated Opening of an Oxetane by a Higher Order Cyanocuprate [63] 

1. PhjCufCNlLiz 

Et20, BF3*Et20 
-78 to -50°C, Ih 

2. AC2O, pyr 
(87%) 

An ethereal solution of PhLi LiBr (49.2 ml of a 1.3 m solution in Et20, 64 mmol) was rapidly 
added to a suspension of CuCN (3 g, 33 mmol) in Et20 (100 ml) at — 30°C. Stirring was 
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continued for 10 min at —15 °C until a gray solution was obtained. This solution was cooled 
to —40°C and trimethylene oxide (1.74 g, 30 mmol) in Et20 was added. The yellowish solution 
was again cooled to —78 °C, whereupon BF3-Et20 (4.2 ml, 32 mmol) in Et20 (20 ml) was slowly 
added. The reaction was complete after 1 h at — 50 °C. The yellow turbid solution was then 
hydrolyzed by addition of 60 ml of aqueous NH4.CI and 40 ml of aqueous ammonia. The salts 
were filtered off and the aqueous layer extracted twice (2 x 100 ml of Et20). The combined 
organic phases were concentrated in vacuo. The residue was directly acetylated by dissolving in 
pyridine (50 ml) and addition, at 0 °C, of AC2O (8.55 ml, 90 mmol). After stirring overnight at 
room temperature, MeOH (5 ml) was added to destroy excess of AC2O. After 1 h, Et20 (250 ml) 
was added and this solution was washed once with aqueous NaHCOj solution (100 ml), then 
four times with aqueous NH4CI (4 x 100 ml) to remove most of the pyridine, then once with 1 m 

HCl (100 ml). The organic phase was dried over MgSO^, and concentrated in vacuo. The residue 
was distilled through a 15 cm Vigreux column affording the desired product (4.65 g, 87% yield), 
b.p. 74 °C (0.05 mmHg); IR, 1740, 748, 701 cm’^; NMR, 5 7.28 (m, 5H), 4.12 (t, 2H), 2.70 (t, 
2H), 2.01 (s, 3H), 2.0 (m, 2H); NMR, 5 170.8 (—COO—), 141.2, 128.4, 126.0 (arom.), 68.7 
(—CH2O—), 32.2, 30.2, 20.8. 

4.2.3.2 Reactions in the Presence of MesSiCI 

Although the extent of impact of Me3SiCl on lower order homocuprates R2CuLi has 

yet to be fully delineated [40-43], admixture of this silyl halide with R2Cu(CN)Li2 even 

at —100 °C has a dramatic effect on these species [64], Remarkably, it is the cyano 

ligand which is sequestered, giving rise to Me3SiCN along with the lower order cuprate 

(equation 4.5). 

'T'Op' ^ _ *7 0 

R2Cu(CN)Li2 + 2Me3SiCl -^^ Me3SiCN + R2CuLi + Me3SiCl + LiCl 

(4.5) 

The spectroscopically established presence of TMS-CN raises questions as to its role 

in this chemistry; nonetheless, the use of TMSCl (in excess) appears to offer benefits 

similar to those noted for reactions of lower order cuprates with a,jS-unsaturated 

carbonyl systems (see above) [40-43]. Improvements in rates and diastereoselectivities 

of 1,2-additions observed due to the in situ formation of TMS-CN, together with 

residual TMSCl, have also been noted [64]. 

Conjugate Addition of an a-Alkoxy Higher Order Cyanocuprate [65] 

OMOM 

1. Cu(CN)Li2 

THF, TMSCl, -78°C, 1 h 
0 °C. 2.5 h 

2. 1m HCl, 10 min 

O 

OMOM 

(96%) 

A solution of the a-alkoxystannane (1.0 mmol) in 5 ml of THF was cooled to —78 °C (CO2- 
acetone). A 0.50 ml sample of a 2.6 m solution of n-butyllithium in hexane (1.3 mmol) was then 
added and the solution was stirred for 5 min at -78 °C. A 25 ml round-bottomed flask containing 
0.045 g (0.5 mmol) copper(I) cyanide suspended in 2 ml of THF was then cooled to — 78°C 
(C02-acetone). The a-alkoxylithio species was transferred via a cannula to the suspension of 
copper cyanide at — 78°C. The cuprate mixture was gradually allowed to warm to — 60°C 
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(bath temperature) over a period of 30 min. A clear, homogenous solution was obtained. A third 
25 ml round-bottomed flask containing a solution of the enone (0.5 mmol) in 3 ml of THF was 
cooled to -78 °C (CO2-acetone). Trimethylsilyl chloride (0.32 ml, 2.5 mmol) was then added to 
the enone solution. The enone-TMSCl mixture was then added to the cuprate solution (at 
— 78 °C) via a cannula. The resulting mixture was stirred for 1 h at —78 °C, and then gradually 
warmed to 0 °C (ice-bath) over an additional 2.5 h period. The reaction mixture was quenched 
by the addition of 1 ml of 1.0 m HCl, stirred for 10 min and then diluted with 100 ml of diethyl 
ether. The mixture was washed sequentially with a 1:1 mixture of aqueous NH4CI and 1.0 m 

HCl (40 ml), saturated aqueous NaCl (40 ml) and saturated Na2C03 (40 ml). The layers were 
separated and the organic phase was dried over anhydrous MgSO^. After removal of the solvent 
under reduced pressure, the crude reaction product was purified by flash chromatography on 
silica gel using 15-20% ethyl acetate-light petroleum as eluent (yield 96%): IR (neat), 2900, 1710, 
1145, 1090cm-'; 'H NMR (CDCI3), ^ 4.56 (s, 2H), 3.32 (s, 3H), 2.90 (dd, IH, 7 = 4.6, 6.0 Hz), 
2.43-1.36 (m, lOH), 0.85 (d, 6H, 7 = 6.7 Hz); '^C NMR (CDCI3) d 211.7, 98.7, 88.3, 55.9, 45.7, 
42.7, 41.2, 30.1, 29.1, 25.8, 25.0, 19.7, 17.9. Analysis: calculated for C12H22O3, C 67.26, H 10.35; 

found, C 67.29, H 10.38%. 

The above procedure, which effectively permits the introduction of a protected 

a-hydroxyalkyl appendatge in a 1,4-sense into an enone, is best carried out with fresh, 

purified stannane (by column chromatography). Clear solutions of the higher order 

cuprate should be used; cloudy mixtures imply impure stannane and lead to inferior 

results. The use of the MOM derivative in this case is not essential, as the MEM analog 

works equally as well. However, the benzyloxy methyl (BOM) derivative is not an 

acceptable choice. 

4.2.4 HIGHER ORDER MIXED CYANOCUPRATES RSrCu(CN)U2 

4.2.4,1 Formation Using R^Li -h RfLi -I- CuCN 

The impetus behind the development of more highly mixed higher order cuprates was 

exactly the same as that which led to the development of the lower order analogs 

RjRrCuLi, that is, to conserve potentially valuable organolithium reagents, two equi¬ 

valents of which normally go to form R2Cu(CN)Li2 whereas only one is transferred to 

the educt. Extensive trials have led to several observations of general applicability. It 

is now appreciated that for Michael additions [57], alkyl and vinylic ligands transfer 

selectively over acetylenic, thienyl, dimsyl and even a simple methyl moiety [66a]. 

Procedures for the last three residual ligand types are illustrated below. The simplest, 

of course, would involve an R^Li out of a bottle, and in this sense only R^ = Me [i.e. 

to form R,(Me)Cu(CN)Li2] meets this criterion. With the advent of a ‘cuprate in 

a bottle’ (2-Th)Cu(CN)Li [66b]; Aldrich, catalog No. 32 417-5, however, mixed higher 

order cuprates can be easily obtained simply by adding to it an R,Li of one’s choosing, 

thus forming R,(2-Th)Cu(CN)Li2 [66c]. 

Michael Addition of a Mixed Thienyl Higher Order Cyanocuprate to an Enoate [67] 

n-Bu(2-Th)Cu(CN)Li2 

EtjO, -78 °C to r.t., 2 h 

COjMe 

(89%) 
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The mixed cuprate was formed using CuCN (54 mg, 0.61 mmol), 2-lithiothiophene (0.61 mmol) 
and «-BuLi (0.24 ml, 2.53 m, 0.61 mmol) in 1.4 ml of Et20. The unsaturated ester (121 pi, 
0.55 mmol) was added to the cold ( — 78 °C) cuprate, the solution from which was slowly warmed 
to room temperature and stirred here for 2 h. Quenching with 10% aqueous ammonia-saturated 
aqueous NH4CI and extractive workup with Et20 followed by solvent removal in vacuo and 
chromatography on Si02 with 5% Et20-pentane afforded 131 mg (89%) product: TLC, (10% 
Et20-light petroleum) 0.60; IR (neat), 1745,1165, 1020 cm“^; NMR, (5 5.09 (m, IH), 2.45-2.20 
(m, 3H), 2.1-1.8 (m, 3H), 1.80-0.80 (m, 25H); mass spectrum, mjz (relative intensity, %) 268 (M"^, 
2.8), 238 (1.1), 237 (5.5), 218 (4.7), 194 (35.2), 69 (100); HRMS, calculated for C17H32O2, 268.2402; 
found, 268.2406. 

Generation and Use of 'Me2SO Cuprates/ Li2[CH2SOCH2Cu(CN)R] [47e] 

Li2[CH3SOCH2Cu(CN)-n-Bu] 

THF, -78°C,3h 
0 °C,1h 

O 

r-Bu 

(95%) 

The lithio anion of DMSO was generated as a 0.2 m solution in THF by treatment of DMSO 
with «-butyllithium (1 equiv.) at 0 °C for 15 min. This was then transferred to a slurry of copper(I) 
cyanide (1 equiv.) in THF at -78 °C via a cannula. The mixture was warmed to 0 °C, resulting 
in a light green slurry which was recooled to —78 °C and «-butyllithium (1 equiv.) was added 
and allowed to warm to 0 °C to ensure cuprate formation. It was then cooled to — 78 °C and 
a solution of 3,5,5-trimethylcyclohexen-l-one (0.45 equiv.) in THF was added with a syringe. After 
3 h at — 78 °C and an additional 1 h at 0 °C, the reaction was quenched with a saturated NH4CI 
solution containing 10% ammonia solution. After stirring for 15 min, it was suction filtered 
through Celite; the filter cake was washed with diethyl ether and the aqueous phase extracted 
with more diethyl ether. Analysis of the combined organic phases by VPC showed the product 
had formed in 95% yield; ^H NMR (CDCI3), d 2.19-2.08 (m, 4H), 1.59 (t, 2H, / = 15 Hz), 1.49 
(d, 2H, y = 14 Hz), 1.26-1.21 (m, 4H), 1.03 (s, 3H), 1.02 (s, 3H), 0.98 (s, 3H), 0.88 (t, 3H, 7 = 7 Hz). 

Selective Ligand Transfer from a Mixed Dialkyl Higher Order Cyanocuprate to 

Cyclopentenone [57] 

s-Bu(Me)Cu(CN)Li2 

THF, -78°C,30inin 

(97%) 

To CuCN (67.2 mg, 0.75 mmol) in 1.25 ml of cold (-78 °C) THF was added MeLi (0.47 ml, 
0.75 mmol) and the mixture was warmed to 0 °C. Recooling to —78 °C and addition of 5-BuLi 
(0.61 ml, 0.75 mmol) was followed by injection, with a syringe, of cyclopentenone (42 pi, 0.5 mmol) 
and stirring for 0.5 h. Quenching and extractive (Et20) work-up followed by chromatography on 
silica gel (40% Et20-pentane) afforded 67 mg (97%) of the product as a light oil: TLC, Rf 
[Et20-pentane (1:1)] 0.69; IR (neat), 1740 cm“^; ^H NMR, d 0.8-1.0 (m, 6H), 1.1-2.5 (m, lOH); 
mass spectrum, m/z (relative intensity, %) 140.0 (5.4), 125 (20.3), 111.0 (17.9), 83.0 (47.4), 69.9 (14.9), 
55.2 (100); HRMS, calculated for C9H16O, 140.1200; found, 140.1199. 

Insofar as substitution reactions are concerned, the selectivity of transfer using 
R^Li = MeLi is not satisfactory [58]. Hence it is necessary to resort to other choices, 
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such as the thienyl-containing system R((2-Th)Cu(CN)Li2. Unhindered, monosub- 

stituted epoxides couple very well with these mixed cuprates, even when less robust 

vinylic groups are undergoing transfer, as in the case of opening a chiral, non-racemic 

glycidol ether. 

Opening of a Chiral, Non-Racemic Epoxide with a Higher Order Cyanocuprate 
Containing the 2-Thienyl Ligand [67] 

O <=*^(2-Th)Cu 
IX^ \ - 

1 THF, 0 °C 
Ph 

Thiophene (88 pi, 1.1 mmol) was added to THF (1 ml) at —78 °C followed by «-butyllithium 
(0.39 ml, 1.1 mmol). The cooling bath was removed and the temperature raised to 0 °C over 5 min 
and stirred for an additional 30 min. The faint yellow anion was then transferred, via a cannula, 
into a two-necked flask containing copper (I) cyanide (89.6 mg, 1 mmol) and THF (1 ml), which 
was previously purged with Ar and cooled to — 78°C. Warming to 0 °C produced a light 
tan solution which was cooled to —78 °C and vinyllithium (0.5 ml, 1 mmol) was injected, with 
immediate warming to 0 °C (no visible change). It was then cooled to —78 °C and to it was added, 
with a cannula, a precooled solution of (2S)-benzyl 2-epoxypropyl ether (149 mg, 0.91 mmol) in 
THF (1 ml). After warming to 0 °C for 2.5 h, the reaction was quenched with 5 ml of a 90% 
saturated NH^Cl-concentrated ammonia solution, extracted with diethyl ether (2 x 10 ml) and 
dried over sodium sulfate. Concentration followed by chromatography on silica gel (230-400 
mesh) with diethyl ether-light petroleum (2:3) afforded 141 mg (92%) of a clear liquid, b.p. 90 °C 
(0.1 mmHg); [diethyl ether-light petroleum [1:1] 0.33; [aj^ —2.2° (c = 3, CHCI3); IR (neat), 
3400, 3070, 3030, 1640, 1100, 740, 700 cm^^; ^H NMR (CDCI3), <5 7.33 (s, 5H), 5.90-5.75 (m, IH), 
5.1 (m, 2H), 4.55 (s, 2H), 3.90 (m, IH), 3.6-3.4 (m, 2H), 2.41 (d, IH, 7 = 3.3 Hz), 2.26 (t, 2H, 
J = 6.9 Hz); mass spectrum, m/z (relative intensity, %) 192 (1.1, M’^), 92 (24.9), 91 (100); HRMS, 
calculated for C12H16O2, 192.1150; found, 192.1161. 

The diminished reactivity of higher order thienyl cuprates toward hindered (e.g. 

j8,)5-disubstituted) enones can often be overcome by simply adding BF3-Et20 to the 

preformed, cold cuprate. Thus, in the case of isophorone, an otherwise sluggish coupling 

of a vinyl cuprate occurs at — 78 °C in less than 1 h. 

H OH 

:, 2.5 h 

I 

(92%) 
Ph 

BF^- Et20-Assisted 1,4-Addition of a Mixed 2-Thienyl Higher Order Cyanocuprate 
[R^(2-Th)Cu(CN)Li2] [36] 

■!i*^(2-Th)Cu(CN)Li2 

THF, EtiO, BFj EtjO 
-78 °C, Ih 

O 

(98%) 

Thiophene (0.082 ml, 1.02 mmol) was added to THF (0.6 ml) in a 10 ml two-necked pear-shaped 
flask at — 78°C, followed by «-BuLi (0.315 ml, 1.0 mmol). Stirring was continued at the same 
temperature for 15 min, then at 0 °C for 30 min. The solution was transferred, with a cannula, into 
a slurry of CuCN (89.6 mg, 1.0 mmol) and Et20 (0.6 ml), with a wash of 0.6 ml Et20. Warming 
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to 0 °C gave a light tan solution, which was recooled to —78 °C and then vinyllithium (0.60 ml, 
1.0 mmol) was introduced. After addition of neat BFj-EtjO (0.13 ml, 1.0 mmol), isophorone 
(0.104 ml, 0.70 mmol) was added, neat, followed by stirring at — 78°C for 1 h and quenching. 
VPC analysis indicated that vinyl transfer had occurred to the extent of 98%. Chromatography 
on Si02 with Et20-pentane (15:85) gave pure material; TEC, Rf [pentane-Et20 (15:85)] 0.32; 
IR (neat), 1710, 1635, 913 cm'^; NMR (CDCI3) 5 5.95-5.60, 5.10-4.85 (m, 3H), 2.58, 2.14 (2H, 
AB, 7 = 25 Hz), 2.15 (s, 2H), 1.67 (s, 2H), 1.14 (s, 3H), 1.07 (s, 3H), 1.00 (s, 3H); mass spectrum, 
m/z (relative intensity, %) 166 (M"^, 38), 151 (19), 124 (2), 123 (10), 109 (34). 

4.2.4.2 Formation via Transmetallations of Organostannanes, Alanes 
and Zirconocenes 

In a departure from prior art as a route to mixed cyanocuprates, selected higher order 

reagents can be formed directly by ligand-exchange processes between non-copper- 

containing organometallics and trivial higher order cuprates, generalized as in equation 

4.6. Specifically, the chemistry applies to either vinylic or allylic stannanes, or in situ 

generated vinylic alanes and zirconocenes. Note that there is no involvement of highly 

basic organolithiums in this scheme. 

RM -P R'2Cu(CN)Li2 -^ R'M + RR'Cu(CN)Li2 (4.6) 

Vinylic stannanes, prepared in a variety of ways (e.g. hydrostannylation) [68], are 

converted to cuprates 3 on treatment with Me2Cu(CN)Li2 in THF at room temperature 

for ca 1-1.5 h (equation 4.7) [69]. 

, Me^CutCNlLij 
^ : ^Cu(CN)Li 2 „ ^ „ 

E SnRs -THp 25°C, Ih = | + MeSnRj 

Me 

(3) 

(4.7) 

The trivial reagent Me2Cu(CN)Li2 can be freshly preformed (from CuCN plus 

2MeLi-Et20 in THF), or alternatively, prepared in quantity and stored in a freezer {ca 

— 20°C) for months without significant decomposition [70]. Exposure of the azeo- 

tropically dried stannane to one equivalent of Me2Cu(CN)Li2 leads to quantitative 

transmetallation. Once the newly formed cuprate is available, cooling to — 78 °C 

followed by introduction of an a,jS-unsaturated ketone effects the desired 1,4-addition. 

Some key points concerning this overall one-pot process include: (1) for BOTH vinylic 

and allylic stannanes (see below), the extent of transmetallation is dependent on the 

purity of the stannanes; (2) stannanes should not be stored under rubber septa, as 

exposure to these (rather than glass) stoppers dramatically reduces the extent of ligand 

exchange; (3) with vinyl stannanes, there is no obvious color change during the 

transmetallation; (4) the process is amenable to scale-up, having been run successfully 

(for the example below) on a mole scale in pilot-plant equipment [69]; (5) for 

substitution reactions, cuprates Me(vinylic)Cu(CN)Li2 are not useful, since unlike their 

reactions with enones, they transfer the methyl ligand in preference to the vinyl group 

[58]. Hence the transmetallation should be conducted with Me(2-Th)Cu(CN)Li2 

resulting in ligand swapping to give (vinylic)(2-Th)Cu(CN)Li2, which then selectively 
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transfers the vinylic moiety [67]. Below, a procedure for the preparation of the 

antisecretory agent misoprostol is given, the lower side-chain being appended to the 

cyclopentenone using this new chemistry. 

Transmetallation of a Vinylstannane with Me2Cu(CN)Li2 Followed by Michael 
Addition: Preparation of Misoprostol [69] 

o 

3. HOAc-HjO-THF 
(3:1:1) 

Copper cyanide (1.21 g, 13.5 mmol, flame-dried under Ar) in THF (15 ml) was treated with 
methyllithium (20.6 ml, 1.44 m in Et20, 29.7 mmol) at 0 °C. The cooling bath was removed and 
vinylstannane (7.65 g, 15.2 mmol) in THF (15 ml) was added. After 1.5-2 h at ambient temperature 
the mixture was cooled to —64 °C and the enone (3.2 g, 9.63 mmol) in THF (15 ml) was added 
rapidly with a cannula. The temperature rose to — 35 °C. After 3 min, the mixture was quenched 
into a 9:1 saturated NH4Cl-ammonia solution. Diethyl ether extraction followed by solvent 
removal in vacuo provided 11 g of residue, which was solvolyzed [acetic acid-THF-water (3:1:1), 
100 ml) and chromatographed (silica gel, EtOAc-hexane eluent) to provide 3.15 g of product 
(8.2 mmol, 91%), which was identical in all respects with an authentic sample of misoprostol [71]. 

With allylic stannanes, the transmetallation is far more facile [72], not an unexpected 

observation judging from the order of release of ligands from tin [73]. Under standard 

conditions of THF, 0 °C, 30 min, higher order diallylic cuprates are formed to which 

can then be added various electrophiles, including vinylic triflates [74], alkyl halides 

[72] and epoxides (equation 4.8) [72]. 1,4-Additions under a CO atmosphere (i.e. 

allylic acylations) are also facile [75]. Starting with virtually colorless solutions of 

Me2Cu(CN)Li2 and an allylic tin, these in situ generated cuprates take on a bright yellow 

coloration. For the best results from these transmetallations, again, it is crucial that the 

initial stannanes be kept free from exposure to rubber septa. Also, it should be 

appreciated that vinylic iodides and bromides appear to be unacceptable reaction 

partners [74]. The former lead to (often high) percentages of the product of reduction, 

while the latter do not retain their stereochemical integrity (i.e. double bond geometry). 

2 
Me2Cu(CN)Li2 

THF, 0 °C, 30 min Cu(CN)Li2 2 MeSnBu3 (4.8) 

Insofar as alkyl halides are concerned, since allylic cuprates are among the most reactive 

cuprates known, as such they can be used to displace even primary chlorides at —78 °C 

in minutes [72]. Thus, while bromides are also perfectly acceptable, less stable, usually 

light-sensitive iodides are unnecessary and are likely to afford lower yields of coupling 

product. 
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In Situ Diallylcuprate Formation from an Allylstannane: Displacement of a Primary 
Chloride [72] 

THF, -78°C 
< 15 min (83%) 

CuCN (112 mg, 1.25 mmol) was gently flame-dried under vacuum, followed by flushing with Ar. 
This process was repeated twice. THF (1.5 ml) was added with a syringe and the resulting slurry 
was cooled to —78 °C. MeLi (1.18 m, 2equiv, 2.11 ml, 2.5 mmol) was added dropwise, and the 
mixture was warmed to 0 °C and stirred until homogeneous. After recooling to —78 °C, allyltri- 
«-butylstannane (2 equiv., 0.66 g, 0.62 ml, 2.5 mmol) was added dropwise and the solution 
was warmed to 0 °C, stirred for 30 min (during which time it became yellow) and recooled to 
— 78°C. A cooled solution (0 °C) of the 5-chloropent-2-one acetal (0.8 equiv., 0.17 g, 0.15 ml, 
1.0 mmol) in THF (1 ml) was transferred with a cannula to the cuprate solution. The reaction was 
stirred 15 min, followed by quenching with 3 ml of aqueous saturated NH4CI. Water (4 ml) was 
added and the aqueous mixture was poured into a separating funnel and extracted with diethyl 
ether (2 x 20 ml). The combined organic layers were washed with water (15 ml) and brine (15 ml), 
dried over Na2S04, and the solvent was removed in vacuo, giving a clear liquid. Chromatography 
[silica gel, light petroleum-diethyl ether (13:1) as eluent] afforded 0.113 g (0.66 mmol, 83%) of 
a clear liquid product; TLC, (10% diethyl ether in light petroleum 0.35; IR (neat), 3080, 2930, 
2880, 1640, 1450, 1375, 1250, 1225, 1120, 1055, 910, 850 cm-^; ^H NMR (CDCI3) 6 5.82-5.60 (m, 
IH), 4.98-4.83 (m, 2H), 3.98-3.84 (m, 4H), 2.10-1.90 (br m, 2H), 1.60-1.52 (m, 2H), 1.36-1.31 (m, 
4H), 1.25 (s, 3H); El mass spectrum, w/z (relative intensity, %) 155 (M — CH3,14), 87 (100), 55 (8), 
43 (40); HRMS, calculated for C9H35O2, 155.1072; found, 155.1060. 

Expansion of the domain of available organometallics beyond tin which participate 

in ligand exchanges with higher order cyanocuprates has begun, and now includes 

aluminum and zirconium. Both processes known thus far begin from a terminal 

acetylene. With the former, an initial carboalumination gives rise to a vinylalane, which 

transfers its ligand from aluminum to copper on treatment with a diacetylenic higher 

order cyanocuprate (equation 4.9) [76]. Prior to the transmetallation step, the toluene 

and dichloroethane are removed in vacuo and exchanged for Et20. Only a 10-15% 

excess of alkyne is needed, an especially important feature when precious, enantiomeric- 

ally pure materials are involved. Extension of the method to include hydroalumination/ 

transmetallation/conjugate addition was also demonstrated. These 1,4-additions, under 

the conditions outlined below, are fairly rapid (ca 30 min), affording yields in the range 

63-95%. 

R H 

McjAl 
cat. Cp2ZrCl; 

R 

PhMe 
ClCHjCHjCl 

R (4.9) 

Et20,THF, -23°C 



316 B, H. LIPSHUTZ 

Carboalumination/Transmetallation of a 1-Alkyne to a Mixed Higher Order Cuprate 

Followed by 1,4-Additlon [76] 

1. McjAl V 
CpjZrClz «-H9C4 _s^Cu(CN)Li2 

«-H9C4'— 

2. solvent THF, - 23 °C, 5 min 
exchange 

O 

o» 
-23 °C 
30 min 

/1-C4H9 

(95%) 

(4.9) 

A suspension of 53 mg (0.18 mmol) of zirconocene dichloride in 2 ml of dry 1,2-dichloroethane 
was treated at 0 °C with 0.78 ml (1.56 mmol) of a 2.0 m solution of trimethylaluminum in toluene, 
followed by addition of the solution of 46 mg (0.56 mmol) of 1-hexyne in 0.3 ml of 1,2- 
dichloroethane. The reaction mixture was stirred for 3 h at room temperature, the solvent was 
removed in vacuo and 3 ml of dry Et20 were added. The ethereal solution of the vinylalane 
was added to the solution of 50 mg (0.56 mmol) of flame-dried CuCN in 2 ml of THF, which 
had previously been treated at —23°C with 2.24 ml (1.12 mmol) of a 0.5 m solution of 1- 
hexynyllithium in THF-hexane (5:1). After the reaction mixture had been stirred for 5 min at 
— 23 °C, a solution of 48 mg (0.50 mmol) of cyclohexenone in 1 ml of Et20 was added dropwise, 
and stirring at — 23°C was continued for another 30 min. The mixture was quenched into a 
9:1 saturated aqueous NH^Cl-ammonia solution and extracted three times with Et20, and the 
combined organic layers were dried (MgSOJ, filtered through silica gel, and chromatographed 
[silica gel, EtOAc-hexane (1:5) as eluent] to yield 92 mg (95%) of product ketone. 

Most recently, vinylzirconates have been found to serve as viable intermediates en 

route to mixed vinylic cuprates [77]. Hydrozirconation of a 1-alkyne produces the vinyl 

organometallic 4, which is converted into the methylated species 5 at low temperature. 

Addition of MeR'Cu(CN)Li2 presumably induces transmetallation to the desired mixed 

reagents 3 or 6, which transfer the vinyl ligand in a Michael fashion to enones (Scheme 

THF, r.t. 
15 min 5 min 

(4) (5) 

R 

(6): R' = 2-thienyl 

Scheme 4.2 
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4.2). The initial hydrozirconation step, normally run in aromatic hydrocarbon (e.g. 

benzene) as solvent [78a], is best performed here in THF, thereby speeding up the 

process dramatically (owing to the greater solubility of the reagent in THF) [78b]. 

Introduction of both the MeLi and Me2Cu(CN)Li2 to 4 should be done with precooled 

(to — 78°C) reagents. Their addition to yellow solutions of 4 do not lead to any 

noticeable differences in color during ligand exchange. The extent of transmetallation 

can be sensitive to the quality of the MeLi; bottles containing noticeable amounts of 

particulates may prove problematic. Should incomplete transmetallation be observed, 

use of ca 2 equiv. of dimethoxyethane (DME) often appears to negate the deleterious 

effects of dissolved extraneous lithium salts. Use of Et20 as co-solvent, introduced along 

with the educt, also enhances the overall process. Final concentrations on the order of 

ca 0.1 M are recommended. The synthesis of misoprostol (in bis-silylated form) using this 

protocol is illustrative. 

Higher Order Mixed Cyanocuprate Formation/!,4-Addition via Transmetallation of a 

Vinyl Zirconocene with Me2Cu(CN)Li2 [77a] 

Me 

OSiMej 

1. Cp2Zr(H)CI 
2. MeLi 
3. Me2Cu(CN)Li2 

THF,-78 °C, 15 min 

O 
4. ^^(CH2)6C02Me 

EtaSiO 

A 10 ml round-bottomed flask equipped with a stir bar was charged with zirconocene chloride 
hydride (0.129 g, 0.50 mmol) and sealed with a septum. The flask was evacuated with a vacuum 
pump and purged with Ar, the process being repeated three times. THF (1.50 ml) was injected 
and the mixture stirred to generate a white slurry which was treated with trimethyl{[l-methyl- 
l-(2-propynyl)pentyl]oxy}silane (0.124 ml, 0.50 mmol). The mixture was stirred for 15 min to yield 
a nearly colorless solution, which was cooled to -78 °C and treated via a syringe with ethereal 
MeLi (0.35 ml, 0.50 mmol) to generate a bright yellow solution. Concurrently, CuCN (0.045 g, 
0.50 mmol) was placed in a 5 ml round-bottomed flask equipped with a stir bar, and sealed under 
septum. The flask was evacuated and purged with Ar as above and diethyl ether (0.50 ml) was 
added via a syringe. The resulting slurry was cooled to —78 °C and treated with MeLi in diethyl 
ether (0.70 ml, 1.0 mmol). The mixture was warmed to yield a suspension of Me2Cu(CN)Li2, 
which was recooled to — 78 °C and added with a cannula to the zirconium solution. The mixture 
was stirred for 15 min at -78 °C to yield a bright yellow solution, which was treated with 
a cannula with methyl 7-{5-oxo-3-[(triethylsilyl)oxy]-l-cyclopenten-l-yl}heptanoate (0.088 ml, 

0.25 mmol) in diethyl ether (0.50 ml). After 10 min the mixture was quenched with 20 ml of 10% 
aqueous ammonia in saturated aqueous NH^Cl. The product was extracted with 3 x 30 ml of 
diethyl ether and dried over Na2S04. The solution was then filtered through a pad of Celite and 
the solvent removed in vacuo. The resulting residue was submitted to flash chromatography on 
silica gel [light petroleum-EtOAc (9:1)] to yield the protected form of misoprostol (0.132 g, 92%) 
as a colorless oil, which displayed spectral characteristics identical with those of authentic material 

[71]. 
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Using the same vinylzirconocene intermediate 4, two alternative procedures may be 

utilized which arrive at the same type of cuprate (e.g. 3) [77a]. Thus, in the first scenario, 

treatment of 4 with 2 MeLi followed by (2-thienyl)Cu(CN)Li [66b] (available from 

Aldrich, catalog No. 32 417-5) presumably affords 6 (R = 2-Th), which then goes on to 

deliver the vinylic moiety in a 1,4-sense. The simplest procedure, however, is one which 

calls for addition of 3MeLi to 4, to which is then added LiCl-solubilized CuCN in cold 

THF. Subsequent introduction of the unsaturated ketone completes this straightforward 

sequence. 

Hydrozirconation/Transmetallation Using 2MeU-(2-Th)Cu(CN)Li on a Vinyl 
Zirconocene: Michael Addition of a Mixed Cuprate to Isophorone [77a] 

Cp2Zr(H)CI 

THF, r.t., 
15 min 

1.2 MeLi, -78°C 
2. 2-ThCu(CN)Li 

3. BFj EtzO 
4. isophorone 

-78 °C, 1 h 

O 

A 10 ml round-bottomed flask equipped with a stir bar was charged with zirconocene chloride 
hydride (0.258 g, 1.0 mmol) and sealed with a septum. The flask was evacuated with a vacuum 
pump and purged with Ar, the process being repeated three times. THF (3.0 ml) was injected and 
the mixture stirred to generate a white slurry which was treated with a syringe with phenylacety- 
lene (0.110 ml, 1.0 mmol). The mixture was stirred for 15 min to yield a bright red solution, which 
was cooled to —78°C and treated with a syringe with ethereal MeLi (1.40 ml, 2.0 mmol). 
Concurrently, CuCN (0.0895 g, 1.0 mmol) was placed in a 5 ml round-bottomed flask equipped 
with a stir bar and sealed under a septum. The flask was evacuated and purged with Ar as above 
and THF (1.0 ml) was added via a syringe. The resulting slurry was cooled to -78 °C and treated 
with a cannula with a solution of 2-thienyllithium prepared from the metallation of thiophene 
(0.080 ml, 1.0 mmol) with n-BuLi (0.43 ml, 1.0 mmol) in THF (1.50 ml) at - 30 °C (25 min). The 
mixture was warmed to yield a suspension of (2-Th)Cu(CN)Li, which was recooled to — 78 °C 
and added with a cannula to the vinyl zirconocene solution. The mixture was stirred for 30 min at 
— 78°C to yield a bright red solution, which was treated with BF3 Et20 (0.12 ml, 1.0 mmol) 
followed by the addition of isophorone (0.075 ml, 0.5 mmol). After 1 h the mixture was quenched 
with 10 ml of 10% aqueous ammonia in saturated aqueous NH^Cl. The product .was extracted 
with 3 X 50 ml of diethyl ether and dried over NazSO^. The solution was then filtered through 
a pad of Celite and the solvent removed in vacuo. The resulting residue was submitted to flash 
chromatography on silica gel [light petroleum-ethyl acetate (9:1)], to give a 71% yield (0.086 g) 
of 3-(l-phenylethen-2-yl)-3,5,5-trimethylcyclohexanone as a thick yellow oil. The above procedure 
can alternatively be carried out with commercially available (2-Th)Cu(CN)Li (2.94 ml, 1.0 mmol), 
which when cooled to —78 °C can be added directly to a vinyl zirconocene solution which has 
been treated with 1 equiv. of MeLi (1.01 ml, 1.0 mmol) at -78 °C. TLC, Rf [light petroleum-ethyl 
acetate (9:1)] 0.37; IR (neat), 2960, 1955, 1885, 1812, 1705, 1600m 1450, 1280, 1230, 990, 750, 
695cm-‘; ‘H NMR (500 MHz, CDCI3), S 7.31-7.25 (m, 4H), 7.19-7.16 (m, IH), 6.34 (d, 
1H,7,,„„, = 16.5 Hz), 6.10 (d, IH, = 16.5 Hz), 2.70 (d, IH, = 13.5 Hz), 2.26 (d, IH, 

= 13.5 Hz), 2.19 (d, IH, = 13.5 Hz), 2.13 (d, IH, = 13.5 Hz), 1.81 (d, IH, 
J,,„ = 14 Hz), 1.73 (d, IH, = 14 Hz), 1.18 (s, 3H), 1.05 (s, 3H), 0.94 (s, 3H); El mass spectrum, 
m/z (relative intensity, %) 242 (70), 227 (29), 185 (41), 143 (57), 129 (83), 118 (21), 115 (21), 105 
(33), 91 (100), 83 (46), 77 (16), 55 (46); HRMS, calculated for C17H220,242.1671; found, 242.1662. 
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Mixed Cyanocuprate Generation from Treatment of a Vinyl Zirconocene with 3MeLi, 
then CuCN-2LiCI: Preparation of Protected 15-Methyl-PGEi Methyl Ester [77a] 

1. Cp2Zr(H)CI 

2. 3MeLi 
3. CuCN*2LiCl 

(CH2)6C02Me 

THF-EtjO 
-78 °C, 20min 

0 

TESO 

(84%) 

^o'(CH2)6C02Me 

OSi-thexyl 

Me'^ ^Me 

A 10 ml round-bottomed flask equipped with a stir bar was charged with zirconocene chloride 
hydride (0.258 g, 1.0 mmol) and sealed with a septum. The flask was evacuated with a vacuum 
pump and purged with Ar, the process being repeated three times. THF (0.5 ml) was injected and 
the mixture stirred to generate a white slurry which was treated with trimethyl {[1-methyl-1-(1- 
ethynyl)hexyl]oxy}silane (0.148 g, 0.70 mmol) as a solution in THF (0.5 ml). The mixture was 
stirred at room temperature for 30 min to yield a yellow-orange solution which was cooled to 
— 78°C and treated with a cannula with a diethyl ether (3.0 ml) solution of MeLi (1.91ml, 
2.10 mmol, in THF-cumene), which had been precooled to —78 °C, to generate a bright yellow 
solution. The mixture was stirred for 10 min. Concurrently, CuCN (0.063 g, 0.7 mmol) and LiCl 
(0.059 g, 1.4 mmol) were placed in a 5 ml round-bottomed flask equipped with a stir bar and 
sealed under a septum. The flask was evacuated and purged with Ar as above and THF (1.0 ml) 
was added with a syringe. The mixture was stirred for 5 min at room temperature to generate a 
colorless homogeneous solution, which was cooled to —78 °C and added with a cannula to the 
zirconocene solution. The mixture was stirred for 5 min at — 78°C to yield a bright yellow 
solution, which was treated with a precooled ( — 78 °C) solution of methyl 7-{5-oxo-3-[(triethylsily- 
l)oxy]-l-cyclopenten-l-yl}heptanoate (0.0883 g, 0.25 mmol) in Et20 (0.50 ml). After 20 min the 
mixture was quenched with 10 ml of 10% aqueous ammonia in saturated aqueous NH4CI. The 
product was extracted with 3 x 35 ml of diethyl ether and dried over Na2S04.. The solution was 
then filtered through a pad of Celite and the solvent removed in vacuo. The resulting residue was 
submitted to flash chromatography on silica gel [light petroleum-EtOAc (9 :1)] to give an 84% 
yield (0.120 g) of the protected form of 15-methyl-PGEi as a yellow oil; TEC, Rf [light petroleum- 
EtOAc (9:1)] 0.41; IR (neat), 2950, 1745, 1460, 1375, 1250, 1100, 1010, 840, 750 cm-'; 'H NMR 
(500 MHz, CDCI3), S 5.55 (dd, IH, 7= 15.5, 11 Hz), 5.57-5.38 (m, IH), 4.02-3.95 (m, IH), 2.58 
(dd, IH, J = 5.5, 18 Hz), 2.42-2.36 (m, IH), 2.23 (t, 2H, J = 7.5 Hz), 2.14 (dd, IH, J = 8.5, 18.5 Hz), 
1.90-1.78 (m, IH), 1.56-1.49 (m, 7H), 1.45-1.35 (m, 4H), 1.29-1.15 (m, 12H), 0.90 (t, 9H, 7 = 8 Hz), 
0.82 (t, 3H, 7 = 7 Hz), 0.55 (qd, 6H, 7 = 1, 8 Hz), 0.06 (s, 9H); NMR, d 216.03, 215.97, 174.09, 
140.48, 140.39, 126.89, 126.82, 75.67, 75.59, 72.97, 72.82, 53.94, 53.82, 53.56, 53.47, 51.33, 47.67, 
47.62, 43.96, 43.85, 33.97, 32.27, 32.21, 29.44, 28.90, 28.11, 28.02, 27.60, 27.52, 26.56, 26.48, 24.85, 
23.81, 23.70, 22.63, 14.03, 6.73, 4.73, 2.56, 2.50; Cl mass spectrum, w/z (relative intensity, %) 553 
(11), 539 (10), 509 (14), 497 (100), 421 (24), 365 (100), 347 (35), 315 (43), 311 (100), 293 (44), 115 
(26), 103 ^8), 75 (75), 73 (76); HRMS, calculated for CjiHeoOjSiz (M+ -L 1), 568.4100; found, 

568.4041. 

4.2.5 ORGANOCOPPER (RCu) AND 
ORGANOCOPPER LEWIS ACID REAGENTS (RCu BFJ 

The preparation of organocopper complexes, generally expressed as RCu, with or 

without an additive, traditionally follows along the lines outlined earlier for cuprate 

formation but with one important distinction: the stoichiometry of RLi to CuX (X = I, 
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Br) is 1:1, rather than 2:1 (equation 4.10). 

RLi + CuX -^ RCu + LiX = R(X)CuLi (4.10) 

(X = Br, I) 

Although Lewis basic additives, such as sulfides (e.g. Me2S, see below) and phosphines 

(e.g. n-Bu3P) are typically present, presumably to stabilize the ‘RCu’ formed (as 

RCu ^ L) [2c,d], there are a number of situations where solely the species derived from 

metathesis are useful in their own right. When using ‘RCu,’ it is important to appreciate 

that isolated, dry reagent may be explosive, especially where R = alkyl. Hence ‘RCu 

is best prepared and utilized in situ [79]. 

Asymmetric Conjugate Addition of MeCu to a Chiral, Non-Racemic Vinyl 

Sulfoximine [80] 

C4H9-n 

MeCu-Lil 

EtjO 
-25 °C,1 h 

0 °C, 1 h 

(75%) 

To a stirred suspension of copper(I) iodide (486 mg, 2.56 mmol) in diethyl ether (12.8 ml) at —25 °C 
was added methyllithium (2.56 mmol). After 30 min, {SR, IS, 2i?)-N-(l-methoxyl-phenyl-2-propyl)- 
S-(l-hexenyl)-S-phenylsulfoximine (190 mg, 0.511 mmol) in diethyl ether (2 ml) was added, and 
the mixture was stirred at — 25 °C for 1 h. It was then allowed to warm to 0 °C over a period 
of 1 h and, after an additional 1 h at 0 °C, the reaction was quenched with aqueous NH4CI (20 ml). 
The layers were separated and the ether layer was dried and concentrated in vacuo. Analysis of 
the crude reaction mixture by HPLC indicated two compounds in a ratio of 96.5:3.5. Purification 
of the crude material by preparative TLC [ethyl acetate-hexane (2:3)] gave the product as a 
colorless oil: NMR, ^ 7.70-7.01 (m, lOH), 3.90 (d, IH, J = 7.6 Hz), 3.32-2.89 (m, 2H), 3.20 (s, 
3H), 2.73 (dd, IH, J = 7.6, 14.2 Hz), 2.02 (m, IH), 1.54-1.0 (m, 6H), 1.32 (d, 3H, J = 5.9 Hz), 0.86 (t, 
3H), 0.77 (d, 3H, 7 = 6.8 Hz); NMR, 3 141.22, 138.86, 131.95, 129.15, 128.76, 128.13, 127.62, 
127.08, 89.24, 63.45, 57.11, 56.13, 36.35, 28.47, 28.28, 22.51, 21.83, 19.89, 13.95; Cl(methane) mass 
spectrum, m/z (relative intensity, %) 388 (18, + 1), 356 (22), 266 (79), 125 (100). 

More commonly, as alluded to above, an equimolar amount of a trialkylphosphine 

is used in conjunction with Cul, which together afford a THF-soluble Cu(I) salt. Once 

the RLi (1 equiv.) has been added, the ‘RCu-PR3’ is ready for use, although the price 

for this additive must be considered in terms of its pyrophoric nature, effect on work-up 

and chromatographic separation. 

Michael Addition of a Phosphine-Stabilized Organocopper Complex (RCu-PR^) [81] 

«-h„C5 CuP(/i-Bu)3 

OTHP 

Et20,THF, -78°C, Ih 

OTHP 

(84%) 
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Copper (I) iodide (300 mg, 1.57 mmol) was placed in a 180 ml ampoule equipped with a rubber 
septum. After the atmosphere had been replaced by Ar, dry THF (20 ml) followed by dry, distilled 
tri-n-butylphosphine (1.02 ml, 4.10 mmol) were added at room temperature. The suspension was 
stirred until a clear solution resulted. In a 30 ml test-tube equipped with a rubber septum were 
placed (£)-l-iodo-3-tetrahydropyranyloxyoctene (528 mg, 1.56 mmol) and dry diethyl ether (6 ml). 
After cooling to — 95 °C, tm-butyllithium (1.68 ml, 3.12 mmol) in pentane was added to this 
solution, with stirring, over 1 min. The mixture was stirred at — 78°C for 2 h. The resulting 
white suspension was added at — 78°C, with stirring, to the above-prepared ethereal solution 
of the copper(I) iodide-phosphine complex through a stainless-steel cannula under a slight Ar 
pressure. After the mixture had been stirred at —78 °C for 10 min, to this solution was then 
added slowly, along the cooled wall of the reaction vessel, a solution of cyclopentenone (103 mg, 
1.25 mmol) in cold ( — 78 °C) THF (10 ml) through a stainless-steel cannula under a slight Ar 
pressure over 50 min. The mixture was stirred at — 78 °C for 1 h. A saturated aqueous solution 
of NH4,C1 (15 ml) was added at —78 °C and the mixture shaken vigorously. The organic layer 
was separated and the aqueous layer extracted with diethyl ether (30 ml). The combined extracts 
were dried over MgSO^, evaporated, and chromatographed on triethylamine-treated silica gel 
(30 g) using hexane-ethyl acetate-triethylamine (2000:100:1) as eluent to give the adduct (310 mg, 
84%, mixture of diastereomers) as a colorless oil; IR (neat) 1741 (C=0) cm“^; NMR (CCI4), 
^ 0.90 (t, 3H, J = 6.5 Hz), 1.1-3.1 (m, 21H), 3.3-3.7 (m, IH), 3.7-4.2 (m, 2H), 4.65 (br s, IH), 5.2-5.8 
(m, 2H); HRMS, calculated for C13H19O3 (M"^ — C5H11), 223.1346; found, 22T1340. 

Perhaps the most reactive form of RCu-PRj is arrived at via lithium naphthalenide 

reduction of CuI-PR'a, which generates highly active CU PR3 [82a]. Although both 

Ph3P and n-Bu3P have been employed, the trialkylphosphine complexes ultimately give 

reagents of higher reactivity. Preformed Cu PRj, or this species generated in situ, give 

similar results en route to RCu-PRj. Typical procedures are given below, in these cases 

for the coupling with an acid chloride to generate a ketone, and a 1,4-addition to an 

enone. It is especially noteworthy that highly functionalized organocopper reagents can 

be made in this fashion, wherein carboalkoxy, cyano, halo and even epoxy groups can 

be tolerated. More recently, lithium naphthalenide reduction of (2-Th)Cu(CN)Li at 

— 78 °C has led to a process which does not involve phosphines [82b]. These reactions 

should be carried out under Ar, since lithium naphthalenide gradually reacts with N2. 

Acylation of an Organocopper Species Prepared via Lithium Naphthalenide Reduction 
of CuI PPh^; Ketone Formation [82a] 

1. Li(0)-naphthalene 
CuIPPhj 

^ XOzEt -• 
2. PhCOCI, THF 

-35°C, 1.5h (81%) 
r.t., 30 min 

Lithium (70.8 mg, 10.2 mmol) and naphthalene (1.588 g, 12.39 mmol) in freshly distilled THF 
(10 ml) were stirred under Ar until the Li was consumed {ca 2 h). Cul (1.751 g, 9.194 mmol) and 
PPhs (2.919 g, 11.13 mmol) in THF (15 ml) were stirred for 30 min, giving a thick white slurry 
which was transferred via a cannula to the dark green solution of lithium naphthalenide at 0 °C. 
(Later experiments showed that slightly better results were obtained if the lithium naphthalide 
solution was added to the CuLPPhj mixture.) The resultant reddish black solution of active 
copper was stirred for 20 min at 0 °C. Ethyl 4-bromobutyrate (0.3663 g, 1.888 mmol) and the GC 
internal standard n-decane (0.1566 g, 1.101 mmol) were added neat with a syringe to the active 

Ph 

O 

CO,Et 
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copper solution at —35 °C. The solution was stirred for 10—15 min at 35 C, followed by 
addition of benzoyl chloride (0.7120 g, 5.065 mmol), neat, to the organocopper solution at -35 °C. 
The reaction was stirred for 90 min at —35 °C, followed by warming to room temperature^for 
30 min. (GC analylsis showed the reaction to be essentially complete after stirring at - 35 °C.) 
The reaction was then worked up by pouring into saturated aqueous NH4CI, extracting with 
Et20 and drying over anhydrous sodium sulfate. (For compounds not sensitive to base, the ether 
layer was also washed with 5% aqueous NaOH solution.) Silica gel chromatography (hexane, 
followed by mixtures of hexane and ethyl acetate) and further purification by preparative TLC 
(2 mm layer) provided 4-carboethoxy-l-phenyl-1-butanone in 81% isolated yield (93% GC yield 
after quantitation using the isolated product for the preparation of GC standards); IR (neat), 
3060, 2960, 1735, 1690, 1600, 1580, 1450, 1375, 1240, 1205 cm"!; NMR (200 MHz, CDCI3), 
5 7.90-8.04 (m, 2H), 7.36-7.64 (m, 3H), 4.14 (q, 2H, J = 12 Hz), 3.05 (t, 2H, J = 12 Hz), 2.43 (t, 
2H, J = 12 Hz), 2.07 (tt, 2H, J = 12,12 Hz), 1.25 (t, 3H, J = 12 Hz); ^^C NMR (CDCI3), 8 199.2, 
173 0, 136.9, 132.9, 128.5, 127.9, 60.2, 37.4, 33.4, 19.4, 14.1; El mass spectrum, m/z (relative 
intensity, %) 220 (M^ 1.0), 175 (8.5), 147 (10.8), 133 (2.7), 120 (9.1), 105 (100.0), 77 (47.3), 55 (7.1); 

HRMS, calculated for C13H16O3, 220.1100; found, 220.1092. 

1,4-Addition of an Organocopper Complex Prepared by Lithium Naphthalenide 

Reduction of CuI PBus [82a] 

1. Li(0)-naphthalene 
CuIPBuj 

/i-CgH|7Br *“ 
2. cyclohexenone 

THF, -78°Ctor.t., 

4h 

Lithium (71.2 g, 10.3 mmol) and naphthalene (1.592 g, 12.42 mmol) in freshly distilled THF (10 ml) 
were stirred under Ar until the Li was consumed (ca 2 h). A solution of CUI PBU3 (3.666 g, 
9.333 mmol) and PBU3 (2.89 g, 14.3 mmol) in THF (5 ml) was added with a cannula to the dark 
green lithium naphthalenide solution at 0 °C and the resultant reddish black active copper solution 
was stirred for 20 min. 1-Bromooctane (0.9032 g, 4.677 mmol) and the GC internal standard 
«-decane (0.1725 g, 1.212 mmol) in THF (5 ml) were added rapidly with a cannula to the active 
copper solution at — 78°C. Organocopper formation was typically complete after 20 min at 
— 78 °C. 2-Cyclohexen-l-one (0.1875 g, 1.950 mmol) in THF (10 ml) was added slowly dropwise 
over 20 min to the organocopper species at —78 °C. The reaction was allowed to react at —78, 
— 50 and — 30 °C and room temperature for 1 h each. The reaction was then worked up by 
pouring into saturated aqueous NH4CI, extracting with Et20 and drying over anhydrous sodium 
sulfate. Silica gel chromatography (hexane followed by mixtures of hexane and ethyl acetate) and 
further purification by preparative TLC provided 3-«-octylcyclohexanone (93% GC yield after 
quantitation using the isolated product for the preparation of GC standards); IR (neat), 2930, 
2860, 1715, 1465, 1425, 1225 crn'i; ^H NMR (200 MHz, CDCI3), 5 1.50-2.50 (m, 9H), 1.15-1.45 
(very broad app. s, 14H), 0.88 (app. t, 3H, J = 6.5 Hz); ^^C NMR (CDCI3), 8 211.8, 48.2, 41.5, 
39.1, 36.6, 31.9, 31.4, 29.7, 29.5, 29.2, 26.6, 25.3, 22.6, 14.0; mass spectrum, m/z (relative intensity, 
%) 210 (M+, 1.4), 167 (2.4), 97 (100.0), 83 (3.1), 69 (9.0), 55 (11.5); HRMS, calculated for C14H26O, 
210.1984; found, 210.1992. 

O 

C,Hn-« 

(93%) 

Although ethereal solvents are standard fare for reactions of ‘RCu,’ another solvent 

of increasing popularity is dimethyl sulfide (Me2S). Historically, sulfides have served 

mainly as additives, especially valued for their ability to solubilize Cul and CuBr, 

thereby obviating the usual call for warming slurries of 2RLi -I- CuX to effect dissolution 

[83]. In some situations, greater percentages of Me2S were involved, but always no 
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more than as co-solvent [9]. When used to the exclusion of, e.g., Et20 and THF, it 

appears that not only are these reagents more thermally stable, they are also more 

reactive toward enones, epoxides, acid halides, etc., than in traditional ethereal media 

[84]. This may be due to changes in solubility properties, or possibly differences in 

reagent constitution. From the experimental point of view, its low boiling point (38 °C) 

simplifies work-up. 

Conjugate Addition of 'PhCu Lil' in MeaS [84] 

CuI»SMe2 

1. PhLi, EtjO/hexane 
-50 °C, SOmin 

2. Me2S 

-75 toO°C, 2.5 h 

O 

A 500 ml recovery flask was charged with 20.00 g of Cul (105.0 mmol, Alfa ‘ultrapure’), which 
were dissolved in 40 ml of deoxygenated (Ar sparge) Me2S (Aldrich, gold label) at 25 °C under 
N2. On cooling the solution to — 50°C, a white solid precipitated; therefore, an additional 
120 ml of Me2S were added to the cold suspension in order to redissolve the Cul. A 55.5 ml 
volume of 1.86 m PhLi (103 mmol, 0.17 m residual base, Aldrich) solution (diethyl ether-cyclo¬ 
hexane) was added with a syringe over ca 1 h. The dark greenish yellow solution was stirred at 
— 50°C for 30 min. It was then cooled to — 75°C (ca 15 min) and 9.63 g of 2-cyclohexenone 
(100.2 mmol, Aldrich, freshly opened bottle) dissolved in 15 ml of Me2S were added to the rapidly 
stirred solution over ca 3 min with a cannula from a 50 ml strawberry-shaped flask cooled in a 
dry-ice-2-propanol bath. After 2 h at — 75°C and 30 min at 0 °C, the reaction was complete. 
Work-up consisted of the addition of 100 ml of 3 m aqueous NH4CI, separation of phases and 
extraction of the organic phase with 4 x 100 ml of 3 m aqueous NH4CI. The combined aqueous 
phases were back-extracted with 100 ml of diethyl ether. The combined organic layers were dried 
over anhydrous Na2S04 and the solvent was removed by rotary evaporation in vacuo. (A dry-ice 
trap was inserted between the rotary evaporator and the aspirator to which it was connected.) 
The residue was treated with 100 ml of hexane and filtered; the filter cake was washed with a 
total of 75 ml of fresh hexane. The hexane was removed in vacuo and the residue, which still 
contained some solid, was dissolved in 100 ml of diethyl ether, which was extracted with 
2 X 100 ml of 0.5 M sodium thiosulfate. The combined thiosulfate layers were back-extracted with 
100 ml of diethyl ether and the combined ether layers were dried over anhydrous Na2S04. Rotary 
evaporation left 16.8 g of crude 3-phenylcyclohexanone (94% pure by GLC). Flash chroma¬ 
tography on a 60 mm x 30 mm i.d. column of basic alumina (50 g, Woelm activity 1) eluted with 
hexane afforded 13.7 g of product in the first four 50 ml fractions. Further elution with 200 ml of 
diethyl ether yielded 2.3 g of product. The purity was not improved by this chromatography; 
therefore, 15.9 g of the chromatographed material were distilled at 0.01 mmHg. Three fractions 
were collected: 0.8 g (65-88 °C, 49% pure by GLC), 3.0 g (88-92 °C, 91% pure) and 8.3 g 
(92-94 °C, 99% pure). The main impurity was biphenyl from the commercial PhLi solution. (Little 
biphenyl was observed in the small-scale reactions, which employed solid PhLi, free of biphenyl.) 

NMR (CDCI3), 5 1.82 (2H), 2.10 (2H), 2.40 (2H), 2.55 (2H), 3.01 (IH), 7.20 (3H), 7.30 (2H); 
NMR (CDCI3), 5 25.5, 32.8, 41.2, 44.7, 48.9, 126.6 (2C), 126.7, 128.7 (2C), 144.3 211.0; mass 

spectrum (70 eV), m/z (relative intensity, %) 27 (16), 28 (7), 29 (6), 39 (38), 40 (6), 41 (22), 42 (55), 
50 (14), 51 (35), 52 (11), 53 (6), 55 (10), 63 (17), 65 (19), 70 (12), 74 (6), 75 (6), 76 (9), 77 (50), 78 
(57), 79 (7), 82 (5), 83 (15), 89 (9), 91 (50), 92 (7), 102 (12), 103 (52), 104 (97), 105 (20), 115 (39), 116 
(10), 117 (100), 118 (33), 128 (7), 129 (7), 131 (78), 132 (11), 145 (5), 146 (6), 174 (87), 175 (11). 
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Switching the exposure of organocopper complexes from Lewis bases to Lewis acids, 

most notably BF3-Et20, brings about (not surprisingly) some major changes not only 

in the chemistry observed but in the composition of the reagents themselves. Introduc¬ 

tion of equiv. of BF3 Et20 to the products of metathesis between RLi and Cul 

(cf. equation 4.10) leads to a reagent mixture highly prone toward both displacements 

of allylic leaving groups [85J, as well as Michael additions to enones, enoates and 

unsaturated acids [86, 87j. The standard protocol involves little more than cooling the 

RCu Lil formed initially and introducing the Lewis acid followed by the substrate. With 

the former class of substrates, complete allylic rearrangement is the norm. 

Allylic Alkylation of 'RCu-BF^' [85] 

Bu-n 

(94%) 

In a 200 ml flask, equipped with a magnetic stirrer and maintained under N2, were placed 1.9 g 
(10 mmol) of Cul and 20 ml of dry THF. «-Butyllithium in hexane (1.3 m, 10 mmol) was added 
at - 30 °C, and the resulting mixture was stirred at this temperature for 5 min. The mixture was 
then cooled to -70 °C, and BF3 0Et2 (47%, 1.3 ml, 10 mmol) was added. After the mixture had 
been stirred for a few minutes, cinnamyl chloride (1.53 g, 10 mmol) was added and the mixture 
was allowed to warm slowly to room temperature with stirring. The product was filtered through 
a column of alumina using light petroleum. The olefin thus obtained in essentially pure form was 
distilled under reduced pressure: 1.64 g, 94%, b.p. 65-66 °C (5 mmHg). 

Conjugate Addition of 'RCu- BF^' to an Unsaturated Acid [86, 87] 

COOH 
/i-BuCu-BFj 

EtjO, -70°Ctor.t. Bu-n 

(81%) 

In a 200 ml flask, equipped with a magnetic stirrer and maintained under N2, were placed 60 ml 
of dry diethyl ether and 5.7 g (30 mmol) of purified Cul. n-Butyllithium in hexane (1.3 m, 30 mmol) 
was slowly added at -30 to -40 °C, and the resulting dark brown suspension was stirred for 
5 min. The mixture was then cooled to -70 °C, and BF3 0Et2 (47%, 3.9 ml, 30 mmol) was slowly 
added. The colour changed from dark brown to black and BuCu BF3 seemed to be present as 
a precipitate. After the mixture had been stirred for a few minutes, diethyl ether solution of 
crotonic acid (0.86 g, 10 mmol) was added at -70 °C. The color immediately changed to deep 
black. The mixture was allowed to warm slowly to room temperature with stirring. Addition of 
water, separation and distillation yielded the desired carboxylic acid: 11.16 g, 81%, b.p. 75-76 °C 

(1 mmHg). 

Although the RLi -b CuLi -f- BF3 combination was originally described as 

RBF3"Cu^ and now commonly as ‘RCU BF3,’ more recent evidence has shown that 

the Lil present (see equation 4.10) plays a critical role [88]. In fact, these reagents clearly 
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involve iodocuprates, perhaps of the general form RCu(I)Li or R(l2)Cu2Li, which arise 

as a result of the metathesis and/or by the action of BF3 on the initially formed R(I)CuLi 

dimer (equation 4.11). Irrespective of these subtle changes, the reagent system 

‘RCu-BFj’ provides, in some instances, the only alternative for successful 1,4-additions 

(e.g. with unsaturated acids; see above). 

2BF3 

2RCuLiI = [R(I)CuLi]2 RLiBF3 + 2CuI (4.11) 
THF 

-80 “C 

As an alternative to BF3-Et20 as co-reagent with ‘RCu’ in Michael additions, 

Me3SiCl has also been found to function admirably in this regard. Usually, to drive a 

reaction to completion forming the product silyl enol ether, other additives such as 

HMPA [41] and/or basic amines (e.g. Et3N) [40d] are deemed necessary. One recent 

report has appeared on ‘RCu-Me3SiCr as a successful combination for effecting 

1,4-delivery of allylic ligands to a,j9-unsaturated ketones [89]. The allylic copper species 

derive from lithiation of an allylic stannane, followed by treatment with precooled (to 

— 78 °C) LiX-solubilized Cul in THF, to which is then added Me3SiCl (equation 4.12). 

Allylic systems examined include allyl, methallyl, crotyl and prenyl. Crotylcopper reacts 

virtually exclusively at its a-site, as is true for prenylcopper. However, mixes of E- and 

Z-isomers are to be expected from the former {E :Z » 3:1). This method gives good to 

excellent yields of conjugate adducts, but only moderate results with highly hindered 

enones. 

SnBu 3 

1. MeLi,THF, -78°C 

2. CuI LiX, THF -78 °C 
3. MesSiO,-78°C 

Cu(X)Li*TMSCl (4.12) 

1,4-Addition of Allylcopper Me^SiCI to an cc,l^-Unsaturated Ketone [89] 

l.MeUTHF, -78°C 

2. CuILiCl 
THF, -78°C 

^^Cu(I)Li 
1. TMSCl 

2. >-(3=0 

3.«-Bu4NF (87%) 

Cul (0.400 g, 2.10 mmol) and dry LiCl (0.89 g, 2.10 mmol) were placed in a 10 ml round-bottomed 
flask equipped with a stir bar and sealed with a septum. The flask was evacuated and purged with 
Ar; the process was repeated three times. THF (1.5 ml) was injected, and the mixture was stirred 
for 5 min to yield a yellow, homogeneous solution which was then cooled to — 78°C. Con¬ 
currently, a solution of allyllithium (2.0 mmol) was prepared from allyltri-«-butylstannane (0.62 ml, 
2.0 mmol) and MeLi (1.25 ml, 2.00 mmol) in THF (1.0 ml) at -78 °C (15 min). This solution was 
then transferred via a dry ice-cooled cannula to the CuTLiCl solution ( — 78 C) to yield 
a tan solution. TMSCl (0.17 ml, 2.1 mmol) was added followed immediately by the neat addition 
of 4-isopropyl-2-cyclohexenone (0.11 ml, 0.75 mmol). The reaction was allowed to proceed for 
30 min before being quenched with 5 ml of saturated aqueous NH^Cl solution. Extraction with 
4 X 20 ml of diethyl ether was followed by combining the organic layers and drying over Na2S04. 
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The solvent was then removed in vacuo and the resulting oil was treated with THF (5 ml) and 
n-Bu^NF (2.0 ml, 20 mmol) for 15 min. The solvent was again removed in vacuo, and the residue 
was subjected to flash chromatography [light petroleum-EtOAc (9:1)] to yield 0.118 g (87%) of 
3-(l-propen-3-yl)cyclohexanone as a colorless oil; TLC, Rf [light petroleum-EtOAc (9:1] 0.28, 

IR (neat) 3080, 2960, 1710, 1640, 1450, 990, 910 cm'^; NMR (500 MHz, CDCI3), d 5.74-5.65 
(m, IH), 5.05-5.00 (m, 2H), 2.38-2.34 (m, 2H), 2.26-1.80 (m, 4H), 1.66-1.25 (m, 4H), 0.97 (d 3H , 
0.80 (d, 3H); El mass spectrum, m/z (relative intensity, %) 180 (M"^, 6), 139 (12), 111 (13), 97 (32), 
95 (20, 83 (73), 69 (62), 55 (100), 43 (51); HRMS, calculated for C12H20O (M'^), 180.1513; found, 

180.1512. 

4.2.6 REACTIONS OF SILYL AND STANNYL CUPRATES (R3MCU 

M = Si, Sn) 

4.2.6.1 Si-Cu Reagents 

Organosilicon intermediates occupy a fairly prominent position in synthetic organic 

chemistry, as they are extremely versatile for constructing both carbon-carbon and 

carbon—heteroatom bonds [90]. Aside from the simplest of these materials, which may 

be purchased from commercial sources, organosilanes such as those bearing vinylic and 

allylic appendages must be prepared prior to use. One versatile approach utilizes 

organocuprate chemistry, based on CuCN [91]. Starting with PhMe2SiCl, the red 

lithiosilane (PhMe2SiLi) is formed using Li(0) (lithium shot) [92]. This organometallic 

is stable for a few days at 0 °C, and requires titration (usually 0.9-1.2 m) to insure 

accuracy in the subsequent cuprate-forming step. 

Preparation of Me2PhSiLi [92] 

Me2PhSiCl -^ Me2PhSiLi 

Chlorodimethyl(phenyl)silane (5 ml, Aldrich or laboratory-made, in both cases contaminated with 
about 10% of the bromide, coming from its preparation using phenylmagnesium bromide and 
dichlorodimethylsilane) was vigorously stirred with lithium shot (1 g) in dry THF (30 ml) under 
N2 or Ar at 0 °C for 18 h to give a deep red solution of the silyl lithium reagent. In general, the 
red color was persistent only after 0.5-1 h. The molarity of the solution was measured by adding 
a 0.8 ml aliquot to water (10 ml) and titrating the resulting mixture against HCl (0.1 m) using 
phenolphthalein as indicator. The solution was generally found to be 0.9-1.2 m. 

Alternatively, (PhMe2Si)2 can be cleaved with Na-containing lithium wire to arrive 

at halide-free PhMe2SiLi, although the presence of LiX salts has no effect on the 

outcome of the cuprate reactions. Once obtained, addition to CuCN (0.5 equiv.) affords 

reddish solutions of the higher order disilylcuprate (equation 4.13). These reagents 

PhMe^SiCl PhMe2SiLi (PhMe2Si)2Cu(CN)Li2 (4.13) 
2'“’^ ThF ^ THF0°C,20min ' / \ ^ v 

0°C, 20 min 

smoothly add Michael-wise to a,)5-unsaturated ketones [91b], readily displace allylic 

acetates (the regio- and stereochemistry of which is substrate and conditions dependent) 

[91c], and effect silylcupration of 1-alkynes to afford (£)-vinylsilanes. 
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Silylcupration of a 1-Alkyne Using (PhMe2Si)2Cu(CN)Li2 [91a] 
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CH3(CH2),oC=CH 
(Me2PhSi)2Cu(CN)Li2 

THF, EtjO, -78°C,2h 
then 0 °C, 30 min 

CH3(CH2),„^, 

^SiMe^Ph 

(95%) 

The silyllithium reagent (see above) (73.3 ml of a 1.14 m solution in THF, 83.6 mmol) was added 
by syringe to a slurry of copper(I) cyanide (3.74 g, 41.9 mmol) in THF (50 ml) at 0 °C over 2 min. 
The mixture was stirred at 0 °C for 20 min and cooled to —78 °C. The color of the solution 
changed little, and vigorous stirring was essential for all the cyanide to react. Tridecyne (5.7 g, 
31.7 mmol) was added in diethyl ether (15 ml) and the mixture stirred for 2 h, allowed to warm 
to 0 °C and stirred for a further 30 min, by which time the solution had turned black. The reaction 
was quenched with aqueous NH4CI solution at 0 °C, stirred for 10 min at this temperature, 
brought to room temperature and filtered over Celite. The layers were separated and the aqueous 
layer extracted with diethyl ether. The organic layers were dried (Na2S04) and evaporated in 
vacuo. Chromatography (Si02, hexane) gave the vinylsilane (10.5 g, 95%) as an oil: TLC, Rf 
(hexane) 0.51; IR (film), 1610 (C=C), 1245 (SiMe), and 1110 (SiPh); ^H NMR (CDCI3), <5 
7.54-7.32 (m, 5H, Ph), 6.12 (dt, IH, J = 18.5 and 6.2 Hz, SiCH=CH), 5.74 (dt, IH, J = 18.5 and 
1.4 Hz, SiCH=CH), 2.13 (m, 2H, CH=CHCH2), 1.40-1.20 (m, 18H, CH2), 0.88 (t, 3H, J = 6.6 Hz, 
Me), 0.31 (s, 6H, SiMe2); mass spectrum, m/z (relative intensity, %) 316 (M^, 6), 301 (40), 162 
(30), 161 (30), 135 (50), 121 (100); HRMS, calculated for C2iH36Si, 316.2586; found, 316.2572. 

Silyl ligands containing other substitution patterns, e.g. (erf-butyldimethyl- and 

thexyldimethylsilyl-, can be delivered in a manner analogous to the chemistry of the 

PhMe2Si group. The preparation of mixed cuprates f-BuMe2Si(R)Cu(CN)Li2 and 

(thexyl)Me2Si(R)Cu(CN)Li2, R = Me or n-Bu, however, relies on the transmetallation 

of the corresponding silyltrimethylstannanes, R'Me2SiSnMe3 (R' = thexyl or tert-hniyX) 

[93]. These water-white, stable liquids are easily prepared from the corresponding silyl 

chlorides and MejSnLi. By simply mixing R'Me2SiSnMe3 with, e.g., Bu2Cu(CN)Li2 at 

room temperature, the desired higher order cuprate is formed directly without prior 

lithiation of the silane (equation 4.14). Once formed, the higher order silyl cuprates can 

be expected to react readily with the usual sorts of coupling agents. 

THF 

R'Me2SiSnMe3 + Me2Cu(CN)Li2 -^ R'Me2Si(Me)Cu(CN)Li2 + Me^Sn 
r.t., 1 h 

(4.14) 

Preparation of Thexyldimethylsilyltrimethylstannane [94] 

LDA SiMe2Cl | 
Me3SnH -Me3SnLi -^ |—|—Si—SnMe3 

THF 0°C, 3h I 

(>60%) 

Caution: This reaction should be performed in an efficient hood owing to the extreme toxicity 
and volatility of Me3SnH. To 40 ml of THF was added diisopropylamine (3 ml, 29.7 mmol) with 
a syringe and the solution was cooled to —78 °C, after which was added «-BuLi in hexane (12 ml, 
26.4 mmol). Warming this solution by removal of the ice-bath for 10 min and then recooling to 
-78 °C was followed by addition of trimethyltin hydride (7.8 ml, 25.9 mmol) [95]. The reaction 
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mixture was warmed to 0 °C for 1 h. At this temperature thexyldimethylsilyl chloride (7.4 ml, 
37.6 mmol) was added and this solution was then stirred at 0 °C for 3 h. After this time, the 
heterogeneous mixture was filtered using a Schlenk funnel and distilled (72 C, 0.2 mmHg) yielding 
a clear, water-white liquid (>60%); TLC, (hexane) 0.9; IR (neat), 1460, 1260, 780 cm ; H 
NMR (500 MHz, CDCI3), 8 1.62-1.60 (m, IH), 0.88-0.87 (m, 12H), 0.20 (s, 6H, Vs„ = 16 Hz), 0.07 
(s, 9H, = 23 Hz); El mass spectrum, w/z (relative intensity, %) 293 (M+ - Me, 10), 119 (20), 
73 (100), 69 (85); HREIMS, calculated for CiiH28Si‘^“Sn - Me, 293.0747; found, 293.0770. 

Ring Opening of Isoprene Oxide with (Thexyl)Me2Si(Bu)Cu(CN)Li2 [93, 94] 

1. /i-Bu2Cu(CN)Li2 

-78 °C, 30 min (74%) 

(£:Z9:1) 

To a two-necked flask equipped with a two-way valve connected to a source of Ar and a vacuum 
pump was added CuCN (45.6 mg, 0.51 mmol). It was gently flame-dried under vacuum followed 
by Ar addition; this evacuation and Ar re-entry process was repeated three times. THE (1 ml) 
was then cooled to —78 °C and thexyldimethylsilyltrimethylstannane (0.18 ml, 0.73 mmol) was in¬ 
troduced neat with a syringe. The reaction was warmed to 22 °C for 1.5 h to complete the 
transmetallation, following which the yellow homogeneous cuprate was recooled to —78 °C and 
epoxide (0.04 ml, 0.404 mmol) was added also neat with a syringe. The solution was then stirred 
for an additional 30 min, after which it was quenched at —78 °C via addition of 10% aqueous 
troduced neat via a syringe. The reaction was warmed to 22 °C for 1.5 h to complete the 
transmetallation, following which the yellow homogeneous cuprate was recooled to — 78 °C and 
epoxide (0.04 ml, 0.404 mmol) was added also neat via a syringe. The solution was then stirred 
for an additional 30 min, after which it was quenched at —78 °C via addition of 10% aqueous 
ammonia-saturated aqueous NH4CI. Work-up involved warming the reaction mixture to 22 °C, 
addition of Et20, extraction and drying of the organic layer (brine-Na2S04), followed by rotary 
evaporation in vacuo and chromatography [silica gel, Et3N-Et20-hexane (2:40:58)] to yield the 
(£) and (Z)-vinylsilanes as a clear oil (68 mg, 74%) in a 9:1 ratio (GC): TLC, Rf [Et20-hexane 
(1:1)] 0.42; IR (neat), 3325, 1465 cm“^ £-Isomer: ^H NMR (500 MHz, CDCI3), 8 5.46-5.43 (t, 
IH, 7 = 9 Hz), 3.97 (s, 2H), 1.62 (s, 3H), 1.61 (s, IH), 1.49-1.47 (d, 2H, 7 = 9 Hz), 1.27 (bs, IH), 
0.86-0.81 (m, 12H), 0.05 (s, 6H); El mass spectrum, mjz (relative intensity, %) 143 (M^ — C6H13, 
<3), 125 (10), 84 (20), 75 (100), 70 (90), 59 (20). Z-Isomer: ‘H NMR, 8 5.33-5.29 (t, IH, 7 = 9 Hz), 
4.07 (s, 2H), 1.77-1.76 (s, 3H), 1.66 (s, IH), 1.59-1.58 (d, 2H, 7 = 6Hz), 1.27 (bs, IH), 0.86-0.81 
(m, 12H), 0.06 (s, 6H); El mass spectrum, mjz (relative intensity, %) 143 (M"^ — C6H13, <2), 125 
(25), 84 (10), 75 (100), 59 (25); HREIMS, calculated for Ci3H280SiC6Hi3, 143.0892; found, 

143.0915. 

4.3.6.2 Sn-Cu Reagents 

Recent advances in organotin chemistry have provided considerable incentive for 

development of new technologies which position a trialkylstannyl moiety into organic 

substrates [68, 96]. Several reagents exist from which to choose, depending on the 

particular transformation of interest. Equations 4.15-4.19 show some of these, along 

with the derivation of each. 



SYNTHETIC PROCEDURES INVOLVING ORGANOCOPPER REAGENTS 329 

Me3SnSnMe3 
MeLi 

Me3SnLi 
CuBrSMe2 

Me3SnCuSMe2 

(7) 
THF 

-20°C, 
1 5 min 

THF, -48°C 
10 min 

Me3SnSnMe3 
MeLi 

Me3SnLi 
PhSCu,THF 

Me3Sn(PhS)CuLi 
THF 
OX, 

1 5 min 

— 20°C, 15 min 

(8) 

(4.15) 

(4.16) 

MesSnSnMej 

THF, 
-20°C 

2. 2MeLi, -20°C 
50 min 

+ Me3SnLi 
CuCN 
-» Me3Sn(2.Th)Cu(CN)Li2 

(9) (4.17) 

'T'ljp' _ no 
2Bu3SnH + Bu2Cu(CN)Li2 —^^ Bu3Sn(Bu)Cu(CN)Li2 (4.18) 

(10) 

Me3SiSiMe3 
l.MeLi,THF,HMPA 
-> 

2. MesSnCl 
Me3SiSnMe3 

Bu2Cu(CN)Li2 
-► Me3Sn(Bu)Cu(CN)Li2 

(11) (4.19) 

Reagent 7, prepared from hexamethylditin (see procedure below), is especially 

effective at stannylcupration of terminal unactivated acetylenes [97]. When used (2 

equiv.) in tandem with a proton source (MeOH, 60 equiv.), good to excellent yields of 

the product 2-trimethylstannyl-l-alkenes are obtained, accompanied by small amounts 

of the isomeric (£)-l-trimethylstannyl-l-alkene. These by-products tend to be unstable 

on chromatographic separation, and are not easily isolated in small scale work. 

Preparation of Me2SnCu SMe2 from Me^Sn-SnMe^ [98] 

l.MeLi.THF 

Me3SnSnMe3 ->■ Me3SnCu-SMe2 
^ 2.CuBrSMe2,THF 

— 48 °C, 10 min 

Me^SnLi [98] To a cold (-20 °C), stirred solution of hexamethylditin in dry THF (ca 10 ml 
per mmol of MejSnSnMej) was added a solution of methyllithium (1.0 equiv.) in diethyl ether. 
The mixture was stirred at -20°C for 15 min to afford a pale yellow solution of trimethyl- 

stannyllithium. 

Me3SnCu SMe2 [98] To a cold (-48 °C), stirred solution of trimethylstannyllithium 
(0.65 mmol) in 5 ml of dry THF was added, in one portion, solid copper(I) bromide-dimethyl 
sulfide complex (113 g, 0.65 mmol). The mixture was stirred at —48 °C for 10 min to give a dark 

red solution of the cuprate reagent. 

Stannylcupration of a 1-Alkyne with Me^SnCu- SMe2 [97] 

To a cold (-78 °C), stirred solution of Me3SnCu-SMe2 (0.4 mmol) in 3 ml of dry THF (Ar 
atmosphere) was added sequentially a dry THF solution (0.5 ml) of the 1-alkyne (39 mg, 0.2 mmol) 
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THF, -78 °C, 10 min 
MeOH, -63°C, 12h 

Me3SnCu-SMe: 

(84%) 

and dry MeOH (0.5 ml, 12 mmol). The dark red reaction mixture was stirred at -78 °C for 
10 min and at -63 °C for 12 h. Saturated aqueous NH^Cl (pH 8) (5 ml) and diethyl ether (20 ml) 
were added and the mixture was allowed to warm to room temperature with vigorous stirring. 
Stirring was continued until the aqueous phase became deep blue. The layers were separated and 
the aqueous phase was extracted with diethyl ether (2x5 ml). The combined organic extracts 
were washed with saturated aqueous NH^Cl (pH 8) (2 x 5 ml) and dried (MgS04). Removal of 
the solvent afforded a crude oil that, on the basis of GC analysis, consisted of a 95:5 mixture of 
two products. Subjection of the crude oil to flash chromatography on silica gel [15 x 2 cm i.d. 
column, elution with diethyl ether-light petroleum (1:20)], followed by distillation (air-bath 
temperature 115-120 °C, 0.7 mmHg) of the oil thus obtained gave 59 mg (84%) of the vinyl- 
stannane as a colorless oil; IR (neat), 1140, 1120, 1080, 1040, 915, 770 cm ^H NMR (80 MHz), 
5 0.13 (s, 9H, H = 53 Hz), 1.1-1.9 (m, 14H), 2.1-2.4 (m, 2H), 3.2^.0 (m, 4H), 4.5^.7 (m, IH), 
5.12 (br d, IH, 7 = 3 Hz, Vs„,h = 70 Hz), 5.63 (dt, IH, 7 = 3, 1.5 Hz, Vs„,h = 156 Hz); HRMS, 
calculated for C35H 2902Sn (M^ — Me), 361.1190; found, 361.1203. 

The mixed Gilman cuprate 8, prepared as illustrated below, undergoes 1,4-additions 

fairly easily, on occasion with assistance from in situ HOAc or MeOH. In addition to 

being an alternative to reagents 7, they offer particular advantages in reactions with 

acetylenic esters, where careful control of conditions can lead to excellent £ vs Z 

stereoselectivities in the resulting enoates. Thus, when conducted in THF containing 

MeOH at — 78 °C for 3 h, the product of E stereochemistry results. Warming to —48 °C 

for 4 h followed by addition of MeOH reverses the isomeric ratio (Scheme 4.3). 

MejSnfPhSlCuLi + Et—s—COjEt 

(8) 

(76%) 98% Z 

Scheme 4.3 

Preparation of Me2Sn(SPh)CuLi [98] 

MejSnLi 
PhSCu 

—> Me3Sn(PhS)CuLi 
THF, -aO'C, 15min 
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To a cold ( — 20 °C), stirred solution of trimethylstannyllithium (0.75 mmol) in 10 ml of dry THF 
was added in one portion solid phenylthiocopper(I) (132 mg, 0.75 mmol). The slurry was stirred at 
— 20 °C for 15 min to afford a dark red solution of the cuprate reagent. 

Stannylcupration of an Acetylenic Ester with a Mixed Lower Order Stannylcuprate 
at —78°C in the Presence of MeOH [99] 

_ MeiSnfPhSlCuLi 
Et =—COjEt   —  - 

THF, MeOH 
-78 °C,3h 

McsSn 

'Y^COjEt 
Et 

(79%) 

To a cold (—100°C), stirred solution of the cuprate reagent Me3Sn(PhS)CuLi (1.0 mmol) in 
10 ml of dry THF was added, dropwise, a solution of the a,^-acetylenic ester (0.5 mmol) in 0.5 ml 
of dry THF containing 0.85 mmol of dry MeOH. The reaction mixture was stirred at —100 °C 
for 15 min and at —78 °C for 3 h. MeOH (0.2 ml) and Et20 (30 ml) were added and the mixture 
was allowed to warm to room temperature. The resulting slurry was filtered through a short 
column of silica gel (10 g, elution with 30 ml of Et20). The oil obtained by concentration of the 
combined eluate was chromatographed on silica gel {ca 3 g). Elution with light petroleum (ca 
10 ml) gave MejSnSnMej. Further elution with Et20 (ca 8 ml), followed by distillation of the 
material thus obtained, provided the product (79%); distillation temperature 110-125 °C 
(20 mmHg); IR (neat), 1715, 1598, 1175 cm“i; ‘H NMR (100 MHz), 3 0.12 (s, 9H, Vs„ h = 54 Hz), 
0.99 (t, 3H, y = 8 Hz), 1.22 (t, 3H, 7 = 7 Hz), 2.85 (br q, 2H, 7 = 8 Hz), 4.11 (q, 2H, 7 = 7Hz), 5.89 
(t, IH, 7= 1.5 Hz, Vs„H = 73 Hz); HRMS, calculated for C9Hi702Sn (M+ - Me), 277.0250; 
found, 277.0250. Analysis: calculated for CioH2o02Sn, C 41.28, H 6.93; found C 41.36, H 7.02%. 

Stannylcupration of an Acetylenic 

Et-=—COjEt 

Ester with Me3Sn(PhS)CuLi at —48°C [99] 

1. MeaSnfPhSlCuLI 

THF, -48°C,4h 

Et 

Me3Sn 

COjEt 

2. MeOH 
(76%) 

To a cold (-78 °C), stirred solution of the cuprate reagent Me3Sn(PhS)CuLi (0.39 mmol) in 5 ml 
of dry THF was added a solution of the a,j9-acetylenic ester (0.3 mmol) in 0.5 ml of dry THF. 
The reaction mixture was stirred at —78 °C for 15 min and at —48 °C for 4 h. MeOH or EtOH 
(0.2 ml) and Et20 (30 ml) were added and the mixture was allowed to warm to room temperature. 
The yellow slurry was treated with anhydrous MgS04 and was then filtered through a short 
column of Florisil (elution with 30 ml of Et20). Concentration of the combined eluate gave an 
oil, which was distilled directly to give the product; distillation temperature 120-125 °C 
(20 mmHg); IR (neat), 1701, 1601, 1195, 773 cm'^; ^H NMR (100 MHz), 3 0.12 (s, 9H, Vs„,h = 
54 Hz), 0.98 (t, 3H, 7 = 7.5 Hz), 1.24 (t, 3H, 7 = 7 Hz), 2.41 (br q, 2H, 7 = 7.5 Hz), 4.15 (q, 2H, 
7 = 7 (Hz), 6.34 (t, IH, 7 = 2 Hz, Vs„,h = 121 Hz). HRMS, calculated for C9Hi702Sn (M + - Me), 
277.0250; found, 277.0252. Analysis: calculated for CioH2o02Sn, C 41.28, H 6.93; found, C 

41.58, H 7.10%. 

