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Preface 

Much has happened in the six years since the first edition of this book appeared. The 

use of transition metals in organic synthesis has finally achieved general acceptance 

within the synthetic organic community, and it is rare to find complex total syntheses 

that don't involve at least a few transition-metal mediated key steps. In addition, 

industry has lost much of its aversion to using homogeneous catalysis. Finally, the use 

of transition metals in the synthesis of polymers and materials, and in solid-phase 

combinatorial chemistry has also increased dramatically. As a consequence, this 

second edition, which covers the literature through July of 1998, is substantially 

different from the first edition. It contains over 500 new references, with particular 

emphasis on recent reviews, and a very large number of new, more complex examples 

of processes introduced in the first edition. In addition, several new topics are 

covered (see below). 

Chapters 1 and 2, dealing with formalisms and mechanisms ("the rules") 

remain unchanged. Chapter 3 details the advances and current status of homo¬ 

geneous hydrogenation with emphasis on asymmetric hydrogenation. Although a 

myriad of new catalysts have been developed, the range of substrates reducible with 

high asymmetric induction has only been expanded marginally, indicating how 

difficult a problem asymmetric hydrogenation is. Chapter 4 treats the very extensive 

chemistry of G-alkylmetal complexes, and the bulk of this chapter is new because of 

the warmth with which synthetic organic chemists have embraced Pd catalyzed 

reactions - Heck, Stille, Hiyama, and Suzuki couplings in particular. Chapter 5 treats 

metal carbonyl chemistry, and as was the case with the first edition, little new has 

transpired, and this chapter was only marginally modified. Chapter 6 deals with 

metal carbene chemistry, an area which has seen a great deal of recent activity. In 

addition to the many advances in Group 6 carbene chemistry and Rh(II) catalyzed 

decomposition of diazocompounds, ring closing metathesis has been discovered by 

synthetic chemists in a major way, and a new section on this reaction chemistry has 

been added. Chapter 7 updates the reaction chemistry of metal alkene, diene and 

dienyl complexes. In addition, a new section on metal-catalyzed cycloadditions has 

been added. Chapter 8 treats metal alkyne chemistry. Although new catalysts and 

conditions for both the Pauson-Khand reaction and alkyne cyclotrimerization have 

been developed, no major advances have occurred. Chapter 9 covers r|3-allyl 

IX 



chemistry, primarily that of palladium. Asymmetric induction has been studied 

intensively in this context, and a more systematic treatment is presented in this 

revised edition. A section on new ri3-allyl iron complex chemistry has also been 

added. The final chapter considers arene complex chemistry. Major advances in the 

area of asymmetric induction as well as the chemistry of Ru, Fe, and Mn arenes have 

been made and are described in this chapter. Newly developed chemistry of rf- 

areneosmium complexes is also presented. 

The manuscript was typed in Microsoft Word 6.0, and the figures and 

equations executed in CSC ChemDraw 3.1 by Michelle Swanson. 

Louis S. Hegedus 
COLORADO STATE UNIVERSITY 
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CHAPTER 1 

Formalisms, Electron Counting, 

Bonding (How Things Work) 

1.1 Introduction 

Why should an organic chemist even consider using transition metals in 

complex syntheses? There are many reasons. Virtually every organic functional group 

will coordinate to some transition metal, and upon coordination, the reactivity of 

that functional group is often dramatically altered. Electrophilic species can become 

nucleophilic and vice versa, stable compounds can become reactive and highly 

reactive compounds can become stabilized. Normal reactivity patterns of functional 

groups can be inverted, and unconventional (impossible, under "normal" conditions) 

transformations can be achieved with facility. Highly reactive, normally unavailable 

reaction intermediates can be generated, stabilized, and used as efficient reagents in 

organic synthesis. Most organometallic reactions are highly specific, able to 

discriminate between structurally similar sites, thus reducing the need for bothersome 

"protection-deprotection" sequences that plague conventional organic synthesis. 

Finally, by careful selection of substrate and metal, multistep cascade sequences can 

be generated to form several bonds in a single process in which the metal "stitches 

together" the substrate. 

However wonderful this sounds, there are a number of disadvantages as 

well. The biggest one is that the use of transition metals in organic synthesis requires 

a new way of thinking, as well as a rudimentary knowledge of how transition metals 

behave. In contrast to carbon, metals have a number of stable, accessible oxidation 

states, geometries, and coordination numbers, and their reactivity towards organic 

substrates is directly related to these features. The structural complexity of the 

transition metal species involved is, at first, disconcerting. Luckily, a few, easily 

mastered formalisms provide a logical framework upon which to organize and 

systematize this large amount of information, and this chapter is designed to 

provide this mastery. 
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The high specificity, cited as an advantage above, is also a disadvantage, in 

that specific reactions are not very general, so that small changes in the substrate can 

turn an efficient reaction into one that does not proceed at all. However, most 

transition metal systems carry "spectator" ligands — ligands which are coordinated 

to the metal but are not directly involved in the reaction — in addition to the organic 

substrate of interest, and these allow for the fine tuning of reactivity, and an increase 

in the scope of the reaction. 

Finally, organometallic mechanisms are often complex and poorly 

understood, making both the prediction and the rationalization of the outcome of a 

reaction difficult. Frequently, there is a manifold of different reaction pathways of 

similar energy, and seemingly minor changes in the features of a reaction cause it to 

take an entirely unexpected course. By viewing this as an opportunity to develop 

new reaction chemistry rather than an obstacle to performing the desired reaction, 

progress can be made. 

1.2 Formalisms 

Every reaction presented in this book proceeds in the coordination sphere of 

a transition metal, and it is the precise electronic nature of the metal that determines 

the course and the outcome of the reaction. Thus, a very clear view of the nature of 

the metal is critical to an understanding of its reactivity. The main features of 

interest are (1) the oxidation state of the metal, (2) the number of d electrons on the 

metal in the oxidation state under consideration, (3) the coordination number of the 

metal, and (4) the availability (or lack thereof) of vacant coordination sites on the 

metal. The simple formalisms presented below permit the easy determination of each 

of these characteristics. A caveat, however, is in order. These formalisms are just 

that — formalisms — not reality, not the "truth", and in some cases, not even 

chemically reasonable. However, by placing the entire organic chemistry of transition 

metals within a single formalistic framework, an enormous amount of disparate 

chemistry can be systematized and organized, and a more nearly coherent view of 

the field is thus available. As long as it remains consistently clear that we are dealing 

with formalisms, exceptions will not cause problems. 

a. Oxidation State 

The oxidation state of a metal is defined as the charge left on the metal atom 

after all ligands have been removed in their normal, closed-shell, configuration — that 

is, with their electron pairs. The oxidation state is not a physical property of the metal, 

and it cannot be measured. It is a formalism which helps us in counting electrons, but 

no more. Typical examples are shown in Figure 1.1. (An alternative formalism, 

common in the older literature and still prevalent among Europeans, removes each 

covalent, anionic ligand as a neutral species with a single electron (homolytically), 

leaving the other electron on the metal. Although this results in a different formal 
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oxidation state for the metal, it leads to the same conclusions as to the total number 

of electrons in the bonding shell, and the degree of coordination saturation.) 

It must be emphasized that the chemical properties of the ligands are not 

always consonant with the oxidation state formalism. In metal hydrides, the hydride 

ligand is always formally considered to be H~, even though some transition metal 

"hydrides" are strong acids! Despite this, the formalism is still useful. 

M-CI :cr M-H :h- 

M-PPh3 M+ 
(0) 

:pph3 

<o> 

R 

M 
(0) 

H 

H 

Figure 1.1 Examples of Oxidation State Determination 

b. d-Electron Configuration, Coordination Saturation and the 18- 

Electron Rule 

Having assigned the oxidation state of the metal in a complex, the number of 

d electrons on the metal can easily be assessed by referring to the periodic table. 

Figure 1.2 presents the transition elements along with their ^-electron count. The 

transition series is formed by the systematic filling of the d orbitals. Note that these 

Group number 4 5 6 7 8 9 10 11 

First row 3d Ti V Cr Mn Fe Co Ni Cu 
Second row Ad Zr Nb Mo Tc Ru Rh Pd Ag 
Third row 5 d Hf Ta W Re Os Ir Pt Au 

0 4 5 6 7 8 9 10 
Oxidation 1 3 4 5 6 7 8 9 10 

state II 2 3 4 5 6 7 8 9 L dn 
III 1 2 3 4 5 6 7 8 
IV 0 1 2 3 4 5 6 7 

> 

Figure 1.2 d -Electron Configuration for the Transition Metals 

as a Function of Formal Oxidation State 

electron configurations differ from those presented in most elementary texts in which 

the 4s level is presumed to be lower in energy than the 3d, and is filled first. Although 

this is the case for the free atom in the elemental state, these two levels are quite close 
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in energy, and, for the complexes — which are not free metal atoms, but rather metals 

surrounded by ligands — discussed in this text, the assumption that the outer 

electrons are d electrons is a good approximation. By referring to the periodic table 

(or preferably, by remembering the positions of the transition metals) the rf-electron 

count for any transition metal in any oxidation state is easily found. 

The d-electron count is critical to an understanding of transition metal 

organometallic chemistry because of the 18-electron rule, which states "in 

mononuclear, diamagnetic complexes, the total number of electrons in the bonding 

shell (the sum of the metal d electrons plus those contributed by the ligands) never 

exceeds 18" (at least not for very long — see below). This 18-electron rule determines 

the maximum allowable number of ligands for any transition metal in any oxidation 

state. Compounds having the maximum allowable number of ligands — having 18 

electrons in the bonding shell — are said to be coordinatively saturated — that is, 

there are no remaining coordination sites on the metal. Complexes not having the 

maximum number of ligands allowed by the 18-electron rule are said to be 

coordinatively unsaturated — that is, they have vacant coordination sites. Since 

vacant sites are usually required for catalytic processes (the substrate must 

coordinate before it can react), the degree of coordination is central to many of the 

reactions presented below. 

c. Classes of Ligands 

The very large number of ligands that are involved in organotransition metal 

chemistry can be classified into three families: (1) formal anions, (2) formal neutrals, 

(3) formal cations. These families result from the oxidation state formalism requiring 

the removal of ligands in their closed-shell (with their pair(s) of electrons) state. 

Depending on the ligand, it can be either electron-donating or electron-withdrawing, 

and its specific nature has a profound effect on the reactivity of the metal center. 

Ligands with additional unsaturation may coordinate to more than one site, and 

thus contribute more than two electrons to the total electron count. Examples of each 

of these will be presented below, listed in approximate order of decreasing donor 

ability. 

Formal anionic ligands which act as two electron donors are: 

O 
II 

R - > Ar - > H- > RC(-) > halide - - CN~ 

These ligands fill one coordination site through one-point of attachment and are 

called "monohapto" ligands, designated as r| • The allyl group, C3H5~, can act as a 

monohapto (r|‘) two electron donor, or a trihapto (r|3) (jc-allyl) four electron donor 

(Figure 1.3). In the latter case, two coordination sites are filled, and all three carbons 

are bonded to the metal, but the ligand as a whole is still a formal mono anion. The 

cyclopentadienyl ligand, C5H5~, most commonly bonds in an refashion, filling three 
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coordination sites and acting as a six electron donor, although T|3 (four electrons, two 

site, equivalent to r)3-allyl) and T)1 coordinations are known. The cyclohexadienyl 

ligand, produced from nucleophilic attack on r|6-arene metal complexes (Chapter 

10), is almost invariably a six electron, mono-negative, r|5-ligand which fills three 

coordination sites. These ligands are illustrated in Figure 1.3. 

alkyl R 

aryl Ar 

■\ 

alkenyl 

R-M 

V 2e~ 

ally! t]1 2e~ 

4e- (tc) 

4e~ (o, rt) 

cyclopentadienyl 

^CD>> ti5 6e 

l 
M 

Figure 1.3 Bonding Modes for 

cyclohexadienyl 

Mononegative Anionic Ligands 

Formal neutral ligands abound, and they encompass not only important 

classes of "spectator" ligands — ligands such as phosphines and amines introduced 

to moderate the reactivity of the metal, but which are not directly involved in the 

reaction under consideration — but also ligands such as carbon monoxide, alkenes, 

alkynes, and arenes, which are often substrates (Figure 1.4). Ligands such as 

phosphines and amines are good a-donors in organometallic reactions, and increase 

the electron density at the metal, while ligands such as carbon monoxide, isonitriles, 

and olefins are 7U-acceptors, and decrease the electron density at the metal. The rea¬ 

son for this is presented in the next section. 

Formally cationic ligands are much less common, since species that bear a full 

formal positive charge and a lone pair of electrons are rare. The nitrosyl group is one 

of these, being a cationic two electron donor. It is often used as a spectator ligand, or 

to replace a carbon monoxide, to convert a neutral carbonyl complex to a cationic 

nitrosyl complex. 

With all of the above information in hand, it is now possible to consider 

virtually any transition metal complex, assign the oxidation state of the metal, 

assess the total number of electrons in the bonding shell, and decide if that complex 
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phosphine r3p-m V 2e~ carbonyl M-CO V 2e~ 

amine r3n-m V 2e~ carbene M=C„ 
R 

ri1 2e~ 

nitrile RCN-M v 2e~ alkene M | ti2 2e~ 

isonitrile RNC-M h1 2e~ alkyne M—| 
1 *12 2e~ 

diene Cj*'1 
r\4 4e~ cyclobutadiene 

<§ > Ti4 4e~ 

1 
M 

arene <g§> n6 6e~ cycloheptatriene c -V 
ti6 6e 

M 1 
M 

Figure 1.4 Bonding Modes for Neutral Ligands 

is coordinatively saturated or unsaturated. For example, the complex 

CpFe(CO)2(C3H7) is a stable, neutral species, containing two formally mononegative 

ligands, the n-propyl (C3H7) group, an r)1,2e~ donor ligand, and the Cp ligand, an T)3 

6e' donor ligand, and two neutral carbon monoxide ligands which contribute two 

electrons each. Since the overall complex is neutral, and has two mononegative 

ligands, the iron must have a formal 2+ charge, making it Fe11, d6. For an overall 

electron count, there are six electrons from the metal, a total of four from the two 

CO’s, two electrons from the propyl group and six electrons from the Cp group, for a 

grand total of 18e". Thus, this complex is an Fe11, d6, coordinatively saturated 

complex. Other examples, with explanatory comments, are given in Figure 1.5. 

The last example in Figure 1.5 illustrates one of the difficulties in the strict 

application of formalisms. Strictly speaking, this treatment of the 

cyclohexadienyliron tricarbonyl cation is the formally correct one, since the rules 

state that each ligand shall be removed in its closed shell form, making the 

cyclohexadienyl ligand a six electron donor anion. However, this particular complex 

is prepared by a hydride abstraction from the neutral cyclohexadieneiron tricarbonyl, 

making the assumption that the cyclohexadienyl ligand is four electron donor cation 

reasonable. Further, the cyclohexadienyl group in the complex is quite reactive 

towards nucleophilic attack (Chapter 7). The true situation is impossible to 

establish. In reality, the plus charge resides neither exclusively on the metal, as the 

first, formally correct, treatment would assume, nor completely on the 

cyclohexadienyl ligand from which the hydride was abstracted, but rather is 

distributed throughout the entire metal-ligand array. Thus neither treatment 

represents the true situation, while both treatments come to the conclusion that the 

complex is an 18e~ saturated complex. The power of the formalistic treatment is that 
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I 
Fe 

CO 
oc'^e's^v' 

/ 
H 

Zr 
'Cl 

6e~, -1 charge 

2e“, -1 charge 

2 CO's 2e~ each, no charge 

no net charge on complex (neutral) 

6e_, -1 charge 

OC'f'll 
CO 

= 2e~, no charge f 

2 CO's 2e_ each, no charge 

Complex is neutral; 2x -1 charged ligands 

Fe", d6 (Fe2+) 

electron count d6 = 6e_;/\^1’ 2e“ 

Cp = 6e~; 2 CO = 4e~ 

18e~ saturated 

Complex is +1; one -1 charged ligand 

Fe", again d 6 (Fe2+) 

electron count d6 = 6e"; == = 2e~ 

Cp = 6e~ 2 x CO = 4e_ 

18e saturated 

2 x 6e~, -1 charge each 

= 2e“, -1 charge 

2 CO's 2e~, -1 charge 

Complex is neutral; 4 x -1 charged ligands 

* Zrlv, d6 (Zr4+) 

electron count 0 d's; 12e_ from 2 Cp 

2e_ from H- 2e_ from Cl- 

16e_ unsaturated 

Ph3P\ /pph3 
/RhC 

Ph3P/ Cl 

cr 2e , -1 charge 

3 x PPh3 2e“ each, no charge 

(Wilkinson's Complex - active hydrogenation catalyst) 

Complex is neutral; one -1 charged ligand 

* Rh1, d8 (Rh1+) 

electron count d8 = 8e~; 3x2 PPh3 = 6e_ 

2e from Cl" 

16e_ unsaturated 

CO^ 

oc^ 
oc'l ch3 

CO 

PCH3 /on3 

5 x CO 2e~ each, no charge 

PH. 
:c^ 2e~, no charge 

OCH3 

Complex is neutral; no charged ligands 

> Cr°, d6 

electron count d 6 = 6e_ 10e- from 

5 CO's; 2e~ from *C, 
/ 
\ 

18e saturated 

Figure 1.5 Electron Counting, Oxidation State 

(icontinued on next page) 
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I 

oc^co 
CO 

3 x CO 

6e , no charge 

2e“ each, no charge 

Complex is neutral; no charged ligands 

► Cr°, d6 

electron count d 6 = 6e“ [T^j = 6e~ 

3 x CO = 6e" 

18e_ saturated 

<KCi>d)> ai|y (( 

For each Pd 

4e", -1 charge 

<(<>)> 

allyl 

Cl- 2e_, -1 charge 

Cl —> 2e_, no charge 

bridging by lone pairs on Cl 

each Cl acts as a 2e', mono negative ligand 

to one of the Pd's, and a 2e_ neutral donor 

ligand (like phosphine) to the other 

Complex is neutral; two -1 ligands 

.-. Pd", dQ (Pd2*) 

electron count d8 = 8e_; 

allyl = 4e", 2 Cl's = 4e~ 

16e_ unsaturated 

Fe(CO)3 

6e , -1 charge 

3 x CO 2e_ each, no charge 

Complex is +1 charged, one -1 ligand 

Fe", de (Fe2+) 

electron count d = 6e 

Figure 1.5 Electron Counting, Oxidation State 

(continued from preceding page) 

3 x CO = 6e 

cyclohexadienyl = 6e 

18e_ saturated 

it is consistent, and does not require a knowledge of how the complex is synthesized 

or how it reacts. As long as formalisms are not taken as a serious representation of 

reality, but rather treated as a convenient way of organizing and unifying a vast 

amount of information, they will be useful. To quote Roald Hoffmann "Formalisms 

are convenient fictions which contain a piece of the truth . . . and it is so sad that 

people spend a lot of time arguing about the deductions they draw . . . from 

formalisms without worrying about their underlying assumptions."1 

1.3 Bonding Considerations2 

The transition series is formed by the systematic filling of the d shell which, in 

complexes, is of lower energy than the next s, p level. Thus, transition metals have 

partially filled d orbitals, and vacant s and p orbitals. In contrast, most of the 

8 • Transition Metals in the Synthesis of Complex Organic Molecules 



ligands have filled "spn” hybrid orbitals, and, for unsaturated organic ligands, vacant 

anti-bonding n* orbitals. The d orbitals on the metal have the same symmetry and 

similar energy as the antibonding 71* orbitals of the unsaturated ligands (Figure 1.6). 

Transition metals participate in two types of bonding, often simultaneously. (5-Donor 

bonds are formed by the overlap of filled spn hybrid orbitals on the ligand 

(±X3 

GXD 
d-orbitals n* orbital 

Figure 1.6 Symmetry of d Orbitals and 7t* Orbitals 

(including 7t-bonding orbitals of unsaturated hydrocarbons) with vacant "dsp" 

hybrid orbitals on the metal. Ligands which are primarily a-donors, such as R3P, 

R3N, H~, and R“, increase the electron density on the metal. Unsaturated organic 

ligands, such as alkenes, alkynes, arenes, carbon monoxide and isonitriles, which 

have 7C*-antibonding orbitals, bond somewhat differently. They, too, form o-donor 

bonds by overlap of their filled 7t-bonding orbitals with the vacant "dsp" hybrid 

orbitals of the metal. In addition, filled d orbitals of the metal can overlap with the 

vacant 7i*-antibonding orbital of the ligand, back donating electron density from the 

metal to the ligand (Figure 1.7). Thus, unsaturated organic ligands can act as 71- 

acceptors or 7r-acids, decreasing electron density on the metal. Because of these two 

modes of bonding — o-donation and 7t-accepting “back bonding" — metals can act 

Organic 71-bond as a a-donor 

©M <C+) 

Organic n*-orbital as 7t-acceptor 

GX3 

~~ex±) 
M 

vacant 
"dsp" filled n 

Figure 1.7 

filled d vacant 7c* 

back donation / back bonding 

Details of 71-Bonding 

as an electron sink for ligands, either supplying or accepting electron density. As a 

consequence, the electron density on the metal, and hence its reactivity, can be 

modulated by varying the ligands around the metal. This offers a major method for 

fine-tuning the reactivity of organometallic reagents. 

There are two modes of 71-back bonding and two types of 71-acceptor ligands: 

(1) longitudinal acceptors, such as carbon monoxide, isonitriles and linear nitrosyls, 

and (2) perpendicular acceptors, such as alkenes and alkynes (Figure 1.8). 

There is ample physical evidence for 71-back bonding with good ^-acceptor 

ligands. Carbon monoxide, which always acts as an acceptor, experiences a 

lengthening of the CO bond and a decrease in CO stretching frequency in the infrared 
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dorbital tc* orbital 
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7t* orbital 
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orbital serving 
as o donor 

Figure 1.8 Types of ^-Acceptors 

spectrum upon complexation, both indications of the population of a n* orbital on 

CO, decreasing the CO bond order. The situation is a little more complex with 

olefins. With electrophilic metals, such a Pd2+ or Pt2+, olefins are primarily a-donor 

ligands, and the C=C bond length in such complexes is virtually the same as for the 

free olefin. With electron-rich metals, such as Pd(0), substantial back bonding 

results, the olefin C-C bond is lengthened, and the hybridization at the olefinic 

carbons changes towards sp3. The degree of rc-back bonding has a serious 

effect on the reactivity of 7i-acceptor ligands. Organometallic processes involving 

reactions of 7i-acceptor ligands are the next topic for consideration. 

1.4 Structural Considerations 

Although the focus of this book is the reactivity of metal-bound ligands, it is 

important to appreciate the geometries adopted by organometallic complexes. For 

18-electron (saturated) complexes these geometries are determined by steric factors, 

such that four coordinate complexes such as Ni(CO)4 and Pd(PPh3)4, are tetrahedral, 

five coordinate complexes such as Fe(CO)5 and (diene)Fe(CO)3, are trigonal 

bipyramidal, and six coordinate complexes such as Cr(CO)6, Irm complexes, and Rhm 

complexes, are octahedral. 

In contrast, the d8 complexes of Pd11, Ptn, Ir1, and Rh1 find it energetically 

favorable to form square planar, four coordinate unsaturated 16e" complexes. The 

planar geometry makes the d x2-y2 orbital so high in energy that it remains 

unoccupied in stable complexes, but enables such complexes to undergo facile ligand 

substitution by an associative mechanism. This, and other mechanistic 

considerations are the topic of the next chapter. 

10 • Transition Metals in the Synthesis of Complex Organic Molecules 



References 

1. Sailland, J-V.; Hoffmann, R. /. Am. Chem. Soc. 1984,106, 2006. 
2. For a more rigorous treatment of bonding see: Collman, J.P.; Hegedus, L.S.; Finke, R.O.; Norton, J.R. 

Principles and Applications of Organotransition Metal Chemistry. University Science Books, Mill 
Valley, CA, 1987, pp. 21-56. 

11 





CHAPTER 2 

Organometallic Reaction 

Mechanisms 

2.1 Introduction 

The focus of this entire book is the organic chemistry of organometallic 

complexes, and the effect coordination to a transition metal has on the reactivity of 

organic substrates. In transition metal catalyzed reactions of organic substrates, it is 

the chemistry of the metal that determines the course of the reaction, and a 

rudimentary understanding of the mechanisms by which transition metal 

organometallic complexes react is critical to the rational use of transition metals in 

organic synthesis. 

Mechanistic organometallic chemistry is both more complex and less 

developed than mechanistic organic chemistry, although many parallels exist. The 

organic chemist's reliance on "arrow pushing" to rationalize the course of a reaction 

is equally valid with organometallic processes, provided the appropriate rules are 

followed. Some organometallic mechanisms are understood in exquisite detail, while 

others are not understood at all. The field is very active, and new insights abound. 

However, this book will treat the topic only at a level required to permit the planning 

and execution of organometallic processes, and to facilitate the understanding of the 

literature in the field. More specialized treatises should be consulted for a more 

thorough treatment.1 

2.2 Ligand Substitution Processes 

Ligand substitution (exchange) processes (Eq. 2.1) are central to virtually all 

organometallic reactions of significance for organic synthesis. For catalytic processes, 

Eq. 2.1 

M-L + L' --- M-L' + L 

13 



it is common that a stable catalyst precursor must lose a ligand, coordinate the 

substrate, promote whatever reaction is being catalyzed and then release the 

substrate. Three of the four steps are ligand exchange processes. In other instances, it 

may be necessary to replace an innocent (spectator) ligand in an organometallic 

complex to adjust the reactivity of a coordinated substrate (Eq. 2.2) or to stabilize 

an unstable intermediate for isolation or mechanistic studies (Eq. 2.3). Thus, a 

fundamental understanding of ligand exchange processes is central to the utilization 

of organometallic complexes in synthesis. 

Eq. 2.2 

EtoN 
/ 
.a 

Pd 
/ \ 

a NEt3 

EtsN 
/Eta 

Pd 
/ \ 

Cl NEt3 

or 

unreactive toward 
nucleophiles 

reactive toward 
nucleophiles 

Eq. 2.3 

PPh- 
((NIC 

Br 

PPh 3 

requires HCI/HNQ3 unstable requires HNO3 
for oxidation to air for oxidation 

Ligand exchange processes at metal centers share many characteristics with 

organic nucleophilic displacement reactions at carbon centers, in that the outgoing 

ligand departs with its pair of electrons, while the incoming ligand attacks the metal 

with its pair of electrons. An obvious difference is that metals can have coordination 

numbers larger than four, and stable, coordinatively unsaturated metal complexes 

are common. Thus, the details of ligand exchange are somewhat different, and more 

varied, than typical organic nucleophilic displacement reactions. However ligand 

substitution processes can be classified in much the same way as organic 

nucleophilic displacement reactions, and can involve either two-electron or one- 

electron processes, in associative (SN2-like) or dissociative (SNl-like) reactions 

(Figure 2.1). 

By far the most extensively studied ligand exchange reactions are those of 

coordinatively unsaturated, 16 electron, d8, square planar complexes of Nin, Pdn, Ptn, 

Rh1 and Ir1. These typically involve two-electron, associative processes, which 

resemble SN2 reactions, but with some differences. The platinum system shown in Eq. 

2.4 is typical.2 Because the metal is coordinatively unsaturated, apical attack at the 

vacant site occurs, producing a square pyramidal, saturated intermediate. This 

rearranges via a trigonal bipyramidal intermediate (analogous to the transition state 

in organic SN2 reactions) to the square pyramidal intermediate with the leaving group 

axial; the leaving group then leaves. The rate is second order, and depends upon the 
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sq. py. 

> *t Lc 

Eq. 2.4 

metal, in the order Ni > Pd » Pt, with a range of ~106. This is thought to reflect the 

relative abilities of the metals to form five-coordinate, 18-electron intermediates. As 

a consequence of this rate difference, if a reaction depends on ligand exchange, 

platinum-catalyzed processes may be too slow to be synthetically useful. The rate 

also depends on the incoming ligand, Y, in the order R3P > Py > NH3, CT > HzO > 

OH-, spanning a range of ~105. Further the rate depends on the leaving group X, in 

the order N03~ > HzO > Cl" > Br" > I" > N3" > SCN" > N02" > CN". The rate depends 

on the ligand trans to the ligand being displaced, in the order R3Si~ > H" = CH3“ ~ CN" 

- olefins ~ CO > PR3 - NO," -I" - SCN" > Br" > CT > RNH2 - NH3 > OH" > N03" ~ 

H20. A practical consequence of this "trans effect" is the ability to activate ligand 

exchange by replacing the ligand trans to the one to be displaced. 

In contrast, 18-electron saturated systems undergo ligand exchange reactions 

much more slowly, and then by a dissociative, SNl-like process. That is, a 

coordination site must be vacated before ligand exchange can occur. Typical 

complexes which undergo ligand exchange by this process are the saturated metal 
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carbonyl complexes, such as Ni(CO)4 (M°, dw, saturated), Fe(CO)5 (M°, d8, 

saturated) and Cr(CO)6 (M°, d6, saturated). Nickel tetracarbonyl is the most labile 

and most reactive toward ligand exchange (Eq. 2.5). The rate of exchange is first 

order, and proportional to the concentration of nickel carbonyl. With ligands other 

Ni(CO)4 ■■ Ni(CO)3 + CO -► LNi(CO)3 
fast 

tetrahedral 
labile 

Rate a [Ni(CO)4] - 1 st order 

than CO, the rate of ligand exchange can be accelerated by bulky ligands, since loss 

of one ligand leads to release of steric strain. This is best illustrated by the nickel(O) 

(tetrakis)phosphine complexes seen in Table 2.1. A measure of the bulk of a 

phosphine is its "cone angle" (Figure 2.2).3 As the size of the phosphine increases, 

the equilibrium constant for loss of a ligand changes by more than 1010. A practical 

consequence is that, in catalytic processes involving loss of a phosphine ligand, 

reactivity can be "fine tuned" by alteration of the phosphine ligand. 

Table 2.1 Ligand Dissociation as a Function of Phosphine Cone Angles 

1 Kd \ 
.Ni - - -: Ni—L + L 
L’l/ \ PhH 25° l/ 

L = P(OEt)3 P(0-p- tolyl)3 P(0-/Pr)3 P(0-o-tolyl)3 PPh3 

Cone angle 109° 128° 130° 141° 145° 

Kd <10'10 6 x 10-10 2.7 x 10’5 4 x 10'2 No NiL. 
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In contrast to nickel tetracarbonyl, iron pentacarbonyl (trigonal bipyramidal) 

and chromium hexacarbonyl (octahedral) are not labile, and are quite inert to ligand 

substitution, and either heat, sonication, or irradiation (light) is required to affect 

ligand substitution in these systems. Carbon monoxide displacement in these 

substitutionally inert complexes can also be chemically promoted. Tertiary amine 

oxides irreversibly oxidize metal-bound carbon monoxide to carbon dioxide, which 

readily dissociates. Since amines are not strong ligands for metals in low oxidation 

states, a coordination site is opened (Eq. 2.6).4 Amine oxides are not particularly 
powerful oxidants for organic compounds, and have been used to remove metal 

carbonyl fragments — by "chewing off" the CO's—from organic ligands reluctant to 

Eq. 2.6 
o 

<-> II r+ 
(CO) 4Fe—C—O—N R3 

LFe(CO)4 - Fe(CO)4 + C02 + FI3N 

fast 

leave on their own. This has been used extensively in organic synthetic applications 

of cationic dienyliron carbonyl complexes (Chapter 7). Tributylphosphine oxide can 

catalyze CO exchange, presumably by a similar mechanism (Eq. 2.7),5 although in this 
case the strength of the P-O bond prevents fragmentation and oxidation 

of CO. 

(CO)4Fe— C=0 —► (CO)4Fe=C=0 + R3N—O- —► 

Fe(CO)5 + R3PO 

O 
H II 

(CO)4Fe—C—O—P R3 

strong P-O bond 

L 
LFe(CO)4 -- Fe(CO)4 + CO + R3PO 

Eq. 2.7 

Ligand exchanges can also be promoted by one-electron oxidation or 
reduction of 18e” systems, transiently generating the much more labile 17e~ or 19e“ 

systems. However, to date these processes have found little application in the use of 

transition metals in organic synthesis. 
Not all 18e” complexes undergo ligand substitution by a dissociative 

mechanism. In these cases, an exchange phenomenon called "slippage" is important. 

Ligands such as ri3-allyl, r|5-cyclopentadienyl, and q6-arene normally fill multiple 

coordination sites. However, even in saturated compounds, they can open 

coordination sites on the metal by "slipping" to a lower hapticity (coordination 

number). This is illustrated in Figure 2.3. This "slippage" can account for a number 
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Figure 2.3 Slippage in Polyhapto Complexes 

of otherwise difficult to explain observations, including apparent associative SN2- 

like ligand exchange with coordinatively saturated complexes (for example, Eq. 2.8). 

With arene complexes in particular, the first step (ri6 —> q4) requires the most energy, 

since aromaticity is disrupted. With fused arene ligands such as naphthalene or 

indene, this step is easier, and rate enhancements of 103-108 have been observed. 

Eq. 2.8 

I 
Mn(CO)3 

\ 
Mn(CO)3 L,Mn(CO)3 

LMn(CO)2 

M(l), de, 18e , sat. M(l), d6, 16e , unsat. isolated 

2.3 Oxidative Addition/Reductive Elimination6 

Oxidative addition/reductive elimination processes are central to a vast 
array of synthetically useful organometallic reactions (e.g., the "Heck" reaction. 

Chapter 4), and occur because of the ability of transition metals to exist in several 

different oxidation states, in contrast to nontransition metal compounds, which 

usually have closed shell configurations. In fact, it is this facile shuttling between 

oxidation states that makes transition metals so useful in organic synthesis. The 
terms oxidative addition and reductive elimination are generic, describing an overall 

transformation but not the specific mechanism by which that transformation occurs. 