Cyanocuprates 9, 10 and 11 are of more recent vintage, and it is clear that whether 

a thienyl or alkyl ligand is part of their make-up, the trialkylstannyl moiety is always 

transferred (virtually exclusively) over the remaining ligand. All three routes (equations 

4.12^.14) involve one-pot protocols, not an insignificant feature, especially for large- 
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scale processes. Cuprates 9 are also useful for generating vinylstannanes of general 

structure 12 (cf. Scheme 4.3, use of mixed cuprate 8), and also several other product types. 

Preparation of Me2Sn(2-Th)Cu(CN)Li2 [100] 

1. thiophene 

(Me.Sn), , Me3Sn(2-Th)Cu(CN)Li2 
^ 2.2MeLi,-20°C 

50 min 
3. CuCN, -78°C 

10 min 
4. - 48 °C, 10 min 

To a cold (-20 °C), stirred solution of (Me3Sn)2 (164 mg, 0.5 mmol) in 10 ml of dry THF were 
added, successively, thiophene (42 mg, 0.5 mmol) and a solution of MeLi (1.0 mmol, low halide 
or LiBr complex) in Et20. After the pale yellow solution had been stirred at -20 °C for 50 min, 
it was cooled to -78 °C and CuCN (45 mg, 0.5 mmol) was added. The resulting suspension was 
stirred for 5 min at -78 °C and for 10 min at -48 °C to provide a bright yellow solution of 
the cuprate reagent. The solution was cooled to —78 °C and used immediately. 

Michael Addition of the Mixed Higher Order Stannylcuprate 

Me2Sn(2-Th)Cu(CN)Li2 [100] 

o 
Me3Sn(2-Th)Cu(CN)Ll2 

THF, -78 to -20°C,4h 

(90%) 

To a cold (-78 °C), stirred solution of Me3Sn(2-Th)Cu(CN)Li2 (see above) (0.5 mmol) in 10 ml 
of dry THF (Ar atmosphere) was added 37 mg (0.33 mmol) of the enone. After the solution had 
been stirrerd at —78 °C for 5 min and at —20 °C for 4 h, it was treated with saturated aqueous 
NH4Cl-aqueous ammonia (pH 8) (10 ml) and Et20 (10 ml). The vigorously stirred mixture was 
exposed to air and allowed to warm to room temperature. The phases were separated, and the 
aqueous phase was extracted with Et20 (3 x 10 ml). The combined organic extracts were dried 
(MgSOJ and concentrated. Flash chromatography [Et20-petroleum (1:4)] of the residual oil, 
followed by distillation (90 °C, 2.0 mmHg) of the material thus obtained gave 83 mg (90%) of the 
product; IR (neat), 1713, 1452, 1224, 768 cm~^; ^H NMR (300 MHz), 5 0.06, (s, 9H, Vsn.n = 
50 Hz), 1.20 (s, 3H, h = 60 Hz), 1.55-2.60 (series of m, lOH). HRMS, calculated for C9Hi70Sn 
(M^ - Me), 261.0301;’found, 261.0306. 

An especially simple route to BujSn-incorporated higher order cuprates involves a 

presumed transmetallation between BujSnH and Bu2Cu(CN)Li2, which occurs on 

mixing of these components at —78 °C [101]. The resulting reagent behaves as a mixed 

cuprate (10) and transfers the Bu3Sn moiety selectively to several types of educts. A 2:1 

stoichiometry of tin hydride to Bu2Cu(CN)Li2 is essential, and the commercially 

obtained BuaSnH should be dry and from a relatively new bottle (or if not, then freshly 

distilled). 
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Stannylcupration of a 1-Alkyne Using Bu3SnCu(CN)Li2 Generated via 

Transmetallation of n-Bu^SnH [101] 

1. /i-Bu2Cu(CN)Lij, THF 
BusSnH - 

-78 °C, 10 min 
2. HOCMe2C=CH 

— 78 °C, 5 min 

CuCN (67.2 mg, 0.75 mmol) was added to a dry 10 ml round-bottomed flask equipped with a stir 
bar and rubber septum. The flask was evacuated with a vacuum pump and purged with Ar. This 
process was repeated three times. THF (2 ml) was injected and the slurry cooled to — 78 °C, 
then «-BuLi (0.63 ml, 1.50 mmol) was added dropwise. The mixture was allowed to warm slightly 
to yield a colorless, homogeneous solution which was recooled to —78 °C where w-BujSnH 
(0.40 ml, 1.5 mmol) was added via a syringe. Stirring was continued and over ca 10 min the solution 
yellowed and H2 gas was liberated. 2-Methyl-3-butyn-2-ol (0.066 ml, 0.68 mmol) was added neat 
via a syringe and the reaction mixture stirred for 5 min before being quenched into a 10 ml bath 
of 10% aqueous ammonia-90% saturated NH4.CI. Extraction with 3 x 20 ml of diethyl ether 
was followed by combining the extracts and drying over Na2S04,. The solvent was removed in 
vacuo and the residue chromatographed on silica gel. Elution with light petroleum-ethyl acetate 
(95:5) + 1% EtjN gave 2-methyl-3(tri-«-butylstannyl)-3-buten-2-ol (221 mg, 87%) as a colorless 
oil: TEC, Rf [EtOAc-light petroleum (10:90)] 0.38; IR (neat), 3360, 2930, 1600, 1460, 1380, 
990 cm-i; 'H NMR, ^ 6.09-6.08 (d, 2H, = 2 Hz), 2.15 (s, IH), 1.53-1.43 (m, 12H), 1.35-1.23 
(m, 12H), 0.90-0.85 (t, 9H); NMR (CDCI3), <5 155.56 (s), 122.35 (t), 30.60 (s), 29.40 (q), 29.03 
(t), 27.20 (t), 13.65 (q), 9.39 (t); El mass spectrum, mjz (relative intensity, %) 319 (M'^ — 57, 100), 
318 (36.7), 317 (75.5), 316 (30.6), 315 (42.9), 263 (42.9), 261 (33.7), 207 (42.9), 205 (36.7), 177 (22.4), 
136 (25.5), 120 (25.5), 119 (10.2), 118 (12.2), 117 (10.2), 116 (10.2), 85 (17.3), 69 (10.2), 59 (11.2); 
HRCIMS, calculated for C.^U^^Sn, (M+ - 17), 360.1839; found, 360.1812. 

Although the above transmetallation concept has been applied to the formation of 

the McaSn analog [i.e. Me3Sn(Me)Cu(CN)Li2], another procedure which does not 

involve McjSnH [95] has been developed [102]. The in situ generation of Me3SnSiMe3, 

which uses the Me3Si group as a bulky proton, likewise transmetallates with 

R2Cu(CN)Li2 to afford an Me3Sn-containing mixed higher order cuprate (11) equation 
4.19) [103]. Solutions of Me3SnSiMe3 in THF-HMPA are stable at room temperature 

for months as long as they are protected from air and moisture. All operations are 

conducted in a single flask, and the overall process leading to 11 appears to proceed 

in virtually quantitative yield. 

Stannylcupration of a 1-Alkyne Using Me3Sn(n-Bu)Cu(CN)Li2 Formed m situ from 
Transmetallation of Me^SnSiMe^ [102] 

1. MeLi, THF, HMPA 
-78 to -30°C, 1 h 

Me3SiSiMe3 -— 

2. Me3SnCl,-78to 
-50 °C, 1.5 h 

3. /i-BujCufCNjLij 
-78 to -50 °C, 1 h 

4. H0CH2CH2C=CH 
MeOH, -78°Ctor.t. 

HO 

SnMe3 

(74%) 

HO K 
SnBu3 

(87%) 
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Ethereal methyllithium (6.6 ml, 1.5 m) was added to a solution of hexamethyldisilane (2.0 ml, 
10.0 mmol. Aldrich) in 24 ml of THF-HMPA (3:1 v.v) at -78 °C under Ar. The resulting deep 
red solution was stirred for 1 h while allowing it to warm to — 30 °C. The reaction mixture was 
cooled to -78 °C, after which McaSnCl (1.99 g, 10.0 mmol, available from Aldrich) in 2ml^of 
THF was added. The reaction mixture was further stirred for 1.5 h while warming to -50 °C. 
In a separate vessel, Bu2Cu(CN)Li2 (10.0 mmol, prepared from 8.7 ml of 2.3 m n-BuLi and 0.89 g 
of CuCN) in 10 ml of THF was prepared at -45 °C. After stirring for 30 min, this solution was 
transferred with a cannula to a solution of Me3SnSiMe3 at —78 °C. The resulting lemon yellow 
solution was warmed to — 50 °C and stirred for 1 h to ensure complete transmetallation. 
3-Butyn-l-ol (0.63 g, 9.0 mmol) was then added neat with a syringe followed by 5 ml of MeOH. 
The reaction mixture immediately turned red. After 30 min the bath was removed and the solution 
warmed to room temperature. Usual work-up followed by chromatography on silica gel [hexane- 
ethyl acetate (8:1)] gave 1.56 g (74%0 of 4-hydroxy-2-trimethylstannyl-l-butene and 0.17 g 
(8%) of 4-hydroxy-1-trimethylstannyl-l-butene. GC analysis revealed a purity of >95% for both 
isomers. 4-Hydroxy-2-trimethylstannyl-l-butene: IR (neat), 3350 cm“^; NMR (500 MHz, 
CDCI3), d 0.14 (s, 9H, Me^Sn, Vs„h = 54 Hz), 1.34 (t, IH, OH), 2.5 (t, 2H, CH^C^C), 3.6 (q, 
2H, OCH2), 5.3 (d, IH, C=CH2, / = 2 Hz, Vs„.h = 69 Hz), 5.7 (d, IH, C=CH2, J=2Uz, 
Vs„H= 147 Hz); El mass spectrum, m/z 219 (M"^ — 15); HRMS, calculated for C6Hi3SnO 
(M"^ - 15), 219.9895; found, 219.9960. 4-Hydroxy-1-trimethylstannyl-l-butene: IR (neat), 3350 
cm"^; NMR (500 MHz, CDCI3), d 0.10 (s, 9H, Me^Sn, Vs„,h = 55 Hz), 1.36 (t, IH, OH), 2.4 (t, 
2H, CH2C=C), 3.7 (q, 2H, OCH2), 5.9 (dt, IH, C=CH2, / = 19, 6 Hz, Vs„,h = 60 Hz), 6.1 (d, 
IH, C=CH2, J = 19 Hz, VsnH = 32Hz); El mass spectrum, m/z 219 (M'^ - 15); HRMS, 
calculated for C6Hi3SnO (M+ - 15), 219.9895; found, 219.9971. 

4.2.7 OTHER CUPRATE AGGREGATES (R5CU3LI2) 

The 2:1 ratio of organolithium(s) to CuX (X = halogen, CN) resulting in either R2CuLi 

or R2Cu(CN)Li2 is by no means the only stoichiometry leading to discrete reagents. 

Higher ratios, e.g. 3RLi:CuI, give higher order cuprates R3CuLi2 [104, 105], while 

addition of 1.5 equiv. of RLi to Cul in THF leads to R3Cu2Li [104a,b] and 1.66 

equiv. of RLi plus Cul (in Et20) gives R5Cu3Li2 [104a, 106]. The higher order species 

Me3CuLi2 is in equilibrium with Me2CuLi and free MeLi in Me20, which tends to 

limit its use [104a]. R3Cu2Li is relatively unreactive [104c], although in the presence 

of BF3-Et20 [34] and Me3SiCl [107] it works well in 1,4-additions to enones. The 

species R5Cu3Li2, with R = Me, is particularly effective (versus, e.g., Me2CuLi) for 

conjugate methylation of a,)?-unsaturated aldehydes. The quenching process is exper¬ 

imentally important, with best yields obtained by either rapidly adding acetic acid to 

the —75 °C reaction mixture, or Me3SiCl in the presence of amines Et3N and HMPA. 

A typical case involves the addition of Me5Cu3Li2 to the jS,)5-disubstituted enal 

cyclohexyl-ideneacetaldehyde. 

Conjugate Methylation of an Unsaturated Aldehyde with Me^Cu2Li2 [106] 

Me 

EtjO, -78°C,2h 
-40°C, 1.5 h 

2. HOAc, -78°C (90%) 
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Purified copper(I) iodide (3 mmol) was placed in a dry 50 ml three-necked flask containing a 
magnetic stirring bar. Two necks of the flask were closed by rubber septa and the other by a 
vacuum take-off equipped with a stopcock. The flask was alternately evacuated and filled with 
N2 (three cycles), and dry diethyl ether (10 ml) was then injected. The slurry was stirred at ca 0 °C 
(ice-bath), and commercial ethereal MeLi {ca 1.8 m, 5 mmol) was injected over 2-3 min. A dark 
yellow precipitate of methylcopper was deposited and then dissolved. Five minutes after the end 
of the addition the colorless (or faintly yellow) solution was cooled to — 75°C and the enal 
(1 mmol) in diethyl ether (1 ml plus 2 x 1 ml rinse) was added over 5 min. The reaction mixture 
was stirred at this temperature for 2 h. The temperature was then allowed to rise to —40 °C over 
1.5 h, and the mixture was recooled to —75 °C and quenched with acetic acid. Work-up and 
Kugelrohr distillation (125-130 °C, 10 mmHg) gave the product (90%) of better than 97% purity 
(VPC, DECS, 120 °C). The material contained 1% (VPC) of the 1,2 addition product, 1- 
cyclohexylidene-2-propanol; IR (film), 2715, 1710 cm“^; NMR (CDCI3, 200 MHz), <5 1.08 (s, 
3H), 1.1-1.7 (m, lOH), 2.32 (d, 2H, J = 3.4 Hz), 9.83 (t, IH, J = 3.4 Hz); HRMS, calculated for 
C9H15O - H, 139.1122; found, 139.1122. 

4.2.8 HYDRIDO CUPRATES 

The first complex metal hydride of copper, LiCuH2, was reported in 1974 [108]. This 

species, along with several related hydrido cuprates, Li2CuH3, Li3CuH4 and Li4CuH5, 

are all prepared by LiAlH4 reduction of preformed methyl cuprates resulting from 

various MeLi to Cul ratios (see, e.g., equation 4.2) [109]. These species have been 

5MeLi + Cul -Li4CuMe5 + Lil 
(4.20) 

2Li4CuMe5 + 5LiAlH4 -^ Li4CuH5 -f 4LiAlH2Me2 

individually examined in terms of their potential to reduce haloalkanes, ketones and 

enones [110]. Among the many observations made was one concerning the remarkable 

reactivity of Li4CuH5 towards alkyl halides, a reagent which was shown to be more 

powerful than LiAlH4 itself in this capacity. It is soluble in THF and is utilized at room 

temperature. 

Preparation of Li^CuH^ [109] 

5MeLi + Cul -^ [Li4CuMe5 -H Lil] 

2Li4CuMe5-H 5LiAlH4 -. L^CuHs + 4LiAlH2Me2 

An Et20 solution of CHaLi (10.0 mmol) was added dropwise to a well stirred Cul (2.0 mmol) 
slurry in Et20 at -78 °C. A clear solution resulted in a few minutes. To this solution was added 
LiAlH4 (5.0 mmol) in diethyl ether and the reaction mixture was stirred at room temperature for 
1 h, during which time a white crystalline solid formed. The insoluble solid was filtered, washed 
with diethyl ether and dried under vacuum. The product was analyzed and the X-ray powder 
diffraction pattern was recorded. Analysis: calculated for LLCuHs, Li; Cu:H = 4.00:1.00:5.00; 
found, 4.10:1.00:5.09. X-ray pattern (A): 4.05 m, 3.51 s, 2.47 m, 2.13 w, 2.02 w, 1.57 w. The white 
solid was stable at room temperature for over 1 week. 

Another reagent for carrying out halide/sulfonate reductions [111], and also con¬ 

jugate reductions of enones [112], is that derived from addition of n-BuLi to CuH, 

presumably forming LiCuH(n-Bu). Pure, anhydrous copper(I) hydride decomposes to 
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hydrogen and metallic copper above — 20°C; it is indefinitely stable at —78 C. 
Suspensions of copper(I) hydride in diethyl ether are relatively air insensitive; the dry 
solid is pyrophoric. Tri-«-butylphosphine and copper(I) hydride form a 1:1 complex, 
the high solubility of which has prevented its isolation. The procedure for pre-forming 
CuH from DIBAL reduction of CuBr, along with some relevant information on its 
properties, is given below [113]. Use of LiAlH4 in place of DIBAL leads to inferior 

results. 

Preparation of CuH [113] 

^ „ 1.DIBAL „ rr 

CuBr -^ CuH 
pyr.(100equiv.) 

- 50°C 
2. Et20(300 equiv.) 

-78°C 

(>90%) 

Copper{I) hydride was prepared by treating 1 equiv. of copper(I) bromide dissolved in 100 equiv. 
of pyridine with 1.1 equiv. of diisobutylaluminum hydride (20% in heptane) at —50 °C. Vigorous 
mixing produced a homogeneous, dark brown solution, from which copper(I) hydride could be 
precipitated by dilution with ca 300 equiv. of diethyl ether. Centrifugation, separation of the 
supernatant liquid and repeated washing of the precipitate with diethyl ether, all at - 78 °C, 
permitted isolation of copper{I) hydride as a brown solid in greater than 90% yield. The ratio 
of hydride to copper in this material was 0.96 ± 0.04; it contains less than 0.5% aluminum or 
bromine but retains ca 25% pyridine, based on copper. 

With the CuH available, the optimum conditions for using the ate complex involve 
Et20 at —40 °C for conjugate reductions, whereas halides and sulfonates usually require 
ambient temperature over ca 2 h. 

Reduction of a mesylate Using Hydrido Cuprate LiCuH(n-Bu) [111] 

OSO^Me 
I 

Me(CH2)5CH(CH2),oC02Et 
LiCuHBu 

EtiO, -40°Ctor.t. 
2h 

MeCCH^jieCO^Et 

(85%) 

CuH (6.0 mmol; see above) was prepared under Ar at -50 °C in a 50 ml round^-bottomed flask, 
equipped with a magnetic stirrer and sealed with a rubber septum. After the CuH had been 
washed with four 20 ml portions of cold (-50 °C) diethyl ether, 15 ml of cold (-40 °C) diethyl 
ether were added with stirring and then 6.0 mmol of cold «-BuLi in hexane were syringed into 
the flask over 1 min. The resulting dark brown solution (reagent partially insoluble) was stirred 
for 10 min. After addition of 610 mg (1.5 mmol) of ethyl 12-mesyloxystearate in 1 ml of diethyl 
ether, the cooling bath was removed and stirring was continued for 2 h at room temperature. 
The reaction mixture was poured into aqueous saturated NH^Cl solution, the ethereal layer was 
decanted and the aqueous layer was washed with 50 ml of diethyl ether. The combined ether 
extracts were dried, filtered and the solvents removed in vacuo to provide 400 mg (85%) of ethyl 
stearate following silicic acid chromatography. 

More recently, two new methods for conjugate reduction have appeared which offer 
elements of convenience, efficiency, and chemoselectivity. In one, the known copper 
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hydride hexamer [(Ph3P)CuH]6 [114], routinely used in benzene or toluene solution 

at room temperature, was found to be an extremely effective conjugate reductant 

towards a,j9-unsaturated ketones and esters [115]. The reagent is a stable material, fully 

compatible with Me3SiCl and insensitive to the presence of water. In fact, water is added 

to benzene or toluene solutions of this reagent in cases where short-lived intermediates 

are formed to suppress by-product formation. Isolated, unactivated olefins, however, 

are completely inert. The corresponding deuteride, [(Ph3P)CuD]6, is also available, 
with both reacting to deliver all six hydrides or deuterides per cluster to the substrate. 

The reagent [(Ph3P)CuH]6, a red crystalline solid, may be purchased (Aldrich, catalog 

No. 36 497-5) or prepared according to the procedure given below. 

NaO-^ + 
1 atm H, 

CuCl + PPh, -- 
PhMe/PhH 

r.t. 

[(Ph3P)CuH]<i + ^-BuOH NaCl (4.21) 

Preparation of [(Ph2P)CuH]Q [116] 

NaO-t-Bu Toluene (150ml) was added with a cannula to a dry, N2-flushed 500ml Schlenk 
flask equipped with a Claisen head, a condenser topped with a gas inlet and a 50 ml pressure¬ 
equalizing addition funnel. Under positive pressure of N2, sodium (3.52 g, 0.153 mol, cut in thin 
slices) was added. The toluene was heated with an oil-bath to 70-80 °C. ferr-Butanol (45.0 ml, 
35.4 g, 0.477 mol) was delivered dropwise. The vigorously stirred mixture was heated until all of 
the sodium had reacted (12-24 h). Under a positive N2 flush, the condenser was replaced with a 
rubber septum and, for ease of subsequent cannula transfer of the resultant suspension, large 
clumps of the alkoxide which may be present were broken up with a glass rod. 

[(Ph3P)CuH]Q Triphenylphosphine (100.3 g, 0.3825 mol) and copper(I) chloride (15.14 g, 

0.1529 mol) were added to a dry, septum-capped 21 Schlenk flask and placed under N2. Benzene 
(approximately 800 ml) was added with a cannula, and the resultant suspension was stirred. The 
NaO-r-Bu-toluene suspension was transferred via a wide-bore cannula to the reaction flask, 
washing if necessary with additional toluene or benzene, and the yellow nearly homogeneous 
mixture was placed under a positive pressure (1 atm) of H2 and stirred vigorously for 15-24 h. 
During this period the residual solids dissolved, the solution turned red, typically within 1 h, then 
dark red, and some gray or brown material precipitated. The reaction mixture was transferred 
under N2 pressure through a wide-bore PTFE cannula to a large Schlenk filter containing several 
layers of sand and Celite. The reaction flask was rinsed with several portions of benzene, which 
were then passed through the filter. The very dark red solution was concentrated under vacuum 
to approximately one third of its volume and acetonitrile (300 ml) was layered on to the benzene, 
promoting crystallization of the product. The yellow-brown supernatant was removed via a 
cannula, and the product was washed several times with acetonitrile and dried under high vacuum 
to give 25.0-32.5 g (50-65%) of bright red to dark red crystals. 

The degree of crystallinity and purity of the product varies somewhat with the degree 

of care exerted in the crystallization procedure. The major impurity present in the 

product was observed in the NMR spectrum as two broad resonances at (5 7.6 

and 6.8 ppm, and has not been identified. Small amounts of this byproduct have no 

perceptible effect on subsequent reduction chemistry. Crystallization can also be induced 

by addition of hexane or pentane with no effect on product purity or yield. 



338 B. H. LIPSHUTZ 

Conjugate Reduction of the Wieland-Miescher Ketone with [(Ph2P)CuH]6 [115] 

[(PhaPCuHlft 

PhH, H2O, r.t. 
18 h 

(85%) 

(cis: trans 17:1) 

[(Ph3P)CuH]6 (1.61 g, 0.82 mmol), weighed out under an inert atmosphere, and the keto enone 
(0.400 g, 2.24 mmol) were added to a 100 ml two-necked flask under positive N2 pressure. 
Deoxygenated benzene (60 ml) containing 100 pi of water (deoxygenated by N2 purge for 10 min) 
was added with a cannula, and the resultant red solution was stirred at room temperature until 
the starting material had been consumed by TLC analysis (8 h). The cloudy red-brown reaction 
mixture was opened to air, and stirring was continued for 1 h, during which time copper- 
containing decomposition products precipitated. Filtration through Celite and removal of the 
solvent in vacuo gave crude product, which was purified by flash chromatography; yield, 82% of 

a 17:1 mixture of cis and trans isomers, respectively. 

The other new method for conjugate reduction of enones/enals entails the proposed 

in situ formation of a halo hydrido cuprate, H(X)CuLi, via transmetallation of Cl(I)CuLi 

(i.e., CuI-LiCl) with BuaSnH, according to equation 4.22 [117]. Whatever the reagent’s 

composition, it is compatible with McaSiCl at low temperatures (<0 °C) and can be 

applied to substrates containing unprotected keto groups, esters, allylic acetates and 

sulfides. The procedure is best performed using excess {ca 2-3 equiv.) LiCl; without 

LiCl or with only 1 equiv. the yields generally tend to be lower. 

CuI-fLiCl -^ Cl(I)CuLi H(X)CuLi-h Bu3SnX (4.22) 
THF 

(X = Cl or I) 

Conjugate Reduction of an tx,p-Unsaturated Aldehyde Using in situ Generated 

Hydrido Cuprate H(X)CuLi [117] 

1 I THF, TMSCI 
— 60 °C to r.t. 

2h 
(quant.) 

To a solution of Cul (0.1904 g, 1.00 mmol) and LiCl (0.1008 g, 2.38 mmol) in THF (4.5 ml) 
at -60 °C was added 8-acetoxy-2,6-dimethyl-2,6-octadienal (0.080 g, 0.391 mmol) followed by 
MejSiCl (0.27 ml, 2.09 mmol). After 10 min, BuaSnH (0.30 ml, 1.10 mmol) was added dropwise 
producing a cloudy yellow slurry. The reaction mixture was then allowed to warm to 0 °C 
gradually over 2 h. A concurrent darkening to a reddish brown color was observed. Quenching 
was carried out with 10% aqueous KF solution (3 ml), leading to an orange precipitate. The 
organic layer was filtered through Celite and evaporated in vacuo, and the residue rapidly stirred 
with additional amounts of 10% KF for ca 30 min before diluting with diethyl ether. The organic 
layer was then washed with saturated aqueous NaCl solution and dried (Na2S04). The solvent 
was removed in vacuo and the material chromatographed on silica gel. Elution with EtOAc- 
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hexane (10:90) gave 82 mg (quantitative yield) of the product as a colorless oil; TLC, Rf (15% 
EtOAc-hexane) 0.22; IR (neat), 2960, 1740, 1460, 1380, 1240, 1030, 960 cm” ^ NMR (CDCI3), 
6 9.54 (d, IH, J = 1.5 Hz), 5.27-5.24 (m, IH), 4.51 (d, 2H, J = 7.0 Hz), 2.28-2.25 (m, IH), 1.98 (d, 
3H, J = 1.0 Hz), 1.62 (br s, 3H), 1.42-1.12 (m, 6H), 1.03 (d, 3H, J = 6.8 Hz); NMR (CDCI3), 
5 204.84,170.92,141.43,118.57, 61.10,45.96, 39.17,29.78, 24.59, 20.83,16.09,13.16; mass spectrum, 
w/z (relative intensity, %), 170 (6), 153 (19), 152 (14), 135 (77), 123 (11), 109 (40), 107 (38), 97 (45), 
95 (70), 94 (99), 93 (68), 83 (74), 81 (73), 79 (62), 69 (100); HRCIMS (CHJ, calculated for CioHi8)2 

(M+ -C2H3O), 170.1307; found, 170.1283. 

4.3 ORGANOCOPPER COMPLEXES DERIVED FROM GRIGNARD 
REAGENTS 

Reactions of Grignard reagents under the influence of Cu(I) salts enjoy a rich history 

of service in organic chemistry. From the early observations of Kharasch using catalytic 

quantities of CuCl with RMgX [118] to the various stoichiometric recipes developed 

over time, few would argue today about the value of such time-honored chemistry. 

Undoubtedly much of the popularity stems from a combination of factors, not the least 

of which are the general availability of Grignard reagents and the facile nature of 

magnesiocopper-based addition to, e.g., a,j5-unsaturated ketones and terminal acety¬ 

lenes. As with lithiocopper reagents (see above), many of the same reactivity patterns 

are observed with Grignard-derived species, in both the catalytic and stoichiometric 

modes of use. In addition, most of the reaction variables and parameters to be addressed 

in cuprate couplings using Cu(I)-RMgX are identical with those associated with 

Cu(I)-RLi reagents. Thus, all reactions should be run under an inert atmosphere of Nj 

or Ar, preferably the latter. Ethereal solvents are again the norm, and Grignards 

obtained from commercial sources should be titrated. Although early work focused on 

the use of CuCl as the Cu(I) salt [118], more recent developments have shifted 

significantly toward the usage of purified Cul, CuBr as its Me2S complex or the Cu(II) 

chloride species Li2CuCl4 (Kochi’s catalyst) [119]. 

4.3.1 REACTIONS USING CATALYTIC Cu(l) SALTS 

Conjugate addition of a functionalized Grignard reagent, as with simpler analogs, is a 

popular means of setting the stage for subsequent manipulations (e.g. annulation) [2a]. 

When Grignards of this type (i.e. non-commercially available) are to be employed, the 

entire process can fortunately still be run in one pot in spite of the fact that information 

concerning the precise amount of Grignard present in the medium may not be known, 

and/or that the reagent responsible for the reaction can only be surmised. Given the 

truly catalytic nature of the process, it is likely that the reactive species is R2CuMgX, 

formed under the conditions in a manner analogous to that of L.O. lithio cuprate 

generation (cf. equation 4.1). A typical procedure for preparing a Grignard reagent, for 

this example a protected chloroaldehyde and its eventual Michael addition to cyclohex- 

enone, is given below. In general, with only small percentages of copper salts being 

necessary, work-up procedures are somewhat simplified. 
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Copper Bromide-Dimethyl Sulfide-Catalyzed 1,4-Addition of a Grignard Reagent to 

Cyclohexenone [120] 

Q 
MgCI 

25 mol% CuBr-SMci 

EtA -78 toO°C 

(75%) 

Magnesium turnings (0.60 g, 25 mmol) were ground for a few minutes with a mortar and pestle 
and were immediately placed in an N2-filled flask. A solution of 2-(3-chloropropyl)-l,3-dioxolane 
(1.2 ml, 8.3 mmol), 1,2-dibromoethane (0.05 ml) and THF (1.6 ml) were added at 25 °C and the 
mixture was stirred in a 70 °C bath, at which temperature Grignard formation began. The reaction 
flask was then placed in a 25 °C bath and was stirred for 30 min, diluted with additional THF 
(5 ml), stirred for 1.25 h and then cooled to -78 °C. A solution of copper(I) bromide-SMe2 

complex (0.41 g, 2.0 mmol) and Me2S (4 ml) was then added dropwise and the mixture was stirred 
at —78 °C for 1 h. A solution of cyclohexenone (0.65 ml, 6.8 mmol) and diethyl ether (7 ml) was 
introduced dropwise over a 7 min period and the mixture was stirred at — 78 °C for 2.5 h and 
then warmed in an ice-water bath. After being stirred at 0 °C for 5 min, the mixture was quenched 
by the addition of a saturated aqueous solution (5 ml) of NH4CI (adjusted to pH 8 with aqueous 
ammonia) and stirred at 25 °C for 1.5 h. The dark blue aqueous layer was removed and the ether 
layer washed with two additional 10 ml portions of water and a saturated aqueous solution (15 ml) 
of NaCl and dried over MgS04. Concentration by rotary evaporation in vacuo gave 1.28 g of 
the crude product, which was purified by flash chromatography [silica gel, hexanes-ethyl acetate 
(1:1)] to give 1.05 g (75%) of the product as a colorless oil. An analytical sample was obtained 
by bulb-to-bulb distillation [oven temperature 80 °C (0.2mmHg)]; IR (neat), 2950, 1712 cm“^; 
iH NMR (CDCI3), d 4.83 (t, IH, J = 4.8 Hz), 3.90 (m, 4H), 1.15-2.55 (m, 15H). Analysis: calculated 
for C12H20O3, C 67.89, H 9.50; found, C 67.76, H 9.53%. 

Owing to the catalytic nature of the copper salt present, the resulting enolate must 

necessarily be mainly associated with a magnesiohalide counter ion (MgX"^), suggesting 

that in situ trapping with an electrophile may occur. Usually, more reactive alkylating 

agents work best, one example of which employs tert-b\xXy\ bromoacetate as the 

quenching agent following a copper-catalyzed 1,4 addition. 

1,4-Addition of Vinylmagnesium Bromide to an Enone in the Presence of Catalytic 
Amounts of Cul and in situ Trapping of the resulting Enolate [121] 

1. -^MgBr 
Cul (3.2 mol%) 

THF, MejS 

2. BrCH2C n 
HMPA, -78toO°C, 

then r.t., 18 h 

O 

To a slightly brownish slurry of vinylmagnesium bromide (1.5 m THF solution, 119 mmol) in 
Me2S (16 ml) and THF (100 ml) was added copper(I) iodide (650 mg, 3.2 mol% vs substrate) at 
— 78 °C and then 2-methyl-2-cyclopentenone (10.4 g, 108 mmol) in 20 ml of THF over 40 min at 
— 50 to — 60 °C to give a dark brown thick solution. After being stirred at the same temperature 
for 50 min, the reaction mixture was cooled to —78 °C, 47 ml (270 mmol) of HMPA were added 
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slowly and then 44 ml (270 mmol) of tert-huiyX bromoacetate were added. The reaction mixture 
was warmed very slowly to 0 °C over 6 h and stirring was continued for 18 h at room temperature, 
resulting in a brown solution with a white precipitate. The reaction mixture was quenched with 
an aqueous solution of NH4CI and extracted with diethyl ether three times, and the combined 
extracts were washed with water twice and then brine, dried over MgSO^ and evaporated in 
vacuo. Fractional distillation of the residue afforded 22.2 g (114 mmol) of tcrt-butyl bromoacetate 
and 20.3 g (78%) of the product with 96% stereoselectivity [b.p. 80-82 °C (0.4 mmHg); IR (neat), 
3060, 1730, 1639, 1151, 919 cm"^; 'H NMR (CCIJ, 3 0.77 (s, 3H), 1.40 (s, 9H), 1.6-2.5 (m, 6H), 
2.7-T2 (m, IH), 4.9-5.2 (m, 2H), 5.5-6.1 (m, IH)]. The stereoselectivity was calculated by the 
relative peak area of a singlet at 3 0.77 with that of a small singlet at 3 1.07, which was tentatively 
assigned to the 2-methyl protons of the cw-isomer. 

The relative rapidity and selectivity of addition (1,4- vs 1,2-) by catalytic Cu(I)-RMgX 

is further manifested in the case of an a,)5-unsaturated aldehyde. With substrates of this 

type, it is essential to use both MegSiCl (2 equiv.) and HMPA (2-3 equiv.), otherwise 

the process is slowed considerably at —70 °C, and 1,4- to 1,2-adduct ratios drop from 

>200:1 to 4:1. The product in all cases to be expected is the TMS enol ether, most 

notably of the predominantly E configuration. 

Cu(I)-Catalyzed Conjugate Addition of RMgX to an a,li-Unsaturated Aldehyde in 
the Presence of MesSiCI^SiCI Mixture [122] 

CHO 

n-QH.jMgBr 
3 mol% CuBr'SMe2 

THF, MejSiCI, HMPA 
-78 °C 

ff-H c V ,OSiMe-j 

(83%) 

(£:Z94:6) 

To a cooled (-78 °C) THF solution (60 ml) of n-hexylmagnesium bromide (prepared from 
35 mmol of 1-bromohexane and 37.5 mmol of magnesium in 85-90% yield), hexamethylphos- 
phoric triamide (10.5 ml, 60 mmol) (Caution: potent carcinogen) and copper(I) bromide-SMe2 
complex (257 mg, 1.25 mmol) was added dropwise a mixture of acrolein (1.67 ml, 25 mmol) and 
chlorotrimethylsilane (6.4 ml, 50 mmol) in 20 ml of THF over 30 min. After 3 h, triethylamine 
(7 ml) and hexane (100 ml) were added. The organic layer was washed with water to remove 
hexamethylphosphoric triamide and dried over MgS04..The product (3.86 g, 83%; 94% E by 
GLC analysis) was obtained by distillation (74 °C, 1 mmHg). 

Copper-catalyzed Grignard ring openings of epoxides are commonly used mild 

reactions. fra«5-Diaxial opening of cyclohexene oxide, even with the usually less robust 

phenyl Grignard-catalytic Cu(I) mixture, takes place cleanly at — 30 °C. 

Opening of an Epoxide with Catalytic Cul-RMgX [123] 

PhMgBr 
10 mol% Cul 

THF, -30°C 

(81%) 
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To 10.9 g (0.45 mol) of magnesium in 100 ml of THF was added 73.0 g (0.465 mol) of bromo- 
benzene in 100 ml of THF over 1 h. The resulting mixture was stirred for 30 min and then 
8.85 g (46.5 mmol) of copper(I) iodide was added and the mixture cooled to - 30 °C. A solution 
of 29.45 g (0.30 mol) of cyclohexene oxide in 50 ml of THF was then added dropwise. After the 
addition was complete, the mixture was stirred for 3 h and then quenched by being poured into 
100 ml of cold saturated aqueous NH4CI solution. The solution was extracted with diethyl ether 
and the organic layers were combined, dried and concentrated in vacuo to afford a liquid that 
was distilled at 80 °C (0.23 mmHg) to afford 43.1 g (81%) of a yellow solid which was recrystallized 
from pentane, m.p. 56.5-57.0 °C; IR, 3592, 3461, 2941, 2863, 1604, 1497, 1451 cm ; H NMR 
(360 MHz), 5 7.35-7.17 (m, 5H), 3.64 (ddd, IH, J = 5.4, 10.8, 10.8 Hz), 2.42 (ddd, IH, J = ^4 10-8, 
16.5 Hz), 2.11 (m, IH), 1.84 (m, 2H), 1.76 (m, IH), 1.62 (s, IH), 1.53-1.25 (br m, 4H); C NMR 
(90 MHz), 5 143.4 (s), 128.7 (d), 127.9 (d), 126.7 (d), 74.3 (d), 53.3 (d), 34.6 (t), 33.4 (t), 26.1 (t), 25.1 

(t); mass spectrum, m/z 176 (M'^), 158, 143, 130, 117, 104, 91 (base). 

Although the effect of added TMSCl is oftentimes most pronounced in conjugate 

addition schemes, it has a dramatic impact on additions of RMgX-catalytic Cu(I) to 

propargylic oxiranes [124]. As shown below, either the syn or anti isomer of the allenic 

products can be realized from the same educt depending on the use of this additive and 

the halide present in the Grignard. 

Copper-Catalyzed Addition of a Grignard (RMgBr) to a Propargylic Epoxide: 

ant\-Allenol Formation [124] 

Bu 

5 mol% CuBr, 

IPBua.EtjO, -10°C 

(78%) 

To an ethereal solution (30 ml Et20) of ethynyl cyclohexene oxide (4(X) mg, 3.28 mmol), were 
successively added (1) at 0 °C a solution of CuBr-2PBu3 (1.65 ml of a 0.1 m solution in Et20; 
0.165 mmol; 0.05 equiv.) and (2) at — 50°C, slowly, a solution of BuMgBr (6.55 ml of a 1 m 

solution in Et20; 6.55 mmol). The stirred solution was allowed to warm to —10 °C over 30 min, 
then hydrolysed with 20 ml of a saturated aqueous solution of NH4CI admixed with 5 ml of 
aqueous ammonia. The aqueous phase was extracted twice with 30 ml of Et20, then the combined 
organic phases were washed with saturated aqueous NH4CI (20 ml), dried over MgS04 and 
concentrated in vacuo. The residue was chromatographed on silica gel [cyclohexane-EtOAc 
(70:30)]. The expected allenol (460 mg, 78% yield) was obtained as a pure diastereomer; IR, 3300, 
1960 cm-i; 'H NMR, d 5.4 (m, IH), 4.0 (m, IH), 2.3 (m, 3H); NMR, d 197.8 (=C=), 
110.4 (C=), 97.5 (—CH=), 71.4 (—CHOH), 38.6, 33.7, 32.5, 31.5, 29.5, 26.2, 24.6, 16.3. 

CuBr-Catalyzed Addition of a Grignard (RMgCI) to a Propargylic Epoxide in the 
Presence of Me^SiCI: syn-Allenol Formation [124] 

n-BuMgCI 

5 mol% CuBr 
MejSiCl 

(92%) 

Et20, pentane 
0 °C, 30 min 
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To a suspension of CuBr (24 mg, 0.165 mmol) in Et20 (20 ml) and pentane (20 ml) at 0 °C were 
added ethynylcyclohexene oxide (400 mg, 3.28 mmol) and then MejSiCl (0.4 ml, 3.28 mmol). The 
mixture was cooled to —50 °C and a solution of BuMgCl (6.55 ml of a 1 m solution in Et20; 
6.55 mmol) was slowly added. The mixture was warmed to 0 °C for 30 min, then hydrolyzed and 
worked up as in the example above. After column chromatography, 545 mg (92% yield) of the 
5>’«-allenol were collected as an inseparable mixture of two diastereomers (88:12 by GC, after 
acetylation); IR and NMR identical with the anti diastereomer; “C NMR, 198 (=C=), 
109.8 (C=), 97.0 (—HC=), 71.4 (—CHOH), 38.4, 33.8, 32.2, 31.5, 29.5, 25.8, 24.6, 16.3. 

jS-Lactones are highly susceptible to attack by RMgX modified by Cu(I), carbon- 

carbon bond formation occurring at the j?-carbon to afford alkylated carboxylic acids 

[125]. The procedure is attractively straightforward and can be applied to and 

a,a-substituted j?-propiolactones. 

Catalytic CuCI-RMgX Opening of a p-Lactone: a Carboxylic Acid Synthesis [126] 

n-BuMgBr 
2 moI% CuCl 
-► /i-H.jQCOOH 

THF, 0 °C 

(90%) 

/j-Butylmagnesium bromide (1 m in diethyl ether, 2.4 ml, 2.4 mmol) was slowly added to a 
suspension of copper(I) chloride (4 mg, 0.04 mmol) in 6 ml of THE at 0 °C under Ar. /?- 
Propiolactone (0.144 g, 2 mmol) in 2 ml of THF was next added dropwise. The mixture was stirred 
at 0 °C for 15 min and quenched by adding 3 m HCl. From the organic layer, heptanoic acid was 
extracted with 3 m NaOH solution. The alkaline solution was acidified, extracted with diethyl 
ether and concentrated to give pure heptanoic acid in 90% yield, b.p. 65 °C (1.0 mmHg). 

Similar chemistry when performed on chiral, non-racemic (protected) a-amino j8- 

lactones provides a quick, clean entry to a-amino acids [127]. Although excess of RMgX 

is present (> 5 equiv.), virtually no racemization is seen under the reaction conditions. 

Ring Opening of an a-Amino-fi-Propiolactone via Catalytic CuBr SMez-RMgX: 
Synthesis of a Chiral, Non-Racemic Amino Acid [127] 

z. 

Bn ̂  N- 

o 
-o 

y—Mga 
0.21 equiv. CuBr'SMe2 

THF,Me2S, -23°C,2h 

(83%) 

Isopropylmagnesium chloride in Et20 (3.0 mmol, 1.0 ml) was added dropwise over 5 min to the 
)9-lactone (180 mg, 0.578 mmol) and CuBr SMe2 (25 mg, 0.122 mmol) in THF (6 ml)-SMe2 (0.3 ml) 
at -23 °C. The mixture was stirred 2 h at -23 °C and quenched by addition to cold degassed 
0.5 M HCl (20 ml). Extraction and washing of the ethereal phases followed by reverse phase 
MPLC (55% MeCN-H20,3.3 ml min“ ^) yielded 170 mg (83%) of product as an oil: [a]^® - 44.7° 
(c = 2.5, CHCI3); IR (CHCI3), 3160 (m br), 1740 (s), 1705 (vs), 1680 (s), 1498 (m), 1468 (s), 1454 
(s), 1418 (s), 1315 (s), 1240 (vs), 1208 (s), 1179 (s), 699 (vs) cm-^ ^H NMR (300 MHz, CDCI3), 5 
9.75 (br s, IH, COO//), 7.45-7.10 (m, lOH, 2 Ph), 5.19 (s, 2H, PhCZ/^O), 4.87^.62 (m, IH, CH), 
4.60-4.30 (M, 2H, PhC/ZzN), 1.90-1.20 (m, 3H, CH2CHMe2), 0.94-0.53 (m, 6H, 2 C//3); HREIMS, 
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calculated for C21H25NO4, 355.1784; found, 355.1785; CIMS (NH3), 373 (M + NHJ, 356 (MH-"). 
Analysis calculated for C21H25NO4,, C 70.97, H 7.09, N 3.94; found, C 70.68, H 7.10, N 3.87%. 
Optical purity analysis by GC showed no detectable /?-isomer (i.e. ^99.4% ee). 

Displacement reactions of primary halides by RMgX are usually assisted by catalytic 

amounts of lithium tetrachlorocuprate, Li2CuCl4 [2d, 119]. Admixture of a Grignard 

reagent with this salt (1-5 mol%) leads rapidly to the Cu(I) oxidation state, which then 

participates in a manner similar to other Cu(I) salts, in this case effecting a substitution 

event. Shown below are two representative procedures, the first of which leads to the 

formation of a substituted butadiene [128]. Use of Cul in place of Li2CuCl4 affords 
inferior results. Other substrates tested include, e.g., 3-bromopropyl chloride, which 

reacts selectively at the center bearing bromine. Aryl halides also couple under roughly 

comparable conditions. Perhaps most noteworthy is the finding that hydroxyl, ester, 

ether and cyano functions present in the educt remain unaffected throughout these 

reactions. The second procedure, utilizing Li2CuCl4, demonstrates the generation of a 

trisubstituted aromatic derivative applicable to cannabinoid synthesis [129]. 

Cross-Coupling of a Vinylic Grignard with an Alkyl Halide Assisted by Catalytic 

/./2CUC/4 [128] 

MeOC(CH2)4l 
n 
o MgCI 

3 mol% Li2CuCl4 

THF, 0 to 20 °C, 16 h 
CO,Me 

To a mixture of halide (0.1 mol), Li2CuCl4 (3 mol% relative to halide) and THF (50 ml) in a 
300 ml four-necked flask was added the halide (0.1 mol) in THF (100 ml) dropwise with stirring 
at 0 °C under an N2 atmosphere. An exothermic reaction occurred during the addition and the 
color of the contents gradually changed from reddish brown to black. After the completion of 
the addition, stirring was continued at 20 °C for 16 h. The organic layer was separated after 
hydrolyzing the reaction mixture with 6 m HCl, and the aqueous layer was extracted with two 
portions of diethyl ether (100 ml). The combined organic extracts were washed first with 5% 
aqueous NaHCOj and then with water, dried (Na2S04), and distilled at 71-76 °C (2 mmHg). The 
reaction product (80%) was identified by comparing its IR, mass and NMR spectra with the 
reported data. The product gave reasonable elemental analyses. 

Li2CuCI^-Catalyzed Coupling of an Aryl Grignard with an Alkyl Halide [129] 

MeO 
/i-CsH,,! 
2.5 mol% 
Li2CuCl4 

THF, 16 h 
0 to 20 °C 

MeO 

Under dry N2, 5-chloro-l,3-dimethoxybenzene (40 g, 0.23 mol), magnesium (6 g, 0.25 mol) and a 
small amount of 1,2-dibromoethane in THF (80 ml) were heated under reflux for 6 h. The solution 
was cooled in ice and a mixture of 1-iodopentane (42.6 ml, 0.325 mol) and Li2CuCl4 (30 ml of a 
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0.2 M solution in THF, 6 mmol) was added dropwise over a period of 30 min. The resulting black 
mixture was stirred at 0 °C for 90 min and at 20 °C for an additional 16 h. The almost solid 
reaction mixture was acidified with 6 m HCl (160 ml) and extracted with diethyl ether (2 x 200 ml). 
The organic extracts were washed with 15% aqueous ammonia (60 ml) and water (60 ml), dried 
with MgS04 and evaporated in vacuo. According to the NMR spectrum of the residual 
product, olivetol dimethyl ether was formed in 74% yield. Distillation afforded the pure product 
(31.9 g, 66%) as a colorless liquid, b.p. 152-156 °C (12 mmHg). 

Displacements of primary triflates have been shown to proceed readily using catalytic 

CuBr-RMgBr. Even j?-oxygenated educts react without complication, a rather 

uncommon observation, especially in cuprate chemistry. Moreover, the greater 

reactivity of a triflate relative to that of a tosylate is such that a double displacement 

can be effected in a one-pot operation given the presence of both electrophiles within 

the molecule. Initial substitution of the triflate requires just over 1 equiv. of the catalytic 

Cu(I)-RMgX system, while the follow-up coupling necessitates excess of lithiocuprate 

[130]. 
cat. CuBr 

RMgX 

R'2CuLi 

Double Displacement of a Tosyl Triflate Using catalytic CuBr-RMgBr, Followed by 
R2CuLi 

1. cat. CuBr 

2. (n-C9H]9)2CuLi 
THF, EtjO, 15°C,3h 

9" 19" 

(58%) 

3-Butenylmagnesium bromide (0.78 ml, 0.54 mmol) was added to a suspension of CuBr (14 mg, 
0.1 mmol) in THF (2 ml) at 0 °C, followed by the chiral, non-racemic tosyl triflate (208 mg, 
0.50 mmol) in 2.5 ml of diethyl ether, and the reaction mixture was stirred at the same temperature 
for 1 h. Then (C9Hi9)2CuLi, prepared frorh Cul (495 mg, 2.6 mmol) and C9Hi9Li (0.82 m in diethyl 
ether; 6.3 ml, 5.2 mmol) in dimethyl sulfide (3 ml), was introduced at —15 °C and the reaction 
mixture was stirred for 3 h. The usual work-up followed by column chromatography gave 91 mg 
(58%) of the product as a colorless oil: TLC, Rf [hexane-diethyl ether (20:1)] 0.33; (a)^^ + 24.6° 
[c = 1.78, CHCI3); IR (neat), 2920, 2850, 1640, 1450, 1375, 1365, 1235, 1100, 990, 910 cm'^; 
NMR, (5 0.88 (3H, t, 7 = 6.5 Hz), 1.26 (14H, s), 1.37 (6H, s), 1.4-1.7 (8H, m), 1.9-2.2 (2H, m), 3.59 
(2H, m), 4.94 (IH, m), 4.99 (IH, m), 5.81 (IH, ddt, J = 17.1, 9.7, 6.5 Hz); NMR, <5 14.13, 22.73, 
25.44, 26.17, 27.39, (x2), 29.37, 29.59, 29.65 (x2), 29.83, 31.97, 32.45, 33.09, 33.80, 80.84, 80.99, 
107.73, 114.62, 138.41; HRMS, calculated for C20H38O2, 310.2872; found, 310.2859. 

By varying the nature of the Grignard and organolithium chosen for each step of a 

cuprate-mediated displacement sequence, in addition to the chirality of the bis- 
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nucleofuge, the procedure above has been applied to syntheses of several natural 

products, such as (+ )-cxo-brevicomin and L-factor. 

(+)-«j:o-brevicomin 

Both simple and more functionalized Grignard reagents, together with a Cu(I) source, 

can afford products derived from couplings with allylic centers. For example, the 

mesitoate of a cyclohexenol, prepared specifically for stereochemical studies, clearly 

indicates that a CuCN-catalyzed S^2' displacement takes place with inversion of 

stereochemistry [131a]. The example below not only addresses the manner in which 

couplings of this sort can be performed, but also highlights the use of CuCN in a 

catalytic role. Although this salt is not used nearly as frequently as Cul, CuBr-SMe2 

or Li2CuCl4 for this type of cuprate reaction, it can afford completely different outcomes 

from the other Cu(I) salts owing to the lack of metathesis between RMgX and CuCN, 

as discussed previously for RLi-CuCN mixtures. Hence, with CuCN in the presence of 

excess RMgX, the reactive species may be either RCu(CN)MgX, or possibly the higher 

order magnesio cuprate R2Cu(CN)(MgX)2 [131b]. 

Substitution of an Allylic Carboxylate with a Grignard Reagent Catalyzed by 

CuCN [131a] 

A flask equipped with a magnetic stirrer and septum was charged with 54 mg (0.6 mmol) of 
copper(I) cyanide. After flushing with dry N2, 2 ml of anhydrous diethyl ether were added and 
the suspension was chilled to -10 °C. A diethyl ether solution of «-butylmagnesium bromide 
(6 mmol, prepared from 987 mg of 1-bromobutane and 146 mg of magnesium in 8 ml of diethyl 
ether) was added through a cannula and, after stirring the mixture for 10 min, a solution of 778 mg 
(3 mmol) of a-deuterio-d5-5-methyl-2-cyclohexenyl mesitoate in 2 ml of diethyl ether was added. 
The cooling bath was removed and the mixture was stirred at room temperature for 6.5 h, after 
which it was quenched with 2 ml of aqueous NH4CI solution. The resulting mixture was filtered, 
the precipitate washed with diethyl ether and the ether solution was dried over MgS04. Removal 
of solvent by fractionation followed by column chromatography (silica gel, pentane-diethyl ether) 
and vacuum distillation gave 289 mg (63% yield) of a clear, mobile oil, b.p. 58-60 °C (7.4 mmHg); 
IR (neat), 3020, 2945, 2910, 2900, 2860, 2840, 2820, 2240, 1640, 1465, 1455, 1430, 1375, 895, 730, 
710cm-i; NMR (CDCI3), <5 5.63 (br s, IH), 2.20-1.90 (br m, 2H), 1.90-1.68 (br M, IH), 
1.68-1.50 (m, 9H), 1.05-0.70 (m, 3H), 0.93 (d, 3H, J = 7.5 Hz); HRMS, calculated for CnHigD, 

153.1622; found, 153.1628. 
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The Grignard of 3-chloromethylfuran, formed quantitatively and under the influence 

of Kochi’s catalyst (Li2CuCl4.) [119], smoothly displaces chloride ion from prenyl 

chloride in an 5'n2 fashion almost instantaneously at 0 °C. 

Coupling of an Allylic Halide with RMgX Catalyzed by Li2CuCl4 [132] 

Mgci 0.35 mol% Li2CuCl4 

THF, 0 °C, 5 min 
/ \ 

O 
(85%) 

To 0.104 g (4.29 mmol) of magnesium turnings covered with 3 ml of THF under Ar was added 
0.5 g (4.29 mmol) of 3-chloromethylfuran in 2 ml of THF in one portion. The mixture was stirred 
for 30 min at room temperature, then warmed in a preheated 50 °C oil-bath for 30 min to provide 
a golden yellow solution. The solution was chilled in an ice-water bath and 0.448 g (4.29 mmol) 
of freshly distilled l-chloro-3-methyl-2-butene in 2 ml of THF was added in one portion, followed 
immediately by 0.15 ml of a 0.1 m solution of Li2CuCl4, in THF. The resulting black suspension 
was stirred for 5 min at 0 °C, poured into light petroleum (50 ml), washed with 5% aqueous 
Na2C03 solution (50 ml) and water (50 ml) and dried over Na2S04. Concentration in vacuo 
provided a pale yellow liquid, which was purified by bulb-to-bulb distillation to give 0.547 g 
(85%) of perillene as a colorless liquid, b.p. 80 °C (20 mmHg). 

Attack by a magnesiocuprate at the primary position in prenyl and related systems 

appears to be a general phenomenon [133]. Thus, in the case of a (Z)-trisubstituted 

allylic acetate and a Grignard reagent derived from a primary bromide, copper 

bromide-catalyzed coupling gave the expected product with only a small quantity of 

the competing 5'n2' product (19:1). By switching to Li2CuCl4 as catalyst, only the 

product of straight substitution at carbon bearing the leaving group was afforded. 

Coupling of a (Z)-Allylic Acetate with Li2CuCl4-RMgX [133] 

BrMg 

OBn 

4 mol% Li2CuCl4 

THF, 0 °C, 1 h 

AcO 

A mixture of magnesium (0.255 g, 10.5 mmol) and 1,2-dibromoethane (26 pi, 0.3 mmol) in THF 
(10 ml) was heated at reflux. To the activated magnesium was added a solution of 4-bromo-3- 
methylbutyl benzyl ether (2.57 g, 10 mmol) in THF (2 ml) at 20 °C and the mixture was refluxed 
for 15 min. The Grignard reagent was added dropwise at 0 °C under Ar to a mixture of the acetate 
(0.98 g, 5 mmol) in THF (8 ml) and a 0.1 m solution of Li2CuCl4 in THF (2.0 ml, 0.2 mmol). After 
stirring for 1 h at 0 °C, the mixture was partitioned between diethyl ether (50 ml) and saturated 
aqeuous NH4CI (50 ml). The diethyl ether layer was washed with saturated aqueous NH4CI 
(30 ml), dried with MgS04, concentrated and distilled under reduced pressure to give the product, 
1.38 g (79%); b.p. 134 °C (0.2 mmHg). The product was further purified by silica gel column 
chromatography using hexane-diisopropyl ether (5:1) as eluent. 
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4.3.2 REACTIONS OF STOICHIOMETRIC SPECIES RzCuMgX AND RCu MgXa 

Admixture of a Grignard reagent with an equivalent of a copper halide leads to a 

metathesis reaction affording an organocopper species in the presence of a magnesium 

halide salt (equation 4.23). This representation is precisely analogous to the conversion 

of an organolithium to RCu-LiX, more accurately written as a halocuprate, R(X)CuLi 

[88]. Spectroscopic studies on the corresponding reagent RCu-MgX2 suggest, however, 

that the composition of this mixture of RMgX and CuX is not as simple as drawn (i.e. 

‘RCu-MgX2’) [134]. Studies of this sort are often hampered, in part, by limited reagent 

solubility in common ethereal solvents. 

RMgX + CuX RCu-MgX2 (4.23) 
solvent 
<0‘'C 

When two equivalents of RMgX relative to CuX are used, the magnesium halide 

analog of the Gilman reagent is formed (equation 4.24). In this case, as with the 1:1 

ratio, an equivalent of MgX2 is generated relative to the lower order cuprate R2CuMgX. 

2RMgX + CuX R2CuMgX + MgX2 (4.24) 

The chemistry of these two species, just as with the reagents themselves, is different. 

The lower reactivity and basicity of the neutral organocopper RCu MgX2 can be used 

to advantage especially in carbocuprations and displacements of highly reactive 

electrophiles (e.g. allylic leaving groups). Magnesiocuprates, on the other hand, serve 

well in situations where a more robust, ate complex is needed, as in substitutions with 

less reactive centers and for conjugate additions. 
One of the most valued reactions of RCu‘MgX2 is their facile addition across terminal 

acetylenes of the elements ‘R“’ and ‘Cu+,’ i.e., carbocupration [135]. The regio- 

chemistry is predictably such that the copper atom ultimately resides as the least 

hindered alkyne carbon, thereby forming a new organocopper-MgX2 complex of the 

vinylic type (equation 4.25). The stereochemistry is also predictable from syn addition. 

Thus, the control offered by this chemistry for stereodefined olefin preparation is 

particularly noteworthy, and has been utilized extensively in the area of pheromone 

total synthesis where even trace amounts of isomeric impurities can be detrimental to 

potency. 
R H 

R =—H + R'Cu'MgXj — 

R’^ Cu'MgXj 

Carbocupration of a 1-Alkyne Using RCu MgX2 in Et20 [136] 
MejS 

^ CuBr, Lil 
H-H9C4—^ + MejSi MgCl - 

> 
n-H9C4 

(78%) 

EtiO, 10 °C 
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To a suspension of copper(I) bromide (2.2 g, 15 mmol) and lithium iodide (1 m solution in diethyl 
ether, 20 ml, 20 mmol) in diethyl ether (50 ml) was added, at 0 °C, a solution of trimethylsi- 
lylmethylmagnesium chloride (0.9 m in diethyl ether, 17 ml, 15 mmol). The mixture first gave a 
yellow precipitate and then a homogeneous pale green solution, which was stirred at — 5 °C for 
1 h. After addition of 1-hexyne (1.0 g, 12.5 mmol), the mixture was allowed to warm to 10 °C and 
stirred at this temperature for 18 h (brown solution), then hydrolyzed with 100 ml of buffered 
ammonia solution. The mixture was filtered and decanted and then the organic layer was washed 
with brine (10 ml) and dried over MgSO^.. The solvent was evaporated under vacuum and the 
residue was distilled through a 10 cm Vigreux column to afford 1.8 g (78%) of pure product, b.p. 
70 °C (10 mmHg); NMR (CCIJ, 5 4.8 (s, IH), 4.6 (s, IH), 2.0 (t, 2H), 1.8 (s, 2H), 1.4 (m, 4H), 
0.98 (t, 3H), 0.05 (s, 9H). Analysis: calculated for CioH22Si, C 70.50, H 13.01; found, C 70.40, H 
13.03%. 

Placement of a heteroatom in the educt such that internal chelation can occur may 

result in a reversal of carbocupration regiochemistry. Thus, starting at the enyne stage, 

conjugated olefinic products of defined geometries are afforded in good yields following 

syn delivery of RCu. 

Carbocupration of a Functionalized, Terminal Enyne [137] 

EtjO 
+ EtCu*MgBr2 -• 

-20°C,2h 

(82%) 

To a cooled ( —40°C) suspension of purified CuBr (7.9 g, 55 mmol) or CuBr SMe2 complex 
(11.3 g, 55 mmol) in 100 ml of Et20 was added EtMgBr (25 ml of a 2 m solution in Et20). After 
stirring for 30 min at —30 to —35 °C, a yellow-orange precipitate of ethylcopper was formed. To 
this suspension was added (Z)-l-ethylthio-l-buten-3-yne (5.6 g, 50 mmol) dissolved in 20 ml of 
Et20. The mixture was slowly warmed to —20 °C, whereupon it dissolved, and was stirred for 
2 h at this temperature. The dark red solution was hydrolyzed with aqueous NH4CI (50 ml) 
admixed with 5 m HCl (30 ml), the salts were filtered off and the aqueous phase extracted once 
with Et20 (50 ml). The combined organic phases were washed twice with aqueous NH4CI and 
then dried over MgSO^, and the solvents were removed in vacuo. The residue was distilled through 
a 15 cm Vigreux column to afford 5.8 g (82% yield) of isomerically pure product, b.p. 87 °C 
(15 mmHg); IR, 3010, 1640, 1570, 970 cm"*; NMR, d 6.29 (ddt, IH), 6.04 (t, IH), 5.77 (d, IH), 
5.64 (dt, IH); = 14.5 Hz; = 8.5 Hz; J = 10.0 Hz. 

Although a carbocupration-derived intermediate vinyl copper species (cf. equation 

4.25) is readily hydrolyzed to the corresponding 1,1-disubstituted alkene, the electrophile 

used need not be limited to Further elaborations are indeed possible, as the 

following two cases demonstrate, using ethylene oxide in the former [135b] and allyl 

bromide in the latter [138]. Note that prior to introducing the oxirane, the vinylcopper 

was necessarily treated with an equivalent of pentynyllithium to form an ate species of 

sufficient reactivity to open even this simple coupling partner. 

CuBr-RMgX-Mediated Carbocupration of an Acetylene: Trapping with an 
Epoxide [135b] 

To a mixture of copper(I) bromide-SMe2 (0.82 g, 4.0 mmol), diethyl ether (5 ml) and Me2S (4 ml) 
at — 45 °C under N2 was added a 2.90 m solution (1.39 ml, 4.0 mmol) of methylmagnesium 
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"■HisCs - 

MeMgBr 

CuBr*SMe2 

EtjO, -23°C 
120 h 

Me ,Cu*MgBr2 

1. «-H7C3—=—Li 

Et20, HMPT 

O 
2. ZA 

bromide in diethyl ether over 2 min. After 2 h, 1-octyne (0.52 ml, 3.5 mmol) was added over 1 min 
to the yellow-orange suspension. The mixture was stirred at —23 °C for 120 h, then the resulting 
dark green solution was cooled to —78 °C. A solution of 1-lithio-l-pentyne (prepared from 
4.0 mmol of «-butyllithium and 4.0 mmol of 1-pentyne), diethyl ether (5 ml) and hexamethylphos- 
phoric triamide (1.4 ml, 8.0 mmol) (Caution: potent carcinogen) was transferred to the green 
solution. After 1 h, ethylene oxide (0.21 ml, 4.0 mmol), which had been condensed at —45 °C, 
was added with a dry-ice-cooled syringe over 30 s. The resulting mixture was stirred at —78 °C 
for 2 h, allowed to stand at - 25 °C for 24 h, quenched at 0 °C by addition of an aqueous solution 
(5 ml) of NH4CI (adjusted to pH 8 with ammonia) and then partitioned between diethyl ether 
and water. The crude product (90% pure by GC) was purified by column chromatography on 
silica gel (CH2CI2) to give a colorless oil (0.44 g, 75%); IR (neat), 3300, 1669, 874 cm“ ^NMR, 
(5 5.05 (t, IH, J=7, 1 Hz), 3.55 (t, 2H, / = 7 Hz), 1.58 (s, 3H), 2.40-0.65 (br m, 16H); HRMS, 
calculated for C11H22O, 170.1667; found, 170.1691. 

Carbocupration of Ethoxyacetylene with Br2CuLi-RMgX Followed by Alkylation 
with an Ally lie Halide [138] 

To a stirred solution of phenylcopper [prepared in situ by stirring phenylmagnesium bromide 
(0.01 mol) with 0.01 mol of the THF-soluble complex lithium dibromocuprate at — 50°C for 
1 h] in THF (35 ml) was added 0.01 mol of ethoxyacetylene at —50 °C. The mixture was then 
stirred for 1 h at — 20°C. Subsequently, allyl bromide (0.01 mol) was added and the mixture 
stirred for 3 h, after which it was poured into an aqueous NH4CI solution (200 ml) containing 
NaCN (2 g) and extracted with pentane (3 x 50 ml). The combined extracts were washed with 
water (6 x 100 ml) to remove THF and dried over MgS04. The solvent was removed in vacuo 
and the residue purified by column chromatography, eluting with pentane, to afford the product 
(96%) of 95% purity by GC; IR (neat), 3080, 3060, 1645, 1600, 1495, 1238, 1128, 910, 770, 
700 cm-1; ‘H NMR (CCI4), S 7.5-7.1 (m, 5H), 5.82 (m, IH, /= 6.0, 9.5, 17.5 Hz), 5.07 (br d, IH, 
y = 17.5 Hz), 4.98 (br d, IH, / = 9.5 Hz), 4.70 (t, IH, 7 = 8.0 Hz), 3.73 (q, 2H, J = 7.0 Hz), 2.78 
(m, 2H, J = 6.0, 8.0 Hz), 1.25 (t, 3H, J = 7.0 Hz); mass spectrum, m/z (relative intensity, %) 188 
(M+), 105 (100). 
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Two other valuable reactions of organocopper complexes derived from an initial 

carbocupration step are iodination [139] and carboxylation [140]. The vinylic iodides 

resulting from I2 quenching lead to strictly defined stereochemistries (>99.9% pure), 

in good yields. These halides are useful precursors to the corresponding organolithiums 

[141] or are electrophiles for various stereospecific substitution reactions [142]. 

Preparation of Vinylcopper Reagents Prior to Iodination/Carboxylation [139] 

CuBr, Et20 
RMgX - 

— 35 °C, 30 min 

R'—zsb h 

EtjO, 1.5 h 
-35 to -15°C 

To a suspension of CuBr (50 mmol) in diethyl ether (50 ml) is added dropwise, at —35 °C, an 
ethereal solution of RMgBr (50 mmol). After 30 min, a yellow or brownish suspension (according 
to the nature of the R group) of RCu is obtained. A solution of 1-alkyne (50 mmol) in diethyl 
ether (30 ml) is then added dropwise and the reaction mixture is allowed to warm slowly to 
— 15°C. The temperature must be carefully kept for 1.5 h between —15 and — 12°C (very 
important!). The vinylcopper reagent is thus obtained quantitatively as a dark green solution. 

To effect iodination the vinylic copper is simply treated with 1 equiv. of molecular 

iodine in the cold and then warmed. For large-scale (>50 mmol) reactions, the iodine 

should be added portionwise. On purification of products by distillation, a small amount 

of copper powder added to the crude material is recommended. 

Vinylic Iodides via Iodination of Vinylic Copper Reagents [139] 

I.I2, -50to0°C, 1 h 

2. aq. NH4CI R' 

(64-76%) 

Finely crushed solid iodine (50 mmol) is added at once at — 50 °C to a solution of vinyl-copper 
reagent (50 mmol) prepared as above. The reaction mixture is then allowed to warm to 0 °C. 
Stirring is continued for 30 min to 1 h, until the formation of a precipitate of Cut and discoloration 
of the supernatant are noted. Hydrolysis is performed at —10 °C with a mixture of saturated 
aqueous NH4CI and NaHSOj (80 ml -I- 10 ml). Next, the precipitate is filtered off and washed 
with diethyl ether (2 x 50 ml). After decantation, the aqueous layer is extracted with pentane or 
cyclohexane. The combined organic layers are then washed with a dilute solution of NaHSOj (if 
necessary to eliminate free iodine) and dried over MgSO^. The solvents are removed by distillation 
in vacuo and the product is isolated by distillation. 

Exposure of a vinylic copper•MgX2 species to dry CO2 results in the nearly 

quantitative, stereospecific (>99.9%) conversion to a,)5-unsaturated carboxylic acid 

salts, which ultimately give the acids on quenching with dilute HCl [140]. This particular 

reaction is rare in that it requires a catalytic amount of triethylphosphite [(EtO)3P], 

but otherwise is very much akin to the follow-up procedures offered above once 

carbocupration has occurred. 
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a,li-Unsaturated Carboxylic Acids via Carboxylation of Vinylic Copper 

Reagents [140] 

1. P(OEt)3 (10 mol%) 
HMPT, -40°C 

2. CO2, -40°C, 2h 
then warm to r.t. 

3. 3mHC1,-30°C (60-96%) 

To a solution of vinylcopper reagent (50 mmol) prepared as above are added, at -40 °C, HMPT 
(40 ml) and a catalytic amount of P(OEt)3 (5 mmol). A slow stream of dried CO2 is then bubbled 
into the reaction mixture for 2 h. During the carbonation, the mixture is slowly allowed to warm 
to room temperature. Hydrolysis is performed at — 30 °C by adding 3 m HCl (80 ml). After 
decantation and extraction with cyclohexane (2 x 50 ml), the combined organic layers are washed 
with 2 M HCl (2 X 30 ml) and water (80 ml) and then dried over MgSO^. The solvents are removed 

under vacuum and the product is isolated by distillation. 

Displacements of other allylic leaving groups by organocopper-MgX2 reagents not 

derived from an initial carbocupration can also be effected. The stereochemistry of the 

process is such that the reagent attacks the nucleofuge in an 5'n2', anti fashion. 

Sn2' Opening of a Vinylic Lactone with RCu MgX2 [143] 

MeMgBr 

.-O CuBr*SMe2 
V:© -► / \ .COOH 

THF,-20°C 

(97%) 

To a solution of copper(I) bromide SMe2 complex (71.0 g, 0.35 mol) in Me2S (300 ml) and THF 
(700 ml) at —20°C was added methylmagnesium bromide (125 ml, 2.85 m in THF, 0.35 mol). 
After stirring at -20 °C for 1 h, a solution of 2//-cyclopenta[(j]furan-2-one (21.5 g, 0.18 mol) in 
THF (200 ml) was added dropwise via an addition funnel. The mixture was stirred at — 20°C 
for 5 h, poured into 1 m NaOH and stirred for 2 h. The organic layer was separated and the 
aqueous layer was acidified to pH « 2 with 1 m HCl. After extraction with diethyl ether, the 
organic phase was washed with water and brine, dried over MgS04 and concentrated in vacuo 
to provide a yellow oil (23.65 g, 97%), which was characterized as the methyl ester (prepared by 
standard diazomethane treatment); IR (CHCI3), 1730cm~^; *H NMR (CDCI3), d 5.65 (m, 2H), 
3.65 (s, 3H), 3.14 (br m, IH), 2.80 (br m, IH), 2.30 (AB portion of ABX, 2H), 1.67 (m, 2H), 0.97 
(d, 3H). Analysis: calculated for C9H14.O2, C 70.10, H, 9.15; found, C 70.01, H 9.19%. 

RCu-MgX2-based couplings with propargylic electrophiles occur readily under mild 

conditions to afford allenic products. For the educt below, the stereochemical outcome 

reflects approach of the copper species from the face of the acetylene anti to the departing 

group [144a], although the product was originally believed to be derived from cuprate 

syn delivery [144c]. This observation, therefore, is not an exception to the ‘rule’ (i.e. 

expected anti addition) [145]. Other factors, such as temperature, solvent and leaving 

group, can also affect the regiochemistry of these couplings [146]. 
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Displacement of a Steroidal Propargylic Sulfinate with RCu- MgX2 [144a] 

A solution of methylmagnesuum chloride (0.03 mol) in THF (30 ml) was added cautiously to a 
stirred suspension of copper(I) bromide (0.03 mol) in THF (50 ml) at — 50 °C and stirred at 
— 30°C for 30 min. 17a-Ethynyl-17^-methanesulfinyloxy-3-methoxy-l,3,5(10)-estratriene (5.58 g, 
15 mmol) in THF (10 ml) was then added at -50 °C over 10 min. The temperature of the reaction 
mixture was raised to 20 °C within 10 min. After 45 min, it was poured into a saturated solution 
of NH4CI in water (200 ml) containing NaCN (2 g). It was then extracted with hexane (3 x 50 ml) 
and the combined extracts were washed with water and then dried over MgSO^. Evaporation of 
the solvent in vacuo afforded the product (4.55 g, 98%), which was recrystallized from ethanol, 
m.p. 71.0-71.5 °C; _ i6,05° (CH^Cl^). 

Magnesiocuprates, R2CuMgX, are the reagents of choice for openings of )5-propiolac- 

tones to afford carbon homologated carboxylic acids. These displacements are char¬ 

acterized by short reaction times, which is fortunate owing to the relative thermal 

instability of the cuprates. Effective stirring and cooling (internal monitoring) are 

essential for both reagent formation and the subsequent introduction of educt, as these 

are exothermic processes. A useful feature of this chemistry is the color changes 

associated with completion of the reaction. Thus, with R = Me, the initial slightly yellow 

coloration becomes a deeper yellow (also: R = n-Bu, gray-> yellow; R = f-Bu, 

grey ->• greenish white; R = Ph, lemon yellow ->• yellow; R = vinyl, dark green ^ 

purple; R = allyl, reddish yellow brown). Although the example below gives details 

for unsubstituted )5-propiolactone [147], this chemistry applies to other related un¬ 

saturated substrates [148], including the six shown. In all cases, the products are those 

resulting from 5'n2' additions. 

Carboxylic Acid Formation From Ring Opening of (f-Propiolactone with 
R2CuMgX [147] 

n-Bu 

+ n-Bu2MgBr 
THF, SMej 

COOH 
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A flask equipped with a magnetic stirring bar and a septum was charged with 420 mg (2.20 mmol) 
of Cul. After flushing with dry Ar, 10 ml of anhydrous THF and 1 ml of Me2S were added and 
the solution was chilled to — 30°C. Butylmagnesium bromide (1.00 m in THF, 4.4 mmol) was 
slowly added to this solution and the mixture was stirred for 30 min at this temperature. Then 
a solution of ^-propiolactone 144 mg (2.00 mmol) in 2 ml of THF was added dropwise to the 
flask. The mixture was stirred at — 30 °C for 1 h and then allowed to warm to 0 °C for 1 h. After 
the reaction had been quenched by addition of 2 ml of 3 m HCl, heptanoic acid was extracted 
with three 5 ml portions of 3 m NaOH from the organic layer. The alkaline solution was acidified 
with 3 ml of 6 M HCl and then extracted with diethyl ether. The ethereal extracts were washed 
with brine and dried (MgSOJ. Concentration gave pure heptanoic acid. An analytical sample 
was obtained by bulb-to-bulb distillation. 

Ketones are easily obtained from acid chlorides using magnesiodiorganocuprates. As 

with lithiocuprates, mixed magnesio reagents, generally represented as RjRrCuMgX, 

can also be expected to form and show a selectivity of transfer profile related to their 

lithio analogs. In the case described below, initial preparation of (MeCu)„, from Cul 

and MeLi, can be followed by the introduction of a Grignard reagent (1 equiv.) in 

the usual ethereal media [149]. After appropriate manipulation of temperature to 

insure reagent generation (i.e. warming to obtain the MeCu into solution), the sub¬ 

strate is introduced. Unlike R2CuLi or RjR^CuLi, Grignard-based reagents such 

as R(Me)CuMgX exist as suspensions at — 78°C. They do, however, qualitatively 

have better thermal stability. 

Ketone Formation From Reaction of an Acid Halide with a Mixed Magnesiocuprate 

R,RrCuMgX [149] 

Me 

PhCOCl 
MeCu 

THF, EtjO 
-78 to 25 °C 

(79%) 

In a 1 1, flame-dried, three-necked, round-bottomed flask equipped with an overhead stirrer and 
low-temperature thermometer, a bright yellow suspension of methylcopper was prepared by the 
reaction of 30 ml of a 1.73 m (51.9 mmol) diethyl ether solution of methyllithium (0.11 m in residual 
base) with a — 78 °C suspension of 9.6 g (50.8 mmol) of Cul in 100 ml of THF. The bright yellow 
color characteristic of methylcopper formed when this reaction mixture was warmed to 25 °C. It 
was then cooled to —70°C and 26 ml of a 1.96 m (51.0 mmol) diethyl ether solution of 
4-methylphenylmagnesium bromide was added with a syringe. The resulting suspension was 
allowed to warm to 25 °C and, after cooling the deep purple solution to —78 °C, a solution of 
benzoyl chloride (13.0 ml, 112 mmol) in THF (30 ml) was added dropwise by syringe. The reaction 
mixture was then warmed to 25 °C and stirred for 30 min. It was quenched with 8 ml of absolute 
methanol and then added to 600 ml of saturated aqueous NH^Cl solution. Stirring for 2 h 
dissolved the copper salts, the ethereal phase separated and the aqueous portion was washed 
with two 100 ml portions of diethyl ether. The combined organic fractions were washed with 
100 ml of 0.1 M aqueous sodium thiosulfate, 3 x 100 ml of 1.0 m NaOH, and 200 ml saturated 
NaCl, then dried over patassium carbonate. The product 4-methylbenzophenone was isolated by 
distillation (7.8 g, 79% yield), b.p. 120-130 °C (0.6mmHg); IR (CH2CI2), 1670 cm“^; ^H NMR 
(CDCI3), d 7.1-7.9 (m, 9H), 2.4 (s, 3H). 
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Replacement of halogen by various alkyl groups at the 2-, 3- and 4-positions in the 

pyridine, quinoline and 1,10-phenanthroline series can be accomplished using excess of 

R2CuMgX [150]. Whereas CuBr-2RMgX is recommended for methylations and 

ethylations, insertion of a tcrt-butyl moiety is most efficiently carried out with t-BuMgCl 
in the presence of CuCN. 

Double Displacement on a Heteroaromatic System Using R2CuMgX [150] 

A mixture of 8.0 g (56 mmol) of anhydrous CuBr, 250 ml of anhydrous THF and 40 ml of ethereal 
methylmagnesium bromide (2.9 m) was stirred under N2 at -78 °C for 20 min. Dichlorophenan- 
throline (2.5 g, 7.0 mmol) was added and the reaction mixture was stirred for 2-3 h at — 78 °C 
and then overnight at room temperature. The reaction mixture was quenched by dropwise 
addition of saturated aqueous ammonia and then extracted with CHCI3 (3 x 75 ml). The 
combined extracts were stirred for 20 min with 50 ml of ethylenediamine and then 250 ml of water 
were added cautiously. The aqueous layer was extracted with CHCI3 (3 x 75 ml) and the 
combined CHCI3 solutions were dried (MgS04) and evaporated in vacuo. Column chroma¬ 
tography of the residue [EtOAc-CH30H (4:1)] gave 75% of spectroscopically pure product as 
a white solid, m.p. 220 °C (decomp); IR (KBr), 2940 (s), 2870 (m), 1490 (s), 1440 (m), 1387 (m) cm“ 

NMR (300 MHz), 5 1.95 (m, CH^, H2, H3, HIO, HU, 8H), 2.60 (s, CH3, 6H), 2.92 (m, CH^, 
H4, H9, 4H), 3.34 (m, CH2, HI, H12, 4H), 7.90 (s, CH, 2H); NMR (75.5 MHz), 5 13.9, 22.8, 
23.3, 27.1, 35.0,120.9, 125.7,129.9,141.1,143.5,158.3; HRMS, calculated for C22H24N2, 316.1956; 
found, 316.1930. 

Michael additions based on stoichiometric magnesiocuprates are also very popular, 

useful processes, in particular where cyclopentenones are concerned. The initial adduct 

of this 1,4-event can be transformed into other derivatives, such as regiospecifically 

generated silyl enol ethers or a-alkylated products [151]. Both types of 1,4-additon/elec- 

trophilic trapping procedures are described below, in these cases used to provide 
intermediates for steroid total synthesis. 

Conjugate Addition of RzCuMgX to a Cyclopentenone with in situ Trapping by 
Me^SiCi [151] 

1. Cut, THF, -40°C 

2. MejSiChHMPA 
EtaN 

(89%) 
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To magnesium (6.07 g, 250 mmol) and one crystal of iodine in THF (100 ml) was added vinyl 
bromide (70.5 ml, 1 mol) in THF (60 ml) at a rate so as to maintain the reaction temperature at 
45 °C. After all the magnesium had disappeared, the solution was heated at 45 °C under a stream 
of N2 to remove excess vinyl bromide. The mixture was then cooled to — 5 C, Cul (25.7 g, 
135 mmol) was added and the solution was stirred until it was jet black. The mixture was quickly 
chilled to -70 °C and 2-methylcyclopentenone (10.56 g, 110 mmol) in THF (40 ml) was added 
dropwise and the solution stirred at -40 °C for 45 min. After subsequent cooling to -60 °C, 
chlorotrimethylsilane (34 ml, 365 mmol), hexamethylphosphoric triamide (70 ml) (Caution: potent 
carcinogen) and triethylamine (50 ml) were added sequentially. The reaction mixture was allowed 
to warm to room temperature over a period of 2 h. Aqueous light petroleum work-up, followed 
by distillation, gave a colorless liquid (19.19 g, 89%); b.p. 64-66 °C (3.1 mmHg); IR (neat), 2990, 
1690, 1640, 1250, 1210, 1090, 990, 840 cm"^H NMR (CCI4), 6 5.70 (overlapping (5 lines) ddd, 
IH, J = 17.5, 10, 9 Hz), 5.00 (dd, IH, J = 17.5, 2.5 Hz), 4.93 (dd, IH, 7 = 9, 2.5 Hz), 3.00 (m, IH), 
2.5-1.4 (m, 4H), 1.47 (br s, 3H), 0.22 (s, 9H). Analysis; calculated for CiiH2oOSi, C 67.28, H 10.26; 

found, C 67.04, H 10.18%. 