There are many mechanisms for oxidative addition, some of which are presented 
below. The general transformation is described in Eq. 2.9. 
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Eq. 2.9 

often 
polar 

usually low-valent 
(n = 0,1), nucleophilic 
coord, unsat. 

metal is 
formally 
oxidized 

ox. add. 
B 
| n+2 

A Mn + A- -B 
1 
V 

red. el. 

strong ^ £ bonds 
M-B 

coordinatively saturated 

A coordinatively unsaturated transition metal, usually in a low (0, +1) 

oxidation state and hence relatively electron rich and nucleophilic, undergoes 

reaction with some substrate A-B, to form a new complex A-M-B in which the 

metal has formally inserted into the A-B bond. Because of the oxidation state 

formalism, which demands each ligand be removed with its pair of electrons 

(although A and B really contribute only one electron each to A-M-B), the metal is 

formally oxidized in the A-M-B adduct. Since the "oxidant" A-B has added to the 

metal, the process is termed "oxidative addition." In general, ligands such as R3P, RT 

and H“, which are good o-donors and increase the electron density at the metal, 

facilitate oxidative addition, whereas ligands such as CO, CN' and olefins, which 

are good 7i-acceptors and decrease electron density at the metal, suppress oxidative 

addition. The reverse of oxidative addition is reductive elimination, and both the 

transformation and terminology are obvious. Oxidative addition-reductive 

elimination processes are central to the use of transition metals in organic synthesis 

because one need not reductively eliminate the same two groups that were oxidatively 
added to the metal. This is the basis of a very large number of cross-coupling reactions 

(Chapter 4). 

The most commonly-encountered systems are Ni°, Pd° —> Nin, Pdn (d10 —> d8) 

and Rh1, Ir1 —> Rhra, Ir111 (d8 —> d6). The most extensively-studied system and the one 

that contributed heavily to the development of many of the formalisms presented 

above is Vaska's compound, the lemon yellow, Ir1, d8, 16 electron, coordinatively 

unsaturated complex which undergoes oxidative addition with a wide array of sub¬ 

strates to form stable Irm, d6, 18 electron saturated complexes (Eq. 2.10). 

Ph3P\ /CO 

cK Ns‘ pph3 
A-B 

Ir1, d8, 16e , unsat. 

Vaska's compound 

A 
Ph3P- I .CO 

Cl^l^PPha 

B (°r c/s) 

Ir111, d 6,18e“, sat. 

Eq. 2.10 
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The range of addenda that participate in oxidative addition reactions to 

transition metal complexes is large, and contains many members useful in organic 

synthesis. There are three general classes of addend: polar electrophiles, nonpolar 

substrates and multiple bonds (Figure 2.4). Note that many of these result in the 

formation of metal-hydrogen and metal-carbon bonds, and in the "activation" of a 

range of organic substrates. 

a. Polar electrophiles: X2, HX, R-X, RC-X, RSO 2-X 

O 
II 

b. Nonpolar: Hg, R3Si-H, RC-H, R-H, Ar-H 

c. Multiple bonds (A-B stays connected): Q2 , S2, 

R-C=C-R 
M 

A 

Figure 2.4 Classes of Substrates for Oxidative Addition Reactions 

There are several documented mechanisms for oxidative addition, and the 

one followed depends heavily on the nature of the reacting partners. They include (1) 

concerted, associative, one step "insertions" into A-B by M, (2) ionic, associative, 

two step Sn2 reactions, and (3) electron-transfer - radical chain mechanisms. 

Concerted oxidative additions are best known for nonpolar substrates, 

particularly the oxidative addition of H2 (central to catalytic hydrogenation), and 

oxidative addition into C-H bonds (hydrocarbon activation). The process is thought 

to involve prior coordination of the H-H or C-H bond to the metal in an "agostic" 

(formally a two electron, three center bond) fashion, followed by cis insertion (Eq. 

2.11). This idea is supported by the isolation of molecular hydrogen 

Eq. 2.11 
(C) (C) (C) 

H M 
M—I -- M_ , -► M 

H 'H "'H 

“agostic” 

complexes of, for example, tungsten (Eq. 2.12)7 in which just this sort of bonding is 

observed. This same process is likely but not yet demonstrated for oxidative 

addition of M° dw complexes with sp2 halides, a process that goes with retention of 

stereochemistry at the olefin (Eq. 2.13). 

Oxidative addition via SN2-type processes is most often observed with 

strongly nucleophilic, low-valent metals and classic SN2 substrates such as primary 
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L 2W(CO)3 + H2 
OC„ 

OC 
L H 

UPd L + L3Pd - 

Ph^Br 

L^Pd; 

Ph 

Eq. 2.13 

Ph 

and secondary organic halides and tosylates. An early example is shown in Eq. 

2.14,8 and its features are typical of metals which react by SN2-type processes. The 

rate law is second order, first order metal and first order in substrate, and polar sol- 

lr. + CH3X 
slow 

LX XCO 

ch3 
\I,,L 

lr 
L-'\0 

fast 

CH3 
Y',. I .,L 

Jr- 
L 

X 
i co 

(lr1, d8, 16e") (lr111, d6,18e~ 

X = 1 > Br > C! 

L = E^P > Et2PPh > EtPPfi2 > PPh3 (30 fold rate difference) 

Eq. 2.14 

vents accelerate the reaction, as expected for polar intermediates. The order of 

substrate reactivity is I > Br > Cl as expected for SN2-type reactions. The rate is also 

dependent on the nature of the spectator phosphine ligands, and, in general, 

increases with increasing basicity (ability to donate electrons to the metal) of the 

phosphine. This is an important observation, since it confirms the claim that 

reactivity of transition metal complexes can be "fine tuned" by changing the nature 

of the spectator ligands. This feature is exceptionally valuable when using transition 

metals in complex total synthesis, since the inherent specificity of organometallic 

reactions can be applied over a wide range of substrates. 

A synthetically more useful complex that reacts by an SN2-type mechanism is 

Collman's reagent, Na2Fe(CO)4 (Eq. 2.15).9 This very potent nucleophile is prepared 

by reducing the Fe° complex Fe(CO)5 with sodium-benzophenone ketyl to produce 

the Fe2' complex. This is an unusually low oxidation state for iron, but, because 

carbon monoxide ligands are powerful Tc-acceptors and strongly electron- 

withdrawing, they stabilize negative charge, and highly reduced metal carbonyl 

complexes are common. The reaction of this complex with halides has all the 

features common to SN2 chemistry (Eq. 2.15), and the SN2 mechanism is the most 
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likely pathway for the reaction of d8-d10 transition metal complexes with 1°, 2°, 

allylic and benzylic halides. 

Eq. 2.15 
Na2Fe(CO)4 + RX-- [RFe(CO)4]Na + NaX 

Rate oc [RX][Fe(CO)42_] for RX 1 ° > 2° X = I > Br > OTs > Cl 

Stereochemistry at carbon - clean inversion 

However, in many cases there is a competing radical-chain process which can 

affect the same overall transformation, but by a completely different mechanism. For 

example, Vaska's complex (Eq. 2.14) is unreactive towards organic bromides and 

even 2° iodides when the reaction is carried out with the strict exclusion of air. 

However, traces of air or addition of radical initiators promotes a smooth reaction 

with these substrates, via a radical-chain mechanism (Eq. 2.16).10 In this case, racem- 

ization is observed, as expected. The existence of an accessible radical-chain 

mechanism for oxidative addition explains the empirical observation that traces of 

air sometimes promote the reaction of complexes which normally require strict exclu- 

Eq. 2.16 
hv or 

FK -► R» initiation 

•O2R 

R* + L2lrl(CO)CI -► Lalr^RKCOJCI 

t_, 
1 

L2lr"(R)(CO)CI + RX -► L2lrlll(R)(CO)(CI)X + R« 

sion of air, and serves as a warning that the mechanism by which a reaction 

proceeds may be a function of the care with which it is carried out. 

A more synthetically-useful example of a radical-chain oxidative addition is 

the nickel catalyzed coupling of aryl halides to biaryls, which was originally thought 

to proceed by two sequential two-electron oxidative additions. However, careful 

studies showed this was not the case. Rather, a complicated radical-chain process 

involving Ni1 —» Nim oxidative additions is the true course of the reaction (Eq. 2.17).11 

Reductive elimination is the reverse of oxidative addition and is usually the 

last step of many catalytic processes. It is exceptionally important for organic 

synthetic applications because it is the major way in which transition metals are used to 

make carbon-carbon and carbon-hydrogen bonds! In spite of its importance, reductive 

elimination has not been extensively studied. It is known that the groups to be 

eliminated must occupy cis positions on the metal, or must rearrange to cis if they are 

trans (Eq. 2.18).12 Reductive elimination can be promoted. Anything which reduces 

the electron density at the metal facilitates reductive elimination. This can be as 
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LnNi + ArX 

Eq. 2.17 

ArAr + NiX2 

Ni° + ArX Ar—NiX" 
ArX 

Ar 

Ar—Nilv—X Ar-Ar 

actually a radical chain 

r 2e 

ArX + L3NI° - -- Ar—Ni11—X 
ox. add. I 

original (incorrect) mechanism 

I 

initiation < 
L2NiMAr + ArX 

[ArNi,MXL2]+[ArX]- 

e transfer 
[ArNimXL2]lArX]- 

Ni'X 

V 

„ e transfer • • 
or LnNi° + ArX -- [LnNi+] [ArX]"' Ni'X + Ar» 

Ni'X + ArX ArNiIMX, 

chain •{ ArNi"'X2 + ArNi"X-- Ar2NimX + Ni"X2 

Ar2NimX -► ArAr + Ni'X - 

simple as the dissociation of a ligand, either spontaneously or by the application of 

heat or light. Both chemical and electrochemical oxidation promotes reductive 

elimination (although oxidatively-driven reductive elimination sounds like an 

oxymoron). Of practical use is the observation that the addition of strong Ti-acceptor 

ligands, such as carbon monoxide, maleic anhydride, quinones or tetracyanoethylene, 

promotes reductive elimination. 
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2.4 Migratory Insertion/p-Hydride Elimination 

The third organometallic mechanism of interest for organic synthesis is the 

process of migratory insertion (Eq. 2.19), in which an unsaturated ligand — usually 

CO, RNC, olefins, or alkynes — formally inserts into an adjacent (cis) metal-ligand 

Eq. 2.19 
X L 

I L I 
M-Y ■ M-Y-X . M-Y-X 

Y = CO, RNC, C=C, ChC X = H, R, etc. 

bond. When this adjacent ligand is hydride, or o-alkyl, the process forms a new 

carbon-hydrogen or carbon-carbon bond, and in the case of alkenes, a new metal- 

carbon bond. The term "insertion" is somewhat misleading, in that the process 

actually proceeds by migration of the adjacent ligand to the metal-bound 

unsaturated species, generating a vacant site. Insertions are usually reversible. If the 

migrating group has stereochemistry, it is usually retained in both the insertion step 

and the reverse. 

The insertion of carbon monoxide into a metal-carbon o-bond is one of the 

most important processes for organic synthesis because it permits the direct 

introduction of molecular carbon monoxide into organic substrates, to produce 

aldehydes, ketones, and carboxylic acid derivatives. The reverse process is also 

important, as it allows for the decarbonylation of aldehydes to alkanes and acid 

halides to halides. 

The general process of CO insertion, shown in Eq. 2.20, involves reversible 

migration of an R group to a cis bound CO, as the rate determining step. The vacant 

site generated by this migration is then filled by some external ligand present. 

Eq. 2.20 
M M-L 

Similarly, the reverse process requires a vacant coordination site cis to the acyl 

ligand. Both the migratory insertion and the reverse deinsertion occur with retention 

of configuration of the migrating group and of the metal, if the metal center is chiral. 

The migratory aptitude is: Et > Me > PhCH2 > q1 allyl > vinyl > aryl, ROCH2 > 

propargyl > HOCH2. Hydride (H), CH3CO, and CF3 usually do not migrate, and 

heteroatoms such as RO~ and R2N~ rarely migrate. Lewis acids often accelerate CO 

insertion reactions, as does oxidation, although in this case the metal acyl species 

often continues to react, and is oxidatively cleaved from the metal. 

Alkenes also readily insert into metal-hydrogen bonds (a key step in catalytic 

hydrogenation of olefins) and metal-carbon o-bonds, resulting in alkylation of the 
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olefin (Eq. 2.21). The reverse of hydride insertion is (3-hydrogen elimination, a very 

common pathway for decomposition of o-alkylmetal complexes. Olefin insertions 

share many features. The olefin must be coordinated to the metal prior to insertion, 

and must be cis to the migrating hydride or alkyl group. The migration generates a 

vacant site on the metal, and for the reverse process, (3-hydride elimination ((3-alkyl 

Eq. 2.21 

fJjZTlI _— insertion 
| J) — cis 

R (i-elim. 
(H) ^ 

cis 

elimination does not occur) a vacant cis site on the metal is required. Both the metal 

and the migrating group add to the same face of the olefin. When an alkyl group 

migrates, its stereochemistry is maintained. A rough order of migrating aptitude is: H 

» R, vinyl, aryl > RCO >> RO, R2N. Again, heteroatom groups migrate only with 

difficulty, since the extra lone pair(s) on these ligands can form multiple bonds to the 

metal (Eq. 2.22). 

Eq. 2.22 

M—6* —► M=c>' —► MEO-R 
*\ x 

R R 

R 
„• f 

M—N 
\ 
R 

R 
/ 

R 

Alkynes also insert into metal-hydrogen and metal-carbon bonds, again with 

cis stereochemistry and with retention at the migrating center (Eq. 2.23). This has 

been less studied, and is complicated by the fact that alkynes often insert into the 

product o-vinyl complex, resulting in oligomerization. 

CIS 

(H)R 
“) 

Eq. 2.23 

2.5 Nucleophilic Attack on Ligands Coordinated to Transition Metals 

The reaction of nucleophiles with coordinated, unsaturated organic ligands is 

one of the most useful processes for organic synthesis.13 Unsaturated organic 

compounds such as carbon monoxide, alkenes, alkynes and arenes are electron rich, 

and are usually quite unreactive towards nucleophiles. However, complexation to 

electron-deficient metals inverts their normal reactivity, making them generally 
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subject to nucleophilic attack, and opening up entirely new synthetic 

transformations. The more electron deficient a metal center is, the more reactive 

towards nucleophiles its associated ligands become. Thus, cationic complexes and 

complexes having strong 7i-accepting spectator ligands such as carbon monoxide are 

especially reactive in these processes. 

Metal-bound carbon monoxide is generally reactive towards nucleophiles, 

providing a major route for the incorporation of carbonyl groups into organic 

substrates. Neutral metal carbonyls usually require strong nucleophiles such as 

organolithium reagents, and the reaction (a) produces anionic metal acyl complexes 

(acyl "ate" complexes) (Eq. 2.24). (For the purposes of electron bookkeeping, the 

resonance structure denoting both the o-donor bond and the ^-acceptor bond in 

metal-bound CO's is used. CO is still a formal two-electron donor ligand.) Many of 

these acyl "ate" complexes are quite stable and can be isolated and manipulated. 

Eq. 2.24 

LnM=C=0 RLi 
(a) 

Ln usually a good 
rc-acceptor, e.g. CO 

LpM-C-R - 

(b) 

O 
II 

M-C-R 
I 

E 

(Chapter 6) -— 

(c) red. 
elim. 

OE 
| E+ 

Cr 
1 RC-E 

LnM=C-R LnM=C-R II 
O 

(d) 
metal carbene 

ketones 
aldehydes 
acid derivatives 

Electrophiles can react at the metal (b) (analogous to C-alkylation of an enolate) 

giving a neutral acyl/electrophile complex, which can undergo reductive elimination 

(c) to produce ketones, aldehydes, or carboxylic acid derivatives. Alternatively, 

reaction of electrophiles at oxygen (d) (analogous to O-alkylation of an enolate) 

produces heteroatom-stabilized carbene complexes, which have a very rich organic 

chemistry in their own right (Chapter 6). The site of electrophilic attack depends 

both on the metal and the electrophile. Hard electrophiles such as R30+BF4~, ROTf 

and R0S02F undergo reaction at oxygen,14 while softer electrophiles undergo reaction 

at the metal.15 

Alkoxides and amines attack metal carbonyls, particularly the more reactive 

cationic ones (Eq. 2.25), to produce alkoxycarbonyl or carbamoyl complexes,16 

Eq. 2.25 

LnM=C=0 + RCT 
(+) 

alkene, alkyne insertion 
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species which are involved in a variety of metal-assisted carbonylation reactions via 

insertion into the metal-acyl carbon bond. 

Hydroxide ion attacks metal carbonyls to produce (normally) unstable metal 

carboxylic acids, which usually decompose to anionic metal hydrides and carbon 
dioxide17 (Eq. 2.26). 

LnM=C=0 

Eq. 2.26 

LMH + COo 
(-) 

Electrophilic carbene complexes undergo nucleophilic attack at the carbene 

carbon, resulting in either heteroatom exchange (Eq. 2.27)14 or the formation of stable 

adducts (Eq. 2.28).18 

Nuc 
(CO)5Cr=< 

R 

I OMe 
OC —Fe=( 

do H 
CH3Li 

Eq. 2.27 

Eq. 2.28 

Nucleophilic cleavage of metal carbon o-bonds is another process of interest 

in organic synthesis, since it is frequently involved in freeing an organic substrate 

from the metal. Many metal-acyl complexes undergo direct cleavage by alcohols or 

amines, a key step in many metal-catalyzed acylation reactions (Eq. 2.29).19 Others 

Eq. 2.29 

► ArC—OR + L2Pd + HX 

are more stable and require an oxidative cleavage (Eq. 2.30).20 o-Alkyliron complexes 

undergo oxidative cleavage, and this process has been studied in some detail (Eq. 

2.31).21 Oxidation of the metal makes it a better leaving group, and promotes 

displacement with clean inversion. 
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Eq. 2.30 

Br 

Another nucleophilic reaction of some consequence to organic synthesis is the 

self exchange reaction. Oxidative addition of organic halides to low-valent metals is 

known to go with inversion of configuration at carbon. However, occasionally 

racemization or partial racemization is observed. This is thought to result from 

nucleophilic displacement of the metal(II) in the o-alkyl complex by the nucleophilic 

metal(O) starting complex (Eq. 2.32).22 Since the reaction is "thermally neutral" this 

need not be a difficult process, and it should be considered whenever unexpected 

racemization is observed. 

Eq. 2.32 

LiPd Pn Br LoPd 

inv. 
PdBr 
L 2 

Nucleophilic attack on complexed 7i-unsaturated hydrocarbons is among the 

most useful of organometallic processes for organic synthesis, since it is exactly the 

opposite of "normal" reaction chemistry for these substrates. Nucleophilic attack on 

18 electron, cationic complexes has been particularly well-studied,23 and, based upon 

a large number of examples, the following order of reactivity for kinetically 

controlled reactions of this class of complexes was derived: 

Note that the cyclopentadienyl ligand (Cp) is among the least reactive, and, as a 

consequence, is often used as a spectator ligand. 

The typical reaction for electrophilic metal complexes of olefins, particularly 

those of Pd11, Ptn and Fe11, is nucleophilic attack on the olefin.24 In most cases, the 

nucleophile attacks the more-substituted position of the olefin, from the face 

opposite the metal (trans), forming a carbon-nucleophile bond and a carbon-metal 
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bond (Eq. 2.33). A few nucleophiles, such as chloride, acetate, and nonstabilized 

carbanions, can also attack first at the metal. This is followed by insertion of the 

Eq. 2.33 

M Nuc 
(-) 

Nuc- = cr, AcO-, ROH, RNH2, RLi 

olefin, resulting in an overall cis addition, with attack at the less-substituted posi¬ 

tion. This chemistry is normally restricted to mono and 1,2-disubstituted olefins, 

since more highly substituted olefins coordinate only weakly, and displacement of 

the olefin by the nucleophile competes. 

Alkynes complexed to electrophilic metals also undergo nucleophilic attack, 

although this is a much less-studied process, since stable alkyne complexes of elec¬ 

trophilic metals are rare. (These metals tend to oligomerize alkynes.) Cationic iron 

complexes of alkynes undergo clean nucleophilic attack from the face opposite the 

metal, to give stable o-alkenyl iron complexes (Eq. 2.34).25 This process has not been 

used in organic synthesis to any extent. 

Nucleophilic attack on r|3-allyl metal complexes, particularly those of Pd11, 

has been extensively developed as an organic synthetic method and is discussed in 

Eq. 2.34 

oc-ry*- 

Nuc- = PhS-, CN", "CH(C02Et)2 [Ph-, Me-, H2C=CH MeCEC- from R2Cu(CN)Li2] 

L = PPh3, P(OPh)3 

OC' •FeN / 

$ 
/ 

+ Nuc 

detail in Chapter 9. The general features are shown in Eq. 2.35. Nucleophilic attack 

occurs from the face opposite the metal. From a synthetic point of view, the most 

important reaction involving r|3-allyl complexes is the Pd°-catalyzed reaction of 

+ Nuc- 

trans 
attack 

Nuc 

-M jt-olefin complex 

Eq. 2.35 
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allylic substrates, a process which proceeds with overall retention (two inversions) 

of configuration at carbon (Eq. 2.36).26 In certain rare cases nucleophilic attack can 

occur at the central carbon of an r|3-allyl complex, generating a metallacyclobutane. 

In the case of the cationic molybdenum complex in Eq. 2.37, the complex was stable 

and isolated.27 

Eq. 2.36 

UPd 

OAc inv. 
ox. add. 

H< 

inv. 

Ph 

LaPd 
YC Y 

net retention 

Eq. 2.37 

Me 

Although extended Hiickel calculations28 suggested that attack at the central 

carbon of r|3-allylpalladium complexes was not feasible, under appropriate 

conditions (a-branched ester enolates, polar solvent) just such a process occurred 

smoothly, to produce cyclopropanes (Eq. 2.38).29ab The proposed 

palladiacyclobutane intermediate, stabilized by TMEDA, has recently been isolated 

and structurally characterized.290 

Eq. 2.38 

Neutral r|4-dieneiron tricarbonyl complexes undergo reaction with strong 

nucleophiles (e.g. LiCMe2CN) at both the terminal position, to produce an r|3-allyl 

complex, and an internal position, to produce a c-alkyl-r|2-olefin complex (Eq. 

2.39).30 In contrast, the much more electrophilic palladium chloride promotes 

exclusive terminal attack to produce stable r|3-allylpalladium complexes, which can 

be further functionalized (Chapter 9) (Eq. 2.40).31 Again, nucleophilic attack occurs 

from the face opposite the metal. 
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Eq. 2.39 

trans 
attack 

Nuc 

Nuc 

-M 

r|3-allyl 

p 
o-alkyl-r| olefin 

Eq. 2.40 

In contrast to neutral r|4-diene complexes, cationic r|5-dienyl complexes are 

broadly reactive towards nucleophiles, and iron tricarbonyl complexes of the r\5- 

cyclohexadienyl ligand have found extensive use in organic synthesis. Nucleophiles 

ranging from electron-rich aromatic compounds through organocopper species 

readily add to these complexes, attacking, as usual, from the face opposite the 

metal, to produce stable r|4-diene complexes (Eq. 2.41).32 With substituted 

cyclohexadienyl ligands, the site of nucleophilic attack is generally governed by 

electronic factors. By coupling this nucleophilic addition to r|5-dienyl complexes with 

the generation of if-dienyl complexes by hydride abstraction from ri4-diene 

complexes, regio- and stereospecific polyfunctionalization of this class of ligands 

has been achieved (Chapter 7). 

Eq. 2.41 

I 
+ Fe(CO)3 Fe(CO)3 

Arenes normally undergo electrophilic attack and, except in special cases, are 

quite inert to nucleophilic attack. However, by complexation to electron-deficient 

metal fragments, particularly metal carbonyls (recall that CO groups are strongly 

electron withdrawing), arenes become generally reactive toward nucleophiles. By far 

the most extensively studied complexes are the r(6-arenechromium tricarbonyl 

complexes (Eq. 2.42).33 Again, the nucleophile attacks from the face opposite the 

metal to give a relatively unstable anionic r|5-cyclohexadienyl complex, which itself 

has a rich organic chemistry (Chapter 10). Oxidation regenerates the arene, while 

protolytic cleavage gives the cyclohexadiene. 
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Eq. 2.42 
Nuc 

The reactions of nucleophiles with metal-coordinated ligands are summarized 

in Table 2.2 along with the d-electron count and formal oxidation states for reactants 

and products. Although there is a profound reorganization of electrons about the 

metal, most of these processes result in no change in the formal oxidation state of the 

metal, differentiating them from the oxidative addition/reductive elimination family 

of reactions. This is because in each case, a formally neutral ligand is converted to a 

formally mononegative ligand in the process — that is, nucleophilic attack reduces 

the ligand, not the metal. The two exceptions are the r|3-allyl and the r|5-dienyl 

complexes, in which formally negative ligands are converted to formally neutral 

ligands by the process and the metal is reduced. 

Table 2.2 Summary of Nucleophilic Reactions on Transition Metals 

1. Cr(CO)6 + CH3Li 

Cr°, d6 

6 neutral CO's 

(-) II 
(CO)5Cr—C— CH3 

Cr°, de, overall (-) 

5 neutral CO's 

1 (formally) H 

2e donor 

V, 
2. << ja 

Pd + Et 2NH 
Cl' ' nr3 

Pd2+, d 8 

2 Clneutral C=C 

neutral NR 3 

(+) 
Et2NH 2e donor 

Cl" 'nr3 

2CI" 

1 R overall (-) 

1 neutral NR 3 

Pd 2+ 
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Table 2.2 continued 

3. + CH3Li 

/ 

Fe(CO)3 

3 neutral CO 

1 neutral diene 

Fe°, d8 

2+2e“ 

3 neutral CO 

1 R(-) 

overall (-) 

Fe°, d8 
1 W (-) 

overall (-) 

Fe°, d8 

6e donor 

<£Q> 
I 

Cr(CO)3 

3 neutral CO 

1 neutral PhH 

Cr^, d6 

"CH2CN 

NCCHo H 

Jf 
I 

-Cr(CO)3 

3 neutral CO 

^ 6e donor 

(-) 

overall (-) 

Cr°, d6 

but 

4e donor 

1 Cl", 

1 neutral PPh3 

overall neutral 

Pd2+, d8 

C02Me formally a 

C02Me reduction 

H 

cr 

2e_ donor 1 neutral C=C 

other 2e_ 1 neutral PPh3 

go to reduce overall neutral 

metal Pd°, d10 

2.6 Transmetallation 

Transmetallation is a process of increasing importance in the area of 

transition metals in organic synthesis, but has been little studied and is not well 

understood. The general phenomenon involves the transfer of an R group from a 

main group organometallic compound to a transition metal complex (Eq. 2.43).34 

When combined with reactions which introduce an R group into the transition metal 

complex such as oxidative addition or nucleophilic attack on alkenes, efficient 

carbon-carbon bond forming (cross coupling) reactions ensue. In cases such as these, 

the transmetallation step is almost always the rate limiting step and when catalytic 
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cycles involving a transmetallation step fail, it is usually this step which needs atten¬ 

tion. 

Eq. 2.43 
K 

RM + M'X RM' + MX 

M = Zn, Zr, B, Hg, Si, Sn, Ge 
M' = transition metal 

In order for the transmetallation step to proceed, the main group 

organometallic M must be more electropositive than the transition metal M'. 

However, since this is an equilibrium, if RM' is irreversibly consumed in a subsequent 

step, the process can be used even if it is not favorable (K is small). This, coupled 

with uncertain accuracy of numbers for electronegativity, make experiment the wisest 

course. 

An often neglected fact is that Eq. 2.43 is an equilibrium, and that both 

partners must profit, thermodynamically, from the process. Therefore, the nature of 

X may well be as important as the nature of M or M', and transmetallation 

procedures can often be promoted by adding appropriate counterions, X (Chapter 

4). 

2.7 Electrophilic Attack on Transition Metal Coordinated Ligands 

Reactions of coordinated organic ligands with electrophiles has found 

substantially less use in organic synthesis than have reactions with nucleophiles. 

Perhaps the most common electrophilic reaction is the electrophilic cleavage of 

metal-carbon sigma bonds, as a method to free an organic substrate from a metal 

template. If the metal complex has d electrons, electrophilic attack usually occurs at 

the metal, a formal oxidative addition. This is followed by reductive elimination to 

result in cleavage with retention of configuration at carbon (Eq. 2.44). If a sufficiently 

good nucleophile is present (e.g. Br~ from Br2), cleavage with inversion may result. An 

Eq. 2.44 

R—M + E+ 

(E+ = H+, D+, Br+, 

E 
ril red. 

R—M+ -- R—E 

inversion 

example of this kind of cleavage has already been discussed (Eq. 2.31). Even a-alkyl 

complexes of metals having no d electrons undergo facile electrophilic cleavage, and 
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usually with retention of configuration. In these cases, direct electrophilic attack at 

the metal-carbon o-bond (SE2) is the likely process (Eq. 2.45).35 

Zrlv, d(0) 

Cp2Zr(Br)CI + Br—|^"H 

R 

Eq. 2.45 

Electrophiles also can react at carbon in organometallic complexes, and a 

variety of useful processes involve this type of reaction. These are summarized in 

Table 2.3. Some, particularly reactions of electrophiles with r|‘-allyl complexes (y 

attack) and hydride abstraction from T|4-diene complexes, are quite useful in organic 

synthesis and are discussed in detail later. 

Table 2.3 Electrophilic Attack on Transition Metal Coordinated Organic Ligands 

1. Electrophilic cleavage of c-alkyl metal bonds 

R-M + E+ -R-E retention at R 

2. Attack at a-position 

Ph 
+ / 
M=C. 

H 

carbene 

3. Attack at p-position 

Ph3C( 
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Table 2.3 Continued 

5. Attack on coordinated polyenes 

i 
M+ 
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CHAPTER 3 

Synthetic Applications of 

Transition Metal Hydrides 

3.1 Introduction 

Transition metal hydrides are an important class of organometallic complex, 

primarily because of their role in homogeneous hydrogenation, hydroformylation, 

and hydrometallation reactions. The reactivity of transition metal hydrides depends 

very much on the metal and the other ligands, and ranges all the way from hydride 

donors to strong protic acids!1 However, their major use in synthesis relies on neither 

of these characteristics, but rather their propensity to insert alkenes and alkynes into 
the M-H bond, generating o-alkylmetal complexes for further transformations. 

Transition metal hydrides can be synthesized in a number of different ways 

(Figure 3.1), but the most commonly used method is oxidative addition. Transition 
metals are unique in their ability to activate hydrogen under very mild conditions, a 

feature which accounts for their utility in catalytic hydrogenation. 

3.2 Homogeneous Hydrogenation 

When synthetic chemists are faced with the reduction of a carbon-carbon 

double bond, their first choice is, almost invariably, heterogeneous catalysis, using 

something like palladium on carbon. Heterogeneous catalysts are convenient to 
handle, efficient, and easy to remove by filtration after the reaction is complete. In 

contrast, homogeneous catalysts are sometimes difficult to handle, sensitive to 

impurities, such as traces of oxygen, have a tendency to cause olefin isomerization, 

and are difficult to recover, because they are soluble. However, their enormous 

advantage, selectivity, mitigates these shortcomings. 
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M- =c=o) LnM—X + IVT—H LnM + H2 

There are two general classes of homogeneous hydrogenation catalysts — 

monohydrides and dihydrides — and they react by different mechanisms and have 

different specificities. The best-studied monohydride catalyst is the lemon yellow, 

air stable, crystalline solid Rh(H)(PPh3)3(CO), and the mechanism by which it 

hydrogenates olefins is shown in Figure 3.2. It is completely specific for terminal 

olefins, and will tolerate internal olefins, aldehydes, nitriles, esters, and chlorides 

elsewhere in the molecule. Its major limitation is that olefin isomerization competes 

with hydrogenation, and the isomerized olefin cannot be reduced by the catalyst. 

(cis) 

Figure 3.2 Reduction of Alkenes by Monohydride Catalysts 

The starting complex is a coordinatively saturated, Rh(I) d8 complex and the 

first step requires loss of a phosphine (ligand dissociation). As a consequence, 

added phosphine inhibits catalysis. Coordination of the substrate alkene to the 

unsaturated metal center is followed by migratory insertion, to produce an 

unsaturated o-alkylrhodium(I) complex. The regiochemistry of insertion is not 
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known, and the rhodium may occupy either the terminal or internal position. 

Oxidative addition of hydrogen to this o-alkylrhodium(I) complex, followed by 

reductive elimination of R-H, results in reduction of the alkene and regeneration of 

the catalytically active, unsaturated rhodium(I) monohydride. Irreversible olefin 

isomerization occurs if a 2° o-alkylrhodium(I) intermediate undergoes (3-hydrogen 

elimination (the reverse of migratory insertion) into the alkyl chain, producing an 

internal olefin and the catalytically active rhodium(I) monohydride. Because this 

catalyst cannot reduce internal olefins, this isomerization is irreversible, and 

competitive. Although this particular monohydride catalyst is little-used in 

synthesis, the monohydride pathway may be important in the ruthenium(II) 

asymmetric hydrogenation catalysts discussed below. 

Dihydride catalysts are much more versatile, and much better understood. 

The most widely used catalyst precursor is the burgundy red solid RhCl(PPh3)3, 

Wilkinson's complex. The mechanism of hydrogenation of alkenes by this catalyst 

has been studied in great detail, and is quite complex (Figure 3.3).2 Although 

Wilkinson's compound is already coordinatively unsaturated (Rh1, d8, 16e~) the 

kinetically active species is the 14 electron complex RhCl(PPh3)2, with, perhaps, 

solvent loosely associated. In this case, oxidative addition of H2 is the initial step, 

followed by coordination of the alkene. Migratory insertion is the rate-limiting step, 

followed by a fast reductive elimination of the alkane and regeneration of the active 

catalyst. In addition to the catalytic cycle, several other equilibria are operating, 

complicating the system. 

Figure 3.3 Reduction of Alkenes by Wilkinson's Catalyst 
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Wilkinson's catalyst is attractive for synthesis because it is selective and 

efficient, tolerant of functionality, and, in contrast to monohydride catalysts, does 

not promote olefin isomerization. The reactivity towards olefins parallels their 

coordination ability: 

with a 50-fold difference in rate over this range of alkenes. Noncyclic tri- and 

tetrasubstituted olefins are not reduced, and ethylene, which coordinates too 

strongly, poisons the catalyst. Alkynes are rapidly reduced. Nitro olefins are 

reduced to nitro alkanes without competitive reduction of the nitro goup. 

There are several limitations of reductions using Wilkinson's catalyst. In 

solution, it catalyzes the oxidation of triphenylphosphine, which in turn, leads to 

destruction of the complex, so air cannot be tolerated. Strong ligands such as 

ethylene, thiols, and very basic phosphines poison the system. Carbon monoxide, 

and substrates prone to decarbonylation, such as acid halides, are not tolerated. 

Notwithstanding these limitations, Wilkinson's catalyst is quite useful in synthesis, 

and is usually the first choice for routine homogeneous hydrogenations. 

Of more interest to synthetic chemists is asymmetric homogeneous 

hydrogenation,3 wherein prochiral olefins are reduced to enantiomerically-enriched 

products. This topic has been studied with excruciating detail, and when it works, it 

is spectacular! However, the requirements for successful asymmetric hydrogenation 

are so stringent that, until very recently, the process was limited to a very narrow 

range of substrates, and is still not universal. 

The catalysts used are cationic rhodium(I) complexes of optically active 

chelating diphosphines, such as DIOP, DIPAMP, CHIRAPHOS, BPPM and BINAP 

(Figure 3.4), generated in situ by reduction of the corresponding diphosdiolefin 

complex (Eq. 3.1). These catalysts are extremely efficient in the asymmetric 

hydrogenation of a narrow range of prochiral olefins which can bind in a bidentate, 

Eq. 3.1 

S = Solvent 

chelate manner. By far the best substrates are Z-a-acetamidoacrylates, which are re¬ 

duced to optically active a-amino acids. This system has been studied in minute 

detail, and several key intermediates in the proposed catalytic cycle have been fully 

characterized by *H, 13C, 31P NMR spectroscopy and by X-ray crystallography.4 All 

indicate that the substrate olefin coordinates in a bidentate manner, with the amide 

oxygen acting as the second ligand, and that two diastereoisomeric olefin complexes 
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Figure 3.4 Optically Active Phosphines 

can be formed. The only problem with all of these studies was that the 

diastereoisomer detected would lead to the opposite absolute configuration of the 

product than was observed! Careful kinetic studies4bKl resolved this problem, and led 

to the following (after the fact) obvious observation that, if you can detect 

intermediates in a catalytic process, they probably are not involved. That is, 

anything that accumulates sufficiently to be detected is kinetically inactive; 

kinetically active species just react, converting starting material to product, and are 

never present in any appreciable amount. 

The mechanism for asymmetric hydrogenation of Z-acetamidoacrylates is 

shown in Figure 3.5. Its importance to synthetic chemists lies not with its details, but 

rather the clear illustration it provides of how closely balanced a series of complex 

steps must be to achieve efficient asymmetric hydrogenation. It is for this reason that 

the range of prochiral olefins asymmetrically hydrogenated by these catalysts is so 

narrow, and why extrapolation to different substrates is difficult. 

There are two features of the process critical to high asymmetric induction; 

the two diastereoisomers must undergo reaction at substantially different rates, and 

they must equilibrate rapidly. The rate-limiting step is the oxidative addition of 

hydrogen to the rhodium(I) olefin complex, and one (the minor) diastereomer 

undergoes this reaction at a rate 103 greater than the other. Provided the two 

diastereoisomeric olefin complexes can equilibrate rapidly, high asymmetric 

induction can be observed. Interestingly, higher hydrogen pressure and lower 

temperatures decrease the enantioselectivity, since both interfere with this 

equilibration. 

The above catalysts are primarily effective with Z-acetamidoacrylates. The E 

isomer reduces to give the opposite enantiomer of the amino acid, but E-Z 

isomerization during reduction often compromises the enantioselectivity of reduction 

of E-acetamidoacrylates. In contrast, related catalyst containing the phosphole 
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(R) >98% 
(S) <2% 

ee lower at high H2 pressure - k'2 increasi 

lower at 
low temp - equilibration 
decreased. Major 
diast. accumulates 

Figure 3.5 Mechanism for Asymmetric Catalytic Hydrogenation of Z-Acetamidoacrylates 

ligands DUPHOS or BPE ligands reduce both E and Z acetamidoacrylates with 

equally high enantioselection, and, for a given catalyst configuration, give the same 

product absolute configuration regardless of olefin geometry. In addition, p,p- 
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disubstituted enamides are reduced to ^-branched a-amino acids with high 

enantioselectivity by these catalysts.5 Examples are presented in Eq. 3.2. 

Eq. 3.2 

R COoMe 

y=( + 
R' NHAc 

H2 
Me-BPE-Rh or 

Me-DuPHOS Rh 
90 psi, PhH 

^ ^,CQ2Me 

NHAc 

96-99% ee 

R = R1 = Et, nPr, -(CH2)-, -(CH2)5-, -(CH2)6- 
R = Bn, R' = Me 

A much more broadly useful class of asymmetric hydrogenation catalysts, 

which also relies upon bidentate chelate coordination of the olefinic substrate, is the 

ruthenium(II) BINAP system.6 These complexes reduce a wide range of substrates 

with high asymmetric induction, relying on the rigidity of complexation confered by 

chelation to assure high enantioselectivity. For examples, a,(3-unsaturated carboxylic 

acids were reduced selectively and efficiently (Eq. 3.3)/ and a very wide range of 

functionality was tolerated. The antiinflammatory Naproxen was produced with 

97% ee in a high-pressure reduction in methanol, as was a thienamycin precursor, 

albeit with lower enantioselectivity. 

h2 

Ru(OCOR)2 (binap) 

85-97% ee 

Eq. 3.3 

also 

R3SiO 

CO2H 

74% de (Thienamycin) 

R1 R2 R3 ee 

Me Me H 91 

H Me 87 

H Me Ph 85 

Ph H H 92 

H HOCH2 Me 93 

H ch3 COOCH2CMe 95 

N-Acylenamines were also efficient coordinating groups and 1,2,3,4- 

tetrahydroisoquinoline derivatives including morphine, benzomorphans, and 

morphinans were produced in 95-100% ee by reduction under 1-4 atm of hydrogen in 

methanol (Eq. 3.4).8 
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Eq. 3.4 

(0R)n 

Allylic and homoallylic alcohols also undergo selective reduction with high 

enantioselectivity (Eq. 3.5).9 Geraniol was hydrogenated to citronellol with high ee, 

with no net reduction of the remote double bond (Eq. 3.6). Either geometrical isomer 

could be converted to either enantiomer by appropriate choice of BINAP ligand. 

Homogeraniol was also reduced selectively, but bzs-homogeraniol was inert. This 

indicates that bidentate, chelate coordination of the olefinic substrates is required for 

reactivity as well as enantioselectivity. This feature was used to synthesize dolichols, 

wherein only the allylic alcohol olefin was reduced (Eq. 3.7).10 

Eq. 3.5 

R2 OH 

Eq. 3.6 

Ru(S)binap 
-► 

96% ee 

NOTE 

but 

(Homo) 92% ee 

OH directs 

inert 

Eq. 3.7 

95% ee <2% 
reduction of other 
C=C 
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Racemic secondary allylic alcohols could be efficiently resolved by carrying 

out a partial hydrogenation over a ruthenium BINAP catalyst (Eq. 3.8).11 A wide 

variety of allylic alcohols undergo this reaction efficiently. 

Although the overall transformation using these ruthenium BINAP catalysts 

is the same as that using rhodium/chiral ligand catalyst systems, the mechanism is 

totally different,12 in that ruthenium remains in the same (+2) oxidation state 

throughout the catalytic cycle. 

Figure 3.6 Hydrogenation Mechanism for RuBINAP Catalysts 

Most homogeneous hydrogenation catalysts are specific for carbon-carbon 

double bonds, and other multiply-bonded species are inert. In marked contrast, 

halogen-containing ruthenium-BINAP complexes13 catalyze the efficient asymmetric 

reduction of the carbonyl group, provided there is a heteroatom in the a, P, or y 

position to provide the requisite second point of attachment to the catalyst (Eq. 3.9). 

o 
h2 
-► 
Ru BINAP 

Eq. 3.9 

n = 1-3 

X = OH, OMe, C02Me, NMe2, Br, COSMe, CONMe2 

C = sp2, sp3 
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P-Keto ester compounds were efficiently reduced to P-hydroxy esters by this system 

(Eq. 3.10).14 Originally, high pressures of hydrogen (50-100 atm) were required, but 

the simple expediency of adding acid co-catalysts allows efficient catalysis under 

Eq. 3.10 
o o 

raaor, 
OH O 

R = Me, Et, nPr, f-Bu, Ph 

R1 = Me, Et, iPr, f-Bu 

>99% yield 
99% ee 

much milder conditions.15 This reduction has found extensive application in total 

synthesis (Figure 3.7).16 Racemic P-keto esters were reduced with high selectivity for 

each diastereoisomer (Eq. 3.11). However, when the reaction was carried out under 

conditions which ensured rapid equilibration of the a-position, high yields of a single 

diastereoisomer were obtained (Eq. 3.12).17 

Eq. 3.11 
O O OH O OH O 

-► -AY^oEt + 

97% ee 49% 96% ee 51% 

Eq. 3.12 

OH O 

RAr* 
same 

OR3 
Slow 

O O 

OR3 

H2, cat. 
-! 

Fast 

R1 = Me, R2 = NHAc, NHC02Bn, CH2NHAc cat. = (R) RuBINAP 

>95:5 syn/anti 
92-98% ee 

This asymmetric reduction is not restricted to P-ketoesters, but rather 

proceeds efficiently with a wide range of carbonyl compounds having appropriately 

disposed directing groups.18 

BPE-ruthenium dibromide catalyst were also efficient in the reduction of P- 

ketoesters.19 The reduction proceeded under mild conditions (35°C, 60 psi H2, 

MeOH(H20). The normally high enantiomeric excess observed were much-reduced 

with halogen-containing substrates, and t-butyl or aryl substituents resulted in low 

conversion. These catalysts were also efficient when used for dynamic resolution of 

chiral racemic P-ketoesters (Eq. 3.12), for the reduction of enamides to amines,20 and 

the reduction of enol esters to a-hydroxy esters.21 
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OH 

OCH3 

OH 

Figure 3.7 BINAP -Ru Catalyzed Asymmetric Hydrogenation in Total Synthesis. The Centers 

Generate By Reduction are Labeled R or S (from ref. 6b). 

Another synthetically useful class of hydrogenation catalyst is the "super 

unsaturated" iridium or rhodium complex catalyst system, known as Crabtree's 

catalysts.22 These are generated in situ by reduction of cationic cyclooctadiene 

iridium(I) complexes in the "noncoordinating" solvent, dichloromethane (Eq. 3.13). 
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Eq. 3.13 

+ 

H2 
-► [lr(PCy3)(Py)S2]+ 
CH2CI2 

= L2lr(l) 

d8, 120- 

super unsaturated 

(Cy = cyclohexyl) 

The solvent is apparently so loosely coordinated that it is replaced by virtually any 

olefinic substrate. These catalysts are exceptionally efficient for the reduction of 

tetrasubstituted olefins, substrates most hydrogenation catalysts will not reduce. A 

comparison of Crabtree's catalyst with Wilkinson's catalyst is shown in Figure 3.8. 

Nonpolar solvents must be used with Crabtree's catalysts. Acetone and ethanol act 

as competitive inhibitors, and greatly reduce catalytic activity. 

O X 
“ L2lr' ” 6400 4500 4000 

vs 

L3RhCI 650 700 0 

Figure 3.8 Comparison of Wilkinson's and Crabtree's Catalysts 

The observation that Crabtree's catalyst coordinates to alcohols has been 

used to an advantage in synthesis, by using adjacent "hard" ligands in the substrate 

to coordinate to the catalyst and deliver it from a single face of the alkene. Equation 

3.14 compares Crabtree's catalyst to the normally used palladium on carbon. The 

iridium catalyst was delivered exclusively from the same face of the olefin as that 

Eq. 3.14 

Pd/C 20 : 30 

L2lr' 99.9 : <0.1 

occupied by the OH group, while Pd/C was nonselective.23 This same effect was 

seen with a much more complex substrates (Eq. 3.15)24 and (Eq. 3.16).25 In all cases, 

the rate of hydrogenation was slower than that for substrate without coordinating 

functional groups. 
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Eq. 3.16 

Another catalytic hydrogenation that involves a somewhat different form of 

"two point" attachment is the 1,4-reduction of 1,3-dienes to Z-alkenes in the 

presence of group 6 catalyst precursors such as L3Cr(CO)3 where L3 is an arene,26 

(CH3CN)3 or (CO)3 (Eq. 3.17). This reduction is restricted to dienes which can 

achieve cisoid conformations, implying the intermediacy of a chelate diene complex 

\^N^^C02Me 
H2 ArCr(CO)3 

C02Me 

Eq. 3.17 

in the process. These same complexes catalyze the reduction of a,(3-unsaturated 

carbonyl compounds, but again only those which can achieve an S-cis conformation 

(Eq. 3.18).28 In the absence of hydrogen, these complexes catalyze the rearrangement 

of (lZ)-l-[silyloxymethyl]butadiene to silyl dienol ethers with high stereoselectivity 

(Eq. 3.19).29 

Eq. 3.18 
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Eq. 3.19 
OSiMe2f Bu OSiMe2f Bu 

ArCr(CO)3 

20°C 

97% 

3.3 Other Reductions 

In all of the reactions presented above, molecular hydrogen was the source of 

hydrogen for the reduction, and the ability of transition metals to break the 

hydrogen-hydrogen bond in an oxidative addition reaction was central to the 

process. However, metal hydrides are produced by several other pathways, and 

some of these have proven synthetically useful. 

Treatment of iron pentacarbonyl with KOH produces an iron hydride which 

efficiently reduces a,P-unsaturated aldehydes, ketones, esters, lactones, and nitriles 

to saturated derivatives, with no reduction of the carbonyl or nitrile group (Eq. 

3.20).30 The reaction proceeds by rapid, irreversible addition of H-Fe across the 

Eq. 3.20 

(-) 

(CO)4FeH HFe(CO)3 + CO 

=^°R 

o 
'r 

o 
H+ II 

HFe(CO)4 + CH3CH2C02R --- CH2—CH—COR 

H Fe(CO)4 
(-) 

double bond, followed by protonolysis.31 Thus, in this reduction, both hydrogens 

came from water. The related binuclear complex NaHFe2(CO)8 affects similar 

chemistry but the reaction proceeds by a somewhat different mechanism.29 Both sys¬ 

tems are inefficient with (3-substituted or sterically hindered enones. 

The hexamer [(Ph3P)CuH]6 reduces conjugated enones to saturated ketones 

stoichiometrically, presumably via a conjugate addition to produce a copper enolate 

intermediate.32,33 Interestingly, under modest hydrogen pressure in the presence of 

excess phosphine, this hexamer catalyzed this reduction.32 

Yet another efficient system for the reduction of conjugated enones is the 

combination of a palladium(O) catalyst and tributyltin hydride (Eq. 3.21).34 The 

mechanism of the process is not known. A possibility is shown in Eq. 3.22. 

Fe(CO)5 + OH- 

O 
Hn 

A 
o. 
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.CHO 
Eq. 3.21 

a,^cho ,CHO 

(lactone not 
reduced) 

Eq. 3.22 

3.4 Other Reactions of Transition Metal Hydrides 

Transition metal hydrides are involved in a host of other synthetically useful 

reactions, most of which proceed by "hydrometallation" (insertion into a metal- 

hydrogen bond) of an alkene or alkyne to produce o-alkylmetal complexes. It is the 

subsequent reactions of these o-alkylmetal species that provide the synthetically 

useful transformations, and these will be discussed in the next chapter. 
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CHAPTER 4 

Synthetic Applications of Complexes 

Containing Metal-Carbon o-Bonds 

4.1 Introduction 

Transition metal complexes containing metal-carbon o-bonds are central to a 

majority of transformations in which transition metals are used to form carbon- 

carbon and carbon-heteroatom bonds, and thus are of supreme importance for 

organic synthesis. The transition metal-to-carbon o-bond is usually covalent rather 

than ionic, and this feature strongly moderates the reactivity of the bound organic 

group, restricting its' reactions to those accessible to the transition metal (e.g., 

oxidative addition, insertion, reductive elimination, ^-hydrogen elimination 

transmetallation). That is, the transition metal is much more than a sophisticated 

counterion for the organic group; it is the major determinant of the chemical 

behavior of that organic group. 

o-Carbon-metal complexes can be prepared by a number of methods, 

summarized in Figure 4.1. This variety makes virtually every class of organic 

compound a potential source of the organic group in these complexes, and thus 

subject to all of the carbon-carbon bond forming reactions of o-carbon-metal 

complexes. The use of these processes in organic synthesis is the subject of this 

chapter. 

4.2 o-Carbon-Metal Complexes from the Reaction of Carbanions and Metal 

Halides: Organocopper Chemistry 

Starting with the early observation that small amounts of copper(I) salts 

catalyzed the 1,4-addition of Grignard reagents to conjugated enones,1 organocopper 

chemistry has been warmly accepted by synthetic chemists and vastly widened in 

scope by organometallic chemists. As a broad class, they are among the most 
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1. Preparation 

R'—M' + MX 

(insert) (p-el.) 

Figure 4.1 Preparation and Transformation of oCarbon-Metal Complexes 

extensively used organometallic reagents, and the variety of species and the 

transformations they effect is staggering.2,3 

The simplest and most extensively used complexes are the lithium 

diorganocuprates, R2CuLi, soluble, thermally unstable complexes generated in situ 

by the reaction of copper(I) iodide with two equivalents of an organo lithium reagent 

(Eq. 4.1). (The mono alkyl copper complexes, RCu, are yellow, insoluble, oligomeric 

complexes, little used in synthesis.) These reagents efficiently alkylate a variety of 

halides (Eq. 4.2). Their low basicity favors displacement over competing elimination 

processes. 

Eq. 4.1 

2RLi + Cul -► R2CuLi + Lil 
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R2CuLi + F^X 

Eq. 4.2 

R—R1 

The range of useful halide substrates is very broad. The order of reactivity of 

alkyl (sp3) halides is primary > secondary » tertiary, with iodides more reactive 

than bromides and chlorides. Alkyl tosylates also undergo substitution by 

diorganocuprates at a rate comparable to iodides. Alkenyl halides and triflates (enol 

triflates derived from ketones4) are also very reactive toward lithium 

diorganocuprates, and react with essentially complete retention of geometry of the 

double bond, a feature which has proved useful in organic synthesis. Aryl iodides 

and bromides are alkylated by lithium organocuprates, although halogen-metal 

exchange is sometimes a problem. (RCu reagents are sometimes more efficient in this 

reaction.) Benzylic, allylic, and propargylic halides also react cleanly. Propargyl 

halides produce primarily allenes (via SN2'-type reactions), but allylic chlorides and 

bromides react without allylic transposition. In contrast, allylic acetates react mainly 

with allylic transposition. Acid halides are converted to ketones by lithium dialkyl- 

cuprates, although alkyl hetero (mixed) cuprates are more efficient in this process. 

Finally, epoxides undergo ring opening resulting from alkylation at the less- 

substituted carbon. Consideration of a great deal of experimental data leads to the 

following order of reactivity of lithium diorganocuprates with organic substrates: 

acid chlorides > aldehydes > tosylates ~ epoxides > iodides > ketones > esters > 

nitriles. This is only a generalization; many exceptions are caused by unusual 

features in either the organocopper reagent or the substrate. 

Another extensively used process in the synthesis of complex organic 

molecules is the conjugate addition of lithium diorganocuprates to enones (Eq. 4.3).5 

The range of R groups available for this useful reaction is similar to that for the 

alkylation reaction. Virtually all types of sp3 hybridized dialkylcuprate reagents react 

cleanly, including straight-chain and branched primary, secondary, and tertiary 

alkyl complexes. Phenyl and substituted arylcuprates react in a similar fashion, as do 

vinylcuprates. Allylic and benzylcuprates also add 1,4 to conjugated enones, but 

they are no more efficient than the corresponding Grignard reagents. Acetylenic 

copper reagents do not transfer an alkyne group to conjugated enones, a feature used 

to advantage in the chemistry of mixed cuprates. 

Eq. 4.3 
O O 

II II 
R2CuLi + CH2=CHCCH3 -► RCH2CH2CCH3 

The range of a,P-unsaturated carbonyl substrates that undergo 1,4-addition 

with diorganocuprates is indeed broad. Although the reactivity of any particular 

system depends on many factors, including the structure of the copper complex and 

the substrate, sufficient data are available to allow some generalizations. Conjugated 

ketones are among the most reactive substrates, combining very rapidly with 
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diorganocuprates (the reaction is complete in less than 0.1 s at 25°C) to produce the 

1,4 adduct in excellent yield. Alkyl substitution at the a, a', or (3 positions of the 

parent enone causes only slight alterations in the rate and course of this conjugate 

addition with acyclic enones, although this same substitution, as well as remote 

substitution, does have stereochemical consequences with cyclic enone systems. 

Conjugated esters are somewhat less reactive than conjugated ketones. With 

such esters, a, [3- and (3,(3-disubstitution decreases reactivity drastically. Conjugated 

carboxylic acids do not react with lithium diorganocuprates, and conjugated 

aldehydes suffer competitive 1,2-additions. Conjugated anhydrides and amides have 

not been studied to any extent. 

Conjugate additions of organocuprates to enones initially produces an 

enolate, and further reaction with an electrophile is possible, although often times it 

is slow and inefficient. This problem has been overcome, in the context of 

prostaglandin synthesis, by use of a butylphosphine-stabilized copper reagent, and 

by conversion of the unreactive, initially formed copper (or lithium) enolate into a 

more reactive tin enolate by addition of triphenyl tin chloride (Eq. 4.4).6 

Eq. 4.4 

Although lithium dialkylcuprates are very useful reagents, they suffer 

several serious limitations, the major one being that only one of the two alkyl groups 

is transferred. Because of the instability of the reagent, a threefold to fivefold excess 

(a sixfold to tenfold excess of R) is often required for complete reaction. When the R 

group is large or complex, as it often is in prostaglandin chemistry, this lack of 

efficiency is intolerable. Cuprous alkoxides, mercaptides, cyanides, and acetylides 

are considerably more stable than cuprous alkyls, and, furthermore, are relatively 

unreactive. By making mixed alkyl heterocuprates with one of these nontransferable, 

stabilizing groups, this problem can be avoided.7 Among the heterocuprates, lithium 

phenylthio(alkyl)cuprates, lithium f-butoxy(alkyl)cuprates, and lithium 2- 

thienylcuprates8 are the most useful, and are stable at about -20°C to 0°C. 
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Mixed alkyl heterocuprates are the most efficient reagents for the conversion 
of acid chlorides to ketones. Although large excesses of lithium dialkylcuprates are 
required for this reaction, and secondary and tertiary organocuprates never work 
well, only a 10 percent excess of these mixed cuprates is required to provide high 
yields of ketones, even in the presence of remote halogen, keto, and ester groups. In 
addition, although aldehydes are unstable toward lithium dialkylcuprates even at - 
90°C, equal portions of benzaldehyde and benzoyl chloride react with one 
equivalent of lithium phenylthio(f-butyl)cuprate to produce pivalophenone in 90% 
yield with 73% recovery of benzaldehyde. The lithium phenylthio(f-alkyl)cuprate is 
also the reagent of choice for the alkylation of primary alkyl halides with f-alkyl 
groups. Secondary and tertiary halides fail to react with this reagent, however. 

Perhaps most importantly, these mixed cuprate reagents, especially the 
acetylide and 2-thienyl complexes, are extremely efficient in the conjugate alkylation 
of a,P-unsaturated ketones. Since it is this reaction that is used most extensively in 
the synthesis of complex molecules, the development of mixed cuprates was an 
important synthetic advance. 

Recently, organocopper chemistry has been developed far beyond these 
original boundaries. Thermally stable cuprates have been synthesized by using 
sterically hindered nontransferable ligands such as diphenylphosphide (Ph2P) and 
dicyclohexylamide (Cy2N) to prepare RCu(L)Li.9 These reagents undergo typical 
organocuprate reactions, and are stable at 25°C for over an hour. Even more 
impressive is the very hindered reagent RCu[P(tBu)2]Li, which is stable in THF at 
reflux for several hours, but still enjoys organocuprate reactivity (Eq. 4.5),10a and the 
more easily prepared (3-silyl organocuprates RCuCH2SiR3.10b 

Eq. 4.5 

[Cu[R(-Bua4 + 4RLi -► RCu[P(IBu)^Li -► r 

(x-ray) good yields 

FR 1 

Treatment of copper(I) cyanide with two equivalents of an organolithium 
reagent produces the "higher order" cuprate "R2Cu(CN)Li2," which is more stable 
than R2CuLi, and is particularly effective for the reaction with normally unreactive 
secondary bromides or iodides, as well as for 1,4-addition to conjugated ketones and 
esters. (The nature and even the existence of higher order cuprates is still a matter of 
controversy.11 Whatever the reagent is, its reactivity differs substantially from that of 
simple diorganocuprates.) By taking advantage of the observation that mixed diaryl 
"higher-order" diarylcuprates do not scramble aryl groups at low (<-100°C) 
temperatures, an efficient synthesis of unsymmetrical biaryls was developed (Eq. 
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4.6).12 This chemistry was used in efficient syntheses of axially dissymmetric biaryls 

(Eq. 4.7)13 and in an approach to calphostins (Eq. 4.8).14 

Eq. 4.6 

ArLi + CuCN 
-78°C 
-► ArCu(CN)Li 

Ar'Li 
-► [ArCuArICNLig 
-125°C 

02 
-► ArAr' 
-125°C 

78-90% 
Ar = Ph, oMeOPh, mMeOPh, pMeOPh, (2CI, 4CF3)Ph, 1 Naphth. (>96% cross coupling) 

Ar' = oMeOPh, pMeOPh, oMePh, (3F,4Me)Ph 

Eq. 4.7 
OMe 

MeO 

OMe 

Eq. 4.8 
MeO OBn 

OBn 

OBn 

70% 
8:1 

Addition of Lewis acids such as BF3»OEt2 or TMSC1 to organocopper 

compounds dramatically increases their reactivity and broadens their synthetic 

utility. Addition of BF3 to the normally unreactive RCu reagents produces species 

which are highly reactive for the alkylation of allylic substrates15 as well as conjugate 

additions to enones, including a,[3-unsaturated carboxylic acids, themselves 

unreactive towards R2CuLi.16 The reagent RCu*BF3 monoalkylates ketals with 

displacement of an alkoxy group, a very unconventional transformation (Eq. 4.9).17 

Optically active allylic acetals undergo SN2' cleavage with very high 

diastereoselectivity (Eq. 4.10).18 
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Eq. 4.9 

RCu»BF3 + 

79% 
95% de 

These Lewis acid modified cuprate reagents also efficiently add 1,4- to 

conjugated enones, and effective asymmetric induction in this process has been 

achieved in at least two different ways. The most widely studied system involves the 

use of unsaturated optically active sultam amides as substrates (Eq. 4.11).19 In most 

cases, both high yields and high diastereomeric excesses are observed. Similar 

efficiencies are seen with naphthyl substituted camphor esters and trimethylsilyl 

activation (Eq. 4.12).20 
Eq. 4.11 

Copper-catalyzed additions of organolithium (Eq. 4.13)21abor organozinc 

reagents21c to conjugated enones in the presence of optically active ligands offers a 

potentially more general approach to asymmetric induction, although this 

methodology has not been broadly developed, and the range of effective substrates 

is small. 

Addition of BF3«OEt2 to diorganocuprates, R2CuLi, also dramatically 

enhances their reactivity, and permits the alkylation of very sterically hindered 

unsaturated ketones,22 the ring opening of aziridines23 and diastereoselective 

alkylation of chiral ketals as in Eq. 4.10.24 
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Eq. 4.13 

R(-) Muscone 
89% 

100% opt. purity 

All of the organocopper chemistry discussed above relies upon the 

generation of the reactive organocopper species from either a Grignard reagent or an 

organolithium compound. This puts a serious limitation on the nature of the 

functional groups contained in the organocopper species, since they must be stable 

to organolithium reagents. Several solutions to the problem have recently been 

developed. 

Reduction of CuCN*2LiBr or CuI«PR3 with lithium naphthalenide at -100°C 

produces a highly active copper which can react with functionalized organic halides (I 

> Br » Cl) to generate functionalized organocopper species in solution. Addition of 

electrophiles directly to these solutions produces alkylation products in excellent 

yield (Figure 4.2).25 By this process, ester groups, nitriles and both aryl and alkyl 

Figure 4.2 Preparation and Reactions of Functionalized Organocopper Species 
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chlorides are inert, and cuprates containing these functional groups can be generated 

and transferred. This class of reagent efficiently cyclized co-haloepoxides (Eq. 4.14), 

alkylated imines with functionalized allylic halides (Eq. 4.15)36 and even coupled aryl 

halides (prone to benzyne formation when lithiation is attempted), to reactive 
electrophiles (Eq. 4.16).27 

Eq. 4.14 

NC(CH2)6 

.Br 
(Cu)n(PBu3)y 
-) 
-45°C to rt 

HO (CH2)6CN 

6 
(83%) 

"(Cu)n(L)y" 

THF 
-100°C 

functionalized 
allylic cuprate 

r Ph 
Eq. 4.15 

"Cu(O)'1 R'X 
X—Arl -► [''XArCu"] -► XArR' 

n 

Eq. 4.16 

NaNaphth + CuX 

XAr = R'X = Mel, BnBr, PhCOCI, etc. 

Another route to functionalized organocopper reagents involves 

transmetallation to copper from less reactive organometallic reagents, particularly 

organozinc compounds.28 Organozinc halides can be made directly from organic 

halides and zinc metal or diethyl zinc, or from treatment of organolithium species 

with zinc chloride. Many functional groups are quite stable to these organometallic 

reagents. Treatment of CuCN«2LiCl with functionalized organozinc halides 

produces functionalized organocuprates, which then undergo normal cuprate 

coupling processes, introducing functionalized R groups into the substrate (Figure 
4.3). The process has been made catalytic in copper.29 
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ZnCI2 + LiNaphth 

FG—RLi + ZnX2 

-100°C 
.. FG—Rl + Zn 

FG—Rl + “Zn“ 

O 
I 

R R—FG 

FG-RZnl FG—Rl + Et2Zn 

RCOCI CuCN»2LiCI 

FG-R O 

^k^R1 R2 

R-CEC-R—FG 

R-CEC-X 

-h RCHO 
FG-RCu(CN)Znl I -► FG 

OH 

,-R^R 

R 

R — Y 
R 

N02 

FG-R 

r^YCu 

FG-R 

r^no2 

Figure 4.3 Reactions of Functionalized Organocopper Reagents 

A particularly nice application of this type of zinc-copper chemistry is in the 

synthesis of cyclopentenones from zinc homoenolates and ynones, catalyzed by 

copper salts (Eqs. 4.17 and 4.18).30 This reaction has been used in the synthesis of 

ginkolides (Eq. 4.19).31 

Other functionalized organocopper complexes are also useful. a-Alkoxytin 

reagents are easily prepared by the reaction of trialkyl stannyl lithium reagents with 
aldehydes. Although tin will not transmetallate to copper, the a-alkoxyalkyl group is 
readily cleaved from tin by butyllithium producing the a-alkoxyalkyllithium 

Eq. 4.17 

ZnCI2 OTMS 

'' 

CuBr»SMe2 (10-25 mol %) 

HMPA, TMSCI 
THF, rt, 4-6 h 
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0 o o 
Eq. 4.18 

C02Et 

Eq. 4.19 

O 

reagent. Addition of copper(I) cyanide followed by the typical array of electrophiles 
results in introduction of an a-alkoxyalkyl group (Eq. 4.20).33 

Eq. 4.20 
OR 0) BuLi 0R, 

(1) RCHO I (2) CuCN I 
Bu3SnSnBu3 + 2Li-► 2Bu3SnLi -► R^SnBu3 -► R E 

(2) R'(+) (3) ? 

Although dialkyl or alkyl heterocuprates are by far the most extensively used 

organocopper reagents, the simple organocopper complexes RCuMX perform much 

of the same chemistry, and are clearly superior for certain types of reactions, 
particularly the addition of RCuMgX2 to terminal alkynes. R2CuLi complexes often 

abstract the acidic acetylenic proton from terminal alkynes, and pure RCu or RCuLiX 

do not add at all. However, RCuMgX2 complexes generated from Grignard reagents 

and copper(I) iodide cleanly add syn to simple terminal alkynes to produce 

alkenylcuprates both regio- and stereospecifically ("carbocupration"). Note that the 

acidic acetylenic C-H bond is left intact. These alkenyl complexes enjoy the reactivity 
common to organocopper species and react with a variety of organic substrates 

(Figure 4.4).33 Functionalized cuprates generated as in Figure 4.3 also "carbocuprate" 

alkynes, producing functionalized alkenylcuprates for use in synthesis (Eq. 4.21).34 
When carried out intramolecularly exocyclic alkenes are produced (Eq. 4.22). 

Synthetic Applications of Complexes Containing Metal-Carbon a-Bonds • 67 



R S02H 

t so2 

RCuMgX2 + R'C=CH 

R CuMgX2 

Figure 4.4 Carbocupration of Alkynes 

Eq. 4.21 
FG—RZnl + MegCuCNLig -► “FG—R—Cu(CN)LiZnMe2Li” 

Rfg = Et, Et02C 

E+ = H+, Br, Me3SnCI R1 = Bu, H, Ph R2 = SMe, H 

Eq. 4.22 

55-76% 

4.3 o-Carbon-Metal Complexes from Insertion of Alkenes and Alkynes into 

Metal-Hydrogen Bonds 

The insertion of an alkene or alkyne into a metal-hydrogen bond to form a o- 

carbon-metal complex is a key step in a number of important processes, including 

catalytic hydrogenation and hydroformylation. This insertion is an equilibrium, with 
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P-hydride elimination being the reverse step. With electron-rich metals in low 

oxidation states [Rh(I), Pd(II)] the equilibrium lies far to the left, presumably because 

Tt-acceptor (electron withdrawing) olefin ligands stabilize these electron-rich metals 

more than the corresponding o-donor alkyl ligands resulting from insertion (Eq. 
4.23). 