1A-Addition of R2CuMgX to a Cyclopentenone Followed by 'm situ Alkylation [151] 

1. Cul 
THF, -30°C 

2. BrCHjCOjEt 
HMPA 
-30°Ctor.t., 2h 

(81%) 

(cis: trans 1:3) 

To magnesium (2.66 g, 109 mmol) and one crystal of I2 in THF (100 ml) was added vinyl bromide 
(29.5 ml, 418 mmol) in THF (60 ml) at such a rate as to maintain the reaction temperature at 
45 °C. After all the magnesium had disappeared, the solution was heated at 45 °C under a stream 
of N2 to remove excess vinyl bromide. The mixture was then cooled to — 5 °C, copper(I) 
iodide (10.44 g, 54.8 mmol) was added and the solution stirred until it was jet black. The mixture 
was quickly chilled to —70 °C and 2-methylcyclopentenone (4.79 g, 49.9 mmol) in THF (45 ml) 
was added dropwise. After the addition was complete (30 min), the solution was warmed to 
-30 °C, stirred for 45 min and cooled to -70 °C, and HMPA (50 ml) was added, followed by 
ethyl bromoacetate (10 ml, 91 mmol). The solution was allowed to warm to room temperature 
over 90 min, then stirred for 30 min, quenched with methanol, diluted with diethyl ether, poured 
on to saturated NH4CI and stirred for another 30 min. The aqueous layer was separated and 
extracted twice with diethyl ether. The combined ether extracts were washed with 5% aqueous 
Na2S203, water and brine and dried (MgSOJ. Evaporation of the ether left a yellow liquid which 
was distilled to give a colorless liquid (8.52 g, 81%), a single peak by GC and a single spot by 
TLC, Rf [diethyl ether-light petroleum ether (1:4)] 0.27; b.p. 85-87 °C (0.5 mmHg); IR (neat), 
3100, 3000, 1740, 1645, 1470, 1210, 1040 cm“i; ‘H NMR (CCIJ, d 5.80 (m, IH), 5.10 (m, 2H), 
4.05 (q, 2H, 7 = 7 Hz), 3.23-1.53 (m, 7H), 1.23 (t, 3H, 7 = 7 Hz), 1.11 (s, 0.73H), 0.82 (s, 2.27 H); 

NMR (CgDg) showed two isomers, with resonances for the major isomer at 5 218.58, 170.98, 
137.52, 116.63, 60.19, 49.13, 47.38, 40.07, 36.51, 24.75, 17.79, 14.05 and for the minor isomer at <5 
217.97, 170.97, 137.52, 116.63, 60.19, 51.42, 49.72, 38.90, 35.58, 24.75, 22.81. 14.05; mass spectrum, 
w/z (relative intensity, %) 210 (M+, 6.41), 195 (8.31), 165 (18.13), 137 (17.30), 123 (100), 95 (18.94), 
81 (28.55). Analysis: calculated for C12H18O3, C 68.54, H 8.63; found, C 68.26, H 8.44%. 

With a )?-halocyclopentenone, the conjugate addition of R2CuMgX leads to reforma¬ 

tion of the enone, a net substitution reaction. When carried out by adding the Grignard 

to a slurry of the chloro enone-CuI in cold THF, an excellent yield, at least with the 

functionalized substrate and Grignard shown below, was obtained. 
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Conjugate Addition-Elimination on a P-Chlorocyclopentenone Mediated by 
R2CuMgX [152] 

BrMg(CH2)70-Si-^ 
Cul, THF 

-10°C 

O 

^-iiO (CH2)70-Si-( 

(95%) 

The required Grignard reagent was prepared by adding a solution of 7-bromo-l-(?ert-butyldi- 
methylsilyloxy)heptane (6.19 g, 20 mmol) in THF (15 ml) over 1.5 h to magnesium (491 mg, 
20.2 mmol) in refluxing THF (15 ml). The consumption of magnesium was complete after heating 
at reflux for a further 3 h. The concentration of reagent was measured by standard titration of 
an aliquot (1 ml) after hydrolysis. A suspension of Cul (78 mg, 0.4 mmol) in THF (2 ml) containing 
3-chloro-4-(ter/-butyldimethylsilyloxy)cyclopent-2-en-l-one (100 mg, 0.4 mmol) was stirred vigor¬ 
ously at —10 °C under Ar. Dropwise addition of the above Grignard reagent (0.41 m in THF, 
1.85 ml, 0.76 mmol) produced a green solution which was stirred at — 10°C for 10 min. The 
reaction was rapidly quenched with saturated aqueous NH^Cl solution (5 ml) and, after addition 
of diethyl ether (5 ml), the mixture was stirred at room temperature for 1 h before dilution with 
water (10 ml) and extraction with diethyl ether (5 x 10 ml). The combined extracts were washed 
with brine (2x4 ml), dried over MgSO^ and evaporated. Preparative TLC [silica gel, CH2CI2- 
methanol (50:1 v/v)] gave the product as a colorless oil (167 mg, 95%), b.p. (Kugelrohr) 135 °C 
(0.2mmHg); IR, 1720cm-^; 'H NMR, ^ 0.04 (s, 6H), 0.12 (s, 3H), 0.14 (s, 3H), 0.88 (s, 9H), 0.91 
(s, 9H), 1.16-1.80 (m, lOH), 2.25 (dd, IH, J = 18.0, 3.0 Hz), 2.44 (br t, 2H, 7 = 8 Hz), 2.72 (dd, IH, 
J = 18.0, 6.0 Hz), 3.60 (t, 2H, J = 6.0 Hz), 4.76 (dd, IH, 7 = 6.0, 3.0 Hz), 5.90 (m, IH). Analysis: 
calculated for C24H4.8(D3Si2, C 65.40, H 11.0; found, C 65.05, H 10.8%. 

4.4 MISCELLANEOUS REAGENTS 

Although most organocopper complexes in use today are of the forms RCu, RR'CuM 

(M = Li, MgX) and R2Cu(CN)Li2, there are several alternative reagents which have 

also been developed. Changes in the gegenion(s) associated with, or the ligand(s) bound 

to, copper can play a pivotal role in controlling several reaction parameters such as (1) 

the regio- and stereochemistry of additions; (2) reagent reactivity; (3) stability of the 

reagent; (4) compatibility with functionality within the ligands on copper; and (5) 

tendency to form lower order vs higher order reagents. In general, it is now well 

established that replacement of lithium by another metal in a lower or higher order 

cuprate can be expected to decrease the reagent reactivity [3, 153]. While magnesiocu- 

prates are therefore less robust than their lithio analogs, organozinc-based reagents are 

still less prone to react. Moving to non-associating counter ions, such as R4N"^, de¬ 

presses the reactivity still further (see above). These guidelines lend further support to 

the notion that many cuprate couplings are in fact electrophilically driven, with the 

hard Li"^ intimately involved in placing R2CuLi or R2Cu(CN)Li2 at the top of the 

reactivity scale. Insight as to how to go about fine tuning the behavior of copper reagents 

by the judicious choice of, e.g., the counter ion(s), is now starting to accrue. As a result, 

significant advances have already been made, leading to powerful new methodologies 

to which the discussion and representative procedures that follow attest. 
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4.4.1 Zn-CONTAINING CUPRATES 

Processes involving both catalytic and stoichiometric amounts of Cu(I) en route to zinc 

cuprates have appeared over the past few years. One case in point concerns the 

generation and use of a zinc homoenolate precursor, derived from a cyclopropanone 

ketal [154a]. Intermediates of this type are extremely versatile, participating in many 

different carbon-carbon bond-forming events. When exposed to catalytic quantities of 

a Cu(I) salt, they can be effectively utilized as Michael donors, and also as regioselective 

nucleophiles in allylations. The organozinc precursor is initially formed in situ using 

dried ZnCl2 of high quality, which can be tolerated in slight excess. HMPA is also an 

essential ingredient in both reaction types, as is Me3SiCl. DMPU can be substituted 

for the former additive in conjugate additions, although lower yields of 1,4-adducts are 

to be expected [154]. 

1,4-Addition of a Zinc Homoenolate Catalyzed by CuBr SMe2 [154a] 

OSiMe, 

EtjO, 0 °C 
3h 

(70-76%) 

To a solution of ZnCb (16.4-17.0 g), freshly fused under vacuum, in 500 ml of diethyl ether was 
added l-(trimethylsiloxy)-l-ethoxycyclopropanone (41.80 g, 240 mmol) over 5 min. The cloudy 
mixture was stirred at room temperature for 1 h and then refluxed for 30 min. The clear, colorless 
solution of the zinc homoenolate and chlorotrimethylsilane (2 equiv. vs enone) was cooled with 
an ice-bath, and to this was added CuBr SMe2 (0.4 g, 2 mmol). Cyclohexenone (9.62 g, 100 mmol) 
and then HMPA (34.8 ml, 200 mmol) were added over 5 min. A slightly exothermic reaction 
occurred initially and the bath was removed after 20 min. After 3 h at room temperature, 40 g of 
silica gel and 300 ml of dry hexane were added while the mixture was stirred vigorously. The 
supernatant was decanted, and the residue was extracted twice with a mixture of diethyl ether 
and hexane. HMPA was collected as a low-boiling fraction (about 50-80 °C), and after about 1 g 
of forerun, the desired product (18.9-20.5 g, 70-76%) was obtained as a fraction boiling at 
122-125 °C (2.40 mmHg); IR (neat), 1730 (s), 1655 (s), 1445, 1365, 1245, 1180 (vs), 840 (vs)cm-i; 
^H NMR (CCIJ, S 0.06 (s, 9H), 1.13 (t, 3H, 7 = 7 Hz), 1.3-2.2 (m), 3.96 (q, 2H, 7 = 7 Hz), 4.54 
(br s, IH); mass spectrum, m/z (relative intensity, %) 270 (M”^, 3), 225 (8), 219 (8), 182 (40), 169 
(100), 75 (36), 73 (92); HRMS, calculated for Ci4H2603Si, 270.1652; found, 270.1659. This product 
contains ca 0.2% of the double-bond regioisomer. 

CuBr SMe2-Catalyzed Allylation of a Zinc Homoenolate [154a] 

CO]Fr 

TMSCl, EtjO 
CHjCONMej 

16 h, r.t. 

cat. CuBr 

(97%) 

(5^2:5^2 96:4) 
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To a mixture of cinnamyl chloride (144 |il, 1.0 mmol), CuBr SMe2 (10 mg, 0.05 mmol) and HMPA 
(2-5 equiv.) or dimethylacetamide (4.5 ml) was added a 0.37 m ethereal solution of homoenolate 
(1.7 mmol, 4.5 ml; containing 2 equiv. of McjSiCl), and the solution was stirred for 16 h at room 
temperature. The reaction mixture was diluted with diethyl ether and washed five times with 
water. After washing with saturated NaCl, drying and concentration, the crude product was 
purified by chromatography (2% ethyl acetate in hexane) to obtain 148 mg (97%) of the allylated 
product as a 96:4 mixture of the 5^2' and the 5n2 isomers (GLC retention times on a 23 m OV-1 
column at 194 °C: 5.4 and 8.1 min respectively). The isomers were separated by medium-pressure 
chromatography for analysis. Isopropyl 4-phenyl-5-hexenoate: b.p. 80 °C (0.3 mmHg); IR (neat), 
2975 (s), 2925 (m), 1720 (s), 1490 (m), 1450 (m), 1370 (m), 1240 (m), 1175 (m), 750 (m), 700 (s) cm-'; 

NMR (200 MHz, CDCI3), d 1.21 (d, 6H, 7 = 6 Hz), 1.91-2.33 (m, 4H), 3.26 (q, IH, 7 = 8 Hz), 
4.89-5.14 (m, 3H), 5.96 (ddd, IH, 7=17, 10, 8 Hz), 7.13-7.37 (m, 5H). Elemental analysis 

corresponded to C15H20O2. 

Conversion of a dialkyl lithiocuprate to its zinc halide congener provides a reagent 

which is remarkably selective in its couplings with 4-alkoxyallylic chlorides [155a]. 

Products of S^2' attack result, with the relationship between the two stereogenic centers 

predominantly, if not exclusively, of the anti configuration. Given the availability of 

chiral, non-racemic allylic and propargylic alcohols and the fact that cuprate attack is 

not limited by olefin disubstitution a- to the alkoxy moiety, these factors argue well for 

future applications of this chemistry to the construction of quaternary centers of defined 

absolute stereochemistry. 

S/v2' anti Allylation of R2CuZnX [155a] 

To a suspension of CuBr-SMe2 (102.8 mg, 0.5 mmol) in THE was added 1.57 m BuLi in hexane 
(0.57 ml, 1.00 mmol) at —70 °C. The resulting solution was warmed to —50 to —40 °C, stirred 
for 40 min, then cooled to — 70 °C. A 1m THE solution of fused ZnCb (0.5 ml, 0.5 mmol) was 
added, turning the solution dark brown. After stirring for 10 min, 4-benzyloxy-5-methyl-2-hexenyl 
chloride (117 /rl, 0.50 mmol) was added dropwise. After stirring for 15 h, TLC analysis indicated 
that the reaction was complete. The reaction mixture was then diluted with hexane (2 ml), washed 
with saturated NaHCOj (3 x 0.5 ml), then with saturated NaCl (3 x 0.5 ml) and dried over 
MgS04. Solvent was removed in vacuo and the residual oil was purified by column chroma¬ 
tography on silica gel (4g, 2% ethyl acetate in hexane) to obtain 123.5 mg (95%) of the Sf^2' 
product contaminated with 2% of the product; capillary GLC (HR-1, 145 °C) analysis of the 
crude product indicated the absence of the diastereoisomer of the 5'n2' product; ^H NMR 
(200 MHz, CDCI3), S 0.78-1.00 (m, 9H involving d, 7 = 7 Hz at 0.90, and d, 7 = 67 Hz at 0.98), 
1.15-1.40 (m, 6H), 1.86 (dqq, IH, 7= 7, 7, 7 Hz), 2.20-2.32 (m, IH), 3.00 (dd, IH, 7 = 4, 8 Hz), 
4.58 (s, 2H), 4.98 (dd, IH, 7 = 3, 8 Hz), 5.05 (dd, IH, 7 = 3, 11 Hz), 5.78 (ddd, IH, 7 = 3, 11, 18 Hz), 
7.23-7.40 (m, 5H). Analysis: calculated for C18H28O, C 83.02, H 10.84; found, C 82.94, H 10.94%. 

Related lower order zinc cuprates can be derived from CuCN and a preformed 

organozinc halide, rather than via transmetallations between lithiocuprates and ZnX2 

(see above). They enjoy a considerable level of functional group tolerance within these 
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organometallic species owing to a less reactive carbon-zinc bond associated with 

the cuprate precursors RZnX. Hence, cuprates of the general stoichiometric formula 

RCu(CN)ZnX (X = halide) may contain within R functionality which includes esters, 

nitriles, halides, ketones, phosphonates, thioethers, sulfoxides, sulfones and amines. The 

initial phase of reagent preparation calls for generation of the organozinc iodide, using 

cut zinc foil (Alfa, 0.25 mm thick, 30 cm wide, 99.9% purity) or zinc dust (Aldrich, 

— 325 mesh). A detailed procedure is given below which includes the subsequent 

formation of the cyanocuprate [156]. For benzylic systems, three slightly different 

protocols have been developed (procedures 1, 2 and 3 below) [157]. Once formed, where 

a yield of 90% of RZnX has been assumed, the reagent is inversely added to solubilized 

CuCN-2LiCl to form the lower order cyanocuprate (see procedure 4 below). 

Formation of RCH2Cu(CN)Znl via RCH2Znl, Prepared from RCH2I + Zn [156] 

1. Zn, THF, TMSCl, 4 h 
BrCH^CHjBr, 35-45°C 

RCH2-I ---- RCH2Cu(CN)ZnI 
2. CuCN -2LiCI, 

-40to0°C 

A dry 100 ml, three-necked, round-bottomed flask was equipped with a magnetic stirring bar, a 
50 ml pressure-equalizing addition funnel bearing a rubber septum, a three-way stopcock and a 
thermometer. The air in the flask was replaced with dry Ar and charged with 4.71 g (72 mmol) 
of cut zinc {ca 1.5 x 1.5 mm). The flask was flushed three times with Ar. 1,2-Dibromoethane 
(0.2 ml, 2.3 mmol) and 3 ml of THF were successively injected into the flask, which was then 
heated gently with a heat gun until ebullition of the solvent was observed. The zinc suspension 
was stirred for a few minutes and heated again. The process was repeated three times, after which 
0.15 ml (1.2 mmol) of chlorotrimethylsilane was injected through the addition funnel. The cut zinc 
foil turned gray and was ready to use after 10 min of stirring. The reaction mixture was heated 
to 30 °C on an oil-bath and 60 mmol of the iodide dissolved in 30 ml of THF were added dropwise 
over 40 min. The reaction mixture was then stirred for 4 h at 35-45 °C to give a dark brown-yellow 
solution of the zinc reagent, the completion of which was checked by GLC analysis of an aliquot. 
A second dry 100 ml three-necked, round-bottomed flask was equipped with a magnetic stirring 
bar, a three-way stopcock and two glass stoppers. The flask was charged with 4.59 g (108 mmol) 
of lithium chloride, then heated on an oil-bath at 130 °C [oil-bath temperature under vacuum 
(0.1 mmHg)] for 2h in order to dry the lithium chloride, cooled to 25 °C and flushed with Ar. 
The two glass stoppers were replaced by a low-temperature thermometer and a rubber septum 
and 4.84 g (54 mmol) of copper cyanide were added. The flask was flushed three times with Ar 
and 40 ml of freshly distilled THF were added, which led, after 15 min, to a clear yellow-green 
solution of the complex CuCN -2LiCl. This solution was cooled to ca —40 °C and the two 100 ml 
three necked flasks were connected via a PTFE cannula or a stainless-steel needle. The solution 
of the zinc reagent was then transferred to the THF solution of copper cyanide and lithium 
chloride. The resulting dark green solution was warmed to 0 °C within 5 min and was ready to 
use for the next step after 5 min of stirring at this temperature. 

Preparation of Benzylic Zinc Halides from Zinc Foil (Procedure 1) [157] 

Zn foil, THF 

BrCHjCHjBr 
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Procedure 1 Cut zinc foil {ca 5 mm^ pieces, 2.30 g, 36 mmol) in 3 ml of dry THF was added 
to a dry, three-necked flask equipped with an Ar inlet, a thermometer and an addition funnel. 1,2- 
Dibromoethane (150 mg) was then added and the mixture was heated with a heat gun until 
evolution of soap-like bubbles of ethylene and darkening of the zinc surface indicated activation. 
The mixture was cooled to 0-5 °C (ice-bath) and a solution of the benzylic bromide (30 mmol) 
in 15 ml of THF was added dropwise (1 drop per 5-10 s). The reaction mixture was stirred at 
5 °C until GLC analysis showed that the starting material was completely consumed (1^ h). 

For the Preparation of Benzylic Zinc Halides from Zinc Dust (Procedures 2 and 3) 
[157] 

Procedure 2 Zinc dust (0.67 g, 10.5 mmol) in 1 ml of dry THF was added to a three-necked 
flask equipped with an Ar inlet, a thermometer and an addition funnel. The mixture was cooled 
in an ice-bath and a solution of the benzylic bromide (7 mmol) in 7 ml of dry THF was added 
dropwise (1 drop per 5-10 s). The reaction mixture was stirred at 5 °C until GLC analysis showed 
that the starting material was completely consumed (1-4 h). 

Procedure 3 Zinc dust (1.34 g, 21 mmol) in 1.5 ml of dry THF was added to a three-necked 
flask equipped with an Ar inlet, a thermometer and an addition funnel. A solution of the benzylic 
chloride (7 mmol) in 5.5 ml of dry THF and 1.5 ml of DMSO was added dropwise at room 
temperature. The reaction mixture was stirred at room temperature until GLC analysis showed 
complete conversion of the starting material to the zinc organometallic (22-24 h). 

Preparation of Benzylic Copper Derivatives from Benzylic Zinc Halides by 
Transmetallation (Procedure 4) [157] 

THF 
-40to -20°C 

R 

Procedure 4 In a three-necked flask equipped with an Ar inlet, a thermometer and a rubber 
septum, heat-dried LiCI (1.14g, 27 mmol) was combined with CuCN (1.21 g, 13.5 mmol) 
in 10.5 ml of dry THF. The mixture was cooled to -40 °C and the benzylic organozinc reagent 
(14.7 mmol, prepared as described above) was added to the copper solution by a cannula. The 
mixture was allowed to warm to —20 °C for 5 min, then cooled to —78 °C (dry-ice—acetone bath). 
The copper reagent was then ready to react with various organic electrophiles (see below). 

Since only small percentages of Wurtz-like coupling occurs with, e.g., benzylic 
halide conversions to benzylic zinc halides, this type of organometallic can be prepared, 
stored at 25 °C for a few days (unlike the copper reagents derived therefrom, which 
must be maintained below —20 °C to avoid self-coupling) and used in many subsequent 
reactions. In addition to the example shown below for a Michael reaction [157], these 
cuprates are applicable to substitutions with allylic, trialkylstannyl and acid halides. 
1,2-Additions to aldehydes readily occur in the presence of BF3 Et20, and addition- 
eliminations to )?-halo enones afford ^^-substituted, a,)5-unsaturated ketones in high 
yields [157]. Formation of reagents containing secondary benzylic centers present no 
special problems, so long as precursor benzylic chlorides, rather than bromides, are used. 
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1,4-Addition of a Benzylic Lower Order Cyanocuprate to an Ynoate [157a] 

1. CuCN-2LiCl,THF 
— 40 to — 20 °C, 5 min 

2. COzEt 
-78 to -50 °C, 14 h, 

then — 30 °C, 3 h 

OAc 

COjEt 

1,4-Diacetoxynaphthylzinc chloride was prepated from l,4-diacetoxy-2-chloromethylnaphthalene 
(13 mmol) according to procedure 3 (above) with heating at 45 °C for 3 h. GLC analysis showed 
complete conversion with less than 3% Wurtz coupling. After the transmetallation to the 
corresponding copper reagent by the addition of CuCN-2LiCl (as indicated above), ethyl 
propiolate (1.02 ml, 10 mmol) was added at —78°C. The reaction mixture was stirred at 
— 50 °C for 14 h and then at —30 °C for 3 h. Work-up and purification of the residue by flash 
chromatography [hexane-ethyl acetate (3:1, then 2:1] afforded 0.51 g (14% yield) of the 
double-bond isomerized product and 2.55 g (79% yield) of the desired product 13: IR (CDCI3), 
2984 (m), 1766 (s), 1715 (s), 1656 (w), 1603 (w), 1368 (s), 1277 (m), 1191 (s), 1158 (m), 1065 (m) 
cm-i; NMR (CDCI3, 300 MHz), 6 7.82 (d, IH, J = 1.9 Hz), 7.54 (d, IH, J = 0.8 Hz), 7.54 (m, 
2H), 7.11 (s, IH), 7.07 (dt, IH, J = 15.6, 6.7 Hz), 5.86 (d, IH, J = 15.6 Hz), 4.17 (q, 2H, J = 7.1 Hz), 
3.55 (d, 2H, J = 6.7 Hz), 2.46 (s, 3H), 2.45 (s, 3H), 1.26 (t, 3H, J = 7.1 Hz); NMR (CDCI3, 
75.5 MHz), 8 168.7, 168.5, 165.4, 144.5, 141.9, 127.1, 126.9, 126.4, 126.3, 126.0, 123.0, 121.3, 60.0, 
32.8, 20.5, 20.1, 13.9; El mass spectrum, m/z (relative intensity, %) 43 (84), 77 (7), 105 (14), 115 
(14), 141 (9), 152 (5), 174 (32), 191 (10), 197 (35), 226 (100), 272 (47), 314 (21), 356 (4); HRMS, 
calculated for C20H20O6, 356.1260; found, 356.1254. 

Unactivated primary iodides are also easily converted into the corresponding func¬ 

tionalized zinc iodides. These can be used to form ketones via treatment with an acid 

chloride [158] or a,)S-unsaturated ketones in the presence of MeaSiCl [159] and also 

to synthesize acetylenes by way of couplings with 1-bromoalkynes [160]. In addition, 

they add smoothly to nitroolefins in high yields [161]. 

Coupling of a Functionalized Zinc Cuprate with a Bromoacetylene [160] 

The cuprate can be prepared using the general procedure above from cut zinc foil, or alternatively 
using zinc dust as follows. A 50 ml three-necked flask equipped with a thermometer, a 25 ml 
pressure-equalizing dropping funnel sealed with a septum, a vacuum/argon inlet and a magnetic 
stirring bar was charged with zinc dust (Aldrich, —325 mesh; 1.2 g, 18 mmol) and evacuated by 
means of a pump and refilled with Ar three times. 1,2-Dibromoethane (150 mg, 0.8 mmol) in 2 ml 
of THF was added and the suspension was heated gently to ebullition with a heat gun. The zinc 
suspension was stirred for ca 1 min and heated again. This process was repeated three times and 
chlorotrimethylsilane (0.1 ml, 0.8 mmol) was then added. After a few minutes, 4-iodobutyronitrile 
(1.66 g, 8.5 mmol) in 3.5 ml of dry THF was slowly added at 35-40 °C. After 3 h of stirring at 
40 °C, GLC analysis of a hydrolyzed aliquot indicated completion of the reaction. The yield was 
estimated to be ca 85%. 
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The magnetic agitation was stopped and the remaining powder was allowed to settle. During 
this time a second 50 ml three-necked flask equipped with a magnetic stirring bar was charged 
with lithium chloride {ca 0.9 g, 21 mmol), connected to a vacuum pump and heated on an oil-bath 
at 130 °C for 1 h in order to dry the lithium chloride. The flask was cooled to 25 °C, flushed 
with Ar and equipped with a low-temperature thermometer and a rubber septum. Copper cyanide 
(0.9 g, 10 mmol) was added, followed by 10 ml of THF. A yellow-green solution formed after a few 
minutes of stirring. The reaction mixture was cooled to ca —40 °C and the above-prepared THF 
solution of 3-cyanopropylzinc iodide was added with a syringe. The reaction mixture was allowed 
to warm to 0 °C and was ready for use in the next step. 

The solution of NC(CH2)3Cu(CN)ZnI was cooled to —78 °C and l-(2-bromoethynyl)cyclohex- 
ene (0.915 g, 5 mmol) was added. The reaction mixture was stirred at —70 to —65 °C for 20 h 
and then warmed slowly to —10 °C. No starting material was left, as indicated by GLC analysis. 
The reaction mixture was poured into an Erlenmeyer flask containing diethyl ether (200 ml) and 
a saturated aqueous solution NH^Cl (50 ml). The insoluble copper salts were removed by vacuum 
filtration and the two layers were separated. The organic layer was washed with a saturated 
aqueous solution of NH4CI (2 x 50 ml) and the aqueous layer was extracted with diethyl ether 
(2 X 50 ml). The combined organic layers were then washed with a saturated aqueous solution 
of NaCl and dried over MgSO^. After filtration, the solvent was removed and the resulting crude 
oil was purified by flash chromatography [hexane-EtOAc (6; 1)], affording 670 mg of analytically 
pure 6-(l-cyclohexenyl)-5-hexyne-l-nitrile and a small second fraction of impure product (30 mg, 
48% purity) in an overall yield of 79%; IR (neat), 2935 (s), 2860 (m), 2839 (s), 2248 (m), 1673 (w), 
1449 (m), 1435 (m), 1359 (m), 1349 (m), 919 (m), 843 (m) cm”*; NMR (CDCI3, 300 MHz), (5 
5.92 (br s, IH), 2.38 (m, 4H), 1.95 (m, 4H), 1.72 (m, 2H), 1.53 (m, 4H); NMR (CDCI3,75.5 MHz), 
d 134.6, 120.9, 119.0, 84.8, 84.6, 29.8, 26.1, 24.8, 22.8, 21.7, 18.8, 16.2; Cl mass spectrum (70 eV), 
m/z (relative intensity, %) 174 (MH+, 5), 172 (100), 158 (18), 144 (38), 130 (26), 117 (33), 105 (42), 
91 (83), 79 (40), 65 (35), 51 (30); HRMS, calculated for CjzHigN (MH+), 174.1283; found, 174.1270. 

Acylation of a Functionalized Zinc Cuprate [158] 

o 
PhCOCI 

THF 
0 °C,10 h 

0 

(80%) 

To a suspension of zinc dust (activated with 1,2-dibromoethane and chlorotrimethylsilane as 
described above; 1.63 g, 25 mmol) in 1.5 ml of THF was slowly added 4-oxocyclohexyl 4- 
iodobutanoate (3.10 g, 10 mmol) in 4 ml of THF at 30 °C. After 4 h at this temperature, GLC 
analysis of a hydrolyzed aliquot indicated a conversion of 87%. The zinc reagent was cooled to 
25 °C and added with a syringe to a solution of copper cyanide (0.67 g, 7.5 mmol) and predried 
lithium chloride (0.67 g, 15 mmol) in 8 ml of THF at —30 °C. The resulting milky solution was 
warmed to 0 °C for 5 min and cooled to —20 °C. Benzoyl chloride (0.914 g, 6.5 mmol) was added 
and the reaction mixture was stirred at — 3 °C for 10 h. The reaction mixture was poured into 
a mixture of diethyl ether (200 ml) and saturated aqueous NH4CI solution (50 ml). After filtration 
and work-up as described above, the resulting crude oil was purified by flash chromatography 
(hexane-EtOAc), affording white crystals (m.p. 58-59 °C) of pure 4-oxocyclohexyl 5-oxo-5- 
phenylpentanoate (1.51 g, 80% yield); IR (CDCI3), 2959 (m), 1722 (s), 1694 (s), 1595 (w), 1448 (m) 
cm-‘; iH NMR (CDCI3, 360 MHz), 5 7.91 (d, 2H, J = 8.1 Hz), 7.50 (d, IH, J = 6.7 Hz), 7.41 (dd, 
2H, J = 8.1, 6.7 Hz), 2.44 (m, 4H), 2.32 (m, 2H), 2.01 (m, 6H); NMR (CDCI3, 90.5 MHz), 3 
209,199,172,137,133,128,127,68, 37, 33, 30,19; Cl mass spectrum (70 eV), m/z (relative intensity, 
%) 288 (M^, 1), 193 (15), 175 (21), 147 (13), 120 (9), 105 (100), 96 (15), 77 (27), 55 (11); HRMS, 
calculated for C17H20O4 (MH+), 289.1440; found, 289.1446. 
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Conjugate Addition of a Functionalized Zinc Cuprate to Cyclohexenone [159] 

r^^^COjEt 

^Cu(CN)ZnI * 

O 

To a suspension of zinc dust (activated with 1,2-dibronioethane and chlorotrimethylsilane as 
described above; ca 3 g, 45 mmol) in 2 ml of THF was slowly added, at 45 °C, a solution of ethyl 
4-iodobutyrate (4.90 g, 20 mmol) in 8 ml of THF. After 4 h at this temperature, GLC analysis of 
a hydrolyzed aliquot indicated over 95% conversion. The zinc reagent was cooled to 25 °C and 
added via a syringe to a solution of copper cyanide (1.44 g, 16 mmol) and predried lithium chloride 
(1.36 g, 32 mmol) in 16 ml of dry THF cooled to —30 °C. The resulting grey-greenish solutiion 
was warmed to 0 °C for a few minutes and cooled to —78 °C. Chlorotrimethylsilane (4.1 ml, 
32 mmol) was added, followed by a solution of cyclohexenone (1.39 g, 14.5 mmol) in 5 ml of dry 
diethyl ether. The reaction mixture was stirred for 3 h at —78 °C, then allowed to warm to 25 °C 
overnight. GLC analysis of a hydrolyzed reaction aliquot showed no cyclohexenone left. The 
reaction mixture was poured into an Erlenmeyer flask containing diethyl ether (50 ml) and 
saturated aqueous NH4CI solution (50 ml). After 5 min of stirring, the reaction mixture was filtered 
over Celite and worked up as described above. Flash chromatography of the residual oil 
[hexane-EtOAc (85:15)] afforded pure ethyl 4-(3-oxocyclohexyl) butyrate (2.90 g, 94% yield) 
[162]; IR (neat), 2945 (s), 2868 (s), 1722 (s), 2433 (s), 1363 (s), 1275 (s) cm“i; ^H NMR (CDCI3, 
360 MHz), 6 4.2^.0 (m, 2H), 2.5-2.2 (m, 4H), 2.1-1.8 (m, 3H), 1.8-1.6 (m, 4H), 1.5-1.1 (m, 7H); 
i^C NMR (CDCI3,75.5 MHz), 5 211.2,173.0,59.9,47.7,41.2, 38.5,35.7, 34.0, 30.9,24.9,21.8,14.0. 

Michael Addition of a Functionalized Zinc Cuprate to a Nitroolefin [161] 

CI. 

^Cu(CN)ZnI ^ 
/1-H7C3 

THF 

NO2 -78toO°C 

(90%) 

To a suspension of zinc dust (activated with 1,2-dibromoethane and chlorotrimethylsilane as 
described above; ca 2 g, 30 mmol) in 2 ml of THF was slowly added, at 40 °C, a solution of 
4-chloro-l-iodobutane (2.75 g, 12.5 mmol) in 5 ml of THF. After 3 h at 40 °C, GLC analysis of a 
hydrolyzed aliquot indicated over 95% conversion. The zinc reagent was cooled to 25 °C and 
added with a syringe to a solution of copper cyanide (0.9 g, 10 mmol) and predried lithium chloride 
(0.85 g, 20 mmol) in 10 ml of dry THF cooled to — 30 °C. The resulting greenish solution was 
warmed to 0 °C for a few minutes and then cooled to — 78 °C. 1-Nitro-l-pentene (0.86 g, 7.5 mmol) 
was added dropwise at —78 °C. The cooling bath was removed and the reaction mixture was 
allowed to warm slowly to 0 °C. After 4 h at this temperature, no nitropentene was left as indicated 
by GLC analysis. The reaction mixture was cooled to —78 °C, quenched with acetic acid (2 ml 
in 5 ml of THF) and warmed to 0 °C. The reaction mixture was poured into an Erlenmeyer flask 
containing diethyl ether (200 ml) and saturated aqueous NH4.CI solution (50 ml). The reaction 
mixture was filtered over Celite and worked up as described above. Flash chromatographic 
purification of the residual oil [hexane-diethyl ether (20:1)] afforded pure l-chloro-5-(ni- 
tromethyl)octane (1.40 g, 90% yield); IR (neat), 2935 (s), 2872 (m), 1557 (s), 1546 (s), 1462 (m), 
1446 (m), 1434 (m), 1383 (m), 1311 (w), 1210 (w), 733 (m), 650 (m) cm"!; ^H NMR (CDCI3, 
300 MHz), <5 4.28 (dd, 2H, 7=7, 2.2 Hz), 3.5 (t, 2H, J = 6.5 Hz), 2.18 (m, IH), 1.73 (quint, 2H, 
J = 6.5 Hz), 1.49-1.25 (m, 8H), 0.88 (t, 3H, 7 = 6 Hz); NMR (CDCI3, 90.5 MHz), <5 79.28, 
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44.58, 36.97, 33.18, 32.29,30.36,23.29,19.24,13.91; Cl mass spectrum (CHJ, w/z (relative intensity, 
%) 208 (MH^, 22), 177 (6), 161 (100), 125 (25), 119 (25), 105 (21), 97 (5), 89 (5), 83 (28); HRMS, 
calculated for C9H18NO2CIH (MH+), 208.1104; found, 208.1118. 

4.4.2 [RCu(CN)2Li[N(C4Ha)4] 

As higher order cyanocuprates are formally dianionic Cu(I) reagents, there must be 

either two monovalent metal ions associated with the complex, as in R2Cu(CN)Li2, or 

two dissimilar monovalent cations, generalized as R2Cu(CN)MM'. Since the ligands 

on copper also need not be identical, the stoichiometry generalizes still further to 

RR'Cu(CN)MM'. Moreover, the nature of the gegenions can be chosen to reflect a 

cationic species which has no obligation to be of the alkali metal series. Hence, cuprates 

composed of less commonly employed components have started to appear which, not 

surprisingly, have modified properties. One case where multiple variations have been 

found advantageous for selected synthetic transformations concerns the higher order 

dicyano species derived from CuCN, «-Bu4NCN and an organolithium (equation 4.26). 

The precursor, Cu(CN)2NBu4, a colorless solid, is prepared in MeOH at ambient 

temperature under an inert atmosphere. 

CuCN + n-Bu4NCN Cu(CN)2NBu4 RCu(CN)2LiNBu4 

r.t. “40 to—25 C 

(4.26) 

Preparation of r\-Bu4NCu(CN)2 [163] 

To a slurry of 1.79 g (20 mmol) of copper(I) cyanide in 100 ml of anhydrous methanol at 25 °C 
under N2 was added a solution of 5.36 g (20 mmol) of tetrabutylammonium cyanide in 50 ml 
of methanol. After stirring for 10 min at 25 °C, the resulting homogeneous solution was rotary 
evaporated to dryness and the resulting paste was dried by azeotropic evaporation with toluene 
(3 X 70 ml) at ambient temperature to furnish a white crystalline solid. The complex was dried 
under high vacuum at 25 °C for 24 h. 

Treatment of a slurry of Cu(CN)2NBu4 in THF with 1 equiv. of an RLi (R = alkyl, 

phenyl, vinyl, alkenyl) leads to ‘nearly homogeneous’ solutions of RCu(CN)2LiNBu4, 

which participate in the selective delivery of the transferable ligand (R) to enones, and 

also in displacements of primary halides [163]. Owing to both the second nitrile group 

(presumably on copper) and replacement of a lithium with tetrabutylammonium as one 

of the two counter ions, their reactivity is diminished considerably. This is manifested 

in both reaction types, where conjugate additions to even unhindered a,)5-unsaturated 

ketones are performed at temperatures above — 50 °C over 1 h, and primary iodides 

take 4 h at —25 °C. By contrast, the corresponding cuprates, R2Cu(CN)Li2, would react 

at — 78 °C with either functional group within minutes. Lower reactivity, however, is 

associated with added selectivity, and indeed the incentive for development of these 

higher order dicyanocuprates arose from dissatisfaction with yields obtained using other 

copper reagents for the substitution reaction detailed below. A second procedure 

highlighting the use of these cuprates as Michael donors is also given. 
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Displacement of a Primary Halide Using RCu(CN)2LiNBu/^ [163] 

To a solution of 229 mg (1.0 mmol) of the stannane in 2 ml of anhydrous diethyl ether at —78 °C 
was added 0.404 ml of 2.50 m (1.01 mmol) «-BuLi. The yellow solution was stirred for 1 h at 
— 78°C, then for 30 min at — 40°C. The vinyllithium solution was added to a suspension of 
354 mg (0.99 mmol) of tetrabutylammonium dicyanocopper(I) in 8 ml of anhydrous THF. The 
orange suspension was stirred for 15 min at —78 °C, then warmed to —25 °C and stirred for 
an additional 2 h. To the above cuprate mixture at — 25°C was added a solution of 328 mg 
(1.10 mmol) of the iodoorthoester in 5 ml of anhydrous THF. The mixture was stirred for 4 h at 
— 25 °C, then quenched by the addition of 2 ml of 2 m aqueous ammonium chloride solution 
(pH 9.0). The crude mixture was extracted with 3 x 50 ml of pentane-diethyl ether (1:3), washed 
with brine and dried over anhydrous potassium carbonate. Evaporation of solvent in vacuo 
followed by chromatography on triethylamine-deactivated silica gel in diethyl ether-hexane (1:5) 
gave 363 mg (69%) of the product; TLC, Rf [diethyl ether-hexane (1:5)] 0.62; IR (neat), 
3090 cm-i; ‘H NMR (CDCI3), ^ 0.795 (s, 3H), 0.91 (t, 3H), 2.06 (dt, 7 = 7, 7 Hz), 2.75 (dd, 2H, 
J =1,1 Hz, 3.89 (s, 6H), 5.41 (m, 2H), 5.85 (d, J = 12 Hz), 6.48 (dt, 7 = 8, 12 Hz); mass spectrum, 
mjz (relative intensity, %) 527 (M”^, 2). 

Typical 1,4-Addition of RxCu(CN)2LiNBu4. to an Enone [163] 

«-BuCu(CN)2LiNBu4 

THF, -40°C, 10 min 

(97%) 

To a suspension of 179 mg (0.5 mmol) of «-Bu4,NCu(CN)2 in 4 ml of anhydrous THF at —78 °C 
under N2 was added 0.202 ml of 2.5 m (0.505 mmol) «-BuLi. After stirring for 1 h at —40 °C, 
53 mg (0.55 mmol) of 2-cyclohexenone (neat) were added and the reaction mixture was stirred for 
an additional 10 min at —40 °C. The reaction was quenched by the addition of 2 ml of saturated 
aqueous NH4CI and the crude product was extracted with diethyl ether. The organic phase was 
washed with brine and dried over anhydrous MgS04. Evaporation of solvent followed by 
chromatography on silica gel in diethyl ether-light petroleum afforded 74.5 mg (97%) of the 
product; IR (neat), 1708 cm“^; ^H NMR (CDCI3), S 0.87 (t, 3H), 2.0-2.4 (m, 4H). 

4.4.3 R2Cu(SCN)Li2 

Although in the term ‘organocuprate’ has come to imply a copper reagent arising from 

CuCN or a copper(I) halide salt, there is actually another precursor that leads to a 

unique, albeit seldomly used, species. Dating back to Gilman’s original disclosure on 

the admixture of 2RLi with a Cu(I) salt [5], both Cul and copper(I) thiocyanate 

(CuSCN) were believed to arrive at the same lower order species R2CuLi. It is now 

appreciated that for CuSCN, unlike copper(I) halides, the 2RLi add to form a higher 
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order cuprate R2Cu(SCN)Li2 (14) [6], i.e. the thiocyano analog of R2Cu(CN)Li2 

(equation 4.27). They have been reported, however, to afford results in certain contexts 

which are different from those obtained with other cuprates. Thus, for the displacement 

reaction of a configurationally defined vinylogous thioester (below), cuprates 14 were 

a welcomed alternative to R2CuLi insofar as the stereoselectivities of these couplings 

(i.e. E.Z ratios) are concerned [164]. Copper(I) thiocyanate, the precursor to 14, is a 

commercially available, inexpensive, air- and light-stable, off-white solid. Given these 

attractive features, it is surprising that it has not been utilized to a greater extent. 

2RLi + CuSCN R2Cu(SCN)Li2 (4.27) 
solvent 

(14) 

Displacement on a Vinylogous Thioester Using R2Cu(SCN)Li2 [164a] 

s-Bu2Cu(SCN)Li2 

EtjO, -78 to -58°C 
1.5 h 

(86%) 
(£;Z 11:89) 

To a mixture of CuSCN (0.3287 g, 2.7 mmol) in diethyl ether (20 ml) cooled to approx. —15 °C 
was added dropwise 4.1ml of jcc-butyllithium (1.33 m, 5.45 mmol). After 30 min, the light 
tan solution was chilled to —78 °C and the educt (0.2108 g, 1.35 mmol) was added with a syringe. 
After 1.5 h, the temperature had risen to — 58°C and TLC indicated that the reaction was 
complete. The reaction was quenched with saturated aqueous NH4CI and standard work-up gave 
0.2357 g of a yellow oil. Purification by TLC using a preparative plate (1000 fim Si02,1 % v/v ethyl 
acetate-light petroleum) afforded the pure Z-isomer (0.i492 g, 66%), Rf 0.28, and a minor fraction 
[which was a mixture of the E and Z-isomers (0.0421 g), for an overall yield of 86%]. VPC analysis 
of the crude mixture indicated an E/Z ratio of 11:89. £'-Isomer: IR, 2960 (s), 2860 (s), 1670 (s), 
1620 (s), 1460 (s), 1380 (2), 1120 (s), 1060 (s) cm"!; NMR, 5 0.83 (t, 3H, 7 = 7 Hz), 1.05 (d, 
3H, 7 = 7 Hz), 1.09 (d, 6H, 7 = 7 Hz), 1.37 (quint, 2H, 7 = 7 Hz), 1.89-2.28 (m, IH), 2.05 (d, 3H, 
7 = 1 Hz), 2.61 (hept, IH, 7 = 7 Hz), 6.09 (s, IH); NMR, 5 205.0, 162.9, 121.5, 46.0, 41.5, 27.5, 
18.8, 18.3 (2C), 155.9, 14.9. Z-Isomer: IR, 2960 (s), 2870 (m), 1687 (ss), 1610 (s), 1440 (m), 1380 
(m), 1350 (m), 1210 (m), 1170 (s), 950 (m) cm-'; ^H NMR, d 0.69-1.14 (m, 6H), 1.08 (d, 6H, 
J = 1 Hz), 1.20-1.54 (m, 2H), 1.77 (d, 3H, 7 = 1 Hz), 2.50 (hept, IH, 7 = 7 Hz), 3.73 (sep, IH, 
7 = 7 Hz), 6.10(s, IH); NMR, 8 203.6,161.6,123.2,40.9, 35.4,27.2,18.4 (2C), 17.9,17.7,11.3. 

4.4.4 R2Cu(CN)LiMgX 

Another variation among higher order cyanocuprates involves the mixing of gegenions 

to reflect, e.g., the combination of an organolithium and Grignard reagent, together 

with CuCN, to form presumably R2Cu(CN)LiMgX (equation 4.28) [165]. The driving 

RXi-H R,MgX + CuCN -^ R,R,Cu(CN)LiMgX (4.28) 
solvent 

(15) 
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force behind this variation lies in the availability and ease of preparation of most 

Grignard reagents. When an equivalent is added to preformed (2-thienyl)Cu(CN)Li, 

either freshly made up or purchased in a bottle, a reagent results which is capable of 

effecting substitution and 1,4-additions. The solubility at low temperatures, however, 

of lithiomagnesiohalide cuprates is not nearly as high as that of dilithio reagents, with 

those derived from RMgCl (vs RMgBr) seemingly of greater tendency to dissolve in 

THF and Et20 at —78 °C. The actual outcome of the reaction, however, appears not 

to be dependent on the halide present in the Grignard precursor (and hence in 15). While 

the reactivity of cuprates 15 is lowered owing to the switch from 2Li^ to Li'^MgX'^, 

even congested enones are acceptable educts. On occasion, however, BF3-Et20 (1 

equiv.) must be present in solution (which together should not be warmed above ca 

— 50 °C). With unhindered systems, the Lewis acid is not needed. THF is the best 

medium with respect to solubility, although the reagents often appear as greyish slurries. 

In Et20 as the major or sole solvent, a far less soluble, brown, sticky material is 

commonly noted at the bottom of the flask. 

Reaction of a Monosubstituted Epoxide with R(2-Th)Cu(CN)LiMgX [165] 

n-Bu(2.Th)Cu(CN)LiMgCl 

THF, -78toO°C,4h 

(81%) 

2-Thienyllithium (0.6 mmol) was prepared from thiophene (50 /rl, 0.62 mmol) and «-BuLi (0.25 ml, 
2.40 m) in THF at —30 °C (0.4 ml, 30 min) and then added to a precooled ( — 78 °C) slurry of 
CuCN (55 mg, 0.6 mmol) in THF (1.5 ml) followed by n-BuMgCl (0.24 ml, 0.6 mmol). On warming 
to room temperature, the mixture dissolved to a green-amber solution with traces of a fluffy 
white precipitate. Recooled to —78 °C, the mixture thickened to a tan slurry and to it was added 
the neat epoxide (56 /rl, 0.5 mmol). The reaction was warmed to 0 °C and stirring continued for 
4 h followed by quenching and workup in the usual way. Chromatography on Si02 with 20% 
Et20-light petroleum afforded 63.5 mg (81%) of a clear oil; TLC, Ry = 0.25; identical spec¬ 
troscopically with an authentic sample. 

Conjugate Addition of R(2-Th)Cu(CN)LiMgX to an a,p-Unsaturated Ketone'[165] 

THF 

-78 °C, 2.25 h 

O 

CuCN (102 mg, 1.14 mmol) was placed in an oven-dried two-necked round-bottomed flask 
equipped with a magnetic stir bar. The salt was gently flame-dried (30 s) under vacuum and then 
purged with Ar. Dry THF (1.0 ml) was added and the stirred slurry was cooled to —78°C. 
2-Thienyllithium was prepared in a second two-necked round-bottomed flask from thiophene 
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(91 n\, 1.14 mmol) in dry THF (1.0 ml) at —30 °C, to which was added «-BuLi (0.47 ml, 2.44 m 

in hexane, 1.14 mmol) and the clear colorless solution was stirred at 0 °C for 30 min. The 
preformed 2-thienyllithium was added to the CuCN slurry at — 78 °C and warmed to 0 °C over 
30 min until the tan-brown slurry became clear. The mixture was cooled to — 78 °C and the 
Grignard reagent-derived 2-(2-bromoethyl)-l,3-dioxane (80/il, 1.42 m in THF, 1.14 mmol) was 
added dropwise and the resulting mixture was warmed to 0 °C for 2 min and cooled to —78 °C. 
Cyclohexenone (freshly distilled, 100 pi, 1.03 mmol) was added and the reaction was stirred at 
— 78 °C for 2.25 h and quenched by the addition of 5 ml of a 90% aqueous NH4.CI (saturated)-10% 
ammonia (concentrated) solution. After stirring at room temperature for 30 min, the solution was 
worked up in the usual way. Column chromatography on Si02 with Et20-light petroleum (1:1) 
afforded 186 mg (85%) of product as a clear liquid; IR (neat), 2960, 2940, 1712, 1408, 1380, 1145, 
1008, 942, 895 cm“i; iR NMR, d 4.51 (t, IH, 7 = 5.1 Hz), 4.09 (g, 2H, 7 = 5.1 Hz), 3.75 (d of t, 
IH, 7 = 2.4 Hz and 7 = 12.3 Hz), 2.09 (m, 2H), 2.0-0.8 (m, 13H); mass spectrum, m/z (relative 
intensity, %) 213 (M+ -f 1, 18), 165 (18.4), 157 (10.5), 138 (14.7), 121 (13.2), 119 (55.6), 110 (16.5), 
87 (59.2), 59 (18.3); HRMS, calculated for C12H20O3 + {M + 1), 213.1491; found, 213.1477. 

4.4.5 RMnCI-CATALYTIC Cud 

By conversion of an RLi or RMgX into the corresponding organomanganese(II) 

reagents RMnCl, 1,4-additions can be effected in the presence of 1-3 mol% CuCl 

(equation 4.29). In some cases, yields from reactions using this combination are better 

than those from either the corresponding copper-catalyzed Grignard or cuprate 

Michael-type couplings. Notably, hindered enones (e.g. pulegone, 88%; isophorone, 

95%, mesityl oxide, 94%; addition of an n-Bu group) are not problematic [166] 

and the reactions are conducted at a very convenient 0 °C over a 2-4 h period. 

RMgX 

or -^ RMnCl -1,4 adduct (4.29) 

RLi 

Owing to the hygroscopic nature of MnCl2, it must be handled quickly. It should 

be dried in vacuo before use for 2 h at 180 °C under vacuum (0.01 mmHg). A number 

of suppliers offer anhydrous MnCl2 (purity ^99%) fairly inexpensively. Material 

supplied by Chemetall as low nickel grade flakes works especially well for this chemistry. 

Preformation of RMnCl can be accomplished using either an organolithium or 

Grignard reagent. They must be prepared and utilized under an inert atmosphere (N2 

or Ar). 

Preparation of RMnCl from RLi and MnCl2 [167] 

1. mixat — 35 

RLi + MnCL -——^ RMnCl + LiCl 
2. BOminto 

3 h, r.t. 

(in Et20) (in THF) (brownish solution 
or suspension) 

A solution of 50 mmol of an organolithium compound in diethyl ether or a hydrocarbon was 
added, with stirring, to 52 mmol of anhydrous manganese chloride in 80 ml of THF under N2, 
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between -35 and 0°C. After 30 min of stirring at room temperature, the organomanganese 
chloride reagent was obtained quantitatively as a brownish solution (formation of an ‘ate complex’ 

with the lithium salts present in the reaction mixture). 

Importantly, when using reactive organolithiums (e.g. «-BuLi), the reaction mixture 

should be kept closer to — 35 °C, whereas less basic RLi (e.g. MeLi, ArLi or vi- 

nyllithiums) can be used at 0 °C. Although all RMnCl compounds have stability at 

ambient temperatures, those derived from ^cc-alkyl-M or fer?-alkyl-M (M = Li or MgX) 

may show decomposition at room temperature should MnCl2 of poor quality be used. 

Starting with RMgX, RMnCl is formed as follows. 

Formation of RMnCl from RMgX plus MnCl2 [167] 

Organomanganese chloride reagents were prepared by adding, between —10 and 0 °C with 
stirring, a solution of 50 mmol of an organomagnesium halide in diethyl ether or, better, THF 
(RMgX; X = Cl, Br, I) to a suspension of 52 mmol of anhydrous manganese chloride in 80 ml of 
THF. The reaction was quantitative after stirring for 30 min to 3 h at room temperature. A 
brownish solution or suspension was thus obtained. 

Once the organomanganese derivative has been prepared, finely crushed CuCl (or 

CuCla) is introduced prior to the substrate. In addition to efficient Michael-type 

processes [166], the catalytic Cu(I)-RMnCl system is highly effective for acylation 

reactions using acid chlorides [168]. Although it is often possible to acylate RMnCl in 

good yields without resorting to copper catalysis, the presence of these salts clearly 

accelerates the process. Moreover, with sec- or rcr/-alkylmanganese chlorides and 

MeMnCl, the yields are usually dramatically improved under the influence of Cu(I). 

1,4-Addition of RMnCl Catalyzed by Cud (or CUCI2): General Procedure [166] 

(86-98%) 

To 52 mmol of organomanganese reagent (RMnCl) in 80-100 ml of THF (prepared as above) 
was added, at 0 °C, 1-3% of pulverized copper chloride (CuCl or CuCh). After 3 min, 50 mmol 
of enone dissolved in 40 ml of anhydrous THF were added dropwise over 10 min. The reaction 
mixture was then allowed to warm to room temperature and, after 1.5-4 h, depending on the 
nature of the enone [e.g. 1.5 h for cyclohexenone and 4 h for Bu(Pr)C=CHCOBu], hydolyzed 
with 60 ml of a 1 M HCl. The aqueous layer was decanted and extracted with diethyl ether or 
cyclohexane (3 x 100 ml) and the combined organic layers were washed with dilute aqueous 
ammonia-NH^Cl solution to eliminate copper salts, and then with 50 ml of aqueous Na2C03 

solution. After drying over MgS04, the solvents were removed in vacuo and the ketone was 
isolated by distillation in 86-98% yield. 
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Copper-Catalyzed Acylation of Organomanganese Reagents with Carboxylic Acid 
Chlorides: General Procedure [168] 

cat. CuCl-RMnCl 

THF, -10 °C to r.t. 
< 30 min 

R 

(69-95%) 

To 52 mmol of organomanganese reagent in 80-100 ml of THF (see above for preparation) was 
added, at — 10°C, 1-3% of pulverized copper chloride (CuCl or CUCI2). After 3 min, 50 mmol 
of carboxylic acid chloride dissolved in 40 ml of anhydrous THF were added to the pot dropwise 
over 10 min. On occasion, the yield can be improved by adding the carboxylic acid chloride at 
— 30°C instead of at — 10°C. The reaction mixture was then allowed to warm to room 
temperature and, after 20-30 min (no more!), hydrolyzed with 60 ml of 1 m HCl. The aqueous 
layer was decanted and extracted with diethyl ether or cyclohexane (3 x 100 ml) and the combined 
organic layers were washed with dilute aqueous ammonia-NH^Cl solution to eliminate copper 
salts, and then with 50 ml of aqueous NajCOj solution. After drying over MgS04, the solvents 
were removed in vacuo and the ketone was isolated by distillation in a yield usually of 69-95%. 

4.5 CHOOSING AN ORGANOCOPPER REAGENT 

With ca 100 ‘representative’ procedures presented here for forming carbon-carbon, 

carbon-hydrogen, carbon-tin and carbon-silicon bonds via a copper intermediate, 

where does one start the process of deciding upon a specific reagent for a particular 

transformation? Since most of the variations among the reagent pool from which to 

choose are for purposes of construction of C—C bonds, attention is directed toward 

this major subgroup rather than those composed of heteroatom or hydrido ligands. 

The two main types of couplings that rely heavily on organocopper reagents are 
conjugate addition and substitution reactions. It is also true that carbocupration is an 

extremely valuable regio- and stereoselective process, but the number of different copper 
species which effect this reaction is relatively limited. Examples provided here include 

the use of lower order lithio- (R2CuLi) and magnesiocuprates (R2CuMgX) and 

Grignard-based organocopper species, RCu MgX2, which together account for essenti¬ 

ally all of this chemistry. Relatively few cases involving, e.g., mixed Gilman reagents 

have been used for carbocupration purposes, and additives such as Lewis acids do not 

figure in these additions to acetylenes. Further, higher order cyanocuprates bearing 

all-carbon ligands are excluded from contention in that they are too basic to be utilized 

in this context; they simply induce an acid-base reaction by abstraction of a terminal 

acetylene’s proton (unless utilized in a intramolecular fashion). 

In anticipating conditions for a particular coupling, the question of competing cuprate 

decomposition may arise. It was pointed out early on [2d] that, in particular, ligands 

containing )S-hydrogens appear to be especially good candidates for 5yn-elimination of 

the elements of CuH [169]. A more recent study comparing a homocuprate (Bu2CuLi) 

with several mixed reagents (RR'CuLi) at — 50, 0 and 25 °C suggests that Gilman 

reagents are actually far more thermally stable that previously realized [55]. 
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4.5.1 CONSIDERATIONS FOR CONJUGATE ADDITION REACTIONS 

Focusing, then, first on the need to carry out a 1,4-addition, there are several initial, 
mainly visual (i.e. non-experimental) observations that can quickly narrow the field of 

logical choices. 

1. Aside from the presence of an a,j?-unsaturated carbonyl unit, what other (elec¬ 

trophilic or Lewis basic) functionality is located in the molecule? This question arises 

because, although catalytic copper-driven Grignard additions preferentially deliver 

in a 1,4-manner, the excess of RMgX in the pot may not be tolerated elsewhere in 

the molecule. On the other hand, the cornerstone of stoichiometric cuprate use is 

their reluctance to add, e.g., in a 1,2-fashion to isolated ketones, especially in the 

presence of functionalities more compatible with soft copper complexes. Further 

insight along these lines can be gleaned from an extensive survey on the uses of 

organocopper reagents in natural products-related total syntheses [2a]. What seems 

to come from this inspection, perhaps not unexpectedly, is that far more researchers 

opt for stoichiometric lithio- or magnesiocuprates that for the catalytic Cu(I)-RMgX 

protocol. The majority of uses of the catalytic system are with simpler substrates, 

where there is little room for competing modes of addition. Thus, the build-up of 

intermediates early in a synthetic scheme might be one of the goals. Finer control 

within more advanced intermediates tends to be left to the domain of stoichiometric 

reagents, mostly lithium based. Such a selection provides still further opportunities 

for taking advantage of the beneficial effects of additives such as BF3-Et20 and 

McaSiCl (see below, point 3 on p. 373). 
2. How costly is the ligand to be introduced into the substrate? When a carbon fragment 

of interest (R,) is easily obtained from, say, a commercial supplier of organolithium 

(R,Li) or Grignard reagents (RjMgX), or is one step removed from readily available 

materials (e.g. RtMgBr, from R,Br, EtLi from EtBr, or (£)- and (Z)-propenyllithium 

from the respective halides [170]}, then it is wise to prepare the corresponding 

homocuprates, R2CuLi, R2CuMgX or R2Cu(CN)Li2. Half of the R,M (M = Li, 

MgX) will be lost on work-up but the benefits associated with greater reactivity (vs 

that of a mixed reagent R,RrCuM) and the elimination of any selectivity of transfer 

issue far outweigh the cost of one equivalent of RtM. Should, however, the ligand 

RfM require a number of steps for preparation or involve expensive reagents (e.g. a 

costly protecting group) such that sacrificing one full equivalent from a cuprate 

coupling is less desirable or even intolerable, then it is advantageous to select a mixed 

cuprate (RfR^CuM). Since, by definition, these reagents are less active than homo¬ 

cuprates [171], and as the nature of the genenion M also impacts on reactivity, a 

lithiocuprate (rather than a Grignard-derived reagent) usually offers the best chance 

of success. As for the choice of R^Li, there are many from which to choose (including, 

as examples, lithiated ferf-butylacetylene, 1-pentyne, thiophene, ferf-butoxide, thio- 

phenoxide, trimethylsilylacetylene and 3-methoxy-3-methyl-l-butyne). At the outset, 

however, there is no reason to select one which is either costly or requires special 

handling, preparation or manipulation. Based on these stringent requirements. 
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thiophene and thiophenol should be seriously considered, as both easily metallate 

with n-BuLi in THF and can then be utilized directly for cuprate generation. 

Lithiated 3-methoxy-3-methyl-l-butyne is also an excellent choice for RfLi, its 

precursor 2-methyl-3-butyn-2-ol being very inexpensive and 0-methylated in high 

yield. The resulting 3-methoxy-3-methyl-l-butyne is a water-white, room temperature 

stable liquid which in lithiated form is extremely soluble in THF. Thus, if sulfur 

compounds are (for whatever reason) to be avoided, this acetylene is a good 

alternative as long as THF, at least in part, is in the medium. 

3. Will additives such as BF3-Et20 or McjSiCl help? Perhaps the best approach to 

answering this question is to assess the environment surrounding the chromophore. 

That is, although these additives do indeed have the potential to turn a completely 

unsuccessful 1,4-addition reaction into a remarkably efficient and rapid process, in 

most cases they may not be necessary and should only be considered after the results 

of an initial small-scale reaction are known. Their impact is most noticeable in 

sterically congested situations, or where the substrate is normally not a satisfactory 

Michael acceptor toward cuprates owing to its highly cathodic (i.e. ^ — 2.4 V in 

DMF) reduction potential (e.g. as with unsaturated amides) [172]. For these 

situations, and also for even more general uses, it pays to consider ‘RCu BFj,’ as 

the mixture of Cul plus R,Li (1 equiv.) followed by introduction of BF3 Et20 in 

THF has been shown to undergo 1,4-additions to, e.g., a,^-unsaturated carboxylic 

acids. There are also small but possibly significant prices to be paid when employing 

these additives: with BF3-Et20, Lewis acid-sensitive functionalities (e.g. ketals) may 

prohibit its use; with Me3SiCl, the initial product is the silyl enol ether, which may 

require a separate ‘hydrolysis’ step (i.e. treatment with mild acid or fluoride ion) to 

arrive at the carbonyl stage. Thus, the best approach is the simplest approach: once 

a reagent has been decided upon, try the coupling without recourse to any other 

materials in the pot (including HMPA, phosphines, phosphites, BF3-Et20 or 

Me3SiX). Only when it is clear that special circumstances exist (such as with highly 

hindered substrates, thermally unstable cuprates, problems due to limited solubility 

with the substrate and/or cuprate, etc.) should one resort to these modifications. 

4.5.2 CONSIDERATIONS FOR SUBSTITUTION REACTIONS 

Displacements by organocopper reagents, as with conjugate additions, cover a wide 

range of available reagents. However, coming up with generalities for selecting one can 

be far more challenging in that there is a greater diversity of electrophiles associated 

with this aspect of organocopper chemistry. In other words, while ‘Michael additions’ 

define (in most cases) the substrate as containing an a,)S-unsaturated carbonyl unit, 

suitable partners for substitution reactions include (a) primary, secondary, and vinylic 

halides and numerous sulfonate derivatives (e.g. mesylate, tosylate, triflate), (b) epoxides 

of the (most often) mono- and disubstituted type, (c) allylic substrates such as epoxides 

and acetates, (d) propargylic leaving groups and (e) miscellaneous participants, including 
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lactones, sulfates, heteroaromatics, heteroatoms and other organometallic species, to 

name only a few [2a]. 
Of greatest interest, based solely on relative numbers, are reactions of primary leaving 

groups and epoxides. These two classes need be distinguished with respect to reagent 

choice since additives, which do not play a role in displacements of, e.g., halides, can 

significantly alter the chemistry of epoxides via, e.g., Lewis acid coordination. Thus, 

whereas the former are essentially ‘push’ reactions (i.e. nuclophilically driven), displace¬ 

ments involving oxiranes (with Li"^, MgX"^ or either in the presence of BF3) involve a 

‘push-pull’ type process. 
For carrying out a displacement on a primary halide in THF or sulfonate in Et20, 

it is important to match the reactivity of the leaving group with the reactivity of the 

reagent. For simplicity, the following scale can be used as a guide, where each halide 

correlates with a particular lithiocuprate. Thus, if a primary iodide is chosen, a Gilman 

cuprate should lead to an excellent yield of the desired product at low temperatures 

(usually ca - 78 °C). If, however, an iodide is of limited stability, is difficult to prepare 

or is light sensitive, then a bromide would suffice so long as either (a) the lower order 

cuprate is used at higher temperatures for longer times or (b) a more reactive higher 

order cyanocuprate is employed, which should do the same coupling at temperatures 

^ — 50 °C. At the very bottom of the reactivity scale lie the primary chlorides, which 

are generally unacceptable educts towards lower order cuprates and slow-reacting with 

most higher order cyanocuprates. By switching to allylic cyanocuprates, however, they 

become susceptible and can be displaced in minutes at —78 °C. 

Reactivity Patterns for Cuprate Substitution 

Reactions at sp^ Centers 

>v^A)'Cu(CN)Li2 
match 

Cl ./WN/' 

reactivity 

(cuprate) 

match 
R2Cu(CN)Li2 --- Br ./WV' 

reactivity 

(substrate) 

match 
R2CuLi --► Iv.rv/w' 

Although stoichiometric lithiocuprate-based substitutions are textbook reactions, 

strong competition comes in the form of copper-catalyzed Grignard processes. Many 

of the same arguments in favor of this system apply as were offered for conjugate 

additions (see above). Moreover, perhaps the best source of catalytic Cu(I), rarely used 

for 1,4-additions, is Kochi’s catalyst, LijCuC^. Hence, if the starting material is 

not especially complex and the Grignard reagent is readily available, the catalytic 

Li2CuCl4-RMgX combination is difficult to surpass in terms of simplicity and yields 
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can be as good as (or better than) those realized from the corresponding lithium 

cuprate. 

Ring openings of epoxides can also be accomplished in good yields via the catalytic 

Cu(I)-RMgX or lithiocuprate route and, to a lesser extent, using R2CuMgX. In general, 

since Et20 is the solvent of choice over THF [in which the genenion(s) present is (are) 

of greater Lewis acidity], lithiocuprates will have better solubility characteristics. With 

monosubstituted oxiranes, assuming no likely interference from other functionalities 

within the substrate, essentially any of the above reagents is a valid first choice. 

Distinctions will merely lie in the temperatures of the couplings, which are tied not only 

to reagent reactivity but also reagent solubility (i.e. lithio- > magnesiocuprates in both 

cases). It is also well worth noting, however, that potential Schlenk equilibria associated 

with Grignard-based reagents may lead to halohydrin by-products (cf. Scheme 4.4). 

Disubstituted epoxides (1,1- or 1,2-) are more likely to be opened efficiently by 

lithiocuprates. When conservation of ligands (RJ is called for, and hence reagent 

reactivity is decreased, the use of ^ 1 equiv. of BF3-Et20 may prove highly beneficial. 

For greatest reagent reactivity without recourse to additives, higher order cyanocu- 

prates, R2Cu(CN)Li2, in Et20 appear to offer the best opportunities, and on occasion 

can be successful with trisubstituted epoxides. For activated, allylic cases, the reagent 

of choice is clearly the lower order cyanocuprate RCu(CN)Li. 

MgXz + (R2Cu)2Mg [RjCuMgXh 

Scheme 4.4 

4.6 CONCLUDING REMARKS 

The material compiled for this chapter not only covers an array of standard reactions 

in organocopper chemistry, but also traces the evolutionary developments of this 

extensive area of research. From the very first observations by Gilman in 1952 [5] to 

the most recent methodological advances for organocopper reagent generation, manipu¬ 

lation and use, a broad spectrum of literature procedures is contained herein. Aside 

from the convenience of having these collected together, the many titbits of information 

provided should assist researchers in quickly gaining a feel for this science. Between the 

experimental details and supporting comments for most of the typical reactions 

highlighted, it should be possible for a chemist at virtually any stage of his or her career 



376 B. H. LIPSHUTZ 

to use organocopper reagents routinely, for not to make use of such powerful weapons 

would undoubtedly limit one’s options in planning synthetic strategies. 
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5.1. INTRODUCTION 

Although palladium complexes have been used to catalyze organic reactions for several 

decades, only recently has their use in the synthesis of highly functionalized, complex 

organic molecules been embraced by synthetic organic chemists [1]. The reasons for 

this tardy acceptance are both practical and psychological; practical because only 

recently have organometallic chemists responsible for developing the methodology 

demonstrated that the chemistry is indeed compatible with highly functionalized 

substrates, and psychological because only recently have the nether reaches of the 

Periodic Table, wherein resides palladium, become familiar territory to synthetic organic 

chemists. 
Palladium complexes have a very rich organic chemistry and are among the most 

readily available, easily prepared and easily handled of transition metal complexes. 

Their real synthetic utility lies in the very wide range of organic transformations 

promoted by palladium catalysts, and in the specificity and functional group tolerance 

of most of these processes. They permit unconventional transformations and give the 

synthetic chemist wide latitude in his or her choice of starting materials. When utilized 

with skill and imagination, exceptionally efficient total syntheses can be achieved. These 

points are the recurring themes of this chapter. 

5.2 GENERAL FEATURES 

Palladium enjoys two stable oxidation states, the +2 state and the zerovalent state, 

and it is the facile redox interchange between these two oxidation states which is 

responsible for the rich reaction chemistry that palladium complexes display. Each 

oxidation state has its own unique chemistry. 
Palladium(II) complexes are electrophilic, and tend to react with electron-rich organic 

compounds, particularly olefins and arenes. The most common starting material for 

most palladium complexes is palladium(II) chloride, [PdCl2]„, a commercially available 

rust red-brown chloro-bridged oligomer, insoluble in most organic solvents (Figure 5.1). 

The oligomeric structure is easily broken by donor ligands, resulting in monomeric 

PdCl2L2 complexes stable to air and soluble in most common organic solvents. Among 

the most useful are the nitrile complexes, PdCl2(RCN)2, prepared by stirring a 

suspension of [PdCl2]„ in the nitrile as solvent. These tan-golden solids are fairly soluble 

in organic solvents and stable to storage for years. The benzonitrile complex is most 

commonly used, since it is very soluble but, when used in quantity, elimination of the 
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Figure 5.1 

odorous, water-insoluble, relatively non-volatile benzonitrile is problematic. Although 
slightly less soluble, the acetonitrile complex is more convenient to work with since 
acetonitrile is odorless, water soluble and volatile. Both nitriles are sufficiently labile to 
vacate coordination sites easily during reaction, making them excellent choices for 
catalysis. Treatment of [PdCl2]„ with triphenylphosphine produces the yellow crystal¬ 
line PdCl2(PPh3)2 complex, which again is stable and easily stored and handled. In 
contrast to the nitrile ligand, the phosphines are much less labile and, as a consequence, 
PdCl2(PPh3)2 is infrequently used in systems requiring palladium(II) catalysis, although 
it is frequently the catalyst precursor of choice for palladium(0)-catalyzed processes. 
Even chloride ion is able to break the [PdCl2]„ oligomer, treatment of which with two 
equivalents of LiCl in methanol produces Li2PdCl4, a red-brown hygroscopic solid 
that is relatively soluble in organic solvents. The final commonly used palladium(II) 
complex is palladium(II) acetate, Pd(OAc)2, again commercially available and soluble 
in common organic solvents. It, too, is most commonly used as a catalyst precursor for 
Pd(0)-catalyzed processes (see below). 

Palladium(O) complexes are strong nucleophiles and strong bases, and most com¬ 
monly are used to catalyze reactions involving organic halides, acetates and triflates 
(see below). By far the most commonly used palladium(O) complex is Pd(PPh3)4, 
‘tetrakis’ (triphenylphosphine)palladium(O). This yellow, slightly air-sensitive (as a solid), 
crystalline solid is commercially available, but is expensive, and with four triphenylphos- 
phines contributing 1048 to its molecular weight, 1 g of Pd(PPh3)4 contains very little 
expensive palladium and much of the inexpensive phosphine. This, combined with the 
tendency of this complex abruptly to lose its catalytic activity on standing, but with no 
accompanying change in appearance, make it advisable to prepare one’s own material 
frequently and in small batches. Happily, it is easy to prepare, by reducing almost any 
palladium(II) complex in the presence of excess phosphine (Figure 5.2). In fact, in many 
instances palladium(0)-phosphine complexes are generated by reduction in situ and used 
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Figure 5.2 

without isolation, both saving time and permitting the use of phosphine ligands other 

than triphenylphosphine. Another exceptionally useful palladium(O) complex is 

Pd(dba)2, the bisdibenzylidine acetone complex. This is prepared by simply boiling 

palladium(II) chloride and dba together in methanol, which acts as the reducing agent 

(becoming oxidized to formaldehyde). A cherry red precipitate, which is Pd(dba)2, forms 

and is easily separated by filtration; it is air stable, notwithstanding the fact that it is 

a palladium(O) complex. Purification (rarely necessary) by recrystallization from chloro¬ 

form produces crystals of Pd2(dba)3-CHCl3, which has the same activity as Pd(dba)2. 

These are very useful Pd(0) catalyst precursors because they are very easily handled, 

can be stored without precaution for years, yet when dissolved and treated with a wide 

variety of phosphines, produce yellow solutions of the catalytically active PdL„ species 

in situ. Perhaps the most widely used catalyst precursor for Pd(0)-catalyzed processes 

is Pd(OAc)2, a palladium(II) complex which, however, is very easily reduced in situ to 

palladium(O) by almost anything, including carbon monoxide, alcohols, tertiary amines, 

olefins. Main Group organometallics and even phosphines, all common ingredients in 

Pd(0)-catalyzed reactions. This has caused serious confusion amongst the uninitiated 

since most papers describing the use of Pd(OAc)2 as a catalyst precursor carry on at 

great length about Pd(0) catalysis, yet every equation has Pd(OAc)2 over the arrow 

with no comment. Rest assured, in all Pd(0)-catalyzed processes using Pd(OAc)2 as the 

catalyst, there lurks any number of reducing agents perfectly capable of generating the 

requisite Pd(0) catalyst. 
Hence the synthetic chemist has a large number of palladium catalysts to choose 

from, and the best choice is not always obvious. As is the case with traditional organic 

synthetic methodology, the starting point is to find as close an analogy to the desired 

transformations as possible, and to start with that catalyst and those conditions. 
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However, as it is with traditional organic chemistry, the lack of a close analogy is 

common, but not catastrophic; although an impediment to progress, it is also an 

opportunity to discover new chemistry. 

5.3 PALLADIUM(II) COMPLEXES IN ORGANIC SYNTHESIS 

5.3.1 NUCLEOPHILIC ATTACK ON PALLADIUM(II) OLEFIN COMPLEXES 

5.3.1.1 General Features 

Olefins rapidly and reversibly complex to soluble palladium(II) complexes, particularly 

PdCl2(RCN)2 and Li2PdCl4. For simple olefins, the order of complexation is 

CH2=CH2 > RCH=CH2 > m-RCH=CHR > rra«.s-RCH=CHR ^ R2C=CH2, 
R2C=CHR; R2C=CR2 does not complex at all. Since palladium(II) is electrophilic, 

electron-rich olefins such as enol ethers and enamides complex strongly whereas 

electron-deficient olefins complex poorly or not at all. Although the degree of complexa¬ 

tion is related to the degree of activation of the olefin towards further reaction, 

stable olefin complexes are not only unnecessary, but actually a hindrance to catalysis, 

and olefins which complex only very weakly can often be brought into reaction, 

particularly in intramolecular cases. 
Once complexed, however tenuously, to palladium(II), the olefin becomes generally 

reactive towards nucleophilic attack, this reversal of normal reactivity (electrophilic 

attack) being a consequence of coordination. Under appropriate conditions, nu¬ 

cleophiles ranging from chloride through phenyllithium, a range of ca 10^^ in basicity, 

can attack the metal-bound olefin. Attack usually occurs at the more substituted 

position of the olefin (that which would best stabilize positive charge) and from the face 

opposite the metal. Nucleophiles which are poor ligands for palladium(II), such as 

halide, carboxylates, alcohols and water, generally react without complication. Amines 

are substantially better ligands for palladium, and competitive attack at the metal with 

displacement of the olefin is sometimes a problem which can, however, often be 

managed. For this same reason, phosphines are rarely if ever used as spectator ligands 

in Pd(II)-catalyzed reactions of olefins. Low-valent sulfur species such as thiols and 

thioethers are catalyst poisons and cannot be used as nucleophiles. Carbanions, 

particularly if non-stabilized, are strong reducing agents, and reduction of Pd(II) to 

Pd(0) with concomitant oxidative coupling of the carbanion must be suppressed by the 

addition of appropriate ligands when carbanions are used as nucleophiles. Finally, 

remote functional groups in the substrate which strongly complex palladium(II) (e.g. 

phosphines, aliphatic amines and thiols) may irreversibly bind Pd(II), preventing the 

desired complexation and activation of the olefinic portion of the molecule. 

Nucleophilic attack on the olefin produces a new carbon-nucleophile bond and a 

new palladium-carbon cr-bond. This (usually) unstable (T-alkylpalladium(II) inter¬ 

mediate, regardless of how it is produced, has a very rich reaction chemistry in its own 

right. Exposure of this class of complexes to subatmospheric pressures of carbon 
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monoxide results in insertion of CO into the metal-carbon c-bond to give a (T-acyl 

complex. This insertion proceeds readily at temperatures above ca — 20 °C, and 

effectively competes with j5-elimination (see below). The resulting cr-acyl complexes are 

also unstable, and it is customary to generate them in the presence of a trap such as 

methanol, to result in cleavage to the free organic ester, and palladium(O). Exposure of 

solutions of the c7-alkylpalladium(II) complex to hydrogen, again at temperatures above 

— 20 °C, results in clean hydrogenolysis of the metal-carbon a-bond, resulting in 

overall nucleophilic addition to the olefin. Again, Pd(0) is produced. Main Group 

organometallics including Sn, Zr, Zn, Cu, B, Al, MgX and Si, but not Li, readily transfer 

their R group to cr-alkylpalladium(II) complexes, at temperatures below ca — 20°C, 

producing dialkylpalladium(II) species which undergo reductive elimination on warm¬ 

ing, coupling the two R groups and again producing Pd(0). If the initial c-alkyl- 

palladium(II) complex is warmed above — 20 °C, j5-hydrogen elimination rapidly 

ensues, regenerating the olefin (e.g. overall nucleophilic substitution) and again giving 

Pd(0). The stereochemistry of j5-elimination requires that the metal and the jS-hydrogen 

be syn coplanar, and j?-elimination can often be suppressed by preventing this. However, 

under normal circumstances, ^-elimination is very facile and is the primary competing 

side-reaction in processes attempting to utilize (T-alkylpalladium(II) species which have 

j?-hydrogens. Indeed, olefin insertion, a very important process for (T-alkylpalladium(II) 

complexes lacking j3-hydrogens (e.g. aryl or vinyl complexes; see below) can rarely be 

achieved with systems having j?-hydrogens, since ^-elimination is so facile. When 

jg-hydrogens are lacking, simple olefins, electron-rich olefins such as enol ethers and 

enamides and electron-deficient olefins all readily insert into palladium(II)-carbon 

(T-bonds, resulting in alkylation of the olefin. The regiochemistry of the insertion is 

dominated by steric and not electronic effects, and alkylation occurs predominately at 

the less substituted olefin carbon. 
Note that all of these reactions of (r-alkylpalladium(II) complexes produce Pd(0) in 

the final step, while Pd(II) is required to activate the olefin for the first step (nucleophilic 

attack). Thus, for catalysis, Pd(0) must be reoxidized to Pd(II) in the presence of 

substrate, nucleophile and product. A wide array of oxidants, including O2-CUCI2, 

K2S2O8 and benzoquinone, are available, and many, successful catalytic systems have 

been developed (see below). However, carrying the Pd(0) to Pd(II) redox chemistry 

necessary for catalysis is often the most difficult aspect of developing new Pd(II)-based 

systems. All of the points discussed above are summarized in Figure 5.3. 

5.3.1.2 Oxygen Nucleophiles 

One of the earliest palladium(II)-catalyzed reactions of olefins studied was the Wacker 

process, the formal oxidation of ethylene to acetaldehyde which involves, as the key 

step, palladium(II)-catalyzed nucleophilic addition of water to ethylene. While this 

particular process is of little general use in organic synthesis, the closely related 

palladium(II)-catalyzed oxidation of terminal olefins to methyl ketones is useful, 

primarily because this oxidation is selective for terminal olefins and tolerant of a wide 
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range of functional groups [2]. The reaction probably proceeds as in Figure 5.4, and 

involves many of the processes discussed above. 

The first step involves coordination of the olefin and, since terminal olefins complex 

most strongly, the reaction is selective for terminal over internal olefins. The complexed 

olefin then undergoes nucleophilic attack by water, regioselectively at the 2-position, 

ultimately leading to methyl ketones rather than aldehydes, which would result from 

attack at the primary carbon. ^-Hydrogen elimination produces the enol, which 

isomerizes to the product methyl ketone, and Pd(II) -I- HCl. Reductive elimination of 

HCl gives palladium(O), which must be reoxidized to palladium(II) to re-enter the 

catalytic cycle. 

The choice of solvent and reoxidant is critical to the success of this process. Solvent 

systems are particularly problematic since both the substrate olefin and water must 
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Figure 5.4 

have appreciable solubility in the reaction medium. In practice, polar solvents such as 

dimethylformamide, N-methylpyrrolidinone and 3-methylsulfolane have proven most 

effective. Copper(I) chloride or copper(II) chloride-oxygen (1 atm) is most commonly 

used as the reoxidant, although a stoichiometric amount of benzoquinone provides 

milder conditions. Examples of the efficiency and selectivity are shown in equations 

5.1-5.4. 

85% 

59% 
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Internal olefins undergo reaction extremely slowly under normal reaction conditions, 

hence the specificity. Unfortunately, alternative conditions under which internal olefins 

will react have not been found. The exception to this is conjugated enones, which can 

be efficiently converted into j5-dicarbonyl compounds under very different conditions 

and almost certainly by a different mechanism. However, this difference has little 

relevance to organic synthesis, and examples of this process, which require the use of 

tert-hvLiy\ hydroperoxide as a reoxidant, N-methylpyrrolidinone or 2-propanol as 

solvent and Na2PdCl4 as catalyst at 50-80 °C, are shown in equations 5.5 and 5.6. 

(5.6) 

Other oxygen nucleophiles, particularly alcohols and carboxylates, also efficiently 

attack olefins in the presence of palladium(II) catalysts. Intermolecular versions have 

been little used, but intramolecular versions, particularly with highly functionalized 

complex substrates, have been extensively applied. Much of this work predates the 

development of mild reoxidants for palladium (e.g. benzoquinone) and many literature 
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examples were carried out using stoichiometric quantities of palladium(II), since the 

substrates and/or products were unstable to the relatively harsh copper-oxygen redox 

conditions. These cases warrant re-examination, since catalysis using milder oxidants 

is certainly possible. Examples of stoichiometric processes are seen in the cyclization of 

o-allylphenols to benzofurans (equation 5.7) [3] and 2-hydroxychalcones to flavones 

(equation 5.8) [4]. An efficient example of stoichiometric benzofuran formation is seen 

in the synthesis of tetracycline intermediates (equation 5.9) [5]. Even more impressive 

is the use of palladium(II) catalysis for the ‘alkoxycarbonylation’ of an olefin in the 

total synthesis of frenolicin (equation 5.10) [6], wherein the palladium is used twice, 

1 eq PdCl2(PhCN)2 

NaOMe, PhH 

R 

30-60% 

(5.7) 

(5.8) 

(5.9) 

(5.10) 
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once to activate the olefin towards nucleophilic attack by the alcohol, and then to insert 

CO into the resulting (7-alkylpalladium(II) complex. This succeeded because CO 

insertion can compete with jS-hydride elimination under appropriate conditions (see 

below). By using 1.5 equivalents of palladium(II) acetate and carefully controlling 

reaction conditions, a double insertion of two different olefins was achieved in a 

synthesis of a prostaglandin analog (equation 5.11) [7]. jS-Elimination after the first 

olefin insertion was suppressed by the rigidity of the bicyclic system, which prevented 

the achievement of the syn coplanar Pd—H arrangement required for this process. 

1.5 Pd(OAc)2 

4 

20 

dlBDMS 

OEt 

(5.11) 

Carboxylic acids are also excellent nucleophiles for olefins. o-Allylbenzoic acids were 

cyclized to isocoumarins in excellent yield under both stoichiometric and catalytic 

conditions (equation 5.12) [8]. A useful variant of this is the palladium-catalyzed 

1,4-bisacetoxylation of 1,3-dienes, which involves nucleophilic attack of acetate on the 

palladium complexed diene. This generates a 7r-allylpalladium(II) complex, also gener¬ 

ally subject to nucleophilic attack (see Section 5.4.3). In the absence of added chloride 

the second acetate is delivered from the metal, resulting in overall ^mn^'-bisacetoxylation. 

0 0 

OH PdCl2(MeCN)2 0 
(5.12) 
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Added chloride blocks this coordination site on the metal and leads to nucleophilic 

attack by uncomplexed acetate, from the face opposite the metal, giving the correspond¬ 

ing cw-diacetate and palladium(O) [9]. The reoxidation of Pd(0) to Pd(II) can be 

carried by benzoquinone-Mn02 or more efficiently by 02-catalytic hydroquinone- 

catalytic Co(salophen) [10]. Because the products of this reaction are allyl acetates, and 

because of the wide variety of Pd(0)-catalyzed reactions of allyl acetates (Section 5.4.3), 

this is a useful process. This chemistry is summarized in Figure 5.5. Note that 1,3-dienes 

have been catalytically dialkoxylated, using alcohols in place of acetate, under similar 

conditions [11]. A useful intramolecular variant of this is seen in equation 5.13 [12]. 

n = 1.2 

5% Pci(OAc)2 

2 eq BQ, 
HOAc/acetone 

86% 

(5.13) 

5.3.1.3 Nitrogen Nucleophiles 

Whereas the palladium(II)-catalyzed reaction of oxygen nucleophiles with olefins is a 

general and efficient process, nitrogen nucleophiles pose a number of serious prob¬ 

lems, the major one being that aliphatic amines are better ligands than olefins for 

palladium(II) and both the nucleophile and the product are catalyst poisons. Hence 

the palladium(II)-catalyzed amination of olefins by aliphatic amines has not been 

achieved, although a cumbersome process requiring one equivalent of Pd(II), three 

equivalents of a secondary amine and reductive removal of palladium has been 

developed [13]. The problem does indeed lie with the basicity of the amine nucleophile 

and, by reducing the basicity, catalysis can be achieved. 

Illustrative of both the problems and successes of Pd(II)-catalyzed amination of olefins 

is the case of cyclization of olefinic amines (Figure 5.6). As expected, the free amines 
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LiCI (5 g scale) 

N 

Ts 

16 cases 

60-90% 

STABLE! 

Figure 5.6 

failed to cyclize when treated with either stoichiometric or catalytic amounts of 

palladium(II) chloride. The free amine, being a potent ligand for palladium(II), instead 

formed a stable complex, effectively poisoning the catalyst. AT-Acylation of the amine 

sufficiently reduced the coordinating ability of the nitrogen to permit competitive olefin 

complexation by the Pd(II), but catalysis was again thwarted; coordination of the N-acyl 

oxygen stabilized the resulting o--alkylpalladium(II) complex, preventing jS-hydrogen 

elimination, and truncating the reaction. In contrast, N-tosylation resulted in a substrate 

that neither complexed the Pd(II) catalyst at nitrogen nor stabilized the intermediate 

(7-alkylpalladium(II) complex, and efficient catalysis was achieved [14]. 

In contrast to aliphatic amines, aromatic amines are ca 10® times less basic and 

consequently coordinate much less strongly to palladium(II) complexes. Thus o- 

allylanilines undergo catalytic cyclization to indoles without protection (deactivation) 

of the amine (equation 5.14) [15]. The use of the mild reoxidant benzoquinone is critical 

here, since copper-oxygen-based reoxidation of palladium destroys both anilines and 

indoles. Interestingly, both iV-acetyl and N-sulfonylanilines also undergo the Pd(II)- 

(NHTs) 

2% PclCl2(MeCN)2 

2eq o 

LiCI, THF, rtx 

14 cases 
60-86% 

(5.14) 
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catalyzed cyclization. By carefully controlling the conditions to promote olefin insertion 

and suppress j?-hydride elimination (short reaction times, polar solvents, low tempera¬ 

tures), the intermediate c-alkyl palladium(II) complex could be intramolecularly trapped 

by an adjacent olefin, resulting in bicyclization to the pyrroloindoloquinone system 

(equation 5.15) [16]. Note that although this substrate has nine potential functional 

groups (denoted with arrows) which can coordinate to palladium(II), only coordination 

to one of these results in a situation where productive reaction can ensue. Provided 

that the other sites do not irreversibly bind the catalyst, the catalytic process proceeds 

smoothly. 

5.3.1.4 Carbon Nucleophiles 

The use of carbon nucleophiles to attack olefins coordinated to palladium(II) presents 

yet another set of problems. Palladium(II) salts are reasonably good oxidizing agents, 

and exposure of carbanions to them results in rapid reduction of Pd(II) to the metal, 

with concomitant oxidative coupling of the carbanion. This can be suppressed by 

‘protecting’ the palladium(II) from direct attack by the carbanion by the addition of 

triethylamine to the olefin-palladium(II) complex at low temperature. Under these 

conditions stabilized carbanions can be directed to attack the olefin rather than the 

metal, and alkylation of the olefin can be achieved. Again, an unstable cr-alkylpallad- 

ium(II) complex is produced; this can )?-eliminate to give the alkylated olefin, can 

be reduced to give the alkane or can be carbonylated to give the ester (Figure 5.7) [17]. 

However, this process requires a stoichiometric amount of palladium, since an oxidizing 

agent to reoxidize Pd(0) to which carbanions are stable has not yet been found. Hence 

the product must have a ‘high value’ before the chemistry can be utilized. Just such a 

case is seen in the synthesis of a relay to (-H )-thienamycin (equation 5.16), wherein all 

of the functional groups and the absolute stereochemistry of the key stereogenic center 
are set in place in the initial palladium(II) assisted carboacylation step [18], with good 

yield and with virtually complete stereoselectivity. This reaction takes advantage of the 

fact that CO insertion proceeds faster than p hydrogen elimination at - 20 °C, 
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Pd(0) Pd(0) 

Pd(0) 

Figure 5.7 

generating a cr-acyl complex which was cleaved by methanol to produce the ester. 

Cleavage of this same (x-acyl group with tin reagents, via transmetallation and reductive 

elimination (Figure 5.3), permits the introduction of a wide variety of keto groups at 

the former olefin terminus (equation 5.17) [19]. Another example in which the complex¬ 

ity of the product probably justifies the use of stoichiometric quantities of palladium 

is the intramolecular alkylation of olefins by TMS enol ethers (equations 5.18 and 5.19) 

[20]. It should be noted that palladium is not lost in these stoichiometric reactions. 

II ° 1) PdCl2(PhCN)2 
2) Et3N,-78° 

W 3) 0 O 

Ph 

(S)(R) 4) CO, MeOH 
pf?' 

TBSO 

1X n T 
-NH 0 

(5.16) 
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1) PdCl2(MeCN)2 
2) CH(C02Et)2 

3) CO 
4) MeaSnR 

R= , Ph, pMeOPh, pCIPh 

(5.17) 

(5.18) 

(5.19) 

but merely reduced to palladium metal, which can be quantitatively recovered and 

reoxidized to palladium(II) in a separate step. 

5.3.2 PALLADIUM(II)-CATALYZED REARRANGEMENTS 

5.3.2.1 Rearrangements of Allylic Systems 

Palladium(II) complexes are capable of catalyzing rearrangements of all olefinic systems 

to which they complex and, indeed, a competing reaction in the Pd(II)-catalyzed 

reactions of terminal olefins discussed above is the rearrangement of these to internal 

olefins, which are substantially less reactive. However, this ability to catalyze rearrange¬ 

ments has also been utilized in productive ways, particularly with allylic systems. The 

general transformation is shown in equation 5.20, along with a likely mechanism which 

involves coordination of the olefin to Pd(II), thereby activating it to nucleophilic attack, 

nucleophilic attack by Y giving a zwitterionic intermediate and collapse of the inter¬ 

mediate to the rearranged product with ejection of palladium(II). Note that there is no 
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net redox here and, in a sense, Pd(II) is behaving like a very selective Lewis acid. [Note. 

palladium(O) complexes catalyze similar rearrangements but both the mechanism and 

the specificity are different from those for the same reactions catalyzed by palladium(II)! 

These will be discussed below.] 

Pd(ll)cat. 

coord. 

^\d(ll) 
/ n' 

(5.20) 

This reaction is most useful for the rearrangement of tertiary to primary allylic 

acetates, in that the reaction proceeds quickly at room temperature, and the selectivity 

and chemical yields are high (equations 5.21-5.23) [21]. When an optically active allyl 

acetate was rearranged, complete transfer of chirality was observed (equation 5.24) [22]. 

Note that the absolute stereochemistry observed at the newly formed chiral center must 

result from coordination of palladium to the face of the olefin opposite the acetate, and 

88% 

4% PdCl2(MeCN)2 

AcO 

CsH, 

C5H,, OAc 

L R H 
R 

(5.24) 
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attack of the olefin from the face opposite the metal, as expected for the mechanism 

shown in equation 5.20. 

This rearrangement is not restricted to allyl acetates, but is general for allylic systems 

containing heteroatoms, such as allyl formimidates [23], S-allylthioimidates [24] and 

allylic thionobenzoates [25], but these have found fewer applications in synthesis. A 

more synthetically useful variant involves the palladium(II)-catalyzed rearrangement of 

oxime o-allyl ethers to nitrones. When carried out in the presence of a 1,3-dipolarophile, 

combined rearrangement and 1,3-dipolar cycloaddition can be achieved (equation 5.25) 

[26]. Substantially more interesting is the palladium(II)-catalyzed Cope rearrangement 

[2Id, 27], which enjoys rate enhancements of ca 10^° over uncatalyzed processes, is 

more stereoselective than the thermal process and proceeds with virtually complete 

transfer of chirality in a chain topographic sense (equation 5.26). Although useful, this 

process also suffers limitations consonant with the proposed mechanism. The diene 

must have a substituent either at C-2 or at C-5, but not both; that is, it must have a 

monosubstituted olefin to complex to palladium(II), in addition to a substituent on 

93% 

(5.25) 

(5.26) 
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the other olefin to stabilize positive charge in the intermediate. Within these confines, 

however, the reaction is fairly useful. Oxy-Cope rearrangements have been catalyzed 

under similar conditions (equation 5.27) [28]. 

(5.27) 

70-90% 

5.3.2.2 Palladium(ll)-Catalyzed Cycloisomerization of Enynes [29] 

Treatment of suitably disposed enynes with a variety of palladium(II) catalysts produces 

cyclic dienes in excellent yield and under mild conditions. The mechanism of this process 

has not yet been studied but is likely to involve hydridopalladation of the alkyne, olefin 

insertion and )3-hydrogen elimination (equation 5.28). With palladium acetate-ligand 

catalysts the initial source of the requisite palladium hydride is unknown, but efficient 

catalysis of the same reaction by Pd2(dba)3-01103 in acetic acid, a ready source of 
HPd"OAc by oxidative addition, favors just such a mechanism. The formation of 1,3- vs 

1,4-dienes is directed by the auxiliary ligands added to the catalyst, indicating that the 

direction of jS-elimination is, as expected, ligand dependent (equation 5.29). As is typical. 

or Pd(OAc)2/2 L 

or Pd2(dba)3-CHCl3/HOAc 

HPdX 

(5.28) 

cat. (5.29) 
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a wide array of functionality is tolerated, and this process has been used to synthesize 

a number of relatively elaborate cyclic dienes (equations 5.30-5.33). 

Pd(OAc)2 (80%) 1:16 

Pc1(OAc)2/2 PPha (73%) 1 ;2.9 

Pd(OAc)2 

2Ph^N-:^ 
2 

(5.30) 

R = COCH3, TMS, CHgOCHa, CH2CH2OCH3, CH3, OEt, COjMe 

Pd(OAc)2/2 PPh3 

PhH 60° 
(5.31) 

The intermediate (7-alkylpalladium(II) species generated in the insertion step (equa¬ 

tion 5.28) can be intercepted before jS-elimination by a number of reagents. Poly- 

methylhydrosiloxane (PMHS) reduces this complex efficiently, producing olefins rather 

than dienes (equation 5.34). Intramolecular trapping of this (T-alkylpalladium(II) com- 

90% 



404 L. S. HEGEDUS 

plex by olefins is also efficient, leading to polycyclization (equation 5.35) [30]. This can 

be pushed to an extreme, with a high degree of success (equation 5.36) [30]. 

(5.35) 

(5.36) 

This area of chemistry is sufficiently new (1991) that it is still somewhat confused, 

making the best choice of catalyst and conditions difficult. However, there is already a 

great deal of empirical information available, and many examples. The experimental 

procedure is operationally simple and the transformation sufficiently useful to warrant 

its use in spite of this. 

5.3.3 ORTHOPALLADATION 

Palladium(II) salts are reasonably electrophilic and, under appropriate conditions 
[electron-rich arenes, Pd(OAc)2, boiling acetic acid] can directly palladate arenes via 

an electrophilic aromatic substitution process. However, this process is neither general 

nor efficient, and thus has found little use in organic synthesis. Much more general is 

the ligand directed orthopalladation shown in equation 5.37 [31]. This process is very 

general, the only requirement being a lone pair of electrons in a benzylic position to 

precoordinate to the metal, and conditions conducive to electrophilic aromatic substitu¬ 

tion (usually HOAc solvent). The site of palladation is always ortho to the directing 

ligand and, when the two ortho-positions are inequivalent, palladation results at the 

sterically less congested position, regardless of the electronic bias. (This is in direct 
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\ 

+ HX (5.37) 

• • •• \ / 
Z-Y = -CH2NR2, n = n. 

\ R \ . 
hc=n' n-n. .. D R 

HN—C 2-pyridyl, -CH=NOH 
W 
•.o 

contrast to ort/?6»-lithiation, which is electronically controlled and will usually occur at 

the more hindered position on rings having several electron-donating groups.) The 

resulting chelato-stabilized (7-arylpalladium(II) complexes are almost invariably stable, 

are easily isolated, purified and stored and are unreactive. 

This stability is clearly due to the chelate stabilization by Y, and is the major reason 
why or?/?o-palladation has not yet been developed for catalytic 6>r?/zo-functionalization 

of arenes. However, the reactivity intrinsic to (T-alkylpalladium(II) species (Figure 5.3) 

can be activated by heating the or?/zo-palladated species in the presence of excess 

triethylamine to disrupt the chelation by displacing Y, in the presence of an alkene. 

Under these conditions, facile insertion occurs (equation 5.38) [32]. Related complexes 

of acetanilide undergo facile carbonylation (equation 5.39) [33]. The unresolved prob- 

(5.38) 

R 
60-90% 

4,5 (MeO)2 

M H 

(5.39) 

o 

+ Pd(0) 

O 
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lems for catalysis are the incompatible conditions for the or?/zo-palladation step 

(HOAc) and the subsequent step (EtjN), the stability of the or?/io-palladated product 

and, as always, the reoxidation of the palladium(O) produced in the final step. Until 

these are solved, or/Zzo-palladation will remain a stepwise stoichiometric process of 

synthetic interest only when its regioselectivity or specificity makes it uniquely appropri¬ 

ate for a desired transformation. 

5.4 PALLADIUM(0) COMPLEXES IN ORGANIC SYNTHESIS 

5.4.7 OXIDATIVE ADDITION-TRAISISMETALLATION 

5.4.1.1 General Features 

The palladium(0)-catalyzed coupling of aryl and vinyl halides and triflates with Main 

Group organometallics via oxidative addition—transmetallation—reductive elimination 

sequences (Figure 5.8) has been very broadly developed and has an overwhelming 

amount of literature associated with it. However, relatively few fundamental principles 

are involved, the understanding of which will bring order out of this apparent chaos, 

and make the area both approachable and usable. 
A very wide range of palladium catalyst precursors can be used in this system, and 

the choice is best made by analogy, although almost all will work reasonably well. Most 

often Pd(PPh3)4 or Pd(dba)2 plus PPhg is used, although even palladium(II) catalyst 

precursors such as (PPh3)2PdCl2, Pd(OAc)2 or PdCl2(MeCN)2 are efficient since they 

are readily reduced to the catalytically active Pd(0) state by most Main Group 

organometallics. Recall that palladium(O) complexes are electron-rich, nucleophilic 

species prone to oxidation. The single most important reaction of palladium(O) com¬ 

plexes is their reaction with organic halides or triflates to form (T-alkylpalladium(II) 

complexes. This is commonly known as ‘oxidative addition’ because the metal is 

o 
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formally oxidized from Pd(0) to Pd(II) and the ‘oxidizing agent,’ RX, adds to the metal, 

hence the term oxidative addition. 

The oxidative addition process has a number of general features. The order of 

reactivity is I > OTf > Br > Cl, such that chlorides are rarely useful in this reaction. 

With aryl halides, added phosphines are required for the reaction of aryl bromides, but 

suppress the reaction of aryl iodides, permitting easy discrimination. With most 

substrates, the oxidative addition step proceeds readily at room temperature. When 

higher temperatures are used, this is usually because some step other than the oxidative 

addition is sluggish at room temperature. From the standpoint of the substrate, the 

metal becomes oxidized, but the substrate becomes reduced. Hence electron-deficient 

halides are, in general, more reactive than electron-rich halides. Because ^-hydrogen 

elimination is rapid above ca — 20 °C, the halide or triflate substrate usually cannot 

have j?-hydrogens, restricting this process to aryl and vinyl substrates. With vinyl 

substrates oxidative addition occurs with retention of olefin geometry (as do all of the 

ensuing steps). The (x-aryl- or (T-vinylpalladium(II) complex formed by oxidative addi¬ 

tion enjoys the rich chemistry of this class of complexes presented in Figure 5.3, including 

olefin and CO insertion (see Section 5.4.2), hydrogenolysis and transmetallation from 

Main Group organometallics. 
A very wide range of Main Group organometallics ‘transmetallate’ to palladium(II), 

that is, they transfer their R group to palladium in exchange for the halide or triflate, 

generating a dialkylpalladium(II) complex and the Main Group metal halide or triflate. 

Transmetallations from Li, Mg, Zn, Zr, B, Al, Sn, Si, Ge, Hg, Tl, Cu, Ni and perhaps 

others have been reported, but some (e.g. Sn, B and Zn) are much more useful than 

others. Transmetallation is favored from more electropositive to more electronegative 

metals, but this is of little use in assessing reactivity since electronegativities are only 

crudely known and are sensitive to spectator ligands and, since, if the next step in the 

process is irreversible, only a small equilibrium constant for transmetallation is required 
for the process to proceed. Transmetallation is almost invariably the rate-limiting step, 

and when oxidative addition-transmetallation sequences fail, it is this step which 

warrants attention. [Because transmetallation is rate limiting, it is often possible to 

insert CO into the oxidative addition product prior to transmetallation, resulting in a 

carbonylative coupling (see below).] It is important that both metals involved in 

transmetallation benefit from the process energetically and the needs of the Main Group 

partner cannot be ignored. Thus, coupling of organotriflates with organotin reagents 

sometimes fails, since the product tin triflate is not stable, but often proceeds well with 

the addition of lithium chloride, permitting the production of the more stable organotin 

chloride rather than triflate. Similarly, organosilanes only transmetallate in the presence 

of added fluoride to give the very stable Si—F compounds, and organoboranes react 

only in the presence of added alkoxides to produce stable B—O compounds. Trans¬ 

metallation occurs with retention of any stereochemistry in the organic group. 

Once transmetallation has occurred, the remaining steps, rearrangement of the 

/ra«^-dialkylpalladium(II) complex to the cis complex and reductive elimination, produ¬ 

cing the coupled products and regenerating the Pd(0) catalyst, are rapid. Because of 



408 L S. HEGEDUS 

this, j8-hydrogens can be present in the R group transferred from Main Group 

organometallic, since reductive elimination is faster than ^-hydride elimination from 

the dialkylpalladium(II) intermediate. 

5.4.1.2 Transmetallation from Li, Mg, Zn and Cu 

One of the earliest examples of coupling by oxidative addition-transmetallation was the 

palladium-catalyzed coupling of aryl or vinyl halides with Grignard reagents [34]. This 

reaction is fairly general and a wide range of aromatic, heteroaromatic [35] and vinyl 

halides [36] couple efficiently with most Grignard reagents (even those containing 

^-hydrogens) under these conditions. Organolithium reagents behave in a similar 

manner [37], permitting the direct alkylation, vinylation and arylation of vinyl and aryl 

halides (equation 5.40). Because of the reactivity of Grignard and organolithium 

reagents, these coupling processes are limited to partners lacking much functionality. 

ArX 

RLi UtPd or 

RMgX L2PdCl2 cat. 

ArR 

(5.40) 

Het—X Met—R 
R = alkyl, aryl, hetaryl, vinyl 

Much more versatile are processes involving transmetallation from zinc reagents. 

These can be easily prepared from organolithium (and other Main Group organome¬ 

tallic) species by simple addition to these of one equivalent of anhydrous zinc chloride 

in THF. Organozinc reagents have at least three advantages: they are among the most 

efficient reagents for transmetallation to palladium, they tolerate a wide range of 

functional groups, including carbonyls, in the substrate, and they can be prepared 

directly from functionalized halides (e.g. a-bromoesters), thus allowing functionality in 
both coupling partners (equations 5.41 [38], 5.42 [39] and 5.43 [40]). 

Organocuprates transmetallate only slowly to palladium at temperatures below their 
decomposition points, greatly limiting their use. However, addition of one equivalent 

of zinc bromide promotes the coupling at ca —10 °C, almost certainly via the 

62% 0 
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1) tBuLi 

2) ZnClg 

R X 

1) ArX, =y/ 

L2PdCl2/DIBAL25° 
2) H* 

O 0 

60-80% 

(5.42) 

OTBS OMOM 

LaPdCIa 
DIBAH (5.43) 

OTBS 

organozinc intermediate. With vinyl cuprates and vinyl halides (equation 5.44), retention 

of stereochemistry by both partners is observed, as expected [41]. 

2% URd 

0°, leq ZnBr 
(5.44) 

n 

86% 
>99.5% c/s.c/s 

5.4.1.3 Transmetallation from Zr, Al and B 

Alkyl- and vinyl-zirconium, -aluminum and -boron complexes are readily available by 

the hydrometallation (hydrozirconation, hydroalumination, hydroboration) of alkenes 

and alkynes. The development of procedures that permit transmetallation from these 

metals to palladium has greatly expanded the range of organic starting materials which 

can enter into these coupling reactions. 
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Hydrozirconation of alkynes is tolerant of a range of functional groups, and is both 

regio- and stereospecific, adding cis to alkynes, with the Zr always occupying the least 

(less) substituted vinylic position [42]. These vinylzirconium species couple efficiently 

to aryl and vinyl halides in the presence of palladium(O) catalysts (equations 5.45 [43] 

and 5.46 [44]). Although internal alkynes also hydrozirconated, the resulting internal 

vinyl zirconium complexes transmetallated only poorly to palladium(O). However, as 

was the case with alkyl cuprates, addition of zinc chloride, to produce the vinyl zinc 

species which transmetallates more efficiently, solved the problem (equation 5.47) [45]. 

As is usually the case, the stereochemistry of both olefinic partners is maintained. 

Vinylalananes, from addition of diisobutylaluminum hydride to alkynes, undergo 

similar coupling reactions with similar yields and specificities [46]. 

Cp2Zr(H)CI 
THPOCHjCsCH - 

THPOCH2 

[Zr] 

(5.45) 

1) ZnCl2 

2) UPd, 25° 
(5.47) 

In a similar manner, vinyl boranes are readily available from the hydroboration of 

alkynes, and a vast literature with many complex examples is extant. However, 

transmetallation from boron to palladium was unsuccessful until the importance of 

generating a stable boron species in the transmetallation step was appreciated. The way 

to do this was to produce borates in the exchange, by using catechol borane as the 

hydroborating agent, and carrying out the transmetallation in the presence of alkoxide. 
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In this way, vinyl boranes coupled efficiently to both vinyl halides (equation 5.48) [47] 
and aryl halides (equation 5.49) [48], and also )?-haloenones (equation 5.50) [49]. It 
should be noted that this process is not restricted to simple substrates, as demonstrated 
by the spectacular coupling shown in equation 5.51 [50]. 

+ _^Br 

87% 

3%UW 

f=tlH 
NaOEVEtOH 

Ph (5.48) 

10% UjPd 

PhH 
NaOEVEtOH 

lt( 

(5.49) 

83% 
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The utility of transmetallation from boron has been further expanded by combining 
it with ligand-directed orrAo-lithiation of aromatics. In this way a variety of aryl-aryl 
and aryl-vinyl couplings have been achieved (equations 5.52 [51], 5.53 [52], 5.54 [53] 
and 5.55 [54]). 

1) RLi/B{OMe)3 

2) H* 

Ar'Br 

Pcl(O) 

Na2C03 

Af^ 

Pd(0)/Na2CO3 

0 

L= —C-N(iPr)2 

O 
II 

0 

C-NEt2 HN-C-OtBu —O O 

MeO 
Br 

B(0H)2 

Pd(PPh3)4 

THF/rIx 
Na2C03 

(5.52) 

(5.53) 

(5.54) 

CONEt2 
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L4Pd, K2CO3 (5.55) 

5.4.1.4 Transmetallation from Sn and Si 

Transmetallation from tin to palladium is one of the most highly developed and 

extensively utilized processes in organopalladium chemistry [55]. The requisite organo- 

tin reagents containing a variety of useful functional groups are easily prepared, and 

readily stored and handled. The rate of transfer of organic groups from tin to palladium 

is RC=C > RCH=CH > Ar > RCH=CHCH2 « ArCH2 > C„H2„+1, making it 
feasible to use trimethyl- or tributylstannanes containing the organic group to be 

transferred, and only transfer that single group, producing RaSnX which is not reactive 

in the process. The reactions are run by adding the palladium catalyst to a solution of 

the substrate and the organotin reagent in a polar solvent such as DMF or THF. 

Coupling with vinyltin reagents occurs with retention of olefin geometry, while allyltins 

transfer with allylic transposition (yields and rate increases with addition of ca 10% 

ZnCl2). With benzyltin reagents, inversion of the benzyl carbon is observed. 

A very wide range of organic electrophiles are alkylated via oxidative addition- 

transmetallation from tin. The catalyst precursor of choice with acid chlorides as 

substrates is (PhCH2)Pd(PPh3)2Cl [which is reduced to the catalytically active Pd(0) 

species by transmetallation-reductive elimination] in HMPA or chloroform. The 

reaction proceeds smoothly at 65 °C, and tolerates functionality (equations 5.56 [56] 

and 5.57 [57]). 
Vinyl [58] and aryl [59] iodides and bromides undergo coupling with a very wide 

range of organotin reagents at ambient temperature in DMF solvent. The catalyst 

precursor of choice are 1-2 mol% PdCl2(MeCN)2 or PdCl2(PPh3)2. Specific examples 

abound, and more appear daily. Representative examples are shown in equations 5.58, 

5.59, 5.60 [60] and 5.61 [61]. 
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R R‘v 

+ -^^SnR-j 

PdCl2(MeCN)2 

DMF 25° 

60-80% 

Ph'^' 

MejSn 
Ph 

+ 

MesSn—•=•—R' 

PdCl2(MeCN)2 

THF or DMF 

Bu-^' THPO 

R' H, TMS, nBu, TMS-OCH2, Ph, Ph' 

UPd 
+ -s^^SnRa - 

(5.56) 

(5.57) 

(5.58) 

(5.59) 

NHTs NHTs 

(5.60) 
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(5.61) 

The utility of these couplings of vinyl and aryl halides to organotin reagents has been 

widened by the development of carbonylative coupling procedures (equation 5.62) 

wherein CO is inserted in the initial oxidative adduct prior to coupling [62] (Figure 

5.8, right-hand portion). This reaction proceeds under very mild conditions (THF, 

45-50 °C, 15-50 psi CO), and the catalysts of choice are PdCl2(PPh3)2 or 

(PhCH2)Pd(Cl)(PPh3)2. 

(5.62) 

The discovery that vinyl triflates and aryl triflates [63] were viable coupling partners 

in this process if lithium chloride was added to provide a stable tin by-product (R3SnCl 

vs R3SnOTf) from the transmetallation step was a major advance. Vinyl triflates can 

be regioselectively generated from ketones [64], making them vinylic equivalents. 

Because carbonyl compounds are central to organic synthesis, highly functionalized 

vinyl triflates are readily available, making the triflate-tin coupling process exceptionally 

useful with complex substrates. The reaction proceeds under mild conditions, with 

Pd(PPh3)4. being the catalyst of choice, and polar solvents such as THF or DMF, which 

dissolve both the substrate and the required 3 equivalents of LiCl, being most efficient. 

Steric hindrance of the triflate has little effect, but the reaction slows if both partners 

are hindered. Examples of the use of this reaction in synthesis are shown in equations 

5.63 [65], 5.64 [66] and 5.65 [67]. As expected, aryl [68] and vinyl triflates also 

participate in efficient carbonylative coupling reactions. Useful application of this 

methodology is seen in equations 5.66 [60] and 5.67 [70]. Vinyl [71] and aryl [72] 

fluorosulfonates also participate in these palladium-catalyzed coupling reactions. 
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O o 

o R' = pMeOPh, H 

OEt 

(5.63) 

(5.64) 

(5.65) 

(5.66) 

87% 
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TfO^^ 

Pd(0). CO 
K2CO3 
LiCl 

O 

n = 4-8 

40-70% 

(5.67) 

In contrast to stannanes, transmetallation from silicon to palladium has only recently 

been developed, and to date has found little application in complex organic synthesis. 

Again, the problem is to provide activation of the silicon starting material and 

stabilization of the silicon product of the transmetallation step. This is achieved by 

providing a source of fluoride [73], most easily in the form of the soluble tris(diethyl- 

amino)sulfonium difluorotrimethyl silicate (TASF) [74] (equation 5.68). 

RX + R'SiMea 

2% PdCI/2 cat 

HMPA or THF/P(OEt)3 

50° 1 eq TASF 

RR' 

60-90% 

RX = Arl, ' . ArOTt, 

R-.^ —^ 

(5.68) 

5.4.1.4 Transmetallation from Hg and Tl 

Arylmercury and -thallium compounds are available by direct metallation of aromatic 

compounds and participate in oxidative addition-transmetallation procedures as above. 

The toxicity of these metals and the difficulties in removing traces of them from products 

have limited their use. However, they have been utilized to a greater extent in insertion 

chemistry, which will be discussed below. 



418 L. S. HEGEDUS 

Nuc—H 

Figure 5.9 

5.4.2 PALLADIUM(O)-CATALYZED INSERTION PROCESSES 

5.4.2.1 Carbonylation 

Carbon monoxide inserts very readily into palladium-carbon cr-bonds (< — 20 °C, 

< 1 atm CO), regardless of how they were formed [nucleophilic attack on olefins (Figure 

5.3), ort/io-palladation (equation 5.37), transmetallation (Figure 5.8) or oxidative addi¬ 

tion (this section)], and the resulting a-acyl complexes are readily cleaved by a variety 

of nucleophiles, making palladium-catalyzed carbonylation of organic substrates the 

most versatile of reactions. 

By far the most commonly used palladium-catalyzed carbonylation process is that 

involving oxidative addition (Figure 5.9). Since oxidative addition is the most difficult 

step, the scope of the overall process is limited by the general scope of oxidative addition 

discussed above, e.g. jS-hydrogens are not tolerated, aryl, vinyl, benzyl and allyl halides 

(I > Br > Cl) and triflates are reactive. The reaction is widely tolerant of solvents and 

catalysts, although some ligand to stabilize Pd(0) is usually necessary to prevent the 

precipitation of metallic Pd, and the nucleophile (usually methanol, to produce esters, 

but others such as amines also work) is normally used in excess [75]. Again, structural 

complexity and functionality are tolerated in the substrate, and this is probably the 

method of choice for the conversion of organic halides into carboxylic acid derivatives. 

With the development of a procedure to involve aryl [76] and vinyl triflates in 

palladium(0)-catalyzed oxidative additions, the scope of carbonylation was greatly 

broadened, since phenols, and ketones, respectively, can be carbonylated via their 

triflates. Because this is a recent development, only scattered applications in total 

synthesis have so far appeared (equations 5.69 [77] and 5.70 [78]). 

Oxidative addition-carbonylation is used most frequently in an intramolecular 

manner, forming lactones or lactams. It works well with aryl halides (equations 5.71 

[79] and 5.72 [80]) and vinyl halides (equations 5.73 [79] and 5.74 [81]). Again, this 

is a very general process and should be applicable to virtually any system having 

appropriately situated nucleophiles to trap a cr-acylpalladium complex, and compatible 

with the requirements of oxidative addition enunciated above. That it is usable on a 
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on 

419 

(5.69) 

(5.70) 

OCH 

CH3O 

PdCl2(PPh3)2 

CO 

K2CO3, DMF 
4 atm 50°, 60 h 

NBn 
H 

Br 

CO 

Pd(OAc)2/PPh3 

Et3N NBn 

(5.71) 

(5.72) 

Br 
+ CO 

OH 

Pd(PPh3)4 

K2CO3 

32 psi, 70° 
CH3CN 

(5.73) 

f=\ NHBn 

Ph Br 

Pd(OAc)2/PPh3 

BU3N/HMPA 

1 aim CO, 100° 

.^^NBn 

76% 

(5.74) 
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large scale is seen in equations 5.75 [82]. Under appropriate conditions, even enolate 

oxygens can trap the acylpalladium complex, giving isocoumarins (equation 5.76) [83]. 

By combining oxidative addition-CO insertion with transmetallation, the formylation 

of aryl and vinyl halides can be achieved (equation 5.77) [84]. In this case, as with 

carbonylative coupling, moderate pressures (50-90 psi) of carbon monoxide are required 

to ensure that CO insertion is faster than transmetallation, so that formylation, not 

simple reduction, occurs. 

(5.75) 

89% on 180 g scale 

X = I.Br. OTf 

L2PdCl2/THF 

EtaN, 100° 
600 psi CO 

Pd(0)/CO/Bu3SnH 

O 

80-90% 

ArCHO 

R 

■^^CHO 

high yields 
(28 cases) 

(5.76) 

(5.77) 

5.4.2.2 Palladium(0)-Catalyzed Olefin Insertion Processes 

One of the most useful of Pd(0)-catalyzed reactions is the oxidative additon-olefin 

insertion reaction (the Heck reaction) [85] (Figure 5.10). In this case, it is the insertion 

step which is the most difficult, and most limitations are imposed by structural features 

of the olefin. The limitations on the oxidative addition step are the same, and all of the 

substrates discussed above are viable candidates for olefin insertion chemistry. Again, 

j?-hydrogens are not tolerated in the substrate. A wide range of olefins undergo this 
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Figure 5.10 

reaction, including unfunctionalized alkenes, electron-deficient alkenes such as acrylates 

and conjugated enones and electron-rich olefins such as enol ethers and enamides. With 

unfunctionalized alkenes and electron-poor alkenes, insertion occurs to place the R 

group at the less-substituted position of the olefin, indicating that the regioselectivity 

of insertion is controlled by steric, not electronic, effects with these substrates. It is a 

cis insertion, with the alkyl group being delivered to the less substituted carbon from 

the face of the olefin occupied by the metal. As might be expected, substitution on the 

olefin, particularly in the /^-position, inhibits the reaction and, for intermolecular 

processes, j?-disubstituted olefins are unreactive. 
With electron-rich olefins, the regioselectivity is more complex [86]. With cyclic enol 

ethers and enamides, alkylation always occurs a- to the heteroatom. However, with 

acyclic systems, mixtures of a- and ^-alkylation products are observed, the ratio of 

which is subject to electronic control. Electron-rich aryl halides lead to a-arylation, 

whereas electron-poor aryl halides lead to j5-arylation of the olefin. 

The classical conditions for the Heck reaction involve heating a mixture of the olefin, 

the halide, a catalytic amount of Pd(OAc)2 and several equivalents of triethylamine in 

acetonitrile until the reaction is complete. {Triethylamine rapidly reduces Pd(OAc)2 to 
the catalytically active Pd(0) state [87].} When aryl iodides are used, addition of 

phosphine is not required and, in fact, inhibits the reaction. (Palladium on carbon can 

be used to catalyze reactions of aryl iodides [88].) With bromides, added phosphine is 

required for the oxidative addition step. Hindered phosphines such as (u-tolyljaP are 

used, since triphenylphosphine reacts with the halide substrate to form quaternary 

phosphonium salts. However, many of these reactions can occur under much milder 

conditions, proceeding at room temperature when DMF is used as solvent and 

potassium carbonate-tetrabutylammonium chloride is added [89]. Initially, the qua¬ 

ternary ammonium salt was thought to promote these reactions by some unspecified 

solid-liquid phase-transfer process. More recent studies [90] have indicated that halide 

ions stabilize palladium(O) complexes during these catalytic reactions, and effect the 

activity of the catalyst. The quaternary ammonium halide salts provide high concentra¬ 

tions of soluble halides for these reactions. 
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The Heck reaction is one of the most widely used palladium-catalyzed processes, and 
a myriad of applications have been reported. Functional group compatibility is 
excellent. In addition to all the standard monofunctional halide-olefin couplings which 
abound in the literature, many complex systems have been studied. A few representative 
examples as shown in equations 5.78 [91], 5.79 [92] and 5.80 [93]. 

85% 
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Intramolecular versions also abound, and this is an extremely efficient way to make 

both carbocyclic and heterocyclic rings. The intramolecular version is often more 

efficient than the intermolecular version, but regioselectivity, although usually high, is 

less predictable and, depending on ring size, insertion (alkylation) at the more sub¬ 

stituted position is often observed (equations 5.81 [94], 5.82 [94] and 5.83 [95]). 

Pd(OAc)2 cat 

DMF, BU4NCI (5.83) 
KOAc, 80°, 6 h 

5.4.2.3 Palladium(0)-Catalyzed Multiple (Cascade) Insertion Process 

As presented above, a-aryl- and vinylpalladium(II) complexes have a very rich reaction 

chemistry, undergoing insertions, transmetallations, reductive eliminations and jS- 

hydrogen eliminations. In principle, these processes can be combined in any order, and 

since many of them generate another (T-bonded organopalladium complex, a sequence 
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of these processes, forming several bonds, could be envisaged. The only requirement is 

that the next step is more facile than reductive elimination or jff-hydrogen elimination, 

which truncates the process. This concept is only now being developed, although 

forerunners can be seen in equations 5.10 and 5.15, and recent examples in equations 

5.35 and 5.36. Thus, a sequence consisting of oxidative addition-CO insertion-olefin 

insertion-CO insertion and cleavage formed three carbon-carbon bonds per catalyst 

cycle (equation 5.84) [96]. This works because there are no ^-hydrogens in the initial 

oxidative adduct, and because CO insertion is faster than olefin insertion for a- 

alkylpalladium complexes, but slower for a-acylpalladium complexes. The major trick 

here was to make the final CO insertion competitive with jS-hydride elimination. This 

was achieved by using a high pressure (40 atm) of CO. This ‘downhill’ sequence of 

events is critical, as evidenced by failure when an alkyne insertion was required to 

precede the more facile CO insertion (equation 5.85) [97]. However, this same substrate 

was suecessful for alkyne and alkene insertion, since these processes are of comparable 

energy, and the requisite initial alkyne insertion is favored entropically (equation 5.86). 

When the olefin was also part of the same molecule, polycyclization was achieved 

(equations 5.87 and 5.88) [98]. The real power of this methodology can be seen by the 

examples in equations 5.89 [99], 5.90 [100] and 5.91 [101]. 
Again, any process in which (T-alkylpalladium(II) complexes participate can be used 

to either carry or truncate these ‘cascade’ processes. Thus, the reaction in equation 5.92 

(low CO pressure) 
red. elim. 

()„ 75% . 
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600 psi CO 

EtaN, MeOH 
3%Pd(PPh3)4 100» 

+ 

30 :70 
60% 

(5.85) 

(5.86) 

(5.87) 

(5.88) 

(5.89) 

E = C02Et 
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(5.90) 

(5.91) 

(5.92) 

[102] is truncated by a transmetallation step, whereas that in equation 5.93 [103] is 

completed by a nucleophilic attack. There are endless variations on these themes, and 

it is likely that all of them will be tried. 

(5.93) 

Ar = Ph, pMeOPh 
R = H. IMS, Me, THPOCHj, THPOCHjCHe 

MeOjC COjMe 

R 

50-70% 
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5.4.3 PALLADIUM(O)-CATALYZED REACTION OF ALLYLIC COMPOUNDS 

5.4.3.1 General Features 

A very wide range of allylic substrates undergo palladium(0)-catalyzed reactions with 

nucleophiles, Main Group organometallics and small molecules such as olefins and 

carbon monoxide, resulting in a number of synthetically useful processes. Despite the 

disparity amongst substrates, the reactions share many common features, which are 
summarized in Figure 5.11. 

The first step in all of these reactions is the oxidative addition of the allylic C—X 

system to Pd(0) (a), a step that goes with clean inversion of configuration at the allylic 

carbon and produces a (T-allylpalladium(II) complex. These are rarely detected (although 

often invoked) and rapidly collapse to the more stable 7i:-allylpalladium(II) complex (b). 

These can be isolated, and are usually yellow, crystalline, air-stable solids. However, 

for catalysis, isolation is undesired and reactions are usually carried out under condi¬ 

tions which favor consumption of the 7r-allyl complex at a rate at least commensurate 
with its formation. 

In the absence of added ligands, 7r-allylpalladium(II) complexes are relatively inert 

to nucleophilic attack. However, in the presence of phosphines, normally already there 

from the Pd(0) starting complex [most commonly Pd(PPh3)4], they undergo reaction 

with a wide variety of nucleophiles, most commonly amines or stabilized carbanions. 

Figure 5.11 
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The nucleophile attacks from the face opposite the metal, with clean inversion, resulting 

in net retention (two inversions) for the overall process (d). With unsymmetrical allyl 

complexes attack usually occurs at the less substituted position, but the regioselectivity 

is strongly dependent on the structural features of the substrate and the conditions of 

the reaction. Nucleophilic attack results in a formal two-electron reduction of the metal, 

giving a Pd(0)-olefin complex (d) which exchanges the product olefin for ligand, 

regenerating the Pd(0) catalyst (e). 
If, instead of a nucleophile, the process is carried out in the presence of a Main Group 

organometallic compound (most commonly a tin reagent), transmetallation occurs (f). 

This process is suppressed by added donor ligands and PdCl2(CH3CN)2 is the 

most commonly used catalyst precursor. Reductive elimination of the Tt-allyl-c-alkyl- 

palladium(II) complex results in coupling (g). Since the alkyl group is delivered from 

the same face of the metal, retention of configuration is observed in this process, leading 

to overall inversion for the total process. 
Finally, 7r-allylpalladium(II) complexes (perhaps via their cr-form) undergo both CO 

and olefin insertion (h), making the carbonylation and olefin chemistry discussed above 

also accessible to allylic substrates. 
TT-Allylpalladium complexes are also produced by the addition of nucleophiles to 

Pd(II)-diene complexes (Figure 5.5). Once formed, these also undergo all of the reactions 

in Figure 5.11. 

5.4.3.2 Palladium(0)-Catalyzed Allylic Alkylation 

Although allylic acetates are the most commonly used substrate for this process, a very 

wide range of allylic substrates are subject to Pd(0)-catalyzed allylic alkylation by 

stabilized carbanions (equation 5.94). The reactions are usually carried out by mixing 

the substrate with 1-2% of Pd(PPh3)4 catalyst in THF containing an additional 5-10 

equivalents (based on catalyst, not substrate) of PPh3, generating the anion in THF in 

a separate vessel, adding it to the substrate-catalyst mixture and heating at reflux for 

several hours [104]. The reaction usually proceeds with excellent yields. There are an 

enormous number of examples of this process in the literature, with a very wide range 

of highly functionalized substrates and carbanions, so the reliability of this methodology 

is very well established. A few representative current examples are shown in equations 

5.95 [105], 5.96 [106], 5.97 [107] and 5.98 [108]. 

Y Y 

(-)( + 
X 

II II I 
Z = Br, Cl, OAc, -OCOR, OP(OEt)2, 0-S-R, OPh, OH, N^Rs, NO2, S02Ph, CN. (5.94) 

X, Y = CO2R. COR, S02Ph, CN, NO2 
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OMe 

(-) 83% 

(5.95) 

(5.96) 

Pd(PPh3)4 cat. 

(-)CH(C02Me)2 
(5.97) 

90% 

Intramolecular versions of this process are particularly useful for forming carbocyclic 

rings [109], and have been used to make three-, four-, five-, six-, seven-, eight-, nine-, 

ten- and eleven-membered and macrocyclic rings successfully. Examples are shown in 

equations 5.99 [110], 5.100 [111], 5.101 [112] and 5.102 [113]. 
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Pd(OAc)2 

(iPrO)3P 

(5.99) 

(5.100) 

(5.101) 

(5.102) 

92% 
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5.4.3.3 Palladium(0)-Catalyzed Allylic Amination 

A variety of nitrogen nucleophiles attack 7r-allylpalladium complexes and function 

efficiently in the palladium(0)-catalyzed amination of all of the substrate classes 

discussed above. These nitrogen nucleophiles include primary and secondary amines 

(but not ammonia), amides, sulfonamides, azides and some nitrogen heterocycles. The 

nitrogen almost invariably ends up at the less hindered terminus of the allyl system, 

although that might not be the initial site of attack, since Pd(0) complexes catalyze 

rapid allylic rearrangement of allyl amines. As with alkylation, this is experimentally a 

straightforward and reliable reaction which proceeds under similar conditions. Exam¬ 

ples are shown in equations 5.103 [114], 5.104 [115] and 5.105 [116]. Intramolecular 

versions of aminations to form heterocycles are common and, again, the range of 

amenable substrates is wide (equations 5.106 [117], 5.107 [118] and 5.108 [119]). 

5.4.3.4 Other Nucleophiles and Reduction/Elimination/Deprotection 

Although nucleophiles other than stabilized carbanions and amines should be able to 

participate in Pd(0)-catalyzed reactions of allylic compounds, in fact few others have 

been studied. Alcohols have been used intramolecularly (equation 5.109) [120] and 

25° 10 min 75-85% 

works with: 

(5.103) 

(5.104) 
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OAc 

THF/DMSO 

Pd(PPh3)4, 5 h 
20-50° 

+ 

(TsNH) Na 

NHTs 

(5.105) 

(5.106) 

5% Pd(PPh3)4 

EtsN/CHaCN 

70° 2h 

>90% 

(5.107) 

OAc 

4% Pd2{dba)3-CHCl3 

PPh3, THP. 25°. 3-6h 
(5.109) 

HO, 

70-90% 
6 cases 
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intermolecularly (equation 5.110) [121], but this area is either little studied or unsuccess¬ 

fully studied and unreported. However, palladium(O) complexes catalyze several other 

useful reactions of allylic substrates. 

OH 

'(5.110) 

72% 

Treatment of allylic acetates or sulfones with Pd(0) catalysts in the presence of a 

hydride source (polymethylhydrosiloxane [122] is among the most efficient, although 

cyanoborohydride [123] and triethylborohydride [124] also work) leads to reduction 

to the alkene, to give a mixture of olefin isomers (equation 5.111). In the presence of a 

base, clean elimination to the diene is efficiently achieved (equation 5.112) [125]. Allyl 

groups have also been used as protecting groups for alcohols, carboxylic acids, and 

amines, because they are easily removed by Pd(0) catalysts via 7r-allyl chemistry 

(equations 5.113 [126], 5.114 [127] and 5.115 [128]). In these cases the allyl group is 

discarded with the regeneration of the catalyst. 

(5.111) 

75% 1:10 

OAc 

(5.112) 

(5.113) 

CHaCN, 10°, 5 min 
92% 
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o 

OH 100% 

(5.114) 

(5.115) 

5.4.3.5 Palladium(0)-Catalyzed Allylic Alkylation via Transmetallation 

Transmetallation has been used in allylic systems much less frequently than with aryl 

or vinyl systems, for several practical reasons. Allyl acetates are the most attractive 

class of allylic substrates, because of their ready availability from the corresponding 

alcohols, but they are substantially less reactive towards oxidative addition to Pd(0) 

than are allylic halides, and phosphine ligands are required to promote this process. 

Acetate coordinates fairly strongly to palladium and this, along with the presence of 

excess phosphine, slows down the crucial transmetallation step, already the rate-limiting 

step. Finally, in contrast to dialkylpalladium(II) complexes, cr-alkyl-Tr-allylpalladium (II) 

complexes under reductive elimination only slowly, compromising this final step in the 

catalytic cycle. It is therefore not surprising that alkylation of allylic acetates via 

transmetallation has been slow to develop. 
However, some progress has been made. A variety of allyl acetates were alkylated by 

aryl- and vinyltin reagents under the special conditions of a polar (DMF) solvent, added 

lithium chloride (3 equivalents) to facilitate transmetallation and 3% Pd(dba)2 catalyst 

with no added phosphine (in fact, added phosphine inhibited the reaction) (equation 

5.116) [129]. Coupling occurred exclusively at the primary position of the allyl group, 

with clean inversion of stereochemistry. The geometry of the olefin in both the allyl 

substrate and vinyltin reagent was maintained, and modest functionality was tolerated 
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(5.116) 

3% Pd(clba)2 

DMF, UCI 
60°,48h 

O 

81% 

in the tin reagent (COjR, OH, OSiRg, OMe). 2-Ethoxy-2-propenyl diethyl phosphate 
also coupled to tin reagents under Pd(0) catalysis (equation 5.117) [130]. 

o 
II + R'SnBua 

1% PdCl2(PPh3)2 

PhH 100° 

OEt 

40-80% 

R- = Ph. A 
o- 

(5.117) 

Vinyl epoxides are more tractable substrates and undergo clean allylic alkylation by 
a variety of aryl- and vinylstannanes with good yields [131]. Predominantly 1,4-addition 
is observed, and olefin geometry is maintained in the vinyltin component but lost in 
the vinyl epoxide. Acetylenic, benzylic and allylic tin regents failed to transfer at all. 
Again, added ligands inhibited the reaction, and the best catalyst system was 3% 
PdCl2(MeCN)2 in DMF solvent (equations 5.118 and 5.119). 

+ R'SnBua 
3% PdCl2(MeCN)2 

DMF. 23°, 1h 
70-100% 

R’ = Ph, 2-Naphth. 

vA/* 

(5.118) 

Ph also 
woiK 
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(5.119) 

Allylic halides are much more amenable to transmetallation processes, because they 
both oxidatively add and transmetallate more readily than the corresponding acetates 
[132]. This reaction proceeds under ‘normal’ conditions (presence of phosphine ligands) 
and has been utilized in relatively complex systems (equations 5.120 [133] and 5.121) 

(5.120) 

(5.121) 
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[134]. Carbonylative coupling between ally lie halides and aryl, vinyl [135] and allyl 

[136] tin reagents to give ketones has also been achieved. 

5.4.3.6 Palladium(0)-Catalyzed Insertion ('Metallo-Ene') Reactions 

OAc 

Figure 5.12 

Palladium(O) complexes catalyze a number of very useful cyclization reactions of allyl 

acetates having remote unsaturation, via oxidative addition-insertion processes (Figure 

5.12). These have been termed ‘metallo-ene’ reactions, although they are probably not 

mechanistically related to the classical organic ene reaction. The reaction proceeds under 

very mild conditions and is highly stereoselective. Remarkably, acetic acid promotes 

the reaction in an unspecified manner. The mechanism is not known, and that shown 

in Figure 5.12 is speculative and based on the known behavior of simpler systems. The 

requisite precursors for these cyclizations are almost invariably made directly using the 

palladium-catalyzed allylic alkylation reactions discussed in Section 5.4.3.2. A few of 

the already many useful examples are shown in equations 5.122-5.126 [137], along with 

SOoPh 5% Pd(dba),/PPh, 

(5.122) 

AcO 
82% 68% 
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5% PCl(PPh3)4 

AcOH, 80° 1 h 

5% Pd(PPh3)4 

AcOH, 80°. 1h 

(5.123) 

(5.124) 

(5.125) 

(5.126) 

the Pd(0)-catalyzed preparation of the substrates in some cases. Multiple olefin inser¬ 

tions can occur if the substrate is appropriately constituted (equations 5.127 [138] and 

5.128 [139]). With a pendent diene rather than an olefin, insertion generates another 

TT-allylpalladium complex, which undergoes nucleophilic attack by acetate to regenerate 

an allylic acetate (equations 5.129 and 5.130) [140]. 

OAc 

(5.127) 
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PhOjS 'SOjPh 

OCOjEt 

Pcl2(dba)3CHCl3 

PPh3, THF, 25“ 

Pd2(dba)3-CHCl3 
CH3CN 

0C02Me 1 eq AcOH 

1 eq LiOAc 

No Phosphine 

(5.128) 

(5.129) 

(5.130) 

The initial insertion of an olefin into the n- (or (T)-allylpalladium complex produces 

a ff-alkylpalladium(II) complex which can insert CO competitively with jS-elimination, 

resulting in overall cyclization-carbonylation (equation 5.131) [141]. If the olefin group 

of the original allyl system is sterically accessible after the cyclization-CO insertion 
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steps, it can become involved (equation 5.132) [142]. When ^^-elimination is prevented 

by using an alkyne rather than an alkene, CO insertion followed by olefin insertion 

followed by another CO insertion ensues, producing many bonds in a single pot 

(equation 5.133) [141,143]. 

Pd{dba)2 

1 atm CO 

AcOH45° 

(5.131) 

(5.132) 

(5.133) 
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5.4.3.7 Palladium(0)-Catalyzed Cycloaddition Reactions via Trimethylene 
Methane Intermediates 

Under appropriate conditions, 7r-allylpalladium complexes are electrophilic at the 

terminal positions, and undergo attack by a wide range of nucleophiles. By devising 

allyl substrates having a substituted methylene group that can generate, or at least 

stabilize, negative charge, a 1,3-dipolar system capable of a wide range of cycloaddition 

reactions is generated. The most extensively studied and exploited of these is that 

derived from the palladium(0)-catalyzed reaction of the bifunctional silyl acetate shown 
in equation 5.134 [144]. 

(5.134) 

w 
z 

The precise mechanism of this reaction is not known, nor is the exact nature of the 

intermediate complex. However, it is very useful in synthesis, proceeding with high yields 

under mild conditions and with excellent stereoselectivity. Thus, not only is the 

stereochemistry of the double bond of the acceptor maintained [there is some (20%) 

loss in certain cases], with optically active acceptors excellent diastereoselectivity is 

observed (equations 5.135 and 5.136) [145]. 

§-V e-V 
o ■ n 

2% Pd(PPh3)4 
PhCHa 

80° 
(5.135) 

87% 4:1 de 69% >99:1 de 
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(5.136) 

With unsymmetrical allylic acetate precursors, regioselective coupling occurs with 

both electron-withdrawing (equation 5.137) and electron-donating (equation 5.138) 

[146] substituents, the site of coupling always being the substituted terminus, regardless 

of the initial position of the substituents. This indicates that equilibration of the 

intermediate complex occurs at least competitively with cycloaddition. With pyrones 

both 3-1-2 and 3-1-4 cycloaddition occur, depending primarily on the structure of the 

acceptor (equations 5.139 and 5.140) [144, 147]. Tropone undergoes a 6 -f 3 cycloaddi¬ 

tion with excellent yields (equation 5.141) [147]. 

(5.137) 

(5.138) 



PALLADIUM IN ORGANIC SYNTHESIS 443 

(5.139) 

(5.140) 

(5.141) 

Intramolecular versions of this ‘trimethylenemethane’ cycloaddition are fairly efficient 

for the production of polycyclic compounds (equations 5.142 [148] and 5.143 [149]). 

In the presence of tin co-catalysts, particularly RjSnOAc or RjSnCl, cycloadditions 

to aldehydes occur (equation 5.144) [150]. The reaction is complex and mixtures of 

isomers are obtained. However, this is the subject of a full paper, and details on many 

specific systems are available, although generalities are difficult to enunciate. 

n = 1.2,6 

Z = C02Me, SOaPh 

(5.142) 

(5.143) 

n = 2, 3. 4, 8 
60-80% 
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o 
II 

R = Me, Ph, CH=CH2, CN. CEt, OAc 

Methylenecyclopropanes also undergo palladium(0)-catalyzed 3 + 2 cycloadditions 

to electron-deficient olefins, and also a number of other cycloaddition processes. The 

fundamental process with relatively simple substrates has been studied in great detail 

[151] . It is not restricted to simple systems, however, as evidenced by equations 5.145 

[152] and 5.146 [153]. Trimethylenemethane complexes from Pd(0)-catalyzed ring 

opening of the strained methylenecyclopropane are thought to be intermediate in these 

reactions. 

o 

n = 1,2.3 

major minor 

n = 1,81% 

n = 2, 31% 

n = 3, 72% 

(5.145) 

(5.146) 

5.4.4 PALLADIUM(0)-CATALYZED TELOMERIZATION OF DIENES 

Conjugated dienes combine with nucleophiles in the presence of palladium acetate- 

triphenylphosphine catalysts [Pd(0) generated in situ] to produce dimers with in¬ 

corporation of one equivalent of nucleophile, in a process termed telomerization [154]. 

Although the mechanism of this process has not been studied in detail, it is thought to 

involve reductive dimerization of two diene units, followed by addition of the nu¬ 

cleophile to the bis(7r-allyl)palladium complex thus formed (Figure 5.13). Although this 



PALLADIUM IN ORGANIC SYNTHESIS 445 

Nuc 

H 

process has long been known and extensively studied, it has found little application in 

complex organic synthesis, except to provide very early starting materials. However, 

the recent development of an intramolecular version of this process promises to be of 

broader use (equation 5.147). 

NuCH = PhCH20H, PhOH. Et2NH 

pTsOH, CH3NO2, CH2(C02Et)2 

( L 

RaSiH 

155 

156 157 

(5.147) 

5.4.5 PALLADIUM(0)-COPPER(I)-CATALYZED COUPLING OF ARYL AND 
VINYL HALIDES WITH TERMINAL ALKYNES 

Terminal alkynes couple with aryl and vinyl halides in the presence of palladium 

catalysts, copper(II) iodide and a secondary or tertiary amine [158]. The reaction 

conditions are very mild and consist simply of stirring the alkyne and halide for a few 

hours at room temperature in the amine as solvent. The most common catalysts used 

are Pd(PPh3)4 or PdCl2(PPh3)2, which is rapidly reduced to Pd(0) by the amine solvent. 

The mechanism is not known, nor is the role of the copper iodide understood. It seems 

likely that copper acetylides are formed and transmetallate to the R—PdX formed by 

oxidative addition. However, there is no proof for this suggestion. Whatever the 

mechanism, the process is general and tolerant of a fair degree of functionality. The 
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stereochemistry of the vinyl halide is maintained, as expected, makin 

synthesis of enynes facile. Typical examples are seen in equations 

[160], 5.150 [161], 5.151 [162], 5.152 [163] and 5.153 [164]. 

R = nPr, nBu, Ph 
R' = F, Ph, CFa. (iPrO)2P(0) 

5% PdCl2{PPh3)2 
10%Cul 

Et2NH solvent 
25° 4h 

O 

25° 1h 0 

g the stereospecific 

5.148 [159], 5.149 

(5.148) 

(5.149) 

(5.150) 

(5.151) 

87% 
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L4PCI, EtsN 
Cul 

447 

(5.152) 

LaPdClz 
EtsN 
75° 

(5.153) 
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5.5 WORKING PROCEDURES 

5.5.1 PREPARATION OF DICHLOROBIS(ACETONITRILE)PALLADIUM(ll) 

Anhydrous palladium(II) chloride was suspended in dry acetonitrile and the resulting dark brown 
slurry was stirred for 12 h at 25 °C, producing an orange—gold slurry. Filtration followed by 
drying on the filter gave virtually a quantitative yield of the desired compound. 

5.5.2 PREPARATION OF 
TETRAKIS(TRIPHENYLPHOSPHINE)PALLADIUM(0) [165] 

A mixture of palladium dichloride (17.72 g, 0.10 mol), triphenylphosphine (131 g, 0.50 mol) and 
1200 ml of dimethyl sulfoxide was placed in a single-necked, 2 1, round-bottomed flask equipped 
with a magnetic stirring bar and a dual-outlet adapter. A rubber septum and a vacuum-nitrogen 
system were connected to the outlets. The system was then placed under nitrogen with provision 
made for pressure relief through a mercury bubbler. The yellow mixture was heated by means of 
an oil-bath with stirring until complete solution occurred (ca 140 °C). The bath was then removed, 
and the solution rapidly stirred for ca 15 min. Hydrazine hydrate (20 g, 0.40 mol) was rapidly 
added over ca 1 min from a hypodermic syringe. A vigorous reaction took place with evolution 
of nitrogen. The dark solution was then immediately cooled with a water-bath; crystallization 
began to occur at ca 125 °C. At this point the mixture was allowed to cool without external 
cooling. After the mixture had reached room temperature, it was filtered under nitrogen on a 
coarse, sintered-glass funnel. The solid was washed successively with two 50 ml portions of ethanol 
and two 50 ml portions of diethyl ether. The product was dried by passing a slow stream of 
nitrogen through the funnel overnight. The resulting slightly air-sensitive, yellow crystalline 
product weighed 103.5-108.5 g (90-94% yield). Although it can be handled in air for short periods 
of time, it must be stored under an inert atmosphere. A change in color from yellow to green 
indicates oxidative decomposition. This procedure can be carried out on a much smaller scale 
with no diminution of yield. 

5.5.3 PREPARATION OF BIS(DIBENZYLIDENEACETONE)PALLADIUM(0) 
AND TRIS(DIBENZYLIDENEACETONE)DIPALLADIUM(0) CHLOROFORM) 

[166] 
Palladium chloride (1.05 g, 5.92 mmol) was added to hot {ca 50 °C) methanol (150 ml) containing 
dibenzylidene acetone (4.60 g, 19.6 mmol) and sodium acetate (3.90 g, 47.5 mmol). The mixture 
was stirred for 4 h at 40 °C to give a reddish purple precipitate and allowed to cool to complete 
the precipitation. The precipitate was removed by filtration, washed successively with water and 
acetone and dried in vacuo. This product, bis(dibenzylideneacetone)palladium(0) (3.39 g), was 
dissolved in hot chloroform (120 ml) and filtered to give a deep violet solution, then diethyl ether 
(170 ml) was added slowly. Deep purple needles precipitated. These were removed by filtration, 
washed with diethyl ether and dried in vacuo. The complex, m.p. 122-124 °C, Pd2(dba)3(CHCl3), 
was obtained in 80% yield. 

5.5.4 OXIDATION OF 1-(5-HEXENYL)-3,7-DIMETHYLXANTHINE WITH 
PALLADIUM(II) CHLORIDE AND COPPER(II) CHLORIDE (EQUATION 5.1) 

[2] 
A solution of palladium(II) chloride (34 mg) and copper(II) chloride (330 mg) in dimethylforma- 
mide (100 ml) and water (100 ml) was prepared. To this solution, the xanthine (5 g), dissolved in 
dimethylformamide (50 ml) and water (50 ml), was added slowly over 4 h at 60-80 °C with passage 
of oxygen. After the addition, the mixture was stirred for 5 h at the same temperature. The solvent 
was evaporated under vacuum and the residue extracted with chloroform. After the usual work-up, 
the crude material was recrystallized from benzene-hexane to give pentoxifylline as crystals; yield, 
4.5 g (85%); m.p. 103 °C. 
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5.5.5 TRANS-1,4-DIACETOXY-2-CYCLOHEXENE (FIGURE 5.5) [9] 

To a stirred solution of Pd(OAc)2 (700 mg, 3.1 mmol), LiOAc-2H20 (6.8 g, 66.6 mmol) and 
p-benzoquinone (1.91 g, 17.6 mmol) in acetic acid (100 ml) was added Mn02 (6.52 g, 74.9 mmol) 
followed by 1,3-cycloliexadiene (5.0 g, 62.5 mmol) dissolved in pentane (200 ml). The reaction 
mixture, which separated into a pentane phase and an acetic acid phase, was moderately stirred 
at room temperature for 8 h. The pentane phase was separated and collected and the remaining 
acetic acid phase was diluted with saturated NaCl (100 ml) and extracted with pentane 
(2 X 100 ml) and pentane-diethyl ether (1:1) (3 x 100 ml). The combined extracts were washed 
with saturated NaCl (3 x 40 ml), water (3 x 10 ml) and finally 2 m NaOH (3 x 30 ml). The organic 
phase was dried (MgSOJ and evaporated to yield 11.51 g (93%) of crystalline product (>91% 
trans). Recrystallization from hexane gave 9.87 g (80%) of isomerically pure material (>99% 
trans)- m.p. 49-50 °C. IR (KBr), 1730, 1375, 1238, 1030, 1010, 920cm-L NMR (CDCI3), 5 
5.89 (brs, 2H, CH=CH), 5.32 (m, 2H, CHO), 2.1 (m, 2H, CH—CH), 2.06 (s, 6H, OAc), 1.7 (m, 
2H, CH—CH). Analysis: calculated for C10H14O4, C 60.59, H 7.12, O 32.29; found, C 60.44, H 
7.01; O 32.19%. 

5.5.6 CIS-1 A-DIACETOXY-2-CYCLOHEXENE (FIGURE 5.5) [9] 

Essentially the same procedure as for the preparation of the trans compound was used, but 
catalytic amounts of LiCl were added to a stirred solution of Pd(OAc)2 (700 mg, 3.0 mmol), LiCl 
(521 mg, 12.3 mmol), Li0Ac-2H20 (21.5 g, 211 mmol) and p-benzoquinone (1.6 g, 14.8 mmol) in 
acetic acid (100 ml), followed by Mn02 (6.8 g, 78 mmol) and then 1,3-cyclohexadiene (5 g, 
62.5 mmol) in pentane (200 ml). After 22 h, the same work-up procedure as above gave 10.6 g 
(86%) of essentially pure cA-l,4-diacetoxy-2-cyclohexene (>96% cis). Distillation afforded 9.8 g 
(79%). IR (neat) 2940, 1730, 1670, 1435, 1365, 1230, 1020 cm-L ^H NMR (CDCI3), 5 5.91 (brs, 
2H, CH=CH), 5.23 (m, 2H, CHO), 2.07 (s, 6H, OAc), 1.9 (m, 4H, CH2—CH2). 

5.5.7 4-BROMO-1 -TOSYLINDOLE (EQUATION 5.14) [92] 

Method A. A 200 ml, one-necked recovery flask equipped with a reflux condenser and vacuum 
adapter with an argon balloon was charged with 3-bromo-2-ethylaniline /7-toluenesulfona- 
mide (6.00 g, 17.03 mmol), />-benzoquinone (1.84 g, 17.03 mmol), LiCl (7.22 g, 0.17 mmol), 
PdCl2(MeCN)2 (0.44 g, 1.70 mmol, 10 mol%) and THE (85 ml). The orange suspension was 
refluxed 75 °C bath) for 18 h. The solvent was removed in vacuo. The residual brown, slightly 
gummy solid was transferred in to a Soxhlet thimble and extracted with 250 ml of hexane for 
4 h. The resulting pot solution was treated with 0.5 g of charcoal and hot-gravity filtered. After 
cooling to room temperature, the hexane was removed in vacuo. The residual beige, slightly gummy 
solid was transferred to the top of a silica gel (10 g) column and dissolved in and eluted with 
hexane. Concentration of the eluent in vacuo afforded 4.70 g (78.8%) of the product as a colorless 
solid, m.p. 119-121 °C. This material may be recrystallized from hexane to afford 4.58 g (76.7%) 
of shiny colorless crystals, m.p. 119-121 °C. 

Method B. A 12 oz pressure bottle was charged with 3-bromo-2-ethenylaniline /j-toluenesulfona- 
mide (6.00 g, 17.03 mmol), p-benzoquinone (1.84 g, 17.03 mmol), LiCl (7.13 g, 0.170 mmol), 
PdCl2(MeCN)2 (0.22 g, 0.85 mmol, 5 mol%) and THE (50 ml). The orange suspension was flushed 
with argon and then heated at 125 °C for 75 min. An identical work-up to the above afforded 
4.63 g (77.7%) of the product as a colorless oil, m.p. 118-121 °C. This material may be 
recrystallized from hexane to afford 4.55 g (76.3%) of shiny colorless crystals, m.p. 120-122 °C. 
Additional recrystallizations from hexanes afforded the analytical sample as shiny colorless 
crystals, m.p. 117-122 °C. ^H NMR (360 MHz, CDCI3), d 2.35 (s, 3H, CH3), 6.73 (d, 7 = 4 Hz, 
IH, indole 3H), 7.17 (t, 7=8 Hz, IH, indole 6H), 7.24 (d, 7 = 8 Hz, 2H, tosyl H adjacent to 
methyl), 7.39 (d, 7 = 8 Hz, IH, indole 5H), 7.62 (d, 7 = 4 Hz, IH, indole 2H), 7.76 (d, 7 = 8 Hz, 
2H, tosyl H adjacent to sulfonyl), 7.95 (d, 7 = 8 Hz, IH, indole 7H. IR (KBr), 1598, 1568, 1472, 
1374, 1358, 1170, 1132, 751, 673 cm“L Analysis: calculated for Ci5H32BrN02S C 51.44, H 3.45, 
N 4.00; found, C 51.41, H 3.50, N 3.94%. 
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5.5.8 PALLADIUM-CATALYZED ENYNE CYCLIZATION TO A 1,3-DIENE 

(EQUATION 5.30, R = CHzOTBS, R = PMB) 

A mixture of the enyne (1.42 g, 3.53 mmol), 7V,A^-bisbenzylideneethylenediamine (83.4 mg, 
0.353 mmol) and palladium(II) acetate (39.6 mg, 0.176 mmol) in 14 ml of dry benzene in a 50 ml 
round-bottomed flask with a nitrogen purge was heated in an oil-bath at 80 °C for 1 h under an 
atmosphere of nitrogen. The brown solution was concentrated in vacuo and then purified via flash 
chromatography (150 x 25 mm i.d. silica gel column, 4% ethyl acetate in hexane as eluent) to 
give 1.15 g (81%) of the desired 1,3-diene product as a colorless oil. IR(neat), 2850, 1655, 1615, 
1585,1515, 830 cm” ^ NMR (400 MHz, CDCI3), d 7.25 (d, J = 9.6 Hz, 2H), 6.86 (d, J = 8.7 Hz, 
2H), 6.13 (br t, 7 = 7.1 Hz, IH), 5.35 (br s, IH), 4.85 (br s, IH), 4.46 (d^.B, 7 = 11.5 Hz, IH), 4.36 
(d^ B, ^ = 11.5 Hz, IH), 4.30 (m, 2H), 3.87 (s, IH), 3.80 (s, 3H), 2.50 (d^.B, 7 = 15.6 Hz, IH), 2.07 
(d^ B, J = 15.6 Hz, IH), 1.15 (s, 3H), 0.90 (s, 9H), 0.87 (s, 3H), 0.06 (s, 3H), 0.05 (s, 3H). NMR 
(100 MHz, CDCI3), 6 158.8, 146.7, 140.12, 131.0, 128.6, 152.2, 113.6, 104.3, 85.2, 70.1, 61.4, 55.2, 
44.9, 40.6, 26.8, 26.1, 25.7, 22.3, 18.4, -5.5. Mass spectrum, w/z 402 (M^", 1%), 345 (M'' - t-Bu, 
2%), 281 (M+ - MeC6H4CH20, 13%), 209 (27%), 121 (100%). TLc, Rf = 0.44 (10% EtOAc in 

hexane; stained with anisaldehyde). 

5.5.9 PALLADIUM-CATALYZED ENYNE CYCLIZATION TO A 1,4-DIENE 

(EQUATION 5.32) 

1,2-Dichloroethane (20 ml) was added to palladium(II) acetate (180 mg, 0.80 mmol) and N,N'- 
bis(phen'ylmethylene)-l,2-ethylenediamine (208 mg, 0.88 mmol) and the mixture was stirred under 
nitrogen for 10 min at room temperature. The resulting solution was added to a stirred solution 
of enynes (9.40 g, 16.00 mmol) in 1,2-dichloroethane (15 ml). The mixture was heated at 55 °C for 
24 h, then cooled to room temperature. The solvent was evaporated in vacuo and the residue 
filtered through silica gel, eluting with hexane-ethyl acetate (5:1). The solvent was evaporated in 
vacuo, the residue was dissolved in acetonitrile (30 ml), tetrabutylammonium chloride (0.90 g, 
3.24 mmol) and potassium fluoride dihydrate (6.0 g, 63.80 mmol) were added and the mixture was 
heated at reflux under nitrogen for 30 h. Water (20 ml) and diethyl ether (30 ml) were added, the 
organic phase was separated and the aqueous layer was extracted with diethyl ether (4 x 30 ml). 
The combined extracts were dried (MgSOJ and evaporated in vacuo. The residue was purified 
by chromatography on silica gel, eluting with hexane-ethyl acetate (3:2), to give the diols (5.07 g, 
79%) as a 1:1 mixture of C-8 epimers. For characterization the 8R- and 85'-epimers could be 
separated by flash chromatography. The 8R-epimer was obtained as needles, m.p. 94-95 °C 
(hexane). TLc, Rf (hexane-EtOAc, 1:1) = 0.41; — 143.1 ° (c 2.405, CHCI3). IR (CDCI3), 3588 
(br), 3480 (br), 3077, 2961, 2933, 2882, 2840, 1615, 1514, 1452, 1399, 1377, 1301, 1249, 1173, 1105, 
1034 cm-i. 'H NMR (200 MHz, CDCI3), 5 7.27 (d, 7 = 8.6 Hz, 2H), 6.89 (d, 7 = 8.6 Hz, 2H), 5.42 
(dd, 7 = 9.8, 2.4 Hz, IH), 5.33 (d, 7 = 2.0 Hz, IH), 5.2-5.1 (m, 2H), 4.9-4.7 (m, IH), 4.86 (m, IH), 
4.81 (m, IH), 4.7-4.75 (AB m, 2H), 4.55 (AB m, 2H), 3.92 (s, IH), 3.81 (s, 3H), 3.9-3.6 (m, 2H), 
2.50 (m, IH), 2.22 (dd, 7 = 12.6, 7.7 Hz, IH), 2.25-2.0 (m, IH), 1.67 (s, 3H), 1.7-1.5 (m, 3H), 1.20 
(s, 3H). NMR (50 MHz, CDCI3), .5 161.8, 159.4, 145.3, 137.4, 129.5, 125.1, 113.9, 108.9, 94.6, 
81.5, 72.8, 69.7, 69.3, 55.2, 50.5, 47.0, 41.9, 38.5, 21.5, 18.5. Mass spectrum (found, M - H2O, 
382.213; calculated for C24H30O4, 382.2144), m/z 382 (0.1%), 246 (3), 216 (2), 201 (3), 173 (3), 150 
(13), 137 (15), 121 (100), 91 (7), 77 (6). The 85'-epimer was obtained as an oil which solidified to 
waxy needles, m.p. 41^3 °C, TLc, Rf (hexane-EtOAc, 1:1) = 0.48; — 161.6° {c 5.875, 
CHCI3). IR (CDCI3), 3453 (br), 3062, 2950, 2924, 1611, 1510, 1373, 1299, 1247, 1171, 1119, 1100, 
1081, 1061, 1030cm-L ^H NMR (200 MHz, CDCI3), d 7.28 (d, 7= 8.6 Hz, 2H), 6.89 (d, 
7 = 8.6 Hz, 2H), 5.45 (s, IH), 5.31 (dd, 7 = 9.8, 2.4 Hz, IH), 5.23 (s, IH), 5.11 (dd, 7 = 9.8, 2.0 Hz, 
IH), 4.86 (s, IH), 4.80 (s, IH), 4.74 (s, 2H), 4.56 (s, 2H), 4.46 (d, 7 = 5.5 Hz, IH), 3.87 (dd, 7 = 10.0, 
5.6 Hz, IH), 3.81 (s, 3H), 3.8-3.6 (m, IH), 2.52 (m, IH), 2.2-1.8 (m, 3H), 1.67 (s, 3H), 1.27 (s, 3H). 

NMR (50 MHz, CDCI3), d 162.0, 159.3, 145.2, 137.0, 129.4, 125.4, 113.8, 111.1, 94.5, 84.1, 73.2, 
69.4, 68.7, 55.1, 51.4, 46.6, 40.7, 38.4, 21.6, 18.4. Mass spectrum (found, M — CH2O, 370.2126; 
calculated for C23H30O4, 370.2144), m/z 370 (0.4%), 264 (5), 246 (5), 228 (4), 216 (8), 185 (8), 150 
(22), 137 (13), 121 (100). 
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5.5.10 (11aS)-ETHYL-3-(5,10,11,11a-TETRAHYDRO-10-METHYL-5,11- 
DIOXO-1 H-PYRROLO[2,1 -c[1 A]BENZODIAZEPIN-2- YL)PROPENOA TE 
(EQUATION 5.64) [66] 

A reaction mixture of 0.823 g (2.18 mmol) of the vinyl triflate, 0.885 g (2.27 mmol, 1.04 equiv.) of 
(£)-tributylstannyl)ethylpropenoate, 0.927 g (21.8 mmol, 10.0 equiv.) of lithium chloride, 75.8 mg 
(3 mol%) of tetrakis(triphenylphosphine)palladium(0) and 25 ml of THF was heated at reflux 
under argon overnight. The reaction mixture was worked up by extraction with chloroform and 
washing with water. The organic layers were combined, washed with water and brine and dried 
over MgS04. Filtration and evaporation of the solvent in vacuo left a yellow viscous oil. The 
residue was dissolved in acetonitrile and washed with several portions of hexane (to remove 
tributyltin chloride). The acetonitrile solvent was removed in vacuo leaving a viscous oil. The 
residue was further purified by column chromatography (EtOAc-hexane, 1:1) to give 0.595 g 
(78%) of pale yellow solid, m.p. 158-160 °C. TLc, Rf (EtOAc-hexane, 1:1) = 0.42; [a]^^ + 620° 
{c 0.0074, CHCI3). IR(CHCl3), 1700, 1680, 1650, 1610, 1450, 1405, 1165, 1140, 900cm^L 
NMR (CDCI3), <5 1.3 (t, 3H, 7 = 7.1 Hz), 2.9 (br dd, IH), 3.45 (s, 3H), 3.8 (brd, IH), 4.2 (q, 2H, 
J = 7.1 Hz), 4.6 (dd, IH, J = ZAl, 10.8 Hz), 5.8 (d, IH, J = 15.57 Hz), 7.3 (m, 3H), 7.5 (d, IH, 
J = 15.59 Hz), 7.6 (t, IH), 7.9 (d, IH). NMR (CDCI3), d 167.38, 166.60, 162.12, 140.30, 137.03, 
132.69, 130.94, 130.60, 128.27, 125.94, 123.47, 122.25, 118.66, 60.25, 57.41, 36.53, 29.57, 14.17. 
Analysis: calculated for C18H18N2O4, C 66.24, H 5.56, N 8.58; found, C 66.15, H 5.61, N 8.50%. 

5.5.11 PROCEDURE FOR THE COUPLING OF CEPHAM TRIFLATE WITH 
(Z)-1 -PROPENYLTRIBUTYLTIN (EQUATION 5.65) [67] 

Triflate A (5.860 g, 0.010 mol) was dissolved in dry A^-methylpyrrolidone (NMP) (20 ml), the 
solution was degassed with argon and zinc chloride (2.720 g, 0.020 mol) was added, followed by 
tri(2-furyl)phosphine (92 mg, 0.397 mmol) and Pd2 (dba)3 (90.8 mg, 0.198 mmol Pd). The solution 
was stirred for 10 min, then (Z)-l-propenyltributyltin (3.640 g, 0.011 mol) was added neat by 
syringe, rinsing with dry NMP (2 ml). The reaction mixture was stirred at room temperature for 
20 h, diluted with ethyl acetate (100 ml), washed three times with water and once with brine and 
dried over sodium sulfate. Filtration and concentration gave a crude product that was dissolved 
in acetonitrile (10 ml) and washed three times with pentane (100 ml each), in order to remove the 
tin-containing co-products. Evaporation gave an oil that was recrystallized from warm methanol. 
Yield: 3.910 g (82%) of tan crystals of the product, m.p. 133-134 °C. ^H NMR (CDCI3), <5 7.4-7.2 
(m, 7H), 6.84 (m, 2h), 6.1-6.0 (2 overlapping brd, 7=12 Hz, 7 = 9 Hz, 2H), 5.77 (dd, 7 = 9 Hz, 
7 = 4.9 Hz, IH), 5.62 (m, IH), 5.12 (s, 2H), 4.95(d, 7 = 4.9 Hz, IH), 3.78 (s, 3H), 3.60 (m, 2H), 342 
(d, 7=18 Hz, IH), 3.22 (d, 7=18 Hz, IH), 1.51 (dd, 7 = 7.1 Hz, 7 = 1.8 Hz, 3H). The amount 
of £-isomer present was estimated to be 2% by NMR integration, by comparison with the NMR 
spectrum of an authentic sample prepared according to the literature. Analysis (C26H26N2O3S): 

C, H, N, S. 

5.5.12 N-[4-(1H-IMIDAZOL-1-YL)BUTYL]2-(1-METHYLETHYL)-11-OXO- 
11H-PYRIDO[2,1-bQUINAZOLINE-8-CARBOXAMIDE (EQUATION 75) [82] 

A 1 IL glass autoclave liner was charged with 136.0 g (0.30 mol) of the starting material, 2.5 g 
(3.56 mmol) of bis(triphenylphosphine)palladium dichloride, 2.5 g (9.6 mmol) of triphenylphos- 
phine, 77 ml of tributylamine and 390 ml of 1:10 aqueous DMF. The mixture was degassed with 
nitrogen, placed in the autoclave, swept three times with carbon monoxide and then heated for 
12 h at 100 °C under 200 psi of carbon monoxide. The cooled mixture was filtered and 200 ml of 
glacial acetic acid was used to rinse the liner and filter pad. The filtrate was concentrated using 
a 70 °C water-bath. The residue was taken up in 500 ml of water, washed with 3 x 300 ml of ethyl 
acetate and then made alkaline by adding saturated aqueous sodium carbonate solution. The 
resulting precipitate was filtered, thoroughly washed with water and dried under vacuum to give 
119.8 g (99.8%) of crude product as a yellow powder. The purity of material thus obtained. 
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typically >90%, was raised to >99% by serial recrystallization from acetonitrile, DMF-aqueous 
ammonia—water and 2-butanone with a 70-75% recovery. The product thus prepared was shown 
by spectral and TLC comparisons to be identical with material obtained by the route described 

in the literature [167]. 

5.5.13 4-(3-HYDROXY-3-METHYL-1 -BUTEN-1 -YL)-1 -TOSYUNDOLE 

(EQUATION 5.79) [92] 

A mixture of 4-bromo-l-tosylindole (0.350 g, 1.00 mmol), 2-methyl-3-buten-2-ol (0.108 g, 
1.25 mmol), EtjN (0.127 g, 1.25 mmol), Pd(OAc)2 (11 mg, 0.050 mmol) and tri-o-tolylphosphine 
(61 mg, 0.20 mmol) was flushed with argon and then heated in a sealed tube at 100 °C for 5 h. 
After cooling to room temperature, the residue was taken up in 100 ml of CH2CI2, washed with 
water three times, dried (Na2S04), filtered and concentrated in vacuo. 

The residue was chromatographed on silica gel (10 g) by using hexane-benzene (1:1) to elute 
impurities and benzene to elute the product. The benzene eluate was concentrated in vacuo to 
afford 0.345 g (97.3%) of the product as a colorless foam. NMR (360 MHz, CDCI3), d 1.44 
(s, 6H, geminal CH3), 2.33 (s, 3H, CH3), 6.43 (d, 7 = 16 Hz, IH, olefin H adjacent to aliphatic), 
6.85, 6.87 (pair of d, 7 = 3, 16 Hz, 2H, olefin H and indole 3H), 7.22 (d, 7 = 8 Hz, 2H, tosyl H 
adjacent to methyl), 7.26-7.34 (m, 2H, indole 6 and 5H), 7.59 (d, 7 = 3 Hz, IH, indole 2H), 7.72 
(d, 7=8 Hz, 2H, tosyl H adjacent to sulfonyl), 7.89 (d, 7=8 Hz, IH, indole 7H). IR(CCl4), 
3640-3160, 1420, 1377, 1362, 1188, 1180, 1165, 1136, 967 cm“^ Analysis: calculated for 
C20H21NO3S, C 67.58, H 5.96, N 3.94; found, C 67.64, H 6.09, N 3.73%. 