M—H + 

Eq. 4.23 

The situation is the reverse with electron-poor metals in high oxidation states 

(e.g., d° Zr(IV)). In these cases o-donor alkyl ligands are stabilizing (and TT-accepting 

olefin ligands destabilizing) and the equilibrium lies to the right. From a synthetic 

point of view, the position of the equilibrium is not important, as long as the o- 

carbon-metal complex formed by insertion is more reactive than the olefin-hydride 

complex. o-Carbon-metal complexes of both electron-rich and electron-poor metals, 

formed from metal hydrides and olefins, have been used in the synthesis of complex 

molecules. 

An example of the former is the palladium(II)-catalyzed cycloisomerization 

of enynes (Eq. 4.24).35 Although the mechanism of this reaction is not yet known, it is 

likely to involve in situ generation of a palladium(II) hydride species, which 

"inserts" (hydrometallates) the alkyne to give a o-alkenylpalladium(II) complex with 

an adjacent alkene group. Coordination of this alkene, followed by insertion into the 

G-alkenylpalladium complex, forms a carbon-carbon bond (the ring) and a G-alkyl- 

palladium(II) complex having two sets of (3-hydrogens. (3-Hydrogen elimination can 

occur in either direction, generating the cyclic diene and regenerating the palla¬ 

dium^) hydride species to reenter the catalytic cycle. The direction of P-elimination 

can be influenced by the addition of ligands (Eq. 4.25), although the reason for this is 

not entirely clear. 
Eq. 4.24 
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Eq. 4.25 

,C02Me 

CC^Me 

cat. 

Pd(OAc)2 (80%) 1:16 
Pd(OAc)2/2 PPh3 (73%) 1:2.9 C02Me 

The reaction tolerates a range of functional groups (Eq. 4.26), as well as 

structural complexity in the substrate (Eq. 4.27).36 When carried out in the presence 

of an appropriate reducing agent, the ultimate o-alkylpalladium(II) complex can be 

reduced prior to (3-elimination, giving monoenes rather than dienes (Eqs. 4.28 and 

4.29).37 In the presence of organotin reagents transmetallation/reductive elimination 

alkylates the final product (Eq. 4.30).38 

Eq. 4.26 
Pd(OAc)2 

2 

Cl 
,CI , 60° 

67-96% 

R = COCH3, TMS, CH2OCH3, CH2CH2OCH3> CH3i OEt, C02Me 

Eq. 4.27 

Pd(OAc)2 cat 
-*- 

co2h 

PPh2 

Eq. 4.28 

Pd2(dba)3«CHCI3 

polymethylhydro- 

siloxane (“H-”) 
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Eq. 4.29 

Pd2(dba)3*CHCI3 

AcOH 
CH3CN 
RSnBu3 

cC 
40-80% 

Eq. 4.30 

X = C(C02Bn)2, NCOPh 

R = 

Multiple insertions are possible, provided (3-hydrogen elimination is slower 

than the next insertion, a feature achieved by careful selection of substrate.39 The 

example in Eq. 4.31 is illustrative. Insertion is a cis process, and (3-elimination 

requires that the metal and hydrogen achieve a syn coplanar relationship. In Eq. 4.31, 

a cis insertion leads to o-alkylpalladium(II) complex which has no (3-hydrogen syn 

coplanar, making |3-elimination disfavored. Instead, a suitably-situated alkene 

undergoes insertion, and the resulting o-alkylpalladium(II) complex can then 

undergo (3-elimination. The ultimate example of this is shown in Eq. 4.32 in which all 
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but the final center formed are quaternary, and have no (3-hydrogens.40 This process 

has been used to generate 1,3,5-hexatrienes which undergo a facile electrocyclic 

reaction to produce tricyclic material (Eq. 4.33).41 Note that in none of these cases 

could o-carbon-metal complexes be detected, since they were present only in low 

concentrations because the insertion equilibria lay far to the left. 

Eq. 4.32 

OMe 

Eq. 4.33 
R 

The completely opposite situation obtains for the electron-poor, d°, Zr(IV) 

complex Cp2Zr(H)Cl, which reacts under mild conditions with a variety of alkenes to 

give stable, isolable o-alkyl complexes of the type Cp2Zr(R)Cl (Eq. 4.34).42 

Eq. 4.34 

16 e , unsat.) 
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This reaction is remarkable in several respects. The addition occurs under 

mild conditions, and the resulting alkyl complexes are quite stable. Regardless of the 

initial position of the double bond in the substrate, the Zr ends up at the sterically 

least-hindered accessible position of the olefin chain. This rearrangement of the 

zirconium to the terminal position occurs by a Zr-H elimination, followed by a 

readdition that places Zr at the less-hindered position of the alkyl chain in each 

instance (Eq. 4.35). This migration proceeds because of the steric congestion about Zr 

caused by the two cyclopentadienyl rings. The order of reactivity of various olefins 

toward hydrozirconation is terminal olefins > cis internal olefins > trans internal 

olefins > exocyclic olefins > cyclic olefins and terminal > disubstituted > 

trisubstituted olefins. Tetrasubstituted olefins and trisubstituted cyclic olefins fail to 

react. Finally, 1,3-dienes add ZrH to the less-hindered double bond to give y,8- 

unsaturated alkylzirconium complexes. 

CP2Zr^ + / \ 
ci ' x 

Alkynes also react with Cp2Zr(H)Cl, adding Zr-H in a cis manner. With 

unsymmetric alkynes, addition of Zr-H gives mixtures of alkenyl Zr complexes with 

the less-hindered complex predominating. Equilibration of this mixture with a slight 

excess of Cp2Zr(H)Cl leads to mixtures greatly enriched in less-hindered complex. 

The good news is that Cp2ZrHCl is a metal hydride which readily adds to a wide 

variety of alkenes and alkynes to give a metal-alkyl species, in principle making 

alkenes and alkynes sources of alkyl groups in synthesis. The bad news is that 

Cp2ZrRCl is Zr(IV), d° and undergoes very little useful organic chemistry. 

Zirconium(IV) alkyls do undergo two useful reactions. They are readily 

cleaved by electrophiles such as bromine or peroxides, with retention of 

configuration, to give straight-chain alkyl halides or alcohols respectively43 even 

from mixtures of alkene isomers. (Zirconium(IV) alkenyls undergo electrophilic 

cleavage with retention of alkene geometry.) In addition, they insert carbon 

monoxide, giving stable acylzirconium(IV) complex which can be cleaved by acid to 

give aldehydes.44 However it was not until the development of efficient 

transmetallation processes that hydrozirconation achieved real utility in organic 

synthesis. 

H 

CpaZr,, 

Cl r 
H 

a V" 

Cp2Zr^\ 

Eq. 4.35 

/ Cl 
Cp2Zr H 

Cl 

Jm 

H 

Cp2Zr- 

H 
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4.4 o-Carbon-Metal Complexes from Transmetallation/Insertion Processes 

Transmetallation (transfer of an R group) from main-group metals to 

transition metals is extensively exploited in organic synthesis, notwithstanding the 

fact that the process is poorly understood (Chapter 2). Its utility lies in the ability to 

use main-group organometallic chemistry to "activate" organic substrates (e.g., 
hydroboration of alkenes, direct mercuration of aromatics), then transfer that 

substrate to transition metals to take advantage of their unique reactivity (e.g., 

oxidative addition, insertion). One such useful class of reaction is 

transmetallation/insertion (Eq. 4.36). 

Eq. 4.36 

RM + M'X .. RM' + MX 

Z 

M = Li, Mg, Zn, Sn, Hg, B, Si, Al, Zr(IV) 

M' transition Metal 

As mentioned above, although alkenes and alkynes are readily hydrozircon- 

ated, the resulting o-alkylzirconium(IV) species have only minimal reactivity. 

However, they will undergo transmetallation to nickel(II) complexes, and the 

resulting organonickel complexes undergo 1,4-addition to conjugated enones (Eq. 

4.37).45 Multiple transmetallations increase the utility of the process. For example, in 

Eq. 4.37 

OTMS 
I 

Cp2Zr(H)CI + HC=C—CHR 

H 

[Zr] 

OTMS 
I 

\ /CHR |sjjH (acac)2 

C =C - 

OTMS 
I 

H CHR 

}=( 
Ni] H 

O 

Eq. 4.38,46 hydrozirconation is used to activate the alkyne, but the a- 
alkenylzirconium(IV) species cannot directly transmetallate to copper. However, 
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organolithium reagents will alkylate the alkenylzirconium species which then 

transmetallates to copper, which then does 1,4-additions to an enone. This process 

can be made catalytic in the copper salt by using appropriate conditions (Eq. 4.39).47 

Copper salts also catalyze the conjugate addition of vinyl alanes (from Zr-catalyzed 

carboalumination of alkynes) to enones (Eq. 4.40),48 and the addition of 

aZ/cy/zirconium species (from hydrozirconation of alkenes rather than alkynes) to 

enones.49 

Eq. 4.38 

Cp2Zr(H)CI 
RC = CH -► Cp2Zr 

/ Cl 

R 

MeLi 
-► Cp2Zr 

✓Me Me2CuCNLi2 R 

R 

CuCNLi2 
I 

Me 

R3"SiO'' 

(V 
,C02Me V C02Me 

OTMS 
OTMS 

R = '***• OPh 

OTMS 

OBn 
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Eq. 4.40 

Me3AI 
R = H -► 

Cp2 ZrCl2 

(cat.) 

R = H0^ , TIPSO BnO nC6> 

Transmetallation from mercury, thallium and tin to palladium(II) is also a 

powerful synthetic technique.50 Aromatic compounds undergo direct, electrophilic 

mercuration or thallation and, although these main-group organometallics have 

limited reactivity, they will transfer their aryl groups to palladium(II), which has a 

very rich organic chemistry. When transmetallation/insertion chemistry is used, the 

reaction is, in most cases, stoichiometric in palladium, since Pd(II) is required for 

insertion, and Pd(0) is produced in the last step (Eq. 4.41). Efficient reoxidation has 

Eq. 4.41 

ArH + HgX 2-► ArHgX 
PdX2 
-► ArPdX + HgX 2■ 

Ar—Pd—X 

c Ar Pd—X 

>-( 
H Z 

(3-el. Ar 

-► \=^ + Pd(0) + HX 

Z 

only been achieved in a few cases50 (Eq. 4.37). However, this can still be a useful 

process, since Pd(0) can be recovered and reoxidized in a separate step (Eqs. 4.4251 

and 4.43 52). In the special case of an allylic chloride as the alkene (Eq. 4.44),53 the 

Eq. 4.42 
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Eq. 4.43 

Eq. 4.44 

reaction is catalytic in Pd(II) since, in this case, (3-C1 elimination to give PdCl2, rather 
than p-hydride elimination to give Pd(0) and HC1, is more facile. Transmetallation 
from arylthallium(III) complexes is inefficiently catalytic (Eq. 4.45).54 In this case, 

Tl(III) oxidizes Pd(0) to Pd(II). Transmetallation from tin has been used to synthesize 

arylglycosides (Eq. 4.46).55 Even arylmanganese(I) complexes transmetallate to Pd(II), 

permitting olefination (Eq. 4.47).56 
Eq. 4.45 

OMe 

TMSO 

Eq. 4.46 

60% 
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Eq. 4.47 

4.5 o-Carbon-Metal Complexes from Oxidative Addition/Transmetallation 

Sequences57 

One of the most general approaches to the formation of o-carbon metal 

complexes is the oxidative addition (Chapter 2) of organic halides to low-valent 

transition metals, most commonly palladium(O) and nickel(O) ((a) in Figure 4.5). The 

reaction is usually restricted to aryl and alkenyl halides, or at least halides lacking (3- 

hydrogens, since (3-hydride elimination is very fast at temperatures above -20°C, 
limiting what can be done with the o-carbon metal complex. With alkenyl halides, 

retention of stereochemistry is observed. The order of reactivity is I > OTf > Br »> 

Cl,58 such that chlorides are rarely reactive enough to participate (although this is 
changing with new catalysts being developed).59 From the viewpoint of the 

substrate, the metal is being oxidized and the substrate reduced. Thus electron- 

deficient substrates are more reactive than electron-rich substrates. The resulting 

(unstable) o-carbon metal halide complex can undergo a variety of useful reactions. 

Treatment with a main-group organometallic results in transmetallation, (b) 

producing a diorganometal complex, which undergoes rapid reductive elimination 
(c) to give coupling (carbon-carbon bond formation) with regeneration of the low 

valent metal catalyst (Figure 4.5). Because reductive elimination is faster than (3- 

hydride elimination, the main-group organometallic may contain (3-hydrogens, and 

is not restricted to sp2 carbon groups. Transmetallation and reductive elimination 
usually occur with retention of stereochemistry. 

Because CO insertion into metal-carbon o-bonds is facile at temperatures as 

low as -20°C, carrying out the oxidative addition under an atmosphere of CO results 

in the capture of the o-carbon metal complex by CO to produce a o-acyl species (d). 

Transmetallation (e) to this complex results in carbonylative coupling (f) (Figure 4.5). 
Both of these processes have been extensively used in synthesis. 

By far the most extensively developed oxidative addition/transmetallation 
chemistry involves palladium(O) catalysis, and transmetallation from Li, Mg, Zn, Zr, 

B, Al, Sn, Si, Ge, Hg, Tl, Cu and Ni. There is an overwhelming amount of literature 

on the subject, but all examples have common features. A very wide range of 
palladium catalysts or catalyst precursors have been used (Figure 4.6) and, in many 

cases, catalyst choice is not critical. These catalysts include preformed, stable 

palladium(O) complexes such as Pd(PPh3)4 ("tetrakis") or Pd(dba)2/Pd2(dba)3*CHCl3 

plus phosphine60; in situ generated palladium(O) phosphine complexes, made by 
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R—R' 

START HERE O 
II 

RCR' 

Figure 4.5 Oxidative Addition/Transmetallation 

reducing palladium(II) complexes in the presence of phosphines; and "naked" or 

ligandless palladium(O) species, including, in some cases, palladium on carbon. (It 

should be noted that palladium(II) is very readily reduced to palladium(O) by 

alcohols, amines, CO, olefins, phosphines, and main group organometallics.61) 

air stable Pd(0) 

Figure 4.6 Preparation of Palladium(O) Complexes 

Phosphine ligands are normally required for oxidative addition of bromides, but 

they suppress the reaction with aryl iodides, thus discrimination between halides is 

efficient. In these coupling processes, almost invariably it is the transmetallation step 
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that is rate limiting, and is the least understood. It is important that both metals 

ultimately benefit energetically from the transmetallation step and,- depending on the 

metal, additives are sometimes required. 

One of the earliest examples of oxidative addition/transmetallation is the 

nickel- or palladium-catalyzed Grignard reaction. (Although Ni(II) or Pd(II) 

complexes are the most common catalyst precursors, the active catalyst species is the 

metal(O) formed by reduction of the metal(II) complex by the Grignard reagent.) 

Nickel phosphine complexes catalyze the selective cross-coupling of Grignard 

reagents with aryl and olefinic halides (Eq. 4.48).62 The reaction works well with 

primary and secondary alkyl, aryl, alkenyl, and allylic Grignard reagents. A wide 

variety of simple, fused, or substituted aryl and alkenyl halides are reactive 

Eq. 4.48 
ArX 

RLi 

RMgX 

L2NiCI2 
L4Ni 
L4Pd or 

L2PCICI2 cat. 

ArR 

R 

Het—X Het—R 

R = alkyl, aryl, hetaryl, alkenyl 

substrates, but simple alkyl halides fail to react. With simple aryl and alkyl Grignard 

reagents, the chelating diphosphine Ph2P(CH2)2PPh2 complex of nickel chloride is the 

most effective catalyst, whereas the Me2P(CH2)2PMe2 complex is most suitable for 

alkenyl and allylic Grignard reactions, and the bis Ph,P complex is best for reactions 

of sterically hindered Grignards or substrates. 

This process is particularly useful for the coupling of heterocyclic substrates 
(Eq. 4.49).63 In this case the Grignard reagent, the halide, or both can be heterocycles. 

Eq. 4.49 

M + RX 
L2NiX2 
-) 

L2PdX2 

L2NiX2 

L2PdX2 
X + RM 

Het = 

Configurationally unstable secondary alkyl Grignard reagents can be coupled 

to a variety of aryl and alkenyl halides with high asymmetric induction using 

(aminoalkylferrocenyl)phosphines having both carbon-centered and planar chirality 

(Eq. 4.50).64 This is a kinetic resolution of the racemic (but rapidly equilibrating) 

Grignard reagent — that is, one enantiomer of the Grignard reagent reacts with the 

optically active phosphine metal(II) o-carbon complex faster than does the other 
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enantiomer, and the Grignard reagent equilibrates (inverts) faster than it couples. 

Aryl triflates also couple efficiently to Grignard reagents. With prochiral bis triflates, 
optically active biaryls were produced (Eq. 4.51).65 

R._MgX 
| + R'X 

(racemic) 

Ni" or Pd" 

cat, L* 

up to 95% ee 

Eq. 4.50 

R = Ph, Et, nC6 R' = PhCHTMS, =\ 

I > 
*/W* 

(S)-(R) 

Eq. 4.51 

Organozinc halides are among the most efficient main-group organometallics 
in transmetallation reactions to palladium (Eq. 4.52),66 while organolithium reagents 

are among the least. However, treatment of an organolithium reagent with one 

Eq. 4.52 

equivalent of anhydrous zinc chloride in THF generates, in situ, an organozinc halide 

which couples effectively (Eq. 4.5367). Recent applications of this approach to 

nonlinear optical materials include the synthesis of donor-acceptor 
oligothiophenes,68 and oligofurans (Eq. 4.54).69 These coupling reactions can also be 

readily carried out on solid supports and are potentially useful for combinatorial 

chemistry.70 This facile Li to ZnCl transfer also allows the use of ligand-directed 

lithiation to provide coupling partners in this process. Another attractive feature of 

organozinc halides is that a wide variety of functionalized reagents are available 

directly from functionalized halides and activated zinc (see Eqs. 4.14 to 4.16 and 
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Eq. 4.53 

1) t-BuLi, -78°C, ZnCI2 
(I —> Li —> ZnCI) 

2) L4Pd, Et20, 25°C 

OTBS 

CL JO OTBS 

66% 

OTBS 

OPMB 

OPMB 

Figure 4.2) permitting the introduction of carbonyl groups, nitriles, halides, and 

other species into these coupling reactions. 
a-Alkenylzirconium(IV) complexes from hydrozirconation of terminal 

alkynes also transmetallate efficiently to palladium(II)-carbon complexes and are 

effective coupling partners in Pd(0)-catalyzed oxidative addition/transmetallation 
processes (Eq. 4.55). However, the corresponding a-alkenylzirconium(IV) 

complexes from hydrozirconation of internal alkynes fail entirely! Addition of zinc 

Eq. 4.55 

RCECH 
Cp2Zr(H)CI R 

[Zr] 

O 

R' 

chloride to these reactions promotes this process, probably via a Zr —» Zn —> Pd 

transmetallation sequence (Eqs. 4.5672 and 4.5773).This, again, illustrates the efficacy 
of zinc organometallics in these coupling processes. 

Hydroboration is potentially a very attractive way to bring alkynes and 

alkenes into oxidative addition/transmetallation cycles, since the process has been 
the subject of long term, intense development and a truly staggering number of cases 

has been studied. However boron is electrophilic, and attached alkyl groups lack 
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Cp2Zr(H)CI (1) ZnCI2 
Eq. 4.56 

(2) L4Pd, 25°C 

Me02C 

/ N|Br 

Eq. 4.57 
NHBOC 

84% 

sufficient nucleophilicity to transmetallate to palladium. Addition of anionic bases, 

such as hydroxide, to neutral organoboranes dramatically increases the 
nucleophilicity of the organic groups, now attached to a borate, and transmetallation 

from boron to palladium can easily be achieved. This is the basis of the "Suzuki"74 

reaction, which has, to a great extent, supplanted transmetallation from zirconium or 

aluminum. Thus, alkylboranes (Eq. 4.58)75 and alkenylboranes (Eqs. 4.5976 and 4.6077) 

couple efficiently to a wide range of highly functionalized alkenyl halides and 

triflates. With complex substrates the use of TlOH as base often results in an increase 

of both the rate and the yield of the process.76 In the case of base-sensitive substrates, 

fluoride can be used in place of hydroxide in many cases,.7879 

R3SiO H H FT 

oF*^fOJ' + G> 
co2pmp 

Eq. 4.58 

NHBoc NHBoc 

Eq. 4.59 

Me„,^C02Me OMe 

+ Ph^^\^_B(0H)2 

BocNH 

L4Pd 

TIOEt 
H20 
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Eq. 4.60 

O 103 

Suzuki coupling has virtually become the method of choice for making 

biaryls,57 because arylboronic acids are easy to synthesize, stable to handle, and the 
boron-containing byproducts are water soluble and non-toxic. Highly hindered, 

functionalized systems couple efficiently (Eq. 4.61),80 and the reaction works well 

Eq. 4.61 
OBn OMe 

L,Pd 

BnO 

OBn OMe OBn OMe 

82% (3:2 rotamers) 

= OBn 

Ba(OH)2 
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even on a very large scale (Eq. 4.62).81 It has become very popular in polymer and 

materials science and has been used to make AB2-building blocks for liquid crystal 

dendrimers,82 oligophenyls,83 and macrocyclic oligophenlines,84 and even covalently- 

linked organic networks.85 The reaction proceeds well on polymer supports, and 

provides the ability to produce combinatorial libraries effectively.86 

Eq. 4.62 

I Br 
1 S02N^NMe2 P * a 

B(OH)2 

rl 
1.4% Pd(OAc)2 

Ph3P 
so2n‘s 

Na2C03/H20/Et0H LJ 
7.7 kg scale 

87% 

<^NMe2 

By combining functional-group-directed ortho-lithiation of arenes with 

Suzuki coupling (Eq. 4.63),87 a wide range of functionalized arenes, even quite 

hindered ones can be synthesized (Eq. 4.64)88 and (Eq. 4.65).89 
Eq. 4.63 

L L 

1) RLi/B(OMe)3 ' ^ B(OMe)2 

2) H+ 

L lf 
Ar'Br RLi/B(0Me)3 (Me0)2B ^ 

3d(0) 2) H+ Pd(0) 
Na2C03 

Ar"Br Ar“ 

Pd(0)/Na2CO3 

Ar' 
O ° ° 
II H H . „ . 

L = —C—N(iPr)2 —C—NEt2 HN—C—OtBu -O O 

Tr 

N-N 
O \ 

N. - N 

Eq. 4.64 

Cl 

Cl 
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Eq. 4.65 

Transmetallation from tin to palladium (The "Stille Reaction") is one of the 
most extensively utilized and highly developed palladium-catalyzed processes in 
organic synthesis.90 A wide variety of structurally-elaborate organotin compounds 
are easily synthesized, are relatively unreactive toward a wide range of functional 
groups yet readily transmetallate to palladium, making them ideal reagents for 
complex oxidative addition/transmetallation sequences. The inherent toxicity of tin 
compounds and the difficulty in removing tin by-products from reactions have done 
little to dampen this enthusiasm, and have been somewhat mitigated by the 
development of tin reagents more readily removed by extraction.91 

The rate, and ease of transfer from tin to palladium is: 

RCEC > RCH= CH > Ar > , ArCH2 > > CnH2n+i, RCHOR 

Alkenyl groups transfer with retention of olefin geometry, and allyl groups with 
allylic transposition. Because simple alkyl groups transfer very slowly, trimethyl or 
tributylstannyl compounds can be used to transfer a single R group. 
Transmetallation is almost invariably the rate limiting step in these processes, and 
relatively unreactive tin reagents often require high (>100°C) reaction temperatures 
and long reaction times. The use of lower donicity ligands such as Ph3As or (2- 
furyl)3P can often enhance transmetallation rates and thus permit the use of milder 
conditions,92 as can the use of copper(I) cocatalysts.93 

In principle, any substrate that will undergo oxidative addition with 
palladium(O) can be coupled to any organotin group that will transfer. Among the 
earliest studied substrates were acid chlorides, which are readily converted to 
ketones (Eq. 4.66).94 Note that a methyl group can be transferred if it is the only 

Eq. 4.66 

71% 
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group on tin and conditions are vigorous enough.95 Macrocycles can be made using 

an intramolecular version of this process (Eq. 4.67).96 (A carbon monoxide 

atmosphere is required to prevent competitive decarbonylation (Chapter 5) of the 

acid chloride.) Acid chlorides are reduced to aldehydes when tributyltin hydride is 

used.97 

o R 

o 

Pd(0) 

co 
110°C 

32-70% 

n = 13, 9, 7, 5,4 

Eq. 4.67 

R = H, Me, nC6 

Alkenyl halides couple efficiently with acetylenic (Eq. 4.68)98 and simple 

alkenyltin compounds,99 with retention of olefin geometry for both partners (Eq. 

4.69).100 Intramolecular versions are efficient, and a variety of macrocycles have been 

synthesized using this methodology (Eqs. 4.70101 and 4.71102). 

Me3Sn—-—R1 + 
PdCI2(MeCN)2 

THF or DMF 

Eq. 4.68 

halide = Bu THPO' 

R’ = H, TMS, nBu, TMS-OCHg, Ph, Ph^O^y 

Synthetic Applications of Complexes Containing Metal-Carbon a-Bonds • 87 



Eq. 4.70 

OMe OMe 

The synthetic utility of this coupling process was dramatically enhanced 

when conditions were found to make aryl and alkenyl triflates,103 fluorosulfonates,104 

and phosphonates105 participate, since this allowed phenols and ketones (via their 

enol triflates or fluorosulfonates) to serve as coupling substrates. As with other 

substrates, extensive functionality is tolerated in both partners (Eqs. 4.72106 and 

Eq. 4.72 
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4.73 ). Triphenylphosphine catalysts often require the addition of LiCl or ZnCl2 to 

go smoothly but the use of Ph3As in polar solvents such as DMF obviates the need 

for additives and brings even unreactive aryl triflates into reaction. 108 

Me 
Eq. 4.73 

OBn 

L4Pd cat. 
2 eq. CuCI 
2 eq. K2OO3 

Although rarely used, alkynyl halides also couple efficiently to 

organostannanes under palladium catalysis (Eq. 4.74 ).109 

Eq. 4.74 

/=\ 
+ Me3Sn SnMe3 

UPd 

cat. 

80% 

Aryl halides were the first substrates to be coupled with tin reagents using 

palladium catalysts.110 Although Suzuki coupling has largely supplanted Stille 

coupling for the synthesis of biaryls, Stille coupling continues to be extensively used 

for the synthesis of heteroaromatic systems (Eq. 4.75).111 By using bis-heteroaryl (eg. 

thiophene) stannanes and bis aryl-112 or heteroaryl halides,113 oligomeric polyarenes 

can be efficiently synthesized. The development of efficient catalyst systems based 

on Pd/C114 and the use of nickel(O) catalysts to bring aryl chlorides115 into reaction has 

further expanded the utility of Stille coupling. 

Palladium-catalyzed amination of aryl halides by stannyl amines had 

similarly been reported in 1983,116 but it has recently been shown that stannyl amines 

are not required.117 Rather, treatment of aryl bromide, iodides, or triflates with 
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Eq. 4.75 
TMSTMS 

II II 

X 

II II 
TMSTMS 

Me3Sn Ss 

R 

ty-ts s s TMS 

primary or secondary amines in the presence of palladium/phosphine catalysts and 

sodium t-butoxide117 or cesium carbonate118 results in efficient aryl amination (Eq. 

4.76). By using activated palladium119 or nickel120 catalysts even aryl chlorides are 

aminated. As is the case with most other palladium catalyzed processes, this 

amination reaction is finding its way into solid-phase supported combinatorial 

chemistry121 and into polymer (polyamine) chemistry by the coupling of diamines to 

dibromides.122 

Eq. 4.76 
ArBr 

Arl + 

ArOTf 

Pd2(dba)3/BINAP 
RR'NH -► ArNRR' 

or (DPPF)PdCI2 
t-BuONa 60-95% 

PhCH3 80°C 

Ar = p-NCPh, p-MePh, p-PhPh, p-PhCOPh, p-Et2NCOPh, o-MeOPh, m-MeOPh, 
o-Me2NPh, 3,5-Me2Ph, m-t-Bu02CPh, 2,5-Me2Ph, o-Me, p-MeOPh 

Transmetallation from silicon to palladium is not a facile process, and alkenyl 

silanes can often be carried along as unreactive functional groups in other 

transmetallation/coupling schemes (e.g., Eq. 4.77123). However in the presence of a 

Eq. 4.77 

SiMe3 

TMS 
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fluoride source, such as tetrabutylammonium fluoride (TBAF), 

(tris(diethylamino)sulfonium difluorotrimethylsilicate) (TASF),124 or sodium 

hydroxide,125 to aid in Si-C bond cleavage and to provide stable silicon products, 

oxidative addition/transmetallation from silicon proceeds smoothly with a wide 

variety of substrates (Eq. 4.78). In contrast to other main-group organometallics, both 

cis and trans alkenylsilanes couple with aryl halides to give trans products.126 

RX + R'SiMe3 

2% <( PdCI 2 cat 

HMPA or THF/P(OEt)3 
50°C 1 eq TASF 

FR ' 

60-90% 

Eq. 4.78 

R R R 

RX = Arl, *\^l *\^Br , ArOTf, ^OTf 

R' as R—EEEr 

Preformed organocuprates, R2CuLi, transmetallate to palladium only slowly, 

and most decompose at temperatures well below that required for transmetallation. 

However, terminal alkynes couple to aryl and alkenyl halides upon treatment with 

palladium catalyst, an amine and copper(I) iodide, in a process that almost certainly 

involves oxidative addition/transmetallation from copper. Although the mechanism 

has not been studied, a likely one is shown in Eq. 4.79. This reaction has been known 

for a long time, but only became appreciated with the advent of the ene-diyne 

antibiotic, antitumor agents such as calicheamycin or esperamycin.127 It turns out that 

this is an excellent reaction, which retains the stereochemistry of the alkenyl halide 

and tolerates functionality (Eq. 4.80128 and Eq. 4.81129). 

Cul 
R1—=—H -► R1—==• 

r23n 

FK -j?—► R—P d—X 

Pd(0) - 

Cu 

R—Pd R1 

Eq. 4.79 

Eq. 4.80 
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Eq. 4.81 
O 

As this process has become more important in the synthesis of highly 

functionalized organic compounds, modified catalyst conditions have been 

developed including the use of Pd/C as the palladium catalyst,130 the use of water as 

the reaction solvent131 and the development of catalyst systems that do not require 

copper co-catalysts. By using tetrabutylammonium iodide as a promoter, aryl 

triflates can be made to react efficiently.133 

As with other palladium-catalyzed processes, this one has been put to good 

use in the area of polymers and materials chemistry.134 For example, using iterative 

iodothiophene/ethynylthiophene coupling, oligo (thiophene ethynylenes) were 

efficiently synthesized (Eq. 4.82).135 Dendrimers can be made using 

iodoarene/ethynylbenzene couplings (Eq. 4.83).136 Other materials applications 

include the synthesis of photorefractive materials by the coupling of iodocarbazoles 

with bis ethynylcarbazoles,137 and the synthesis of fused polycyclic aromatics from 

tetrahalobenzenes and ethynylarenes.138 
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Eq. 4.83 

4.6 a-Carbon-Metal Complexes from Oxidative Addition/Insertion Processes 

(the Heck Reaction) 

Metal-carbon o-bonds are readily formed by oxidative addition processes, 

and carbon monoxide and (less easily) alkenes readily insert into metal-carbon o- 

bonds. These two processes form the basis of a number of synthetically useful 

transformations. Because of the very wide range of organic substrates that undergo 

oxidative addition, carbon monoxide insertion offers one of the best ways to 

introduce carbonyl groups into organic substrates. The general process is shown in 

Figure 4.7. As usual, it is limited to substrates lacking (3-hydrogens, since [3-hydride 

elimination often occurs under the conditions required for oxidative addition. Thus, 

Figure 4.7 Oxidative Addition/CO Insertion 
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alkenyl, aryl, benzyl, and allyl halides, triflates, and fluorosulfonates139 are readily 

carbonylated. Pressure equipment is usually not required, since insertion occurs 

readily at one atmosphere pressure. A base is required to neutralize the acid 

produced from the nucleophilic cleavage of the o-acyl complex. When palladium(II) 

catalyst precursors are used, rapid reduction to palladium(O) by carbon monoxide 

ensues. Some ligand, usually triphenylphosphine, is required both to facilitate ox¬ 

idative addition with bromides and to prevent precipitation of metallic palladium. 

Alkenyl triflates have been extensively used (Eq. 4.84),140 and the reaction is efficient 

even on large scales (Eq. 4.85).141 Because they are directly available from ketones, 

this provides a convenient method for the conversion of this common functional 

group to conjugated esters. 

Eq. 4.85 

NHtBu 

Pd(OAc)2 34 g 
MeOH 2.6 kg 
DMSO 731 

dppe 63 g 
CO 7 psi 
Et3N 3.4 kg 

5.31 kg 
87% 

Intramolecular versions are efficient and provide lactones (Eq. 4.86),142 

lactams (Eq. 4.87)143 and even (3-lactams (Eq. 4.88).144 These carbonylations can also be 

carried out on a large scale without loss of efficiency (Eq. 4.89).145 The combination of 

oxidative addition/CO insertion with transmetallation results in efficient conversion 

of organic halides and triflates into aldehydes or ketones (Eq. 4.90),146 (Eq. 4.91),147 

Eq. 4.86 
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Eq. 4.87 

Pd(OAc)2/PPh3 
-► 

Et3N, CO 

63% 

NHBn Pd(OAc)2/PPh3 

Bu3N/HMPA 
1 atm CO, 100°C 

Eq. 4.88 

CO, DMF 
L2PdCI2 
iBu3N N-R 

H 

Eq. 4.89 

(89% on 180g scale) 

ArX ArCHO 

R Pd(0) / CO 

+ R,3MH - 
Et3N 

X = Br, I, OTf M = Sn, Si 

CHO 

60-90% 

Eq. 4.90 

and (Eq. 4.92).148 The requirement that CO insertion must preceed transmetallation 

can usually be met by adjusting the CO pressure (usually 50-90 psi is required, 

rather than atmospheric pressure). 