5.5.14 PALLADIUM-CATALYZED ALKYLATION OF VINYL EPOXIDES TO 
FORM MACROCYCLES (EQUATION 5.102) 

A solution of the palladium catalyst was prepared as follows. Pd(OAc)2 (10.2 mg, 0.046 mmol) 
was dissolved in 10 ml of THF under nitrogen and triisopropyl phosphite (62 mg, 0.30 mmol) was 
added in one portion. After stirring for 15 min at room temperature, THF (15 ml) was added 
followed by THF (15 ml) at 0.5, 0.75, 1.0, 1.25 and 1.5 h. The catalyst must not be diluted too 
quickly; Pd black may form unless care is taken to dilute the Pd(0) catalyst slowly. The solution 
was then brought to reflux and the acyclic ester (728 mg, 0.91 mmol) in 25 ml of THF was added 
over a 2 h period via a syringe pump. When the addition was complete, the solvent was removed 
under reduced pressure and the residue was flash chromatographed (33% EtOAc in hexane) 
affording 667 mg (92%) of the macrocycle as a pale yellow oil. IR (CDCI3, 3560, 3067, 3058, 2927, 
2864, 1733, 1452, 1433, 1330, 1314, 1150, 1112, 1080, 688 cm-^ ^H NMR (200 MHz, CDCI3), S 
8.00-7.82 (m, 4H), 7.72-7.30 (m, 16H), 5.95-5.41 (m, 4H), 4.04 (t, 7 = 5.9 Hz, 2H), 3.79-3.55 (m, 
3H), 3.20-2.90 (m, 3H), 2.27 (t, 7 = 7.3 Hz, 2H), 1.68-1.17 (m, 21H), 1.08 (s, 9H). Analysis: calculated 

for C53H7o08SiS2, C 68.65, H 7.61; found, C 68.48, H 7.80%. 

5.5.15 PREPARATION OF 1,4-DIENE DISULFONE IN EQUATION 5.122 

NaH (60% in mineral oil, 0.92 g, 22.9 mmol) was added in portions to a stirred solution of allyl 
disulfone (7.0 g, 20.8 mmol) in dry THF (90 ml) at 0 °C under argon. After stirring the mixture 
for 60 min at room temperature, Pd(dba)2 (0.60 g, 5 mol%) and triphenylphosphine (1.09 g, 
20mol%) were added and a solution of (Z)-l-acetoxy-4-chloro-2-butene (3.10 g, 20.9 mmol) in 
THF (20 ml) was rapidly dropped on to the, reaction mixture. After stirring overnight (14 h) under 
argon, the reaction was quenched with water (200 ml) and the aqueous layer extracted with diethyl 
ether (4 x 100 ml). The combined organic phases were washed with water and brine (50 ml each) 
and dried (MgSO^) and the solvent was evaporated in vacuo. The residue was purified by flash 
chromatography (silica gel) using hexane-ethyl acetate (3; 1) as eluent. The product was obtained 
as yellow oil that slowly afforded white crystals on standing at room temperature (m.p. 67-68 °C) 
(6.35 g, 68%). 
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To a solution of the substrate (500 mg, 1.12 mmol) in 5 ml of HO Ac (Fluka, puriss. p.a.) was 
added Pd(dba)2 (32 mg, 5 mol%) and triphenylphosphine (43.9 mg, 15 mol%) and the mixture 
was stirred at 80 °C under argon for 2 h. For work-up the reaction mixture was diluted with 
diethyl ether (100 ml) and extracted with water (40 ml), the organic layer was separated, washed 
with NaHCOj (10% in water, 30 ml), water and brine (30 ml each) and dried (MgSOJ and the 
solvent was evaporated in vacuo. The residue was subjected to column chromatography (silica 
gel) using hexane-ethyl acetate (5; 1) as eluent. The product (351 mg, 81%) was obtained as a 
white crystalline solid (m.p. 113-114 °C); the m.p. did not change on recrystallation of the product 
from ethanol. 

5.5.16 CIS-4-(1,1 -BISCARBOMETHOXY-4-BUTENYL)-1 -CYCLOHEPT-2- 
ENYL ACETATE 

Sodium hydride (53.7 mg, 1.23 mmol) was added to a solution of allyl dimethyl malonate (215 mg, 
1.25 mmol) in THF (1.5 ml) under argon and the resulting solution was stirred for 30 min. 
Pd(PPh3)4 (42 mg, 3 mol%) and a solution of c/5-l-chloro-4-acetoxycyclohept-2-ene (210 mg, 
1.11 mmol) in dry THF (1.5 ml) were added and the yellow suspension was stirred for 21 h. 
Aqueous NH^Cl solution was added and the mixture was extracted with diethyl ether (3 x 10 ml). 
The organic layers were washed with brine, combined, dried (MgSOJ and evaporated to give a 
yellow oil. Purification by flash chromatography (30 mm; pentane-diethylether, 3:1) gave a 
colorless oil 288 mg (80%). ^H NMR, 1.14 (m, IH). 1.52 (m, IH); 1.80 (m, 3H), 2.0 (m, IH), 2.02 
(s, 3H), 2.65 (d, J = 7.5 Hz, 2H), 2.90 (m, IH), 3.72 (s, 6H), 5.08 (m, 2H), 5.52 (m, IH), 5.72 (m, 
3H). NMR, 170.82 (s), 170.20 (s), 133.97 (d), 132.68 (d), 130.85 (d), 118.86 (t), 73.88 (d), 61.43 
(s), 52.11 (q), 43.37 (d), 38.36 (t), 32.09 (t), 29.06 (t), 27.76 (t), 21.22 (q). IR, 2950, 2940, 2860, 1730, 
1440, 1375, 1240, 1140, 1020cm“L Mass spectrum, no M + ; m/z 282 (<1%), 265 (2), 251 (1), 
204 (23), 172 (28), 145 (35), 110 (100). 

5.5.17 (3aa,8ap)-DIMETHYL-3-METHYLEI\IE-1,2,3,3a,6,7,8,8a- 
OCTAHYDROAZULENE-1,1 -DICARBOXYLATE 

A solution of the cw-allylic acetate from the preceding procedure (140 mg, 0.43 mmol) and 
Pd(PPh3)4 (22.0 mg, 5 mol%) in acetic acid (1 ml) was heated at 70 °C for 1.75 h. The solution 
was poured into aqueous NaHC03 and extracted with diethyl ether (3 x 10 ml). The organic 
layers were washed with brine, combined, dried (MgS04) and evaporated to give a yellow oil. 
Purifaction by flash chromatography (15 mm; pentane-diethylether, 8:1) gave a colorless oil 
(105.6 mg, 92.5%) which slowly crystallized on standing. Crystallization from aqueous ethanol 
gave the title compound as white crystals (89.1 mg, 78%), m.p. 53-55 °C. IR, 3040, 3030, 2960, 
2950, 2840, 1730, 1440, 1335, 1260 cm" T ^H NMR, 1.34 (m, 2H, spin saturation at <5 2.25, NOE 
12%), 1.78 (m, IH), 2.06 (m, IH), 2.25 (m, 2H), 2.40 (m, IH), 2.77 (dq, 17, 3 Hz, IH, spin 
saturation at 5 3.16, NOE 32%), 3.16 (dt, 7 = 17, 1 Hz, IH, spin saturation at 5 1.11, NOE 28%, 
spin saturation at <3 3.30, NOE 12%); 3.30 (broad d, 7= 12 Hz, IH, irradiation at 2.25 broad, 
spin saturation at d 3.16, NOE 12%), 3.77 (s, 6H), 5.00 (m, 2H), 6.88 (m, 2H, spin saturation at 
d 2.25, NOE 9%). NMR, 171.90 (s), 171.69 (s), 151.44 (s), 134.71 (d), 132.48 (d), 105.83 (t), 
61.52 (s), 52.33 (q), 52.02 (q), 50.30 (d), 47.41 (d), 41.01 (t), 33.13 (t), 28.55 (t), 25.91 (t). Mass spectrum, 
mjz 264 (M^, 3%), 204 (22), 189 (7), 172 (9), 145 (100). High-resolution mass spectrum: found, 
264.1362; C15H20O4 requires 264.1362. 

5.5.18 4(S), r(R),2 (R)-2,2-DlMETHYL-4-(2-CARBOMETHOXY-4- 
METHYLENECYCLOPENTYL)-1,3-DIOXOLANE (EQUATION 5.135) [145b] 

To 160 mg (0.71 mmol) of palladium acetate in 11 ml of dry toluene under nitrogen were added 
726 mg (3.48 mmol) of triisopropyl phosphite, 2.00 g (10.7 mmol) of 2-[(trimethylsilyl)methyl]allyl 
acetate and 2.00 g (10.7 mmol) of the unsaturated ester. The resulting solution was heated at 
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100 °C under nitrogen for 16 h. After cooling, the solution was concentrated. Flash chroma¬ 
tography (hexane—diethyl ether, 4:1) gave 2.260 g (87%) of 4(S),1 (/?),2 (/?)-2,2-dimethyl-4-(2- 
carbomethoxy-4-methylenecyclopentyl)-l,3-dioxolane and its r(S),2'(S)-diastereomer as a color¬ 

less liquid at room temperature which crystallized at —25 °C. IR(CDCl3), 1730, 1650, 1430, 1375, 
1365 cm“\ NMR (270 MHz, CDCI3), <5 4.84 (br s, 2H), 4.16-3.90 (m, 2H), 3.66 (s), 3.65 (s, 3H, 
overall), 3.53 (m, IH), 2.76-2.21 (m, 6H), 1.36 (s), 1.34 (s, 3H, overall), 1.30 (s), 1.28 (s, 3H, overall). 

NMR (CDCI3), d 175.5, 175.1, 148.3, 108.9, 108.6, 106.5, 106.3, 78.3, 76.7, 67.6, 67.4, 51.5, 
46.9, 46.7, 45.8, 45.4, 36.9, 34.7, 33.9, 26.4, 26.1, 25.3, 25.1. Analysis: calculated for C13H20O4, 

240.1361; found, 240.1361. 

5.5.19 3-[(TRIMETHYLSILYL)ETHYNYL]BENZALDEHYDE (SECTION 5.4.5) 

[168] 

A turbid solution of 107 g (0.578 mol) of 3-bromobenzaldehyde, 92.0 g (0.939 mol) of ethynyl- 
trimethylsilane, 1.5 g of palladium(II) acetate and 3.0 g of triphenylphosphine in 500 ml^ of 
deaerated, anhydrous triethylamine was rapidly heated to gentle reflux under argon. At ca 100 °C, 
a clear yellow solution resulted, and a white precipitate began to form after 15 min at reflux. After 
4 h, the mixture was cooled and the white crystalline solid of triethylamine hydrobromide was 
isolated by filtration; 105 g (0.577 mol, 99.8%). The orange-brown filtrate was concentrated, mixed 
with 500 ml of aqueous sodium hydrogencarbonate and extracted with dichloromethane 
(3 X 300 ml). The organic fractions were combined, dried over magnesium sulfate and con¬ 
centrated to yield an oil which was purified by distillation to yield analytically pure 3- 
[(trimethylsilyl)ethynyl]benzaldehyde; 93.5 g (0.463 mol, 80.2%); b.p. 120-122 °C (0.15 Torr). IR 
(film), 2958 (m, sharp, SiC—H), 2825 (m, sharp, H—CO), 2146 (m, sharp, C=C), 1692 (vs. Br, 
C=0), 1244 (m, sharp, Si—C), 843 cm"^ (s, Br, Si—C bending). NMR (CDCI3), 5 0.22 (s, 
9H, SiCHs), 7.15-9.93 (m, 4H, aromatic), 9.85 (s, IH, CHO). Mass spectrum (70 eV), m/z (relative 
intensity, %) 202 (16.4 M"^), 187 (100, M"^ - CH3). Analysis: calculated for Ci2Hi40Si, C 71.24, 
H 6.97, Si 13.88; found, C 71.10, H 7.07, Si 14.04%. 
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6.1 INTRODUCTION 

The discovery of the hydroboration reaction [1] in the late 1950s signalled a new era 

in synthetic organic chemistry by providing convenient access for the first time to 

organoboranes, a class of reagents which was later to prove to be of unrivalled 

versatility. During the 1960s, much effort, almost entirely on the part of the group of 

H. C. Brown, was put into the exploration of the scope of the hydroboration reaction 

for the synthesis of organoboranes, despite the fact that such compounds had shown 

few signs of being synthetically useful. This latter situation changed dramatically in the 

1970s as a number of specialist organoborane research groups joined Brown’s group 

in exploring the reactions of organoboranes. They discovered that organoboranes, 

despite low reactivity in traditional reactions of organometallic reagents such as 

Grignard reagents, were possessed of properties which gave rise to an enormous 

diversity and range of other synthetically useful reactions. Against this background, 

many non-specialist synthetic groups began in the 1980s to utilize and indeed to extend 

the useful reactions of organoboranes, and an article predicted that the 1990s would 

begin to see the use of such reactions commercially [2]. There is already evidence that 

this prediction will be vindicated. 
Despite the evident utility of organoboranes as reagents and the inexorable trend in 

their utilization, however, many practising organic chemists remain reluctant to take 

advantage of their potential. It is in an attempt to rectify this situation that this 

contribution is made. 
The reasons for reluctance to embrace the new opportunities may be several: 

(i) fear of possible dangers associated with unfamiliar materials which might be toxic, 

pyrophoric or in other ways hazardous; 

(ii) uncertainty about how to handle unfamiliar chemicals; 

(iii) anecdotal accounts of difficulties experienced by others in inducing reactions to 

work as reported; 

(iv) lack of knowledge of reactions which would be useful to the synthetic challenges 

being undertaken; 

(v) insufficient confidence in ability to choose the best reagent for the job. 
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Safety. The sorts of boron compounds of interest for organic synthesis carry no 

extreme toxic hazards. Naturally, like any reactive materials, they should be treated 

with care and ingestion or contact should be avoided, but most of the compounds are 

readily decomposed into boric acid, which is a relatively minor toxic hazard. The toxicity 

of any more stable compounds which might be produced would most likely be unknown, 

but normal safety precautions associated with handling organic chemicals should be 

sufficient in most cases. 

Handling. Most boron-carbon bonds are stable to water, although some unsaturated 

boron compounds, especially allylboranes, provide exceptions. However, boron-hydro¬ 

gen, boron-oxygen, boron-nitrogen and boron-halogen bonds are generally fairly easily 

hydrolysed; since almost all precursors of organoboranes involve one or other of these 

types of bonds, it is usual to carry out reactions in dry solvents. 

Very few organoboranes are pyrophoric. Those which are have significant volatility, 

e.g. trimethylborane, triethylborane and triallylborane, and even they can be handled 

safely enough under an inert atmosphere. Less volatile compounds, such as higher 

trialkylboranes, oxidize readily in air but without ignition. Increasing hindrance around 

the boron atom or attachment of electron-releasing substituents such as hydroxy groups 

to the boron atom decreases the sensitivity to oxygen, and some compounds can even 

be handled in air without detriment. Nevertheless, it is usual for reactions to be carried 

out routinely under an atmosphere of nitrogen or exceptionally argon. Mixtures are 

usually opened to air only after an oxidizing mixture has been admitted, in order to 

avoid potential side-reactions resulting from oxygen-induced radical chain reactions. 

The apparatus used can be extremely simple; a dry round-bottomed flask equipped 

with a magnetic follower and a septum is adequate for many purposes. The system is 

flushed with nitrogen via syringe needles, safety vented via a paraffin oil bubbler or by 

use of a rubber balloon connected via a needle, charged or sampled by means of syringes 

and stirred magnetically. Although more sophisticated apparatus is required for reflux, 

filtration or other types of manipulation, there is generally no requirement for apparatus 

which is more complex than that used for handling other organometallic reagents. 

Reproducibility. Some early reports of hydroboration reactions emphasized the in situ 

generation of borane from sodium tetrahydroborate (borohydride) and, for example, 

boron trifluoride etherate. Such a method is adequate for simple hydroboration-oxida- 

tion of an unsubstituted alkene, but is not recommended for anything more complex 

because of possible side-reactions involving the tetrahydroborate, the Lewis acid or any 

other component of the mixture. Unjustified use of the in situ procedure may have led 
to some disappointments, particularly in the early days. Similarly, when understanding 

was less than it is today there may have been attempts to carry out reactions which 

had little real chance of success. Such cases can lead to anecdotal accounts of difficulties 

which carry weight beyond their significance. However, the numerous publications by 

non-specialists which demonstrate successful application of organoborane reactions 

testify to the fact that reported reactions are reproducible. Some attention to detail, 

such as use of dry solvents and control of stoichiometry, may be necessary, but given 

such attention the reactions are just as reliable as any other organic reactions. 
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Selection of reaction and reagent. Whereas the range of reactions of most classes of 

organometallic reagents is very narrow and easily assimilated with the help of a simple 

mechanistic rationale, the situation for organoboranes is much more complex. First, 

there are many mechanistically diverse types of reaction, involving simple organic group 

transfers, intramolecular rearrangements, pericyclic processes, transition metal-cata¬ 

lysed cross-couplings, radical reactions, boron-stabilized carbanions, etc. Second, there 

can be up to four different organic groups attached to boron, some of which may be 

involved in the reaction whereas others are merely throw-away blocking groups. 

Alternatively, some of the organic groups may be replaced by halogen, alkoxy or other 

functionalities. The non-specialist is confronted with a bewildering array of possibilities. 

For this reason, the following sections are highly selective and free of mechanistic 

discussion. Only well tried and tested reactions are included and the emphasis is on 

providing a simple procedure which can be immediately used by a non-specialist. The 

literature contains more extensive works which include further details, including 

mechanistic discussion [3,4]. 
Commercial availability. Many simple boron compounds are available from most 

chemical suppliers. Aldrich Chemical has a particularly wide selection of boron 

compounds as a result of its own subsidiary, Aldrich-Boranes. In particular, the 

company supplies borane complexed with a variety of Lewis bases, a number of 

trialkylboranes, a number of alternative hydroborating agents such as dibromobor- 

ane-methyl sulfide complex, catecholborane and 9-BBN, a range of trialkoxyboranes 

and various other boron compounds. The company is able to supply bulk quantities 

of a number of these reagents and provides special packaging methods for the 

air-sensitive reagents. 

6.2 SIMPLE HYDROBORATION-OXIDATION 

Simple hydroboration-oxidation (e.g., equation. 1) can be carried out with any hydro¬ 

borating agent [3,4]. The most convenient and cost-effective is borane-dimethyl sulfide, 

which is commercially available as a neat liquid or as a solution in dichloromethane. 

It offers possibilities for use of various solvents and for large scale work. 

6.2.1 PREPARATION OF (-)-CIS-MYRTANOL BY 
HYDROBORATION-OXIDATION OF (-)-fi-PINENE [4] 

(6.1) 

A dry, 2 1, three-necked flask fitted with a mechanical stirrer, a septum-capped pressure-equalizing 
dropping funnel and a reflux condenser vented via a bubbler is flushed with nitrogen and then 
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charged with ( —)-j9-pinene (238 ml, 1.5 mol) and hexane (500 ml). It is cooled in an ice-bath (to 
dissipate the heat generated during reaction) and borane dimethyl sulfide (52.5 ml, neat liquid, 
0.55 mol) is added from the dropping funnel, with stirring, over 30 min. The cooling bath is 
removed and the mixture is stirred for 3 h at 25 °C to ensure complete reaction, by which time 
the flask contains a solution of tri-cw-myrtanylborane. 

Ethanol (500 ml) is added cautiously (on account of initial evolution of hydrogen arising from 
excess borane) followed by aqueous sodium hydroxide (185 ml of 3 mol 1“^ solution). The flask 
is again immersed in an ice-water-bath and hydrogen peroxide (185 ml of 30% aqueous solution) 
is added at such a rate that the temperature does not exceed 40 °C. The cooling bath is removed 
and the reaction completed by heating at 50 °C for 1 h. The mixture is poured into ice-water 
(5 1), mixed with diethyl ether (2 1) and then separated. The organic layer is washed with water 
(2x11) and saturated sodium chloride (1 1), dried over potassium carbonate, filtered and 
evaporated to give a light yellow oil (230 g). Short-path distillation gives ( —)-cw-myrtanol (196 g, 
85%). 

The above procedure is satisfactory for many alkenes. However, more hindered 

alkenes may require longer reaction times or more forcing conditions at either stage of 

the reaction. If necessary, more concentrated peroxide (50% or even 60% solution) may 

be used in the oxidation stage. Some alkenes react only as far as the dialkylborane 

(R2BH) or monoalkylborane (RBH2) stage, and in such cases the ratio of borane to 

alkene is raised from 1:3 to 1:2 or 1:1, respectively, or an excess of borane is used. 

{Caution—a much larger quantity of hydrogen will be evolved in such cases.) 

If regioselectivity of hydroboration should be a problem (hydroboration of 1-hexene 

gives 94% attachment of B to C-1; styrene gives 80% attachment to B to C-1; internal 

alkenes give poor regioselectivity), the most generally useful reagent for giving high 

regioselectivity is the commercially available dialkylborane, 9-borabicyclo[3.3.1]nonane 

(9-BBN-H) [5]. This must be used at 1:1 stoichiometry with the alkene. In the case of 

hydroboration of alkynes, the most regioselective reagent is dimesitylborane [6], which 

is also commercially available. Oxidation of a vinylborane, such as is produced in the 

reaction of an alkyne, requires a buffered peroxide solution in order to minimize 

hydrolysis of the organoborane intermediate. The product is an aldehyde or ketone. 

Finally, if enantioselective hydroboration is required, the reagent of choice is diiso- 

pinocampheylborane, dilongifolylborane or monoisopinocampheylborane, depending 

on the nature of the alkene [7]. These organoboranes are prepared freshly before use (see 
Section 6.6). 

6.3 PREPARATION OF SIMPLE TRIALKYLBORANES AND OTHER 
TRIORGANYLBORANES 

The most convenient and most versatile method for the synthesis of symmetrical 

trialkylboranes involves the hydroboration of alkenes with borane. The experimental 

procedure is as described for the preparation of tri-cw-myrtanylborane in Section 6.2. 

It is important that the stoichiometry be close to the theoretical 3:1 (alkene to borane) 

in order to avoid contamination by dialkylborane species. Alternatively, an excess of 

alkene may be used provided that the excess is easily removed following reaction. For 
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most purposes, the solution of trialkylborane obtained can be used directly for further 

reactions, but if necessary the solvent can be removed under reduced pressure and the 

product can be distilled under nitrogen or under reduced pressure. 

Many triorganylboranes cannot be prepared via hydroboration, including aryl-, 

allyl- and most tertiary-alkylboranes [8]. In such cases the most useful general method 

for synthesis of the organoborane involves the reaction of a reactive organometallic 

reagent with trifluoroborane etherate or some similar reagent (e.g. equation 6.2) [9]. 

6.3.1 PREPARATION OF TRIPHENYLBORANE FROM PHENYLMAGNESIUM 
BROMIDE AND TRIFLUOROBORANE-DIETHYL ETHERATE [9] 

3PhMgBr + BF3.0Et2 -» PhgB + 3MgBrF + Et20 (6.2) 

A dry, 41, three-necked flask equipped with a mechanical stirrer, a 1 1 pressure-equalizing dropping 
funnel capped with a septum and a still-head assembled for distillation with a condenser and 2 1 
receiver is flushed with nitrogen, vented through a bubbler connected to the receiver adaptor. 
The flask is charged (double-ended needle) with trifluoroborane diethyl etherate (142 g, 1 mol) 
and xylene (1 1). A freshly prepared and estimated ethereal solution of phenylmagnesium bromide 
(3 moi in ca 11 of diethyl ether) is added dropwise, via the dropping funnel, with stirring, at 
25-35 °C over a period of 3 h (slow addition so as to minimize the production of tetra- 
phenylborate). A small amount of ether distils during the addition and as soon as the addition 
is complete the temperature is raised to allow the remainder of the ether to distil out (stopped 
when the xylene begins to distil at 138 °C). The distillation set-up is replaced by a bent sinter 
tube attached to a 3 1, two-necked receiver vented through a bubbler and the still hot solution 
is forced through the sinter under a slight nitrogen pressure. The residual salts are extracted with 
hot (120-130 °C) xylene (2 x 500 ml) and the combined xylene extracts are distilled, without a 
fractionating column, under reduced pressure. After removal of the solvent and a small forerun 
boiling below 155 °C at 0.1 mmHg, crude triphenylborane distils at 155-166 °C (0.1 mmHg). A 
single recrystallization from heptane under nitrogen gives pure triphenylborane (217 g, 90%), m.p. 
148 °C, which is essentially pure. 

6.4 PREPARATION OF MONOORGANYLBORANES AND 
DIORGANYLBORANES 

Hydroboration of some alkenes with borane proceeds rapidly only as far as the 

monoalkylborane or dialkylborane stage and more slowly thereafter [3]. Hence, by 

careful control of the stoichiometry and reaction temperature, it is possible, in such 

cases, to produce the appropriate mono- or dialklylborane cleanly. In many other cases 

this direct production of mono- or dialkylboranes via hydroboration is not possible. 

Perhaps the most important dialkylborane of all is 9-borabicyclo[3.3.1]nonane 

(9-BBN-H; 1) [10], which is commercially available as a crystalline solid. It is sufficiently 

stable in air to be transferred quickly without special precautions, although it should 

always be stored under an inert atmosphere. The preparation of this dialkylborane is 

slightly more complicated than that of other simple dialkylboranes and non-specialists 

are therefore advised to use the commercial material. 
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(1) 

The types of alkenes which readily give dialkylboranes are trialkylethenes such as 

2-methyl-2-butene and relatively hindered 1,2-dialkylethenes such as cyclohexene. 

2-Methyl-2-butene gives the so-called disiamylborane, while cyclohexene gives dicyclo- 

hexylborane (equation 6.3). It is usual to produce them in situ immediately prior to 

their application in further reactions. 

6.4.1 PREPARATION OF DICYCLOHEXYLBORANE [11] 

A 200 ml, round-bottomed, two-necked flask equipped with a pressure-equalizing dropping funnel 
fitted with a septum, a magnetic follower and a reflux condenser vented through a mercury 
bubbler is flushed with nitrogen. Cyclohexene (16.4 g, 0.2 mol) and dry diethyl ether (75 ml) are 
added and the mixture is cooled to 0 °C. Borane dimethyl sulfide (7.7 g, 0.1 mol) is introduced 
in to the dropping funnel and added dropwise to the stirred solution over 30 min. The dropping 
funnel is washed through with diethyl ether (25 ml) and the mixture is stirred for 3 h at 0 °C. 
Dicyclohexylborane (as its dimer) precipitates as white crystals and can be used directly as a 
suspension for most purposes. If isolation is required, the ether and dimethyl sulfide can be 
removed by distillation in a slow stream of nitrogen. The product can also be sublimed in vacuum. 
Its melting point is 103-105 °C. 

The most commonly utilized monoalkylborane is thexylborane, which is not very 

stable over prolonged periods and therefore has to be. carefully and freshly prepared 

(equation 6.4). 

6.4.2 PREPARATION OF THEXYLBORANE [4] 

Me2C=CMe2 + BH3.THF -. Me2CHCMe2BH2 (6.4) 

A dry, two-necked 200 ml flask fitted with a septum inlet, a magnetic follower and an outlet 
leading to a mercury bubbler is flushed with nitrogen. Borane tetrahydrofuran (100 ml of 
1 mol 1 “ ^ solution) is added via a double-ended needle and the flask is cooled in an ice-salt bath 
at —10 to — 15°C. A 2molP^ solution of 2,3-dimethyl-2-butene (50 ml) is added dropwise, 
with stirring, over 30 min by syringe, whilst the temperature is maintained at or below 0 °C. The 
mixture is then stirred for 2 h at 0 °C to complete the reaction. The clear solution so produced 
is used directly for further reactions. 
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The preparations of chiral mono- and dialkylboranes, also available by hydrobora- 

tion, are described in Section 6.6. Some diorganylboranes cannot be prepared by 

hydroboration and in such cases organometallic reagents are generally used. An example 

is the preparation of dimesitylborane (equation 6.5), although this compound is also 

available commercially. 

6.4.3 PREPARATION OF DIMESITYLBORANE [3, 6] 

2MesBr > 2MesMgBr °F3.oEt2 ^ ]y[es^Bp i/4LiA 4^ Mes2BH (6.5) 

(Mes == mesityl = 2,4,6-trimethylphenyl) 

A dry, 250 ml, two-necked flask equipped with a septum-capped pressure-equalizing dropping 
funnel and a reflux condenser leading to a mercury bubbler is charged with magnesium turnings 
(2.73 g, 114 mmol) and then flushed with nitrogen. A solution of mesityl bromide (22.3 g, 
112 mmol) in tetrahydrofuran (THF, 56 ml) is transferred into the dropping funnel by a double- 
ended needle and then the magnesium turnings are heated gently with an air gun. The 
mesityl bromide solution is added dropwise at such a rate as to give a constant reflux. After 
completion of the addition the reaction mixture is heated at 80-90 °C for 3 h, cooled to ambient 
temperature, diluted with THF (30 ml) and transferred by a double-ended needle into a 100 ml 
volumetric flask. The solution is made up to 100 ml with further THF and an aliquot is 
standardized by titration against 0.2 m HCl. The yield is ca 98%. 

Another 250 ml, two-necked flask equipped with a septum-capped pressure-equalizing dropping 
funnel and a mechanical stirrer is flushed with nitrogen. The Grignard reagent prepared as above 
(94 ml of 1.1 molP^ solution, 104 mmol) is transferred into the funnel and the flask is charged 
with trifluoroborane etherate (7.44 g, 52 mmol) which has been distilled from calcium hydride. 
The flask is immersed in an ice-water bath and the Grignard reagent is added, at such a rate as 
to maintain the temperature of the reaction mixture below about 30 °C, with rapid stirring. After 
completion of the addition the mixture is stirred for a further 1 h at ambient temperature, the 
flask is disconnected and the mixture is left overnight in a deep-freeze, stoppered with a septum 
and under nitrogen. The supernatant liquid is transferred by a double-ended needle into another 
flask and the solvent is removed under reduced pressure (with protection from moisture by a 
drying tube). Light petroleum (b.p. 30-40 °C, 30 ml) is added to precipitate magnesium fluoride 
and after the mixture has settled the supernatant liquid is transferred into another nitrogen- 
flushed flask. The residue is washed with further light petroleum (3 x 30 ml) and the combined 
supernatant liquids are concentrated to ca 25 ml, then set aside in a deep-freeze for 18 h. The 
product crystallizes out and the mother liquor is removed and further concentrated to produce 
a second crop. Solvent is removed from the combined crystals under reduced pressure (oil pump) 
to give dimesitylfluoroborane (9.08 g, 70%), m.p. 70-72 °C. 

A dry 500 ml flask equipped with a magnetic follower and a septum is connected via a needle 
to a mercury bubbler and flushed with nitrogen. Dimesitylfluoroborane (8.4 g, 50 mmol), prepared 
as described above, in 1,2-dimethoxyethane (50 ml) is charged via a syringe or double-ended needle 
and the solution is stirred whilst a solution of lithium aluminium hydride in 1,2-dimethoxyethane 
(63 ml of 0.2 mol 1“^ solution, 12.6 mmol) is added dropwise through a double-ended needle. A 
white precipitate forms and stirring is maintained for 1 h. Dry benzene (100 ml) is added and the 
mixture is stirred for 30 min, then allowed to settle. The supernatant liquid is removed via a 
double-ended needle and the residue is washed with benzene (3 x 100 ml) in a similar manner. 
The combined supernatant liquids are allowed to settle overnight at ambient temperature, then 
filtered rapidly through a sintered-glass funnel containing a 5 cm thick layer of Celite under a 
stream of nitrogen. The clear filtrate is concentrated under reduced pressure (protected by a drying 
tube) and the crude product (9 g) is crystallized from 1,2-dimethoxyethane {ca 60 ml) to give 
colourless crystals of dimesitylborane (5.2 g, 69%), m.p. 164-166 °C. 
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The recent report of the preparation of 2,4,6-triisopropylphenylborane (TripBH2) 

[12] suggests that this bulky monoarylborane may resemble the bulky mono- 

alkylborane, thexylborane, in some of its properties. 

6.5 PREPARATION OF 'MIXED' TRIORGANYLBORANES 

Early attempts to synthesize ‘mixed’ trialkylboranes of the type R^R^R^B were dogged 

by failure, with the result that there was a view that such compounds were not stable 

and that they were prone to redistribution to give mixtures of the symmetrical 

trialkylboranes and other ‘mixed’ trialkylboranes (e.g. R^R^B). However, it is now 

well established that this is not the case [3, 8]. When ‘redistribution’ products are 

obtained it is the result of failure to produce the intermediate mono- and dialkylboron 

compounds cleanly. The key to success is therefore to ensure that the intermediate 

compounds are produced cleanly, and then to control the conditions carefully during 

their subsequent conversion into ‘mixed’ trialkylboranes. It is often not possible to 

produce a particular mono- or dialkylborane directly via hydroboration, in which case 

it must be made in other ways (see preparation of dimesitylborane in Section 6.4 and 

of other products in Section 6.8). Section 6.4 gives procedures for the clean preparation 

of examples of mono- and dialkylboranes which are amenable to the direct approach. 

If the subsequent conversion into a ‘mixed’ trialkylborane involves hydroboration 

of a single alkene, as in the preparation of dicyclohexyl-1-octylborane by reaction of 

dicyclohexylborane with 1-octene (equation 6.6) or of thexyldicyclopentylborane by 

reaction of thexylborane with cyclopentene, the procedure is very simple. It consists 

simply of adding the alkene, in stoichiometric amount or slight excess, to the solution 

or suspension of the mono- or dialkylborane under nitrogen and allowing the mixture 

to stir at —10 to -1-20 °C for a period of time. Once reaction is complete, modest 

temperatures cease to be any problem. 

6.5.1 PREPARATION OF DICYCLOHEXYL-1 -OCTYLBORANE 

(6.6) 

Dicyclohexylborane (0.1 mol) is prepared as a suspension in diethyl ether as described in Section 
6.4.1. The reaction flask is cooled in ice-water to dissipate heat of reaction and the mixture is 
stirred whilst 1-octene (11.2 g, 100 mmol) is added dropwise. After completion of the addition the 
reaction mixture is stirred for 3 h at ambient temperature. (With more hindered alkenes it may 
be necessary to heat the mixture to 50 °C at this stage.) The suspended dicyclohexylborane 
dissolves during the reaction to produce a clear solution of dicyclohexyl-l-octylborane, which 

can be used directly in subsequent reactions. 

For similar reactions using thexylborane it is necessary to keep the reaction mixture 

at ca —10 °C during addition of the alkene [13]. Even under such conditions, however. 
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it is not possible to control the stoichiometry to produce a thexylmonoalkylborane 

cleanly from the least hindered alkenes such as 1-octene. Fortunately, it is possible to 

achieve this in the case of most internal alkenes and a further hydroboration reaction 

can then be used to give a fully ‘mixed’ trialkylborane (e.g. equation 6.7). 

6.5.2 PREPARATION OF THEXYLCYCLOPENTYL(6-ACETOXYHEXYL)BORANE 

[13] 

A 200 ml flask equipped with a magnetic followeFand a septum and vented by a needle leading 
to a paraffin oil bubbler is flushed with nitrogen. Thexylborane (100 mmol) is prepared as 
described in Section 6.4.2 and the reaction flask is then immersed in a cooling bath set at —10 °C. 
The mixture is stirred at - 10 °C during the dropwise addition, by syringe, of cyclopentene (6.8 g, 
100 mmol), for a further 1 h thereafter and then during the subsequent dropwise addition of 
6-acetoxy-l-hexene (14.2 g, 100 mmol). The mixture is stirred for a further 1 h at — 10°C and 
then allowed to warm to room temperature to give a solution containing the desired organoborane 
ready for direct utilization in subsequent reactions. 

The preceding procedure is applicable only to cases in which the first alkene is a 

1,2-disubstituted ethene or a trisubstituted ethene and the second alkene is a 1-alkene, 

a 1,1-disubstituted ethene or a 1,2-disubstituted ethene. If other fully ‘mixed’ trialklyl- 

boranes are required a more complicated procedure is needed (e.g. equation 6.8). 

6.5.3 PREPARATION OF THEXYLDECYLOCTYLBORANE [14, 15] 

C6Hi3CH=CH2 ^(CH2)7Me i^(ipj.o)3BH \ \ ^ (CHzlvMe 

'ci CgHi^CH^CH^// 
(6.8) 

A dry, 100 ml flask equipped with a magnetic follower and a septum and vented via a needle 
leading to a paraffin oil bubbler is flushed with nitrogen. Thexylchloroborane dimethyl sulfide 
(20 mmol) in dichloromethane (20 ml) is prepared in situ (see Section 6 8), then cooled to 0 °C 
and stirred during addition of 1-octene (2.24 g, 20 mmol). The mixture is wanned to 25 °C and 
stirred for 2 h, then cooled to — 10°C (ice-salt bath). A solution of 1-decene (2.80 g, 20 mmol) 
in THF (20 ml) is added, followed by the dropwise addition of potassium triisopropoxyhydrobor- 
ate (21 ml of a commercial 1 moll"* solution in THF, 21 mmol), with vigorous stirring. The 
mixture is stirred for 2 h at 0 °C to produce a solution of the desired product, which can be used 
directly. 

In some cases it is either necessary or more convenient to introduce the final organic 

group(s) via an organometallic reagent rather than via a hydroboration reaction. The 

organometallic reagents generally chosen are either Grignard reagents or organolithium 

reagents, although others are also possible [3, 8]. The choice of the leaving group from 

boron can be critical. In the case of fairly hindered compounds it is reasonable to use 

halogenoboron compounds (e.g. equation 6.9) [3, 16]. In the case of relatively un- 
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hindered compounds, however, the triorganylborane formed may react rapidly with 

further organometallic reagent, resulting in the formation of some tetraorganylborate 

salt which can be difficult to remove and causing a lowering of the yield. In such cases 

it is advantageous to use a poorer leaving group, such as methoxide. The immediate 

product is then a methoxyborate which has to be broken down, for example by use of 

boron trifluoride. An example of this approach is given in Section 6.7, with the 

preparation of a dialkylalkynylborane. 

Mes2BF Mes2BEt + FMgBr (6.9) 

6.6 PREPARATION OF CHIRAL ORGANOBORANES 

The simplest way of preparing useful chiral organoboranes is via hydroboration of a 

chiral alkene with borane dimethyl sulfide. If the alkene is sufficiently unreactive that 

it can be cleanly converted into a dialkylborane (see Section 6.4), this latter species can 

act as a chiral hydroborating agent for the asymmetric hydroboration of prochiral 

alkenes. The most widely used example of such a dialkylborane is diisopinocampheyl- 

borane (Ipc2BH) [17, 18], prepared from optically active a-pinene, which is readily 

available. High enantioselectivity is achieved in its reactions with (Z)-l,2-disubstituted 

ethenes such as cw-2-butene (equation 6.10) [3, 4]. This is therefore a very useful method 

for the preparation of chiral organoboranes containing the corresponding asymmetric 

units. 

6.6.1 PREPARATION OF (R)-2-BUTYLDIISOPINOCAMPHEYLBORANE 
[3,4] 

BHa.SMea ( (6.10) 

A 250 ml, two-necked flask equipped with a septum inlet, a magnetic follower and a distillation 
head leading to a condenser with a cooled ( —78°C), bubbler-vented receiver is flushed with 
nitrogen. The flask is charged with THF (15 ml) and neat borane dimethyl sulfide (5.05 ml, 
50 mmol), cooled to 0 °C and stirred during the dropwise addition of ( —)-a-pinene [15.9 ml, 
100 mmol, a“ — 48.7, corresponding to 95% enantiomeric excess (ee)]. After a further 3 h at 0 °C, 
a mixture of the solvent and dimethyl sulfide (total 13 ml) is removed under reduced pressure 
{ca 30mmHg; protection from moisture by a drying tube). [If a-pinene of 99% ee is used, the 
IPC2BH produced at this point is ready for direct further reaction with (Z)-2-butene, but with the 
lower purity material described here an equilibration step is now required.] The distillation set-up 
is rapidly replaced with a stopper and further ( —)-a-pinene (2.4 ml, 15 mmol) and THF (18 ml) 
are added to the reaction flask. The mixture is left to equilibrate for 3 days at 0 °C to give a white 
suspension of diisopinocampheylborane of ca 99% ee. This suspension can be used directly or 
the excess of a-pinene can be removed (with THF) by syringe and fresh THF added. 

The flask is cooled to ca — 10°C by immersion in an ice-salt bath and d5'-2-butene (3.1 g, 
55 mmol) is added, in solution if necessary. After stirring for 4 h at 0 °C the temperature is allowed 
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to come to ambient and the solution contains the desired asymmetric organoborane, diisopino- 
campheyl-(i?)-2-butylborane (50 mmol), available for further reaction. Oxidation (see Section 6.2) 

gives (K)-2-butanol in very high enantiomeric purity. 

Diisopinocampheylborane also readily hydroborates 1,1-disubstituted ethenes, but in 

such cases the chiral induction is low [19]. It does not successfully hydroborate more 

hindered alkenes such as fra«.s-l,2-disubstituted ethenes or trisubstituted ethenes be¬ 

cause displacement of a-pinene competes with hydroboration. As a result, several 

different hydroborating agents are present in the mixture, each one exhibiting different 

stereoselectivity, which can lead overall to very low asymmetric induction. Dilongifolyl- 

borane is less prone to alkene displacement and less hindered than diisopinocampheyl¬ 

borane and consequently gives better asymmetric induction than the latter in reactions 

with the more hindered alkenes. Its preparation from optically active longifolene is 

straightforward, like that of dicyclohexylborane (Section 6.4). 

An alternative reagent for hydroboration of relatively hindered alkenes is mono- 

isopinocampheylborane (IpcBH2, equation 6.11) [20]. This reagent presents an addi¬ 

tional advantage because it can be reacted with an equimolar amount of such a hindered 

alkene to give the corresponding alkylisopinocampheylborane, which, like other 

dialkylboranes, tends to crystallize from the solution as its hydrogen-bridged dimer. 

By recrystallization, these compounds can be obtained with close to 100% ee and in 

substantial yield. Further, a-pinene can then be displaced by reaction with acetaldehyde 

to give a chiral alkyldiethoxyborane (e.g. equation 6.12). These compounds are useful 

for conversion into many other compounds containing one chiral organic group 

attached to boron [21]. 

6.6.2 PREPARATION OF OPTICALLY PURE 
MONOISOPINOCAMPHEYLBORANE 

2IPC2BH (IpcBH2)2.TMEDA IpcBH2 (6.11) 

( —)-Diisopinocampheylborane (100 mmol) in diethyl ether (65 ml) is prepared as described above 
in a two-necked flask fitted with a magnetic follower, a nitrogen inlet and a reflux condenser 
leading to a mercury bubbler. The mixture is brought to reflux and tetramethylethylenediamine 
(TMEDA, 7.54 ml, 50 mmol) is added dropwise. The mixture is held at reflux for 30 min and then 
a small aliquot is withdrawn into a syringe and pushed back into the mixture (this process helps 
to induce crystallization). The mixture is allowed to cool to room temperature and then kept at 
0 °C overnight, after which time the supernatant liquid is removed by means of a double-ended 
needle. The crystalline TMEDA complex of monoisopinocampheylborane is washed with pentane 
(3 X 25 ml) and the solid is dried for 1 h at 15mmHg (drying tube needed to protect from 
moisture) and 2 h at 1 mmHg to give optically pure (IpcBH2)2 TMEDA (16.4 g, 79%), m.p. 
140.5-141.5 °C, -I- 69.03 °C (THE). This solid can be stored for prolonged periods and free 
monoisopinocampheylborane can be liberated when required, as described below. 

The complex (14.6 g, 35 mmol) is charged to a 250 ml flask equipped with a magnetic follower 
and a septum and the flask is flushed with nitrogen. THE (50 ml) is added and the mixture is 
stirred until the solid dissolves. Trifluoroborane etherate (8.6 ml, 70 mmol) is added with constant 
stirring and the mixture is stirred for a further 1.25 h at 25 °C and then filtered under nitrogen 
through a sinter tube (transfer by a double-ended needle). The solid residue is washed with ice-cold 
THE (3x9 ml) and the washings are added to the original supernatant liquid. This combined 
solution contains monoisopinocampheylborane (typically 80-84% yield) ready for further reac¬ 
tion. It is advisable to check the quantity by gas titration [4]. 
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6.6.3 PREPARATION OF OPTICALLY PURE 
DIETHOXY(2-PHENYLCYCLOPENTYL)BORANE [22] 

Ph Ph 

1, IpcBH2 

2. crystallize 
3. 2MeCHO 

A 25 ml, two-necked flask equipped with a magnetic follower, a septum inlet and a tube leading 
to a mercury bubbler is flushed with nitrogen and then charged with a solution of mono- 
isopinocampheylborane [from (-h )-a-pinene] in diethyl ether (52.6 ml of 0.95 mol 1“^ solution, 
50 mmol). The flask is cooled to —35 °C, 1-phenylcyclopentene (7.2 g, 50 mmol) in diethyl ether 
(10 ml), precooled to —35 °C, is added dropwise and with stirring and the mixture is then kept 
at — 35 °C for 36 h without stirring. A white solid separates and the supernatant liquid is removed 
by a double-ended needle. The crystals are washed with cold diethyl ether (3 x 20 ml) at —35 °C. 
Diethyl ether (50 ml) is added to the solid and the mixture is warmed to 20 °C for 5-10 min, 
whereupon a homogeneous solution is obtained. It is then cooled to 0 °C for 15 h and white 
crystalline needles separate. The supernatant solution is removed by a double-ended needle and 
the crystalline solid is washed with ice-cold diethyl ether (3 x 10 ml). The solid is then dried at 
15mmHg for 1 h to yield isopinocampheyl-(li',25)-/ra«5-2-phenylcyclopentyl)borane (10.3 g, 
70%) of very high optical purity (>99% ee). 

The solid dialkylborane (10.3 g, 35 mmol) is suspended in diethyl ether (30 ml), acetaldehyde 
(7.84 ml, 140 mmol) is added, and the mixture is stirred at room temperature for 6 h. Excess of 
aldehyde and diethyl ether are pumped off and the residue is distilled under reduced pressure to 
give diethoxy-(lS,27?)-rra«5'-2-phenylcyclopentyl)borane (8.0 g, 32.5 mmol, 65% based on original 
monoisopinocampheylborane and alkene), b.p. 80-82 °C/0.01 mmHg. Oxidation of an aliquot of 
this compound in the standard way (see Section 6.2) gives (-|-)-/r<3«5-2-phenylcyclopentanol of 
>99% ee. 

The optically active alkyldiethoxyboranes prepared as described above can be 

converted into other compounds by any of the other organoborane reactions described 

herein, ranging from reduction to the monoalkylborane and further hydroboration to 

direct cleavage via oxidation. They are therefore extremely important intermediates 

[21]. 
An alternative way of obtaining chiral organoboranes involves reaction of an 

alkyldialkoxyborane derived from the chiral diol, pinanediol, with dichloromethyllithi- 

um (e.g. equation 6.13) [23]. The a-chloroalkylboron compounds thus produced are 

frequently of very high enantiomeric purity and the chloride can be easily displaced in 

a stereodefined way to give more complex optically active species (equation 6.13). 

6.6.4 PREPARATION OF 
(1R)-1-PHENYLPENTYL-[( + )-PINANEDIYLDIOXY]BORANE VIA 
HOMOLOGATION OF THE CORRESPONDING BUTYL DERIVATIVE [23] 

1. LiCHClj, -100°C 

2. ZnClj, 20 °C 
3. PhMgBr, 

-78->25 °C 

(6.13) 
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Butyl[( + )-pinanediyldioxy]borane. ( + )-Pinanediol (341 g, 2 mol) in diethyl ether (500 ml) and 
light petroleum (b.p. 30-40 °C, 500 ml) is stirred with boric acid (62.5 g, 1 mol), and a solution of 
KOH (65 g of 85%, 1 mol) is added in portions, resulting in an exothermic reaction and formation 
of a voluminous white precipitate, which is collected, washed with diethyl ether, dried and 
recrystallized twice from acetone-water (90:10). This gives potassium bis(pinanediol)borate {ca 
45% yield) of ca 100% ee even from pinanediol of 92% ee. To a solution of this solid (23 g) in 
ice-cold water (75 ml) is added a mixture of diethyl ether and light petroleum (1:1, 150 ml), 
followed by ice-cold hydrochloric acid (65 ml of 2 mol P^) in small portions, with stirring. After 
the cloudiness in the aqueous phase has disappeared, the layers are separated and the aqueous 
phase is saturated with NaCl and extracted with diethyl ether (50 ml). The combined organic 
phases are treated with butyldihydroxyborane (butylboronic acid) (11.5 g, 113 mmol) and kept 
at 25 °C for 2 h, then dried over magnesium sulfate, evaporated and distilled under 
reduced pressure to give butyl[( + )-pinanediyldioxy]borane {ca 20 g, 85 mmol, 76%), b.p. 

68-70 °C/0.1 mmHg. 
(lR)-l-phenylpentyl[(+ )-pinanediyldioxy]borane. A 250 ml flask equipped with a magnetic 

follower and a septum is flushed with argon, charged with dry THF (50 ml) and pure di- 
chloromethane (3.25 ml, 60 mmol), cooled to — 100°C in a 95% ethanol-liquid nitrogen slush 
bath and stirred as n-butyllithium in hexane (25.5 ml of 2.0 mol solution, 51 mmol) is added 
dropwise by syringe down the side of the flask (so that it is already cold on reaching the reaction 
solution) over a period of 15 min. [The solution should remain colourless or pale yellow although 
a white precipitate forms; darkening is a sign of overheating and decomposition.] The solution 
is stirred at —100 °C for a further 15 min. The butyl(pinanediyldioxy)borane (9.98 g, 42 mmol), 
prepared as above, in anhydrous diethyl ether (25 ml) is injected and, under a rapid stream of 
argon, the septum is briefly removed so that rigorously anhydrous powdered zinc chloride (3.8 g, 
28 mmol) can be admitted. The septum is replaced and the flask is flushed thoroughly with argon. 
The mixture and cooling bath are allowed to warm slowly to 25 °C and stirring is maintained 
overnight. [It is sometimes possible to use the crude solution directly at this stage, but isolation 
of the intermediate product is described here.] The mixture is then concentrated on a rotary 
evaporator (bath temperature below 30 °C) and the thick residue is stirred with light petroleum 
(b.p. 30-40 °C, 100 ml) and then saturated aqueous ammonium chloride (25 ml). The phases are 
separated, the aqueous phase is washed with light petroleum (2 x 50 ml) and the combined 
organic extracts are filtered through a bed of anhydrous magnesium sulfate. Concentration 
yields a residue which is chromatographed on silica, eluted with 4% ethyl acetate in hexane. The 
product at this stage is usually sufficiently pure for further reaction, but it can be distilled if 
required to give pure (lS)-l-chloropentyl[(-l-)-pinanediyldioxy]borane (10.3 g, 86%), b.p. 
113-115 °C/0.2 mmHg. 

A 100 ml flask equipped with a magnetic follower and a septum is flushed with argon and 
charged with dry THF (35 ml) and the chloropentyl(pinanediyldioxy)borane (2.85 g, 10 mmol), 
prepared as described above. The solution is cooled to — 78 °C and stirred as a solution of 
phenylmagnesium bromide in THF or diethyl ether (10 ml of lmoll“^ solution, 10 mmol) is 
added by syringe. The mixture is allowed to warm to 25 °C and stirred for a further 20 h. 
Hydrochloric acid (10 ml of 1.2 mol C^) is added and the product is extracted'into diethyl ether 
(3 X 25 ml). The combined ether extracts are dried over magnesium sulfate, concentrated and 
then distilled under reduced pressure to give (li?)-l-phenylpentyl)[( + )-pinanediyldioxy]borane 
(2.62 g, 80%), b.p. 125-128 °C/0.1 mmHg. 

6.7 PREPARATION OF UNSATURATED ORGANOBORANES 

Vinylboranes can in some cases be synthesized by direct hydroboration of an alkyne. 

This is only possible if the desired product has the right geometry (i.e. if boron and 

hydrogen are cis to each other) and if the nature of the other groups is such that the 

regioselectivity is appropriate (i.e. terminal alkenyl groups can be obtained from 



ORGANOBORON CHEMISTRY 477 

1-alkynes, whereas symmetrical internal alkynes offer no regioselectivity problems). 

Even then, attempts to produce alkenylboranes from unhindered hydroborating agents 

such as borane dimethyl sulfide or even 9-BBN-H may be unsuccessful because of 

dihydroboration or polymerization. Therefore, in reality, the method is fairly restricted 
in scope [3, 8]. Nevertheless, for those cases where it is appropriate it is usually the 

simplest method, and is illustrated by the preparation of dicyclohexyl-1-octenylborane 
(equation 6.14). 

6.7.1 PREPARATION OF DICYCLOHEXYL-(E)-1-OCTENYLBORANE 

BH + HC=C(CH2)5Me-*- (6.14) 

Dicyclohexylborane (200 mmol) in THF (100 ml) is prepared in a 500 ml flask as described in 
Section 6.4 (except for solvent). The flask is immersed in an ice-salt bath until the temperature 
is reduced to ca —10 °C and a solution of 1-octyne (22.0 g, 200 mmol) in THF (20 ml) is added 
as rapidly as possible (to minimize any dihydroboration) whilst maintaining the temperature 
below 10 °C. The reaction is then allowed to warm to room temperature and stirred for 3 h to 
complete the hydroboration (the solid dicyclohexylborane dissolves during this process). The 
solution thus obtained contains the dicyclohexyloctenylborane, which may be used directly for 
further transformations. 

For aryl-, alkynyl-, most allyl- and many alkenylboron compounds hydroboration 

cannot be used to put in the unsaturated group. In these cases the most versatile method 

is via the corresponding organolithium or organomagnesium reagents [3, 8]. The 

procedure is similar whichever class of unsaturated organoborane is required and is 

illustrated by the preparation of dicyclohexyl-1-octynylborane (equation 6.15). 

6.7.2 PREPARATION OF DICYCLOHEXYL-1 -OCTYNYLBORANE 

i, LiC=C(CH,)5Me 

ii, BF3.0Et2 

B—C=C(CH2)5Me 

(6.15) 

Dicyclohexylborane (100 mmol) in THF (50 ml) is generated in situ (see Section 6.4) under 
nitrogen, in a 500 ml flask equipped with a gas inlet with stopcock, a septum inlet and a magnetic 
follower. Methanol (3.2 g, 100 mmol) is added, dropwise and with stirring, and the hydrogen 
evolved is allowed to escape through a bubbler connected via a needle through the septum. The 
solution is stirred for a further 1-2 h at 25 °C, during which time hydrogen evolution ceases and 
the dicyclohexylborane solid dissolves to form dicyclohexylmethoxyborane. 

Meanwhile, a separate 250 ml flask equipped with a magnetic follower and a septum is flushed 
with nitrogen and then charged with 1-octyne (11 g, 100 mmol) and THF (75 ml). The mixture is 
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cooled to -78 °C and /i-butyllithium (40 ml of a 2.5 mol solution in hexane, 100 mmol) is 

added dropwise to give 1-lithiooctyne. 
The flask containing the dicyclohexylmethoxyborane is cooled in a — 78 °C bath and the 

1-lithiooctyne solution is added to it by means of a double-ended needle. The 250 ml flask is 
rinsed with additional THF (5 ml) to complete the transfer of 1-lithiooctyne and the bulk solution 
is stirred for 30 min at -78 °C. Trifluoroborane etherate (18.8 g, 133 mmol) is added by syringe 
and the mixture is stirred at —78 °C for a further 15 min and then warmed to ambient temperature. 
The reaction mixture can be used directly for many purposes, but if isolation is required the 
mixture is first concentrated under reduced pressure and then mixed with pentane. The pre¬ 
cipitated material is removed under nitrogen by filtration through a glass sinter and the product 
can then be obtained from the filtrate by removal of the solvent and distillation under reduced 

pressure. 

6.8 PREPARATION OF OTHER ORGANOBORON COMPOUNDS 

For some purposes it is necessary to have a boron compound of the type R2BX or 

RBX2, where X is a methoxy or halo group. Such compounds can be readily obtained 

by addition of dry HX to the corresponding RBH2 or R2BH (see procedure for 

dicyclohexyl-1-octynylborane in Section 6.7, for example) or, in the case of alkoxy 

compounds, from the corresponding halo compounds by reaction with dry alcohol. 

Compounds of the type RB(OEt)2 can be obtained from IpcBRH by reaction with 

acetaldehyde (Section 6.6) and such compounds can be chain-extended by reaction with 

the anion of dichloromethane (see Section 6.6) [3]. However, it is also possible to put 

in the organyl group directly via hydroboration using HBX2 or H2BX derivatives. Of 

these, the most conveniently available are catecholborane (equation 6.16), dibromobor- 

ane dimethyl sulfide (equation 6.17) and monochloroborane dimethyl sulfide (equa¬ 

tion 6.18). The first two are available commercially, but are easily prepared from catechol 
and borane [3, 4, 24] or tribromoborane dimethyl sulfide and borane dimethyl sulfide 

[3] if desired. 

6.8.1 PREPARATION OF 
B-[(E)-2-CYCLOHEXYLETHENYL]CATECHOLBORANE [24] 

(6.16) 

A 100 ml, two-necked flask equipped with a reflux condenser vented to a mercury bubbler, a 
PTFE stopcock capped by a silicone-rubber septum and a magnetic follower is flushed with 
nitrogen. Cyclohexylethyne (10.8 g, 100 mmol) and catecholborane (12.1 g, 100 mmol) are added 
by means of syringes and the mixture is stirred and heated at 70 °C for 1 h. After cooling, the 
product is ready for further reaction, but if required it can be distilled at 114°C/2mmHg to 
provide pure 5-cyclohexylethenylcatecholborane (18.7 g, 82%). 

Reactions of catecholborane, such as that described above, are intrinsically slow. 

Indeed, internal alkynes require longer reaction times {ca 4 h at 70 °C) and those of 
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alkenes require even higher temperatures {ca 100 °C) [24, 25]. Fortunately, the reactions 

can be performed at moderate temperatures if catalysed by rhodium complexes [26] 

and this even allows the possibility of asymmetric hydroboration by use of homochiral 

catalysts [27]. 

6.8.2 PREPARATION OF HEXYLDIBROMOBORANE [28-30] 

BrjB.SMe^ ■ Br^BH.SMe^ . Br^BCCHJsCHj.SMe, 

-5^ Br,B(CH,),CH3 (6.17) 

A 100 ml flask equipped with a septum and a magnetic follower is flushed with nitrogen and then 
charged with dimethyl sulfide (14.9 ml, 12.4 g, 200 mmol) and pentane (50 ml). The flask is cooled 
in an ice-bath and fitted with a bubbler connected via a needle and the contents are stirred 
vigorously whilst tribromoborane (9.5 ml, 25.3 g, 100 mmol) is added dropwise by syringe 
(exothermic reaction). The mixture is brought to room temperature and the volatile materials are 
removed at the pump (protection from moisture) to leave tribromoborane dimethyl sulfide 
(31.5 g, 99%), m.p. 106-107 °C, as a white powder. 

Dimethyl sulfide (10 ml) and borane dimethyl sulfide (4.75 ml, 47.5 mmol) are added, with 
stirring, and the mixture is held at 40 °C for 12 h. Excess of dimethyl sulfide is removed at the 
pump (protection from moisture) to leave dibromoborane dimethyl sulfide (35.1 g, ca 100%) as 
a clear, viscous liquid. 

A two-necked flask equipped with a reflux condenser vented through a mercury bubbler, a 
PTFE stopcock capped by a silicone-rubber septum and a magnetic follower is flushed with 
nitrogen and charged with dichloromethane (75 ml) and 1-hexene (12.5 ml, 100 mmol) by syringe. 
The mixture is stirred at 25 °C during the dropwise addition of dibromoborane dimethyl sulfide 
(12.8 ml, 100 mmol), prepared as above, and then heated under reflux for 3 h. On cooling to 25 °C 
the product, hexyldibromoborane dimethyl sulfide, is ready for many further manipulations. 

If required, the product can be distilled (b.p. 97-100 °C/1 mmHg) to give the pure complex 
(29 g, 91%). If the product free of dimethyl sulfide is needed, the mixture after the hydroboration 
step is cooled to 0 °C and stirred during addition of triibromoborane (10.0 ml, 105 mmol). The 
mixture is stirred at 25 °C for 1 h and the solvent is removed to leave a mixture of liquid 
hexyldibromoborane and solid tribromoborane dimethyl sulfide. This mixture is distilled directly 
under reduced pressure at a bath temperature less than 100 °C (Br3B.SMe2 melts at 108 °C) to 
give pure hexyldibromoborane (18.0 g, 71%), b.p. 56-58 °C/0.9 mmHg. 

6.8.3 PREPARATION OF CHLORODICYCLOPENTYLBORANE [3, 31, 32] 

BH3.SMe2 
CCI4 o 

BH2C1.SMC2 -1 (6.18) 

A two-necked flask equipped with a septum, a reflux condenser leading to a mercury bubbler 
and a magnetic follower is flushed with nitrogen and charged with borane dimethyl sulfide 
(10.1 ml, 100 mmol). Tetrachloromethane (9.7 ml, 15.4 g, 100 mmol) is added, with stirring, and 
the mixture is held under reflux for 20 h, by which time the product is predominantly 
BH2Cl.SMe2. Estimation of an aliquot by gas titration shows the presence of 2 mole equivalents 
of hydrogen per mole of boron and hydrolysis and titration of the liberated HCl show 1 mole 
equivalent of labile chlorine per mole of boron. However, “B NMR shows the presence of 
equilibrium quantities {ca 8% each) of Cl2BH.SMe2 (^ —2.0 ppm) and BH3.SMe2 (^ — 19.8 ppm) 
in addition to Cl2BH.SMe2 (^ —6.7 ppm). 



480 K. SMITH 

A 200 ml flask equipped with a septum and a magnetic follower is flushed with nitrogen and 
charged with cyclopentene (14.7 g, 216 mmol) in pentane or diethyl ether (90 ml). The mixture is 
stirred at 0 °C whilst the monochloroborane dimethyl sulfide, prepared as described above, is 
added slowly by syringe. The mixture is then allowed to warm to 25 °C and stirred for 2 h at 
this temperature. The solution thus obtained can be used directly for further transformations or 
the solvent may be removed under reduced pressure to leave chlorodicyclopentylborane which 
is ca 93% pure (containing some RBCI2 and R3B). Distillation under reduced pressure gives the 
pure product {ca 80% yield), b.p. 69-70 °C/1.2 mmHg. Unhindered dialkylchloroboranes may 
retain the dimethyl sulfide during solvent removal but it is lost during distillation. 

Thexylchloroborane dimethyl sulfide is prepared in a manner similar to that used for dicyclo- 
pentylchloroborane, but using monochloroborane dimethyl sulphide (100 mmol), dimethyl sulfide 
(1.5 ml, 20 mmol), dichloromethane (24 ml) and 2,3-dimethyl-2-butene (14.8 ml, 110 mmol). 

The alkene is added dropwise to the stirred mixture of the other components at 0 °C, over a 
period of 1 h, and the resultant clear solution is stirred for 30 min at 0 °C and 3 h at 25 °C 
to complete the preparation. The solution obtained can be used directly or the solvent and excess 
of dimethyl sulfide can be removed under reduced pressure (protection from moisture). 

6.9 REPLACEMENT OF BORON BY A FUNCTIONAL GROUP 

The simplest applications of organoboron compounds involve replacement of boron 

by a functional group such as OH, halogen or NH2 (equation 6.19) [3,4]. The most 

common application is oxidation with alkaline hydrogen peroxide, which converts 

alkylboron compounds into the corresponding alcohols (see Section 6.2). All stereo¬ 

chemical features of the organoborane are retained in the alcohol and all three groups 

attached to boron can be utilized. 

\ 
B—R -► R-X 

/ 
(X = OH, Cl, Br, I, NH2^ 

(6.19) 

In some cases the sensitivity of other functionalities present in the organic product 

may dictate that oxidants other than alkaline hydrogen peroxide must be used to 

convert an organoborane into the corresponding alcohol. In such cases, buffered 

hydrogen peroxide, m-chloroperbenzoic acid or trimethylamine A-oxide may be used 

with advantage [3]. Oxidation of vinylboranes gives aldehydes or ketones. 

Replacement of boron by bromine or iodine is best carried out by use of sodium 

methoxide in the presence of the free halogen. In the case of iodinolysis only two of 

the three alkyl groups on a trialkylborane are readily converted into iodoalkane [33], 

whereas in the case of brominolysis all three groups can be utilized [34]. In both cases 

the process occurs with complete inversion of stereochemistry at the displaced carbon 

atom (e.g. equation 6.20) [35]. 
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Aryldihydroxyboranes can be converted into aryl bromides [36] and vinyldihy- 

droxyboranes can be converted into vinyl bromides, again with inversion (equation 
6.21) [37], 

H B(0H)2 

-c 
/ \ 

R H 

Br2,NaOH 
H 

/ 
R 

H 
/ 

C 
\ 

Br 

(6.21) 

The procedure for preparation of methyl 11-bromoundecanoate (equation 6.22) is 

representative. 

6.9.1 PREPARATION OF METHYL 11 -BROMOUNDECANOATE [34] 

3CH2=CH(CH2)8C02Me > B[(CH2)ioC02Me]3 
o°c 

3Br(CH2)ioC02Me 

o-c 

(6.22) 

A two-necked flask equipped with a magnetic follower, a stopcock-protected septum and a 
pressure-equalizing dropping funnel connected to a bubbler is flushed with nitrogen. THF (75 ml) 
and methyl 10-undecenoate (29.7 g, 33.5 ml, 150 mmol) are added and the mixture is cooled to 
0 °C. Borane THF (50.0 ml of a 1.0 mol 1“^ solution in THF, 50 mmol) is added dropwise with 
stirring and the mixture is then stirred for 30 min at 0 °C and 30 min at 25 °C to complete the 
hydroboration. Methanol (1 ml) is added and the temperature is again lowered to 0 °C. Bromine 
(10.0 ml, 200 mmol) is added dropwise at such a rate as to maintain a temperature of 0 °C and 
then a freshly prepared solution of sodium methoxide in methanol (60 ml of a 4.16 mol 1“^ 
solution, 250 mmol) is added dropwise and with stirring over 45 min in order that the temperature 
remains below 5 °C. The reaction mixture is allowed to warm to 20 °C and treated with pentane 
(50 ml), water (20 ml) and saturated aqueous potassium carbonate (20 ml). The pentane layer is 
separated and the aqueous layer is extracted with further pentane (3 x 50 ml). The combined 
pentane extracts are washed with water (2 x 50 ml) and then brine (50 ml), dried over K2CO3, 
filtered and evaporated under reduced pressure to give a colourless oil (41.2 g, 98%). Reduced 
pressure distillation at 126-128 °C/0.65 mmHg gives methyl 11-bromoundecanoate (35.4 g, 85%) 
contaminated by a small amount of methyl 10-bromoundecanoate. 

There are several ways of converting trialkylboranes into primary amines, of which 

the use of hydroxylamine-O-sulfonic acid [38] and use of in .s/Tw-generated chloramine 

(equation 6.23) [39] are worthy of particular note, although a maximum of only two 

of the alkyl groups can be utilized. There are also possibilities for converting organobor- 

anes into A^-alkylsulfonamides [40] and other nitrogen derivatives [3]. 

6.9.2 PREPARATION OF METHYL 11 -AMINOUNDECANOATE [39] 

B[(CH2)ioC02Me]3 ^‘^•^”^-’-^--->H2N(CH2)ioC02Me (6.23) 

Methyl 10-undecenoate (30 mmol) is hydroborated in THF solution as described in the preceding 
procedure. The solution is cooled to 0 °C and aqueous ammonia (4.9 ml of a 2.05 mol P ^ solution, 
10 mmol) is added, followed by commercial bleach (15.4 ml of a 0.78 mol solution, 12 mmol), 
dropwise. A precipitate forms and the suspension is stirred for 5 min at 0 °C and then allowed 
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to warm to room temperature. The mixture is made acidic by addition of 10% hydrochloric acid 
and then extracted with diethyl ether (2 x 50 ml). The aqueous layer is made alkaline with aqueous 
NaOH (3 mol r and the product is extracted into diethyl ether (2 x 75 ml). The combined ether 
layers are washed with brine and then dried over KOH. Removal of the solvent gives methyl 
11-aminoundecanoate (1.64 g, 76% based on transformation of just one alkyl group). The method 
can be applied for incorporation of and it was also stated that the use of two mole equivalents 
of aqueous ammonia permits the utilization of two of the three alkyl groups [39]. 

Another important simple cleavage reaction is protonolysis, which is included here 

although there is no replacement by a functional group. With a few exceptions (such 

as allylboranes), boron-carbon bonds are not readily cleaved by water. Rather, carbox¬ 

ylic acids are more commonly used to cleave C—B bonds protonolytically, and even 

then it is necessary to raise the temperature to ca 160 °C for effective removal of all 

three groups (e.g. equation 6.24). The reaction is capable of maintaining all the 

stereochemical features of the organoborane. 

6.9.3 PREPARATION OF CIS-PINANE BY PROTONOLYSIS OF 
TRIMYRTANYLBORANE [3, 4, 41 ] 

(6.24) 

A two-necked flask equipped with a magnetic follower, a condenser leading to a mercury bubbler 
and a stopcock-controlled septum is flushed with nitrogen. Trimyrtanylborane (33 mmol) is 
prepared as described in Section 6.2 and then the solvent is removed under reduced pressure and 
replaced by diglyme (33 ml). Degassed propanoic acid (11 ml, ca 50% excess) is added and the 
mixture is stirred and heated under reflux {ca 160 °C) for 2 h, then cooled. Excess of aqueous 
NaOH (3 mol P^) is added and the diglyme phase is diluted with pentane (50 ml). The organic 
phase is separated, washed with ice-water (5 x 50 ml) to remove diglyme, dried over MgS04 and 
evaporated to give cw-pinane (12.4 g, 90%). 

Vinylboranes are generally protonolysed more readily than alkylbofanes and still 

yield products with complete retention of configuration [3,4]. 

6.10 a-ALKYLATION OF CARBONYL COMPOUNDS VIA 
ORGANOBORANES 

Anions derived by deprotonation of a-halocarbonyl compounds or a-halonitriles, and 

the chemically related a-diazocarbonyl compounds or a-diazonitriles, react with organo- 

boranes with transfer of an organyl group from boron to the a-carbon atom. Hydrolysis 
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produces the corresponding a-alkyl- or a-aryl-carbonyl compounds or -nitriles (equa¬ 

tion 6.25) [3]. 

. 1. CHCOY 

\ X 
B-R -► RCH,COY (6.25) 

/ 2. H,0 

X = Cl, N 2; Y = OEt, CH3, etc. 

Only one of the three alkyl groups of a trialkylborane is transferred and for optimum 

utilization of organic residues it is preferable to use organyldichloroboranes in the case 

of diazocarbonyl compounds (e.g. equation 6.26) [42] or 5-alkyl-9-BBN derivatives in 

the case of a-halocarbonyl compounds (e.g. equation 6.27) [43,44]. Presumably, 

organyldibromoboranes will behave in a similar way to organyldichloroboranes. 

6.10.1 PREPARATION OF ETHYL p-CHLOROPHENYLACETATE FROM 
ETHYL DIAZOACETATE AND p-CHLOROPHENYLDICHLOROBORANE [42] 

Cl 

1. N2CHC02Et 
BCI2 -^ Cl 

2. H2O 
CH2C02Et (6.26) 

A 50 ml, two-necked flask equipped with a magnetic follower, a septum-capped stopcock and a 
line leading to a nitrogen supply and a vacuum pump is evacuated and filled with nitrogen (three 
repetitions) and then cooled to — 25 °C by immersion in an acetone-tetrachloromethane-dry-ice 
bath./>-Chlorophenyldichloroborane [45] (1.94 g, 10 mmol) in THF (10 ml) is added by syringe 
and then stirred while ethyl diazoacetate (1.25 g, 11 mmol) in THF (10 ml) is added at a rate 
which allows smooth liberation of nitrogen (about 1 ml every 4 min). With the mixture still stirring 
at —25 °C, water (5 ml) and methanol (5 ml) are added and the cooling bath is then removed. 
The mixture is poured into saturated aqueous ammonium carbonate (75 ml) and extracted with 
diethyl ether (3 x 50 ml). The combined ether extracts are dried over magnesium sulfate and 
the solvent is then removed under reduced pressure. Distillation under reduced pressure gives 
ethyl p-chlorophenylacetate (1.80 g, 91%), b.p. 106-107 °C/3.5 mmHg. Alkyldichloroboranes, as 
opposed to aryldichloroboranes, are reacted at lower temperatures, ca — 62°C, and generally 

give lower yields. 

6.10.2 PREPARATION OF A STEROID NITRILE BY a-ALKYLATION OF 
cx-CHLOROACETONITRILE [43, 44] 

(6.27) 

Solid 9-BBN-H (0.13 g, 1.05 mmol) is placed in a 50 ml flask equipped with a magnetic follower 
and a stopcock fitted with a septum and connected to a nitrogen supply and a vacuum pump. 
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The system is repeatedly evacuated and refilled with nitrogen and then the steroid 2 (0.35 g, 
1.03 mmol) dissolved in THF (2 ml) is added by syringe, with stirring. The hydroboration step is 
allowed to proceed for 15 h at 20 °C and the mixture is then cooled to 0 °C. A slurry of freshly 
prepared potassium 2,6-di-rer/-butyl-4-methylphenoxide in THF (2.19 ml of 0.47 mol slurry, 
1.03 mmol) is added via a syringe fitted with a wide-bore needle, followed by chloroacetonitrile 
(65 pi, 1.03 mmol). The mixture is stirred for 1 h at 0 °C, then ethanol (0.4 ml) is added and the 
whole is stirred for 15 min at room temperature. Hexane (5 ml) is added and the solution is 
extracted with aqueous sodium hydroxide (3 x 25 ml of a ImolP^ solution) and water 
(2 X 20 ml). The organic phase is dried over magnesium sulfate and concentrated under reduced 
pressure. Chromatography on silica gel gives pure 3 (0.26 g, ca 65% yield), m.p. 179-181 °C. 

6.11 KETONES AND TERTIARY ALCOHOLS VIA REACTIONS OF 
ORGANOBORANES WITH ACYL CARBANION EQUIVALENTS 

Acyl carbanion equivalents, or anions with two a-leaving groups, can lead to the transfer 

of two organyl groups from boron to carbon. Subsequent oxidation leads to the 

appropriate boron-free product, typically a secondary or tertiary alcohol. Of the various 

types of acyl carbanion equivalents available, anions of l,l-bis(phenylthio)alkanes [46] 

or 2-alkyl-1,3-benzodithioles [47] are the most useful of the readily prepared materials 

for this application. The former anions are more hindered than the latter and are chosen 

for reactions with relatively unhindered organoboranes, whereas the latter are used for 

more hindered organoboranes (e.g. equation 6.28) [47]. 

6.11.1 PREPARATION OF CYCLOHEXYLDICYCLOPENTYLMETHANOL 
FROM THEXYLDICYCLOPENTYLBORANE AND 
2-CYCLOHEXYL-1,3-BENZODITHIOLE [47] 

1. n-BuLi 

(6.28) 

A 100 ml, three-necked flask equipped with a magnetic follower, a septum-capped stopcock, an 
angled, rotatable side-arm and a line to a nitrogen supply and vacuum pump is charged with 
2-cyclohexyl-1,3-benzodithiole (0.472 g, 2 mmol) in the flask and mercury(II) chloride (1.63 g, 
6 mmol) in the side-arm and then repeatedly evacuated and refilled with nitrogen. THF (5 ml) is 
added to dissolve the dithiole and the solution is cooled to — 30°C. n-Butyllithium (1.37 ml of 
a 1.6 mol 1“^ solution in hexane, 2.2 mmol) is added by syringe and the mixture is stirred for 
75 min at —30 °C. 

Meanwhile, in a separate flask, thexyldicyclopentylborane (2 mmol) in THF (5 ml) is prepared 
as described for other ‘mixed’ organoboranes in Section 6.5. This solution is transferred into the 
flask containing the organolithium solution by means of a syringe and further THF (2 ml) is used 
to transfer the last traces. The mixture is allowed to warm to room temperature over 1 h and 
then stirred for 3 h. [Note: for ketone synthesis (see below) the mixture is directly oxidized at this 
point.] 

The mixture is cooled to — 78 °C and stirred vigorously as the side-arm is rotated to release 
the mercury(II) chloride into the flask. The mixture is allowed to warm to room temperature and 
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stirred overnight. [^Note: for ketone synthesis (see below) the following oxidation procedure is 
carried out directly on the mixture without introduction of mercury(II) chloride.] 

The mixture is cooled to 0 °C and then aqueous sodium hydroxide (10 ml of a 5moll“* 
solution) and 50% aqueous hydrogen peroxide (7 ml) are successively added, the latter dropwise 
and with care. The mixture is stirred at room temperature for 5 h and the product is extracted 
into pentane (2 x 100 ml), washed with water (2 x 100 ml), dried over sodium sulfate, filtered 
and evaporated under reduced pressure. The syrupy residue is chromatographed on alumina 
(activity III), eluting successively with pentane (100 ml), dichloromethane-pentane (1:1, 150 ml) 
and dichloromethane (250 ml). The dichloromethane fraction is evaporated under reduced 
pressure and then pumped overnight to remove residual 2,3-dimethyl-2-butanol, leaving cyclo- 
hexyldicyclopentylmethanol (0.40 g, 80%). 

If the addition of mercury(II) chloride is omitted from the above procedure only a 

single migration takes place. Oxidation then gives an aldehyde or ketone, depending 

on the 2-substituent of the benzodithiole moiety. The optimum utilization of boron- 

bound alkyl groups is achieved by use of fi-alkyl-9-BBN derivatives, but to avoid 

unnecessary duplication of procedures, the example below uses a thexyldialkylborane 
(equation 6.29) [48]. 

6.11.2 PREPARATION OF CYCLOHEXYL CYCLOPENTYL KETONE VIA 
REACTION OF THEXYLDICYCLOPENTYLBORANE WITH 
2-CYCLOHEXYL-1,3-BENZODITHIOLE 

1. BuLi /■■' \ 11 

2. ThxB(c-C5H9)2 *’ / V-C—(6-29) 
3. H2O2/OH- '—' 

The procedure is the same as the preceding procedure, except that there is no need for the angled 
side-arm charged with mercury(II) chloride, until the point when the mercury chloride would 
have been added. At that point oxidation as described later in the same procedure is carried out. 
Isolation of the product is also very similar, but silica rather than alumina is used in the 
chromatography. The yield of the ketone is ca 76%. 

The anion of dichloromethane has been used in a way similar to that described in 

this section for benzodithiole anions but on alkyldialkoxyboranes rather than trialkyl- 

boranes. Further, if the dialkoxyborane part is generated from an optically active diol 
the rearrangement step can take place in a highly stereoselective manner to give chiral 

products with high enantiomeric purities (see Section 6.6.4). 

6.12 KETONES, TERTIARY ALCOHOLS AND CARBOXYLIC ACIDS 
VIA REACTIONS OF ORGANOBORANES WITH HALOFORM ANIONS 

Anions derived from dichloromethyl methyl ether (DCME), chloroform or related 

haloforms react with trialkylboranes with spontaneous migration of all three alkyl 

groups from boron to carbon. Oxidation yields a tertiary alcohol in which all of the 
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structural features of the trialkylborane have been ‘riveted’ into the corresponding 
hydroxycarbon compound (equation 6.30) [49]. 

-CCKOMe 
R3B -► 

Cl 
\ 
B—CR3 

/ 
McO 

R3COH (6.30) 

With small modifications the procedure can be used to convert even very hindered 
organoboranes into the corresponding tertiary alcohols (e.g. equation 6.31) [50]. 

6.12.1 PREPARATION OF 
CYCLOHEXYLCYCLOPENTYLTHEXYLM ETHANOL 

1. CHCljOMe 
2. Et3COLi 

3. HOCHjCHjOH 
4. H2O2/OU- 

C-OH (6.31) 

A 500 ml, three-necked flask equipped with a magnetic follower, septum-capped stopcock, reflux 
condenser and mercury bubbler is flushed with nitrogen. Thexylcyclohexylcyclopentylborane 
(100 mmol) in THF (100 ml) is prepared in the flask by a procedure analogous to that described 
for other thexyldialkylboranes in Section 6.5. The solution is cooled to 0 °C and stirred whilst 
purified DCME (25.3 g, 0.22 mol, excess) is added, followed by a solution of lithium triethylmeth- 
oxide (111 ml of a 1.8 moll"^ solution in hexane, 0.20 mol, excess) dropwise over a period of 
20-30 min. The mixture is brought to room temperature and stirred for a further 30 min, during 
which a heavy precipitate of lithium chloride forms. Ethylene glycol (12.4 g, 0.20 mol, excess) is 
added and the volatile materials are removed at the pump. Ethanol (95%, 50 ml) and THF (25 ml) 
are added and then solid NaOH (24 g, 0.6 mol). When most of the solid has dissolved, hydrogen 
peroxide (30%, 50 ml) is added, cautiously and with stirring, over 2 h, whilst the temperature of 
the mixture is kept below 50 °C. To complete the oxidation the mixture is held at 55-60 °C for 
2 h, then cooled and saturated with NaCl. The organic layer is separated and the aqueous layer 
is extracted with diethyl ether (3 x 50 ml). The combined organic extracts are dried over 
magnesium sulfate and evaporated under reduced pressure. Rapid Kugelrohr distillation (in 
two portions) at 0.5 mmHg gives cyclohexylcyclopentyltexylmethanol (17.4 g, 66%), b.p. 
115-120 °C/0.5 mmHg. 

If the same procedure is applied to dialkylmethoxyboranes the two alkyl groups are 
transferred from boron to carbon and oxidation gives the corresponding ketone (e.g. 
equation 6.32) [3, 51]. 

o 
/ \ ^ 1. CHClzOMe / \ II / \ 

2. E>,COLi ‘ VV 

3. Na0H/H202 

The use of trichloromethyllithium as the carbanion source and 2-alkyl-1,3,2-dithia- 
borolanes as substrates allows the synthesis of homologated carboxylic acids (e.g. 
equation 6.33), but the temperature has to be kept at —100 °C during utilization of 
the carbanion [3, 52]. 
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1. CHCI3 
2. BuLi, - 100 25 °C 

3. NaOH/HjOj 
(6.33) 

6.13 ALDEHYDES, KETONES AND ALCOHOLS VIA 
CARBONYLATION OF ORGANOBORANES 

The reactions of organoboranes with carbon monoxide (carbonylation reactions) are 

extremely versatile [3, 53]. The reaction is slow and requires heating to ca 100 °C and/or 

the use of elevated pressures in order to achieve a reasonable rate. Oxidation of the 

mixture after such a process gives rise to ketones (equation 6.34) [3, 4, 54]. In practice, 

the use of the cyanoborate reaction (Section 6.14) achieves the same overall result under 

more convenient conditions, but the carbonylation reaction preceded the cyanoborate 

reaction and has been applied to a wider range of organoborane substrates [3, 53]. The 

use of thexyldialkylboranes conserves valuable alkyl groups (e.g. equation 6.34) and has 

the overall effect of replacement of a thexylboron unit by a carbonyl group. 

1. ThxBHj 

2. CO, 70 atm, 50 °c' 
3. HjOj/NaOAc 

H 

(6.34) 

If the temperature is raised to ca 150 °C, especially if ethylene glycol is added, a third 

rearrangement may occur, giving rise to the ‘riveted’ product after oxidation [53]. In 

practice, the DCME reaction (Section 6.12) is probably the first-choice method for such 

a transformation. However, it is conceivable that the product from the DCME and 

carbonylation reactions may have different stereochemistry at the newly generated 

hydroxycarbon centre, so that the two methods may not always be interchangeable. A 

third possible method involves the cyanoborate reaction (Section 6.14) and in this case 

a difference has been observed with one substrate [55]. Therefore, it is of interest to 

have a procedure, as illustrated by the preparation of a perhydrophenalenol (equation 

6.35) [56]. 