Oxidative addition/olefin insertion sequences are even more useful for 

synthesis, because a greater degree of elaboration is introduced. The general process, 

known as the Heck reaction,149 is shown in Figure 4.8. In this case, it is normally the 

insertion step which is most difficult and it is the structural features on the alkene 

which impose the most limitations. All substrates subject to oxidative addition can. 
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Eq. 4.92 

Arl + 
xv^NHBoc UPd 

IZn V -► 
COpMe CO 

THF 

AYY NHBoc 

O COgMe 

20-60% 

Ar = Ph, a-Naphth, p-MePh, o-MeOPh, m-MeOPh, p-MeOPh, o-H2NPh, 
m-HpNPh, p-FPh, o-FPh, n-FPh, 0-O2NPh, m-02NPh, p-02NPh 

Pd(0) 

JX 

—► R—Pd(ll)—X 
m 

R—Pd(ll)—X. 

Catalysts: L4Pd, Pd(dba)2, PdCI2L2 + DIBAL, 
Pd(OAc)2 + red. agent (CO, CH2=CH2> R3N, R3P, ROH) 

Figure 4.8 Oxidative Addition/Olefin Insertion 

in principle, participate in this process, although, again, (3-hydrogens are not 

tolerated because {3-elimination competes with insertion. 

Typically, the Heck reaction is carried out by heating the substrate halide or 

triflate, the alkene, a catalytic amount of palladium(II) acetate, and an excess of a 

tertiary amine in acetonitrile. The tertiary amine rapidly reduces Pd(II) to Pd(0) by 

coordination /(3-elimination/reductive elimination (Eq. 4.93).150 With aryl iodides as 

substrates, the addition of phosphine is not required, and in fact, inhibits the 

Eq. 4.93 

R2NCH2R' + PdX2 

H 
I 

R2N—C—R 
I I 
Pd H 
I 

X 

(3-el. H 
R2N =CHR I X" + PdX Pd(0) + HX 

reaction. Even palladium on carbon will catalyze Heck reactions of aryl iodides.151 In 

contrast, with bromides as substrates, a hindered tertiary phosphine like tri-o- 

tolylphosphine is required to suppress quaternization. Recently, considerably 
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milder, more efficient conditions for the Heck reaction have been developed. These 

involve using polar solvents such as DMF with added quaternary ammonium 

chlorides to promote the reaction.152 The soluble quaternary ammonium chloride 

keeps the concentration of soluble chloride high, and halide ions stabilize and 

activate palladium(O) complexes during these reactions.153 Quaternary ammonium 

sulfates also promote mild conditions, and allow the reaction to be carried out under 

aqueous conditions.154 For industrial applications, related conditions which result in 

very high catalyst turnover have been developed.155 

A very wide range of alkenes will undergo this reaction, including electron- 

deficient alkenes, like acrylates, conjugated enones and nitriles, unactivated alkenes 

like ethylene and styrene, and electron-rich alkenes like enol ethers and enamides. 

With electron-poor and unactivated alkenes the insertion step is sterically controlled 

and insertion occurs to place the R group at the less-substituted position. The R 

group is delivered from the same face as the metal (cis insertion). Substituents on the 

P-position of the alkene inhibit insertion and, in intermolecular reactions, (3- 

disubstituted alkenes are unreactive. The (3-hydrogen elimination is also a cis process 

(Pd and H must be syn coplanar). 

With electron-rich alkenes, the regioselectivity of insertion is more 

complex.156157 With cyclic enol ethers and enamides, arylation a- to the heteroatom is 

always favored, but with acyclic systems mixtures are often obtained. Bidentate 

phosphine ligands favor a-arylation, as do electron-rich aryl halides, while electron- 

poor aryl halides tend to result in P-arylation. The regioselectivity of intramolecular 

processes is also difficult to predict, and seems to depend more on ring size than 

alkene substitution. Even "aromatic" double bonds can insert (see below). 

The Heck reaction has become very popular with synthetic chemists and a 

very broad range of applications to complex molecule syntheses has been reported. 

The process enjoys a wide tolerance to functionality and normally proceeds with 

high regio- and stereoselectivity (Eq. 4.94)158 and (Eq. 4.95).159 It is efficient with 

Eq. 4.94 

60-91% 

X = Ph, C02Me, CH2OH, CH(OEt)2, CH2OAc, CH2NHCO2PMP 

polymer-supported substrates and is finding increased application in combinatorial 

chemistry (Eq. 4.96).160 Polymer and materials scientists have also exploited the Heck 

reaction, as in the synthesis of poly(pyridylvinylene phenylenevinylenes) (Eq. 

4.97),161 copolymers containing nonlinear optical chromophores having large 

photorefractive effects,162 and other polyphenylenevinylene systems.163 
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Eq. 4.95 
OtBu 

10% Pd(OAc)2 

22% Ph3P 
Bu4NOAc 

1:1 DMF/MeCN 
60°C, 60 h 

55-66% 

BU4NOAC 
DMF/MeCN/H20 

1:1:0.2 
4.5 h, 60°C 

Eq. 4.96 

Resin—N—Lys—NH 
H 

1) Pd(OAc)2, Ph3P 

Bu4NCI, DMF/H20/Et3N 
2) TFA (cleave from resin) 

Z 

high yields 

Eq. 4.97 

R = OCi6H33, Ci2H25, C02Ci2H25 

As is often the case with organometallic reactions, intramolecular versions 

are more efficient than intermolecular versions (Eq. 4.98).164 Although the 

Eq. 4.98 
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regioselectivity of intramolecular Heck reactions (Eq. 4.99)165 is usually high, the 

mode of addition (exo vs endo) is less predictable and is often dictated by ring size 

(Eq. 4.100).166 In some cases, the regioselectivity can be altered by the choice of 

o 

Eq. 4.99 

Eq. 4.100 

conditions (Eq. 4.101).167 (The stereo chemistry of cyclization depends on the 

orientation of the olefin relative to the palladium-carbon o-bond168). By use of high 

dilution or site-isolation by polymer supports, macrocycles are readily available by 

the Heck reaction (Eq. 4.102).169 

A major advance came with the ability to induce asymmetry into the Heck 

reaction.170 An obvious requirement for asymmetric induction is that the newly- 

formed stereogenic center be an sp3 center (as in Eqs. 4.95 and 4.100) rather than the 

more usual sp2 centers (Eqs. 4.94, 4.96 and 4.102).107d For this to be the case, (3-hydride 

elimination must occur away from the newly-formed center ((3'), rather than toward 

it ((3) (Eq. 4.103). This restricts asymmetric induction to cyclic systems or to the 

formation of quaternary centers since it is only in these cases that (3-elimination 

towards the newly-formed center is prevented, either by the inability of that (3- 

hydrogen to achieve the syn orientation required for (3-elimination, or by the lack of 

that (3-hydrogen. When these conditions are met, excellent enantioselectivity can be 

achieved (Eq. 4.104),171 (Eq. 4.105),172 (Eq. 4.106),173 and (Eq. 107).174 
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Eq. 4.101 

TBSO OTBS 

exo 

Pd(OAc)2 

(o-Tol)3P 
Et3N 
MeCN/H20 
80°C 

Pd(OAc)2, BU4NCI 
KOAc, DMF, 100°C 

endo 

OTBS OTBS 

Eq. 4.102 

78% 

Eq. 4.103 

vs. 

H H 

100 



MeO 

Eq. 4.104 

92% yield 
90% ee 

Pd(OAc)2 
K2CO3 

(R) BINAP 
78% yield 
95% ee 

Eq. 4.105 

Eq. 4.106 

87% yield 
97% ee 

92% yield 
>99% ee 

Eq. 4.107 

84% yield 
95% ee 

Heck oxidative addition-insertion sequences are not limited to simple olefins. 

Even aromatic 71-systems can insert (Eq. 4.108)175 and (Eq. 4.109).176 

Eq. 4.108 

72% 
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Eq. 4.109 

The olefin insertion step in the Heck reaction generates a new metal-carbon 

o-bond which, in principle, could undergo any of the reactions of metal-carbon o- 

bonds (Figure 4.1), if only (3-hydrogen elimination did not occur so readily. If (3- 

elimination could be suppressed or if a process even more favored than 13- 

elimination (such as CO insertion) could be arranged, then the metal could be used 

more than once, and several new bonds could be formed, in sequence, in a single 

catalytic process. This is, indeed, possible, and these "cascade" reactions are 

becoming powerful tools in the synthesis of polycyclic compounds.177 

For example, the reaction in Eq. 4.110178 involves an oxidative addition/CO 

insertion/olefin insertion/CO insertion/cleavage process that forms three carbon- 

Eq. 4.110 

5% PdCI2(PPh3)2 

MeOH/CH3CN/PhH 
Et3N 40 atm CO 

100 °C 

75% 

carbon bonds per turn of catalyst. This process works because the initial oxidative 

adduct has no accessible (3-hydrogens, and CO insertion is faster than olefin insertion 

for a-alkylpalladium complexes but slower for o-acyl complexes. The major 

challenge in the system was to make the final CO insertion into a o-alkyl- 

palladium(II) complex, which does have (3 hydrogens, competitive with (3- 

elimination. This was achieved by using a relatively high pressure of CO. Indeed, 

under one atmosphere of CO, (3 elimination was the main course of the reaction. This 

downhill sequence of events is critical in these multiple cascade reactions, and when 
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met, an impressive number of bonds per catalyst cycle can be achieved (Eq. 4.1 ll)179 

and (Eq. 4.112).180 

Eq. 4.111 

^ (Ph3P)2PdCI2 cat. 

40 atm CO 
MeOH 
Et3N 

MeCN/PhH 
95°C 

Pd[(S) BINAP]2 
-* 

Pd(dba)2 + 2BINAP 
110°C, 12 h 

70% 

Eq. 4.112 

OMe f" 

y 
"0 

OMe O 

82% yield 
68% ee 

d a variety of "carbocyclization" 

procedures involving this functional group have been developed (Eq. 4.113), (Eq 

4.114),183 and (Eq. 4.115).184 

Eq. 4.113 

Eq. 4.114 
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Eq. 4.115 

S02Ph 
N 
\ 

S02Ph 
N 

Pd(0) EtoN 

60% 

In most of the above cases, the last step of the cascade was a P-hydrogen 

elimination. However, truncation by transmetallation (Eq. 4.116)185 or nucleophilic 

attack (Eq. 4.117)186 is also possible. Almost endless variations of these themes are 

possible, and most are likely to be attempted. 

Eq. 4.116 

89% 

Eq. 4.117 

4.7 o-Carbon-Metal Complexes from Ligand-Directed Cyclometallation 

Processes 

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 Eq. 4.118.187 This 
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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 substitution (usually HO Ac 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 contrast to o-lithiation, which is electronically 

controlled and will usually occur at the more hindered position on rings having 

several electron donating groups.) The resulting chelate-stabilized, o- 

arylpalladium(II) complexes are almost invariably quite stable, are easily isolated, 

purified and stored, and are quite unreactive. This has limited their use in synthesis 

and has prevented successful catalytic processes involving o-palladation. 

Eq. 4.118 

These orthopalladated species can be made to react like "normal" o-aryl 

metal complexes by decomplexing the ortho ligand, usually accomplished by 

treating the complex with the substrate and a large excess of triethyl amine, to 

compete with the ortho ligand. Under these conditions alkene insertion (Eq. 4.119)188 

and CO insertion (Eq. 4.120)189 are feasible. Although catalysis has not yet been 

rfx 
-* 

PhCH3 

+ Pd(0) 

R = H, 4,5 4,5 (MeO)2 Y = COCH3, CO2CH3, COPh, Ar 

Eq. 4.119 

Eq. 4.120 

+ Pd(0) 
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achieved, the potential power of ligand-directed metallation is illustrated in Eq. 

4.121,190 in which an unactivated methyl group was palladated solely because it had 

the misfortune of being within the range of a ligand-directed palladation. 

Eq. 4.121 

\ 

4.8 o-Carbon-Metal Complexes from Reductive Cyclodimerization of Alkenes 

and Alkynes 

Low-valent metals from the two extremes of the transition series (Ni, Ti, Zr) 

undergo reaction with alkenes and alkynes to form five-membered metallacycles in 

which the unsaturated substrates are formally reductively coupled, and the metal is 

formally oxidized (Eq. 4.122). These metallacycles can be converted to a number of 

interesting organic compounds. 

Eq. 4.122 

The most extensively studied complex to effect this reaction is "zirconocene," 

"Cp2Zr," an unstable, unsaturated, d2 Zr(II) complex.191 It can be generated in many 

ways but the most convenient is to treat Cp2ZrCl2 with butyllithium and allow the 

unstable dibutyl complex to warm to above -20°C in the presence of substrate 

(Figure 4.9). This generates a zirconium-butene complex which can exchange with 

substrate alkene or alkyne and promote the cyclodimerization. The zirconium butene 

complex can be considered either as a Zr(II)-alkene complex or a Zr(IV) 

metallacyclopropane complex. These are the two extreme bonding forms for metal 

alkene complexes, with the metallacyclopropane form denoting complete two 

electron transfer from the metal to the olefin. For the zirconium butene complex, the 

metallacyclopropane form is probably the more accurate representation, based on its 

reaction chemistry and the isolation of a stable PMe3 complex. Given that "Cp2Zr" in 

fact reductively dimerizes alkenes and alkynes (Eq. 4.122) (2 e“ transfer from Zr(II) to 

alkenes), it is not surprising that the zirconium butene complex also involves 

extensive electron transfer to the alkene. 
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Cp2ZrCI2 
2 BuLi >-20°C 

Zr(IV) d° 

16 e" 

Zr(IV) d° 

18 e" 

red. el. 

"Cp2Zr" = + C4H10 

Zr(IV) d° Zr(ll) d2 

16 e" 16 e- 

Figure 4.9 Formation of Zirconocene 

The five-membered zirconacycles formed by cyclodimerization of alkenes 

can be transformed into a variety of interesting products. Protolytic cleavage 

produces the alkane, iodine cleavage the diiodide, and treatment with carbon 

monoxide and iodine, the cyclopentanone (Eq. 4.123).192 Cyclodimerization of 

alkynes produces zirconacyclopentadienes, which undergo electrophilic cleavage to 

produce a number of unusual heterocycles (Eq. 4.124).193 

Cp2ZrBu2 + R—-—R 

E = SO, S, PhP, Me2Sn, Se, GeCfe, PhAs, PhSb 

R 

R 

50-80% 

Eq. 4.123 

Eq. 4.124 
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Eq. 4.125 

Intramolecular enyne, diyne, and diene cyclizations are also effective, 

forming mono or bicyclic compounds, depending on the method of cleavage (Eq. 

4.125).194 A range of functional groups is tolerated, and the reaction is highly 

stereoselective (Eq. 4.126),195 (Eq. 4.127),196 and (Eq. 4.128).197 

Eq. 4.126 

Eq. 4.127 

When cleaved with allylic chlorides, r\ ^alkyl-r^-allylzirconium complexes are 

produced, which undergo a number of useful transformations (Eq. 4.129).198 By doing 

this iteratively, bicyclic ketones are produced (Eq. 4.130).199 
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Eq. 4.129 

Eq. 4.130 

1) 

-► 
Cp2ZrBu2 

c*2v(R3 
T R 

R4 
CuCI 

LiCI 

2) H+ H20 
70-90% 

60% 

Related low-valent titanium complexes similarly "reductively dimerize" 

enynes or dienes giving metallacyclopentenes and -pentanes which are readily 

cleaved by electrophiles to produce interesting compounds (Eq. 4.131).200 

R 

o 

C02R' 

Eq. 4.131 
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Treatment of Cp2Zr(Me)Cl with lithiated amines produces unstable 

zirconium-imine complexes, probably by a sequence of CT displacement, (3-hydride 

elimination and reductive elimination (Eq. 4.132). These insert alkynes to give 

azazirconacyclopentenes which are cleaved by acid to give allyl amines.201 By 

switching over to CpTiMe2Cl, transient imidotitanium species which cycloadd to 

alkynes are produced, again making metallacycles that undergo useful electrophilic 

cleavages (Eq. 4.133).203 

Eq. 4.132 

Me 
R1 
I 

Cp2Zr + RCH2N—Li -► 
""Cl 

Cp2Zr; 
.Me 

'N—R1 
I 

H—C—H 
I 

R 

(3-el. 
^Me 

Cp2Zr—H 

/=N 
/ \ . 

R R1 

R2—==—R3 

R2 R2 

Cp2Zr,N3-R 

R1 

Cp2ZrCl —► Cp2Zr—11 - 

Ns 1 \ Nx 1 -CH4 
R1 _ R1 

red. 
el. 

H"1 R3 R2 

NHR' 
R 

60-80% 

n , 
V 
An 

Cp2ZryJ 

R2 

Eq. 4.133 

pi 
, >>C nh2 
On + CpTiMe2CI 

R1 Cl 
V-N=TiCp 

( )n 

+ 2CH4 

r1 Cl p(1 
/x>ON-TiCp H30+ V--N 

-► ()n^_I_1^ -► On | 

r3cocn 

R1 
, >C*NH O 

()"-VR3 

R2 

77-92% 

R2 

72-94% 

In a closely related process, zirconocene dichloride catalyzes the reaction 

between alkenes and Grignard reagents to produce new Grignard reagents. The 

intramolecular version is the easiest to follow (Eq. 4.134).204 Treatment of a,co-dienes 
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Eq. 4.134 

On 

with n-butylmagnesium chloride in the presence of catalytic amounts of Cp2ZrCl2 
produces cyclized, bzs-Grignard reagents, which can be further functionalized. The 
reaction is thought to start as in Figure 4.9. Treatment of zirconocene dichloride with 
n-butylGrignard reagent produces the reactive zirconacyclopropane/zirconocene 
butene complex (a). This reacts with the diene to produce the zironacyclopentane (b). 
Once this occurs, the zirconacyclopentane is cleaved by the Grignard reagent to 
generate the bis Grignard and regenerate the Cp2Zr(Bu)2. With monoolefins, 
Cp2ZrCl2 catalyzes the addition of EtMgCl to alkenes to give homologated 
Grignard reagents (Eq. 4.135).205 The process is similar to that with diolefins, except 
in this case, the Grignard provides one "alkene", and the cleavage gives a mono- 
rather than a fris-Grignard reagent. 

Eq. 4.135 
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Perhaps most synthetically interesting is the reaction with allylic alcohols and 

ethers (Eq. 4.136).206 Here it is clear that the allylic oxygen has both stereochemical 

and regiochemical consequences, indicating complexation to zirconium along the 

course of the reaction. With allylic alcohols, the zirconium reagent is delivered to the 

same face as the OH group, while with allylic ethers it comes from the opposite face, 

implying that OH complexes Zr, but OCH3 does not. The reaction is also sensitive to 

steric hindrance (Eq. 4.137). Given a choice between an allylic methyl ether and the 

substantially larger t-butyldimethylsilyl ether, reaction occurs exclusively at the less 

hindered alkene. 

Eq. 4.136 

R' = H H202 / 
OH OH 

EtMgCI 

Cp2ZrC^' 
cat 

H2Q2/^ I I 

** BfOMefe R 

>95% (70% yield) 

R1 = Me 
OMe OH 

/ >96% (60% yield) 

Eq. 4.137 

70% yield 
90:10 diast. 
>99% regio. 

By using optically active zirconocene complexes, this ethylmagnesation of 

olefins has been made asymmetric.207 The most synthetically-useful reactions involve 
oxygen or nitrogen heterocycles which are ring-opened in the process, to produce 
optically active, functionalized terminal olefins (Eq. 4.138). The mechanism by which 

Eq. 4.138 

+ EtMgCI 

n = 1,2,3 
X = 0, NR 

1) (R)-EBTHI ZrCI2 cat 

2) H20 

this is thought to proceed is shown in Eq. 4.139 and involves the same steps seen 

above. Asymmetric induction is thought to result from complexation of the substrate 

alkene in such a way as to minimize the steric hindrance between the chiral 
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auxiliary and the ring atoms of the substrate. The presence of a P-heteroatom in the 

final organomagnesium complex leads to production of a terminal alkene by facile 

elimination. An elegant example of the use of both the allylic alcohol-directed 

carbomagnesation and the asymmetric ring opening of dihydrofurans is seen in the 

total synthesis of Fluvivicine (Eq. 4.140).208 

Eq. 4.139 

Favored Disfavored 

Because the chiral zirconium catalyst so efficiently discriminates in its 

reactions with cyclic ethers, it can be used to kinetically resolve racemic 

dihydrofurans and dihydropyrans.209 The process takes advantage of the fact that 

one enantiomer of the dihydropyran undergoes ring opening substantially faster 

than the other, and is consumed, while the less reactive enantiomer can be recovered 

unchanged and with very good enantiomeric excess. With dihydrofurans, both react, 

but give different products (regioisomers) which are separable. 

The other class of synthetically useful reductive cyclodimerizations of 

alkenes and alkynes comes from the opposite end of the periodic chart, being 

catalyzed by Ni(0) dw complexes.210 The general process is shown in Eq. 4.141. In this 

case the metallacycle is not stable, and has not been observed, but is inferred from 

the products. 
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Eq. 4.140 

Eq. 4.141 

Ni(COD)2 

ArNC 

No Phosphine 
- 

Bu3P 

)-C" 

-60% 

NAr 

H 

=80% 

In the absence of added phosphine, simple cyclodimerization, followed by (3- 

elimination/reductive elimination occurs (Eq. 4.142), giving dienes in reasonable 

yield. With added tributylphosphine, insertion of an isonitrile (which is isoelectronic 

and isostructural with CO, and inserts readily into metal carbon o-bonds) occurs, 

giving the bicyclic imine which can be hydrolyzed to the ketone. Diynes undergo 

similar cyclizations to give cyclopentadienone imines. 

There are a number of closely related reductive cyclizations of unsaturated 

species which, however, proceed via 7i-allylmetal intermediates. These are discussed 

in Chapter 9. 
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R 
Eq. 4.142 
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CHAPTER 5 

Synthetic Applications of Transition 

Metal Carbonyl Complexes 

5.1 Introduction 

Carbon monoxide coordinates to virtually all transition metals, and an 

enormous number of complexes with a bewildering array of structures are known. 

However, most synthetically useful reactions of metal carbonyl complexes, those in 

which the CO ligand is more than a spectator ligand, involve the first row, 

homoleptic ("all CO") carbonyl complexes shown in Figure 5.1. Carbon monoxide is 

among the best 7i-acceptor ligands, stabilizing low oxidation states and high electron 

density on the metal. Many neutral M° carbonyl complexes can be reduced to very 

low formal oxidation states (-1 through -HI), and the resulting anions are powerful 

d6 d 7 d 8 d 9 d 10 

Cr(CO)6 Mn2(CO)io Fe(CO)5 C02 (CO)8 Ni(CO)4 
colorless orange solid yellow solid colorless 

solid liq BP = 80°C orange liq BP = 43°C 

sat. reduce stable labile TOXIC 

hv sat. reduce sat. 

, , A (~)Mn(CO)5 
' i 

nucleophile A, hv (-)Co(CO)4 

Cr(CO)5 nucleophile 

unsat. Fe(CO)4 (weak) Ni(CO)3 + CO 

unsat. unsat. 

hv A 

Fe2(CO)g 

Figure 5.1 Homoleptic Metal Carbonyls 
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nucleophiles. The ease of migratory insertion of CO into metal-carbon o-bonds 

makes metal carbonyls attractive catalysts for the introduction of carbonyl groups 

into organic substrates, and the reversibility of this process is central to decar- 

bony lation processes. The general reactions that metal carbonyls undergo are shown 

in Figure 5.2. Specific examples will be discussed in the following sections. 

r o o 

x—M—CO ■„ ** M—(f!—R ^ M + X—<B—R 

M 
Nuc 

OE 

E—C—Nuc — E—M—C—Nuc 

O 

Figure 5.2 Reactions of Metal Carbonyls 

5.2 Coupling Reactions of Metal Carbonyls 

Allylic halides undergo clean coupling at the less-substituted terminus when 

treated with nickel carbonyl in polar solvents such as DMF or THF (Eq. 5.1).2 The 

reaction is reasonably well-understood, and involves dissociation of one CO from 

the coordinatively saturated, very labile, nickel carbonyl (a) followed by oxidative 

Eq. 5.1 
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addition of the allylic halide to the unsaturated Ni(CO)3 fragment (b) giving 

ultimately the r)3-allylnickel carbonyl intermediate (c). This complex has been 

detected spectroscopically (vco 2060 cm'1) and can be generated independently from 

CO treatment of r|3-allylnickel bromide dimer. When the reaction is run in apolar 

solvents such as benzene, coupling does not occur; rather the ri3-allylnickel bromide 

dimer can be isolated in excellent yield (d) (Chapter 9). However, in DMF both the 

dimer and the rf-allylnickel carbonyl bromide monomer react quickly with excess 

allylic bromide to give the coupled product, biallyl. All steps save the last one 

appear to be reversible, since simple treatment of r|3-allylnickel bromide dimer with 

carbon monoxide in DMF results in efficient coupling, and both allyl bromide and 

Ni(CO)4 can be detected in solution. Under high dilution conditions a,co-bis-allyl 

halides are cyclized (Eq. 5.2).3 In this way simple 12, 14, and 18 membered rings,4 

humulene5 and macrocyclic lactones6 have been prepared. This potentially useful 

coupling has been utilized very little, primarily because nickel carbonyl is a volatile 

(BP 43°C), highly toxic, colorless liquid that is difficult to handle and to dispose. 

Eq. 5.2 

In contrast, iron pentacarbonyl is considerably less toxic, less volatile, and 

easier to handle, and a number of synthetically useful procedures involving it have 

been developed. It is, however, not very labile, and since it is coordinatively 

saturated, one CO must be lost before reactions can take place. As a consequence, 

reactions involving Fe(CO)5 frequently require heating, sonication, or photolysis to 

generate the coordinatively unsaturated Fe(CO)4 fragment. The species Fe(CO)4 can 

be generated under much milder conditions from the gold/orange dimer, Fe2(CO)9, 

prepared by irradiation of Fe(CO)5 in acetic acid. Very gentle heating of solutions 

(suspensions) of Fe2(CO)9 releases Fe(CO)4 for reactions in which substrates or 

products are thermally or photochemically unstable. 

Reaction of a,a'-disubstituted-a,a'-dibromoketones or bis(sulfonyl)ketones8 

with Fe(CO)4 generates an iron(II) oxallyl cation (Eq. 5.3) which undergoes a variety 

of synthetically interesting [3+4] cycloadditions to give seven-membered rings (Eq. 

5.4). Generation of the iron-oxallyl cation is usually done in situ, and is likely to 

involve oxidative addition (nucleophilic attack) of the bromoketone to the electron- 

rich iron(0) species, to give an iron(II) C-enolate. Rearrangement to the O-enolate 

followed by loss of Br" gives the reactive oxallyl cation. A variety of dienes undergo 

cycloaddition, including five membered aromatic heterocycles, to give bridge bicyclic 

systems (Eq. 5.5). a-Substitution on the bromoketone is required to stabilize positive 

charge in the complex, so dibromoacetone itself does not react. However, tetrabro- 
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Eq. 5.3 
Fe(CO)5 

Br Fe(CO)4. 

(Fe11, d6)+ 

Br 

(CO)n 

O—Fe—Br 

xY Br 1 
(Fe(ll) d6) 

(CO)n 
O—Fe—Br 

Br 

(Fe2+ oxallyl cation) 

Eq. 5.4 

moacetone is reactive, permitting the introduction of the unsubstituted acetone 

fragment, after a subsequent reductive debromination (Eq. 5.6).9 This strategy has 

been used to synthesize tropane alkaloids.10 Cycloheptatrienone undergoes cyclo- 

Eq. 5.6 

R (1)Fe2(CO)9 

(2) Zn / HCI 
R 

(1) H2/Pd—C 

(2) FS03H*rR 

tropanones 

addition to the carbonyl group instead of the olefin, probably because of the highly 

stabilized cation resulting from initial attack at oxygen (Eq. 5.7).11 Dioxofulvenes 

undergo a very unusual 3+3 cycloaddition (Eq. 5.8).12 

Iron oxallyl cation complexes also undergo cycloaddition reactions with 

electron-rich alkenes, such as styrene or enamines, to produce cyclopentanones (Eq. 

5.9).13 Even relatively nonnucleophilic olefins such as N-tosyl enamines react cleanly 

(Eq. 5.10).14 
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Eq. 5.7 

Eq. 5.8 

Eq. 5.9 

Eq. 5.10 

5.3 Carbonylation Reactions15 

By far the most common synthetic reactions of transition metal carbonyls are 

those which introduce a carbonyl group into the product. A large number of 

industrial processes, including hydroformylation (oxo), hydrocarboxylation, and the 

Monsanto acetic acid process, are predicated on the facility with which CO inserts 

into metal carbon bonds. Carbonylation reactions are also useful in the synthesis of 

fine chemicals. 

Although nickel carbonyl couples allylic halides in polar solvents, in less 

polar solvent in the presence of methanol they are converted to P,y-unsaturated 

esters (Eq. 5.11). Under these conditions CO insertion/methanol cleavage is faster 

than reaction with allyl halides (coupling) which requires very polar solvents. 
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Eq. 5.11 

+ 

ox. 
add. r 

CO 

CO 

Iron carbonyl promotes a very unusual cyclocarbonylation of allyl epoxides 

to produce (3-lactones or y-lactones, depending on conditions.16 The process is 

somewhat complex, and involves treatment of vinyl epoxides with Fe(CO)4/ 

generated from Fe(CO)5 by heat, sonication or irradiation, or from Fe2(CO)9 under 

milder conditions (Eq. 5.12). Fe(CO)4 is a good nucleophile, and can attack 

(oxidative addition) the vinyl epoxide in an SN2' manner to give a cationic o-alkyl- 

Eq. 5.12 

Fe(CO)5 (sat.) 

(a) 
“ox. 

add” 

R1,R2 = Me, H, Ph 

iron(II) carbonyl complex (a). Cationic metal carbonyl complexes are prone to 

nucleophilic attack at a carbonyl group, in this case producing a "ferrilactone" 

complex (b), best represented as the rj3-allyl complex, which is stable and isolable. 

Oxidation of this complex with cerium(IV) leads to the (3-lactone (c), presumably by 

an "oxidatively driven reductive elimination" from the five membered r)1-allyl 

complex. In contrast, decomposition of the r|3-allyl complex by treatment with high 

pressures of carbon monoxide at elevated temperatures produces the 8-lactone, 

formally by reductive elimination from the seven membered r^-allyl complex. This 
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chemistry has been used in the total synthesis of a variety of natural products (Eq. 

5.1317 and Eq. 5.1418). 

Fe2(CO)9 
-► 

(CO)3FeC^O OH 

Eq. 5.13 

(1) FG2(CO)9 

(2) 250 atrrrCO 

Eq. 5.14 

These r|3-allyliron lactone complexes can also be used to synthesize (5- 

lactams. In the presence of Lewis acids, amines will attack the allyl complex in an 

Sn2' manner to produce a rearranged r|3-allyliron lactam complex. Oxidation of this 

complex produces P-lactams (Eq. 5.15).19 The same r|3-allyliron lactam complexes 

are available directly from the amino alcohol, and it is likely that the conversion of 

the lactone complex to the lactam complex proceeds through the amino alcohol. 

Eq. 5.15 

In the above carbonylations, the first step is nucleophilic attack of the zero- 

valent metal on the substrate (SN2-like oxidative addition, Chapter 2). Anionic metal 

carbonyl complexes are even stronger nucleophiles, and effect a number of 

synthetically useful carbonylation reactions. 

Probably the most intensively-studied and highly-developed (for organic 

synthesis) anionic metal carbonyl species is disodium tetracarbonylferrate, 

Na2Fe(CO)4, Collman's reagent.20 This dw Fe(-II) complex is easily prepared by 
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reduction of the commercially available iron pentacarbonyl by sodium-benzophenone 

ketyl in dioxane at reflux. (This complex is also available commercially.) 

This complex is useful in synthesis specifically because of its high 

nucleophilicity and the ease of the CO-insertion reaction in this system. Figure 5.3 

summarizes this chemistry. Organic halides and tosylates react with Na2Fe(CO)4 

/ 

/ 

o 
RX 11 HA p_q_y 
- Na2Fe(CO)4 - 

(a) 
(d) \ 

(b) _ R'X 

RFe(CO)4 

O 
II . 

RCR 

O 
R'X II _ 
*- RCFe(CO)3L 

R^NH 

O 

RCNR2R1 

h2o 

R^H 
RCOOH 

(e) 

RCHO 

O 

11 i RCOR1 

Figure 5.3 Reaction Chemistry of Na2Fe(CO)4 

with typical SN2 kinetics (second-order), stereochemistry (inversion), and order of 
reactivity (CH3 > RCH2 > R'RCH; RI > RBr > ROTs > RC1; vinyl, aryl, inert) to 

produce coordinatively saturated anionic d8 alkyliron(O) complexes (a). These 

undergo protolytic cleavage to produce the corresponding hydrocarbon, an overall 

reduction of the halide (b). In the presence of excess carbon monoxide or added 
triphenylphosphine, migratory insertion takes place to form the acyl complex (c), 

accessible directly by the reaction of Na2Fe(CO)4 with acid halides (d). This acyl 
complex reacts with acetic acid to produce aldehydes, providing a high-yield 

conversion of alkyl and acyl halides to aldehydes (e). Oxidative cleavage of either 

the acyl or alkyliron(O) complex by oxygen (f) or halogen (g) produces carboxylic 

acid derivatives. Finally, the acyliron(O) complex itself is still sufficiently 

nucleophilic to react with reactive alkyl iodides to give unsymmetric ketones in 

excellent yield (h). Interestingly, the alkyliron(O) complex reacts in a similar fashion 

with alkyl iodides to produce unsymmetric ketones inserting CO along the way (h). 
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Thus this chemistry provides routes from alkyl and acid halides to alkanes, 
aldehydes, ketones, and carboxylic acid derivatives. 

The reagent is quite specific for halides. Ester, ketone, nitrile, and olefin 

functionality is tolerated elsewhere in the molecule. In mixed halides (i.e., chloro- 

bromo compounds) the more reactive halide is the exclusive site of reaction. The 

major limitation is the high basicity (pKb about that of OH“) of Na2Fe(CO)4, which 

results in competing elimination reactions with tertiary and secondary substrates. 

Additionally, allylic halides having alkyl groups 8 to the halide fail as substrates, 

since stable 1,3-diene iron complexes form preferentially. Finally, since the migratory 

insertion fails when the R group contains adjacent electronegative groups, such as 

halogen or alkoxy groups, the syntheses involving insertion are limited to simple 

primary or secondary substrates. 

The chemistry described above has been subjected to very close experimental 
scrutiny, and as a consequence, the mechanistic features are understood in detail. 

Both the alkyliron(O) complex and the acyliron(O) complex have been isolated as air- 

stable, crystalline [(Ph3P)2N]+ salts, fully characterized by elemental analysis and IR 

and NMR spectra. These salts undergo the individual reactions detailed in Figure 

5.3. Careful kinetic studies indicate that ion-pairing effects dominate the reactions of 
Na2Fe(CO)4, and account for the observed 2 x 104 rate increase (tight ion pair 

[NaFe(CO)4]~ versus solvent-separated ion pair [Na+:S:Fe(CO)4]~ as the kinetically 

active species) in going from THF to N-methylpyrrolidone. The rate law, substrate 

order of reactivity, stereochemistry at carbon, and activation parameters 
(particularly the large negative entropy of activation) are all consistent with an SN2- 
type oxidative-addition, with no competing one-electron mechanism. The migratory- 

insertion step is also subject to ion-pairing effects, and is accelerated by tight ion 

pairing [Li+ > Na+ > Na-crown+ > (Ph3P)2N+j. The insertion reaction is overall 

second-order, first-order in both NaRFe(CO)4 and added ligand, with about a 

twenty-fold difference in rate over the range of ligands Ph3P (slowest) to Me3P 

(fastest).21 
An interesting variation of this chemistry22 results in the production of ethyl 

ketones from organic halides, Na2Fe(CO)4, and ethylene (Eq. 5.16). The reaction is 

Eq. 5.16 

L ?_ « - 
RX + Fe(CO)42_ -► RCFe(CO)3L + CH2 = CHg-► RCCH2CH2Fe(CO)r 

O O 
II H+ || 

-► RCCHCH3 -► RCCH2CH3 

Fe(CO)n 

thought to proceed via the acyl iron(O) complex, which inserts ethylene into the acyl- 

metal bond and rapidly rearranges to the a-metalloketone, which then cannot further 

insert ethylene since the R group now contains an adjacent electronegative acyl 
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group. Intramolecular versions of this can be used to synthesize cyclic ketones (Eq. 

5.17),23 but in some cases the process is not regioselective (Eq. 5.18).24 

Eq. 5.17 

Fe(CO)42~ 

(-) 
U^Jje(CO)4 

CO 
L 

Eq. 5.18 

1:1,55% 

Anionic nickel acyl complexes, generated in situ by the reaction of 
organolithium reagents with the toxic, volatile nickel carbonyl, effect a number of 

synthetically useful transformations including the acylation of allylic halides, 1,4- 
acylation of conjugated enones, and 1,2-addition to quinones (Eq. 5.19).25 Because of 

Eq. 5.19 

O 

the toxicity of the reagent, few groups have had the courage to use it, although one 

nice synthetic application has been reported (Eq. 5.20).26 The same general reaction 

chemistry can be achieved replacing nickel carbonyl with the orange, air stable, non¬ 

volatile crystalline solid (PPh3)(CO)2(NO)Co, a complex much more easily handled.27 
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No one has yet seen fit to use this in synthesis, however. (This complex is 

isoelectronic with Ni(CO)4/ a nickel(O), dw complex, since the nitrosyl ligand is 
formally a cation, making this a cobalt (-1), dw complex.) 

Eq. 5.20 

Alkenyl and aryl iodides are converted to esters by treatment with nickel 

carbonyl and sodium methoxide in methanol (Eq. 5.21).28 The mechanism of this 

process is not known but is likely to involve an anionic nickel acyl species. 
Intramolecular versions have also been developed (Eq. 5.22),29 including multiple CO 

insertions (Eq. 5.23).30 

Br 

Ni(CO)4 
-► 
base 

OTBDMS 

OTBDMS 

CC>2Me 
Eq. 5.21 

Eq. 5.22 
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Eq. 5.23 

Ni(CO)4 R1 R2 
( insert R1 R2 insert 

Et3N 
MeOH 

(ox. add.) r Ni(CO)x 
Br Ir (c=o 

Ni(CO)nBr 

5.4 Decarbonylation Reactions31 

Much of this chapter has been devoted to consideration of methods for the 
introduction of carbonyl groups into organic substrates via a "migratory insertion" 

reaction, in which a metal alkyl or aryl group migrates to an adjacent, coordinated 

CO to produce a o-acyl complex, which is then cleaved to produce the organic 

carbonyl compound. The reverse process, in which organic carbonyl compounds 

(specifically aldehydes and acid chlorides) are decarbonylated, is also possible, and 

often quite useful in organic synthesis. Although a number of transition metal 

complexes will function as decarbonylation agents, by far the most efficient is 

(Ph3P)3RhCl, the Wilkinson hydrogenation catalyst. This complex reacts with alkyl, 

aryl, and alkenyl aldehydes under mild conditions to produce the corresponding 
hydrocarbon and the very stable (Ph3P)2Rh(Cl)CO, as in Eq. 5.24. The course of this 

stoichiometric decarbonylation can easily be monitored by the change in color of the 

solution, from the deep red of (Ph3P)3RhCl to the canary yellow of (Ph3P)3Rh(Cl)CO. 

frans-a-Alkylcinnamaldehydes are decarbonylated with retention of olefin geometry, 

producing czs-substituted styrenes.32 More impressively, chiral aldehydes are 

converted to chiral hydrocarbons with overall retention and with a high degree of 

stereoselectivity (Eq. 5.25).33 The mechanism proposed for this decarbonylation is 

Eq. 5.24 
O 
II 20-100°C 

RC—H + L3RhCI -► RH + L2Rh(CO)CI 

Eq. 5.25 

VVR L3RhC'. PVv.R «n 
/ nY \. >90% ee 
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that in Eq. 5.26. It involves, as a first step, oxidative addition of the aldehyde to the 

rhodium complex. The next step is the reverse of the carbonyl insertion reaction, that 

is, migration of the alkyl group from carbonyl to metal. It is well-known that 

migratory insertion is a reversible process, and can be driven in either direction by 

the appropriate choice of reaction conditions. In addition, it has been shown in other 

cases that this reversible transformation proceeds with retention of stereochemistry 

of the migrating alkyl group; thus the retention of stereochemistry in the 

decarbonylation of chiral aldehydes. The last step is the reductive elimination of the 

alkane (RH) and the production of RhCl(CO)L2. This last step is irreversible (alkanes 

do not oxidatively add to RhCl(CO)L2), and drives the entire process to completion. 
Since RhCl(CO)L2 is much less reactive in oxidative addition reactions than RhClL3 

(CO is a n acceptor and withdraws electron density from the metal), it does not 

react with aldehydes under these mild conditions, and the decarbonylation 

described above is stoichiometric. When the reaction is carried out at temperatures in 

excess of 200°C, both RhClL3 and RhCl(CO)L2 function as decarbonylation 

catalysts, presumably because RhCl(CO)L2 will oxidatively add aldehydes under 

these severe conditions. 

LoRhCI 

M' d8 

unsat. 

RCHO 

ox. 
add. 

+ L 

mig. insert 
(Retention 
atR) , 

^Rh 
* I 

Cl 
*co 

Eq. 5.26 

red. el. 

L + L2RhCI(CO) + RH 

Quite complex aldehydes can be decarbonylated without problems (Eq. 

5.2734 and Eq. 5.2835). 

CHO 

H H 

RhCI(PPh3)3 
-► 

67% 

H H 

H H 

MeO CHO MeO 

Eq. 5.27 

Eq. 5.28 
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Acid chlorides also undergo decarbonylation upon treatment with 
RhCl(PPh3)3/ but the reaction suffers several complications not encountered with 
aldehydes. The reaction of acid chlorides is most straightforward with substrates 
that have no p-hydrogens. In these cases, decarbonylation occurs smoothly to give 
the alkyl chloride. In contrast to aldehydes, the initial oxidative adduct is quite 
stable, and has been isolated and fully characterized in several instances. Heating 
this adduct leads to decarbonylation, via a mechanism thought to be strictly 
analogous to that involved in aldehyde decarbonylation. However, the 
decarbonylation of acid halides differs from that of aldehydes in several respects. 
Decarbonylation of optically active acid chlorides with RhCl(PPh3)3 produces 
racemic alkyl chlorides. This is in direct contrast to aldehydes, which undergo 
decarbonylation with a high degree of retention. 

Acid halides with P-hydrogens undergo decarbonylation by RhCl(PPh3)3 to 
produce primarily olefins resulting from P-hydride elimination from the o-alkyl 
intermediate, rather than reductive elimination (Eq. 5.29). Branched acid chlorides 
that can undergo P-elimination in several directions give mixtures of products with 
the most substituted olefins predominating. 

Eq. 5.29 
o o 
II II 

RCH2CH2C—Cl + L^RhCI —— RCH2CH2—C—Rh111 “* p Qp Qp2 
| I 

H -^Rh"1—CO 

HCI + L2Rh(CO)CI - Rh111—H + Rs 

Contrary to older literature reports, aroyl chlorides and a,P-unsaturated acid 
chlorides do not undergo decarbonylation to give the corresponding unsaturated 
chloride, but rather produce stable aryl metal complexes or quaternary phosphonium 
salts.36 

5.5 Metal Acyl Enolates37 

Many of the metal-acyl species discussed above are quite stable, and can be 
isolated and handled easily. One complex, CpFe(CO)(PPh3)(COCH3), has been 
developed into a useful synthetic reagent. This complex has several interesting 
characteristics: (1) it is easy to prepare and handle, (2) it is chiral at iron, and can be 
resolved, and (3) the protons a to the acyl group are acidic and the corresponding 
metal acyl enolate undergoes reaction with a variety of electrophiles (Eq. 5.30). More 
interesting, because the complex is chiral at iron and one face is hindered by the 
triphenylphosphine ligand, reactions of these acyliron enolates occur with very high 
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stereoselectivity (Eq. 5.31). The observed absolute stereochemistry results from 

alkylation of the E-enolate with the carbonyl group and O' anti, from the less 

hindered face. Oxidative cleavage of the resulting complex produces the carboxylic 

acid derivative in good yield with high ee.38 

Eq. 5.30 

high ee 

This chemistry has been used extensively in the synthesis of optically active 

compounds. Two such cases are shown in Eq. 5.3239 and Eq. 5.33.40 

As might be expected, a,(3-unsaturated iron acyl complexes also undergo 

reactions in a highly diastereoselective manner. Both conjugate addition/enolate 

trapping (Eq. 5.34)41 and y-deprotonation-a-alkylation (Eq. 5.35)42 enjoy a high 

degree of stereocontrol. Vinylogous iron acyl complexes also undergo a variety of 

alkylation reactions (Eq. 5.36)43 although these have not yet been used in total 

synthesis. 

Other metal acyl enolate complexes, particularly those of molybdenum and 

tungsten, have been prepared and their reaction chemistry studied (for example Eq. 
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Eq. 5.32 
CO 

I / 
CpFe, 

PPhfl 

(R) 

(1) BuLi 
-1 

(2) fBuSCH2Br 

71% 
(R.S) 

(1) Br2 

(2) 

O- C02fBu 

fBu02C O 

CF3COOH 

Hg(OAc)2 

t Bu02C O 

(S,S) captopril 

Eq. 5.34 
PhoF? 

OC, \ 
Fe‘ 

(1) R Li 

(2) E+ 

Eq. 5.35 

(1) BuLi 

(2) R'X 

y-deprotonation a-alkylation 
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(1) B- 

Eq. 5.36 

CO fl 
CpFe^^XH3 

CO (2) EX 

03 X E 

50-80% 

|_J 
EX = Mel, E+l, Bui, nC5OTf, <S?fs^Br - BnBr> ^'''Y 

O 

5.3744). However the focus of these studies has been more 

organometallic/mechanistic than synthetic, so the potential of these systems in the 

synthesis of complex molecules is yet to be realized. 

Eq. 5.37 

5.6 Bridging Acyl Complexes 

Reaction of triiron dodecacarbonyl with thiols, followed by conjugated acid 

halides produces diiron bridged acyl complexes (Eq. 5.38).45 These complexes 

undergo highly exo-selective Diels Alder reactions with dienes under very mild 

conditions. Decomplexation by oxidative cleavage of the bridging acyl species 

produces the corresponding thioester (Eq. 5.38).46 Complexation to iron clearly 

Fe3(CO)i2 + RSH 
EtoN k 

R 

XI 
(CO^Fe— Fe(CO)3 

Et3NH+ 
O 

Eq. 5.38 
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activates the enone towards Diels Alder addition since methyl crotonate undergoes 

reaction with the same dienes only at much higher temperatures .and with lower 

selectivity. In contrast, nitrones undergo endo selective 1,3-dipolar cycloaddition to 

these bridging acyl species.47 By using a chiral thiol to prepare the bridging acyl 

species, reasonable asymmetric induction has been achieved (Eq. 5.39).48 

Eq. 5.39 

R*S 

60-96% 
>20:1 
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CHAPTER 6 

Synthetic Applications of Transition 

Metal Carbene Complexes 

6.1 Introduction 

Carbene complexes — complexes having formal metal-to-carbon double 

bonds — are known for metals across the entire transition series, although relatively 

few have been developed as useful reagents for organic synthesis. The two bonding 

extremes for carbene complexes are represented by the electrophilic, heteroatom, 

stabilized "Fischer" carbenes and the nucleophilic, methylene or alkylidene, 

"Schrock" carbenes. Between these two extremes lie the "Grubbs-" (and also 

different "Schrock-") type carbenes, which are particularly useful for alkene- and 

alkyne-metathesis reactions. Although they share common structural and reactivity 

features, their chemistry is sufficiently different to be discussed separately. 

6.2 Electrophilic Heteroatom Stabilized "Fischer" Carbene Complexes1 

The most intensively developed carbene complexes for use in organic 

synthesis are the electrophilic Fischer carbene complexes of the Group 6 metals, Cr, 

Mo, W. These are readily synthesized by the reaction of the air-stable, crystalline 

metal hexacarbonyl with a range of organolithium reagents (Eq. 6.1). One of the six 

equivalent CO groups undergoes attack to produce the stable, anionic lithium acyl 

"ate" complex, in which the negative charge is stabilized and extensively delocalized 

into the remaining five, 7i-accepting, electron-withdrawing CO groups. These "ate" 

complexes are normally isolated as the stable tetramethylammonium salt, which can 

be prepared on a large scale and stored for months without substantial 

decomposition. Treatment with hard alkylating agents such as methyl triflate or 
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Eq. 6.1 
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trimethyloxonium salts (methyl Meerwein's reagent), with alkyl halides under phase 

transfer conditions,2 or with dimethyl sulfate,3 results in alkylation at oxygen, 

producing the alkoxycarbene complex in excellent yield. 
Although synthesis via organolithium reagents is the most common approach 

to carbene complexes, they can be generated by any reaction that produces anionic 

acyl complexes. Chromium hexacarbonyl is easily reduced to the dianion by sodium 

naphthalenide or potassium/graphite intercolate. Treatment with acid chlorides 

generates the anionic acyl complex which again undergoes o-alkylation to produce 

carbene complexes.4 Cyclic alkoxycarbene complexes result from intramolecular O- 

alkylation,5 while aminocarbene complexes are produced from amides,6 utilizing 

TMSC1 to assist in elimination of oxygen (Figure 6.1). 

k-C8 
PQ_Q| 

or + Cr(CO)6 -► M2Cr(CO)5-* 
H 1 

(CO)5Cr—C—R 

n 

Cr 

(CO)5Cr=< 
R 

Me30+ 

OMe 
(CO)5Cr=< 

R 

Figure 6.1 Synthesis of Chromium Carbene Complexes from M2Cr(CO)5 

144 • Transition Metals in the Synthesis of Complex Organic Molecules 



Other, less general, routes to carbene complexes involve the reaction of 

functionalized organozinc reagents with active Cr(CO)5 species (Eq. 6.2)7 and the 

reaction of acetylenic alcohols with active Cr(CO)5 species (Eq. 6.3)8, (Eq. 6.4),9 and 

(Eq. 6.5).10 

These group 6 carbene complexes are yellow to red crystalline solids, and are 

easily purified by crystallization or chromatography on silica gel. As solids they are 

quite air-stable and easy to handle. In solution, they are slightly air-sensitive, 

particularly in the presence of light, and reactions are best carried out under an inert 

atmosphere. The heteroatom is required for stability (the diphenyl carbene complex 

Eq. 6.2 
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Eq. 6.5 

Cr(CO)5(THF) 
OH MeOH OMe 

-^R -- (CO)5Cr =K^_.R 

R1 

can be made, but decomposes above -20°C), and this stability results from extensive 

delocalization of the lone pair on the heteroatom into the strongly electron- 

withdrawing metal pentacarbonyl fragment. This delocalization is evidenced by 

restricted rotation (14-25 kcal/mol) about the heteroatom-carbene carbon bond, and 

can be correlated to 53Cr NMR chemical shifts.11 For delocalization the orbital of the 

lone pair must be colinear with the p-orbital of the carbene carbon; because the 

chromium pentacarbonyl fragment presents the carbene-carbon with a "wall" of 

CO's, a-branching of the substituents on the carbene-carbon results in steric 
congestion which may prevent efficient overlap and compromise the stability of the 

carbene complex (Figure 6.2). A practical consequence of this is the difficulty 

experienced in preparing branched carbene complexes for use in the synthesis of 

complex molecules. 

Figure 6.2 The "CO Wall" in Group 6 Carbene Complexes 

Electrophilic carbene complexes have a very rich chemistry, and undergo 

reaction at several sites. Fischer carbene complexes are coordinatively saturated, 

metal(O) d6 complexes which undergo ligand exchange (CO loss) by a dissociative 
process (Eq. 6.6). Since loss of CO is a prerequisite for substrate coordination and 

subsequent reaction, this exchange process is central to most synthetically-useful 
reactions. It can be driven thermally (T1/2 for CO exchange = 5 minutes at 140°C) or 

photochemically, and most organic reactions of carbene complexes involve one of 

these modes of activation. 
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Eq. 6.6 

OMe a or hv OMe L P1* 
(CO)5Cr=< v (CO)4Cr=< + CO —► (CO)4Cr=< 

R R | R 

(M°, d6, 18e_, sat) 

Because CO groups are strongly electron-withdrawing, the metal-carbene 

carbon bond is polarized such that the carbene-carbon is electrophilic, and generally 

subject to attack by a wide range of sterically unencumbered nucleophiles (Eq. 6.7). 

In most cases the resulting tetrahedral intermediate is unstable, and the alkoxy group 
is ejected, producing a new carbene complex. This is one of the best ways to prepare 

Fischer carbene complexes containing heteroatoms other than oxygen, and the 

process is quite analogous to "transesterification" of organic esters. In fact, in many 

of their reactions the analogy between alkoxycarbene complexes and organic esters is 

remarkable. 

OMe nuc 
(CO)5Cr_=< - 

5 ** R 

fOMe 
Hi 

(CO)5Cr -^C — F 

Nuc 

Nuc 

(CO)5Cr=< + MeO* 
R 

Nuc = R'O", NH3, RNH212 

Small R2nh, rsh 

Eq. 6.7 

Protons a- to the carbene-carbon are quite acidic (pKa —12) and can be 

removed by a variety of bases to give an "enolate" anion stabilized by delocalization 

into the metal carbonyl fragment (Eq. 6.8).13 These anions are only weakly 

nucleophilic, but in the presence of Lewis acid catalysts they react with epoxides 

(Eq. 6.9)14 and aldehydes (Eq. 6.10)15 to produce homologated carbene complexes. 

OMe B~ OMe _ OMe 
(CO)5Cr=( -► (CO)5Cr=( -► (CO)5Cr^ 

CH3 CH2 CH2 
B 

OMe BuLi 

(CO)5Cr=( - 
ch3 

OMe 
(CO)5Cr=( 

CHf 

O 
ZA 

BF3*OEt2 

Eq. 6.8 

Eq. 6.9 

iCOhC,=^S° 
o. 

(CO)5Cr=^J 
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Eq. 6.10 
OMe OMe Et3N/TMSCI 

(CO)5Cr =( 

CH3 
+ ArCHO (CO)5Cr 

Ar 

These reactions are important, since they allow elaboration of carbene fragments for 

ultimate incorporation into organic substrates. Alkylation of these anions with 

active halides often results in messy polyalkylation. Use of triflates mitigates this 
problem, as does replacing one of the acceptor CO ligands with a donor phosphine 

ligand.16 This makes the chromium fragment a poorer acceptor, decreases the acidity 

of the a-protons and increases the reactivity of the anion. Similarly, aminocarbene 

complexes produce more reactive a-anions than do alkoxycarbenes (compare the oc- 

proton acidity of amides vs. esters, N being a stronger donor than O), and are more 

easily a-alkylated (below), a-Anions of aminocarbene complexes also alkylate 

aldehydes (Eq. 6.1117) and add 1,4- to conjugated enones (Eq. 6.12).18 With optically 

active amino groups, high enantioselectivity can be achieved.18d 

Eq. 6.11 

R R 

>90% de 

Eq. 6.12 

O R2 O 

V;r; o — hUuR3 (CO)5Cr=< 

><-> 

Strong bases which irreversibly deprotonate carbene complexes are often 

required. Weaker bases such as pyridine catalyze the decomposition of 
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alkoxycarbene complexes into enol ethers, by reversible a-deprotonation, followed 

by reprotonation on the metal and reductive-elimination (Eq. 6.13). 

Eq. 6.13 

OMe 

(CO)5Cr={ + Py 

CH3 

OMe 

(CO)5Cr=< + PyH+ 

ch2- 

OMe 

(CO)5Cr-^ 

+ PyH+ 
H OMe 

Py + (CO)5Cr—^ - (CO)5OPy 

Although originally viewed as a nuisance, this process is quite useful for the 

synthesis of complex enol ethers from alkoxycarbene complexes (Eq. 6.14).19 When 

combined with the formation of cyclic alkoxycarbene complexes from alkynols (Eq. 

6.3)8b quite an efficient synthesis of cyclic enol ethers results (Eq. 6.158b and Eq. 

6.16).20 The reaction even works with alkynyl amines (Eq. 6.17)21 and has been made 

modestly catalytic (Eq. 6.18).22 

(CO)5Cr 
DMAP 

THF, 65°C 

30-60% 

Eq. 6.14 

W(CO)5THF 

56% 

W(CO)5 

Eq. 6.16 

NHBoc 
On 

Mo(CO)5NEt3 

Et3N 
Et20 

Boc 

n = 1, 68% 
n = 2, 20% 

Eq. 6.17 
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OH Mo(CO)5Et3N 

60-80% 

X = OH, OTBS, H, NHAc 

a,(3-Unsaturated carbene complexes, prepared by aldol condensation (Eq. 

6.10) or from vinyllithium reagents, undergo many reactions common to unsaturated 

esters but are considerably more reactive. For instance, Diels-Alder reactions are 2 x 

104 faster with carbene complexes than with esters, permitting very facile elaboration 

of carbene complexes (Eq. 6.19).23 This, again, is a consequence of the electron- 

Eq. 6.19 
OMe 

(CO)5Cr=/ + 

R' 
(CO)5Cr 

OMe 

withdrawing ability of the Cr(CO)5 fragment.24 Intramolecular version are facile (Eq. 

6.20),25 and stereoselectivity is often high (Eq. 6.21).26 Alkynyl carbene complexes are 

also highly reactive towards Diels-Alder cycloaddition, and highly functionalized 

complexes result when heteroatom dienes are used (Eq. 6.22).27 Unsaturated carbene 

complexes also undergo 1,3-dipolar cycloadditions to nitrones28 and diazoalkenes.29 

Eq. 6.20 

Eq. 6.21 

OMe 

n = 1 

n = 2 

E 60% 94:6 
Z 97% 44:55 

E 87% 93:7 
Z 86% 78:22 

OTBS 

Y\- OMe 

H 
N — 

OTBS 

Michael addition reactions to conjugated carbene complexes are also 

efficient. In fact, in the exchange of the alkoxy group by amines in a,(3-unsaturated 
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OMe 
(CO)5W=^ + 

\ 
TMS 

OTMS OMe 

Eq. 6.22 

carbene complexes, Michael addition of the amine is the major competing pathway. 

Michael addition provides a very useful route for elaborating carbene complexes, for 

ultimate use in synthesis. Stabilized enolates add readily, and the resulting carbene 

anion is inert to further attack by nucleophiles, permitting further functionalization 

of the newly-introduced carbonyl group (Eq. 6.23).30 The reaction of alkynylcarbene 

complexes with p-dicarbonyl enolates results in Michael addition followed by 

displacement of the alkoxy group by the enolate oxygen. Reaction of these complexes 

with enamines results in a remarkable cyclization (Eq. 6.24).31 

Once elaborated, the carbene fragment can be converted to organic products 

in a number of ways. Oxidation with Ce(IV) or dimethyldioxirane (Eq. 6.25)32 

generates the carboxylic acid derivative, as does oxidation of the 

tetramethylammonium salt in the presence of a nucleophile.13 However, the metal- 

carbon double bond can be, and has been, put to better use. 

One of the first organic reactions of Group 6 carbene complexes studied was 

the cyclopropanation of electrophilic olefins (Eq. 6.26).34 The reaction is carried out 

by simply heating mixtures of the carbene complex and olefin, although often at 

elevated temperatures. Moderate to good yields of the cyclopropane are obtained. 

With 1,2-disubstituted alkenes, the stereochemistry of the alkene is maintained in the 

product, but mixtures of stereoisomers at the (former) carbene carbon are obtained. 

Dienes, if they are not too highly substituted, are monocyclopropanated (Eq. 6.27).35 

1,3-Dienoic esters cycloproponate exclusively at the double bond remote (y,8) from 

the ester.36 In many cases, in addition to the cyclopropane product, varying amounts 

of a by-product corresponding to vinyl C-H insertion are obtained (Eq. 6.28).37 
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Eq. 6.24 

Eq. 6.25 

X 

(CO)5Cr=< 
R 

Ceiv or 

R = Me, Ph, Bu, Ph—= l[~ 

X = OEt, OMe, NHPr 

Eq. 6.26 

OMe 
(COfeCr^ + 

Ph 
^Z 

z 

MeO 

50-90% 

Z = C02Me, CONMe2, CN, P(0)(0Me)2, S02Ph 

Although cyclopropanes are the expected product of the reaction of free 

organic carbenes and olefins, there is ample evidence that free organic carbenes are 

not involved in the cyclopropanation reactions of transition metal carbene 

complexes. Rather the route in Figure 6.3 is followed. Cyclopropanation is 

suppressed by CO pressure, indicating that loss of CO to generate a vacant 

coordination site is required. Coordination of the alkene (a), followed by formal 2+2 

cycloaddition to the metal-carbon double bond (b), would generate a 
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Eq. 6.27 

(CO)5Cr=( 

OMe _ 
P(0)(0Me)2 P(0)(0Me)2 MeO 

MeO, 

Eq. 6.28 

Me 
■-A 

Me 

75% 

+ Me P(0)(0Me)2 

16% 

^ ^ C02 Me 

OMe 

Me0>^/\^C02Me + Me^ 'C02Me + Me' 

Me 

28% 24% 

O 

GO2M6 

metallocyclobutane (c). Depending on the regioselectivity of this cycloaddition step, 

the alkene substituent may end up either a or (3 to the metal. Reductive elimination 

(d) gives the cyclopropane. The observed "C-H" insertion by-product could be 

formed by P-hydride elimination (e) then reductive elimination (f) from the metalla- 

cyclobutane. 

OMe a (a) OMe 
(CO)5Cr=< ^ “ (CO)4Cr={ + CO 

Ph Ph 

OMe 
(CO)4Cr=< 

Ph 

Figure 6.3 Mechanism of Cyclopropanation 

Synthetic Applications of Transition Metal Carbene Complexes • 153 



Evidence for metallacyclobutane intermediates comes from attempted 

cyclopropanation of electron-rich alkenes. Under normal reaction conditions, 

cyclopropanation does not result; rather a new alkene resulting from metathesis 

(alkene group interchange) is obtained (Eq. 6.29). Olefin metathesis is a well-known 

Eq. 6.29 

OMe A °Me 
(CO)5Cr=( + =\ -► H2C=( 

Ph OR 80°C Ph 

I 
OMe 

(CO)4Cr-^"Ph 

RO 

4?r 
(CO)4Cr =( 

H 

(heteroatom 
stabilized) 

+ 

OMe 

=< 
Ph 

process for carbene complexes, and has found many uses in synthesis (See 6.5). It is 

thought to occur by the cycloaddition/cycloreversion process shown. Because 

metathesis of electron-rich olefins produces heteroatom-stabilized carbene 

complexes, whereas electron-poor olefins would produce unstabilized carbene 

complexes, metathesis is the favored pathway with electron-rich substrates. 

Electron-rich alkenes can be cyclopropanated by unstable acyloxycarbene 

complexes, generated in situ by O-acylation of tetramethyl ammonium (but not 

lithium, because of tight ion pairing) "ate" complexes (Eq. 6.30),38 or under high 

(>100 atm) pressures of CO, which seems to suppress metathesis. 

Eq. 6.30 

CTNMe4+ 
(CO)5Cr=* 

R1 

(1) R2COBr 

-► 

(2) 
R4 

OR3 

-20°C 

In contrast to electron-poor and electron-rich alkenes, simple aliphatic 

alkenes do not undergo intermolecular cyclopropanation by chromium 

alkoxycarbenes under any conditions. However, in general, intramolecular reactions 

are considerably more favorable, and aryl-a//cenoxycarbene complexes undergo 

extremely facile intramolecular cyclopropanation of the unactivated alkene (see 

below). 

Carbene complexes with structurally complex alkoxy groups are not directly 

available by the standard synthesis (Figure 6.1) because the corresponding alkyl 
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triflates or oxonium salts are difficult to synthesize. Further, they cannot be made by 

alkoxy-alkoxy interchange, since these reactions (in contrast to alkoxy-amine 

exchange) are slow, inefficient, and beset with side reactions. However, 

acyloxycarbene complexes, generated in situ by reaction of acid halides with 

ammonium acylate complexes, react cleanly, even with structurally complex 

alcohols, to produce alkoxycarbene complexes in excellent yield (Eq. 6.31).39 When 

homoallylic alcohols were exchanged into (aryl)(acyloxy) carbenes, the carbene 

Eq. 6.31 

Cr(CO)6 + RLi 

O 
II 

(CO)5Cr—C-R 
Me4NBr 
-► (CO)5Cr- ! -R NMe4+ 

(won't O-acylate) 

-|—COCI 

slow, —40°C 

O 

O 

(CO)5Cr=( 

R 

-20°C, fast 

R'OH 

OR' 

(CO)5Cr=( + 4-C02H 
R 

“mixed anhydride” 

complex could not be isolated. Instead, spontaneous, intramolecular cyclopropana- 

tion occurred, even under modest pressures of carbon monoxide (Eq. 6.32).40 This is 

a general phenomenon, and a variety of cyclopropanated tetrahydrofurans, pyrans 

Eq. 6.32 

and pyrrolidines are available by this route. This increase in reactivity is clearly 

entropic; when the alkene is more than three carbons removed from the oxygen, 

cyclopropanation does not occur under conditions sufficiently severe to decompose 
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the complex. However, more remote alkenes will cyclopropanate if they are 

conformationally held in proximity to the carbene system (Eq. 6.33).41 

Eq. 6.33 

Alkynes cycloadd to carbene complexes more readily than do alkenes. 

Treatment of enynes with chromium carbene complexes produces bicyclic 
compounds in excellent yield, through a process of alkyne 

cycloaddition/metathesis/alkene cycloaddition/reductive elimination (Eq. 6.34).42 

Eq. 6.34 

z 
(CO)5Cr=< 

ch3 

=90% 

| (a) X = C(C02Et)2, Z = n^J (b) X = NTs, Z = OEt j 

Many variations of this theme are possible and have been tried, including tethering 
the alkene to the carbene43 (Eq. 6.35),44 the alkyne to the carbene (Eq. 6.36),45 both the 

Eq. 6.35 
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Eq. 6.36 

alkyne and alkene tethered to the carbene,46 and the alkyne tethered to a 1,3 diene 

(Eq. 6.37).47 All lead to a remarkable increase in complexity in a single step. 

+ (CO)5Mo=< 
OMe 

Bu 

Eq. 6.37 

87% 

Another thermal reaction of carbene complexes of great use in synthesis is the 

Dotz reaction, the reaction of unsaturated alkoxycarbene complexes with alkynes, to 

produce hydroquinone derivatives. The general transformation is shown in Eq. 6.38.48 
Although the overall sequence is complex, the mechanism is reasonably well- 

understood, and involves many of the standard processes of organometallic 

chemistry. Again, the reaction begins with a thermal loss of one CO, to generate a 
vacant coordination site. Coordination of the alkyne followed by cycloaddition 

generates the metallacyclobutene, which inserts CO to give a metallacyclopentenone. 
Fragmentation of this metallacycle generates a metal-bound vinyl ketene, for which 

there is excellent experimental evidence (X-ray in one case, isolation of the 

vinylketene with sterically hindered alkynes49). Cyclization of this vinyl ketene 

followed by enolization produces the hydroquinone derivative, as its Cr(CO)3 
complex (Chapter 10). The free ligand is obtained by oxidative removal of chromium 

by exposure to air and light. Depending on the metal, and the solvent, and in 

particular, the heteroatom, the CO insertion step may be supplanted by a metathesis 

step, producing indenes rather than hydroquinones. This is particularly common for 

aminocarbene complexes.50 
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Eq. 6.38 

Because of the stability and ease of handling of Group 6 carbene complexes, 

and the many ways they can be elaborated, highly functionalized, structurally 

complex carbene complexes are relatively easily prepared, making their use in 

organic synthesis appealing. The Dotz reaction has been extensively utilized to make 

quinone derivatives. Selected examples are shown in Eq. 6.39,51 Eq. 6.40,52 and Eq. 