6.13.1 PREPARATION OF CIS,CIS,TRANS-PERHYDRO-9b-PHENALENOL 
FROM TRANS,TRANS.TRANS-1,5,9-CYCLODODECATRIENE [3, 4, 56] 

BHs.NEtj 

140 “C 

1. CO, HOCHjCHjOH, 

B' 150 °C_ 

2. H2O2/OH- 
(6.35) 

A three-necked, 1 1 flask equipped with a magnetic follower, a septum inlet, a mercury bubbler 
and a short Vigreux column connected to a distillation apparatus is flushed with nitrogen and 
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charged with borane triethylamine (57.6 g, 0.5 mol) and diglyme (300 ml). The temperature is 
raised to 140 °C and a solution of trans,trans,trans-l,5,9-cyc\ododecatnene {SI g, 0.5 mol) m 

diglyme (100 ml) is added over 2 h by means of a syringe pump. Most of the diglyme is removed 
at atmospheric pressure and the residue is then heated at 200 °C (internal temperature) for 6 h 
(this isomerizes other organoboranes). Spinning band distillation under reduced pressure gives 
the perhydroboraphenalene 4 in 98% purity (b.p. 115—117 °C/10mmHg). 

Compound 4 (17.6 g, 0.1 mol), THF (50 ml) and ethylene glycol (16.8 ml, 18.6 g, 0.3 mol) are 
charged to an autoclave under a flow of nitrogen. The autoclave is filled with carbon monoxide 
at 1000 psi pressure and the temperature is raised to 150 °C for 2 h. The autoclave is cooled and 
opened and pentane (100 ml) is added to help remove the mixture. The solution is washed with 

water, dried over magnesium sulfate and evaporated. 
THF (100 ml) and ethanol (95%, 100 ml) are added and the mixture is stirred during addition 

of aqueous NaOH (37 ml of a 6moir^ solution, 0.22 mol, excess) and then 30% aqueous 
hydrogen peroxide (37 ml, excess), the latter added dropwise while the solution is rnaintained^at 
a temperature below 40 °C. Once the vigorous reaction is over, the temperature is raised to 50 °C 
for 3 h. The mixture is then cooled to 25 °C, an equal volume of pentane is added and the organic 
phase is separated, washed with water (3 x 50 ml), dried over magnesium sulfate and evaporated 
to yield cw,cw,/ra«j'-perhydro-96-phenalenol. Recrystallization from pentane gives the pure 

product (13.6 g, 70%), m.p. 78-78.5 °C. 

The carbonylation reaction is at its most useful for the synthesis of aldehydes via a 

single migration. In order to achieve this, a hydride reducing agent is needed for the 

process and this also has the benefit of enhancing the rate of carbon monoxide uptake. 

As a result, the reaction can be carried out at 0 °C and at atmospheric pressure. The 

most useful hydrides are lithium trimethoxyaluminium hydride (which results in a 

gelatinous precipitate during work-up and can present separation difficulties) and 
potassium triisopropoxyborohydride (which can lead to polymerization if precautions 

are not taken to stop the stirring during addition of the hydride). The procedure given 

below is appropriate for the latter hydride. 5-Alkyl-9-BBN derivatives allow maximum 

utilization of alkyl residues (e.g. equation 6.36) [3, 57]. 

6.13.2 PREPARATION OF CYCLOPENTANECARBOXALDEHYDE VIA 
HYDRIDE-INDUCED CARBONYLATION OF B-CYCLOPENTYL-9-BBN [3, 57] 

(6.36) 

The apparatus used in this procedure is a Brown Automatic Gasimeter, which allows monitoring 
of the uptake of carbon monoxide. However, if this information is not specifically required the 
carbon monoxide can be introduced by direct feed from a cylinder or more conveniently by means 
of a rubber balloon connected to a syringe needle. 

The Brown Automatic Gasimeter is set up for carbonylation as described elsewhere [4] and 
fitted with a 500 ml reaction flask equipped with a magnetic follower and a septum inlet. The 
entire system is flushed with nitrogen and then a solution of 9-BBN-H (40 ml of a 0.5 mol 
solution in THF, 20 mmol) and cyclopentene (1.36 g, 20 mmol) are added by syringe. The mixture 
is stirred for 2 h at room temperature, then cooled to room temperature. The stirrer is stopped, 
a solution of potassium triisopropoxyborohydride (20 ml of a 1.0 mol 1"^ solution in THF, 
20 mmol) is added and the system is then flushed with carbon monoxide (by injecting ca 8 ml of 
formic acid into the generator flask containing hot sulphuric acid). Stirring is then recommenced 
and uptake of carbon monoxide can be monitored. After 15 min (uptake long completed) the 
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system is flushed with nitrogen and the mixture is stirred vigorously during addition of a pH 7 
buffer (40 ml) followed by 30% hydrogen peroxide (8 ml). After the initial vigorous reaction, the 
cooling bath is removed and stirring is maintained for 15 min. Potassium carbonate {ca 50 g) is 
added to saturate the mixture and the organic layer is removed. The aqueous layer is extracted 
with diethyl ether (2 x 50 ml) and the combined organic layers are dried over potassium carbonate 
and then carefully evaporated to remove the solvent. Distillation at 50 mmHg gives cyclopentane- 
carboxaldehyde (1.84 g, 94%), b.p. 80-81 °C/50 mmHg. 

6.14 KETONES AND TERTIARY ALCOHOLS VIA CYANOBORATES 

Addition of solid sodium or potassium cyanide to a solution of a trialkylborane in an 

ether solvent results in dissolution of the solid with formation of a cyanoborate salt 

[58]. Addition of an electrophile induces rearrangement and acylating agents lacking 

a-hydrogen atoms are particularly useful. Trifluoroacetic anhydride permits reaction 

under mild conditions and the use of 1 mole equivalent leads to two migrations, giving 

a ketone after oxidation [59]. Optimum utilization of alkyl groups is achieved by use 

of thexyldialkylboranes and this also permits the synthesis of‘mixed’ or cyclie ketones 

from the appropriate organoboranes (e.g. equation 6.37) [59, 60]. 

6.14.1 PREPARATION OF 3-o-ACETOXYPHENYLPROPYUC 
CYCLOPENTYL KETONE VIA THE CYANOBORATE REACTION [59] 

(6.37) 

A 100 ml, three-necked flask is fitted with a magnetic follower, a rotatable angled side-tube, a 
septum-capped stopcock and a line leading to a nitrogen supply and vacuum pump. The side 
tube is charged with dry, powdered sodium cyanide (0.54 g, 11 mmol) and the apparatus is then 
repeatedly evacuated and refilled with nitrogen. A solution of the trialkylborane 5 (10 mmol) in 
THF {ca 22 ml) is prepared as described for a related example in Section 6.5 by successive addition 
of THF, borane THF, 2,3-dimethyl-2-butene, cyclopentene and 3-o-acetoxyphenyl-l-propene. The 
mixture is then stirred at room temperature and the side-arm is rotated to introduce the sodium 

cyanide. Stirring is maintained for 1 h, by which time most of the cyanide has dissolved. The 
mixture is cooled in a bath at —78°C, trifluoroacetic anhydride (2.53 g, 12 mmol) is added 
dropwise with vigorous stirring and the cooling bath is then removed. The mixture is stirred for 
1 h at room temperature and then cooled to 10 °C. m-Chloroperbenzoic acid (3.9 g, 22.5 mmol, 
enough to cleave two B—C bonds) in dichloromethane (15 ml) is added. The mixture is stirred 
for 30 min at room temperature and the products are then extracted into pentane (150 ml). The 
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extract is successively washed with aqueous solutions of sodium carbonate (25 ml of 1 mol 1 
solution), sodium thiosulfate (25 ml of 1 mol 1 ^ solution) and hydrochloric acid (25 ml of 
0.01 molP^), dried over magnesium sulfate and evaporated. The crude product is transferred 
into a column packed with dry silica (100 g) with the aid of a small volume of pentane and the 
column is eluted with pentane and then dichloromethane. The dichloromethane is removed to 
provide essentially pure product, which can be distilled to give pure 3-o-acetoxyphenylpropyl 

cyclopentyl ketone (2.19 g, 80%), b.p. 105 °C/5 mmHg. 

By use of excess of trifluoroacetic anhydride and a period of heating the reaction can 

be encouraged to proceed further, resulting in a third migration and the riveting of 

the original organoborane (e.g. equation 6.38) [61] in a manner analogous to the 

methods using carbon monoxide or DCME. The DCME method occurs under milder 

conditions, but there is a possibility of different diastereoisomeric products in some 

cases. 

6.14.2 PREPARATION OF TRICYCLOHEXYLMETHANOL FROM 
TRICYCLOHEXYLBORANE VIA THE CYANOBORATE REACTION [61] 

1. KCN 
2. (CFjCOlzO, excess, 40 °C 

3. H2O2/OH- 
(6.38) 

The apparatus described in the preceding procedure is set up, charged with potassium cyanide 
(0.72 g, 11 mmol) in the side-arm and flushed with nitrogen. Tricyclohexylborane (10 mmol) is 
prepared as described for other trialkyIboranes in Sections 6.2 and 6.5, from cyclohexene (3.04 ml, 
30 mmol) and borane THF (6.7 ml of a 1.5 mol solution, 10 mmol), allowing 3 h at 50 °C for 
completion of the hydroboration step. The THF is removed under reduced pressure and diglyme 
(10 ml) is added. The side-arm is rotated to introduce the cyanide and stirring is maintained for 
1 h, by which time most of the solid has dissolved. The solution is cooled to 0 °C and trifluoroacetic 
anhydride (TFAA, 12.6 g, 60 mmol) is added. The temperature is then raised to 40 °C for 6 h. 
After cooling, excess of TFAA is removed under reduced pressure and the flask is immersed in 
an ice-water bath. Aqueous NaOH (12 ml of a 3 mol 1”^ solution) is added, followed by hydrogen 
peroxide (8 ml of 50% solution), slowly and with care. Once the initial vigorous reaction has 
subsided, the cooling bath is removed and the oxidation is completed by stirring at 25 °C for 3 h 

and at 50 °C for 15 min. 
The mixture is extracted with pentane (150 ml) and the extract is washed with aqueous NaOH 

(2 X 25 ml of a 2moir^ solution) and water (2 x 25 ml), dried over magnesium sulfate and 
evaporated. The crude product is transferred with a small volume of pentane into a column filled 
with dry, neutralized (with triethylamine) silica gel and eluted with pentane (50 ml) and then 
dichloromethane (300 ml). The dichloromethane fractions are evaporated to yield tricyclohexyl- 
methanol (2.39 g, 86%), which is pure by GC. Recrystallization from pentane gives very pure 

product (2.21 g, 79%), m.p. 93-94 °C. 
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6.15 KETONES, FUNCTIONALIZED ALKENES, ALKYNES AND 
DIYNES VIA ALKYNYLBORATES 

Addition of alkynyllithiums to trialkylboranes gives rise to lithium trialkylalkynylbor- 

ates, which are susceptible to attack by electrophiles on the triple bond. Such attack 

leads to rearrangement involving migration of an alkyl group from boron to the adjacent 

carbon atom. The exact nature of the product obtained depends on the nature of the 

electrophile and the method of work-up. If the electrophile is a protonic acid or an 

alkylating agent the intermediate is a vinylborane which is generally a mixture of E- and 

Z-isomers. However, both isomers give rise to the same ketone on oxidation, making 
this a useful synthesis of ketones (e.g. equation 6.39) [3, 62]. 

6.15.1 PREPARATION OF 8-ALLYL-7-TETRADECANONE VIA 
ALLYLATION OF LITHIUM TRIHEXYLOCTYNYLBORATE [3, 62] 

Hex3B 
1. LiC=CHex 

2. CH2=CHCH2Br 
3. H2O2/OH- 

HcxCOCHHex 
I 

CH2CH=CH2 

(6.39) 

A 100 ml, three-necked flask equipped with a magnetic follower, a septum-capped stopcock, a 
septum-capped pressure-equalizing dropping funnel and a line leading to a nitrogen supply- 
vacuum system is flushed with nitrogen. Trihexylborane (5 mmol) is prepared in the dropping 
funnel from borane THF (3.4 ml of a 1.47 mol 1“^ solution, 5 mmol) and 1-hexene (1.26 g, 
15 mmol), with swirling to mix the reagents thoroughly, and the mixture is left for 1 h. Meanwhile, 
the reaction flask is immersed in an ice-water bath and charged with 1-octyne (0.55 g, 5 mmol), 
light petroleum (b.p. 40-60 °C, 5 ml) and butyllithium (3.2 ml of a 1.56 mol 1”^ solution in 
hexane, 5 mmol), with stirring. The cooling bath is removed and the mixture is stirred for 30 min 
at room temperature. The cooling bath is replaced and the mixture is stirred during addition of 
the trihexylborane solution from the dropping funnel. The funnel is rinsed out with diglyme (5 ml) 
and the mixture is stirred until all of the precipitated octynyllithium dissolves (only a few minutes). 
The volatiles are then removed under reduced pressure, leaving a solution of lithium trihexyl- 
octynylborate in diglyme. 

Stirring is maintained for 15 min at 25 °C and then allyl bromide (0.61 g, 5 mmol) is added by 
syringe. The reaction mixture is stirred at 40 °C for 2 h, cooled in ice and then oxidized by 
successive addition of aqueous NaOH (2 ml of a 5 mol 1“ ^ solution) and 50% hydrogen peroxide 
(1.5 ml of 50% solution), the latter dropwise (from the dropping funnel) and with vigorous stirring 
and after removal of the septa from the apparatus. After the initial exothermic reaction has 
subsided the cooling bath is removed and the mixture is stirred for 3 h at room temperature. The 

product is extracted into diethyl ether (2 x 20 ml) and the extract is washed with water, dried 
over magnesium sulfate and evaporated to give a syrupy residue which is transferred with a 
small volume of pentane onto a column packed with dry silica gel (100 g). Elution is with pentane 
(100 ml) and then dichloromethane (2 x 150 ml) and removal of the dichloromethane provides 
almost pure 8-allyl-7-tetradecanone (1.11 g, 88%) , which can be further purified by distillation 
if required (b.p. 96-98 °C/0.8 mmHg). 

When the electrophile added to the alkynylborate is an a-bromocarbonyl compound, 

iodoacetonitrile or even propargyl bromide, the vinylborane intermediate is formed 

highly stereoselectively. Thus, by hydrolysis of the intermediate it is possible to obtain 
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(Z)-alkenyl ketones, carboxylates, nitriles and alkynes (e.g. equation 6.40) [3, 63]. Of 

course, oxidation of the intermediate to give a ketone (see above) is also possible. 

6.15.2 PREPARATION OF (Z)-4-HEXYL-4-UNDECEN-2-ONE FROM 
TRIHEXYLOCTYNYLBORATE AND BROMOACETONE [3, 63] 

Hex CH2COCH3 
BrCH2COCH3 \ / 

Li^HcxiBC^CHcx -► ,C — C. 
(-LiBr) / 

HCX2B Hex 

TrC02H 
Hex^ ^CH2C0CH3 

C=C 
\ 

H Hex 

(6.40) 

Lithium trihexyloctynylborate (5 mmol) is prepared in diglyme (5 ml) exactly as described in the 
preceding procedure. The mixture is cooled in a -78 °C bath and stirred while bromoacetone 
(0.75 g, 5.5 mmol) is added by syringe. The mixture is allowed to warm to room temperature and 
then heated at 55 °C for 6 h to produce the intermediate vinylborane, followed by cooling to 25 °C. 

Degassed 2-methylpropanoic acid (1 ml) is added and the mixture is stirred for 3 h at 25 C. 
The mixture is neutralized by addition of aqueous NaOH (5 mol 1 ^) and then a further 1.5 rnl 
of the same NaOH solution is added. Hydrogen peroxide (3 ml of 50% solution, large excess) is 
added cautiously and the mixture is stirred overnight (this oxidizes residual B—C bonds). The 
product is extracted into diethyl ether and the extract is washed with water, dried over magnesium 
sulfate and evaporated. The product is transferred with the aid of a small volume of pentane 
onto a column of dry silica gel and successively eluted with light petroleum (b.p. 40-60 °C) and 
then pentane-dichloromethane (1:1). Evaporation of the latter fractions yields (Z)-4-hexyl-4- 
undecen-2-one (0.95 g, 75%), which can be further purified by distillation if required (b.p. 

100-102 °C/1.5 mmHg). 

When the electrophile added to a trialkylalkynylborate is iodine, the intermediate 

2-iodoalkenylborane eliminates dialkyliodoborane to produce an alkyne. This can be 

a useful synthesis of unsymmetrical alkynes (e.g. equation 6.41) [64]. 

Ph B PhC=CCMe3 . (6.41) 

Use of unsymmetrical triorganylboranes in order to minimize the wastage of potenti¬ 

ally valuable organic residues is not very successful in most cases on account of the 

similarity of the migratory aptitudes of different groups in this reaction. However, 

alkynyl groups show significantly higher relative migratory aptitudes than secondary 

alkyl groups and so di-5ec-alkyldialkynylborates give rise to conjugated diynes [65]. 

In order to make the reaction useful for the synthesis of unsymmetrical diynes, all that 

is required is a means of synthesis of the appropriate dialkyldialkynylborate. This can 

be achieved by addition of an alkynyllithium to an isolated dialkylalkynylborane [66], 

prepared as described in Section 6.7, or in situ by use of dicyclohexyl(methylthio)borane 

as the starting material (e.g. equation 6.42) [67]. 
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6.15.3 PREPARATION OF 5,7-TETRADECADIYNE FROM A 
DIALKYNYLBORATE [67] 

1. McSH 

2. .LiC^CHcx 
3. LiC=CBu 

4. .h 

HexC^C^CBu (6.42) 

A 100 ml, two-necked flask equipped with a magnetic follower, a septum and a septum-capped 
pressure equalizing dropping funnel is flushed with nitrogen. Dicyclohexylborane (5 mmol) is 
prepared in THF (10 ml) as described in Section 6.4 and methanethiol (0.75 ml of an 8.2 mol 1“^ 
solution in THF, 6 mmol) is then added, with stirring and use of a bubbler connected via a needle 
to vent liberated hydrogen. The mixture is stirred for 2 h to complete the formation of the 
methylthioborane (the dicyclohexylborane dissolves) and the flask is briefly pumped (via a needle) 
to remove excess of methanethiol. If necessary, some additional THF is added to bring the volume 
back to ca 10 ml. 

Meanwhile, in each of two separate, nitrogen-flushed 50 ml flasks equipped with a magnetic 
follower and a septum, the two alkynyllithium reagents are prepared. The flask is cooled in an 
ice-water bath and charged with the appropriate alkyne (5 mmol), pentane (5 ml) and 
butyllithium solution (3.9 ml of a 1.29 mol 1“ ^ solution in hexane, 5 mmol). The mixture is stirred 
for 30 min at 25 °C and THF (4 ml) is then added. The solution is cooled to — 78 °C before use 
in the next step. 

The main flask, containing dicyclohexyl(methylthio)borane, is cooled in a — 78 °C bath and 
the cooled solution of 1-lithiooctyne is added by syringe, residual traces being transferred with 
the aid of additional THF (2 ml). The reaction mixture is allowed to warm to room temperature 
over 15 min and then recooled to — 78°C for addition, in the same way, of the cooled 
1-lithiohexyne solution. The mixture is again warmed to room temperature and stirred for 1 h, 
then most of the hydrocarbon solvent is removed under reduced pressure. If necessary, a small 
volume of THF is added back to bring the final volume to ca 10 ml. The solution is cooled to 
— 78 °C and a solution of iodine (2.54 g, 10 mmol) in THF (20 ml) is added dropwise from the 
dropping funnel over 15 min. The mixture is stirred at —78 °C for a further 15 min then allowed 
to warm to room temperature over 1 h. Saturated aqueous sodium thiosulfate solution (5 ml) and 
aqueous NaOH (5 ml of a 5 mol 1“^ solution) are added and the mixture is stirred for 1 h. The 
products are extracted into pentane (3 x 40 ml) and the extract is washed with water (3 x 50 ml), 
dried over magnesium sulfate and evaporated. The product is purified on a column of silica 
gel by elution with pentane and then 5% dichloromethane in pentane. The fractions containing 
the pure product are combined and evaporated to give 5,7-tetradecadiyne (0.584 g, 61%), which 
can be distilled if required (b.p. 66 °C/0.02 mmHg). 

6.16 STEREOSPECIFIC SYNTHESIS OF ALKENES VIA 
ALKENYLBORATES 

Most of the reactions of alkynylborates (Section 6.15) can probably be achieved with 

alkenylborates, although the products will obviously be at a lower oxidation level. Some 

of the reactions have been demonstrated [3], but in general the reactions have been 

less widely studied. The one reaction which has found extensive use is the reaction with 

iodine, which produces alkenes in a highly stereoselective way [3]. 

The alkenylborate used in such procedures can be obtained by addition of an 

alkenyllithium to a trialkylborane [68], but this results in the wastage of two boron- 

bound alkyl groups. This problem can be overcome by utilization of alkyldimethoxybor- 
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anes as substrates (e.g. equation 6.43) [69]. The stereochemistry around the double bond 

is inverted during the process. 

(6.43) 

Alternatively, alkylalkenylboron compounds obtained via hydroboration reactions 

can be converted into borate salts by addition of methoxide and then reacted with 

iodine. For optimum utilization of organic residues an alkyldibromoborane can be 

reduced to an alkylmonobromoborane which is then used to hydroborate an alkyne 

(equation 6.44) [70]. 

1. 0.25LiAIH4 

RBBr2.SMc2 3. r'C^Cr' 

3. NaOMe 

4. h 

R 

R 
./ \ 

R^ 

H 

(6.44) 

The simplest procedure of all involves the direct hydroboration of an alkyne with an 

easily formed dialkylborane, followed by reaction with a base to generate the borate 

and iodine to induce the reaction (e.g. equation 6.45) [71]. This reaction is used to 

illustrate the procedure since the other cases differ primarily only in how the organobor- 

ane is generated. 

6.16.1 PREPARATION OF (Z)-1 -CYCLOHEXYL-1 -HEXENE [3, 71] 

(6.45) 

A too ml, three-necked flask equipped with a magnetic follower, a thermometer, a septum and a 
septum-capped pressure-equalizing dropping funnel is flushed with nitrogen. Dicyclohexylborane 
(25 mmol) is prepared as described in Section 6.4 from cyclohexene (4.1 g, 50 mmol) in THF (20 ml) 
and borane THF (13.9 ml of a 1.8 mol 1“^ solution, 25 mmol) at 0-5 °C. The alkenyldialkylborane 
is generated, as described in Section 6.7 for a related example, by addition of 1-hexyne (2.05 g, 
25 mmol) at —10 °C and then stirring at ambient temperature until the precipitate dissolves, 
followed by 1 h more. The mixture is then cooled to —10 °C and aqueous NaOH (15 ml of a 
6molP^ solution) is added, followed by the dropwise addition, with stirring, of a solution of 
iodine (6.35 g, 25 mmol) in THF (20 ml) over a period of 15 min. The mixture is allowed to warm 
to ambient temperature and excess of iodine is decomposed by addition of a small amount of 
aqueous sodium thiosulfate solution. The product is extracted into pentane (2 x 25 ml) and 
the extract is washed with water (2 x 10 ml), dried over magnesium sulfate and evaporated. 
Fractional distillation under reduced pressure gives (Z)-l-cyclohexyl-1-hexene (3.11 g, 75%), b.p. 
44-45 °C/1 mmHg. 
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Conjugated dienes can be obtained by treatment of dialkenylalkoxyboranes with 

methoxide or hydroxide and iodine (e.g. equation 6.46) [72], whilst conjugated enynes 
can be obtained from alkenylalkynylborates [73]. 

NaOH, I2 
-► 

R 
\_ (6.46) 

6.17 STEREOSPECIFIC SYNTHESIS OF ALKENES VIA 
PALLADIUM-CATALYSED CROSS-COUPLING REACTIONS 

The cross-coupling between an organic halide and an organoboron compound catalysed 

by palladium compounds has become a widely used and versatile method for the 

generation of carbon-carbon bonds [74]. At its simplest, the reaction can be represented 
as in equation 6.47. 

R^-X + R^-BYa R^-R^ (6.47) 

The reaction is at its most efficient when the reacting partners are an alkenyl bromide 

and an alkenylboron compound, such as an alkenyldihydroxyborane (alkenylboronic 

acid) (e.g. equation 6.48) [75]. The reaction will tolerate many functional groups and 

the stereochemistry is retained in both portions of the diene. 

6.17.1 PREPARATION OF BOMBYKOL VIA PALLADIUM-INDUCED 
COUPLING OF A BROMOALKENE WITH AN 
ALKENYLDIHYDROXYBORANE [75] 

'■ 

H0(CH2)9C^H -► H0(CH2)9 — 

2. H2O '^c—B(0H)2 

H 

Me(CH2)2 —C' 
H 

Pd(PPh3)4 
HOCCH^), —C 

/ 
H 

H 
/ 

/ % 
H -H 

Me(CH2)2^ 

(6.48) 

A 100 ml, two-necked flask equipped with a magnetic follower, a septum inlet and a reflux 
condenser connected to a bubbler is flushed with nitrogen and charged with 10-undecyn-l-ol 
(1.51 g, 9 mmol) in THF (3 ml). Catecholborane (2.0 ml, 18 mmol) is added dropwise, with stirring, 
and the mixture is stirred at room temperature until hydrogen evolution ceases and then brought 
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to reflux for 5 h. The mixture is cooled and water (60 ml) is added. The mixture is stirred for 2 h 
and then cooled to 0 °C. The solid is collected by filtration, washed with water (3 x 20 ml) and 
dried to give (£)-ll-hydroxy-l-undecenyldihydroxyborane (1.6 g, 83%), which is used without 

further purification in the next stage. 
A 50 ml, two-necked flask equipped with a magnetic follower, septum inlet and reflux condenser 

leading to a bubbler is flushed with nitrogen and charged successively with a solution of 
tetrakis(triphenylphosphine)palladium (0.29 g, 0.25 mmol) in benzene (20 ml), (Z)-l-bromo-l- 
pentene (0.75 g, 5 mmol), 11-hydroxy-1-undecenyldihydroxyborane (1.18 g, 5.5 mmol) and a solu¬ 
tion of sodium ethoxide in ethanol (5 ml of a 2 mol 1 ^ solution). The solution is heated at reflux 
for 2.5 h, with stirring, and then cooled to room temperature and oxidized by successive addition 
of aqueous NaOH (0.5 ml of a 3moir^ solution) and hydrogen peroxide (0.5 ml of 30% 
solution), to destroy any residual organoborane. The mixture is stirred for 1 h and the products 
are then extracted into diethyl ether (30 ml) and the extract is washed with saturated NaCl 
(2 X 15 ml), dried over magnesium sulfate and evaporated to yield crude bombykol (0.96 g, 
82%), which can be further purified by Kugelrohr distillation (b.p. 125 °C/0.1 mmHg). 

The reaction can be applied to aryl or alkynyl derivatives and with some modifica¬ 

tions to 5-alkyl-9-BBN derivatives [74]. It is even possible to couple the latter 

compounds to iodoalkanes in the presence of potassium phosphate and the palladium 

catalyst, but the yields are only moderate in such cases [76]. 

6.18 HOMOALLYLIC ALCOHOLS VIA ALLYLBORANES 

Allylic boron compounds generally react rapidly with aldehydes, or less rapidly with 

ketones, to give homoallylic alcohols [3]. The reaction takes place with transposition 

of the allylic group (equation 6.49), but many allylic organoboranes themselves undergo 

allylic rearrangement to interconvert the isomers so care must be taken to ensure that 

the desired allylic organoborane is indeed the one undergoing reaction. 

OH 

XjBCHR'CH^CHR^ ^ R'COR^ riCH=CHCHR^CR^R^ (6.49) 
2.H20 

Organoboranes possessing more than one allylic group should be avoided since the 

rates of reaction will differ as each one reacts in turn, which may lead to complications. 

The nature of the other boron-bound groups (X in equation 6.49) has a strong influence 

on both the rate of allylic rearrangement of the organoborane and the rate of reaction 

of the organoborane with carbonyl compounds. The more powerfully electron-donating 

groups (dialkylamino > alkoxy > alkyl) slow the reactions substantially. Hence di- 

alkylboryl derivatives must be prepared and reacted at low temperatures if it is necessary 

to avoid allylic rearrangement of the allylic organoborane prior to reaction with the 

carbonyl compound, whereas dialkoxyboryl derivatives are relatively stable up to 

ambient temperature. The latter compounds are also less reactive towards carbonyl 

compounds, however, and rearrangement may precede reactions with ketones. Reac¬ 

tions with aldehydes are usually free from such complications. 



ORGANOBORON CHEMISTRY 497 

There is the possibility of substantial control over the various stereochemical features 

in the product homoallylic alcohols, viz. over the geometry about the double bond, the 

syn or anti relationship between the two newly created sp^ centres and the absolute 

configuration of the product, when chiral. For example, in reactions of dialkoxy 

(l-methylallyl)boranes with aldehydes the Z: E ratio for the double bond in the product 

can be varied from 3:1 to 1:2 simply by changing the alkoxy groups, bulky groups 

favouring the Z-product [77]. 

The syn : anti selectivity is primarily determined by the geometry of the double bond 

in the initial allylborane (which can also be altered via reversible allylic rearrangement). 

(Z)-Allylboranes give 5>’«-alcohols (e.g. equation 6.50) [78], whereas (£)-allylboranes 

give iznn-alcohols [3]. 

1. RCHO 

2. N(CH2CH20H)3 

(syn) 

(6.50) 

Chiral induction is achieved by having optically active groups on boron, such as two 

isopinocampheyl groups [79] or an optically active cyclic alkylenedioxy group [80]. 

By using a chiral auxiliary with the appropriate configuration, it is possible to obtain 

the appropriate enantiomer of the product, which, coupled with the right choiee of 

geometry of the double bond in the allylic organoborane, allows the synthesis of the 

desired enantiomer of either diastereoisomer {syn or anti), rendering this a very versatile 

method [3, 79]. 
In terms of the details of how the reaction should be carried out, the only differences 

required involve the preparation and handling of the initial organoborane. Simple 

dialkylallylboranes can be prepared and purified by procedures similar to that described 

in Section 6.7 for a dialkylalkynylborane, but if isomerization of the allylic organoborane 

is to be avoided it may be necessary to use the organoborane directly as generated in 

situ and to maintain a low temperature [79]. From that point on, the reaction procedure 

given below for a simple case (equation 6.51) [81] is satisfactory. 

6.18.1 PREPARATION OF 5,5-DIMETHYL-1 -HEXEN-4-OL BY REACTION 
OF B-ALLYL-9-BORABICYCLO[3.3.1 JNONANE WITH PIVALALDEHYDE [81 ] 

1. MejCCHO 

2. H2O 

OH 
I 

CH2CHCH2-CH- CMej (6.51) 

A 50 ml flask equipped with a magnetic follower and a septum connected via a needle to a mercury 
bubbler is flushed with nitrogen via a needle and then charged with 5-allyl-9-BBN (3.775 g, 
23.3 mmol) and purified (alkene-free) pentane (25 ml). The mixture is cooled to 0 °C (lower 
temperatures throughout are recommended for geometrically or positionally labile organobor- 
anes) and stirred during dropwise addition, from a syringe, of freshly distilled pivaldehyde (2.60 ml. 
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2.00 g, 23.3 mmol). The mixture is allowed to warm up and stirred for 1 h at room temperature, 
then neat ethanolamine (1.40 ml, 1.42 g, 23.3 mmol) is added in order to free the product and 
precipitate the 9-BBN by-product. The slurry thus obtained is stirred for 30 min and the contents 
of the flask are then poured into a centrifuge tube, the residue being washed through with a small 
volume of pentane (10 ml). The mixture is centrifuged and the clear supernatant liquid is removed 
with a syringe. The precipitate is washed repeatedly with pentane (3x15 ml), each time with 
thorough mixing prior to centrifugation, and the combined organic solutions are concentrated 
by blowing with a stream of nitrogen (reduced pressure is avoided at this stage because of the 
volatility of the product). The residual oil is distilled under reduced pressure to give 5,5-dimethyl- 

l-hexen-4-ol (2.53 g, 85%), b.p. 55.5-56 °C/19 mmHg. 

6.19 ALDOL REACTIONS OF VINYLOXYBORANES 

Vinyloxyboranes (boron enolates) can be formed regiospecifically by a number of routes 

[82], but the recent increase in importance of these species has depended on their direct 

generation from their parent carbonyl compounds [3]. Regioselectivity can still be 

achieved by variation of the reaction parameters during preparation of the enolate. 

Thus, the use of dibutylboryl triflate, diisopropylethylamine and a short reaction period 

at — 78°C allows total conversion of 2-pentanone into its kinetic boron enolate, 

whereas the use of 9-BBN triflate, 2,6-lutidine and a long reaction period at -78 °C 

gives exclusively the thermodynamic enolate (equation 6.52) [3, 83]. Subsequent aldol 

reactions with aldehydes take place without loss of regiochemical integrity, but reactions 

with ketones are slower and preservation of regiochemical integrity can then be more 

of a problem. 

-78 °C, 16 h 

Bii2BOTf 

‘Pr2NEt 
-78 “C, 
15 min 

OBBui 

(6.52) 

An advantage of boron enolates over most other kinds of enolates is the high 

diastereoselectivity displayed in their reactions with aldehydes. There is a very good 

correlation between the geometry of the enolate and the diastereoisomer formed in its 

aldol reactions. (Z)-Enolates give almost 100% stereoselectivity for formation of 

5j«-aldols, whereas (£)-enolates strongly favour the anti-di\do\ products, especially if the 

groups on boron are relatively bulky (e.g. equation 6.53) [3, 84, 85]. 

OH O \=l 

YV^"‘ —^)^cho 

syn (>97%) anti (88%) 

(6.53) 

In order to take advantage of the stereoselectivity of the reaction it is necessary to 

be able to generate boron enolates with the appropriate geometry. Use of a hindered 
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dialkylboryl triflate (e.g. dicyclopentyl) and diisopropylethylamine at 0 °C yields pre¬ 

dominantly the £'-isomer, whereas use of less hindered reagents (e.g. dibutyl) and low 

temperature ( — 78 °C) gives almost exclusively the Z-isomer (e.g. equation 6.54) [84]. 

6.19.1 PREPARATION OF 
SYN-1-HYDROXY-2-METHYL-1-PHENYL-3-PENTANONE VIA A BORON 
ENOLATE (VINYLOXYBORANE) [83, 84] 

BusB -H3SO3H 
BuzBOTf 

EtCOEt 

(6) 

PhCHO 

(7) 

El 

O OH 

V Ph (6.54) 

Dibutylboryl triflate (6) is prepared as follows. A 100 ml flask equipped with a magnetic follower 
and a septum connected via a needle to a bubbler is flushed with argon. Tributylborane (15.16 g, 
83.3 mmol) is charged by syringe, followed by a small amount of trifluoromethanesulfonic acid 
(1.0 g). The mixture is stirred and warmed at 50 °C until evolution of butane begins (there is an 
induction period), and is then cooled to 25 °C. The remaining trifluoromethanesulfonic acid 
(11.51 g, total 83.3 mmol) is added dropwise at such a rate as to maintain a temperature between 
25 and 50 °C. The mixture is then stirred for a further 3 h at 25 °C. Short-path distillation under 
reduced pressure in an atmosphere of argon gives pure dibutylboryl triflate (6) (19.15 g, 84%), 
b.p. 60 °C/2 mmHg. 

A 100 ml flask equipped as described above is flushed with argon, charged with dry diisopropyl¬ 
ethylamine (0.85 g, 6.6 mmol), dibutylboryl triflate (6) (1.81 g, 6.6 mmol) and dry diethyl ether 
(15 ml) and then cooled to —78 °C. 3-Pentanone (0.52 g, 6.0 mmol) is added, dropwise and with 
stirring, and the mixture is stirred for a further 30 min at — 78°C, during which the boron 
enolate 7 is formed along with a white precipitate of diisopropylethylammonium triflate. 

Benzaldehyde (0.64 g, 6.0 mmol) is added dropwise and the mixture is stirred for a further 
30 min at — 78 °C and 1 h at 0 °C. The reaction is quenched by addition to a pH 7 phosphate 
buffer solution (50 ml) and the product is extracted into diethyl ether (2 x 30 ml). The combined 
ether extracts are washed with brine (2x10 ml) and concentrated under reduced pressure. The 
oil thus obtained is dissolved in methanol (20 ml), the solution is cooled to 0 °C, and hydrogen 
peroxide (6.5 ml of 30% solution) is added. The mixture is stirred at room temperature for 2 h 
and water (50 ml) is then added. Most of the methanol is removed under reduced pressure (note 
that the mixture contains peroxide and should not be evaporated to dryness) and the residue is 
extracted with diethyl ether (2 x 20 ml). The ether extracts are combined, washed with 5% 

aqueous sodium hydrogen carbonate (2x10 ml) and brine (10 ml), dried over magnesium sulfate 
and concentrated to a colourless oil (1.01 g, 88%). The product is chromatographed on silica gel 
at medium pressure using hexane-ethyl acetate (8:1) to give sy«-l-hydroxy-2-methyl-l-phenyl-3- 
pentanone (0.89 g, 77%). 

Introduction of chirality features into the vinyloxyborane unit allows the reaction to 

be extended to the synthesis of non-racemic products [3, 86]. Further, by appropriate 

choice of a homochiral aldehyde in reaction with a chiral vinyloxyborane it is possible 

to make use of‘double asymmetric induction’ to maximize the enantioselectivity of the 

reaction [3, 87]. 
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Dialkoxyvinyloxyboranes, available via a number of procedures [88, 89], also take 

part in aldol reactions. However, the reactions are slower and j'Tw-products are obtained 

predominantly irrespective of the geometry of the enolate [90]. 

6.20 ALCOHOLS AND ALKENES VIA BORON-STABILIZED 
CARBANIONS 

Although a dialkylboryl group can be expected to provide about as much stabilization 

as a carbonyl group to a carbanion centre, the generation of such boron-stabilized 

anions is much more problematic [3]. Nevertheless, methods have been developed which 

make the anions available for synthetic reactions. Probably the most useful method 

involves the direct deprotonation of a hindered organoborane such as an alkyldi- 

mesitylborane with a moderately hindered base such as mesityllithium [91]. The anions 

thus generated can then be reacted with various electrophiles to give the corresponding 

products [3]. 
For example, dimesitylboryl-stabilized carbanions react readily with primary alkyl 

bromides and iodides to give the corresponding alkylated organoboranes, which can 

be oxidized to yield alcohols (e.g. equation 6.55) [92]. Although reactions with secondary 

halides are less efficient, it is possible to make more highly branched derivatives by 

successive deprotonations and alkylations with dimethyl sulfate [93]. 

6.20.1 PREPARATION OF 2-OCTANOL FROM ETHYLDIMESITYLBORANE 
AND 1-IODOHEXANE [92] 

Mes2BCH2Me 
MesLi HcxI 

MeSjBCHMe - 

(8) 

Hex 

I 
MeS2BCHMe 

[O] 

OH 
1 

HexCHMe 
(6.55) 

A 50 ml flask equipped with a magnetic follower is charged with dry mesityl bromide (MesBr; 
Mes = 2,4,6-trimethylphenyl) (1.095 g, 5.5 mmol), then fitted with a septum connected via a needle 
to a bubbler and flushed with nitrogen via a second needle. Dry THF (10 ml) is added and the 
mixture is cooled to —78 °C for addition of t^rt-butyllithium (7.33 ml of 1.5 mol solution in 
hexane, 11 mmol), dropwise and with stirring. The mixture, which develops a cloudy yellow colour, 
is stirred for 15 min at —78 °C and then for 15 min at 25 °C. The bubbler is removed so that the 
solution of mesityllithium so obtained can be withdrawn into a wide-needle syringe when required. 

Meanwhile, a 100 ml flask equipped as above is charged with ethyldimesitylborane (see Sections 
6.5 and 6.7) (1.39 g, 5 mmol) and flushed with nitrogen. Dry THF (5 ml) is added and the mixture 
is stirred as the solution of mesityllithium is added by syringe. The mixture is stirred for 1 h at 
25 °C (longer for more hindered cases) to generate the anion 8. The contents of the flask are 
cooled to 0 °C for addition, by syringe, of 1-iodohexane (1.17 g, 5.5 mmol). The cooling bath is 
then removed and the pink mixture is stirred for 30 min at room temperature. The septum is 
removed and the organoborane is oxidized by successive addition of methanol (5 ml), aqueous 
NaOH (2.5 ml of 5 mol 1“ ^ solution) and hydrogen peroxide (5 ml of 50% solution), followed by 
stirring overnight at 25 °C and then heating under reflux for 3 h (longer for more hindered cases). 
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The mixture is cooled and saturated with potassium carbonate. The organic layer is separated 
and the aqueous layer is extracted with diethyl ether (2 x 30 ml). The combined organic extracts 
are washed with 10% aqueous citric acid (30 ml) and water (20 ml), dried over magnesium sulfate 
and evaporated below 40 °C. The crude product is chromatographed on silica gel by gradient 

elution with dichloromethane through chloroform and diethyl ether. 2-Octanol (0.442 g, 68%) is 
obtained in the fractions containing chloroform or chloroform with a small amount of diethyl 
ether following removal of the solvent under reduced pressure at less than 40 °C. 

A particularly useful type of reaction of anions such as 8 is that with carbonyl 

compounds, known as the boron-Wittig reaction [94]. In the reaction with aromatic 

aldehydes it is possible to vary the work-up procedure to obtain either (£)- or (Z)-alkenes 
(e.g. equation 6.56) [3, 95]. 

6.20.2 PREPARATION OF (E)- OR (Z)-1 -PHENYL-1 -NONENE BY THE 
BORON-WITTIG REACTION [3, 95] 

Mes2BCHHcpi 

(9) 

PhCHO 

Ph Kept 
V-/ (CF3C0)20 

H H 

(12) 

Mcs2B-CHHcpt pj, pj 
I l.MesSiCl \ / 
I TTfF-^ 

-OCHPh H Kept 

(10) (11) 

(6.56) 

The anion 9 is prepared from dimesityloctylborane (3 mmol) in a manner analogous to that 
described for 8 in the preceding procedure. The solution is cooled to — 78 °C. Meanwhile, a 
10 ml Wheaton bottle equipped with a septum is flushed with argon, charged with freshly distilled 
benzaldehyde (0.223 g, 2.1 mmol) in THF (3 ml) and cooled to — 78°C. The benzaldehyde 
solution is added to the stirred solution of anion 9 via a double-ended needle and the mixture is 
stirred for 2 h at — 78 °C to give intermediate 10. This solution is used for preparation of either 
alkene, as detailed below. 

(E)-I-Phenyl-J-nonene. A solution of chlorotrimethylsilane (0.337 g, 3.1 mmol) in THF (3 ml) 
in an argon-flushed Wheaton bottle is cooled to — 78 °C and transferred via a double-ended 
needle in to the stirred solution of intermediate 10. The mixture is stirred at —78 °C for 1 h and 
then gradually allowed to warm to 20 °C and stirred for a further 16 h. The volatile components 
are removed under reduced pressure and dry light petroleum (b.p. 30-40 °C, 30 ml) is added. The 
mixture is stirred and then allowed to settle and the petroleum solution is decanted from the 
precipitated solid, concentrated and chromatographed on alumina, eluting with pentane. An oil 
consisting of mesitylene and the trimethylsilyl ether of 10 is obtained. This oil is cooled to —78 °C 
and a solution of aqueous HF (1 ml of 40% solution) in HPLC-grade acetonitrile (20 ml) is added. 
The cooling bath is removed and the solid reaction mixture is allowed to warm to 20 °C and 
then stirred for a further 30 min. The mixture is poured into pentane (30 ml) and the pentane 
phase is separated. The aqueous phase is extracted a second time with pentane (30 ml) and the 
combined extracts are washed with water (3 x 20 ml), dried over magnesium sulfate and eva¬ 
porated to give a crude product (1.68 g). Chromatography on silica, eluting with pentane, gives 
a fraction containing the product and mesitylene, which on pumping overnight to remove 
mesitylene leaves pure (£)-l-phenyl-1-nonene (11) (0.36 g, 84%). The product can be distilled under 
reduced pressure if required (b.p. 80-82 °C/0.1 mmHg). 
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(Z)-l-Phenyl-1-nonene. The solution of intermediate 10 is cooled to —110 °C and a precooled 
(-78 °C) solution of trifluoroacetic anhydride (0.55 g, 2.6 mmol) in THF (3 ml) is added via a 
cooled double-ended needle. The mixture is stirred for 1 h at — 110 °C and 4 h at — 78 °C then 
left to warm to room temperature overnight. Volatile materials are removed under reduced 
pressure and then light petroleum (b.p. 30-40 °C, 30 ml) is added. The mixture is stirred and then 
allowed to settle and the petroleum layer is decanted from the precipitated solid. The extract is 
evaporated and the residue is chromatographed on silica, eluting with pentane. The fractions 
containing mesitylene and the product are pumped overnight to remove mesitylene and leave 
pure (Z)-l-phenyl-1-nonene (12) (0.33 g, 77%). The product can be distilled if required (b.p. 

79-83 °C, 0.1 mmHg). 

The reaction with aliphatic aldehydes is less reliable using the procedures described 

above. Instead, alkenes are more reliably obtained by using an acid in admixture with 

the aldehyde during addition to the anion 9 [96]. The stereochemistry can be controlled 

by the choice of acid, strong acids such as trifluoromethanesulfonic acid or HCl giving 

predominantly the (£)-alkene and weak acids such as acetic acid generally giving 

predominantly the (Z)-alkene. 

6.21 REDUCTIONS WITH TRIALKYLHYDROBORATES 

There are two features of trialkylhydroborates (trialkylborohydrides) which justify their 

use instead of simple reagents such as sodium borohydride in certain circumstances: 

they are much more reactive and can therefore accomplish reactions which are very 

slow or low yielding with the simple reagents, and they are much more hindered and 

may therefore give rise to more selective reactions, particularly more stereoselective 

reactions, when steric factors are important [3]. 
Probably the most useful reaction which takes account of the high reactivity of 

trialkylhydroborates is the conversion of alkyl halides and tosylates into the correspond¬ 

ing alkanes (e.g. equation 6.57) [97]. Several trialkylhydroborates are commercially 

available and can be used directly. Otherwise, unhindered trialkylhydroborates are 

relatively easily synthesized by stirring THF solutions of the corresponding tri- 

alkylboranes with solid LiH, NaH or KH, whilst hindered trialkylboranes are easily 

converted into their lithium hydroborates by reaction with ferf-butyllithium [3]. 

6.21.1 PREPARATION OF CYCLOOCTANE BY REDUCTION OF 
CYCLOOCTYL TOSYLATE WITH LITHIUM TRIETHYLHYDROBORATE[3, 97] 

LiEtjBH 
-► (6.57) 

A 300 ml, two-necked flask equipped with a magnetic follower, a reflux condenser connected to 
a bubbler and a septum-capped side arm is flushed with nitrogen, charged with dry THF (20 ml) 
and cyclooctyl toluenesulfonate (7.05 g, 25 mmol) by syringe and cooled to 0 °C. Lithium 
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triethylhydroborate (33.3 ml of a 1.5 mol 1“^ solution in THF, 50 mmol) (note that since commer¬ 
cial solutions are less concentrated, longer reaction times may be necessary with these unless the 
concentrations are adjusted) is added to the stirred solution, the ice-bath is removed, the mixture 
is stirred for 2 h at 25 °C and excess of hydride is then destroyed by cautious addition 
of water (hydrogen is evolved). Oxidation of the triethylborane by-product is achieved by 
successive addition of aqueous NaOH (20 ml of a 3moll“^ solution) and hydrogen peroxide 
(20 ml of a 30% solution, added dropwise) (see Section 6.2), followed by stirring at 25 °C for 1 h. 
The mixture is allowed to separate, the aqueous layer is extracted with pentane (2 x 20 ml) and 
the combined organic extracts are washed with water (4 x 15 ml), dried over magnesium sulfate 
and concentrated by distillation at atmospheric pressure (because of the volatility of the product). 
The residue is transferred in to a small distillation apparatus and distilled at atmospheric pressure 
to give cyclooctane (2.27 g, 81%) as a colourless oil, b.p. 142-146 °C, contaminated by about 3% 
of cyclooctene. 

The ability of trialkylhydroborates to effect stereoselective reductions is well illu¬ 

strated by the reduction of substituted cyclohexanones [98]. Use of lithium tri-sec- 

butylhydroborate (L-Selectride) at —78 °C allows the production of 90% of the less 

stable cw-isomer on reduction of 4-methylcyclohexanone and with lithium trisiamyl- 

hydroborate the proportion is 99%. With 4-ferr-butylcyclohexanone the proportion is 

even higher (equation 6.58) [98]. Recently, results comparable to those achieved using 

lithium trisiamylhydroborate at — 78°C have been achieved at 0 °C with the even 

more hindered reagent lithium ethylbis(2,4,6-triisopropylphenyl)hydroborate [99]. In 

this case there is the additional advantage that the triorganylborane by-product is air 

stable and can easily be recovered and reused. 

6.21.2 PREPARATION OF CIS-4-TERT-BUTYLCYCLOHEXANOL BY 
REDUCTION OF 4-TERT-BUTYLCYCLOHEXANONE WITH LITHIUM 
TRISIAMYLHYDROBORATE [3, 98] 

LiSiajBH 
-^-► 
-78 °C 

(6.58) 

A 250 ml, two-necked flask equipped with a magnetic follower, a reflux condenser connected to 
a bubbler and a septum-capped stopcock is flushed with nitrogen, charged with lithium 
trisiamylhydroborate solution (70 ml of a 0.4 mol 1“^ solution in THF, 28 mmol) and immersed 
in a — 78°C cooling bath. A solution of 4-r^rt-butylcyclohexanone (3.7 g, 24 mmol) in THF 
(25 ml) is cooled to 0 °C and then added by syringe to the trisiamylhydroborate solution as rapidly 
as is consistent with keeping the reaction solution cold (for maximum selectivity). The mixture is 
stirred vigorously for 2 h at — 78 °C and then allowed to warm to ambient temperature over 
1 h. Water (4 ml) and ethanol (10 ml) are added and the trisiamylborane by-product is oxidized 
by successive addition of aqueous NaOH (10 ml of a 6 mol 1“^ solution) and hydrogen peroxide 
(15 ml of a 30% solution), followed by warming at 40 °C for 30 min once the initial vigorous 
reaction has subsided (see Section 6.2). The mixture is cooled and the aqueous phase is saturated 
with potassium carbonate. The organic phase is separated, the aqueous phase is further extracted 
with diethyl ether-tetrahydrofuran (1:1, 2 x 20 ml) and the combined extracts are dried over 
magnesium sulfate. The volatile solvents and 3-methyl-2-butanol are removed under reduced 
pressure to leave m-4-tert-butylcyclohexanol (3.65 g, 98%) as a white solid, m.p. 80 °C, which is 
at least 99.5% cw-isomer by GC. 
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6.22 STEREOSELECTIVE REDUCTIONS WITH ORGANOBORANES 

Trialkylboranes generally display little reactivity towards aldehydes or ketones. How¬ 

ever, organoboranes possessing an isopinocampheyl group are more reactive, effecting 

reduction of some compounds with concomitant displacement of a-pinene. Further, 

since such organoboranes can be obtained in non-racemic form, the reagents can be 

used to induce asymmetry during reduction. 5-Isopinocampheyl-9-BBN (Alpine-bor- 

ane) is one such reagent. It reduces aldehydes readily at' 65 °C and if its deuterio 

derivative is used, or if a 1-deuterioaldehyde is used, the corresponding deuteriated 

primary alcohol is obtained in very high optical purity (e.g. equation 6.59) [3, 100]. 

6.22.1 PREPARATION OF (S)-BENZYL-I-d-ALCOHOL VIA REDUCTION OF 
1 -DEUTERIOBENZALDEHYDE WITH ALPINE-BORANE 

o 
ll Alpine-borane from 
V- ^ 

Ph^ D (+ )-a-pinene, 65 °C 

All, two-necked flask equipped with a magnetic follower, a reflux condenser connected to a 
bubbler and a septum-capped stopcock is flushed with nitrogen and then charged with B- 

isopinocampheyl-9-BBN (52.9 g, 205 mmol, from (-f )-a-pinene of 93% ee), in THF (400 ml) via 
a double-ended needle. Benzaldehyde-l-rf (19.0 ml, 185 mmol) is added and the mixture is stirred 
for 10 min at room temperature and then heated at reflux for 1 h. The mixture is cooled to 20 °C 
and acetaldehyde (5 ml) is added to destroy residual trialkylborane. THF is removed under 
reduced pressure and the mixture is then pumped at oil-pump vacuum using a bath temperature 
of 40 °C to remove a-pinene. Nitrogen is readmitted, diethyl ether (150 ml) is added, the solution 
is cooled to 0 °C and 2-aminoethanol (12.5 g, 205 mmol) is added in order to precipitate the 

9-BBN derivative. The precipitate is filtered off and washed with diethyl ether (2 x 20 ml). The 
combined organic extracts are washed with water (25 ml), dried over magnesium sulfate and 
evaporated to give a product which is further purified by distillation under reduced pressure. 
(S)-Benzyl-l-if alcohol (16.5 g, 82%) of 88% ee is collected at 110 °C/30 mmHg. 

Alpine-borane reacts sluggishly with simple ketones, but reductions can still be 

effected with good enantioselectivity if the reactions are carried out without solvent 

and/or under pressure [101]. Alternatively, alkynyl ketones, which are much less 

sterically demanding, are reduced more readily to the corresponding alkynylmethanols, 

and the latter are easily converted into saturated alcohols. ‘NB-Enantrane’, the organo- 

borane derived by reaction of 9-BBN-H with nopol benzyl ether, reduces alkynyl 

ketones with even greater enantioselectivity [102]. 

For enantioselective reduction of simple ketones, including aromatic ketones such as 

acetophenone (98% ee for the corresponding alcohol), hindered aliphatic ketones such 

as pinacolone (95% ee) and hindered alicyclic ketones such as 2,2-dimethylcyclopenta- 

none (98 % ee), the best reagent appears to be diisopinocampheylchloroborane (commer¬ 

cially available, but see Section 6.8 for the preparation of similar reagents) (e.g. equation 

6.60) [103]. 

Ph 

OH 
I 

V'H 
D 

(6.59) 
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6.22.2 PREPARATION OF (S)-1 -PHENYLETHANOL BY REDUCTION OF 
ACETOPHENONE WITH DIISOPINOCAMPHEYLCHLOROBORANE (103) 

O OH 
LIpc^BCl,-25°C,7h | 

Ph Me 2. HNCCH^CH^OH)^ Ph 

A 250 ml flask equipped with a magnetic follower and a septum is flushed with nitrogen and 
charged with a solution of diisopinocampheylchloroborane (9.0 g, 28 mmol) [from ( + -a-pinene] 
in THF (20 ml). The solution is cooled to —25 °C and acetophenone (3.05 ml, 26 mmol) is added 
by syringe, whereupon the mixture turns yellow. The mixture is stirred for 7 h at — 25 °C (^^B 
NMR of a methanolysed aliquot shows the reaction to be complete) and the volatiles are then 
removed at aspirator pressure. a-Pinene is removed under reduced pressure (0.1 mmHg, 8 h) and 
the residue is dissolved in diethyl ether (100 ml). Diethanolamine (6.0 g, 57 mmol) is added and 
after 2 h the solid is removed by filtration. The solid is washed with pentane (2 x 30 ml) and the 
combined organic solutions are concentrated. The residue is distilled to give (5)-l-phenylethanol 

(2.3 g, 72%), b.p. 118 °C/22 mmHg, with 97% ee. 

(6.60) 

Hindered ketones such as pinacolone react much more sluggishly than acetophenone 

and the reaction requires 12 days at room temperature without solvent for completion 

[103]. 

6.23 CONCLUSION 

The purpose of this chapter is to provide appropriate, well tried procedures for some 

of the more important synthetic methods based on organoboron compounds. In 

particular, it is hoped that it can provide a good starting point for anyone interested 

in making use of the enormous synthetic potential of organoboranes, especially those 

experiencing reluctance on account of lack of familiarity with the handling of such 

reagents. Naturally, in order to try to keep the material to a reasonable quantity, the 

choice of reactions for inclusion has had to be highly selective. Also, procedures may 

need to differ, even for the same reaction type, depending on factors such as the degree 

of steric hindrance in the substrate. Such variations can only be alluded to in a work 

of this length. For additional procedures and more extensive discussions of reactions 

of organoboranes, specialized monographs are available [3,4]. 

6.24 REFERENCES 

1. H. C. Brown, Hydroboration, Benjamin, New York, 1962; reprinted with Nobel Lecture, 

Benjamin/Cummings, Reading, MA, 1980. 

2. K. Smith, Chem. Ind. (London) (1987) 603. 
3. A. Pelter, K. Smith, H. C. Brown, Borane Reagents, Academic Press, London, 1988. 

4. H. C. Brown, G. W. Kramer, A. B. Levy, M. M. Midland, Organic Syntheses via 

Boranes, Wiley, New York, 1975. 
5. H. C. Brown, R. Liotta, C. G. Scouten, J. Am. Chem. Soc. 98 (1976) 5297. 



506 K. SMITH 

6. A. Pelter, S. Singaram, H. C. Brown, Tetrahedron Lett. 24 (1983) 1433. 
7. H. C. Brown, P. K. Jadhav, A. K. Mandal, Tetrahedron 37 (1981) 3547. 
8. K. Smith, Chem. Soc. Rev. 3 (1974) 443. 
9. R. Koster, P. Binger, W. Fenzl, Inorg. Synth. 15 (1974) 134. 

10. H. C. Brown, C. F. Lane, Heterocycles 1 (1977) 453. 
11. H. C. Brown, M. C. Desai, P. K. Jadhav, J. Org. Chem. 47 (1982) 5065. 
12. A. Pelter, K. Smith, D. Buss, Z. Jin, Heteroatom Chem., 3 (1992), 275. 
13. E. Negishi, H. C. Brown, Synthesis (1974) 77. 
14. S. U. Kulkarni, H. D. Lee, H. C. Brown, J. Org. Chem. 45 (1980) 4542. 
15. H. C. Brown, J. A. Sikorski, S. U. Kulkarni, H. D. Lee, /. Org. Chem. 47 (1982) 863. 
16. J. W. Wilson, J. Organomet. Chem. 186 (1980) 297. 
17. H. C. Brown, M. C. Desai, P. K. Jadhav, J. Org. Chem. 47 (1982) 5065. 
18. H. C. Brown, P. K. Jadhav, A. K. Mandal, Tetrahedron 37 (1981) 3547. 
19. G. Zweifel, N. R. Ayyangar, T. Munekata, H. C. Brown, J. Am. Chem. Soc. 86 (1964) 1076. 
20. H. C. Brown, A. K. Mandal, N. M. Yoon, B. Singaram, J. R. Schwier, P. K. Jadhav, J. 

Org. Chem. 47 (1928) 5069. 
21. H. C. Brown, B. Singaram, Pure Appl. Chem. 59 (1987) %19',Acc. Chem. Res. 21 (1988) 287. 
22. H. C. Brown, J. V. N. Vara Prasad, A. K. Gupta, R. K. Bakshi, J. Org. Chem. 52 (1987) 310. 
23. D. S. Matteson, R. Ray, R. R. Rocks, D. J. Tsai, Organometallics 2 (1983) 1536; D. S. 

Matteson, K. M. Sadhu, M. L. Peterson, J. Am. Chem. Soc. 108 (1986) 810; for a review, 
see D. S. Matteson, Acc. Chem. Res. 21 (1988) 294. 

24. H. C. Brown, S. K. Gupta, J. Am. Chem. Soc. 94 (1972) 4370; H. C. Brown, J. Chandra- 
sekharan, J. Org. Chem. 48 (1983) 5080. 

25. H. C. Brown, S. K. Gupta, J. Am. Chem. Soc. 93 (1971) 1816; 97 (1975) 5249. 
26. D. Manning, H. Noth, Angew. Chem., Int. Ed. Engl. 24 (1985) 878. 
27. M. Sato, N. Miyaura, A. Suzuki, Tetrahedron Lett. 31 (1990) 231. 
28. H. C. Brown, W. Ravindran, Inorg. Chem. 16 (1977) 2938. 
29. H. C. Brown, N. Ravindran, S. U. Kulkarni, J. Org. Chem. 45 (1980) 384; H. C. Brown, 

U. S. Racherla, J. Org. Chem. 51 (1986) 895. 
30. H. C. Brown, J. B. Campbell, J. Org. Chem. 45 (1980) 389. 
31. W. E. Paget, K. Smith, J. Chem. Soc., Chem. Commun. (1980) 1169. 
32. H. C. Brown, N. Ravindran, J. Org. Chem. 42 (1977) 2533. 
33. N. R. De Lue, H. C. Brown, Synthesis (1976) 114. 
34. H. C. Brown, C. F. Lane, J. Am. Chem. Soc. 92 (1970) 6660. 
35. H. C. Brown, N. R. DeLue, G. W. Kabalka, H. C. Hedgecock, J. Am. Chem. Soc. 98 (1976) 

1290; G. W. Kabalka, E. E. Gooch, J. Org. Chem. 46 (1981) 2582. 
36. H. G. Kuivila, A. R. Hendrickson, J. Am. Chem. Soc. 74 (1952) 5068. 
37. H. C. Brown, T. Hamaoka, N. Ravindran, J. Am. Chem. Soc. 95 (1937) 6456. 
38. H. C. Brown, W. R. Heydkamp, E. Breuer, W. S. Murphy, J. Am. Chem. Soc. 86 (1964) 

3565; M. W. Rathke, N. Inoue, K. R. Varma, H. C. Brown, J. Am. Chem. Soc. 88 (1966) 2870. 

39. G. W. Kabalka, K. A. R. Sastry, G. W. McCollum, H. Yoshioka, J. Org. Chem. 46 (1981) 
4296; G. W. Kabalka, K. A. R. Sastry, G. W. McCollum, C. F. Lane, J. Chem. Soc., Chem. 
Commun. (1982) 62.. 

40. V. B. Jigajinni, A. Pelter, K. Smith, Tetrahedron Lett. (1978) 181. 
41. H. C. Brown, K. Murray, J. Am. Chem. Soc. 81 (1959) 4108; G. Zweifel, H. C. Brown, J. 

Am. Chem. Soc. 86 (1964) 393. 



ORGANOBORON CHEMISTRY 507 

42. J. Hooz, J. N. Bridson, J. G. Calzada, H. C. Brown, M. M. Midland, A. B. Levy, J. Org. 

Chem. 38 (1973) 2574. 
43. H. C. Brown, H. Nambu, M. M. Rogic, J. Am. Chem. Soc. 91 (1969) 6854. 
44. M. M. Midland, Y. C. Kwon, J. Org. Chem. 46 (1981) 229. 
45. For a description of the preparation of aryldichloroboranes, see J. Hooz, J. G. Calzada, Org. 

Prep. Proced. Int. 4 (1972) 219. 
46. R. J. Hughes, S. Ncube, A. Pelter, K. Smith, E. Negishi, T. Yoshida, J. Chem. Soc., Perkin 

Trans. 1 (1977) 1172. 
47. S. Ncube, A. Pelter, K. Smith, Tetrahedron Lett. (1979) 1895. 
48. S. Ncube, A. Pelter, K. Smith, Tetrahedron Lett. (1979) 1893. 
49. H. C. Brown, B. A. Carlson, J. Org. Chem. 38 (1973) 2422. 
50. H. C. Brown, J.-J. Katz, B. A. Carlson, J. Org. Chem. 38 (1973) 3968. 
51. B. A. Carlson, H. C. Brown, J. Am. Chem. Soc. 95 (1973) 6876; Synthesis (1973) 776; B. A. 

Carlson, J.-J. Katz, H. C. Brown, J. Organomet. Chem. 67 (1974) C39; H. C. Brown, J.-J. 
Katz, B. A. Carlson, J. Org. Chem. 40 (1975) 813. 

52. H. C. Brown, T. Imai, J. Org. Chem. 49 (1984) 892. 
53. H. C. Brown, Acc. Chem. Res. 2 (1969) 65. 
54. H. C. Brown, E. Negishi, J. Am. Chem. Soc. 89 (1967) 5477; J. Chem. Soc., Chem. Commun. 

(1968) 594. 
55. A. Pelter, P. J. Maddocks, K. Smith, J. Chem. Soc., Chem. Commun. (1978) 805. 
56. H. C. Brown, E. Negishi, J. Am. Chem. Soc. 89 (1967) 5478; H. C. Brown, W. C. Dickason, 

J. Am. Chem. Soc. 91 (1969) 1226. 
57. H. C. Brown, J. L. Hubbard, K. Smith, Synthesis (1979) 701. 
58. A. Pelter, M. G. Hutchings, K. Smith, J. Chem. Soc., Chem. Commun. (1970) 1529. 
59. A. Pelter, K. Smith, M. G. Hutchings, K. Rowe, J. Chem. Soc., Perkin Trans. 1 (1975) 129. 
60. A. Pelter, M. G. Hutchings, K. Smith, J. Chem. Soc., Chem. Commun. (1971) 1048. 
61. A. Pelter, M. G. Hutchings, K. Rowe, K. Smith, J. Chem. Soc., Perkin Trans. 1 (1975) 138. 
62. A. Pelter, T. W. Bentley, C. R. Harrison, C. Subrahmanyam, R. J. Laub, J. Chem. Soc., 

Perkin Trans. 1 (1976) 2419. 
63. A. Pelter, K. J. Gould, C. R. Harrison, J. Chem. Soc., Perkin Trans. 1 (1976) 2428. 
64. A. Suzuki, N. Miyaura, S. Abiko, M. Itoh, H. C. Brown, J. A. Sinclair, M. M. Midland, J. 

Am. Chem. Soc. 95 (1973) 3080; J. Org. Chem. 51 (1986) 4507. 
65. A. Pelter, K. Smith, M. Tabata, J. Chem. Soc., Chem.. Commun. (1975) 857. 
66. J. A. Sinclair, H. C. Brown, J. Org. Chem. 41 (1976) 1078. 
67. A. Pelter, R. J. Hughes, K. Smith, M. Tabata, Tetrahedron (1976) 4385. 
68. K. Utimoto, K. Uchida, M. Yamaya, H. Nozaki, Tetrahedron 33 (1977) 1945; N. Miyaura, 

H. Tagami, M. Itoh, A. Suzuki, Chem. Lett. (1974) 1411; N. J. LaLima, A. B. Levy, J. Org. 

Chem. 43 (1978) 1279. 
69. D. A. Evans, R. C. Thomas, J. A. Walker, Tetrahedron Lett. (1976) 1427; D. A. Evans, T. 

C. Crawford, R. C. Thomas, J. A. Walker, J. Org. Chem. 41 (1976) 3947. 
70. H. C. Brown, D. Basaviah, J. Org. Chem. 47 (1982) 1792, 3806, 5407; S. U. Kulkarni, D. 

Basaviah, M. Zaidlewicz, H. C. Brown, Organometallics 1 (1982) 212. 
71. G. Zweifel, H. Arzoumanian, C. C. Whitney, J. Am. Chem. Soc. 89 (1967) 3652. 
72. G. Zweifel, N. L. Polston, C. C. Whitney, J. Am. Chem. Soc. 90 (1968) 6243. 
73. E. Negishi, G. Lew, T. Yoshida, J. Chem. Soc., Chem. Commun. (1973) 874. 
74. For a paper giving most of the important background references, see N. Miyaura, T. 

Ishiyama, H. Sasaki, M. Ishikawa, M. Satoh, A. Suzuki,/. Am. Chem. Soc. Ill (1989) 314. 



508 K. SMITH 

75. N. Miyaura, H. Suginome, A. Suzuki, Tetrahedron 39 (1983) 3271; see also H. Yatagai, Y. 
Yamamoto, K. Maruyama, A. Sonoda, S.-I. Murahashi, J. Chem. Soc., Chem. Commun. 

(1977) 852; J. Uenishi, J. M. Beau, R. W. Armstrong, Y. Kishi, J. Am. Chem. Soc. 109 (1987) 
4756. 

76. T. Ishiyama, S. Abe, N. Miyaura, A. Suzuki, in press: the authors are thanked for providing 
this information in advance of publication. 

77. R. W. Hoffmann, U. Weidmann, J. Organomet. Chem. 195 (1980) 137. 
78. R. W. Hoffmann, H.-J. Zeiss, Angew. Chem., Int. Ed. Engl. 18 (1979) 306. 
79. H. C. Brown, K. S. Bhat, J. Am. Chem. Soc. 108 (1986) 5919. 
80. D. J. S. Tsai, D. S. Matteson, Tetrahedron Lett. 22 (1981) 2751. 
81. G. W. Kramer, H. C. Brown, J. Org. Chem. 42 (1977) 2292; see also J. Organomet. Chem. 

132 (1977) 9. 
82. R. Koster, W. Fenzl, Angew. Chem., Int. Ed. Engl. 7 (1968) 735. 
83. T. Inoue, T. Mukaiyama, Bull. Chem. Soc. Jpn. 53 (1980) 174. 
84. D. A. Evans, J. V. Nelson, E. Vogel, T. R. Taber, J. Am. Chem. Soc. 103 (1981) 3099. 
85. D. E. Van Horn, S. Masamune, Tetrahedron Lett. (1979) 2229. 
86. S. Masamune, W. Choy, F. A. J. Kerdesky, B. Imperiali, J. Am. Chem. Soc. 103 (1981) 1566. 
87. S. Masamune, W. Choy, J. S. Petersen, L. R. Sita, Angew. Chem., Int. Ed. Engl. 24(1985) 1. 
88. R. W. Hoffmann, K. Ditrich, Tetrahedron Lett. 25 (1984) 1781. 
89. C. Gennari, L. Colombo, G. Poll, Tetrahedron Lett. 25 (1984) 2279. 
90. C. Gennari, S. Cardani, L. Colombo, C. Scolastico, Tetrahedron Lett. 25 (1984) 2283. 
91. A. Pelter, B. Singaram, L. Williams, J. W. Wilson, Tetrahedron Lett. 24 (1983) 623. 
92. A. Pelter, L. Williams, J. W. Wilson, Tetrahedron Lett. 24 (1983) 627. 
93. J. W. Wilson, J. Organomet. Chem. 186 (1980) 297. 
94. A. Pelter, B. Singaram, J. W. Wilson, Tetrahedron Lett. 24 (1983) 635. 
95. A. Pelter, D. Buss, E. Colclough, J. Chem. Soc., Chem. Commun. (1987) 297. 
96. A. Pelter, K. Smith, S. Elgendy, M. Rowlands, Tetrahedron Lett. 30 (1989) 5647; 5643. 
97. S. Krishnamurthy, H. C. Brown, J. Org. Chem. 41 (1976) 3064; 48 (1983) 3085. 
98. S. Krishnamurthy, H. C. Brown, J. Am. Chem. Soc. 98 (1976) 3383. 
99. K. Smith, A. Pelter, A. Norbury, Tetrahedron Lett. 32 (1991) 6243. 

100. M. M. Midland, S. Greer, A. Tramontano, S. A. Zderic, J. Am. Chem. Soc. 101 (1979) 2352. 
101. H. C. Brown, G. G. Pai, J. Org. Chem. 50 (1985) 1384; 48 (1983) 1784. 
102. M. M. Midland, A. Kazubski, J. Org. Chem. 47 (1982) 2814. 
103. J. Chandrasekharan, P. V. Ramachandran, H. C. Brown, J. Org. Chem. 50 (1985) 5446; 51 

(1986) 3394. 



7 

Organoaluminium Compounds 
HISASHI YAMAMOTO 
Nagoya University, Japan 

7.1 INTRODUCTION. 510 

7.2 ORGANOALUMINIUM REACTIVITY AFTER COORDINATION 
WITH A SUBSTRATE. 511 

7.3 RELATIVE MOBILITY OF ORGANOALUMINIUM LIGANDS. 516 

7.4 OXYGENOPHILICITY OF ORGANOALUMINIUM REAGENTS... 519 

7.5 ORGANOALUMINIUM REAGENTS AS ACID-BASE COMPLEX 
SYSTEMS.   521 

7.6 SPECIFIC ATE COMPLEX REACTIVITY. 526 

7.7 GENERAL HINTS CONCERNING THE USE OF 
ORGANOALUMINIUM COMPOUNDS AND WORKING 
PROCEDURES. 528 
7.7.1 Cyclopropanation Using an Organoaluminium Reagent: 

l-Hydroxymethyl-4-(l-methylcyclopropyl)-l-cyclohexene. 529 
7.7.2 Preparation of MAD. 529 
7.7.3 Alkylation of 3-Cholestanone with MAD-CHaLi System. 530 

7.8 SPECIALIZED TOPICS. 530 
7.8.1 Ziegler-Natta Catalysis. 530 
7.8.2 Complexation Chromatography. 530 

7.9 REFERENCES. 532 

Organometallics in Synthesis—A Manual. Edited by M. Schlosser 

© 1994 John Wiley & Sons Ltd 



510 

7.1 INTRODUCTION 

H. YAMAMOTO 

Although their role in the olefin-oriented world of petrochemicals is well established 

[1], organoaluminium reagents are relative newcomers as tools in selective organic 

syntheses [2]. However, organoaluminium compounds are the cheapest of the active 

metals, and are hence gradually replacing other organometallic derivatives as more 

economical reducing and alkylating agents. 

The characteristic properties of aluminium reagents derive mainly from the high Lewis 

acidity of the organoaluminium monomers, which is directly related to the tendency of 

the aluminium atom to complete electron octets. Bonds from aluminium to electronega¬ 

tive atoms such as oxygen or the halogens are extremely strong; the energy of the A1—O 

bond is estimated to be 138kcalmol“L Because of this strong bond, nearly all 

organoaluminium compounds are particularly reactive with oxygen and often ignite 

spontaneously in air. These properties, commonly identified with ‘oxygenophilicity,’ are 

of great value in the design of selective synthetic reactions. 

The strong Lewis acidity of organoaluminium compounds appears to account for 

their tendency to form 1; 1 complexes, even with neutral bases such as ethers. In fact, 

in contrast to lithium and magnesium derivatives, diethyl ether and related solvents 

may retard the reactivity of organoaluminium compounds. The relatively belated 

appreciation of organoaluminium chemistry may be traced to the longstanding confine¬ 

ment to ethereal solvents. The coordinated group may be activated or deactivated 

depending on the type of reaction. Further, on coordination of an organic molecule an 

auxiliary bond can become coupled to the reagent and promote the desired reaction. 

The major difference between organoaluminium compounds and more common 

Lewis acids such as aluminium chloride and bromide is attributable to the structural 

flexibility of organoaluminium reagents. Thus, the structure of an aluminium reagent is 

easily modified by changing one or two of its ligands. 

The following questions should be posed in seeking the most effective use of 

organoaluminium compounds: 

1. What kind of stereochemical or electrochemical reactivity difference in substrates 

can we expect by coordination with the aluminium reagent? 

2. Among the three ligands of organoaluminium compounds, which one has the highest 

reactivity? 

3. What are the oxygenophilicities? What kind of reaction can we design with this 

unusual reactivity? 

4. Organoaluminium reagent is a typical Lewis acid. However, once coordinated with 

a substrate, the aluminium reagent behaves as a typical ate complex and one of the 

ligands behaves as a nucleophile. This is an acid-base complexed-type reagent. What 
are the characteristic features of these reagents? 

5. By changing from a trivalent organoaluminium reagent to a tetravalent ate complex, 

the reactivity of the reagent is changed significantly. What is the chemistry of the 

ate complex of an aluminium reagent in the presence of donor ligands? 
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We discuss here the chemistry of organoaluminium reagents in an attempt to answer 

some of these questions. 

7.2 ORGANOALUMINIUM REACTIVITY AFTER COORDINATION 

WITH A SUBSTRATE 

Most of the trivalent organoaluminium-promoted reaction was initiated by coordina¬ 
tion with the substrate to the aluminium atom. For example, when the cyclohexanone 
1 was treated with trimethylaluminium, the carbonyl oxygen was first coordinated with 
an aluminium atom [3]. If the reaction was performed in diethyl ether or tetra- 
hydrofuran, the axial alcohol 2 was produced through a four-centred transition state. 
A similar complex was generated in hydrocarbon solvent with a 1:1 ratio of carbonyl 
compound and aluminium reagent. However, if the ratio was changed to 1:2, the 
reaction proceeded through a six-membered transition state (below) to yield the 
equatorial alcohol as the major product [4, 5]. This example illustrates a typical solvent 
effect of aluminium reagent-promoted reaction. In ethereal solution, the oxygen atom 
of the solvent molecules strongly coordinates with the aluminium atom and the 
self-association of the aluminium reagent becomes much weaker. The resulting dimethyl- 
aluminium alkoxide forms a stable dimer and the rate of methylation decreases 

significantly [6]. 

(1) 

(2) 
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Pronounced solvent effects in the course of organoaluminium-induced reactions were 

frequently observed. Unimolecular decomposition of the 1:1 complex of citronellal- 

trimethylaluminium at —78 °C to room temperature yielded the acyclic compound 3 

in hexane, whereas isopregol (4) was produced exclusively in 1,2-dichloroethane. 

Further, the cyclization-methylation product 5 was formed with high selectivity using 

excess of trimethylaluminium in dichloromethane at low temperature [7]. 

Hydroalumination of acetylene using diisobutylaluminium hydride (DIBAH) is 

known to occur through a cw-addition mechanism similar to that of hydroboration 

[8]. If silylacetylene was used as a substrate and if the reaction was performed in hexane, 

the initially formed cw-addition product Z-6 was isomerized to the F-isomer E- 

6 spontaneously [9]. The olefinic 7i-electron may coordinate with the vacant orbital 

of the aluminium atom and also with the silicon atom through pTi-dTi conjugation, and 

these coordinations may accelerate the rotation with C—C bond [10]. On the other 
hand, if the reaction took place in hexane in the presence of triethylamine or in diethyl 

ether solvent, the vacant orbital of aluminium was occupied by these donor molecules 

and isomerization did not easily occur. Therefore, by choosing the solvent system, we 

were able to produce either a cis- or trans-o\Qfm stereoselectively. 
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RC=CSi(CH3)3 

DIBAH / 
ether 

DIBAH / 
hexane 

R Si(CH3)3 
p=c 

H Vl'Buj 

(Z-6) 

R Al'BUo 

H Si(CH3)3 

1. CH3Li 

2. R^X 

1. CH3Li 

2. r’x 

(£-6) 

R Si(CH3)3 
C=C 

H Ri 

R Ri 
\ / 
p=c 

H Si{CH3)3 

A significant solvent effect was also observed during the study of the Beckmann 

rearrangement-alkylation sequence [11]. For example, when the reaction of cyclopenta- 

none oxime tosylate (7) with tripropylaluminium was performed in hexane at low 

temperature, the resulting imine was directly reduced with DIBAH and A^-propylcyclo- 

pentylamine (8) was produced. Meanwhile, if the same reaction was performed in di- 

chloromethane, the rearrangement-alkylation product, piperidine, turned out to 

be the major product. Further, if the reaction was conducted at 40 °C, the rearrange¬ 

ment-alkylation product coninine (9) was the sole product. It is noteworthy that no 

amine 8 or piperidine was produced under these latter reaction conditions [12]. 

1. PrgAI 
hexane 

-78 °C 

2. DIBAH 

1. Pr3AI 

2. DIBAH H 

(8) (7) (9) 

1. Pr3AI 

hexane 2. DIBAH 

-78 °C 

H 
minor major 
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149 Hz 
162 Hz 

bridged methyl 

/ \ \ 
H3C CH3 CH3 

t 
terminal methyl bridged terminal bridged 

+ terminal 

Figure 7.1. NMR spectrum of trimethylaluminium in toluene 

The coordination of solvent with aluminium atom may be minimal in hydrocarbon. 

Thus, in these solvent systems the self-association of aluminium atoms may be more 

significant. For example, the association of trimethylaluminium in toluene at various 

temperatures is shown in Figure 7.1 [13]. At -55 °C, the ratio between bridged methyl 

and terminal methyl was found to be 1:2, so that most of the trimethylaluminium would 

have a dimeric structure [14]. By increasing the temperature, one of the methyl groups 

of trimethylaluminium was rapidly exchanged, randomizing the NMR signals of the 

two types of methyl groups. At low temperature, the vacant orbital of organoaluminium 

atom may therefore be occupied by the methyl group of other molecules and cannot 

be fully utilized by the reaction. At higher temperature, however, the existence of 

monomeric trimethylaluminium can be expected. The product distribution reflects these 

general features of aluminium reagent. 
Bulky ligands effectively solved this association-dissociation problem. With an 

exceedingly bulky ligand, organoaluminium reagents no longer associate with each 

other but remain as monomers in solution. In other words, the aluminium reagent no 

longer shares the alkyl or halogen group with the adjacent molecule because of the 

steric bulkiness of the ligand. 

2,6-Di -tert-butyl-4-methylphenol is a typical bulky ligand for aluminium reagents. 

This readily available phenol reacts with trimethylaluminium to generate methylalu- 

minium bis (2,6-di-?er?-butyl-4-methylphenoxide) (MAD; for the preparation procedure, 

see Section 7.7.2). MAD was found to be monomeric even in hydrocarbon solvents [15]. 

(CHjh 

3 + 2CH4 

MAD 
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Highly Lewis acidic aluminium reagents react with carbonyl compounds to form a 

1:1 complex, in a kind of neutralization process. The lone pair on the carbonyl group 

behaves as a Lewis base during the reaction. For example, benzophenone reacts with 

an equivalent amount of trimethylaluminium at low temperature to generate an orange 

1:1 complex (10) almost instantaneously [3-5]. Although similar complexes can be 

generated between other organometallics and carbonyl compounds, they are usually 

unstable and are further transformed into alcohols by successive hydride reduction or 

alkylation processes. With a highly Lewis acidic aluminium reagent, the complex formed 

is sufficiently stable and has a long enough lifetime for a variety of reactions. 

Bulky organoaluminium reagents were found to be of great practical use when 
combined with carbonyl compounds, ‘MAD’ [methylbis(di-2,6-fert-butyl-4-methyl- 
phenoxy)aluminium] and ‘MAT’ [methylbis(tri-2,4,6-/ert-butylphenoxy)aluminium] 

belong to the most versatile members of this class of compounds. When mixed with a 

carbonyl compound such as 4-tert-butylcyclohexanone MAD gave a stable 1:1 complex 

(11). This complex was treated with methyllithium at low temperature to yield an 

equatorial alcohol (12, overleaf), the stereochemistry of which was the opposite of that 

of the product from the simple reaction of cyclohexanone and methyllithium. The 

equatorial selectivity achieved with MAD was found to be nearly perfect, and that with 

MAT even superior [15]. 

*MAD 

or 

+ 

(11) 
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OH CH3 

axial alcohol equatorial alcohol 

(12) 

CHsLi : 85% { 79 : 21 ) 
MAD/CHaLi : 84% ( 1 : 99 ) 
MAT/CHaLi : 92% ( 0.5 : 99.5 ) 

Such complexation also allows inversion of the stereoselectivity of nucleophilic 

addition to chiral aldehydes. While methylmagnesium iodide, when reacting along with 

2-phenylpropanal, obeys Cram’s rule, the opposite mode is largely favoured in the 
presence of MAT. 

‘Bu 

.0 1. Al— 
N. 

2.CH3LI 

OH 

Cram 
conforming 
diastereomer 

OH 

anti-Cram 
contrary 
diastereomer 

CHaMgl : 64% ( 72:28 ) 
MAT/CHaMgl : 96% ( 7 : 93 ) 

7.3 RELATIVE MOBILITY OF ORGANOALUMINIUM LIGANDS 

Organoaluminium reagents are sometimes the reagent of choice for the introduction of 

an alkynyl group into a substrate. The alkynylaluminium reagent can be readily 

prepared from the eorresponding lithium or magnesium compound. They smoothly 

undergo a«t/-periplanar addition to oxiranes and, in the resence of a nickel catalyst, 

1,4-addition to enones. 

Et2AIC=C{CH2)5CH3 

98% ^^'"C=C(CH2)5CH3 

(CH3)3SiCsCAI(CH3)2 
1. Ni(acac)2/DIBAH 

2. 

C=CSi(CH3)3 

80% 

When the reactivity of these alkynylaluminium reagents was compared with that of 

the corresponding organocopper reagents, the reactivity trend of each ligand was found 
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to be completely different. The acetylenic ligand attached to copper is stabilized by 

interaction with the d-orbital of copper and cannot be transferred easily [16]. On the 

other hand, such a stabilization effect with an aluminium reagent cannot be expected 

to occur and the less basic acetylenic ligand is transferred preferentially [17, 18]. 

A heterosubstituted ligand of an organoaluminium compound is transferred much 

more easily than alkyl ligands. For example, treatment of diethylaluminium amide with 

methanol produced ammonia by cleaving the Al-N bond. No formation of ethane was 

detected in this experiment [19]. 

(CHaCHalaAINHz + CH3OH -^ (CH3CH2)2AIOCH3 + NH3 

Similarly, cleavage of the Al—S or Al—P bond occurred preferentially by treatment 

of dimethylaluminium sulphide and phosphite with methanol. In general, the R2AIX 

type of reagent revealed a similar reactivity profile. This reactivity of aluminium reagents 

also was in sharp contrast to that of organocopper reagents, where the PhS and PhO 

groups were frequently utilized as non-transfer groups [16]. The reaction between 

diethylaluminium amide and methanol may be understood as a ligand-exchange 

process involving intermediates 13 to 14 which requires a much smaller activation 

energy than the evolution of ethane gas. This characteristic feature may be utilized 

broadly in organic synthesis. Table 7.1 shows several examples of reactions of AIR2X, 

all of which depend on this feature of organoaluminium reagents. 

(CH3CH2)2AINH2 

CH3OH 1 
—AI-NH2 

1 + 
—AI-NH 

1 1 
—0-H —0 H 

+ 

(13) (14) 

D 

(CH3CH2)2AI0CH3 
+ 

NH3 

+ CH3CH3 \ 
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Table 7.1. Organic transformations based on R2AIX 

Transformation Reagent Ref. 

-cooR —^ -cox 
X = NRj, NNr’r*, SR. SeR 

-COOR —^ -CN 

-COOR 

H 

-<o 
H 

X 
COOR 

-X 
X = NRj, SeR 

PhS-^ M 

0P0(0R)2 

X = OPh, NHPh, SR 

Michael addition 

o=c-c=c 

Y 
N. 

'OSOjR 

o=c-c-cx 

X = SR, SeR 

RCN 

NH 

R-&-NR'R" 

(cH3)2AIX 20,21,22 

23 

(CH3)2AINHj 24 

(ch3)2A1NHCH2CH2NH2 25 

((ch3)2AISch2)2CH2 26 

(ch3CH2)2Ainr2 27 

(CH3)2AISeR 23 

(CH3CH2)2AISPh 28 

(ch3)2Aix 29 

(cH3)2AIX 23, 30 

X = SR, SeCH3 

R’jAlX 31 

ch3AI(ci)nr’R" 32 

nai(cH2CH3)2 34 
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The push-pull behaviour of organic aluminium reagents can be exploited in numerous 

synthetically useful reactions. Table 1 summarizes representative examples. 

7.4 OXYGENOPHILICITY OF ORGANOALUMINIUM REAGENTS 

Organoaluminium reagents are highly reactive compounds and those with alkyl groups 

of four or less carbon atoms are usually pyrophoric, that is, they ignite spontaneously 

in air at ambient temperature. All aluminium alkyl compounds react violently with 

water. Increasing the molecular weight by increasing the number of carbons in the alkyl 

groups, or by substituting halogens for these groups, generally reduces the pyrophoric 

reactivity. 
Whatever the detail, it seems probable by analogy with other organometallic 

oxygenations that the initial step in oxidation must be the formation of a peroxide (15), 
which either undergoes reaction with additional organoaluminium to form a dial- 

kylaluminium alkoxide (16) or else undergoes rearrangement to methylaluminium 

dialkoxide [35]. 

o 
AI{0R)3 RAI(0R)2 R3AI 

R 

(16) (15) 

The extraordinarily high reactivity of organoaluminium reagents must be carefully 

controlled if they are to be used for selective reactions; the high oxygenophilicity of the 

reagent should be conserved. 
Combination with Cp2TiCl2-Me3Al (‘Tebbe’s complex’, 17) resulted in an excellent 

reagent for the transformation of esters to vinyl ethers (Scheme 7.8). This reaction clearly 

utilized the oxygenophilicity of the aluminium reagent. In this particular case, the 

o CH Cp- ■Cl 

(17) 

intermediate oxyanion (18)was eliminated before its conversion to ketone. Thus, a suffi¬ 

ciently oxygenophilic metal is necessary for the success of this transformation [36]. 
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Mild oxidation reactions using organoaluminium reagents [37], in particular the 

epoxidation of allyl alcohols and the dehydrogenation of secondary alcohols to give 

ketones may be carried out. 

1. AI(0’Bu)3-*BuOOH 

2. AcjO-Py ^ 1 1^0 

83% 

AI(0‘Bu)3-*Bu00H 

85% 

When an aluminium reagent is treated with tert-h\xiy\ hydroperoxide, the intermediate 

19 can be generated. 

AI(0‘Bu)3 + ‘BuOOH 

^'Bu 

*BuO. 
^Af" I 

■BUO^ N>2 

(19) 

Strong coordination of oxygen with an aluminium atom results in a highly polarized 

structure (19), and this oxygen turns out to be electrophilic. The first reaction above is 

similar to the titanium-catalysed Sharpless oxidation and the transition state should be 

a three-membered ring structure (20) [38]. If there is an appropriate olefin in the system, 

oxidation takes place smoothly with this oxygen. In the case of simple secondary 

alcohols, the oxidation produces ketone instead through the possible transition state 21. 

Pronounced solvent and temperature effects on the course of organoaluminium- 

induced reactions are frequently observed. Halogenated solvents can coordinate with 

aluminium metal and the aluminium reagent behaves as an ate complex in these solvent 

systems. Such halogenophilicity of aluminium reagents can be utilized in many synthetic 

processes, including the following cyclopropanation reaction [39]. Thus, treatment of 

olefins with various organoaluminium compounds and alkylidene iodide under mild 
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conditions produced the corresponding cyclopropanes highly efficiently. For this 

reaction an intermediate dialkyl(iodomethyl)aluminium species (22) is responsible for 

the cyclopropanation of olefins and it easily undergoes decomposition in the absence 
of olefins or with excess of trialkylaluminium. Hence the use of equimolar amounts of 

trialkylaluminium and methylene iodide in the presence of olefins is essential for the 

achievement of reproducible results. 

RCHI2 + R'aAl ):H-AIR'2 
R 

(22) 

CioH2i''^^ 

84-99% C10H21 

R = H and CH3 
R' = CH3, Et and i-Bu 

7.5 ORGANOALUMINIUM REAGENTS AS ACID-BASE 

COMPLEXED SYSTEMS 

Epoxides are isomerized to afford allylic alcohols under basic conditions. With a strong 

base, one of the protons adjacent to the epoxide is removed, resulting in a high yield 

of an allylic alcohol. If several protons can be removed, the product becomes a mixture. 
For effective rearrangement, the reagent requires two reaction sites, a Lewis acid site 

to coordinate oxygen of the epoxide and a Lewis base site to remove the proton from 

the system. An organoaluminium amide was found to be the reagent of choice for this 

purpose. If aluminium metal coordinates well with oxygen (aluminium metal now acting 

as the centre of an ate complex!) and with a lone pair of electrons on nitrogen essential 

for removal of the proton, a well defined structure of the transition state 23 of this 

reaction could be expected. With such a rigid transition structure, a highly regioselective 

deprotonation occurs [33]. 

(23) 

A pair of stereoisomeric epoxides was chosen for the reaction. As shown overleaf, 

epoxide 24 has open space on the upper side of the molecule and the epoxide 25 

has open space on the lower side of the structure. With the usual reagents, no 

discrimination between the two structures was possible. If aluminium reagent attacks 
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from the less hindered side of the molecule, the adjacent nitrogen would approach the 

proton closest to the aluminium metal. For epoxide 24, this should be a proton from 

the methyl group and for epoxide 25 the methylene proton would be the one to be 

removed. Consequently, the two isomers would give rise to two different products from 

the reaction [33]. 

Beckmann rearrangement involves the skeletal rearrangement of ketoximes in the 

presence of Bronsted or Lewis acids to give amides or lactams. The reaction has 

found broad application in the manufacture of synthetic polyamides. It is a preferred 

means of incorporating the nitrogen atom efficiently in both acyclic and alicyclic 

systems, thereby providing a powerful method for a variety of alkaloid, syntheses. The 

reaction proceeds through a carbenium-nitrilium ion (26) after capture of the oxime 

oxygen by a Lewis acid. The intermediate cation adds water to generate an amide or 
lactam [40]. 

^'OH + 

H20 

r’nhcor^ 

(26) 
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If the reaction is performed in the absence of water, the resulting cation is not 

efficiently trapped and subsequently decomposes in various ways. With an organoalu- 

minium reagent, a typical acid-base complex system was found to be highly useful in 

this case. Thus, after the rearrangement process, the resulting ate complex was able to 

supply the alkyl group to the cationic intermediate. The resulting imine (24) can be 

reduced to the amine with DIBAH [11, 12]. 

N 

R.AI 

^DSOjR' 
+ 

R2 DIBAH 

Y 
R 

R2 

H 

(27) 

In the reaction shown for the synthesis of pumiliotoxin C, the starting ketone was 

selectively prepared from the corresponding bicyclic cyclopentenone derivative 28, and 

was hydrogenated in the presence of palladium black to give a cw-fused ring system. 
The saturated ketone was treated with hydroxylamine and then ;?-toluenesulphonyl 

chloride to give the tosylate. After recrystallization followed by a Beckmann re¬ 

arrangement-alkylation process, pumiliotoxin C was obtained stereoselectively [11, 12]. 

a: Hj/Pd - CH3CH2COOH 

b: HjNOH HCI - NaOAc 

c: TsCI - N(CH2CH3)3 

d: "Pr3AI - DIBAH 

Claisen rearrangement of an allyl vinyl ether, such as 3-cyclohexenyl vinyl ether (29, 

overleaf), generally requires high temperatures. However, in the presence of an organo- 

aluminium catalyst, the reaction can be effected at a much lower, ambient for example. 

{CH3CH2)2AISPh 

25°C, 15 min 

78% CHO 
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temperature [41]. With trialkylaluminium reagents the resulting aldehydes may be 

further converted into secondary alcohols by in j'/Tw transfer of alkyl groups. This was 

observed, for example, when l-butyl-2-propenyl vinyl ether (30) was treated with 

trimethyl- or triethylaluminium [41]. 
Diethylaluminium mercaptide or diethylaluminium chloride-triphenylphosphine may 

be used for the preparation of unsaturated aldehydes. It should be noted that other, 

stronger Lewis acids such as BF3 and TiC^ could not be used for this reaction. An 

acid-base complex system plays an important role in this particular reaction [41]. 

R3AI 

25°C, 15 min 

(30) R = CH3: 91% {E/Z = 47:53) 
R = CH2CH3; 75% (E/Z = 42:58) 

Bulky aluminium reagents can also be utilized for Claisen rearrangements. The 

bulky reagents methylaluminium bis(2,6-diphenylphenoxide) (MAPH) and methylalu- 

minium bis(4-bromo-2,6-?err-butylphenoxide) (MABR) are highly effective reagents 

which are able to catalyse such rearrangements under very mild reaction conditions. 

Ph Ph 

With MABR, for example, the rearrangement takes place in a few seconds even at 

— 78 °C. Moreover, the 4-alkenals are formed with high cis-selectivity [42]. 

Z-Selectivity 

MABR 

CH2CI2 -78°C 64% ( 93 : 7 ) 
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On the other hand, when MABR is replaced by MAPH the trans-isomers are obtained 

preferentially [42]. 

E-Selectivity 

MAPH 

rearrangement 

CH20H 
'Bu 

85% ( 97 : 3 ) 

70% ( 92 : 8 ) 

The observed selectivity may be due to precise steric discrimination between the 

substrate conformers ajc-31 and eq-3l by the bulky aluminium reagent [42]. 

possible mechanism 

(eq-31) 
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7.6 SPECIFIC ATE COMPLEX REACTIVITY 

H. YAMAMOTO 

As described previously, the initial reaction of a trivalent organoaluminium compound 

with organic molecules is always the coordination of the substrate with an aluminium 

atom. In contrast, a preformed aluminium ate complex behaves completely differently; 

the complex has already satisfied the octet rule and behaves as a nucleophile rather 

than a Lewis acid. For example, reduction of an a,^-unsaturated epoxide gave a 

completely different product when the aluminium reagent was changed from a neutral 

trivalent species to an ate complex [43]. With DIBAH, the 1,4-addition type of reduction 

product was found to be the major product through a possible six-membered transition 

state, whereas with lithium aluminium hydride, a direct reduction product was formed 

preferentially. This is a typical example of the difference in reactivity between trivalent 

aluminium reagents and ate complexes. 

DIBAH 

67% 

LiAIH4 

48% 

An alkenylaluminium reagent was used in a key synthetic process in the construction 

of the prostaglandin structure. The preparation of the alkenylaluminium 32 is straight¬ 

forward, using simple hydroalumination of a terminal acetylene. Preparation of the ate 

complex 33 from this alkenylaluminium reagent is not difficult and a 1,4- rather than 

a 1,2-addition product can be expected from the reaction with a cyclopentenone 

derivative [44]. 

ir 

CgHi3C=CH 

(32) (33) 

2H5 

O 

In the synthesis shown for solenopsin, the a«f/-oxime was converted into the 

corresponding mesylate in quantitative yield. Treatment of the mesylate in methylene 

chloride with excess of trimethylaluminium in toluene resulted in the formation of an 
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imine 34. The final step of the synthesis should be simple reduction; unfortunately, 

however, the usual reduction with DIBAH gave the cw-isomer almost exclusively. 

Moderate selectivity for the desired trans isomer was observed with lithium aluminium 

hydride. Excellent stereoselectivity was finally attained in formation of the trans form 

lithium aluminium hydride in an ethereal solvent in the presence of an equimolar 

amount of trialkylaluminium at low temperature. Thus, solenopsin was obtained almost 

exclusively using lithium aluminium hydride-trimethylaluminium in THE at low 

temperature [45]. 

1. MsCI 
2. (CHaiaAl 

(CH,)„CH3 -540/. * 
HON 

LiAIH4 - 
(CH3)3AI 

94-97% CH 'U' 
H 

(CH2)„CH 3 

Solenopsin A (n = 10) 
Solenopsin B (n = 12) 

The observed selectivity can be predicted. In the hydride reduction of the imine, the 

underside approach of the hydride ion toward the imino ;r-bond is preferred by 

stabilization of the a* orbital through electron delocalization from the a C—H bond 

into the a* orbital, producing the cw-isomer [46]. In the presence of trialkylaluminium 

H 

ois isomer trans isomer 
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as a Lewis acid, on the other hand, the alkyl group occupies the axial position because 

of the steric interaction between R and R3AI coordinating the nitrogen lone pair of 

electrons by ^-strain [47]. Such a conformational change facilitates the upperside 

approach of the hydride ion toward the imino Tr-bond and furnishes the desired 

trans-isomer. 

Reductive cleavage of acetals with organoaluminium hydride reagents affords stereo- 

selectively syn reduced products (such as 35). The observed high diastereoselectivity was 

ascribed to the stereospecific coordination of the organoaluminium reagent with one 

of the acetal oxygens followed by hydride attack syn to the cleaved C—O bond [48]. 

This reaction probably proceeds by a tight ion-paired S'Nl-like mechanism [48]. 

7.7 GENERAL HINTS CONCERNING THE USE OF 
ORGANOALUMINIUM COMPOUNDS AND WORKING 
PROCEDURES 

Aluminium alkyls are typically clear, colourless, mobile liquids with low melting points 

(except trimethylaluminium, m.p. 15 °C) and low vapour pressures at ambient tempera¬ 

ture. Aluminium alkyls are miscible in all proportions and compatible with saturated 
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and aromatic hydrocarbons. Organoaluminium compounds are also soluble in ethers 
and tertiary amines, accompanied by exothermie eomplex formation. 

Aluminium alkyls react very vigorously with air, water or other hydroxylic reagents. 

The violence of this reaction depends on the molecular weight of the aluminium alkyl. 

Dilute solutions of aluminium alkyls in hydrocarbon solvents are non-pyrophorie and 

could be used in place of more common organometallic reagents, such as butyllithium. 

Aromatic solvents such as benzene and toluene and saturated aliphatie solvents such 

as hexane can be used. Generally, unsaturated aliphatie and aromatic compounds 

should not be used. Some ehlorinated or oxygenated solvents may be used, but others, 

such as carbon tetrachloride, may react violently with the formation of toxic gases. The 

non-pyrophoric coneentration varies with the aluminium alkyl compound, temperature 

and solvent; for C4 compounds and below concentrations up to 10-20 wt% alkyls are 

generally non-pyrophoric; for C5 and higher compounds, the eoncentration can be 

increased to over 20 wt%. Henee organoaluminium reagents in hydrocarbon solvents 

at these concentrations ean be used with equal ease as butyllithium in hexane. On the 

other hand, if one wishes to use the neat aluminium alkyls, extreme eaution in handling 
is essential. 

Operations with organoaluminium compounds should be earried out under an inert 

gas such as nitrogen or argon. This is important not only because of the pyrophoric 

character of the reagent, but also to eliminate losses due to hydrolysis and oxidation 
of the organoaluminium eompounds. 

The following experimental part describes typieal uses of organoaluminium com¬ 
pounds in hydrocarbon solvents. 

7.7.7 CYCLOPROPANATION USING AN ORGANOALUMINIUM REAGENT: 
1-HYDROXYMETHYL-4-(1-METHYLCYCLOPROPYL)-1-CYCLOHEXENE 
[49] 

A dry 1 1 three-necked, round-bottomed flask was equipped with a gas inlet, a 50 ml pressure¬ 
equalizing dropping funnel, a rubber septum and a PTFE-coated magnetic stirring bar. The flask 
was flushed with argon, after which 10.7 g (0.07 mol) of {5)-perillyl alcohol followed by 350 ml of 
dichloromethane were injected through the septum into the flask. The solution was stirred and 
37.3 ml (0.147 mol) of triisobutylaluminium were added from the dropping funnel over 20 min at 
room temperature. After the mixture had been stirred at room temperature for 20 min, 7.3 ml 
(0.091 mol) of diiodomethane were added dropwise with a syringe over 10 min. The mixture was 
stirred at room temperature for 4 h, then poured into 400 ml of ice-cold 8% aqueous sodium 
hydroxide. The organic layer was separated and the aqueous layer extracted twice with 100 ml 
portions of dichloromethane. The combined extracts were dried over anhydrous sodium sulphate 
and concentrated with a rotary evaporator at ca 20 mm. The residual oil was distilled under 
reduced pressure to give 11.1 g (96%) of l-hydroxymethyl-4-(l-methylcyclopropyl)-l-cyclohexene 
as a colourless liquid, b.p. 132-134 °C/24 mmHg. 

7.7.2 PREPARATION OF MAD [12] 

To a solution of 2,6-di-tert-butyl-4-methylphenol (2equiv.) in toluene was added at room 
temperature a 2 m hexane solution of trimethylaluminium ^ equiv.). Methane gas was immediately 
evolved. The resulting mixture was stirred at room temperature for 1 h and used as a solution of 
MAD in toluene without further purification. 
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7.7.3 ALKYLATION OF 3-CHOLESTANONE WITH MAD-CHsLi SYSTEM [12] 

To a solution of MAD (2 mmol) in toluene (8 ml) was added at -78 °C 3-cholestanone (258 mg, 
0.67 mmol) in toluene (2 ml). After 10 min, a 1.37 m ethereal solution of methyllithium (1.46 ml, 
2.0 mmol) was added at -78 °C. The mixture was stirred at -78 °C for 2 h and poured into 
1 M hydrochloric acid. After extraction with diethyl ether, the combined extracts were dried, 
concentrated and purified by column chromatography on silica gel using diethyl ether-hexane 
(1; 3 to 2:1) as eluent to give 3-a-methylcholestan-3j3-ol (257 mg, 96%). 

7.8 SPECIALIZED TOPICS 

7.8.1 ZIEGLER-NATTA CATALYSIS 

Although it is not the purpose of this chapter to give a detailed review of organoalu- 

minium chemistry, it is still appropriate to mention some of the recent advances in 

Ziegler-Natta catalysis. As originally described [1], the Ziegler-Natta catalyst is a 

combination of a transition metal compound and an organometallic compound of 

Group I, II or III. It has been referred to as a coordination catalyst, reflecting the view 

that the catalysis occurs via coordination of the alkene to the active metal centre, 

followed by insertion into a metal-alkyl bond. A variety [50] of reagent systems have 

been developed and some of them are proving useful in industry. The combined use of 

trialkylaluminiums and cyclopentadienyltitanium catalysts is unique among them [50]. 

The catalyst is not particularly active, but is soluble in organic solvents and hence is 

popular for academic research studies. The activity of this catalyst is relatively low, but 

activity an order of magnitude higher is obtained when small amounts of water are 

added to the trialkylaluminium. Peak activities are found with between 0.2 and 0.5 mol 

of water per mole of aluminium alkyl [51]. Although the detailed structure of this 

aluminium reagent is not known, the system seems to have great potential not only for 

industrial use, but also for more special uses in organic synthesis. A typical combination 
is that of dicyclopentadienyltitanium dichloride with the methyldi-oxyaluminium 

species 36 or 37. 

Me 

MejAI-I-O—AI)„-OAlMe2 (36) 

+ or 

Me 

MeAl—(-0—Al)„ —0-AlMe (37) 

I—-o— -1 

7.8.2 COMPLEXATION CHROMATOGRAPHY [52] 

The ready availability of different types of hindered polyphenols permits the molecular 
design of various polymeric organoaluminium reagents. For example, this chemistry 
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allows the realization of complexation chromatography, i.e. the separation of hetero- 

atom-containing solutes by complexation with stationary, insolubilized organoalu- 

minium reagents [52]. Accordingly, treatment of the sterically hindered triphenol 38 

(2 mmol) in CH2CI2 with Me3Al (3 mmol) at room temperature for 1 h gave rise to the 

polymeric monomethylaluminium reagent 39. After evaporation of the solvent, the 

residual solid was ground to a powder and mixed with silanized silica gel (1.7 g) in an 

argon box. This was packed in a short-path glass column (150 mm x 10 mm i.d.) as 

a stationary phase and washed once with dry, degassed hexane to remove unreacted 

free triphenol. Then a solution of methyl 3-phenylpropyl ether and ethyl 3-phenylpropyl 

ether (0.5 mmol each) in degassed hexane was applied to this short-path column and 

eluted with hexane-diethyl ether to achieve a complete separation. This technique allows 

the surprisingly clean separation of structurally similar ether substrates. Ethyl 3- 

phenylpropyl ether and isopropyl 3-phenylpropyl ether, or the THE and THP ethers 

of 4-(?cr?-butyldiphenylsiloxy)-l-butanol, can be separated equally well by this short- 

path column chromatographic technique. 

(39) 
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8.1 INTRODUCTION 

Organotin compounds have been produced commercially as poly(vinyl chloride) stabili¬ 
zers and as an active ingredients of antifouling paints, etc., since the early 1950s [1]. 
A recent topic is marine pollution with hexabutyldistannoxane (RjSnOSnRj, R = 
butyl). Synthetic applications as reagents or catalysts started slightly later than for the 
silicon counterparts. This is exemplified by the fact that Colvin’s book [2] on organosili- 
con reagents was published in 1980, whereas the Pereyre’s book [3] on tin compounds 
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appeared in 1987. A Tetrahedron Symposium in this field [4] appeared in 1989. 

Certainly, this is one of the most rapidly expanding branches of chemistry and refs 3 

and 4 are extremely useful in understanding the state of the art [5]. This chapter is 

intended to give a brief outline of tin reagents in selective organic synthesis for those 

who are not familiar with this type of organometallic compounds. Literature citations 

are illustrative rather than exhaustive and the selection has been made on the basis of 

synthetic usefulness. 

8.2 TIN-HYDROGEN BOND REACTIVITIES AND RADICAL 
CYCLIZATIONS 

The reagent used here is mostly tributylstannane, but trimethyl- and triphenylstannane 

are also used. The tin-hydrogen bond cleavage proceeds via radical chains. The 

displacement of halogen attached to carbon by hydrogen may be of little synthetic 

importance in general but represents the basic reactivity of the tin-hydrogen bond. The 

reaction proceeds as follows: 

RaSnH + -Y -^ R^Sn- + HY 

R3Sn- + XR' -. R3SnX + -R' 

R3SnH + -R' -► R3Sn- + HR' 

The reaction is initiated by the radical • arising from initiators such as azoiso- 

butyronitrile or by irradiation and the important chain carrier is a trisubstituted 

stannyl radical. This type of radical reaction finds important applications in carbon- 

carbon bond formation as described below. 

8.2.1 RADICAL CYANOETHYLATION AND RING CLOSURE 

The cyanoethylation sequence comprises several steps: 

R3SnH + -X 

R'Br + •SnR3 

R - + CH2=CHCN 

R3SnH + R'CH2CHCN 

^ R3Sn- + HX; 

^ R - + BrSnR3 

^ R'CH2CHCN; 

^ R3Sn- + R'CH2CH2CN 

where X* represents the radical from a chain initiator, R = butyl and R'* = the 

tetraacetylated la-glucopyranosyl radical. Cyanoethylation of tetra-O-acetyl-a-D-gluco- 

pyranosyl bromide produces specifically the cyanoethylation product 1 with retention 

of configuration at C-1. The experimental details are described in a recent issue of 

Organic Syntheses [6], and are outlined under Working Procedures (Section 8.9). 

Cyanoethylation takes place exclusively at the a-side of the sugar molecule and this 
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selectivity is explained on the basis of the pseudo-axial attack (from below) on the 

skew-boat type pyranose radical 2. 

AcO 

(2) 

The 5-hexenyl radical cyclizes fairly easily to the cyclopentylmethyl radical, which 

may again be trapped with acrylonitrile as in the previous case. This type of cyclization 

is performed generally under high dilution (0.02 m) and in the presence of azoisobutyro- 

nitrile as a chain initiator. 
Stork [7] and others [8] have utilized such cyclization in the synthesis of cyclopentane 

derivatives. Synthetically very useful are reactions of 2-bromo-l,6-heptadiene (3) and 

l-hepten-6-yne (4 and 5) type substrates leading to methylenecyclopentanes [9-11]. The 

extension of this principle to oxygen-containing five-membered ring closure has been 

recorded [12, 13]. The cyclization of the a,a-disubstituted malonate 5 has been described 

in Organic Syntheses [14]. Details are given in Section 8.9. 

(3) 

o 
H,C 

'O 
HSnlC^HjIj HjC 

o- 
(4) 

SnlCiHjlj 

-SnlC^Hglj 

H2C. 

HSntCtHjIj 

{aibn} 

H3COOC COOCH3 

(5) 

,, SnlC^Hglg 
/ SiO, 

CH,C1 jwj 

H3COOC COOCH3 H3COOC COOCH3 

Radicals are produced smoothly from triethylborane in the presence of a trace of 

atmospheric oxygen. Oshima and co-workers [15] have utilized this fact and succeeded 

in carrying out the hydrostannylation and subsequent cyclization of the enyne 6. The 

stannylmethylenecyclopentane obtained was converted into a mixture of dehydroiso- 

iridodiol isomers (7). 
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Palladium catalysis [16] and sonochemical initiation [17] of hydrostannylation have 
been recorded. 

8.2.2 CYCLIZATION OF 2-CYCLOALKENOL-DERIVED BROMOETHANAL 
ACETALS 

Cyclization of bromoethanal acetals (8) of 2-cycloalkenols provides a method of 

introducing a formylmethyl group at position 2 of an allyl alcohol the double bond 

of which is reduced [8]. This sort of cyclization proceeds equally well with five- and 

six-membered cyclic ring substrates. The acetal moiety serves as a detachable link. 

(8) 

Synthetically it would, of course, be even more attractive to introduce a functional 

chain on C-3 rather than just a hydrogen atom. This goal has been achieved by carrying 

out the cyclization of the iodide 9 in the presence of tert-huty\ isocyanide, a good radical 

trap. In this way, a cyano group was introduced at C-3 from the desired j?-site. The 

liberated tert-buty\ radical abstracts hydrogen from tributylstannane to form tributyl- 

stannyl radical, which is the chain carrier. This method introduces useful functional 

groups both on C-2 and C-3 of the olefinic linkage of the initial 2-cyclopentene-l,4-diol. 

The 3-cyano group can subsequently be transformed into a formyl and ultimately 

35’-(£)-3-hydroxy-l-octenyl moiety, whereas the formylmethyl group on C-2 can be 

converted into a cw-olefin by the Wittig reaction. The prostaglandin skeleton is thus 

constructed stereospecifically. 

RO 

)—\ 
0 I 

O 
HSnlCjHjIj 

IHjCljC-NC 

OR 

o-A 

a COOH 

R'O R'O 
CN 

(9) 

The same type of reaction enables one to prepare a calcitriol intermediate starting 

from 3-methyl-2-cyclohexenol. Elaboration of the cyano function into an acetylmethyl 

group followed by aldol-type ring closure produces the functionalized carbocyclic ring 

10 having the desired stereochemistry. The introduction of the cyano group occurs as 

required from the a-face, since the transient radical 11 reacts only selectively in this sense. 
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Bromomethylsilyl ether such as 12 provide a means of creating the trans junction of 
the bicyclo[4.3.0]nonane skeleton. The hydrogen atom provided by tin hydride becomes 

attached to the remote olefinic carbon from the opposite side of the allylic oxygen. 

Thus, the cyclization product 13 emerges in the trans configuration. 

What type of ring junction would be expected if we started from the epimer having 

the allylic oxygen on the opposite a-site? The ring junction should naturally have a cis 

configuration. In this way we have provided a logical handle controlling the cis, trans 

geometry of the bicyclo[4.3.0]nonane system [11]. The cyclization method has been 

successfully applied to the synthesis of reserpinol and should find more synthetic 

applications in the future. 

8.2.3 RELATED REACTIONS 

The selenium-carbonyl bond in the selenyl carbonate 14 is easily cleaved by tributyl- 
stannane. The cyclization of the carbon radical thus generated affords an a-methylene- 

y-lactone [18]. 
A pyrrolidine ring synthesis [19] is based on the stannane reduction of an allyl(2,2,2- 

trichloroethyljamine such as 15. The transient radical 16 prefers the syn rather than the 
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anti conformation, thus minimizing the interaction between chlorine and phenyl 

substituents. This is at the origin of the cis arrangement of ethyl and phenyl groups in 

the cyclized product. The dichloromethylene group of the latter can be reduced to a 

methylene group with tin hydride [20]. 

anf/-[\Q) syn-(\&) 

Iminyl radical intermediates resulting from tributylstannane cleavage of S'-phenyl- 

sulphenylimines readily cyclize on to suitably located double bonds intramolecularly. 

The intermediate carbon radical thus produced is trapped intermolecularly by a variety 

of electron-poor olefins. The sequence of radical reactions proceeding in one pot 

provides access to pyrroline derivatives [21]. 
The deoxygenation of an alcohol ROH into the corresponding hydrocarbon RH via 

the xanthate ROCSSR' by the action of tributylstannane is preparatively useful and is 

now known as the Barton reaction [22]. Facile reduction of the xanthates and of halides 

by means of the tributylstannane-triethylborane system has been reported [23, 24]. The 

key intermediate is the tributylstannyl radical. The attack may give either a mixture 

•C(=S)OR + R'SSnBu3 or alternatively R- + 0=C(SR')SSnBu3. This alternative has 

been controversively discussed [24, 25]. The deoxygenation of a glucose derivative (17) 

by means of such a reaction sequence has been described in Organic Synthesis [22]. 

The working procedure is given in Section 8.9. 

(17) 

Yamaguchi et al. [26] have reported on the tributylstannane-promoted debromina- 

tion of the A^-aroyldihydroisoquinoline 18, which produced a nitrogen-containing 

tetracycle. As evidenced by the high yield, the tributylstannyl-mediated halogen abstrac¬ 

tion from an aromatic carbon atom proceeds equally well as from an olefinic site. 
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(18) 

Similar radical cyclization has been utilized in the synthesis of oxindoles [27, 28]. A 
synthesis of the diquinane framework [29] can be analogously accomplished by the 
cyclization bromomethylsilyl propargyl ether 19, followed by the intramolecular attack 
of the resulting radicals 20, 21 and, after intermolecular combination with acrylonitrile, 
22, on the olefinic bonds. 

NC 

(19) 

Stannyl-promoted reactions may also find applications in chain extension. The 
reductive ring expansion of the j6-bromoketone 23 occurs through radical transfer to 
afford a y-keto ester [30]. 

0 
CHzBr 

^J_j^C00CH3 

(23) 

u • 

\_pc00CH3 
COOCH, 

OIc00CH3 
H 

Such a kind of radical transfer is obviously also involved in the coenzyme B12- 
mediated isomerization of methylmalonyl coenzyme A (24) into succinyl coenzyme A 
(25). In order to elucidate further details, Wollowitz and Halpern [31] studied 
the reaction of tributylstannane with j?-bromo esters BrCH2C(CH3)XCOOR, 
where X is acetyl, ethylthiocarbonyl, etc., particularly the radical isomerization 
•CH2C(CH3)XC00R ^ XCH2C(CH3)C00R and competition with tin hydride 
trapping. 
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0 CH3 

CoA-S-C-CH-COOR' 

AdCHj 

0 
11 • 

C CH 
CoA-S' 'CH2'' 'COOR' 

(25) 

AdCHj 

0 
COA-S-C-CH2-CH2-C00R’ 

AdCH2 : coenzyme 6,2 odenosyl 

Finally boron enolates may form through radical intermediates [32]. When 

a-bromocarbonyl substrates RCOCH2Br are treated with triphenylstannane in 

the presence of a slight excess of triethylborane they produce boron enolates, 

RC(OBEt2)=CH2, one of the ethyl groups being split off as ethane. The enolates thus 

obtained can undergo aldol addition reactions. Further, treatment of methyl vinyl 

ketone with an alkyl iodide RI and tributylstannane in the presence of a small excess 

of triethylborane produces an enolate RCH2CH=C(CH3)OBEt2. Quenching with 

methanol gives a methyl ketone RCH2CH2COCF13, whereas combination of the enolate 

with an aldehyde R'CHO produces the aldol adduct RCH2CH[CH(OH)R']COCH3. 

8.3 TIN-METAL BOND REAGENTS: REACTIVITIES AND 
SYNTHETIC APPLICATIONS 

Reagents having a tin-lithium linkage were described as early as 1963 [33, 34]. Recent 

interest has focused on tin-silicon [35, 36] and tin-aluminium [37] bond reactivities. 

The Piers’ tin-copper reagents are discussed in Section 8.5.1. Addition of these tin-metal 

(Sn-M) reagents to an acetylenic triple bond proceeds in the presence of transition metal 

catalysts; subsequent protonolysis leads to alkenylstannanes which are formally identi¬ 

cal with those obtained by cis hydrostannylation of acetylenes. Naturally such carbon 

to metal and carbon to tin bonds react differently with electrophiles and thus allow 

simultaneous and specific activation of both acetylenic carbon atoms. 

Yamamoto and co-workers [38] reported the cross-coupling of allylic bromides 

with a functionalized allylic sulphide (26) mediated by hexamethyldistannane under 
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irradiation, affording biallyl-type products. The reaction presumably involves a tri- 

methylstannyl radical as a key intermediate [39]. 

8.3.1 ADDITION OF TIN-METAL BOND REAGENTS TO ACETYLENIC 
BONDS AND SYNTHETIC APPLICATIONS OF ALKENYLSTANNANES 

A review on alkenylstannanes was published by Kosugi and Migita [40]. Hydro- 

stannylation of 1-alkynes and the cyclization of the stannylalkenyl radicals often proceed 

with limited regio- and stereoselectivities and, therefore, have found few synthetic 

applications. Oshima and co-workers have accumulated knowledge on silicon-magnesi¬ 

um, silicon-aluminium [41] silicon-zinc [42, 43] and silicon-manganese [44] bond 

reactivities and extended it to the chemistry of tin-metal reagents, improving the 

regioselectivity of the hydrostannylation of acetylenes. As the results summarized in 

Table 8.1 reveal, the catalyst employed plays a major role [45, 46]. 
No addition takes place with internal acetylenes. The reaction proceeds in a cis 

fashion with respect to both 1- and 2-stannylated olefins in the reaction of phenyl- 

acetylene with the diethyl(tributylstannyl)aluminium reagent (Bu3Sn-AlEt2) catalyzed 

by copper(I) cyanide [45]. 
Treatment of enol triflates (27) or 1-iodoalkenes (28) with the system methyl(trimethyl- 

stannyl)magnesium-copper(I) cyanide also gives rise to 2-stannyl-l-alkenes and 1- 

stannylated isomers, respectively [47]. Tin-metal exchange reactions to produce more 

reactive species are discussed later (Section 8.5). 
Species having tin-silicon bonds were studied by Chernard and Van Zyl [48]. The 

reaction of the respectively Sn-Si reagent with 1-hexyne in the presence of tetrakis- 

(triphenylphosphine)palladium gives 1,2-difunctionalized 1-alkenes such as 29a or 29b. 

The addition proceeds in a cis fashion and affords l-silyl-2-stannyl products only. 
The intermediates thus formed can be further converted by translithiation with 

butyllithium and subsequent addition to carbonyl compounds or by Friedel-Crafts-type 

reactions with acetyl chloride and aluminium chloride. 

Table 8.1. Transition metal-catalysed stannylmetallation of 1-alkynes RC=CH^ 

R Reagent Catalyst Yield (%) Ratio^ 

C6H5CH2OCH2CH2 (C4H9)3SnMgCH3 CuCN 88 100:2 
(C4H9)3SnAICH2CH3 CuCN 86 81 :19 
[(C4H9)3Sn]2Zn Pd[P(C6H5)3]4 81 14:86 

^6^5 (C4H9)3SnMgCH3 CuCN 89 >95:5 
[(C4H9)3Sn]2Zn PdCl2[P(C6H5)3]4 89 >95:5 

C10H21 [(C4H9)3Sn]2Zn Pd[P(C6H5)3]4 70 <5:95 

® The reaction of the 1 -alkynes with the stannylmetal reagent was carried out in the presence of the respective 
catalyst and the carbon-metal bond in resulting products was preferentially hydrolised at 0 °C to give the 
stannylalkene isomers. 

Isomer ratio of {£)-RCH=CHSn(C4H9)3 to RCSn(C4H9)3=CH2. 
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R-CEC-H 

I SnlCH,), 

OTf Sn(CH3)3 

(27)^_ 
OTf = OSO2CF3 

(H3C)3Sn^ ^Si(CH3)2ClCH3)3 

HgC^-CEC-H -► 'C:C 

H9C4 'h 

( 29a) 

^0 
H3C-C' H \ / 

H9C4 ^Si(CH3)2C(CH3); 

^OH 
HsCg-CH Si(CH3)2C(CH3l 

RgC^ H 

Si(CH3)3 (H9CJ3Sn^ 

H5C5 H H5C5 

It should be noted that a palladium(O) catalyst such as tetrakis(triphenyl- 

phosphin)palladium catalyses the dismutation reaction of the (H3C)3Sn-Si(CH3)3 

reagent into hexamethylyldistannane and hexamethyldisilane. Reagents carrying larger 

alkyl groups than methyl do not undergo this reaction and, therefore, the tin-silicon 

reagents shown are fully utilized in forming both carbon-tin and carbon-silicon bonds 

on acetylenic carbons. 

8.3.2 PREPARATION AND SUBSEQUENT CYCLIZATION OF 
1-TRIALKYLSTANNYL-1A-PENTADIEN-3-ONES 

The Nazarov cyclization of l,4-pentadien-3-one compounds to cyclopentenones is not 

a trivial process owing to the highly acidic nature of the reaction media [49]. Attempts 

have been made to overcome some of the problems by stabilizing the transient 

carbocations with j8-silyl or )9-stannyl substituents. Chernard et al. [50a] and Denmark 
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and Jones [50b, 51] have carried out the cyclization of the j?-silylated enones 30 by 

means of boron trifluoride ethereate to obtain a cw-4-silylated and the corresponding 

desilylated cw-hydroindenones in 37% and 30% yields, respectively. In contrast, the 

cyclization of the structurally closely related precursor 31 produced a trans-A,5- 

disubstituted cyclopentenone derivative in 80% yield. 

II 

0 
(30) 

C(CH3)3 
H3CJ ,CH3 

Sivq^H 
11 

6 
(31) 

Similar reaction of stannylated dienones of type 32 [52] gives tin-free cyclopen- 

tenones. The required starting material, l,2-bis(tributylstannyl)ethene, is prepared by 

hydrostannylating tributylstannylethyne with tributylstannane (see Section 8.5.2), to 

give l,2-bis(tributylstannyl)ethene followed by treatment with an acyl chloride in the 

presence of aluminium trichloride. 

(HgCJjSn 

w 
0 

1. LIDA 
(H9C4)3Sn 

2. 0:CH-R' 

R’ 

R 

(H9C4)3Sn 
NICjHsI, 

II 

0 
(32) 

R’ 

R 

AI Cl, Cl, 

0 

(H9C, hSn '4'3 

SnlC^Hglj 

R' 

R 

0 

8.3.3 ALUMINIUM ENOLATE FORMATION AND CARBONYL ADDITION 

Like boron enolates [32], aluminium enolates (33) are valuable intermediates in organic 

syntheses. They can be conveniently prepared by treatment of a-bromo ketones with 

stannylalanes [53] such as Bu3Sn-AlEt2 (which can be prepared from tributylstannyl- 

lithium and diethylaluminium chloride) or F2ClSn-AlEt2 [from tin(II) fluoride and 

diethylaluminium chloride). The aluminium centre having strong Lewis acid character 

will first coordinate with the carbonyl oxygen and thus facilitate the reduction of the 
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R' A 
AI(C2H5l2 R'RC:0 R-V^'AI 102^15)2 

CyO 

X X 

(33) 

Br—C bond by the tin moiety, affording the aluminium enolate 33 and bromotributyl- 

stannane. 
The subsequent reaction with a carbonyl component R'RCO produces the addition 

product shown. 
The formation of aluminium enolates by zinc reduction in the presence of diethyl- 

aluminium chloride was previously reported by Yamamoto and co-workers [54]. Tin- 

aluminium reagents are soluble in reaction solvents and therefore are free from 
problems with the insufficiently active metal surface often encountered with metals such 

as zinc or magnesium. 
Posner et al. [55] have reported a case of conjugate addition of tributylstannyllithium 

reagent to 2-cyclohexenone. The resulting lithium enolate is treated with a vinyl ketone, 

CH2=CHC0R, and then with an aldehyde R'CHO successively to afford the four- 

component adduct 34, whose oxidation gives a medium-ring lactone. 

Br (HjOjSn-AIICjH,), 

X 

8.4 ADDITION OF ALLYLSTANNANES TO CARBONYL 
COMPOUNDS 

The carbon bond to tin is fairly resistant to hydrolysis and is not nucleophilic enough 

to perform carbonyl addition, the reaction which is commonly observed with organo- 

magnesium and organolithium reagents. Exceptionally, however, allylstannanes do react 

with aldehydes when heated to 100-150 °C or when treated with boron trifluoride 

ethereate in dichloromethane at —78 °C. The reaction involves electrophilic attack at 

the metal-free allyl terminus and double-bond shift and produces homoallyl alcohols. 
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8.4.1 METHODS FOR THE PREPARATION OF ALLYLSTANNANES 

The stability of the tin-carbon bond towards aqueous media is exemplified by the 

reaction of benzyl chloride with metallic tin powder suspended in boiling water, which 

produces tribenzylchlorostannane, as reported by Sisido et al. [56] in 1961. A similar 

reaction with allyl bromide produces diallyldibromostannane [57]. Nokami and co¬ 

workers [58, 60] allowed the resulting stannane to react in situ with ketones (the Barbier 

conditions) and obtained homoallylic alcohols in the aqueous suspension. Water 

obviously accelerates the addition and the presence of aluminium powder also proves 

to be helpful [61-63]. The reaction has been applied to the synthesis of five- and 

six-membered carbocycles and a-methylene-y-butyrolactones [64-66]. Similar reactions 

are carried out by means of chromium(II) salts instead of elemental tin in aprotic 

solvents [67-69]. 
Several new methods have been reported for the preparation of allylstannanes, all 

proceeding under anhydrous conditions. The tin-aluminium reagents of Matsubara et 

al. [70] (Section 8.3.3) react with allylic phosphates to afford allylstannanes. The 

reagents thus produced react with carbonyl components in the absence of boron 

trifluoride ethereate to give homoallylic alcohols. Clearly the phosphorylation of allylic 

alcohols is much easier than their conversion into allylic bromides. Another procedure 

involves the reaction of allylic alcohols with tin(II) chloride under palladium(O) catalysis. 

Addition of the resulting allyltin(IV) species to aldehydes is reported [71]. Other entries 

to allylstannanes are based on the electrochemical coupling of allyl halides with 

tributylchlorostannane [72] and on the thermochemical or photochemical stannylation 

of allyl sulphides, sulphonates and carbamates [73]. 
Desponds and Schlosser [74] have recently devised a new method for the preparation 

of pure allyl- and benzyl-type organometallics using tin compounds as key inter¬ 

mediates. Unsaturated hydrocarbons are first metallated with their superbase [75] and 

the products are treated with trimethylstannyl or tributylstannyl chloride. The resulting 

allylstannanes are purified and treated with trimethylsilylmethylpotassium [76]. An 

immediate metal-metal exchange takes place. The simultaneously formed tributyl- 

stannyl(trimethylsilyl)methane is removed by evaporation in order to avoid secondary 

reactions. The organopotassium species can be converted into other organometallic 

compounds, e.g. magnesium or lithium derivatives [77]. The manipulations are easy to 

perform (see Section 8.9) and satisfactory yields are obtained on electrophilic quenching 

even when the ‘double reaction’ test [78] is applied. 

8.4.2 STEREOCHEMISTRY OF CARBONYL ADDITION IN THE 
PRESENCE OF LEWIS ACIDS 

Yamamoto, one of the major contributors in this field, has published several reviews 
[79-81]. Allyltins, like allylchromiums [68, 69], react with aldehydes via six-membered 

transition states. Hence (£)-2-butenylmetal (rra«5-crotylmetal) species give homoallylic 

alcohols having the anti configuration {anti-35), whereas the cis isomers afford the 

corresponding syn isomers {syn-35). In the presence of boron trifluoride etherate. 
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however, exclusively 5j^«-alcohols are produced from both trans- and cM-crotyltin 

reagents. The same selectivities are observed with crotylsilane reagents also. Reactive 

species in this kind of carbonyl addition have been identified by means of NMR 

spectroscopy [82, 83]. This selectivity has been exploited in the transformation of 

4-methoxycarbonyl-2-methylpentanal to the adduct 36. The latter was then converted 

into the Prelog-Djerassi lactone [79]. 

syn-(35) 

anti- (35) 

8A.3 RELATED REACTIONS 

Umani-Ronchi and co-workers [84] have succeeded in the preparation of allylstannane 
reagents 37 carrying chiral substituents by oxidative addition of tin(II) species to allyl 

bromides. Subsequent reaction with aldehydes gave adducts with 40-60% enantiomeric 

excess. 

NaO 

NaO 
I 

C00C,H 2*^5 

COOC2H5 
SnCI, 

Sn 

GOOCH, 

'0 "'COOCH, 

B^P^COOC^Hs 

■Sn T 
X '0 •'COOC2H5 

37 

R-CH:0 
HO X 

The chiral allylstannanes 38 and 39 have been prepared starting with (R)-glyceralde- 

hyde acetonide and (5]-2-benzyloxypropanal. The procedure involved a Wittig-Horner 

(38) 

HO 
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reaction, reduction of the unsaturated esters thus obtained to allylic alcohols, trans¬ 

formation to the xanthates, allylic rearrangement of the latter to the isomeric dithio- 

carbonate, and final stannylation. When the allylstannanes are heated in the presence 

of an aldehyde without solvent to 150 °C, an enantioselective addition reaction 

occurs [85]. 

BnO 

(39) 
Bn0.,^CH3 

HO 

p-Bromobenzaldehyde reacts with a cis-trans isomeric mixture of (l-ethoxy-2- 

butenyl)tributylstannane in the presence of boron trifluoride ethereate in methylene 

chloride at —78 °C to afford the a-(hydroxylalkyl)allyl ether 40 and the 7-(hydroxy)ene 

ether, both components existing as syn and anti diastereoisomers [86]. The formation 

of the products of type 40 can be explained by assuming a rapid equilibration between 

a- and y-tributyl-substituted crotyl ethyl ether. 

R-CH:0 

OC2H5 

H3C-CH:CH-CH-Sn(C4H9)3 

OC2H5 

R-CH-CH-CH:CH-CH3 

HO 
(4 0 ) {syn » anti) 

R-CH-CH-CH:CH-0C2H5 

HO 
{41)(i/n < anti) 

The intramolecular carbonyl addition of the a-alkoxyallylstannane 42 has been 

applied to form a twelve-membered ring [87]. This reaction product serves as an 

intermediate for the synthesis of cembranolides. 

Carbenium-immonium ions are readily produced by acid-catalysed condensation of 

amines RR'NH with formaldehyde. They react with allylstannanes to afford homoallylic 
products 43 and 44 in virtually quantitative yield [88]. 

A^-(2,4-Alkadienoyl)isoquinolinium salts react with allylstannanes to afford products 

of type 45 (see Section 8.2.3) [89]. The subsequent intramolecular Diels-Alder cycloaddi¬ 
tion gives rise to a tetracyclic alkaloid skeleton. 
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(43) 

♦ CHj:0(F3CC00h} 

(45) 

The reaction of alkynylstannanes with 3-acyl-l-methoxycarbonylpyridinium salts 

affords a mixture of alkynylated products 46 and 47. The reaction is believed to proceed 

through a tin-bridged carbocation, which is then attacked by the nucleophile [90]. 

R-CSC-SnICHjI, 

CI-COOCHj 

CO-R’ 

COOCH3 

(46) 

R-CEcj!^ 

CO-R' 

COOCH3 

(47) 

Otsuji and co-workers [91] described a three-component coupling leading to pro¬ 

ducts 48, with El being a cyano or methoxy carbonyl electrophilic substituent, R alkyl 

or allyl, R' hydrogen or methyl and R" aryl. Attack of the radical R on the electron- 

deficient olefin initiates the chain process. When the resulting stabilized radical reacts 

with allylstannane, tributylstannyl radical is regenerated. 

(HgCJjSn 

R" 

Intramolecular cyclization of 2-(6-tributylstannyl-4-hexenyl)oxiranes was carried out 

in the presence of a Lewis acid catalyst such as titanium(IV) chloride, tin(IV) chloride 

or trimethylsilyl triflate [92]. 
Finally, a novel type of [2 -E 3] ring closure relying on an acyl-iron complex 49 

as the key intermediate has been reported [93]. The electron-deficient, terminal olefinic 

carbon is equivalent to the ^-olefinic carbon of an acrylate. When this enolate is attacked 

by the nucleophilic allylstannane, a new carbon-carbon bond is created. Ultimately 

ring closure to afford a cyclopentane ring derivative occurs. 

EL 
C:CH-R' ♦ I-R 

EL 

{aibn} 

or Av 

R' 

R"f/ E! 
(48) 
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^ AICI, 

CpICOljFe^O 

(49) 

-SnICiHjIj 

yCpICOljFe 0 

-AICI3 

Sn(C4H9l3\ 

yCpICOljFe 0 

-AICI3 

Sn(C4H9)3 

CpICOIjFe" "'0 

Cp = 

The effect of the tin-carbon bond in stabilizing a positive charge on the /^-carbon 

has been studied by Lambert and Wang [94], 

8.5 SYNTHETIC REACTIONS MEDIATED BY 
TRANSMETALLATION OF ORGANOTINS 

Useful reagents are derived from tin compounds by converting the tin—carbon into the 
more reactive lithium-carbon bond. Further, catalytic palladium transmetallation of 

the tin-carbon bond in the presence of organometallics affords organopalladium species 

whose reductive elimination affords carbon-carbon coupling products with regenera¬ 

tion of the palladium(O) catalyst. This section deals with this type of metal exchange 

of tin-carbon bonds and the synthetic applications. This subject has already been 

reviewed [95]. 

8.5.1 TRANSMETALLATION OF TIN-CARBON BOND INTO 
LITHIUM-CARBON BOND 

Both 1- and 2-trialkylstannyl-l-alkenes (see Section 8.3.1) undergo a metal-metalloid 

exchange with butyllithium generating the corresponding lithium reagents. The tin 

moiety is converted into a non-reactive tetraalkylated stannane which need not be 

removed from the reaction mixture. 
Chernard [96] reported the conjugate addition of trialkylstannyllithium reagents to 

2-cyclohexenone and the subsequent silylation of the resulting enolate to afford the 

l-siloxy-3-stannylcyclohexene intermediate (50). Tin-lithium exchange increases the 

nucleophilicity of the allyl moiety. Addition to an aldehyde takes place rapidly and 

preferentially at C-3. Protection of the hydroxyl function with methyl iodide, desilylation 

y 

(50) 
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and subsequent aldol-type addition of a second aldehyde at C-2 result in the formation 

of a product which carries an a-hydroxyalkyl and an a-methoxy-alkyl moiety attached 

on both olefinic carbons of cyclohexenone. 

Noyori’s three-component coupling route to prostaglandins is well known [97], 

Johnson and Penning [98] have modified the access to the key nucleophile, an 

organocopper species (51; M = CuCNLi). This reagent was prepared from the respec¬ 

tive 1-alkyne derivative and tributylstannane under irradiation and the resulting 

1-alkenylstannane (51; M = tributylstannyl) was then treated consecutively with 

butyllithium and copper(I) cyanide in tetrahydrofuran ( —78°C). 1,4-Addition to the 

cyclopentenone derivative was followed by alkylation with the cw-allylic iodide compo¬ 

nent in hexamethylphosphoramide at —30 °C (3 h, 53% yield) [99]. 

I 

jh 
-po'' 

The synthesis of 2-trialkylstannyl-l-alkenes based on the addition of tin-copper 

reagents to 1-alkyne derivatives has been studied by Piers and Karunaratne [100]. The 

addition reaction was applied to the synthesis of such a unique reagent as 2-lithio-4- 

chloro-1-butene via 3-tributylstannyl-3-buten-l-ol and 4-chloro-2-tributylstannyl-l- 

butene. 
[2,3]-Sigmatropic Wittig rearrangements in organic synthesis have been reviewed by 

Nakai and Mikami [101]; an allyl stannylmethyl ether rearranges into a homoallylic 

alcohol after treatment with butyllithium. Obviously, the tin-carbon bond is initially 

transformed into a lithium-carbon bond and then the rearrangement proceeds 

[102,103]. 
The tin-lithium exchange at oxygen-bearing carbon atoms was first described by Still 

and has recently found a variety of synthetic applications. Hanessian et al. [104] were 

able to stannylate the C—H bond of a dihydropyrane-type enol ether by using 

Schlosser’s super base [75] for metallation before adding tributylstannyl chloride. 

Subsequently, the tin-carbon-oxygen species 52 is transformed into an organolithium 

reagent before being methylated to afford the desired final product. 

2. XOOCH3 

1. LiC^H, 

KOCICH3I3 

2. 

ClSn(C4H5)3 

RO 

R0^„ 

RO 

O'^SniqHglj 

(52) 

1. LiCjH, 

2 ICH3 

BH3 

HjOj 

RO = HsCgCH^O 

RO 

"OH 3 
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Tributyl(methoxymethoxymethyl)stannane, (C4H9)3SnCH20CH20CH3, has been 

prepared by the reaction of tributylstannyllithium with formaldehyde (paraformalde¬ 

hyde), followed by etherification with chloromethyl methyl ether. This reagent can be 

used for attaching the masked hydroxymethyl moiety as a nucleophile to the ^-carbon 

atom of conjugated enones. For activation, the trialkyltin group has to be consecutively 

replaced by lithium and copper [105, 106]. The resulting adducts (53) can be cyclized 

to give oxygen-containing five-membered ring skeletons [107]. 

LijCuCNlCH-OCHjOCHjlj 

2. IHjCljSiCl 

O'^O- 

(HjCljSiO 
(53) 

TiCI^ 

CHjCI, 

Conjugated addition to a-enones of a-alkoxyalkylcopper reagents obtained from the 

corresponding stannanes serves to produce C-nucleosides stereospecifically [108]. 

Chong and co-workers [109] and Hutchinson and Fuchs [110] have prepared the 

enantiomerically enriched a-alkoxystannanes by reduction of acylstannanes with 

BINAL-H (2,2'-dihydroxy-1,1'-binaphthyl-modified lithium aluminium hydride) and 

subsequent methoxymethylation. They utilized the reactive intermediates obtained 

by translithiation to the synthesis of e«Jo-brevicomin, y-lactones, a-hydroxy acid deriva¬ 

tives. 
Organolithium species can be readily converted into organotin compounds by the 

action of trialkylstannyl chloride. An application of such a transformation was utilized 

in the preparation of 2-aryloxazolines by Dondoni et al. [111]. The crucial organo¬ 

lithium intermediate 54 are first trapped with trimethylstannyl chloride before being 

treated with aryl halides in the presence of palladium(O) catalyst (see also Section 8.5.2). 

Allylic and benzylic tin compounds prepared from organolithium precursors have 

been employed in terpenoid synthesis [112]. 

(54) 

r°: '^-SnlCH 
3'3 

8.5.2 TIN-PALLADIUM EXCHANGE IN CATALYSED CROSS-COUPLING 

The cross-coupling of Grignard reagents with organic halides can be mediated by nickel 

catalysts. The reaction was first described by Kumada and co-workers [113,114] and 

Corriu and Masse [115]. The technique was subsequently extended to other systems 
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[116] containing palladium(O) catalysts and organotin compounds [117, 118]. Such 

efforts have considerably extended the scope of the coupling reaction [119-121]. When 

the reaction is carried out under a carbon monoxide atmosphere, two organic groups 

are connected with a carbonyl moiety to produce ketones, which can also be prepared 

by similar coupling of organotin reagents with acid chlorides [122, 123]. This reaction 

finds useful applications in the synthesis of divinyl ketones [124, 125] and also other 

classes of compounds [126, 127]. The detailed preparation of tributylstannylacetylene, 

(£)-l,2-bis(tributylstannyl)ethylene, ethyl (£)-3-tributylstannylpropenoate (55) and ethyl 

(£)-4-(4-nitrophenyl)-4-oxo-2-butenoate by this method has been described in Organic 

Syntheses [123] and the working procedure is given in Section 8.9. 

H 

H 

{ aibn} H - SnlCiHjIj 

1. LiCHj 

2. CiCOOCjH, H 
(55) 

CO{pd} R-CO-CI 

(HgCJjSn-CiC-H 

H 

Oy^COOC^Hs 

R H 

Kosugi et al. [128] published a new ketone synthesis, which consists in the reaction 

of 1-ethoxy-1-tributylstannylethene with aryl halides catalysed by tetrakis(triphenyl- 

phosphine)palladium in toluene solution. The acid hydrolysis of the reaction mixture 

gives the aryl methyl ketones. When the aryl halide is /?-bromoacetophenone, 

/7-diacetylbenzene is obtained in 89% yield, and analogously /7-nitroacetophenone is 

prepared in 91% yield. 

A ring-closure reaction of compounds of type 56 carrying both 1-alkenylstannane 

and enol triflate functional groups was reported by Stille and Tanaka [129]. Large-ring 

lactones have been obtained under high dilution conditions (0.001 m) in ca 60% yield 

irrespective of the ring size. The ^-configuration of the olefinic linkage is retained. 

Developments in this field continue [130,131]. 

Sn(C4H9)3 SniqHglj 

\\ ?/ ?/ SO3CF3 

^ ^ ^ ?v 

OH OH O^^ICHjl^ 11 
0 

(56) 

Palladium(0)-catalysed coupling of organostannanes with 1-alkenyloxiranes has been 

reported [132]. The reaction produces predominantly 1,4-adducts, i.e. 4-alkylated 

2-buten-l-ols. Interestingly, lithium 1-alkenyltrialkylborates react with trialkylstannyl 

chloride to give dialkyl[l-alkyl-2-stannyl-l-(£)-alkenyl]boranes, in which the boron and 

tin atoms occupy a cis position [133]. 
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Tunney and Stille [134] have further extended this reaction to the synthesis of 

triarylphosphines. The substrates are diphenyl(trimethylstannyl)phosphine, diphenyl 

(trimethylsilyl)phosphine, etc. When aryl iodides are allowed to react with them in the 

presence of bis(triphenylphosphine)palladium(II) dichloride catalyst in benzene, the 

desired aryldiphenyl phosphines are formed with good yields. 

8.6 SYNTHETIC REACTIONS WITH TIN(II) SALTS 

The main topics in this section are concerned with tin(II) enolates mediating aldol-type 

reactions and the Michael additions. Mukaiyama and co-workers have made major 

contributions in this field, hence particular attention is drawn to their research accounts 

[135-137]. 

8.6.1 Tll\l(ll) ENOLATES AND ALDOL-TYPE ADDITION 

Mukaiyama and co-workers have generated tin(II) enolates in the presence of the chiral 

auxiliary (5)-l-methyl-2-(piperidinomethyl)pyrrolidine. Subsequent aldol-type addition 

with carbonyl compounds gave the adducts 57 and 58 with high enantioselectivities 

(80-90% ee). Aldehydes and ketones react with tin enolates to afford syn diastereomers 

preferentially. The l,3-thiazolidine-2-thione group of the aldol-type adducts 58 is easily 

convertible into the methyl or benzyl ester and also into an aldehyde group in high 

yields. This method can also be applied to 3-acyl-l,3-oxazolidin-2-ones [138]. 

HO R' 

(57) 

R' 

OSnOSOXF- 

(58) 

One might expect tin(IV) enolates to be formed when a-bromo ketones are allowed 

to react with tin(II) salts (‘oxidative’ addition as mentioned in Section 8.3.3). However, 

the products obtained after the reaction with aldehydes are in reality bromohydrins, 

indicating that tin(II) a-bromoenolates (59) had been formed by simple deprotona¬ 

tion of the bromo ketones. The bromohydrins are shown to have syn stereochemistry 

exclusively. They can be converted into cw-3-substituted oxiranylcarbaldehydes (60; 

X = H) and oxiranylcarboxylic acids (60; X = OH). 

An efficient catalytic asymmetric aldol-type reaction has been reported [139]. A 

variety of aldehydes react with silyl enol ether of S'-ethyl propanethioate in propionitrile 



ORGANOTIN CHEMISTRY 

Br 
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Br 
,0 SnIOSOjCFj), 

(HjCljSiO' 'n':=:7 

Br Sn0S02CF3 

\ R-CH:0 R 

.(H3C)3SioAr / 
(59) 

rV 
(H3C)3Si 

CO 

0 

(60) 

to afford the aldol adducts with high stereochemical control by the use of tin(II) triflate 

coordinated with another proline-derived diamine as a chiral auxiliary. 

8.6.2 TIN(n) SALT CATALYSIS IN 1,4-ADDITION 

Mukaiyama et al. have investigated the 1,4-addition of ethylthiotrimethylsilane to 

conjugated enones and the subsequent aldol reaction with aldehydes to give the 

5y«-adducts 61, which can be elaborated to jS-hydroxy-a-methylenealkanones. The 

first steps of the sequence appear to be catalysed by 10 mol% of tin(II) triflate 

(H5C2SSnOTf). 

Sn0S02CF3\ H5C2S. 

F3CSO2O R’ 

{HjCjS-Sn-OSOjCFj} 

3-Acyl-l,3-oxazolidin-2-one-derived tin(II) enolates 62 react with conjugated 

enones only in the presence of chlorotrimethylsilane or chlorodimethylsilane. Results of 

asymmetric synthesis by means of the Michael addition of tin(II) enolates have been 

described. 

SnIOSOjCFjl, 

R 
,0Sn0S02CF3 

(62) 

R' 
R' 

ClSKCHjlj 

Further reports deal with enantioselective Michael reaction of tin(II) enolates [140] 

and enethiolates [141]. Alkylation of ketene dithioacetals with a,j?-unsaturated ortho¬ 

esters is catalysed by tin(II) chloride and other activators. The final products of type 63 

are formed on hydrolysis [142]. 

^ R' H 

R’^^i^ClOR >3 {iHjCeljCCl} 

R R 

(63) 

COOR' 



H. NOZAKI 558 

8.6.3 OTHER REACTIONS OF TIN(n) SALTS 

The oxidative addition of tin(II) fluoride to an allylic iodide was also reported by 

Mukaiyama et al. [142]. The reaction of the bifunctional reagent 64 with 1,2-diones 

affords cw-diols stereoselectively. Thus, a new type of [3 + 2] cycloaddition leading to 

the methylenecyclopentane skeleton has been established [143]. 

S,(CH3)3 

(64) 

HO 

HO 

R' 

R 

A stereoselective glycosidation is based on the reaction of a la-glycosyl chloride with 

alcohols. This condensation is mediated by tin(II) triflate as a promoter and tetra- 

methylurea as a base [144]. The 1,4-addition of bis(trimethylsilyl)stannylene to enones 

immobilized in the s-cis conformation gives rise to stanna-cyclic products of type 65 

[145]. 

Sn(0S0,CFj), 

HOR 

Ac ^ H3CCO 

AcNH 

(HjCIjSi-Sn-SiiCHjIj 

(65) 

Si(CH3)3 

Si(CH3)3 

8.7 TIN-HETEROATOM BOND REACTIVITIES 

The first part of this section deals with the selective transformation of carbonyl 

functional groups as effected by the catalysis of distannoxanes having the formula 

X—SnBu20SnBu2—Y, where X and Y are hydroxyl, halo or isothiocyanato. One of 

these groups is exchanged into an alkoxyl group by the action of an alcohol as a solvent 

and the resulting alkoxyl group attached to pentacoordinated tin proves to be nu¬ 

cleophilic enough to attack the carbonyl carbon, whose electron density is decreased 

by coordination of the carbonyl oxygen on the tin atom of the catalyst. The reactions 

discussed here first are transesterifications and large-ring lactonizations [146]. 

The second part of this section covers the reactivities of tin-sulphur reagents in the 

presence of a Lewis acid as applied to the preparation of monothioacetals and 

vinylogues thereof and also their synthetic transformations. Further, the conversion of 

carbinols, obtained by the nucleophilic addition of a-(phenylthio)methoxymethyllithium 

to aldehydes, into 1,3- and 1,4-dicarbonyl compounds are described and some examples 

of the selective activation of hydroxyl and carboxyl groups by means of tin-sulfur 
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reagents are presented. Finally, the unique properties of dibutyltin ditriflate as a Lewis 

acid are reported. 

8.7.1 DISTANNOXANE-CATALYSED TRANSESTERIFICATION, 
LACTONIZATION AND RELATED REACTIONS 

Distannoxanes such as compound 66 are known to have the tightly dimeric ladder 

structures [147, 148]. All the tin-oxygen bonds have approximately the same length 

and therefore similar bond orders. All tin atoms are pentacoordinated and occupy the 

centre of a slightly distorted trigonal bipyramid [149]. Further coordination with the 

oxygen atom of carbonyl groups still increases the already strong nucleophilicity of the 

alkoxyl group attached to the tin atoms. Finally, the dimeric tetrabutyldistannoxanes 

are remarkably soluble even in paraffinic solvents, despite the polarity of the tin-hetero¬ 

element bonds. This unique solubility is ascribed to the hydrophobic attraction on 

the eight butyl groups. 

(66) 

Distannoxanes are excellent catalysts for transesterification reactions [150, 151]. The 

presumed mechanism is illustrated by the transition states 67a and 67b; a dioxa-distanna 

core acts as a turntable that mediates the departure of the ester alkoxy group OR', its 

replacement by a catalyst alkoxy group OR" and the restitution of the latter by an 

entering alcohol molecule present in the solution. 

R-COOR’ HOR" 
HO-SnlCtHjljOSnlCtHjlj-NCS), 

\ 
i_i P \ 0 Sn C^Hg 

' V R'\R .0 
R"-0 ■ 

■'H' \ 
R 

(67a) 

R-COOR" 

H9C4 

h,C4|^c. 

R 0 - Sn ;C, 

H,cri t ^ 
HgC^ I 

HOR' 

67b) 

The ester exchange proceeds smoothly under neutral conditions in alcohol-containing 

non-polar solvents including aliphatic and aromatic hydrocarbons and carbon tetra¬ 

chloride, but only sluggishly in polar solvents such as 1,4-dioxane, acetonitrile, and 

diethylene glycol dimethyl ether [152]. Obviously, the polar distannoxane catalyst 

effectively coordinates the reactants, if in a non-polar solvent, but not in a polar medium. 

As the data given in Table 2 suggest, the transesterification process is sensitive to steric 

hindrance next to the carbonyl group and not in the alkoxy moiety. Consequently, 

Sn-OR bond formation must occur in a fast, rather than rate-limiting step. 
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Table 8.2. Solvent effect and steric hindrance in transesterification of 
HOR"R^OH in the presence of SCNSn(C4H9)20Sn(C4Hg)20H (10mol%) 

RCOOR' with 

R R' R" Solvent® 

Yield of 
RCOOR" (%) 

C3H7 CH3 C6H5CH2 Benzene 95 

C3H7 CH3 C6H5CH2 Toluene 100 

C3H7 CH3 C6H5CH2 Hexane 99 

C3H7 CH3 C6H5CH2 Carbon tetrachloride 100 

C3H7 CH3 C6H5CH2 Acetonitrile 7 

C3H7 CH3 C6H5CH2 1,4-Dioxane 15 

C3H7 CH3 C6H5CH2 Diethylene glycol 
dimethyl ether 

2 

C3H7 CH3 C4H9 Benzene 99 

C3H7 CH3 (CH3)3CCH2 Benzene 89 

CbHb CH3 C6H5CH2 Benzene‘s 92 

(CHslzCH CH3 C6H5CH2 Benzene 77 

(CHslsCCH 2 CH3 C6H5CH2 Benzene 19 

CH3 CH2C(CH3)3 C6H5CH2 Benzene 38 

® The mixture was heated at reflux for 20 h. 
Heating for 15 h. 

Optional monoacylation of the j?-methylglucoside derivatives 68 at position 2 or 

diacylation at positions 2 and 6 is possible by the appropriate choice of the tin reagent; 

dibutyltin oxide and hexabutylstannoxane, respectively. The other hydroxy groups can 

be left unprotected; they are not affected [153]. 

-0^- Sn 

HgC^'c^Hg 
OCH, 

NtCjHjij 

CIC0C,Hs 

IH,C4ljSnO. 

HO-^ 
—'0 

ho-a- 
OCH 3 

CrCOO-^ 
HO'T'A^ 0 

HgCgCOO OCHg 

(HgCJgSnO-, 
HO-'T'-^O 

HO 

(H 904)3 
Sn<“0CH3 

CICOCjHs 
HcCcCOO'.. 

HO-x^O 
HO-A r-.A 

HO ' OCH1 

NICiHjIj 
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The high nucleophilicity of oxygen attached to a pentavalent tin atom has found 
useful applications also outside sugar chemistry [154, 155]. Schreiber and co-workers 
[156] applied it to the preparation of the ^-iodoacrylate 69 of a multifunctionalized, 
complex secondary alcohol having three asymmetry carbon atoms including the one 
carrying the hydroxyl group. The final ring closure step to brefeldin C relies on 
chromium chemistry (as already discussed in Section 8.4.1) [67-69]. 

(69) 

The transesterification technique also finds application in the transformation of diac- 
eates CH3COO(CH2)„OCOCH3 to the respectively monoacetates HO(CH2)„OCOCH3. 
High yields are obtained under mild and essentially neutral conditions [157]. 

Lactonization of co-hydroxycarboxylic acids giving large rings proceeds successfully 
in the presence of the distannoxanes dissolved in decane [158]. Typical results are 
summarized in Table 8.3. This novel method requires neither high dilution nor a 
Dean-Stark trap. Related lactonization techniques utilizing dibultyltin oxide give less 
satisfactory yields [159-161]. 

R 

HO COOH 

Supposedly, the substrate is first attached to the catalyst molecule to form a tin 
alkoxide (70). The repulsion of the solvent with the polar groups favours the hairpin-like 
conformation of the substrate and thereby saves entropic work. Alkyl groups bigger 
than butyl attached to the hydroxy-carrying carbon atom apparently improve the steric 
conditions of cyclization. 

parofflnic 

solvent 

Idecane) 

(70) 

Dibutyldichlorostannane-catalyzed esterifications of carboxylic acids have been re¬ 
ported [162]. The active catalyst may well be again a distannoxane. The results of a 
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Table 8.3. Macrolactonization of hydroxy-substituted 
carboxylic acids HOCHR(CH2)nCOOH catalyzed by 
distannoxanes HOSn(C4H9)20Sn(C4H9)2X yields of 
lactones isolated after 24 h of reflux in decane 

n R Catalyst X Yield (%r 

14 H Cl 81 (60) 
13 H Cl 78 (43) 
12 H NCS 19 
12 CeHia NCS 48 
11 H NCS 20 
11 CHs NCS _b 

11 C3H7 NCS _b 

11 C4H9 NCS 63 (0) 
11 (CH3)2CHCH2 NCS 56 
11 CeHia NCS 64^= 
10 H Cl _b,d (22) 

10 ^6^13 Cl 90 

® In parentheses are given the yields obtained with dibutyltin oxide 
as the catalyst [104]. 

No monolide obtained. 
® Plus 19% diolide. 

Only diolide (82%) found. 

systematic study of distannoxane-catalyzed esterifications are compiled in Table 8.4 

[163]. 

Finally, desilylation of siloxyl bond, deacetalization and acetalization have also been 

observed in the presence of distannoxane catalysts [164]. 

Table 8.4. Distannoxane-catalyzed esterifica¬ 
tion of typical carboxylic acids RCOOH with 
alcohols R'OH 

R R' Yield (%)^ 

C3H7 C4H9 97 
C3H7 (CH3)3CCH2'^ 95 
(CH3)2CH C4H9 97 
Cyclohexyl C4H9 88 
(CH3)3CCH2 C4H9 20 

®The reaction was carried out with 1 mmol of RCOOH 
dissolved in 3 ml of R'OH at 80 °C for 20 h in the presence 
of 10mol% of H0Sn(C4H9)20Sn(C4H9)2NCS. 

The alcoholic component was employed in a 1.1 molar 
ratio. 
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8.7.2 TIN-SULPHUR BOND REACTIVITIES IN THE PRESENCE OF LEWIS 
ACIDS: THE CHEMISTRY OF MONOTHIOACETALS AND ITS VINYLOGUES 

Synthetic applications of aldehyde monothioacetals have been reviewed [165]. 

Treatment of acetals, conveniently prepared by the method of Noyori and co-workers 

[166], of both aldehydes and ketones with tributyl(phenylthio)stannane or dibutyl- 

bis(phenylthio)stannane in the presence of boron trifluoride etherate in toluene below 

0 °C has turned out to give good yields of the desired monothioacetals starting 
materials 71 [167]. 

R'RCIOR"), - 
BF, 

Alternatively, formaldehyde monothioacetal can be alkylated at the active methylene 

group. The resulting monothioacetals can be converted into homoallyl (or homo- 

propargyl) ethers (72) by reaction with allyltributylstannane in the presence of boron 

trifluoride etherate. If, however, the Lewis acid is titanium(IV) chloride instead, the same 

organotin reagents gave homoallyl (or homopropargyl) thioethers (73). In this way the 

formaldehyde monothioacetal serves as either a methoxycarbene or phenylthiocarbene 

synthon connecting organic halides nucleophilically on one side and organotin reagent 

electrophilically on the other side [168]. 

.OR" 
R'RC 

'sCgHg 

(71) 

OCH^ 
H,C 

1. LiCICHjlj 

2. R-X 

OCR 
{bFj} 

R-CH 
3 HjC^CH-CHj-SnlCiH,), 

SC6H5 

{TiClJ 

H3CO 

R' 

.72] 

R. 

H5C6S 
(73) 

a-Enal-derived acetals can be readily converted into 3-phenylthio-l-alkenyl ethers 

(74) (in general mixtures of Z- and .E-isomers), which are versatile intermediates 

[169, 170]. After deprotonation with rer?-butyllithium they may be submitted to elec¬ 

trophilic substitution at the 3-position, suitable electrophiles being alkyl halides, 

aldehydes and oxiranes. Oxidative desulphurization and hydrolysis afford a-enals 

(again, in general, as a mixture of Z- and E-isomers). This type of transformation was 

first explored by Kondo and Tunemoto [171] with sodium phenylsulphinate as a key 

reagent. 

R^'^V^O 
R' R’ 

|H,CJ,Sn(SC5H5)2 

HgCgS OR" 

R' 
(74) 

1. LiCKHjIj 

2. f/-X 

3. NalO^ 

El 

R' 
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This method has been applied to the synthesis of a few natural products. The 

D, L-nuciferal (75) thus prepared was 100% pure £'-isomer, whereas the analogously 

obtained citral 76 was found to be a 3:7 mixture of Z- and ^-isOmers. 

The reaction of the lithiated intermediates 74 with aldehydes leads, after oxidative 

elimination of the phenylthio group, to y-hydroxy-a-enals 77, while that with oxiranes 

leads to (5-hydroxy-a-enals 78 [170]. All these products have mainly, if not exclusively, 

the ^’-configuration. 

R R 

(78) 

When lithiated formaldehyde monothioacetal is combined with aldehydes and the 

resulting adducts are treated with methanesulphonyl chloride, highly reactive inter¬ 

mediates (79) are obtained. Aqueous hydrolysis causes the migration of the phenylthio 

group and affords a-phenylthio-substituted aldehydes by this very convenient mod¬ 

ification of the de Groot-Jansen sequence. These aldehydes may be submitted to a 

Wittig reaction employing a-alkoxyxcarbonyl-substituted ylides and the resulting a,P- 
unsaturated esters may be converted into y-oxo esters (80). Alternatively, the inter¬ 

mediate mesylates 79 may be treated with enol silyl ethers in the presence of tin(IV) 

tetrachloride to produce adducts, which, depending on the conditions of manipulation 

and hydrolysis, can be transformed into 1,4- or 1,3-dicarbonyl compounds (81 or 82) 

[173, 174]. 

When a tetrahydropyranyl ether of a common alcohol is treated with a tin-sulphur 

reagent in the presence of a Lewis acid, the alcohol moiety is converted into the tin 

alkoxide 83, the phenylthio group always being picked up by the tetrahydropyranyl 

group to form a monothioacetal [176]. The oxygen atom of tin alkoxides is more 
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R 

OSO2CH3 HgCgS H^CgS 

(79) 

R'-CHtC-OSKCHjIj 

R' 

11 

0 

(80) 

R" HsCgS R" 0 R" 

82 81 

nucleophilic than that of a free hydroxyl group, so that the tin—oxygen bond is 

preferentially hydrolysed under conditions in which other protecting groups of hydroxyl 

remain untouched. The tin alkoxides thus produced are easily alkylated [177], acylated 

or selectively oxidized (with pyridinium chlorochromate). 

R'RCH-OH 

H5C,S-Sn(C4H,l3/{BF3} R'RCH-OCOR 

R'RCH-O'TO'A -- R'RCH-0Sn(C,H9)3 

-^ -[^sCeS-rOrA] 
(83) R’RCH-OR" 

R'RC^O 

Accordingly, tetrahydropyranylation is not just a protection of a hydroxyl group, 

but may serve as a means of selective activation. This may provide a means for the 

preferential transformation of some of the hydroxyls of polyol compounds. The 

technique was further extended to carboxyl group manipulation [178]. Dimethylbis 

(methylthio)stannane is a distillable and easily purified liquid. It was found to react in 

the presence of boron trifluoride with a-methylcinnammates (84) to afford cinnamyl 

sulphides 85 and tin carboxylates (86) selectively. The compounds can undergo hydro¬ 

lysis to give carboxylic acids or alkylation to give esters. Other protective groups of 

R-COCI 

R-COOH 

0 
11 

R'^0 IHjCSIjSnICHjI, H3CS 

(85) 

^6*^5 

R-COOR' 

selecHve deprolection OCtivQtion by protection 
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hydroxyl or carboxyl remain intact on the treatment with these tin-sulphur reagents. 

This method provides a means for the selective transformation of a particular carboxyl 

group in preference to others. 

8.7.3 ORGANOTIN TRIFLATE AS A UNIQUE LEWIS ACID 

1,3-Dithianes can be prepared from aldehydes or acetals by transacetalization using a 

novel Lewis acid, dibutyltin ditriflate, (H9C4)2Sn(OTf)2. Typical examples are com¬ 

pounds 87-90 [179]. A number of competitive experiments have established the 

following order of reactivities: aromatic aldehyde acetals > aliphatic aldehydes > 

aromatic aldehydes > aliphatic aldehyde acetals. Hence acetalization increases the re¬ 

activities of aromatic aldehydes but deactivates those of aliphatic aldehydes. The 

reactivity sequence may be explained on the basis of the rate-determining formation of 

alkoxylated carbocations from acetals or of the formation of stannyloxy-substituted 

carbocation from unprotected aldehydes. 

HgC^-CH^O 

♦ 

lost 

(HjCJjSn-St7 (iHjCJjSnlOSOjCFj),} 

H9C4-CH'- 

(87) 

slow 

(88) 

H9C^-CH(0CH3)2 

♦ 

slow 

(H,CJjSn'_ St7 { lH,Cj2Sn tOSOjCF,), } 

H9C4-CH'- 

(89) 

<J^^CH(0CH3)2 
fast 

(90) 

The further utility of dibultyltin ditriflate in the reaction of acetals with silylated 

nucleophiles has been reported [180]. The new technique is outlined by the competitive 

experiments of acetals of ketones and acetals in the introduction of silylated nucleophiles 

such as hydride, cyanide, ally and enolate. As the product composition 91 vs 92 in 

RjSi-X {(HjCJjSntOSOjCF,), } 

H3C OCH3 
^c(och3)2 -- ;c: 

HiaCg H,3C6 X 

(91) 

slow ,^^^3 

Hi.7Cg“CH(OCH3)2 » Hj^Cq-CH 

'x 
(92) 
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Table 8.5. Competition of ketone and aldehyde acetals toward silylated nucleophiles 

Si-Nu Combined yield (91 + 92) (%) Ratio 91 :92 

(C2H5)3Si-H 92 95:5 

(CH3)3Si-CN 75 95:5 

Cl3Si—CH2CH=CH2 48 98:2 

(CH3)3Si-OC(OCH3)=C(CH3)2 67 94:6 

competition experiments has revealed, ketone-derived acetals are far more reactive than 

aldehyde-derived acetals under such conditions (see Table 8.5). 
A similar selectivity behaviour was observed when other silyl enolates were allowed 

to react under Mukaiyama conditions. The ketone-derived acetals (affording 93) were 

consumed far more rapidly than their aldehyde-derived counterparts (affording 94). The 

product ratios found are listed in Table 8.6. 