Eq. 6.39 
o 

,Cr(CO)5 + R1 ■R2 

OMe 

R2 

Eq. 6.40 

OMe 

2 (CO)sCr + R1 

R2 R3 

W 
HO R ' OMe 

6.41.53 As is the case with cyclopropanation, a cascade of different reactions can be 

arranged so as to make many bonds in a single reaction sequence. Such a case is seen 

in Eq. 6.42,54 in which a Diels-Alder cycloaddition is followed by an alkyne 
metathesis, and then a Dotz reaction, all in a one-pot reaction. 

158 • Transition Metals in the Synthesis of Complex Organic Molecules 



Eq. 6.41 

+ Et- ■Et 

Et 

Et 

Eq. 6.42 

The observation that photolysis of chromium carbene complexes with visible 

light resulted in insertion of CO into the metal-carbon double bond to generate 

species with ketene-like reactivity (see below)55 led to the development of a very 

clever alternative to the Dotz benzannulation process (Eq. 6.43).56 By synthesizing 

ds-dienyl carbene complexes, the key vinylketene intermediate in the Dotz reactions 
could be generated by photochemically-driven CO insertion, resulting in an efficient 
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Eq. 6.43 

OH 

OMe —s. 

(CO)5Cr =^=x)lx) 

benzannulation process. Thermal or photochemical insertions of isonitriles into the 

metal-carbon double bond similarly produces vinylketeneimine intermediates, which 

also cyclize readily (Eq. 6.44).57 A very nice application of both of these processes is 

seen in Eq. 6.45.58 

Eq. 6.44 

Eq. 6.45 

The Dotz reaction is also quite sensitive to the nature of the heteroatom on 

the carbene complex. Although alkoxycarbene complexes usually give hydroquinone 

derivatives, aminocarbene complexes fail to insert CO, and give indane derivatives 
instead (Eq. 6.38).59 When carried out intramolecularly, the reaction is remarkably 

diastereoselective (Eq. 6.46).60 When combined with Diels-Alder cycloaddition, 

complex systems can be produced efficiently (Eq. 6.47).61 

As can be seen, the Dotz reaction has many steps, each of which can be 

diverted along other pathways, leading to other products. The main problem in the 

development of this chemistry was to develop conditions which led to a single major 

product, since the reaction is quite sensitive to both the reaction conditions and 
structural features of the reactants. 
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Eq. 6.46 

For example, when cyclopropylcarbene complexes are subjected to the 
typical Dotz reaction, totally unexpected products result (Eq. 6.48).62 Although the 

OMe 

(Y Cr—-OMe 

o^r- R2 

(d) 

p2 OMe 

Eq. 6.48 

O O 

ii* H * rsA "'-A * 
32 OMe r2 OMe 

40-80% 
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mechanism is not well-understood, it is likely that things proceed as usual to the 

metallacyclopentenone stage (b), at which point, the "sp2" like cyclopropyl group 

inserts as if it were an olefin (cyclopropyl groups are readily cleaved by a variety of 

transition metals) to give a metallacyclooctadienone (c). This then reinserts to give a 

bicyclic system (d)(shown as occurring in two steps, for clarity), which fragments to 

give the cyclopentadienone and an alkene (e). The dienone is reduced by the low- 

valent chromium fragment in the presence of water. Intramolecular versions also 

work.63 When the metal is changed from chromium to the larger tungsten, seven- 

membered rings form, apparently from direct reductive elimination from the 

metallacyclooctadienone (Eq. 6.49).64 (Note that isomerization of the double bonds 

via 1,5-hydride shifts to give the most stable product occurs under the relatively 

severe reaction conditions.) 

Eq. 6.49 

Iron carbene complexes analogous to the Group 6 Fischer carbenes are easily 

prepared, either by the Fischer route (Eq. 6.1) or from Collman's reagent 

(Na2Fe(CO)4) (Eq. 6.50). In the thermal reaction with alkenes, no cyclopropenes are 

formed; rather, C-H insertion products predominate (Eq. 6.51).65 With alkynes, iron 

alkoxycarbenes react by a completely different route from Group 6 analogs, inserting 

two CO's and giving a mixture of equilibrating pyrones (Eq. 6.52)!66 

Eq. 6.50 

? 
Fe(CO)42“ + RCCI 

Fe(CO)5 + RLi 

\ H>?r 
(CO)4Fe—C—R 

EtOS02F 

HMPA 
(CO)4Fe=C 

OEt 
/ 

\ 

Eq. 6.51 

OEt 
(CO)4Fe=< + 

R 

+ 

X 

40-60% 
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Eq. 6.52 

Ph 

✓OEt 
(CO)4Fe = Cs + 

Ph 

OEt 

(CO)4Fe Ph 
CO eiotV 

CO)4FeM[ 

O 

EtO 

Ph 

Ph 

In addition to thermal reactions, chromium heteroatom carbene complexes 

have a very rich photochemistry which results in a number of synthetically useful 

processes. All of these complexes are colored and have absorptions in the 350-450 

run range. This visible absorption has been assigned as an allowed metal-to-ligand 

charge transfer (MLCT) band.67 From the molecular orbital diagram of the complex, 

the HOMO is metal-d-orbital centered, and the LUMO is carbene-carbon p-orbital 

centered. Thus, photolysis into the MLCT results in a formal, reversible, one electron 

oxidation of the metal, since, in the absorption process, an electron is removed from 

the d-centered HOMO to the p-centered LUMO.68 One of the best ways to drive 

insertion of carbon monoxide into metal-carbon bonds is to oxidize the metal 

(Chapters 2 and 4) and, indeed, photolysis of chromium carbene complexes with 

visible light appears to drive a reversible insertion of CO into the metal carbon 

double bond, producing a metallacyclopropanone, best represented as a metal- 

bound ketene (Eq. 6.53).69 Since excited states of transition metal complexes are 

usually too short-lived to undergo intermolecular reactions, this is almost surely a 

ground-state complex which, if not trapped, deinserts CO, regenerating the carbene 

complex. Thus, many carbene complexes can be recovered unchanged after extended 

periods of photolysis in the absence of reagents which react with ketenes, but are 

completely consumed in a few hours when photolyzed in the presence of such 

reagents. 

Eq. 6.53 

X hv 

(CO)4Cr=( 
R 

X 

(00)40^ R — (CO)4Cr—J 

11 
CO o 0 
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From a synthetic point of view/0 this is very useful, since it permits the 

generation of unusual, electron-rich alkoxy-, amino-, and thioketenes not easily 

available by conventional routes, under very mild conditions (visible light, any 

solvent, Pyrex vessels, no additional reagents). The ketene is metal-bound, and 

generated in low concentrations, thus normal ketene side reactions such as 

dimerization, or incorporation of more than one ketene unit into the product, are not 

observed. However, the species thus generated undergo most of the normal reactions 

of ketenes, and herein lies their utility. 

The reaction of ketenes with imines to produce (3-lactams (the Staudinger 

reaction) has been extensively developed for the synthesis of this important class of 

antibiotics. Most biologically active (3-lactams are optically active, and have an 

amino group a- to the lactam carbonyl. To prepare these from chromium carbene 

complex chemistry, an optically active complex having a hydrogen on the carbene 

carbon is necessary. These are not available from conventional Fischer synthesis, 

since anionic metal formyl complexes are strong reducing agents and transfer 

hydrides to electrophiles. The requisite optically active aminocarbene complex can be 

made efficiently by an alternative route involving the reaction of K2Cr(CO)5 with the 

appropriate amide, followed by addition of TMSC1 to promote the displacement of 

the oxygen (Figure 6.1).71 

This optically active aminocarbene complex undergoes efficient reaction with 

a very wide range of imines to give optically active (3-lactams in excellent chemical 

yield, and with very high diastereoselectivity (Eq. 6.54).72 The absolute 

Eq. 6.54 
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stereochemistry of the a-position is determined by the chiral auxiliary on nitrogen, 

which transfers its absolute configuration to this position (R —> R, S —> S), while the 

relative (cis-trans) stereochemistry between the two new chiral centers is determined 

by the imine.73 When the reaction is carried out under a modest (60 psi) pressure of 

CO, chromium hexacarbonyl can be recovered and reused. The chiral auxiliary is 

easily removed by hydrolysis of the acetonide, followed by either reductive (H2, 

Pd/C) or oxidative (I04~) cleavage of the amino alcohol. This chemistry has been 

used in a formal synthesis of (+) 1-carbacephalothin (Eq. 6.55).74 

PV0 
N O 

(COJsCr^ 7^ 
H 

0^0 

(^00Ac 
NyP(°)(0Et)2 

C02Bn 

Eq. 6.55 

Imidazolines are particularly interesting substrates for this (3-lactam forming 

process, since they fail to form (3-lactams when allowed to react with ketenes, or 

with ester enolates. However, photochemical reaction with chromium carbene 

complexes produce azapenams, a new class of (3-lactam, in good yield (Eq. 6.56).75,76 

This is one of several cases for which chromium carbene photochemistry and 

classical ketene chemistry differ in detail. 

OMe 

(CO)5Cr=< + 
Me 

Sbz 

C02Me 

1) hv 

2) H2 Pd/C 

MeO H 

Me 

O 

O M M 

Me 
C02Me 

70% >99% ee 

Eq. 6.56 

Ketenes also undergo facile 2+2 cycloaddition reactions with olefins, 

producing cyclobutanones, with a high degree of stereoselectivity, favoring the more 

hindered cyclobutanone ("masochistic stereoinduction"77). Photolysis of chromium 

alkoxycarbene complexes in the presence of a wide variety of alkenes produces 

cyclobutanones in high yield, with roughly the same stereoselectivity observed using 

conventionally generated ketenes (Eq. 6.57).78 As expected, the reaction is restricted 

to relatively electron-rich olefins, and electron-deficient olefins fail altogether. It is 

also restricted to alkoxycarbene complexes or aminocarbene complexes having aryl 
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groups on nitrogen to decrease the nucleophilicity of the ketene.79 Intramolecular 

versions also work well, giving access to a variety of bicyclic systems. Even 

unconventional cycloadditions proceed in remarkably good yield (Eq. 6.58).80 With 

optically active alkenes, high diastereoselectivity is observed (Eq. 6.59).81 The 

resulting optically active cyclobutanones undergo Baeyer-Villager oxidation/elimi¬ 

nation to produce butenolides, useful synthetic intermediates. 

Eq. 6.57 

+ Cr(CO)6 (CO)5Cr=< 
OR' 

If 
nv 

R'O" 

Et20, CO 

alkene = Ph"""^ /=\ 

^NHAc 

9x^0 
R = Me, Bu, Ph R' = Me, Et, Bn 

<^OEt 

Eq. 6.59 

(CO)5Cr=< 
OR' V“\ 

IT Y 
(1) ox 

(2) Base 

Ketenes react with alcohols or amines to give carboxylic acid derivatives. 

Similarly, photolysis of chromium carbene complexes in the presence of alcohols 

produces esters in excellent yield. Use of aminocarbene complexes, prepared from 

amides (Figure 6.1) provides a very direct synthesis of a-amino acid derivatives 

from amides, a transformation not easily achieved using conventional methodology.82 

Lactams, including (3-lactams, undergo this transformation as well, producing cyclic 

amino acids. 

Optically active a-amino acids are an exceptionally important class of 

compounds, not only because of their central biological role as the fundamental units 

of peptides and proteins, but also because of their role in the development of new 

pharmaceutical derivatives. By synthesizing optically active aminocarbene 
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complexes and taking advantage of their a-carbon reactivity, a variety of natural (S) 

and unnatural (R) amino acids can be synthesized (Eq. 6.60).83 With aldehydes as 

electrophiles, homoserines could be efficiently synthesized.84 

K2Cr(CO)5 ♦ AX 1) -78°C 

\_I 2) 2 TMSCI 
(CO)5Cr=<^ 

CH 

4° 
NvX 1) BuLi 

Eq. 6.60 

Ph 2) RCHO 

Ph 

4- , -o 

1) hv MeOH 

- (COJsCr 

NH, 
2) H+, H20 

3) H2 Pd/C 

1) BuLi 

Pr 2) RX (CO)5Cr 

(R) 

-O2C 

NHo OH o 4o 

O 
R 

By replacing the alcohol with an optically active a-amino acid ester, 

dipeptides can be synthesized in a process that forms the peptide bond and the new 

stereogenic center on the carbene-complex-derived amino acid fragment in a single 

step (Eq. 6.61).85 This permits the direct introduction of natural (or unnatural) amino 

acid fragments into peptides utilizing visible light as the coupling agent. In this case, 

"double diastereoselection" is observed with the (R,S,S) dipeptide being the matched 

and the (S,R,S) dipeptide being the mismatched pair. Even sterically hindered a,a- 

dialkyl- and N-alkyl-a,a-dialkylamino acid esters couple in good yield,86 as do 

polystyrene bound-,87 and soluble PEG-bound88 amino acid residues. 

Eq. 6.61 

(CO)sCr 
CH2R 

+ 

(R) 

hv, 0°C 

THF, 50-80 psi CO 

(R.S.S) 

6.3 Electrophilic, Nonstabilized Carbene Complexes89 

Group 6 carbene complexes lacking a heteroatom on the carbene carbon are 

unstable and difficult to prepare. As a consequence, they have not been extensively 
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utilized in synthesis (although they do cyclopropanate olefins90). In contrast, a 

number of stable, easily prepared iron carbonyl complexes are precursors to 

unstabilized electrophilic carbene complexes. When these precursor complexes are 

treated with appropriate reagents in the presence of alkenes, cyclopropanation 

results. Among the most convenient of these carbene precursors are the 

methylthiomethyl complexes, easily prepared on large scale by the reaction of 

CpFe(CO)2Na with CH3SCH2C1.91 S-Methylation followed by warming in the pres¬ 

ence of an excess of electron-rich alkene produces the unstable cationic carbene 

complex which then cyclopropanates the alkene. The corresponding methoxymethyl 

complex behaves similarly (Eq. 6.62). Perhaps the most versatile approach relies 

upon the reaction of the strongly nucleophilic CpFe(CO)2Na with aldehydes92 or 

Eq. 6.62 
CO 

CpFe—CH2SMe2]+BF4- 
CO A CO 

-► [CpFe = CH2]+ 
CO CO 

CpFe—CH2OMe2rBF4- 
CO 

ketals93 to produce the requisite a-oxoiron complexes. These undergo a-elimination 

to produce cationic carbene complexes when treated with alkylating or silylating 

agents (Eq. 6.63). 

Eq. 6.63 

CpFe(CO)2 + 

or 

CpFe(CO)2 + 

This cyclopropanation is somewhat limited. Only relatively unfunctionalized, 

electron-rich alkenes undergo the reaction, and relatively few carbene groups — 

"CH2", "CHCH3", "C(CH3)2", "CHPh", "CHC3H5" — can be transferred. With 

substituted carbene complexes, mixtures of cis and trans disubstituted cyclopropanes 

are obtained. 

By replacing one of the carbon monoxide groups with a phosphine, the iron 

carbene complex precursors become chiral at iron, and can be resolved. Additional 

asymmetry can be introduced by using an optically active phosphine, giving 

168 • Transition Metals in the Synthesis of Complex Organic Molecules 



complexes chiral both at iron and phosphorus. These optically active carbene 

complexes cyclopropanate alkenes with quite good enantioselectivity, but only 

modest cis/trans selectivity (Eq. 6.64). The mechanism of this asymmetric 

cyclopropanation has been extensively studied.94 Because chiral metal complexes 

induce asymmetry in the products, "free" carbenes cannot be involved. 

Unexpectedly perhaps, metallacyclobutanes also are not involved. From careful 

stereochemical and labeling studies, the mechanism shown in Eq. 6.64 has been 

established. It involves attack of the alkene on the electrophilic carbene complex to 

generate an electrophilic center at the y-carbon. If this carbon bears an electron- 

donating group, this intermediate is sufficiently long-lived to permit rotation about 

the (3-y-bond, leading to loss of the original olefin stereochemistry. This y-cationic 

center is then attacked by the Fe-Ca bond from the back side resulting in inversion at 

this center. 

r3p*' A 
(S)Fe(S)p 3.5/1 

75% 83% ee 

Eq. 6.64 

(+) H 
Cp(CO)(L)Fe=< 

WiR R' 

R 

Cp(CO)(L)Fe-Cf-H 

Eq. 6.65 

Consistent with this mechanism, iron-carbene intermediates can effect 

cationic cyclization of polyenes (Eq. 6.66)95 as well as carbene-like C-H insertion 

reactions (Eq. 6.67).96 
Eq. 6.66 

Eq. 6.67 
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6.4 Metal-Catalyzed Decomposition of Diazo Compounds Proceeding 

Through Unstabilized Electrophilic Carbene Intermediates 

Transition metals catalyze a number of important reactions of organic diazo 

compounds, among which cyclopropanation of olefins is one of the most 

synthetically useful (Eq. 6.68).97 A wide variety of transition-metal complexes are 

efficient catalysts, among which copper(I) triflate, palladium(H) salts, rhodium(II) 

Eq. 6.68 

N2CHC02Et 

EtOoC. 

MLn 
X 

MLn = Rh2(OAc)4, CuCI»P(0/' Pr)3, Rh6(CO)16> PdCI2*2PhCN 

X = BrCH2, CICH2> PhO, n Bu, OAc, OEt, O-n Bu, /' Pr, t Bu, CH2=CPh 

CH2=CMe, CH2=C-f Bu, CH=CHOMe, CH=CHCI, CH=CHPh, CH=CHMe 

acetate, and Rh6(CO)16 are most commonly used. The reaction is most effective when 

relatively stable a-diazocarbonyl compounds are used, since the major competing 

reaction is decomposition of the diazo compound itself. Olefins ranging from 

electron-rich enol ethers to electron-poor a,(3-unsaturated esters undergo catalytic 

cyclopropanation with diazo compounds, although alkenes with electron- 

withdrawing substituents are likely to react by a mechanism different from that of 

other olefins, and (3-substitution drastically suppresses the reaction. The order of 

reactivity for olefins is electron rich > "neutral" » electron poor and cis > trans. 

Olefin geometry is maintained, but there is little stereoselectivity for the diazo- 

derived group. Dienes and alkynes are also cyclopropanated. Detailed mechanistic 

studies have implicated the intermediacy of metal carbene complexes formed by 

electrophilic addition of the metal catalyst to the diazo compound in this 

cyclopropanation.98 

From a synthetic point of view, rhodium(II) acetate is by far the most-used 

catalyst, because it is commercially available, easy to handle, and reacts quickly and 

efficiently. Many functional groups are tolerated making elaborate cyclopropanes 

available (for example Eq. 6.69).99 Intramolecular versions are quite efficient. 

Eq. 6.69 

o 
W = Me, H, OSiR3 
X = Me, H 
Y = H, OAc, OMe, OSiR3 
Z = H, OAc 
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producing polycyclic ring systems (Eq. 6.70).100 By using rhodium(II) complexes of 

optically active carboxylates or carboxamides, high asymmetric induction can be 

achieved (Eq. 6.71)101 and (Eq. 6.72).102 Note that with polyenes, the choice of 

catalyst effects regioselectivity (Eq. 6.73).103 

Eq. 6.70 
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O 

96% ee 
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R1 = H, Me, Ph, Pr R2 = H, Me, Ph, Et, Bn, ( > ,/'Bu, Bu3Sn 
’■O''1 

Eq. 6.73 
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When substrates have additional unsaturation appropriately situated, 

metathesis "cascade" cyclizations ensue (Eq. 6.74),67 much like the corresponding 

reactions of chromium carbene complexes (Eqs. 6.34-6.37). This provides further 

evidence for the intermediacy of metal carbene complexes in these 

cyclopropanations, since such metathesis-derived products are unlikely for other 

types of carbenoid species. 

As stated above, a very large number of transition metals catalyze the 

cyclopropanation of alkenes by diazocompounds and a large number of chiral 

ligands have been developed. Some, normally used in conjunction with Cu2+ or Ru2+ 

are shown in Figure 6.4. 

Figure 6.4 Chiral Ligands for Asymmetric Cyclopropanation 
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Cyclopropanation of alkenes by metal-catalyzed decomposition of 

diazoalkanes has many parallels to related reactions of stable carbene complexes, 

and the two systems are clearly mechanistically related. However, two reactions not 

common for metal carbene complexes — X-H insertion and ylide formation — are 

observed with metal-catalyzed decomposition of diazoalkanes, and both are 

synthetically useful. 

Rhodium(II) catalyzes the insertion of diazoalkanes into C-H, O-H, N-H, S- 

H, and Si-H bonds in a process that is very unlikely to involve free carbenes.109 

Detailed mechanisms involving metal carbene complexes have not yet been 

elucidated, but are likely to involve electrophilic attack of the metal-bound carbene 

carbon on the X-H bond. The general order of reactivity for C-H insertion is 2° > 1° 

~ 3° but is catalyst dependent.110 As expected for electrophilic attack, electron- 

withdrawing groups deactivate C-H bonds and donating groups activate them. 

Intramolecular insertions favor the formation of five-membered rings, and fluorinated 

carboxylate ligands on rhodium favor insertion with aromatic C-H bonds.111 Very 

high asymmetric induction can be observed when chiral metal complex catalysts are 

used (Eq. 6.75),112 strongly implicating an intimate association of the metal with the 

n = 1,2,3 

97% ee 

carbene fragment during bond formation. Other synthetically useful C-H insertions 

are shown in Eq. 6.76113 and Eq. 6.77.111 Rhodium(II) salts also catalyze N-H (Eq. 

6.78)114 and O-H (Eq. 6.79)115 insertions which are synthetically useful. 

Finally, transition metals catalyze the reaction between diazo compounds 

and heteroatom lone pairs to produce ylides, which have a very rich chemistry in 

their own right (Eq. 6.80).116 The specific reactivity depends on the nature of the ylide 

formed. For example sulfur ylides undergo facile [2,3]-rearrangements (Eq. 6.81)117 or 

Stevens rearrangement (Eq. 6.82)118 as do nitrogen ylides (Eq. 6.83)119 and (Eq. 

6.84).120 

Eq. 6.76 

88-98% ee 
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Eq. 6.77 
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Eq. 6.79 
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Eq. 6.82 

Eq. 6.83 

72% 

Cu(htacac)2 

CH2CI2 
rfx 

Eq. 6.84 

95% 

Most impressive from a synthetic point of view is the carbonyl ylide 

chemistry121 accessible by metal-catalyzed diazo decomposition, primarily because 

carbonyl ylides have a rich dipolar cycloaddition chemistry. This allows the 

construction of very complex ring systems directly and efficiently, as illustrated by 

the synthesis of the aspidosperma alkaloid ring system in a single step (Eq. 6.85).122 

When coupled with metathesis chemistry (Eq. 6.74)121 remarkable transformations 

occur in a single pot (Eq. 6.86).123 

OEt 
Eq. 6.85 

Synthetic Applications of Transition Metal Carbene Complexes • 175 



6.5 Metathesis Processes of Electrophilic Carbene Complexes 

Olefin metathesis126 is a process by which metal-carbene complexes catalyze 

a methylene group interchange via a cycloaddition/cycloreversion proces (Eq. 6.87). 

Eq. 6.87 
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Metathesis has long been of importance industrially, but the high reactivity of the 

catalysts coupled with their relative intolerance to functional groups drastically 

limited their use in organic synthesis. However the recent development of two new 

catalysts that are relatively easy to handle and which perform metathesis efficiently 

in the presence of a wide array of functional groups has brought the use of this 

process in complex syntheses. 

The catalysts of most use in organic synthesis are the Schrock molybdenum 

metathesis catalysis l125 and the Grubbs ruthenium catalysts 2126 and 3.127 They share 

many common features, and their reaction chemistry overlaps considerably. 

However, in some cases there is a clear preference for one over the other. The Grubbs 

catalysts are, in general, easier to prepare and handle, tolerate a wider array of polar 

functional groups, and are more stable towards air and moisture. The Schrock 

catalyst has significantly higher metathesis activity, and often is more efficient with 

sterically-hindered olefins.128 Together they have had a major impact on synthetic 

methodology by permitting the use of the olefin functional group as a carbon-carbon 

bond forming moiety. 

One of the earliest applications of olefin metathesis was to polymer 

synthesis, and initially these new metathesis catalysts were also applied to polymers 

in ring opening polymerizations (ROMP) (Eq. 6.88).129 Their tolerance for 

functionality permitted the synthesis of highly functionalized polymers, even under 

aqueous conditions (Eq. 6.89).130 Metathesis is also finding increased application to 

materials synthesis (Eq. 6.90).131 
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Eq. 6.89 
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CH2CI2 
h2o 

DTAB 

■*» 

n 

Eq. 6.90 

Ph 

However, it is the application of ring-closing metathesis that has had the 

greatest impact on organic synthesis. Although the synthetic community was slow to 

appreciate the power of ring closing metathesis, and much of the early work was 

done by the developers of the catalysts themselves, once it caught on, the use of ring 

closing metathesis exploded. It can be used to make small rings (Eq. 6.91)132 and (Eq. 

6 92),i33 mecjjum rings (Eq. 6.93)/34 and macrocycles (Eq. 6.94).135 It is efficient with 

polymer-bound substrates as illustrated by the combinatorial synthesis of sixty 

epothilones, shown in Eq. 6.95.136 It has been used to make catenanes137,138 and to cap 

calixarenes,139 and its use is growing logarithmically. Very recently140 asymmetric 

versions utilizing chiral Schrock type catalysts have been introduced. 

Eq. 6.91 

72-88% 

Eq. 6.92 
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OTBS 
Eq. 6.93 

a 
OTBS 

Boc 

Eq. 6.94 

77% 

R1 

Eq. 6.95 

6.6 Nucleophilic "Schrock" Carbene Complexes141 

Nucleophilic carbene complexes represent the opposite extreme of reactivity 

and bonding from electrophilic carbene complexes. They are usually formed by 

metals at the far left of the transition series, in high oxidation states (usually d°) with 

strong donor ligands, such as alkyl or cyclopentadienyl, and no acceptor ligands. 

The carbene ligand is usually simply the =CH2 group. These are so different from 

electrophilic carbene complexes that the carbene ligand in these complexes is 

formally considered a four electron, dinegative ligand, [H2C::]2\ These complexes 

often have Wittig-reagent-like reactivity and are often represented as M+-CH2" 

M=CH2, much like ylides. However, nucleophilic carbene complexes also form 

metallacycles, and both of these aspects of reactivity are useful in synthesis. 

The most extensively studied nucleophilic carbene complex is "Tebbe's" 

reagent, prepared by the reaction of trimethyl aluminum with titanocene dichloride 

(Eq. 6.96).142 In the presence of pyridine this complex is synthetically equivalent to 

"Cp2TiCH2", and it is very efficient in converting carbonyl groups to methylenes (Eq. 
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6.97).143 The reaction is thought to proceed via an oxometallacycle which can 

fragment to give the alkene and a very stable titanium(IV) oxo species (Eq. 6.98). The 

Eq. 6.96 

CH2 J2H3 py 
Cp2TiCI2 + AIMe3 -► CP2t'<T 'Al -► “Cp2Ti =CH2" 

Ol XH3 

Eq. 6.97 

“Cp2Ti = CH2” + 

O 
II 

RC-X 

ch2 
II 

R —C — X 

X = R', H, OR', NR’2 

Eq. 6.98 

O 
CpaTi = CH2 +0 Cp2Ti 

'P 

CH, 

R 

Cp2Ti=0 

Cp2Ti' 
O 

T 
reaction not only works well with aldehydes and ketones, but it also converts esters 

to enol ethers and amides to enamines! With acid halides and anhydrides, titanium 

enolates are produced instead. Tebbe's reagent does not enolize ketones and is 

particularly efficient for methylenating sterically hindered, enolizable ketones which 

are not methylenated efficiently by Wittig reagents.144 The reagent tolerates a very 

high degree of functionality (Eq. 6.99)145 and (Eq. 6.100).146 

In addition to methylenating carbonyl compounds, Tebbe's reagent reacts 

with olefins to form titanacycles. These can be cleaved by a variety of reagents (Eq. 

6.101), or can be used to synthesize allenes by a cycloaddition/metathesis sequence 

180 • Transition Metals in the Synthesis of Complex Organic Molecules 



Eq. 6.100 

Eq. 6.101 

O 

A , + “Cp2Ti=CH2” 
R R' 

(Eq. 6.102).147 Methylenation combined with metathesis can be a powerful synthetic 

tool (Eq. 6.103).148 " 

Eq. 6.102 

II 

An even more easily prepared methylenating reagent is dimethyl titanocene, 

Cp2TiMe2/ generated by the simple treatment of titanocene dichloride with 

methyllithium. Gentle heating of this complex (~60°C) in the presence of ketones, 

aldehydes, or esters results in methylation with yields and selectivities similar to 

those observed with Tebbe's reagent.86 In some instances, it has advantages over 

Tebbe's reagent. In the system in Eq. 6.104, Tebbe's reagent fragmented the substrate 

while Cp2TiMe2 cleanly methylenated it. In addition, benzylidene (PhCH=),151 

trimethylsilylmethylene (TMSCH=),152 allenelidene (CH2=C=),153 and 

methylenecyclopropane154 can be transferred, while Tebbe's reagent is restricted to 

simple methylene groups. Other systems that efficiently methylenate (4, 5, and 6) are 

shown below. 
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Eq. 6.103 
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CHAPTER 7 

Synthetic Applications of Transition 

Metal Alkene, Diene, and Dienyl 

Complexes 

7.1 Introduction 

Nucleophilic attack on transition metal-complexed olefin, diene, and dienyl 
systems is among the most useful of organometallic processes for the synthesis of 
complex organic molecules.1 Not only does complexation reverse the normal 
reactivity of these functional groups, changing them from nucleophiles to 
electrophiles, but the process also results in the formation of new bonds between the 
nucleophile and the olefinic carbon and new metal-carbon bonds that can be further 
elaborated (Eq. 7.1). The fundamental features of this process were presented in 
Chapter 2. Here its' uses in organic synthesis will be considered. 
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7.2 Metal Alkene Complexes1 

a. Palladium(II) Complexes 

Olefin complexes of palladium(II) were among the first used to catalyze 

useful organic transformations and are among the most extensively developed, at 

least in part because they are both easily generated and highly reactive. Palladium 

chloride is the most common catalyst precursor. It is a commercially available red- 

brown, chlorobridged oligomer, insoluble in most organic solvents (Figure 7.1). 

However, the oligomer is easily disrupted by treatment with alkali metal chlorides, 

such as LiCl or NaCl, providing the considerably more soluble, hygroscopic 

monomeric palladate, M2PdCl4. Nitriles, particularly acetonitrile and benzonitrile, 

also give air-stable, easily handled, soluble monomeric solids, which are the most 

convenient sources of palladium(II). Treatment of soluble palladium(II) salts with 

[PdCi2]n 
commercially available 
insoluble oligomer 
rust brown 

PdCI2(RCN)2 
gold solid 
soluble 

2 PPh3 
2 LiCl 

t A 
PdCI2(PPh3)2 Li2PdCI4 
yellow solid red-brown solid 
soluble hygroscopic, soluble 

also Pd(OAc)2 soluble 

Figure 7.1 Palladium(II) Sources 

alkenes results in rapid, reversible coordination of the alkene to the metal (a in Figure 

7.2). Ethylene and terminal monoolefins coordinate most strongly followed by cis 

and trans internal olefins. Although these olefin complexes can be isolated if desired, 

they are normally generated in situ and used without isolation (Figure 7.2). Once 

complexed, the olefin becomes generally reactive towards nucleophiles ranging from 

Cl" through Ph", a range of about 1036 in basicity. Attack occurs from the face 

opposite the metal (trans attack) and at the more-substituted carbon, resulting in the 

formation of a carbon-nucleophile bond and a metal-carbon bond (b). Note that this 

is the opposite regiochemistry and stereochemistry from that obtained by insertion of 

olefins into metal-carbon o-bonds. The regiochemistry is that corresponding to 

attack at the olefinic position which can best stabilize positive charge, and, in a 

sense, the highly electrophilic palladium(II) is behaving like a very expensive and 

selective proton towards the olefin. 

The newly-formed o-alkylpalladium(II) complex has a very rich chemistry. 

Warming above -20°C results in (3-hydrogen elimination (c), generating an olefin 

which is the product of a formal nucleophilic substitution. This o-alkylpalladium(II) 
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Figure 7.2 Reactions of Palladium(II) Olefin Complexes 

complex is easily reduced, either by hydrides or hydrogen gas at one atmosphere, 

resulting in a formal nucleophilic addition to the alkene (d). Carbon monoxide 

insertion is fast, even at low temperatures, and successfully competes with 13- 

elimination. Thus o-acyl species are easily produced simply by exposing the reaction 

solution to an atmosphere of carbon monoxide (e). Cleavage of this acyl species with 

methanol produces esters (f), while treatment with main group organometallics leads 

to ketones via a carbonylative coupling (g). The initially formed c-alkylpalladium(II) 

complex itself will undergo transmetallation from many main group organometallics, 

resulting in overall nucleophilic addition/alkylation (h). 