^OSitCHj), 

R-CH:C' ♦ {iHjCJjSnIOSOjCFjl,} 

^CIOCHjla -► 
H9C4 

H,5C,-CH(0CH3)3 - 

These new methods will certainly find future synthetic applications in the transforma¬ 

tion of polyfunctional carbonyl compounds. Further, application of the Michael 

addition of silyl enolates to methyl vinyl ketone itself has been carried out by means 

of this Lewis acid catalyst, dibutyltin ditriflate, with good preparative yields [181-182], 

H3C R' 

HgC^-C-CH-C^O 

H,C0 R 

(93) 

R' 

Hi5C7-ch-c;h-c:o 
H3CO R 

(94) 

Table 8.6. Lewis acids in the Mukaiyama reaction of acetals with (7-silylene ethers 

R R' Lewis acid^ Combined yield (93 + 94) Ratio 93:94 

H C6H5 (C4H9)2Sn(OTf)2 79 99:1 

CH3 C2H5 (C4H9)2Sn(OTf)2 81 99:1 

H (CH3)3C (C4H9)2Sn(0Tf)2 80 100:0 

H (CH3)3C (CH3)3SiOTf 59 85:15 

H (CH3)3C (C6H5)3CCI04 56 89:11 

H (CH3)3C SnCl2 + (CH3)3SiCI 50 74:26 

H (CH3)3C HOSO2CF3 100 81 :19 

® Unprotected ketones gave no aldol products, whereas aldehydes reacted normally to produce aldols. 
OTf = OSO2CF3. 



568 H. NOZAKI 

8.8 CONCLUSION 

The mechanistic concepts postulated in this chapter are still speculative and await 

physical or physicochemical verification. Nevertheless, it is impressive to find that simple 

tin reagents such as distannoxanes in neutral organic solvents behave almost like 

enzymes. The key metal atoms are effective ‘binding sites’ and the nucleophiles, being 

activated by coordination of the substrate, are ‘active sites.’ It should be possible in 

the future to design a variety of such ‘combined acid-base’ catalysts [146] or reagents 

by drawing still more inspiration from inorganic chemistry. One has to learn more 

about the ‘higher order’ structures of the reacting systems which involve various kinds 

of key metal atoms in order to build up the basic idea of organic synthesis in the 21st 

century. 

8.9 WORKING PROCEDURES 

8.9.1 CYANOETHYLATION FOR 
2,3,4,5-TETRA-0-ACETYL-1cx-BR0M0GLUC0PYRAN0SIDE 

A mixture of 0.60 g (50 mmol) of 2,3,4,5-tetra-O-acetyl-la-glucopyranosyl bromide in 100 ml of 
anhydrous diethyl ether is brought to reflux in a nitrogen atmosphere. To this clear solution 
13.5 g (0.25 mol) of acrylonitrile and 161.5 g (55 mmol) of tributylstannane are added. The solution 
is irradiated with a sunlamp, which maintains a vigorous reflux for 4 h. The precipitated solids 
are removed by filtration, the solution is mixed with an additional 6.6 g (0.120 mol) of acrylonitrile 
and 5.8 g (20 mmol) of tributylstannane, and irradiation is continued for another 4 h. The cooled 
mixture is filtered and the filtrate A is saved. All the solids are combined, extracted with 250 ml 
of hot 2-propanol and the extract is filtered. The hot filtrate is concentrated to a total volume of 
75 ml and allowed to cool. Filtration gives 7.8 g (40%) of the pure a-cyanoethylated product, 
l-deoxy-2,3,4,6-tetra-0-acetyl-l-(2-cyanoethyl)-a-D-glucopyranose (1), m.p. 121-122 °C, and the 
mother liquor B. The filtrate A is concentrated, taken up in 50 ml of acetonitrile and extracted 
three times with 50 ml portions of pentane. The acetonitrile phase is combined with the mother 
liquor B and concentrated. Flash chromatography of the resulting syrup on silica gel using ethyl 
acetate-hexane (1:1) as eluent affords an addition 2.2 g of 1, which brings the total yield to 53% 
[6a]. 

8.9.2 CYCLIZATION OF 
(3-METHYL-2-BUTENYL)PROPARGYLPROPANEDIOIC 
ACID DIMETHYL ESTER (5) [14] 

A mixture of the disubstituted malonate 5 (24 g, 0.10 mol), tributylstannane (30 g, 0.10 mol) and 
40 mg (0.25 mmol) of azoisobutyronitrile (AIBN) is heated in an oil-bath at 75-85 °C with stirring. 
After an induction period of less than 30 min, an exothermic reaction takes place to produce 
evolution of a small amount of gas and a rise in the oil-bath temperature. At this point the 
reaction is virtually completed and the product is subjected to the subsequent protodestannyla- 
tion. The reaction mixture is transferred in to a 2 1 Erlenmeyer flask which contains 11 of 
dichloromethane, 350 g of silica and a stirring bar. After the flask has been stoppered, the mixture 
is stirred for 36 h, filtered and the filtrate concentrated. Short-path distillation of the residual oil 
gives 20 g (84% yield) of 3-methylene-4-isopropyl-l,l-cyclopentanedicarboxylic acid dimethyl 
ester, b.p. 80-85 °C/0.2 mmHg. 
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8.9.3 DEOXYGENATION OF 
1,2: 5,6-DI-0-IS0PR0PYUDENE-<x-D-GLUC0FURAN0SE (17) 

A solution of 26 g (0.10 mol) of the glucofuranose diacetonide 17 and 25 mg of imidazole dissolved 

in 400 ml of tetrahydrofuran is treated under nitrogen with 7.2 g (0.150 mol) of a 50% sodium 
hydride dispersion in portions, and then with 23 g (0.30 mol) of carbon disulphide. After stirring 
the mixture for 30 min, 25 g (0.177 mol) of methyl iodide are added and the solution is stirred for 
another 15 min. The excess of sodium hydride is destroyed with 5.0 ml of glacial acetic acid. The 
solution is filtered and the filtrate is concentrated. The semi-solid residue is extracted with three 
100 ml portions of diethyl ether and the combined ether extracts are washed with saturated sodium 
hydrogencarbonate solution and with water. Concentration followed by distillation (Kugelrohr) 
gives 32 g (92%) of the xanthate, b.p. 153-160 °C/1.0 mmHg. A mixture of 500 ml of toluene, 25 g 
(0.085 mol) of tributylstannane and 19.2 g (0.055 mol) of the xanthate is heated at reflux under a 
nitrogen atmosphere for 4-7 h until the colour changes from yellow to nearly colourless and 
thin-layer chromatography gives one spot. Concentration of the toluene solution gives a thick, 
oily residue that is partitioned between 250 ml portions of hexane and acetonitrile. The nitrile 
layer is separated and washed with three 100 ml portions of hexane and concentrated in a rotary 
evaporator. The residual oil is taken up in hexane-ethyl acetate (10:1) and filtered through 
a pad of silica gel. The filtrate is concentrated and distillation of the residue gives 10.0 g 
(75%) of 3-deoxy-l,2:5,6-di-O-isopropylidene-a-D-ribohexofuranose as a colourless syrup, b.p. 
72-73 °C/0.2mmHg; 1.4474 [22]. 

8.9.4 TRI BUTYL (METHOXYMETHOXYMETH YL)STA NNA NE: 
PREPARATION AND CONSECUTIVE TREATMENT WITH BUTYLLITHIUM 
AND A CARBONYL COMPOUND 

To a solution of diisopropylamine (9.9 g, 13.7 ml, 98 mmol) in tetrahydrofuran (125 ml) at 0 °C 
(ice-bath) is added dropwise butyllithium (1.56 m in hexane, 57 ml, 90 mmol). The resulting 
solution is stirred at 0 °C for 15 min and mixed with tributylstannane (22 g, 20 ml, 75 mmol), 
added dropwise. After 15 min at 0 °C solid paraformaldehyde (2.7 g, 90 mmol) is added and the 
ice-bath is removed. After 1.5 h at 25 °C the reaction mixture is poured into hexane (400 ml) and 
washed with water and brine. Drying over magnesium sulphate and concentration in vacuo gives 
crude tributylstannylethanol as a pale yellow liquid, which is subjected to etherification directly. 
A mixture of dimethoxymethane (114 g, 133 ml, 1.50 mol), chloroform (124 ml) and phosphorus 
pentoxide (25 g) is stirred for 5 min and the crude tributylstannylmethanol obtained above and 
phosphorus pentoxide (25 g) are added. The reaction mixture is stirred vigorously for 15 min and 
then poured into 300 ml of saturated aqueous sodium carbonate and the residual phosphorus 
pentoxide is washed with hexane (400 ml). The combined organic layers are washed with brine, 
dried over magnesium sulphate and concentrated in vacuo. Vacuum distillation gives tri- 
butyl(methoxymethoxymethyl)stannane as a clear liquid, b.p. 84-87 °C/0.05 mmHg (16.4 g, 50%). 

To a solution of tributyl(methoxymethoxymethyl)stannane (1.75 g, 4.8 mmol) in 15 ml of 
tetrahydrofuran at — 78°C is added butyllithium (2.5 m in hexane, 1.84 ml, 4.6 mmol) over a 
period of 2 min while the temperature is maintained below — 65 °C. Stirring is continued 5 min 
and the carbonyl component (4.0 mmol) is added neat. After the mixture has been stirred for 
15 min at — 78°C, the reaction is quenched by the addition of 20 ml of saturated aqueous 
ammonium chloride. The mixture is extracted with ethyl acetate and the combined organic layers 
are washed consecutively with water and brine and dried over anhydrous magnesium sulphate. 
Concentration followed by flash chromatography over silica gel generally gives >94% yield of 
the carbonyl adducts, i.e. the 2-(methoxymethoxy)ethanols [106]. 
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8.9.5 ALLYL- OR BENZYL-TYPE ORGANOTIN COMPOUNDS: 
PREPARATION AND ISOLATION 

A precooled solution of an olefin or alkylbenzene (40 mmol) and potassium tcrt-butoxide (4.5 g, 
40 mmol) in tetrahydrofuran (60 ml) is added to butyllithium (40 mmol in tetrahydrofuran (20 ml), 
kept in a dry-ice-methanol bath (-75 °C). After 2 h at -50°C, the homogeneous mixture is 
cooled to —75 °C and trimethylstannyl chloride (8.0 g, 40 mmol) in tetrahydrofuran (20 ml) is 
added. The solvent is evaporated and the volatile component of the residue is distilled under 

reduced pressure [74]. 

8.9.6 CONVERSION OF AN ORGANOTIN INTO THE CORRESPONDING 
ORGANOPOTASSIUM COMPOUND FOLLOWED BY ELECTROPHILIC 

TRAPPING 

A solution of trimethylsilylmethylpotassium (10 mmol) in tetrahydrofuran (40 ml), from which the 
amalgam has been removed by centrifugation [183], is cooled to — 100°C. A precooled 
( — 75 °C) solution of 3-trimethylstannyl-2-phenylpropene (2.8 g, 10 mmol) is added. After being 
kept for 2h at -100°C and Ih at -75 °C, the mixture is quenched with an appropriate 

electrophilic reagent [74]. 

8.9.7 TRIBUTYLSTANNYLETHYNE AND 
(E)-BIS(TRIBUTYLSTANNYL)ETHENE: PREPARATION AND APPLICATION 

Under a nitrogen atmosphere a mixture of 24 g (0.26 mol) of lithium acetylide-ethylenediamine 
complex (Aldrich) and 800 ml of tetrahydrofuran is cooled in an ice-water bath, 71 g (0.22 mol) 
of tributylchlorostannane are added dropwise and the mixture is stirred for 18 h at room 
temperature. The excess of acetylide is destroyed with 10 ml of water under cooling with an 
ice-bath. The reaction mixture is concentrated under reduced pressure and the residue is washed 
with hexane (3 x 50 ml). The organic layers are combined and dried over anhydrous magnesium 
sulphate. Evaporation under reduced pressure gives a colourless oil. Distillation yields 21 g (32% 
yield) of tributylstannylethyne, b.p. 90-94 °C/0.5 mmHg in 31% yield. A mixture of 21 g 
(0.066 mol) of tributylstannylethyne, 23 g (0.079 mol) of tributylstannane and 0.25 g (0.9016 mol) 
of azoisobutyronitrile is heated at 90 °C with magnetic stirring for 6 h. Distillation gives 
(£)-l,2-bis(tributylstannyl)ethene, b.p. 180-218 °C/0.5 mmHg, in 88% yield. A solution of 27 g 
(0.044 mol) of (£)-l,2-bis(tributylstannyl)ethene in 100 ml of tetrahydrofuran is cooled in a 
dry-ice-acetone bath. By means of a double-ended needle a dropping funnel is charged with 
44.8 ml of a 1.2 M-ethereal solution of methyllithium, which is added dropwise during 40 min with 
cooling. Stirring is continued for an additional 2 h at —78 °C. Another dry flask is charged with 
5.8 g (0.53 mol) of ethyl chloroformate and 150 ml of tetrahydrofuran and the solution is cooled 
to — 78°C. Under a gentle nitrogen pressure, the lithiated reagent is transferred to the ethyl 
chloroformate solution by means of a double-ended needle at —78 °C. After an additional 30 min 
at — 78 °C, 20 ml of methanol are added. Hexane extraction followed by silica gel column 
chromatography gives 10.2 g (59% yield) of ethyl (£)-3-tributylstannylpropenoate (55) as a yellow 
oil. Attempted purification by vacuum distillation accompanies 7-8% isomerization to ethyl 
(Z)-3-(tributylstannyl)propenoate. A bright yellow solution is made from 3.2 g (17.2 mmol) of 
p-nitrobenzoyl chloride, 0.08 g (0.10 mmol) of benzyl(chloro)(triphenylphosphine)palladium(II) 
(Aldrich) and 30 ml of chloroform. The bright yellow solution is evacuated and refilled with carbon 
monoxide (three cycles) utilizing a gas bag. After an additional 10 min at room temperature a 
solution of 8.0 g (21 mmol) of ethyl (£)-3-(tributylstannyl)propenoate in 5 ml of chloroform is 
added to the flask by syringe. After heating at 50 °C for 12 h under 1 atm CO pressure (gas bag) 
with stirring, the mixture is treated with 18 ml of a 1.2 m solution of pyridinium poly(hydrogen 
fluoride) and 10 ml pyridine. The reaction mixture is stirred at room temperature overnight and 
then transferred in to a 250 ml separating funnel containing 75 ml of water. After addition of 
30 ml of chloroform, the organic layer is washed successively with 10% hydrochloric acid 
(3 X 20 ml), saturated sodium hydrogencarbonate solution (3 x 20 ml), water (25 ml) and brine 
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(25 ml). The organic layer is dried over anhydrous sodium sulphate, filtered and concentrated. 
The product is dissolved in chloroform and 15 g of silica gel are added to the solution. 
Concentration gives a brown powder of silica coated with product. This is placed at the top of 
a silica gel column (50 g) and elution is carried out with ethyl acetate. Repeated column 
chromatography gives 3.4 g (80% yield) of yellow green crystals of ethyl (£)-4-(4-nitrophenyl)-4- 
oxo-2-butenoate m.p. 69-71 °C [123]. 

8.9.8 1-HYDROXY-3-(ISOTHIOCYANATO)TETRABUTYLDISTANNOXANE 

1,3-Dichlorotetrabutyldistannoxane is available from Aldrich; l-hydroxy-3-isothiocyanotetra- 
butyldistannoxane is prepared as follows. A mixture of dibutyltin oxide (14.9 g, 60 mmol) and 
dibutyltin diisothiocyanate [151] (21 g, 60 mmol) in 95% ethanol (100 ml) is heated at reflux for 
6 h and concentrated. The residual solid is finely powdered and allowed to stand in the 
atmospheric moisture, which removes the ethoxydistannoxane contamination. Recrystallization 
from hexane at 0 °C gives the product which decomposes in the temperature range 120-130 °C 
(15.1 g, 59%). Both are almost equally effective catalysts [150, 152]. 

8.9.9 DISTANNOXANE-CATALYSED TRANSESTERIFICATION OF 
(1R,2S,5R)-METHYL ACETOACETATE 

A toluene (50 ml) solution of ethyl acetoacetate (0.64 ml, 5.0 mmol) ( —)-methanol (3.9 g, 25 mmol) 
and l-hydroxy-3-isothiocyanatotetrabutyldistannoxane (0.3 g, 0.5 mmol) is heated at reflux for 
24 h. The mixture is concentrated and the residue is subjected to silica gel column chromatography 
with hexane-ethyl acetate (80:20) as the eluent to give the product (0.94 g, 78%) [150, 152]. 
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Dicyclohexyl-l-octynylborane 477 

Dicyclohexylphosphine 303 

Dicyclopentadienylzirconium 

dichloride 520 

Diels-Alder reactions 198 

Diels-Alder reactions, 

titanium-mediated 250 

1.4- Dienes 67 

Diethoxy(2-pheny lcyclopentyl)borane 47 5 
Diethoxy-1-propenyllithium 58 

l-(Diethoxymethyl)vinyllithium 58 
Diethyl ether as a solvent 130 

Diethyl sulfate 111 

Diethyl(tributylstannyl)aluminium 544 

Diethyl-iV-(2,2,6,6- 

tetramethylpiperidyl)aluminium 522 
Diethylaluminium amide 517 

A,Ar-Diethylcarbamoyllithium 53 

o-(Ar,iV-Diethylcarbamoyl)phenyllithium 
92 

Diethyltellurium 3 

Diethylzinc 35, 252 

2.2- Difluoro-1,3-benzodioxol-4-yllithium 
177 

2.2- Difluoro-1,3-benzodioxole 177 

1.1- Difluoroethylene 84 

1.2- Difluorophenylpotassium 86 
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1.3- Difluorophenylpotassium 86 

1.4- Difluorophenylpotassium 86 

3.4- Dihydro-2H-pyran 67 

Diisobutylaluminium hydride (‘DIBAH’) 

512-513, 523, 526-527 

Diisopinocampheylchloroborane 505 

Dilithiated species 61, 100 

1.2- Dilithioethane 49 

Dilithium butyl(cyano)thienylcuprate 310 

Dilithium diallylcyanocuprate 315 

Dilithium dimethylcyanocuprate 313-314, 

317 
Dilithium diphenylcyanocuprate 306 

Dilithium divinylcyanocuprate 307 

Dilithium palladium tetrachloride 386, 

393 
Dilithium 5ec-butyl(cyano)-2-thienylcuprate 

311 
Dilithium tetrachlorocuprate 344, 347 

4-(Dimethylamino)benzylpotassium 115 

Dimesitylborane 470 

Dimetalated species 61, 100, 102-103 
2-(3,4-Dimethoxyphenyl)ethyl-iV,iV- 

dimethylamine 101 

1.3- Dimethoxybenzene 175 
N-(4,4-Dimethoxybenzhydryl)aziridine 297 

2,6-Dimethoxybenzoic acid 177 

2.5- Dimethoxybenzyl alcohol 135 

Dimethoxymethane 103 
2.6- Dimethoxyphenyllithium 177 

3,5-Dimethoxyphenylmagnesium chloride 

344 
4-(Dimethylamino)benzylpotassium 115 

o-(lV,A-Dimethylamino)fluorobenzene 97 

1 -Dimethylaminomethylnaphthalene 99 

1 -Dimethylaminonaphthalene/lithium 47 

o-(Dimethylamino)phenyllithium 88 

N,iV-Dimethylaniline 88 

Dimethylberyllium 12 
2-(3,3-Dimethylbicyclo[2.2.1]hept-2- 

ylidene)methyl bromide 128 

Dimethylborane 11 

2.3- Dimethyl-2-butene 76 

3.3- Dimethyl-1-butene 72, 108 
3.3- Dimethyl-1-butenylsodium 108 

3.3- Dimethyl-1-butynyllithium 16 

Dimethylformamide 110 

3.7- Dimethyl-2,4,6-octatrienyllithium 

122-123 
3.7- Dimethyl-2,4,6-octatrienylpotassium 

81, 122-123 

2.4- Dimethylpentadienyllithium 80 

2.4- Dimethylpentadienylpotassium 80 

4.4- Dimethyl-2-pentenylpotassium 37 

N,N-Dimethyl-2-phenylamine 94 

Dimethyl sulfate 115 
Dimethyltitanium dichloride 243, 258, 268 

Dimethylzinc 201, 241 

Diphenyl ditelluride 136 
4.4- Diphenyl-3-butenylmagnesium bromide 

24-25 
4.4- Diphenyl-3-butenylpotassium 24-25 

Diphenylacetic acid 135 

1,3-Diphenylacetone 135 

Diphenylacetylene 64, 100, 122 

a,a-Diphenylbenzylpotassium 46 

1.1- Diphenylethylene 64 

1.1- Diphenylhexyllithium 64 

Diphenylmethane 67 
(Diphenylmethylene)aniline 120-121 

Diphenylmethylpotassium 46 
(Diphenylphosphino)methyllithium 69 

(Diphenylphosphinoyl)methyllithium 69 
o-(Diphenylphosphinoyl)phenyllithium 88 

2-Diphenylphosphinoyl-6- 

methoxyphenyllithium 88 

2.2- Diphenylpropyllithium 52 

3.3- Diphenylpropyllithium 27 

1,2-Diphenylvinyllithium, cis isomer 54 

1.2- Diphenylvinyllithium, trans isomer 54 

Direct insertion of metals 40 

Direct titration methods 134 
Directed aldol condensation 124 

ort/?o-Directed metalations 82 

0-Directing aptitudes 95 

o-Directing power 95 
Dismutation products 41 
Disodium palladium tetrachloride 392 

Distannoxane catalysed 
lactonizations 560-562 

Distannoxane catalysed transesterifications 

559-560, 562 

Distannoxanes 559-562, 571 

1.3- Dithianes 566 
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1- Dodecenylpotassium 43 
2- Dodencylpotassium, endo isomer 77 
Dodecylpotassium 43 
Double titration 134 
Dual character of heterosubstituents 8 
Dual nature 103 
Dummy ligands 304 

Electron population analyses 9 
Electron-deficient bonds 9, 11 
Electronegativity of metals 20, 26 
Electrophiles reacting with organometallics 

Benzaldehyde 110 
Carbon dioxide 109-114, 116, 121, 127 
Chlorotrimethylstannane 117 
4-Cyanopyridine 128-129 
P,P-Dichlorophenylphosphine 115 

Diethyl sulfate 111 
Dimethyl sulfate 115 
Dimethylformamide 110 
(Diphenylmethylene)aniline 120-121 
Flluorodimethoxyborane 108-109, 

118-120, 122-123 
Formaldehyde 108, 126 
^-lonone 126-127 
Isopropyl bromide 116 
6-Methyl-5-hepten-2-one 127 
Methyl iodide 122 
Oxetane 126 
Oxirane 121 

a',j5-Elimination 132 
Elimination of metal ethoxides 132 

^-Elimination of metal hydrides 129-130, 
205 

jS-Elimination of palladium hydride 389, 
397, 402, 424 

Elimination-readdition sequence 26 
Emulsion polymerization 175 
Enals 563 
Enamides 67, 77, 84 
Enantioselective aldol addition reactions 

556 
Enantioselective cycloaddition reactions 

250-252 
Enantioselectivity 227-233, 249-255, 499, 

504-505 
Ene reactions 252 

Enesulfides 74 
Enethers 77 
Enolates 32, 34, 67 
Enones 516 
Entrainment method 40 
Epoxidation of allylic alcohols 254, 520 
Epoxides 247, 291 

ring opening reactions 33-34, 44, 83, 
121, 123, 175, 307, 312, 328, 341-343, 
349, 368, 375, 377 

Equipment 137, 182, 190 
Ester olefination 239 
Etching of metal surfaces 40 
Ether cleavage 45, 120-122 
1- Ethoxy-1-tributylstannylethene 555 
Ethoxy acetylene 350 
(l-Ethoxyethoxy)methyllithium 55 
2- Ethoxyethynylmagnesium bromide 124 
1- Ethoxy vinyllithium 110 
2- Ethoxyvinyllithium, cis isomer 58, 124, 

289 
3- Ethyl-1-pentene 76 
2-Ethylallylpotassium 75 
l-Ethyl-4-isobutylbenzene 74, 116 
l-Ethyl-4-methylbenzene 74 
4- Ethylbenzylpotassium 116 
Ethylcopper-magnesium dibromide 349 
Ethyldimesitylborane, a-lithiation 500, 502 
Ethylene 72 
Ethyleneglycol dimethyl ether as a solvent 

130 
Ethyllithium 13, 17, 52, 170, 294 
Ethylmagnesium bromide 16 
Ethylpotassium 52 
Ethylsodium 4, 52 
Ethyltitanium triisopropoxide 202 
p-Ethyltoluene 116 
Extreme model probe 100 

Felkin-Anh model 220 
Fenarimol 179 
Fenchene 107 
Ferrocene 70 
Fire fighting 138, 191 
Fludioxinil 178 
Fluorene 22, 67 
9-Fluorenyllithium 48, 65 
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9-Fluorenylpotassium 48 

9-Fluorenylsodium 46, 48 

2-Fluoroanisole 113 

Fluorobenzene 85, 112 

7-Fluoro-7-bicyclo[4.1.0]heptyllithium 58 

2- Fluoro-4-iV,Ar- 

bis[trimethylsilylamino]phenyllithium 

97 

3- Fluoro-iV,N-bis(trimethylsilyl)aniline 97 

4- Fluoro-Ar-(ferFbutoxycarbonyl)aniline 

97-98 

Fluorodimethoxyborane 108-109, 117, 

118-120, 122-123 
2-Fluoro-5-(dimethylamino)phenyllithium 

97 
2-Fluoro-3-methoxyphenyllithium 113 

2-Fluoro-3-methoxyphenylpotassium 98 

2-Fluoro-5-methoxyphenyllithium 113 

2- Fluoro-5-methoxyphenylpotassium 98 

3- Fluoro-2-methoxyphenyllithium 98, 113 

5- Fluoro-2-methoxyphenyllithium 98, 113 

Fluoro(methyl)phenylmetals 85 

1-Fluoronaphthalene 85 
1- Fluoro-2-naphthyllithium 85 

9-Fluorophenanthrene 85 

o-Fluorophenylpotassium 85, 111 

o-Fluorophenyltitanium triisopropoxide 202 

Fluorotoluene 75 
Fluoro(trifluoromethyI)benzenes 89 
2- Fluoro-3-(trifluoromethyl)phenyl- 

potassium 89 
2-Fluoro-5-(trifluoromethyl)phenyl- 

potassium 89 
2-Fluoro-6-(trifluoromethyl)phenyl- 

potassium 89 
Formaldehyde 33, 108, 117, 123, 126 

Formaldehyde dimethyl acetal 103 

Formaldehyde monothioacetal 563—564 

Formylation 420 
Four-centre mechanism 101 

Free radicals 29, 40-41, 52 

Friedel-Crafts reactions 198 

Functional group compatibility 422 

Furan 69 
2- Furyllithium 85 

3- Furyllithium 59 
3-Furylmethylmagnesium chloride 347 

2- Furylsodium 85 

3- Furyltitanium triisopropoxide 203 

Gas-flow and ventilation system 183 

Gas-phase proton affinities 20, 100 

Gas-phase structures 11 

Gas-vacuum line apparatus 138 

Geminal dimethylation of ketones 243 

Gilman cuprates 285 

Gilman-Schulze test 136 

Gilman-Swiss test 136 

Glassware 104 

Glycidol ethers 312 

la-Glycosyl chloride 558 

Grignard reagents 5, 136, 339 

Half-lifes of organometallics in ethereal 

solvents 130 
Halogen/metal exchange 60-61, 123 

Halogen/metal interconversions 55-61,136 

Halomagnesium cuprates 348 

Halozinc dialkylcuprates 359 

Handling 104, 182, 465, 528-529 

Hazards 137 
Heats of neutralization 22-23, 171 

Heck reactions 420-423 
Heck reactions, intramolecular versions 423 

Heptafluoropropyllithium 57-58 

Heptatrienyl-type organometallics 35, 81 

Heptatrienylmetal compounds 35, 81 

Heterocyclic compounds 59 

Heterooligomers 18 

1,5-Hexadiene 103 
Hexamethyldistannane 543 

Hexamethylphosphoric triamide 298, 301, 

340-341, 350, 417 

5-Hexenyl radical 538 

2-Hexenylpotassium, endo isomer 77 

2-Hexenylpotassium, exo isomer 77 

Hexyldibromoborane 479 

Hexyllithium 104, 170, 185, 297 

Hexylmagnesium bromide 341 

Higher order cyanocuprates 295-296, 

305-326 
Higher order mixed cyanocuprates 310-319 

Homoallyl alcoholates 63 

Homoallylic alcohols 249 
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Homoallylic alcohols by addition of 

allylboranes to aldehydes 496-498 

Homoconjugated double bonds 66 

Homocuprate 286 

Hoppe metalations 231 

Hydration enthalpy 22 

Hydride cuprates 335-339 

Hydride jS-elimination from organometallic 

compounds 129-130, 205 

Hydroalumination 315, 409, 512, 526 

Hydroboration 409, 464, 466, 469, 

471-475, 478-479, 483, 487-489, 

494^95 

Hydrocarbons 107 

Hydrogen atoms as pseudo-ligands 13 

Hydrogen bonding 22 

Hydrogen/metal exchange 64-103, 120 

Hydrogen/methyl replacement 249 

Hydroindenones 546 

Hydromagnesiation 240-241 

Hydrometalation of acetylenes 240 

Hydropalladation 402 

Hydrostannylation 538-539, 543 

4-Hydroxy-12,3,4-tetrahydroisoquinolines 
93 

co-Hydroxy-l-alkynes 30 

Hydroxyprogesterone 180 

Hydrozirconation 316-319, 409-410 

Ibuprofene 116 

2-(2-Imidazolin-2-yl)furan 102 

2-(2-Imidazolin-2-yl)thiophene 102 
In situ protection of carbonyl functions 213 
Indene 67 

Indenylpotassium 48 

Indenylsodium 48 

Indoles 34, 396, 449, 451 

Inductive effect 98 

Inductive electron withdrawal 68 

Industrial scale 169 

Industrial synthesis of organolithium 
compounds 169 

Inert atmosphere 138 

Inert gas system ' 182 

Insertion of carbon monoxide 389, 394, 

397, 415, 418^20, 424, 439-440 

Interconversion methods 53 

Intramolecular allylsilane additions 234 

Intramolecular allylstannane addition to 

0X0 groups 550 

Intramolecular Diels-Alder cycloaddition 

550-551 

Inverse metal effects 27-28 

Inversion of configuration 33 

Iodine 480, 493-495 

lodine/lithium exchange 60 

1-Iodoalkenes 544 

1- Iodonaphthalene 125 

Ion pairs 25, 30 

Ionic bonds 9 

Ionization potentials 8 

i?-Ionone 126-127 

)8-Ionylideneacetaldehyde 126-127 

^-lonylideneethyllithium 120 

)6-Ionylideneethylpotassium 81, 120 

1 -(4-Isobutylphenyl)ethylpotassium 116 

2- (4-Isobutylphenyl)propanoic acid 116 
Isocoumarins 394 

Isocyanides 68 

Isoelectronic species 100 

Isomerization of allylic acetates 400 

Isophorone 300, 308 

Isoprene 174 

Isoprene epoxide 526 

Isopropyl bromide 116 

2-Isopropylallylpotassium 75 

Isopropylbenzene (cumene) 75, 122 

Isopropylidene-L-threitoldi-p- 

toluenesulfonate 291 

Isopropyllithium 17, 62 

Isopropylmagnesium chloride 343 

1-Isoquinolyllithium 59 . 

4-Isoquinolyllithium 59 

Ketone synthesis 555 

Ketones 31 

Knoevenagel condensation 227 

Lactams 418 

^-Lactones 353 

Lactones 418 

y-Lactones 554 

Lactonization 561 

Large-ring lactones 555 
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LIC-KOR reagent 71-81, 84-85, 87, 

89-90, 94-95, 98-99, 103, 107, 111-112, 

114-121, 123, 131-132, 548, 553, 570 

Ligand tuning 201 

Linalool 84 

Liquid crystal compounds 177 

ort/zo-Lithiation of aromatics 412 

o-Lithiated hemiaminals 91 

iV-Lithiated N-alkylanilides 88 

3-Lithiooxy-1 -methyl-1 -propenyllithium 58 

3-Lithiooxy-2-naphthyllithium 86 

N-Lithiooxycarbonyl-1,2,3,4- 

tetrahydroquinoline 82 

1 -(Lithiooxymethyl)vinyllithium 58 

l-(Lithiooxymethyl-l-propenyllithium, cis 

isomer 58 
o-Lithiooxyphenyllithium 86 

o-(l-Lithioxy-2,2,2-trifluoro-1 - 
[trifluoromethyl]ethyl)phenyllithium 

94 

Lithium 502-503 
Lithium 1-alkenyltrialkylborates 555 

Lithium 2,2,6,6-tetramethylpiperidide 

(LITMP) 82 

Lithium acetylides 168, 491^93 

Lithium bis-(Z)-alkenylcuprates 293 

Lithium bis(cw-2-ethyoxyvinyl)cuprate 289 

289 
Lithium bis(hexa-l,3-dienyl)copper, cis,cis 

isomer 294 

Lithium chloride 8, 9 
Lithium dibutylcuprate 293, 304, 307 

Lithium dicyclopropylcuprate 291 

Lithium diethylcuprate 294 

Lithium dihexylcuprate 297 

Lithium dihydrobiphenylylide 42 

Lithium dihydronaphthalylide 42 

Lithium diisopropylamide (LIDA, LDA) 82 

Lithium dimethylcuprate 288-289, 

292-293, 296, 299 

Lithium dimethylphosphide 133 

Lithium diphenylamide 47 

Lithium diphenylarsanide 47 

Lithium diphenylcuprate 290 

Lithium diphenylphosphide 47 

Lithium ethenolate 124 

Lithium hydride 32 

Lithium perchlorate mediated 

processes 218 

Lithium tetramethylborate 13 

Lithium thiophenoxide 302 

Lithium trimethyldicuprate 295 

Lithium trisiamylhydroborate 503 

Lithium/biphenyl adduct 122 

Lithium/halogen exchange reactions 179 

Living polymers 64, 193 

Long-range assistance 93 
Lower order cuprates 285 
Lower order, mixed cuprates 300-305 

McMurray reactions 240, 267 

McMurry reagent 230 

Mesitylene 75 
Mesityllithium 16, 500 

Mesitylmagnesium bromide 470 

Mesterolone 180 

Metal arenes 29 

Metal coordination 98-104 

Metal ?7^-complexation 26 

Metal effects 22-25, 30, 34—38 

Metal tuning 201 

Metal vapors 40 
Metal-metal exchange 548 

Metal/metalloid interconversions 53-55 

Metalation 64 

Metallo-ene reactions, 
palladium(0)-catalysed 437^40 

N-Metalloanilines 34 

Metalloids 52 

Metallomers 34 

Metaloxy substituted pentadienylic 

organopotassium compounds 78 

Methicillin 177 

Methods of preparation 39 
1- Methoxyallenyllithium 409 

3-Methoxyallylpotassium, endo isomer 

46-47 
3- Methoxyallylpotassium exo isomer 46-47 

2- Methoxybenzyllithium 46 
1 -Methoxy- 1-cyclopropyllithium 58 

4- Methoxy-Ar,Ar-dimethylbenzylamine 97 

a-Methoxydiphenylmethylpotassium 46 

a-Methoxydiphenylmethylsodium 46 

2-Methoxyethoxybenzene 98 
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9-Methoxyfluorenylsodium 46 

o-(Methoxymethoxy)benzene 100 

o-(Methoxymethoxy)phenyllithium 86, 100 

3-Methoxymethoxy-1 -octenyllithium, trans 
isomer 58 

Methoxymethoxybenzene 100 

Methoxymethoxymethyllithium 55, 554, 
569 

Methoxymethyllithium 42, 106 

Methoxymethylpotassium 82, 106 

1-Methoxynaphthalene 99 

1- Methoxy-2-naphthyllithium 99 

8-Methoxy-l-naphthyllithium 99 

Methoxy toluene 75 

2- MethylaIlyllithium 17, 54, 67 

2- Methylallylpotassium 17, 75 

Methylaluminium 

bis(2,6-di-tert-butyl-4- 

methylphenoxide(‘MAD’) 514-516, 
529-530 

Methylaluminium bis(2,6- 

diphenylphenoxide) (‘MAPH’) 524 
Methylaluminium 

bis(4-bromo-2,6-rert-butylphenoxide) 
(‘MABR’) 524 

Methyl-bis(di-2,6-tert-butyl-4- 

methylphenoxy)aluminium 515 
Methyl-bis-(tri-2,4,6-tert- 

butylphenoxy)aluminium (‘MAT’) 515 

3- Methyl-1-butene 76 

3-Methyl-2-butenyllithium (prenyllithium) 
46 

3-Methyl-2-butenylpotassium 
(prenylpotassium) 76 

2-Methyl-2-butenylpotassium, endo 

isomer 77 

Methylcaesium 15 

Methylcopper 320 

2-Methylcyclopentenone 356 

Methyldiphenylphosphine 69 

Methylenation 237-239, 265-266 

a-Methylene-y-butyrolactones 540, 548 

Methylenecyclopentanes 538, 558 

Methylenecyclopropanes 75, 444 
Methyl group transfer 132 

6-Methyl-5-hepten-2-one 127 
Methyl iodide 122 
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Methyllithium 13-14, 17, 52, 104, 130, 168, 

181, 289, 513, 515, 530 

Methyllithium/boron trifluoride 295 

Methylmagnesium bromide 345-350 

Methylmagnesium iodide 516 

Methylmalonyl coenzyme A 542-543 

3-Methylpentadienyllithium 80 

3-Methylpentadienylpotassium 80 

3- Methyl-2-pentenylpotassium 76 

4- Methyl-2-pentenylpotassum 37 

1 -Methyl- 1-phenylethylpotassium 

(cumylpotassium) 46, 121-122 

Methyl phenyl sulfide 69 

iV-Methylpiperidine 82 

Methylpotassium 14, 45, 52 

Methylrubidium 15 

Methylsodium 15, 52 

a-Methylstyrene 117 

4-Methyl-2-thienyllithium 59 

Methyltitanium trichloride 201, 242, 258 

Methyltitanium triisopropoxide 202-206, 

220, 242, 247, 258-259 

Methyl vinyl-j5-ionyl ether 122 

Michael additions 233-237 

Michler’s ketone 136 

Miscellaneous organocopper 

reagents 365-371 

Mixed aggregates 17, 104 

Mixed metal reagents 72 

Mixed trialkylboranes 471-473 

Moisture 170 

Monohapto bonding interaction 34 

Monoisopinocampheylborane 474 

Monothioacetals 563-565 

Mukaiyama aldol additions 218, 229, 252, 
262 

Multi-centre type mechanism 30 

Multiple insertion processes 423-426 

Myrtanol, cis isomer 466 

Naked anion probe 100 

Naphthalene 42 

Naphthalene/lithium 42 

2-(l-Naphthyl)ethanol 123 

1-Naphthyllithium 123, 125-126 

1- Naphthylmethanol 123 

2- Naphthylmethyllithium 55 
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1 -Naphthylmethylmagnesium 

bromide 123-124 

1-Naphthylmethylpotassium 49, 123-124, 

126 

Narasaka catalyst 250, 268 

Narcotine 93 
Nazarov cyclizations 545-546 

Neighbouring group assistance 28, 63, 72, 81 

Neighbouring group-assisted 

metalations 110-115 

Neryl acetate 347 

Nitriles 31 

Nitrogen ylids 68 

1-Nitroolefins 364 
Non-additivity of substituent effects 103 

Norbornadiene 66, 107, 108-109 

Norbornene 63, 72 

Nortricyclene 72, 107 
Nortricyclylpotassium 107 

Nuciferal 564 
Nucleophilic attack on palladium(II) olefin 

complexes 388-401 

Ocimene 122 
2,6-Octadienylidenedipotassium, endo, endo 

isomer 104 
1- Octenyllithium trans isomer 50 

2- Octenylpotassium, endo isomer 77 

2-Octenylpotassium, exo isomer 77 

Octylsodium 43, 52 

1-Octyne 350 
Off-shore construction of heterocyles 93 

Olefin insertion processes, 
palladium(0)-catalysed 420 

Olefin metathesis 198, 239 
Olefin-forming reactions 237-241 

Oppolzer sultam 229 
d-Orbital resonance effects 68-69 

p-Orbital resonance effects 67 
Organocopper (RCu) reagents 319-325 

Organocopper-magnesium salt 

reagents 369-371 
Organocopper-zinc halide reagents 359 

Organocopper/BFj reagents 319-325 

Organocopper/phosphine reagents 

320-322 

Organocuprates 133 

Organolithium oligomers 11 

Organometallic basicity 133-134 

Organopotassium reagents 43, 72 

Organopotassium reagents in ethereal 

solvents 131-132 

Organosodium reagents 43, 72, 74 
Organosodium reagents in ethereal solvents 

131-132 
Organostannanes 313-314 

Organotin compounds 54-55 

Organozinc compounds 4 

Organozinc reagents 408-409 

Orthoesters 28 

Orthoformates 28 
Orthopalladation 404-406 

Oxazolines 92 

Oxetanes 34, 44, 126, 308 

Oxidative additions 406 
Oxidative addition-transmetallations 

406-418 

Oxindoles 542 
Oxiranes 33-34, 44, 83, 121, 123, 175, 307, 

312, 328, 341-343, 349, 368, 375, 516, 

521-522, 555, 564 

y-Oxo esters 564 

Oxygen 170 
Oxygenophilicity of organoaluminium 

reagents 519 

Palladium bisdibenzylidine acetone 

complexes 387, 402-403, 406, 429, 

431, 436-439, 440, 448 
Palladium catalysed cross-couping 

reactions 554 

Palladium dichloride- 
bis(triphenylphosphine) 386, 445^47 

Palladium oxidation states 385 
Palladium(II) acetate 386-387, 394-395, 

402-404, 419, 421-423, 426, 445 

Palladium(II) chloride 385 
Palladium(II) dichloride-acetonitrile 

complex 385, 390, 396-397, 399, 

400-401, 406, 414, 448 
Palladium(II) dichloride-benzonitrile 

complex 385, 393, 401 

Palladium(II)-catalysed 

rearrangements 399-406 
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Paraformaldehyde 126 

Partial ester hydrolysis 561 

Penem 180 

Pentaborane 11 

1.4- Pentadiene 119-120 

1.4- Pentadien-3-ones 545 

Pentadienyl-type organometallics 33-38, 
79, 119 

2.4- Pentadienyllithium 37, 80 

Pentadienyl compounds 35-38, 79, 119 

2.4- Pentadienylpotassium 38, 48, 80, 119 

2.4- Pentadienylpotassium, U shape 120 

2,4-Pentadienylpotassium, W shape 120 
N,N,N',N'',N''- 

Pentamethyldiethylenetriamine 
(PMDTA) 112-113 

Pentaphenylphosphorane 68 
4- Penten-l-ol 121 

2-Pentenylpotassium 37 

Pentylpotassium 43 

Pentylsodium 43, 66, 73-74, 84, 106-109, 
128 

1- Pentyne 350 

Perhexiline 175 

Permutational interconversions 39, 53-103 

1,10-Phenanthroline 135, 287-288 

Phenolates 34, 87 

2- Phenoxyphenylpotassium 114 

A-Phenyl-l-naphthylamine 135 

2-Phenylallylpotassium 75, 117, 570 
o-Phenylenedilithium 52 

1- Phenylethyllithium 46, 54 
Phenylethynyllithium 30 

Phenylethynylmagnesium bromide 30 
Phenylethynylpotassium 30 

Phenylethynylsodium 30 

9-Phenylfluorenylsodium 46 

2- Phenylisopropylpotassium 121 

Phenyllithium 16-17, 31, 42, 52, 56, 88, 

104, 130, 170, 290, 297, 308, 323 

Phenylmagnesium bromide 16, 345-350, 
468, 492 

Phenylpotassium 31, 43, 45, 52 
A-Phenylpyrrole 103 

Phenylsodium 31, 43, 52, 64-65, 106 

5- Phenylsulfenylimines 541 

Phenylthiomethyllithium 69 

Phenyltitanium triisopropoxide 202, 209, 

248 

Phosphines 61 

Phosphorus ylids 178 

Phosphorylation of allylic alcohols 548 

a-Picoline 177 

a-Pinene 117 

j?-Pinene 466-467 

Pinenylpotassium 75, 117 

Pipelines 183 

A-Pivaloyl-2-(3- 

methoxyphenyl)ethylamine 94 

A-Pivaloylpiperonylamine 114 

Polar organometallics 7 

Polarity coefficients 20 
Polarization 66 

Polarization effects 85 

Polyboranes 11 

Polyisoprenyllithium 17 

Polymeric organocopper 286 

Polymerization 64, 168 

Potassium hydride 32 

Potassium-sodium alloy 107, 122, 138 
Prenyllithium 46 

Prenylpotassium 76 

Preparation of organometallics 39 

Production of butyllithium 168 
Propanal 118 

AT-Propenylbenzotriazoles 84-85 
1-Propenyllithium cis isomer 54 

1- Propenyllithium, trans isomer 54 
Propyllithium 52, 56 

Propylsodium 43 

2- Propynal diethyl acetal 293 

Prostaglandin synthesis 526, 539, 553 
Proton affinities 20, 60 

Proximity effect 98 

Proximity probe 99 
Pumiliotoxin C 523 

Pumps 183 

Push-pull behaviour of organic aluminium 
reagents 518 

4H-Pyran 67 

Pyrazines 125 

1-Pyreneacetic acid 135 

Pyridazines 125 

Pyridines 100-101, 125 
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2-Pyridyl-4-pyridyl ketone 129 

2- Pyridyllithium 59, 128-129 

3- Pyridyllithium 59, 178 

4- Pyridyllithium 59 

Pyrimidines 125 

5- Pyrimidyllithium 178 

Pyrroles 34 
Pyrrolidine synthesis 540 

Qualitative tests 136 
Quenching of organometallic reagents with 

Benzaldehyde 110 
Carbon dioxide 109-114, 116, 121, 127 

Chlorotrimethylstannane 117 

4-Cyanopyridine 128-129 
P,P-Dichlorophenylphosphine 115 

Diethyl sulfate 111 

Dimethyl sulfate 115 
Dimethylformamide 110 

(Diphenylmethylene)aniline 120-121 

Fluorodimethoxyborane 108-109, 

118-120, 122-123 
Formaldehyde 108, 126 

j3-Ionone 126-127 

Isopropyl bromide 116 
6-Methyl-5-hepten-2-one 127 

Methyl iodide 122 

Oxetane 126 

Oxirane 121 
2- Quinolyllithium 59 

3- Quinolyllithium 59 

4- Quinolyllithium 59 

Radical anions 29, 40, 42, 45, 134 

Radical cyclization 537 

Radical mechanisms 29 

Radical pair mechanisms 41 

Radicals 29, 40-41, 52 
Random copolymers 173 

endo/exo Ratios 37 

Se Reactions 33 
Reaction enthalpies 22 

Reactors 183 
Reagent basicity 133-134 

Reagent control 221 

Recycling lithium 190 
Reductive elimination 398, 424 

Reductive replacement 39 

Reformatzky reaction 4 

Regioselectivity 32, 79, 96-97 

Relative reactivities of acetals 566-567 

Relative reactivities of aldehydes and 

ketones 566 
Replacement of boron by a functional 

group 480-481 

Residual basicity 133-134 

Resonance energy 26, 67 

Resonance stabilization 103 

Retention of configuration 33 

Ring strain 25, 66, 72 

Ring tension 25, 66, 72 

Safety 465 
Safety precautions 138, 185 

a-Santalene 118 
a-Santalenylpotassium 118 

a-Santalol 119 
Schiffs bases (azomethines) 34, 67, 92, 124 

Schlenk burettes 137 
Schollkopf amino acid synthesis 230 

Schollkopf bis-lactim method 230, 237 

Secondary metalation product 101 

i'yn-Selectivity 223, 226-228 

a«tf-Selectivity 223, 235 
Selenium/lithium exchange 62 

Self-ignition 172-173 

Selenides 62 
Sharpless epoxidation 253 

Sharpless epoxidation reactions 520 

Silanes 61 

Silyl cuprates 326-327 

Silyl cupration 327 

0-Silylenols 245 
Single electron transfer processes 40 

Sodium acetylide 47 

Sodium chloride 3, 9 

Sodium hydride 32 

Soft nucleophiles 285 

Solenopsin 526 

Solubility 56 

Solvation 8, 9 

Solvent effects 22, 30 
Solvent effects of organoaluminium induced 

reactions 521 
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Solvent reactions 128 

Solvent-mediated decomposition of 

reagents 82, 124, 129-133 

Sparteine 230 

3-Spiro[4.4]nona-2,4-diene 109 

3-Spiro[4.4]nona-2,4-dienylsodium 109 

Stability of organolithium reagents 169 

Stability of organometallics towards 

ethereal solvents 82, 124, 129-133 

Standard reagents 104 

Stannanes 54-55 

Stannyl cuprates 327-333 

Stannyl cupration 329-334 

Stannyl metalation 544-545 

Stereochemistry of allyltin additions to 

aldehydes 548-489 

Stereochemistry of borane reactions 
493-499 

Stereocontrol 76 

Stereocontrolled synthesis 35 

Stereoselectivity 35-38, 214, 527 

Stereoselectivity of methylmagnesium iodide 
addition 516 

Stereoselectivity of radical reactions 

438-540 

Stereoselectivity, syn/anti ratios 497^99, 
556-557 

Steric crowding 96 

Steric factors 208 

Stoichiometric copper-magnesium 
species 348-359 

Storability 129 

Storage 187 

Styrene 175 

o-Substituted arylmetals 85 

Substitution reactions 241-249, 373-374 

Succinyl coenzyme A 542-543 

Sulfonamides 87 

Sulfones 87 

A-Sulfonylanilines 396 

Superbase 71-81, 84-85, 87, 89-90, 94-95,. 

98-99, 103, 107, 111-112, 114-121, 123, 
131-132, 548, 553, 570 

Suprafacial electrophilic attack 34 

Tartaric acid esters 253 

Tebbe reagent 239, 519 

Tellurides 62 

Telomerization of dienes, 

palladium(0)-catalysed 444 

Tertiary alcohols 243 

Tertiary alkyl halides 242 

Tertiary ethers 243 

2,3,4,5-Tetra-O-acetyl-la-glucopyranosyl 

bromide 568 

Tetrabenzyltitanium 235 

2,13-Tetradecadienylpotassium, endo isomer 

77 

2-Tetrafuryllithium 55 

Tetrahydrofuran as a solvent 82, 124, 

129-133 

2-Tetrahydrofurylpotassium 82, 133 

Tetrahydropyranylation 565 

1- (2-Tetrahydropyranyloxy)-1 - 

propenyllithium 110 

(2-Tetrahydropyranyloxy)methyllithium 55 

2- Tetrahydropyranylpotassium 133 

2-Tetrahydropyranyllithium 55 

Tetrakis(triphenylphosphine)palladium 
545 

Tetrakis(triphenylphosphine)palladium(0) 

299, 386, 406, 410-413, 415^17, 419, 

425-434, 438, 441, 446-448 

l,l,3,3-Tetramethyl-l,3- 

dihydroisobenzofuran 110 

5-(l,l,3,3-Tetramethyl-l,3- 

dihydroisobenzofuryl)potassium 110 
Tetramethyldiarsane 3 

1,4-Tetramethylenedilithium 105 

A,lV,A',iV'-Tetramethylethylenediamine 
(TMEDA) 67, 69-71, 74-75, 82, 84, 

88,90-92,97-98,101,103,115,176,474 

Tetramethyltitanium 206 
Thexylborane 469 

Thienamycin 397 

2- Thienyllithium 85, 175, 303 
3- Thienyllithium 177 

3-Thienylpotassium 57 

2-Thienylsodium 85 

Thiophene 46, 69 

Ticlopidine 175 

Tin(II) bis(trifluoromethanesulfonate) 
556-558 

Tin(II) salts 556-558 
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Tin-heteroatom bond 

reactivities 558-567 

Titanacyclobutanes 239 

Titanated pyrroles 222 

Titanating agents 200 

Titanium enolates 227-229, 232 

Titanium homoenolates 211 

Titanium phenolates 222 

Titration 133-134 

Tolane 122 

Toluene 74 

p-Toluenesulfonylhydrazone 135 

p-Tolylmagnesium bromide 354 

p-Tolylsodium 43 

Torsional isomerization 36, 77 

Toxicity of organolithium compounds 171 

Transacetalization 566 

Transesterifications 198 

Transition states 26, 28-30, 34, 70-71, 101, 

104 
Transmetalation reactions 64, 313-319, 

408^09, 552-555 

Trialkylhydroborates as reducing agents 

502 

Triazines 125 
Tribenzylchlorostannane 548 
Tributyl(methoxymethoxymethyl)stannane 

554, 569 
Tributylstannane-triethylborane reagent 

538, 541 
Tributylstannylacetylene 555 

Tributylstannylethyne 570 

Tributylstannyllithium 547 

Tributyltin hydride 537-542, 553, 568-569 

Trichloromethyllithium 56, 69, 106, 486 

l-Tricyclo[2.2.1.0^-^]heptylpotassium 

(Nortricyclylpotassium) 107 

Tricyclo[3.1.1.0^-^]heptane 66 

Triethylaluminium 524 

Triethylborane 538, 541, 543 

Triethylhydroborate 503 

Trifluoromethane 82 
o-(T rifluoromethyl)phenyllithium 89 

o-(T rifluoromethy l)phenylpotassium 89, 

112 
3-(Trifluoromethyl)toluene 75 

Trifluoromethylbenzene 89 

Trifluorovinyllithium 54, 57 

Trihapto bonding interactions 34 

Triisopropylaluminium 12 

2,4,6-T riisopropylphenyllithium 16 

N-T riisopropylsilyl-3-pyrryllithium 59 

4,4,4-Trimethoxybutyllithium 59 

Trimethyl(2-methylallyl)silane 78 

Trimethylaluminium 12, 511, 514-515, 

524, 526-527, 531 

Trimethylaluminium dimer 514 

iV,N,4-Trimethylaniline 75 

Trimethylborane 11 

1,3,3-Trimethylcyclopropene 66 

Trimethylenemethane intermediates 

441-444 

1.1.2- Trimethylpropylborane 469 

2-(T rimethylsilyl)allylpotassium 117 

Trimethylsilylmethylcaesium 52 

Trimethylsilylmethyllithium 13, 17, 69 

Trimethylsilylmethylmagnesium chloride 

348 
Trimethylsilylmethylpotassium 52, 75, 107, 

115, 119, 123, 132, 548, 570 
iV-Trimethylsilyl-2-pyrryllithium 85 

2- (Trimethylsilyloxy)vinyllithium, cis isomer 

58 

Af-Trimethylsilylpyrrole 66 
3- T rimethylstannyl-2-phenylpropene 570 

Trimethylstannyllithium 330 

Tri(methylthio)methyllithium 69 

Tri-o-tolylphosphine 421 

Trineopentylaluminium 12 

Triphenylamine 88 

Triphenylborane 468 

2.2.2- Triphenylethylcaesium 25 

2.2.2- Triphenylethyllithium 25 

2.2.2- Triphenylethylmagnesium bromide 25 

2.2.2- Triphenylethylpotassium 25 

2.2.2- Trip hen ylethylsodium 25 

Triphenylmethane 67 

Triphenylmethyllithium 27, 125 

Triphenylmethylmagnesium bromide 27 

Triphenylmethylpotassium 27, 48, 52 

Triphenylmethylsodium 27, 48, 50 

Triphenylphosphine oxide 88 

2.2.3- Triphenylpropyllithium 26 

2.2.3- Triphenylpropylsodium 26 
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Triphenyltin hydride 537 

Tripropylaluminium 513 

Triptycene 51 

T ris(diethylaminio)sulfonium 

difluorotrimethyl silicate 417 

T ris{o,o'-biphenylene)phosphate 69 

l,3,5-Tris-(trifluoromethyl)benzene 90 

Tris-2,4,6-(trifluoromethyl)phenyllithium 

90 

Tropone 442-443 

Typoselectivity 31 

Ultrafine metal dispersions 43 

Umpolung 5, 7 

Unsaturated organoborane 476-478 

N-Vinylbenzotriazoles 84—85 

Vinyl ethers 74, 84 

Vinylic lactone 343, 352-353 

Vinyllithium 49, 52-54, 56, 105 

Vinylmagnesium bromide 340 

Vinylpotassium 43 

Vinyltitanium triisopropoxide 202 

1-Vinylvinylmagnesium chloride 344 

Wastedisposal 189 

Wittig reactions 178 

Wittig rearrangements 90, 553 

X-ray crystallography 13 

Xanthogenate reduction 541 

9-Xanthylsodium 51 

m-Xylene 75 

o-Xylene 75 

p-Xylene 75 

N-Ylids 68 

P-Ylids 179 

Ziegler-Natta catalysis 530 

Ziegler-Natta polymerization 198 

Zinc homoenolates 358 

Zinc reagents 205 

Zinc-copper couple 40 

Zirconocenes 313 



Formula Index 

The gross formulas of the organometallic reagents and intermediates listed below are ordered 

according to these principles: 

• Only the elements of the organic moiety to be transferred are counted. For example, both 

methyltitanium triisopropoxide and tetramethyltitanium appear under the heading CH3. 

• The metal attached to this transferable organic group is shown in parentheses. The metal 

priority decreases when moving in the Periodic Table from left to right and, within a row, 

from top to bottom (Li > Na > K > Rb > Cs > Be > Mg > Ca > Ba > Ti > Pd > Cu > 

B > A1 > Sn). There is, however, one inconsistency: Zn directly follows Mg. 

CCL(Li) trichloromethyllithium 56, 68, 

106, 486 
CHCl2(Li) dichloromethyllithium 68, 106 

CHCl2(Ti) dichloromethyltitanium 

triisopropoxide 203 

CH3(Li) methyllithium 13-14, 17, 52, 

104, 130, 168, 289, 513, 515, 530 

CH3(Na) methylsodium 15, 52 

CH3(K) methylpotassium 14, 45, 52 

CH3(Rb) methylrubidium 15 

CH3(Cs) methylcaesium 15 

CH3(Be) dimethylberyllithium 12 

CH3(Mg) methylmagnesium 

bromide 345-350 

CH3(Mg) methylmagnesium iodide 516 

CH3(Zn) dimethylzinc 201,241 

CH3(Ti) methyltitanium 

triisopropoxide 202-206, 220, 242, 

247, 258-259 
CH3(Ti) methyltitanium trichloride 201, 

242, 245 

CH3(Ti) dimethyltitanium dichloride 243 

CH3(Ti) tetramethyltitanium 206 

CH3(Cu) methylcopper 320 

CH3(Cu) lithium 
dimethylcuprate 288-289, 292-293, 

296, 299 
CH3(Cu) lithium trimethyldicuprate 295 

CH3(Cu) dilithium 

dimethylcyanocuprate 313 

CH3(B) dimethylborane 11 

CH3(B) trimethylborane 11 

CH3(A1) trimethylaluminium 12, 511, 

514-515, 524, 526-527, 531 

C2Cl2F3(Li) l,l-dichloro-2,2,2- 

trifluoroethyllithium 57 

C2F3(Li) trifluorovinyllithium 54, 57 

C2H(Li) lithium acetylide 168 

C2H(Na) sodium acetylide 47 

C2H3(Li) vinyllithium 49, 52-54, 56, 105 

C2H3(K) vinylpotassium 43 

C2H3(Mg) vinylmagnesium bromide 340 
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C2H3(Ti) vinyltitanium 

triisopropoxide 202 

C2H3(Cu) dilithium 
divinylcyanocuprate 307 

C2H4(Li2) 1,2-dilithioethane 49 
C2H5(Li) ethyllithium 13,17,52,168,294 

C2H5(Na) ethylsodium 4, 52 

C2H5(K) ethylpotassium 52 

C2H5(Mg) ethylmagnesium bromide 16 

C2H5(Zn) ethylzinc iodide 4 

C2H5(Zn) diethylzinc 35,252 

C2H5(Ti) ethyltitanium triisopropoxide 

202 
C2H5(Cu) ethylcopper-magnesium 

dibromide 349 
C2H5(Cu) lithium diethylcuprate 294 

C2H5(B) triethylborane 538, 541, 543 

C2H5(A1) triethyaluminium 524 
C2H50(Li) methoxymethyllithium 42, 

106 
C2H50(K) methoxymethylpotassium 82, 

106 
C3F7(Li) heptafluoropropyllithium 57-58 

C3H3Cl2(Li) 3,3-dichloroallylhthium 54, 

57 

CH40(Li2) 

1 -(hthiooxymethyl)vinylhthium 59 

C3H5(Li) cyclopropyllithium 52, 54, 105, 

130, 291 
C3H5(Li) l-propyllithium, cis isomer 54 

C3H5(Li) l-propyllithium, trans 

isomer 54 
C3H5(Li) allyllithium 46, 54—55, 67, 120 

C3H5(Na) allylsodium 46, 55, 120-121 

C3H5(K) allylpotassium 46, 75, 120-121 

C3H5(Cs) allylcaesium 75 

C3H5(Zn) allylzinc bromide 34 
C3H5(Ti) cyclopropyltitanium trichloride 

201-202 
C3H5(Ti) cyclopropyltitanium 

triisopropoxide 202 

C3H5(Ti) allyltitanium 

tris(diethylamide) 207 

C3H5(Ti) allyltitanium 

triisopropoxide 202,209,223-224,248 

C3H5(Cu) lithium 
dicyclopropylcuprate 291 

C3H5(Cu) dilithium 
diallylcyanocuprate 315 

C3H5(Sn) allyltributylstannane 563 

C3H7(Li) propyllithium 52, 56 

C3H7(Li) isopropyllithium 17, 62 

C3H7(Na) propylsodium 43 

C3H7(Mg) isopropylmagnesium 

chloride 343 
C3H7(A1) tripropylaluminium 513 

C3H7(A1) triisopropylaluminium 12 

C3H702(Li) methoxymethoxy- 

methyllithium 55, 554, 569 

C4H2ClS(Li) 2-chloro-3- 

thienyllithium 59-60 

C4.H2ClS(Li) 5-chloro-3- 

thienyllithium 59-60 
C4H3N2(Li) 5-pyrimidylhthium 178 

C4H30(Li) 2-furylhthium 85 

C4H30(Li) 3-furylhthium 59 

C4H30(Na) 2-furylsodium 85 

C4H30(Ti) 3-furyltitanium 

triisopropoxide 203 

C4H3S(Li) 3-thienyththium 85, 175, 303 

C4H3S(Li) 3-thienylhthium 177 

C4H3S(Na) 2-thienylsodium 85 

C4H3S(K) 3-thienylpotassium 57 

C4H5(Li) l-bicyclobutyllithium 15 

C4H5(Mg) 1-vinyl vinylmagnesium 

chloride 344 
C4H 5 0(Li) 1 -methoxyallenyllithium 

409 

C4H6Cl(Li) 
l-(2-chloroethyl)vinylhthium 54 

C4H60(Li2) l-lithiooxymethyl-l- 

propenyllithium, (Z) isomer 58 

C4H7(Li) cyclopropylmethyllithium 24 

C4H7(Li) 2-methylallyhthium 17, 54, 67 

C4H7(Li) 2-butenylhthium 

(crotyllithium) 37,46, 54, 67 

C4H7(Na) 2-butenylsodium 37 

C4H7(K) 2-methylallylpotassium 17, 75 

C4H7(K) 2-butenylpotassium 37 

C4H7(K) 2-butenylpotassium, endo 

isomer 76, 118 

C4H7(K) 2-butenylpotassium, exo 

isomer 76, 118 

C4H7(Cs) 2-butenylcaesium 37 
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C4H 7(Mg) cyclopropylmethylmagnesium 

bromide 24 

C4H7(Mg) 3-butenylmagnesium 

bromide 345 

C4H7(Ti) cyclopropyltitanium 

triisopropoxide 202, 210, 222-223 

C4H7(Ti) 2-butenyltitanium 

triisopropoxide 202, 210, 222-223 

C4H7(Sn) 2-butenyltrimethyltin 

(crotyltrimethyltin) 210 

C4H70(Cu) lithium 

bis(cw-2-ethoxyvinyl)cuprate 289 

C4H70(Li) 1-methoxy-l- 

cyclopropyllithium 58 

C4H70(Li) 1-ethoxyvinyllithium 110 

C4H70(Li) 2-ethoxyvinyllithium, cis 

isomer 58, 124, 289 

C4H70(Li) 2-tetrahydrofuryllithium 55 

C4H70(K) 
2-tetrahydrofurylpotassium 82, 133 

C4H70(K) 3-methoxyallylpotassium, endo 

isomer 46-47 
C4H70(K) 3-methoxyallylpotassium, exo 

isomer 46-47 

C4H70(Mg) 2-ethoxyethynylmagnesium 

bromide 124 

C4H70(Sn) 1-ethoxy-l- 

tributylstannylethene 555 

C4H9(Li) butyllithium 17, 42, 52, 62, 65, 

67, 90, 94, 97, 99-100, 104-106, 

109-115,125-131,168-178,293, 553, 569 

C4H9(Li) 5ec-butylhthium 17, 53, 82, 84, 

104, no, 168-170, 231 
C4H9(Li) tert- butyllithium 17, 42, 60-62, 

84, 86, 89, 94, 97, 99, 104, 110, 128-129, 

138,168-172,295,409,500,502, 563-564 

C4H9(Na) butylsodium 43, 52, 65 

C4H9(K) butylpotassium 52, 65, 72 

C4H9(K) 5ec-butylpotassium 52 

C4H9(K) rerAbutylpotassium 52 

C4H9(Mg) butylmagnesium bromide 65 

€4149(211) butylzinc chloride 28 

€4149(211) dibutylzinc 252 

€4149(10 butyltitanium 

triisopropoxide 202 

€4H9(€u) lithium dibutylcuprate 293, 

304, 307 

€4H9(€u) dilithium 
butyl(cyano)-2-thienylcuprate 310 

€4H9(€u) dilithium 
5ec-butyl(cyano)-2-thienylcuprate 311 

€4H9S3(Li)- 
tri(methylthio)methylhthium 68 

€414 n (Li) trimethylsilylmethyllithium 13, 

17, 68 

€4HiiSi(K)- 
trimethylsilylmethylpotassium 52, 75, 

107, 115, 119, 123, 132, 548, 570 

€41411 Si(€s) trimethylsi- 
lylmethylcaesium 52 

€41411 Si(Mg) trimethylsilylmagnesium 

chloride 348 

C4H8(Li2) 

1,4-tetramethylenedihthium 105 

€5H4N(Li) 2-pyridylhthium 59, 128 

€5H4N(Li) 3-pyridylhthium 59, 178 

€5H4N(Li) 4-pyridylhthium 59 

€5H5(Na) cyclopentadienylsodium 48 

€5H5(K) cyclopentadienylpotassium 48 

€5H50(Mg) 3-furylmethylmagnesium 

chloride 347 
€51458(10 4-methyl-2-thienylhthium 

59 
€5H5€10(Li) 5-chloro-3,4-dihydro-2//- 

pyran-6-ylhthium 111 

€5117(10 2,4-pentadienylhthium 37, 80 
€5H7(K) 2,4-pentadienylpotassium 38, 

49, 80, 119 
€5H7(K) 2,4-pentadienylpotassium, U 

shape 120 

€ 5 H 7(K) 2,4-pentadienylpotassium, 

W shape 120 
€5H8Br(li) l-bromo-2,2-dimethyl-l- 

cyclopropyllithium 58 

€5H9(K) 2-ethylallylpotassium 75 

€5H9(K) 2-pentenylpotassium 37 

€5H9(K) 2-methyl-2-butenylpotassium, 

endo isomer 77 

€5149(10 3-methyl-2-butenylhthium 

(prenyllithium) 46 
€5H9(K) 3-methyl-2-butenylpotassium 

(prenylpotassium) 76 

€5HioNO(li) N,N- 
diethylcarbamoyllithium 53 
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CsH.ifNa) pentylsodium 43, 66, I'i-IA, 

85, 106-109, 128 

C5Hii(K) pentylpotassium 43 

C5Hii(A1) trineopentylaluminium 12 

CsHiiOCK) ferAbutyloxymethylpotassium 

82 

C5Hi,0,(Li) 
(l-ethoxyethoxy)niethyllithium 55 

C5H11 OSi(Li) 2-(trimethylsilyloxy)vinyl- 

lithium cis isomer 58 
C6F5(Zn) bis(pentafluorophenyl)zinc 15 
C6H3Cl2(Li) 2,6-dichlorophenyllithium 

85 

C6H3F2(K) 1,2-difluorophenylpotassium 

86 
C6H3F2(K) 1,3-difluorophenylpotassium 

86 
C6H3F2(K) 1,4-difluorophenylpotassium 

86 
C6H4(Li2) o-phenylenedilithium 52 
C6H4Cl(Li) o-chlorophenyllithium 85 

C6H4F(Li) o-fluorophenyllithium 85 

C6H4F(K) o-fluorophenylpotassium 85, 

111 
C6H4F(Ti) o-fluorophenyltitanium 

triisopropoxide 202 

C6H40(Li)2 o-lithiooxyphenyllithium 86 

C6H5(Li) phenyllithium 16-17, 31, 42, 

52, 56, 88, 104, 130, 170, 290, 297, 308, 

323 

C6H5(Na) phenylsodium 31, 43, 52, 

64-65, 106 

C6H5(K) phenylpotassium 31, 43, 45, 52 

C6H5(Mg) phenylmagnesium bromide 16, 

345-350, 468, 492 

C6F[5(Ti) phenyltitanium triisopropoxide 

202, 209, 248 

C6H5(Cu) lithium diphenylcuprate 

290-292, 308-309 

C6H5(Cu) dilithium diphenylcyanocuprate 

306 

C6H5(B) triphenylborane 468 

C6H7(Li) 3-methylpentadienylhthium 80 

C6H7(K) 3-methylpentadienylpotassium 

80 

C6H7(Li) cyclohexadienyllithium 27 

C6H7(Na) cyclohexadienylsodium 27 

C6YH7(K) cyclohexadienylpotassium 27, 

119 
C5H9(Li) 3,3-dimethyl-l-butynylhthium 

16 

CgH9(Cu) lithium bis(hexa-l,3- 

dienyl)copper, cis,cis isomer 294 

C6Hii(Li) cyclohexyllithium 130 

CgHj i(Na) 3,3-dimethyl-1-butenylsodium 

108 
C6Hii(K) 2-isopropylallylpotassium 75 
CgH 1 i(K) 4-methyl-2-pentenylpotassium 

37 

C6Hii(K) 2-hexenylpotassium,e«^i?o 

isomer 77 

C6Hii(K) 2-hexenylpotassium, exo isomer 

77 

CgH 11(B) dicyclohexylborane 469 

C6Hii02(Li) (2-tetra- 

hydropyranyloxy)methylhthium 55 

C6Hi3(Li) hexyllithium 104,179,185,297 

C6FIi3(Mg) hexylmagnesium bromide 

341 

C6Hi3(Cu) lithium dihexylcuprate 297 

C6Hi3(B) 1,1,2-trimethylpropylborane 

(thexylborane) 469 

CgH 13(B) hexyldibromoborane 479 

CgH 13Si(K) 2-(trimethylsilyl)allylpotassium 
117 

C7H3F4(K) 2-fluoro-3- 

(trifluoromethyl)phenylpotassium 89 

C7H3F4(K) 2-fluoro-5- 

(trifluromethyl)phenylpotassium 89 

C7H3F4(K) 2-fluoro-6- 

(trifluoromethyl)phenylpotassium 89 

C7H3)2(Li) 2,2-difluoro-l,3-benzodioxol-4- 
yllithium 176 

C7H4F3(Li) 

o-(trifluoromethyl)phenylhthium 89 

C7H4F 3(K) o-(trifluoromethyl)phenyl- 
potassium 89, 112 

C7H6Br(Li) o-bromobenzyllithium 54 

C7H6FO(Li) 2-fluoro-3- 

methoxyphenyllithium 113 

C7H6FO(Li) 2-fluoro-5- 

methoxyphenyllithium 98, 113 

C7FIgO(Li) 3-fluoro-2- 

methoxyphenyllithium 98, 113 
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C7HgO(Li) 5-fluoro-2- 

methoxyphenyllithium 98, 113 

C^HgOCK) 2-fluoro-3- 

methoxyphenylpotassium 98 
C7H60(K) 2-fluoro-5- 

methoxyphenylpotassium 98 

C7HgO(Li2) o-(lithiooxymethyl)phenyl- 
lithium 91 

C7H7(Li) benzyllithium 46, 52, 54, 67 

C7H7(Na) 2-bicyclo[2.2.2]hepta-2,5- 

dienylsodium 108 

C7H7(Na) 2-cyclohepta-1,3,5- 

trienylsodium 109 

C7H7(Na) p-tolylsodium 43 

C7H7(Na) benzylsodium 52, 65 

C7H7(K) benzylpotassium 49 

C7H7(Cs) benzylcaesium 51 

C7H7(Mg) p-tolylmagnesium 

bromide 354 

C7H7(Ti) benzyltitanium 

triisopropoxide 202 

C7H7(Ti) tetrabenzyltitanium 235 

€7147(811) benzyltrimethyltin 210 

C7H70(Li) o-anisyllithium 57, 81, 124 

C7H70(Li) m-anisyllithium 57, 124 

C7H70(Li) p-anisyllithium 57, 124 

C7H70(Na) o-anisylsodium 81 

C7H7S(Li) phenylthiomethyllithium 68 

C7H9(K) l-tricyclo[2.2.1.0^-®]heptyl- 

potassium (nortricyclylpotassium) 107 

C7HioCl(Li) 7-(7-chloro- 
bicyclo[4.1.0]heptyllithium 57 

C7Hi2NSi(Li) N-trimethylsilyl-2- 

pyrryllithium 85 

C7Hi3(K) 4,4-dimethyl-2- 

pentenylpotassium 37 

C7Hi3(K) 2 -^erAbutylallylpotassium 75 

C7Hi3(K) 3-ethyl-2-pentenyl- 

potassium 76 
C7Hi302(Li) l-(diethoxymethyl)vinyl- 

lithium 58 
C7Hi302(Li) 3,3-diethoxy-l- 

propenyllithium 58 
C7Hi503(Li) 4,4,4-trimethoxybutyl- 

lithium 59 
C7H19Si2(Li) bis(trimethylsilyl)methyl- 

lithium 13 

C8H3F6(Li) 2,5-bis(trifluoromethyl)phenyl- 

lithium 90 
C8H3F6(K) 2,4-bis(trifluoromethyl)phenyl- 

potassium 89 

C8H3F6(K) 2,6-bis(trifluoromethyl)phenyl- 

potassium 89, 112 
C8H3F6(K) 3,5-bis(trifluoromethyl)phenyl- 

potassium 89 

C8H5(Li) phenylethynyllithium 30 

C8H5(Na) phenylethynylsodium 30 

C8H5(K) phenylethynylpotassium 30 

C8H6Cl(Li) l-chloro-2-phenylvinyllithium, 

(Z) isomer 58 
C8H8Br(Li) 2-(2-bromoethyl)phenyl- 

lithium 56 
C8H9(Li) 1-phenylethyllithium 46, 54 

C8H9FN(Li) 2-fluoro-5- 
(dimethylamino)phenyl- lithium 97 

C8H90(Li) 2-methoxybenzyllithium 46 

C8H902(Li) o-(methoxymethoxy)phenyl- 

lithium 86, 100 
C8H902(Li) 2,6-dimethoxyphenyl- 

lithium 177 
C8H902(Mg) 3,5-dimethoxyphenyl- 

magnesium chloride 344 
C8H 1 oN(Li) o-(dimethylamino)phenyl- 

lithium 88 
C8HioN(Mg) 1-methyl-1-(4- 

pyridyl)ethylmagnesium chloride 27 

C8H1 i(Li) 2,4-dimethylpentadienyl- 

lithium 80 
C8H1 i(K) 2,4-dimethylpentadienyl- 

potassium 80 
C8Hii(K) 2-bicyclo[2.2.2]oct-2- 

enylpotassium 108 
C8HiiO(Li) benzyloxymethyllithium 55 

C8Hi2(K2) 2,6-octadienylidenedi- 
potassium, endo,endo isomer 104 

C8 H13 O 2(K) 1 -(2-tetrahydropyranyloxy)-1 - 

propenyllithium 110 

C8Hi5(Li) 1-octenyllithium, trans 

isomer 50 

C8Hi5(K) 2-octenylpotassium, endo 

isomer 77 
C8Hi5(K) 2-octenylpotassium, exo 

isomer 77 

C8Hi7(Na) octylsodium 43, 52 
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C9H2F9(Li) tris-2,4,6- 
(trifluoromethyl)phenyl- lithium 90 

C9H4F60(Li2) o-(l-lithioxy-2,2,2-trifluoro- 

l-[trifluoromethyl]phenyllithium 94 

C9HgN(Li) 2-quinolyllithium 59 

C9H6N(Li) 3-quinolyllithium 59 

C9H6N(Li) 4-quinolyllithium 59 

C9HgN(Li) 4-isoquinolyllithium 59 

C9H7(Na) indenylsodium 48 

C9H7(K) indenylpotassium 48 

C9H9(K) 2-phenylallylpotassium 75, 117, 

570 

C9Hii(Li) mesityllithium 16, 500 

C9Hii(Na) 3-spiro[4.4]nona-2,4- 

dienylsodium 109 

C9H1 i(K) 4-ethylbenzylpotassium 116 

C9Hii(K) 1-methyl-1-phenylethyl- 

potassium (cumylpotassium) 46, 

121-122 

C9Hii(Mg) mesitylmagnesium bromide 

470 

C9Hii(B) dimesitylborane 470 

C9H1102(Li) (benzyloxymethoxy)methyl- 

lithium 55 

C9H1 2N(K) 4-(dimethylamino)benzyl- 

potassium 115 

Cl oH6F(Li) 1 -fluoro-2-naphthylhthium 
85 

C1 oHgO(Li)2 3-hthiooxy-2-naphthyl- 
lithium 88 

CioH7(Li) l-naphthyllithium 123, 

125-126 

CioHi4N(Mg) 3-methyl-3-(4-pyridyl)butyl- 

magnesium bromide 27 

CioHi4NO(Li) o-{N ,N-diethyl- 

carbamoyl)phenylhthium 92 
CioHi5(Li) 3,7-dimethyl-2,4,6- 

octatrienyllithium 122-123 

CioHi5(Li) camphenyllithium 128 

CioHi5(K) 3,7-dimethyl-2,4,6-octatrienyl- 

potassium 81, 122-123 

CioHi5(K) camphenylpotassium 128 

CioHi5(K) pinenylpotassium 75, 117 

C1 qH 1902(^2) 3-methoxymethoxy-1 - 

octenyllithium, trans isomer 58 

CioH2i(Na) decylsodium 43 

CiiH9(Li) 2-naphthylmethylhthium 55 

Cl iH9(K) 1-naphthylmethylpotassium 

49, 123-124, 126 

C11 H9(Mg) 1 -naphthylmethylmagnesium 

bromide 123-124 

Cl iH90(Li) l-methoxy-2-naphthylhthium 

99 

C11 H90(Li) 8-methoxy-1 -naphthyllithium 

99 

CiiHi5(K) 4 -tert-butylbenzylpotassium 

33 
CiiHi5(Mg) 4-tert-butylbenzylmagnesium 

bromide 33 

C12H 8(Li2) 2,2'-biphenyhdenedihthium 

52 

Ci2H80(Li2) bis(2-hthiophenyl) ether 115 

Ci2H90(K) 2-phenoxyphenylpotassium 

114 

Ci2Hi5(K) 5-(l,l,3,3-tetramethyl-l,3- 

dihydroisobenzofuryl)potassium 110 

Cl 2F[ 1 7(K) l-(4-isobutylphenyl)ethyl- 

potassium 116 

Ci2F[2iFN(Li) 2-fluoro-4-Ar,iV- 

bis[trimethylsilylamino]phenylhthium 
98 

Ci2H23(K) 1-dodecenylpotassium 43 

Ci2H23(K) 2-dodecenylpotassium, endo 
isomer 77 

Ci2H25(K) dodecylpotassium 43 

Ci3H9(Li) 9-fluorenylhthium 48, 65 

Ci3H9)(Na) 9-fluorenyIsodium 46,48 

Ci3H9(K) 9-fluorenylpotassium 48 

Ci3H90(Na) 9-xanthylsodium 51 

Ci3Hii(K) diphenylmethylpotassium 46 

C13H1 i(K) 4-biphenylylmethylpotassium 

51 
Cl 3H12P(Li) (diphenylphosphinoyl) 

methyllithium 69 

Ci3Hi2P(Li) (diphenylphosphine) 

methyllithium 69 

Ci3Hi30(Na) a-methoxydiphenyl- 

methylsodium 46 

C13 H 2 3(K) 2,13-tetradecadienylpotassium, 
endoisomQT 77 

Ci3H24NSi(Li) N-triisopropylsilyl-3- 
pyrryllithium 59 

C14H1 oCl(Li) 1 -chloro-2,2-diphenylvinyl- 
lithium 57 
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Ci4Hii(Li) 1,2-diphenylvinyllithium, cis 
isomer 54 

Ci4H4i(Li) 1,2-diphenylvinyllithium, trans 
isomer 54 

Ci4HnO(Na) 9-methoxyfluorenylsodium 
46 

Ci4H2i(K) 3,5-di-tert-butylphenyl- 
potassium 109 

Ci5Hi3(K) 2-(2- 
biphenylyl)allylpotassium 75 

Ci5Hi5(Li) 2,2-diphenylpropyllithium 52 

Ci5Hi5(Li) 3,3-diphenylpropyllithium 26 

Ci5H23(K) a-santalenylpotassium 118 

Ci5H23(Li) 2,4,6-triisopropylphenyl- 
lithium 16 

Ci5H23(Li) ^-ionylideneethyllithium 120 

Cl 5H23(K) )8-ionylideneethylpotassium 
81, 120 

CisH 15(Li) cyclopropyldiphenylmethyl- 

lithium 25 

C1 1 5(K) cyclopropyldiphenylmethyl- 

potassium 24-25 

CieHisCMg) 4,4-diphenyl-3- 

butenylmagnesium bromide 24-25 

Ci8Hi40P(Li) o-(diphenyl- 

phosphinoyl)phenyllithium 88 

Ci8H2i(Li) 1,1-diphenylhexyllithium 64 

Ci9Hi3(Na) 9-phenylfluorenylsodium 46 

Ci9Hi5(Li) triphenylmethyllithium 27, 

135 

Ci9Hi5(Na) triphenylmethylsodium 27, 

48, 50 

Ci9Hi5(K) triphenylmethylpotassium 27, 

48, 52 

Cj 9H15(Mg) triphenylmethylmagnesium 

bromide 27 

Cj 9H1602P(Li) 2-diphenylphosphinoyl-6- 

methoxyphenyllithium 88 

C20LH17(Li) 2,2,2-triphenylethyl-lithium 
25 

C20H17(Na) 2,2,2-triphenylethylsodium 
25 

C20H1 7(K) 2,2,2-triphenylethylpotassium 
25 

C20H17(Cs) 2,2,2-triphenylethylcaesium 
25 

C2oHi7(Mg) 2,2,2-triphenylethylmagnesium 
bromide 25 

C21H19(Li) 2,2,3-triphenylpropyllithium 
26 

C2 iH 19(Na) 2,2,3-triphenylpropylsodium 

26 

C21H1 9(K) a,a-dibenzylbenzylpotassium 
46 
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Organometallics in Synthesis—A Manual deals with 
organometallic chemistry as applied to organic synthesis. 
Addressing the most important issues, it restricts itself to 
the derivatives of less than a dozen metals, focusing on 
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The level of the book is advanced, although not special¬ 
ized, and so it is attractive to researchers at all levels of 
expertise. Newcomers to the subject will be aided by the 
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choosing the best methods and conditions, and how to 
carry out and work up organometallic reactions. In 
addition, the book provides both the fundamental facts 
and the mechanistic background needed to understand 
fully why a reaction follows a given course and, more 
generally, the opportunity to evaluate the potential for 
organometallic chemistry in other areas. 

Experts in the field will appreciate the critical survey of a 
booming subject area as well as extensive literature 
quotations. Attention is directed to novel concepts, recent 
achievements and major new trends. Despite all their 
skills, they may still learn a few new experimental tricks! 
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(Organoalkali reagents; Organolithium compounds in industry); 
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(Organotitanium reagents; Organocopper reagents; Organo- 
palladium species); 

Organometalloid chemistry 
(Organoboron reagents; Organoaluminium reagents; 
Organotin reagents). 

ISBN 0-471-93637-5 

9 78047193637 
JOHN WILEY & SONS 
Chichester • New York • Brisbane 'Toronto • Singapore 