In principle, olefins can insert into metal-carbon o-bonds, but in practice this 

usually cannot be achieved when [3-hydrogens are present, since [3-elimination is 

faster. In exceptional cases, however, olefins can insert into o-alkylpalladium(II) 

complexes prepared from nucleophilic attack on olefins, resulting in an overall 
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nucleophilic addition/'olefination (I). In all of the above processes, palladium(II) is 

required to activate the alkene, but palladium(O) — from reductive elimination — is 

the product of the reaction. Thus, for catalysis, a procedure to oxidize Pd(0) back to 

Pd(II) in the presence of reactants and products is needed. Many systems have been 

developed ranging from the classic 02/CuCl2 redox system to more recently 

developed benzoquinone, or quinone/ reoxidant. The choice of reoxidant is usually 

dictated by the stability of the products toward the oxidant. 

Palladium(II) olefin complexes are particularly well-behaved in their reactions 

with oxygen nucleophiles such as water, alcohols, and carboxylates, and a large 

number of useful synthetic transformations are based on this process. One of the 

earliest is the Wacker process, the palladium(II)-catalyzed "oxidation" of ethylene 

to acetaldehyde for which the key step is nucleophilic attack of water on metal- 

coordinated ethylene. Although this particular (industrial) process is of little interest 

for the synthesis of fine chemicals, when applied to terminal alkenes it provides a 

very efficient synthesis of methyl ketones (Eq. 7.2).2 The reaction is specific for 

terminal olefins, since they coordinate much more strongly than internal alkenes, and 

internal alkenes are tolerated elsewhere in the substrate (Eq. 7.3). A variety of 

remote functional groups are tolerated (Eq. 7.43 and Eq. 7.54) provided they are not 

strong ligands for palladium(II) (e.g., amines), in which case the catalyst is poisoned. 

Copper (II) chloride/oxygen is used to reoxidize the palladium, since the product 

alcohols are stable to these reagents. 

Eq. 7.2 

R^- 

PdCI2 

L 
Coord. 

h2o HCI 

Nuc. attack 

ox. 

Eq. 7.3 

Eq. 7.4 

O O 

PdC'2(PhCN)2. 
CuCI, O2 | 

C02Bn 
82% 
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Eq. 7.5 

In all of these cases, nucleophilic attack occurred at the 2° position, as 

expected. However, if the substrate has adjacent functional groups which can 

coordinate to palladium to form a five or six membered palladiacyclic intermediate, 

the attack of the nucleophile may be directed to the terminal position (Eq. 7.6,5 Eq. 

7.7/ and Eq. 7.87). Adjacent directing groups can even activate internal alkenes to 

undergo Wacker oxidation (Eq. 7.9)7 although this is a rare occurrence. 

R10*'T"y R's 

R2 

PdCI2 / CuCI 

02 
h2o 

R2 

O 
II 

H-C 

R10*’='''-' R's 

R2 

80% 

Eq. 7.6 

Eq. 7.7 

CHO 

oV 
. O PdCI2 / CuCI / O2 
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O^C^Pd 
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Eq. 7.8 
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OH 

-► 

dmf/h2o o 
90-93% 

Lacking ligand assistance, this reaction is not useful for internal olefins since 

they react only slowly, if at all. However, a,p-unsaturated ketones and esters are 

cleanly converted to p-keto compounds under somewhat specialized conditions (Eq. 

7.10).2 

Eq. 7.10 

and 

Na2PdCI4 
/-PrOH 

t -BuOOH O 

64% 

Alcohols also add cleanly to olefins in the presence of palladium(II) but the 

intermolecular version has found little use in synthesis. In contrast, the 

intramolecular version provides a very attractive route to oxygen heterocycles.8 In 

intramolecular reactions, internal and even trisubstituted alkenes undergo attack and 

the regioselectivity is often determined more by ring size than by substitution (Eq. 

7.119 and Eq. 7.1210). In the presence of chiral binap oxazoline ligands, asymmetry 

can be induced (Eq. 7.1311). 

Eq. 7.11 

Eq. 7.12 
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Eq. 7.13 

MeOH 90-97% ee 

Reoxidation is necessary in these palladium(II)-catalyzed processes because 

"HPdX" is produced in the P-elimination step (Figure 7.2) and rapidly loses 

(reductive elimination) HX to produce palladium(O). If some group other than 

hydride, such as Cl" or OH", can be (3-eliminated, subsequent reductive elimination to 

form palladium(O) (and Cl2 or HOC1) does not occur, and the resulting PdCl2 or 

Pd(OH)(Cl) can reenter the catalytic cycle directly, obviating the need for oxidants 

(Eq. 7.14).12 

Eq. 7.14 

Because CO insertion into Pd-C bonds is so facile, and competes effectively 

with P-hydride elimination, efficient alkoxycarbonylation of alkenes has been 

achieved13 (Eq. 7.1514). 

OH OH 

OTBDPS 
PdCI2 / CuCI 

CO, AcOH 
AcONa 

Pd 

HO 
* 

^..''O,..^0TBDPS 

Eq. 7.15 

J H9, 
Pd J 7—y 

o^0^OTBDPS O 

93% 
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If (3-elimination is blocked, even olefins can insert (Eq. 7.1615) although this is 

rare. Under exceptional circumstances, olefins can be made to insert into o- 

alkylpalladium(II) complexes having (3-hydrogens. Such a case is seen in Eq. 7.17.16 

The initial step is palladium(II)-assisted alcohol attack on the complexed enol ether, 

generating a o-alkylpalladium(II) complex, which has a (3-hydrogen potentially 

Eq. 7.16 

^C02Me 
10% Pd(OAc)2 

02, 1 eq. CuCI 
DMF-HOAc 

Eq. 7.17 

O 

accessible for (3-elimination. However, ^-elimination requires a syn-coplanar 

relationship and, if the adjacent olefin coordinates to palladium, rotation to achieve 

this geometry is suppressed. At the same time, coordination of the olefin permits it 

to insert into the o-metal-carbon bond, which is indeed what occurs, to form the 

bicyclic system. The insertion is a syn process, and the o-alkylpalladium(II) complex 

resulting from this insertion cannot achieve a syn-coplanar geometry with any of the 

(3-hydrogens, since the ring system is rigid. In this special circumstance mtermolecular 

olefin insertion occurs, giving the bicyclic product in excellent yield. Note that this 

process forms one carbon-oxygen and two carbon-carbon bonds in a one pot 

procedure. 

Carboxylate anions are also efficient nucleophiles for palladium-assisted 

attack on olefins. Intramolecular versions are efficient (Eq. 7.1817) and, as is often the 

case for intramolecular reactions, even trisubstituted olefins are attacked.18 

Amines also attack palladium-bound olefins, but catalytic intermolecular 

amination of olefins has not been achieved, since both the amine and the product 

enamine are potent ligands for palladium and act as catalyst poisons. The 

stoichiometric amination of simple olefins can be achieved in good yield, but three 

equivalents of amine are required, and the resulting o-alkyl-palladium(II) complex 

must be reduced to give the free amine.19 A careful study of intramolecular amination 
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MeO 
Eq. 7.18 

elucidated some of the difficulties (Eq. 7.19).20 Treatment of the cyclopentyl 

aminoolefin with palladium(II) chloride resulted in the formation of a stable, 

chelated aminoolefin complex, confirming that one problem is indeed the strong 

Eq. 7.19 

PdCI2(MeCN)2 
-► 

NH2 

STABLE! 

1% PdCI2(MeCN)2 

NHTs THF 

1 eq Q=^ y=Q 

LiCI (5 g scale) 

Ts 

16 examples 
60-90% 

coordination of amines to Pd(II). N-Acylation of the amine dramatically decreased 

its basicity and coordinating ability, and this acetamide did not irreversibly bind to 

palladium(II). Instead intramolecular amination of the olefin ensued. However, the 

resulting o-alkylpalladium(II) complex was stabilized by chelation to the amide 

oxygen, preventing (3-hydrogen elimination, and thus catalysis. Finally, by placing the 

strongly electron-withdrawing sulfonyl group on nitrogen, neither the substrate nor 

the product coordinated strongly enough to palladium(II) to prevent catalysis, and 

efficient cyclization was achieved. 

Aromatic amines are about 106 less basic than aliphatic amines, and this 

factor permits the efficient intramolecular amination of olefins by these amines 

without the need for N-acylation or sulfonation, although these N-functionalized 

substrates also cyclize efficiently (Eq. 7.20)21 and (Eq. 7.21).22 A variety of 

functionalized indoles can be made by this procedure. 

A very mild and general catalyst system for the cyclization of both aliphatic 

and aromatic olefinic tosamides has recently been developed.23 It consists of 

palladium acetate in DMSO and relies upon oxygen as a reoxidant. In most cases the 

regioselectivity parallels that of the previous systems (Eq. 7.22), but ortho-allyl-N- 
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tosylanilines cyclize to give dihydroquinolines (attack at the less-substituted olefin 

terminus) rather than indoles. 

Eq. 7.20 

R (NHAc) 
(NHTs) 

14 examples 
60-86% 

Eq. 7.21 

Eq. 7.22 

'OAc 

{ \=J Ml NHTs 

n = 1,2, 3 

aOAc 

high yields 

As with oxygen nucleophiles, if the olefin to be aminated has an allylic 

leaving group, reoxidation is not necessary and catalytic cyclizations proceed 

smoothly (Eq. 7.2324). 

Eq. 7.23 

The G-alkylpalladium(II) complex from the amination of olefins can easily be 

trapped by CO25 (Eq. 7.2426 and Eq. 7.2527). With careful choice of conditions even 

olefins will insert reasonably efficiently although (3-hydride elimination competes 

even under the best of circumstances (Eq. 7.26).28 Note that although there are nine 

sites at which the catalyst can (and almost certainly does) coordinate, only one 

leads to cyclization. Provided that the catalyst is not irreversibly bound to one of the 

other sites, catalysis ensues. 
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Eq. 7.24 
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Eq. 7.25 

Eq. 7.26 

O 

(P-el.) 

The use of carbon nucleophiles results in yet another set of problems. 

Carbanions, even stabilized ones, are easily oxidized, and palladium(II) salts, as 

well as many other transition metal salts, tend to oxidatively dimerize carbanions, 

preventing their attack on olefins. Even if this can be prevented, catalysis is (as yet) 

impossible to achieve since it is necessary to find an oxidizing agent capable of 

reoxidizing the catalytic amount of Pd(0) present to Pd(II), but at the same time, not 

able to oxidize the large amount of the carbanion substrate present. Stoichiometric 

alkylation of olefins by stabilized carbanions can be achieved by very careful choice 

of conditions (Eq. 7.27).29 Preforming the olefin complex at 0°C followed by cooling 

Eq. 7.27 
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to -78°C and addition of two equivalents of triethylamine generates an 

olefin/amine complex. The coordinated amine directs the carbanion away from the 

metal and to the olefin, suppressing metal-centered, electron-transfer redox 

chemistry, and promoting alkylation of the olefin. As usual, attack occurs at the 

more substituted carbon of the olefin, producing a o-alkylpalladium(II) complex 

which can undergo reduction, (3-elimination, or CO insertion. The Pd(0) produced 

can be recovered and reoxidized separately, but not concurrently with alkylation, so 

the process is stoichiometric in palladium, and unlikely to find extensive use in 

synthesis. 

The exceptions to this will be cases in which this chemistry permits the 

efficient synthesis of products which would be considerably more difficult to 

prepare by classical means. Such a situation is seen in the synthesis of a relay to (+)- 

thienamycin (Eq. 7.28).30 In this case, one pot alkylation/acylation of an optically 

active ene carbamate produced the keto diester in 70% chemical yield, and with 

complete control of stereochemistry at the chiral center a- to nitrogen. In this case, 

palladium was used to form two C-C and one O-C bond, and to generate a new 

chiral center. When palladium(II)-assisted alkylation of this olefin was combined 

with carbonylative coupling to tin reagents, even more complex structures were 

efficiently produced (Eq. 7.29).31 In this case, palladium(II) promotes stereospecific 

alkylation of the olefin, followed by insertion of CO into the metal-carbon o-bond, 

followed by transmetallation from tin to palladium, followed by reductive 

elimination. In this case three C-C bonds and a chiral center are efficiently generated 

in a one-pot reaction. 

Eq. 7.28 

l A 
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(1) PdCI2(PhCN)2 
(2) Et3N, -78°C 
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"J-NH O 

Eq. 7.29 

(+)-Negamycin (13% overall yield) 
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Palladium(H) acetate also promotes the intramolecular alkylation of olefins 

by silylenol ethers (Eq. 7.3032 and Eq. 7.3133). It should be possible to make this 

process proceed catalytically since silylenol ethers themselves should not be 

oxidatively dimerized by Pd(II). However, some technical problem exists, since only 

a few turns of Pd(II) have been achieved. 

Eq. 7.30 

Eq. 7.31 

Palladium(II) complexes catalyze the rearrangement of a very broad array of 

allylic systems, in a process which involves intramolecular nucleophilic attack on a 

Pd(II)-complexed alkene as the key step (Eq. 7.32).34 Allyl acetates rearrange under 

mild conditions without complication from skeletal rearrangements or formation 

:x^y« Pd(ll) cat. :x^Y: 

^ 

i 

coord. 

v Pd(M) 
/ N 

Eq. 7.32 

other side products. With optically active allyl acetates, rearrangement occurs with 

complete transfer of chirality (Eq. 7.33)35 and (Eq. 7.34).36 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 attack 

of the olefin from the face opposite the metal, as expected for the mechanism shown 

in Eq. 7.32. 
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Eq. 7.33 

OBn OBn OAc OAc 
20% PdCI2(MeCN)2 

OBn OAc OBn OAc 

Eq. 7.34 

OR OAc OR OAc 
20% PdCI2(MeCN)2 

CO2M6 R OO2M6 

96% 

Palladium(II) complexes catalyze the Cope rearrangement of 1,5-dienes under 

very mild conditions, leading to a roughly 1010 rate enhancement over the thermal 

process (Eq. 7.35).34 There are some limitations to the catalyzed process, in that C-2 

must bear a substituent to help stabilize the developing positive charge, and C-5 

must bear a hydrogen so that efficient complexation to Pd(II) results. (Recall that 

trisubstituted olefins complex poorly to Pd(II), and that gem disubstituted alkenes 

undergo attack at the substituted position, making Cope rearrangements disfavored 

for these systems under Pd(II) catalysis.) Again, with chiral substrates, complete 

chirality transfer is observed.37 Palladium(II) complexes also catalyze the oxyCope 

rearrangement (Eq. 7.36).38 

Eq. 7.35 

93 : 7 

Eq. 7.36 

70-90% 
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Many other allylic systems undergo this palladium(II)-catalyzed allylic 

transposition. Trichloromethylimidates rearrange cleanly, and with complete transfer 

of chirality (Eq. 7.37).39 O-allylimidates rearrange in a similar fashion,40 and in the 

presence of chiral ligands, modest (50-60%) asymmetric induction is observed.41 O- 

Allyl oximes rearrange to nitrones, which can be efficiently utilized in 1,3-dipolar 

cycloaddition reactions (Eq. 7.38).42 

5% PdCI2(MeCN)2 
-► 

Eq. 7.37 

Ph^N"0^ 15% PdCI2(MeCN)2 
Ph^N^ 

Or 

Eq. 7.38 

I 

b. Iron(II) Complexes 

Cationic olefin complexes of iron(II) are easily made by alkene exchange with 

the CpFe(CO)2(isobutene)+ complex which is a stable gold-yellow solid, made by the 

reaction of Fp" (Fp = CpFe(CO)2) with methallyl bromide, followed by y-protonation 

with HBF4 (see Chapter 2) (Eq. 7.39).43 Once complexed, the olefin becomes reactive 

towards nucleophilic attack, sharing most of the reactivity, regio- and stereochemical 

Eq. 7.39 
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features of the neutral olefinpalladium(II) complexes discussed above. However, in 

contrast to the palladium analogs, the resulting o-alkyliron(II) complex is very stable, 

and iron must be removed in a separate chemical step, usually oxidation. As an 

added complication, oxidative cleavage of Fp alkyl complexes usually results in 
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insertion of CO into the metal-carbon cr-bond, producing carbonylated products (Eq. 

7.40). For these reasons, iron-olefin complexes have been used in synthesis 

considerably less often than those of palladium. However, the reaction chemistry of 

electron-rich alkenes complexed to iron is quite unusual, and synthetically useful. 

Eq. 7.40 

stable, gold-yellow 
solid 

FP^V 
Nuc 

Ox. 

MeOH 

Fe^^Nuc 

O R 

MeO 
Y~Y 
O R 

Nuc 

When complexed to the Fp cation, dimethoxyethene is quite reactive towards 

nucleophiles, and both methoxy groups can be replaced, making this iron-olefin 

complex essentially a vinylidene dication (CH+=CH+) equivalent.44 Treatment with 

optically active 2,3-butandiol generates the Fp+-dioxene complex in good yield (Eq. 

7.41). The optically active dioxene is easily freed by treatment with iodide, 

Eq. 7.41 

=75% yield 

providing a simple route to optically active compounds not easily prepared 

otherwise. More interestingly, ketone enolates attack the dioxene complex from the 

face opposite the metal to give the stable Fp alkyl complex with high 

diastereoselectivity. Stereoselective reduction of the carbonyl group with L- 
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Selectride, followed by oxidative removal of the metal produces the tricyclic furan in 

excellent yield and with high diastereoselectivity. In this case oxidation of the iron 

does not result in CO insertion, but rather it simply makes the iron a good leaving 

group (Eq. 7.41).45 

An unusual class of reactions involving cationic iron-olefin complexes is the 

"3+2" cycloaddition reaction that occurs between electron-poor alkenes and r|1-allyl 

Fp complexes (Eq. 7.42).46 In this case, the V-allyl Fp complex nucleophilically 

attacks the electrophilic alkene, producing a stabilized enolate and a cationic Fp 

olefin complex. The enolate then attacks the cationic olefin complex, closing the ring, 

and generating a Fp alkyl complex. Oxidative removal of the iron promotes CO 

insertion, and generates the highly functionalized cyclopentane ring system. 

Eq. 7.42 

The same chemical features that make cationic iron-olefin complexes reactive 

towards nucleophiles makes them unreactive towards electrophiles and 

complexation of alkenes to Fp+ can protect them against an array of electrophilic 

reactions. Complexation occurs preferentially at the less-substituted alkene, and at 

alkenes rather than alkynes, so selective protection is possible (Eq. 7.43, Eq. 7.44, 

and Eq. 7.45).34 The olefin is freed of iron after reaction by treatment with iodide. 

Eq. 7.43 
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Eq. 7.45 
OH OH OH 

7.3 Metal Diene Complexes 

a. Fe(CO)3 as a 1,3-Diene Protecting Group48 

Heating Fe2(CO)9 with dienes produces iron carbonyl complexes of 

conjugated dienes (Eq. 7.46). Non-conjugated dienes often rearrange to give 

conjugate diene complexes in the presence of Fe2(CO)9 or Fe(CO)5. These iron 

tricarbonyl complexes of dienes are very stable: they fail to undergo Diels-Alder 

reactions, and undergo facile Friedel-Crafts acylation without decomplexation from 

the metal. Although they can be made to undergo reaction with strong nucleophiles 

(see next section), complexation of the diene segment is most often used to protect it. 

Eq. 7.46 
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Fe2(CO)g 
“Fe(CO)4” 

/j\ 
Fe(CO)3 

very stable 

For example, dienals are highly reactive and polymerize readily, making 

reactions at the aldehyde difficult and inefficient. However, treatment with Fe2(CO)9 

forms the stable diene complex, in which the aldehyde reacts normally. When the 

reactions are complete, the iron is oxidatively removed, giving the metal-free organic 

compound. Particularly notable is the range of reactions the iron tricarbonyl group 

will withstand. These include Wittig, Aldol, reduction, and even the cis 
hydroxylation of an olefin with osmium tetroxide (Eq. 7.47).49 

Eq. 7.47 
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Because iron occupies a single face of these diene complexes, substituted 

diene complexes are intrinsically chiral, can be resolved, and the presence of the iron 

has a substantial stereochemical influence (Eq. 7.48,50 Eq. 7.49,51 and Eq. 7.5052). 

—/p-CHO 

Fe(CO)3 

1) MeO NH, 

Fe(CO)3 

—ff7\... 
OH 

2) MeO 

OTMS 

1) L-Selectride 

| HN-y 2) NaBH4 / CeCI3 
Fe(CO)3 3) CAN 

Eq. 7.48 

Eq. 7.49 

H' 

40% overall 
84% 

Eq. 7.50 

Complexation of dienes to iron tricarbonyl fragments can also be used to 

both activate and stabilize allylic positions, as well as to exert stereochemical 

control (Eq. 7.5153 and Eq. 7.5254). Complexation of the cyclohepta-3,5-dienone 

permitted a-dialkylation with clean cis stereochemistry (Eq. 7.53).55 In this case, the 

iron fragment prevents isomerization of the enolate and directs the alkyl groups to 

the face opposite the metal. Reduction of the resulting a,a'-dimethylketone also 

occurs stereospecifically, but, because of the flanking methyl groups, attack occurs 

from the same face as the metal. Similarly, two of the three conjugated double bonds 

of cyclohepta-2,4,6-trien-l-ol could be complexed to iron, permitting oxidation or 

hydroboration of the uncomplexed olefin with very high stereoselectivity (Eq. 7.54).56 
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Eq. 7.51 

Eq. 7.52 
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Similar activation and directing effects have been achieved using 

complexation of dienes to molybdenum(II) (Eq. 7.55).57 In this case, the cationic diene 

Eq. 7.55 
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complex was converted to the neutral TC-allylmolybdenum complex by allylic proton 

abstraction. This protected one of the double bonds of the diene, permitting 

functionalization of the other. Cycloheptadiene underwent a similar series of 

reactions. 

Finally, complexation to iron can stabilize normally inaccessible tautomers of 

aromatic compounds permitting quite unusual synthetic transformations (Eq. 7.56)58 

and (Eq. 7.57).59 

OMe 

1/6(00)3 
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40% 
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Eq. 7.56 

Eq. 7.57 
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Diene complexes are also produced by the reaction of l,4-dihalo-2-butenes 

with Fe2(CO)9. An especially useful example of this reaction is the preparation of 

(r|4-cyclobutadiene)iron tricarbonyl from dichlorocyclobutene60 (Eq. 7.58). This 

reaction illustrates the stabilization of extremely unstable organic molecules by 

complexation to appropriate transition metals. Free cyclobutadiene itself has only 

Fe2(CO)g 
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I 
Fe 
' | CO 

CO 

Eq. 7.58 
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fleeting existence, since it rapidly dimerizes. However, cyclobutadieneiron 

tricarbonyl is a very stable complex. The complexed cyclobutadiene undergoes a 

variety of electrophilic substitution reactions, including Friedel Crafts acylation, 

formylation, chloromethylation, and aminomethylation. The keto group of the 

acylated cyclobutadieneiron tricarbonyl complex can be reduced by hydride reagents 

without decomposition.61 On the other hand, oxidation of the complex with 

cerium(IV), triethylamine oxide, or pyridine N-oxide frees the cyclobutadiene ligand 

for use in synthesis. When combined with metathesis (Chapter 6) this chemistry 

provides a rapid entry into cyclooctadiene ring systems (Eq. 7.59).62 

Eq. 7.59 

b. Nucleophilic Attack on Metal-Diene Complexes63 

Although complexation of dienes to electron-deficient metal fragments 

stabilizes these ligands towards electrophilic attack, it activates them towards 

nucleophilic attack, a reaction mode unavailable to the uncomplexed ligand. Neutral 

r|4-l,3-diene iron tricarbonyl complexes are reactive only towards very strong 

nucleophiles, and attack can occur at either the terminal or internal position of the 

diene. Kinetically, attack at the terminal position to form an rf-allyliron complex is 

favored. However, this is a reversible process, and thermodynamically, attack at an 

internal position generating a V-alkyl-r^-olefin iron complex is favored (Eq. 7.60).64 

As usual, attack occurs from the face opposite the metal. Protolytic cleavage of the 

"thermodynamic" iron complex gives the alkylation product, while treatment with 

carbon monoxide results in insertion into the iron-carbon o-bond. Protolytic cleavage 

of this o-acyl complex produces the trans aldehyde, while treatment with an 

electrophile in the presence of a ligand leads to acylation (Eq. 7.61).65 

With acyclic dienes, the situation is a little more complicated. Complexed 

butadiene itself is converted cleanly to the corresponding cyclopentanone, by a 

process (Eq. 7.62) involving nucleophilic attack (a), followed by CO insertion (b), 

followed by olefin insertion (c). However, substitution on the diene suppresses the 
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Eq. 7.60 

R-=CMe2CN, CHMeCN 

CH2CN, CMe2C02Et 

CM62CO2 Li /—-S 
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Fe(CO)3 
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(-)Fe 
(CO)3 

R 1) PhCH2Li 

R 2) E+, L 
Fe(CO)3 ' 

R2 

Rl' y '"C‘ 

PhCH2 

,R4 

Eq. 7.61 

E+ = Mel, PhCH2Br, ^—’ 
Br 

R3( 

R‘ 

(CO)3Fe> 

(a) 
R2 

RV R3^ 
(CO)3Fe 

H 
(b) " ill (d) 

(CO)3Fe^0 

11 R2=R1=H 

R3 
JL R3^o J (1) -HFe Ri 

R31 .1' 
H Fe(CO)3 (2) +FeH (CO)3Fe H 

H (-) 

Eq. 7.62 

H O 

olefin insertion step, and the amount of the "normal" cleavage product (d) (eg., 

aldehyde) increases as substitution increases. This olefin-insertion followed by 

migration of iron to the position a- to the carbonyl group is precedented in the 

insertion of ethylene into iron complexes generated from Fe(CO)42'. In the absence of 

CO, the G-alkyliron complex will undergo reaction with a range of electrophiles, to 

result in overall 1,2-difunctionalization of the diene (Eq. 7.63).67 
Eq. 7.63 

+ NC —/(-) 

Fe(CO)3 N 
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By making the metal fragment more electrophilic, the reactivity of metal diene 

complexes toward nucleophiles can be increased. This is often achieved by replacing 

a neutral metal fragment by a cationic one, such as the CpMo(CO)2+ fragment. These 

complexes are relatively easy to synthesize, although several steps are required (Eq. 

7.64).68 They undergo reaction with a much wider range of nucleophiles, exclusively 

Eq. 7.64 

Mo(CO)6 + ch3cn + 

(Mo(0)) 

Mo-Cp 
oc'l 

CO 

80% 

Mo(CO)2Cp 

(+) 

I 
Mo 

OC' I sBr 
CO br 

(Mo(ll)) 
94% 

at the terminal position, to generate a neutral rf-allylmolybdenum complex. Hydride 

abstraction from this complex regenerates a cationic diene complex which again 

undergoes nucleophilic attack from the face opposite the metal, resulting in overall 

ds-1,4 difunctionalization of the diene (Eq. 7.65).69 Cyclohepta-l,3-diene undergoes 

a similar series of transformations. The major limitation, to date, is finding an 

Eq. 7.65 

Mo(CO)2Cp 

(+) 

HoC 

CH3MgX 
Mo(CO)2Cp 

neutral 

Ph3C». Mo(CO)2Cp 
(+) 

I 

Mo(CO)2Cp 

efficient way to remove the molybdenum from the final r|3-allyl complex. Modest 

success has been achieved by conversion of the neutral r|3-allylmolybdenum carbonyl 

complex to the cationic nitrosyl (exchange of neutral CO for NO+) permitting 

nucleophilic attack on the r|3-allyl complex (Eq. 7.66)70 or by oxidizing the n- 

allylmolybdenum complex with iodonium trifluoroacetate (Eq. 7.67).71 Of particular 

synthetic interest is the application of this methodology to heterocyclic dienes (Eq. 

7.68).72 
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Eq. 7.66 
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Eq. 7.67 

Eq. 7.68 
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c. Nucleophilic Attack on Cationic Metal Dienyl Complexes73 

Cationic dienyl complexes of iron are among the most extensively used 
complexes in organic synthesis. They are generally reactive towards a wide range of 
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nucleophiles, and the presence of iron permits a high degree of both stereo- and 

regiocontrol. Cyclohexadienyl complexes are the most studied, at least in part 

because a wide array of substituted cyclohexadienes are readily available from the 

Birch reduction of aromatic compounds. The cyclohexadienyliron complexes are 

prepared by simply treating either the conjugated or nonconjugated diene with 

Fe2(CO)9 (Eq. 7.69). Treatment of the resulting neutral diene complex with trityl 

cation (hydride abstraction) produces the relatively air- and moisture-stable cationic 

cyclohexadienyliron complex. A very wide range of nucleophiles attack this complex 

at the terminus of the dienyl system from the face opposite the metal, regenerating 

the neutral diene complex. Treatment with trityl cation removes hydride from the 

unsubstituted position of the diene complex, and the resulting dienyl complex again 

reacts with nucleophiles at this position from the face opposite the metal, giving a 

czs-l,2-disubstituted cyclohexadiene. The iron is easily removed by treatment with 

amine oxides, giving the free organic compound (Eq. 7.69). 

Eq. 7.69 

o-o + Fe2(CO)9 
I 

(+) Fe(CO)3 

I 
Fe(CO)3 

(+)CPh3 

NucL Nuc 

<=b/uc <Q> 
i i 

(+) Fe(CO)3 Fe(CO)3 

Me3NO 

Nuc, Nuc' = RO”, OH-, NH3, RNHg, R2NH, BH4 

O- O O 

-AAA 
(-) 

^\^.SiR3 _ R2CuLi, RZnCI 

Substituted complexes can be prepared and undergo reaction with high 

regioselectivity. The diene complex derived from 4-methyl anisole undergoes hydride 

abstraction a to the methoxy group, giving a single regioisomer of the dienyl complex. 

Nucleophilic attack occurs exclusively at the methyl terminus of the dienyl system, 

apparently because the other end is electronically deactivated by the strongly 

electron-donating methoxy group. Oxidative removal of the iron followed by 

hydrolysis gives the 4,4-disubstituted cyclohexenone (Eq. 7.7074 and Eq. 7.7175). 

Cationic dienyliron complexes are potent electrophiles, and even undergo 

electrophilic aromatic substitution reactions with electron-rich arenes (Eq. 7.7276 and 

Eq. 7.7377'78). 
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OMe OMe 

Eq. 7.70 

Eq. 7.71 

Eq. 7.72 

Because iron tricarbonyl occupies a single face of the r|5-dienyl complex, 

unsymmetrically substituted complexes are intrinsically chiral and can be resolved 

(Eq. 7.74).74 Since addition of nucleophiles is stereospecific, these complexes are of 
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use in asymmetric synthesis. Functional groups can direct complexation, as seen with 

the optically active diol from microbial oxidation in Eq. 7.75.80 

Eq. 7.74 

(-)-menthol 

OMe OMe 

(1) separate 
V. OMe 

(+)Fe(CO)3 
Fe(CO)3 

mixture of 
diastereoisomers 

(2) HX (+)Fe(CO)3 

(+)-single enantiomer 

Eq. 7.75 

The above reaction chemistry is not restricted to cyclohexadienes. The same 

degree of activation, regio- and stereoselectivity is achieved with cycloheptadiene.81 

In contrast, acyclic r|5-dienyl complexes have been much less studied, and have only 

rarely been used in synthesis. They are more difficult to prepare, and often react 

with lower regioselectivity than do their cyclic analogs. However, once formed they 

are generally reactive towards nucleophiles (Eq. 7.7682 and Eq. 7.7783). 

Eq. 7.76 
v Fe(CO)3 
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Eq. 7.77 
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d. Metal-Catalyzed Cycloaddition Reactions84 

Many types of cycloaddition reactions which do not proceed under normal 

thermal or photochemical reaction conditions, proceed readily in the presence of 

appropriate transition metal catalysts. These include [2+2], [3+2], homo Diels- 

Alder, [4+2], [4+4], [6+2], [6+4] and many others. Almost certainly none of these 

metal-catalyzed cycloadditions are concerted, but rather they proceed via metal- 

carbon o-bonded species, and most can be viewed as "reductive coupling" reactions 

wherein the metal is oxidized in the initial steps of the reaction, much like the low- 

valent zirconium couplings discussed in Chapter 4. Few have been studied 

mechanistically, and the mechanisms presented below are for the most-part 

hypothetical. Only the synthetically interesting variants will be discussed here. 

Although nickel- and ruthenium-catalyzed [2+2] cycloadditions of alkenes 

and alkynes to strained alkenes such as norbomene have long been known, only 

relatively simple compounds have been synthesized using this chemistry. However, 

much more complex systems are produced by palladium-catalyzed intramolecular 

[2+2] cycloaddition between alkenes and alkynes (Eq. 7.78).85 The reaction almost 

surely proceeds through a metallacyclopentene, with palladium being in the unusual 

(but not unattainable) +4 oxidation state. The range of substrates is quite limited for 

this unusual process. 

Eq. 7.78 

The [3+2] cycloadditions proceeding through oxallyliron species were 

discussed in Chapter 5, and those proceeding through trimethylene methane 

complexes will be discussed in Chapter 9. An interesting example involving neither 

of these is shown in Eq. 7.79, which is thought to be initiated by 

palladacyclopentene formation as in Eq. 7.78, followed by reversion to form a 
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vinylcarbenepalladium complex, which then undergoes a [3+2] cycloaddition ([4+2] 

if you count palladium) followed by reductive elimination.86 

ef 

ef 

60-85% 

red. 
el. 

Metal-catalyzed [2+2+2] cyclotrimerization of alkynes will be presented in 

the next chapter. Here, the homo-Diels Alder [2+2+2] cycloaddition will be 

considered (Eq. 7.80). Nickel(O)87 and cobalt(O)88 complexes catalyze this process, 

and high enantioselectivity has been observed by using chiral diphosphine ligands 

with the cobalt catalyst systems.89 

Eq. 7.80 

cat = Ni(COD)2 + R3P 

Co(acac)3, dppe, Et2AICI 

with L = (+) norphos >99% ee 

The standard Diels-Alder [4+2] cycloaddition has long been studied and is a 

staple in the arsenal of synthetic chemists. However this process normally is most 

efficient for reactions between electronically dissimilar dienes and dienophiles. 

Normally-difficult [4+2] cycloadditions between similar dienes and dienophiles can 

be efficiently catalyzed by a variety of low-valent metal complexes. Again, these are 

likely to proceed via metallacycles (Eq. 7.81). 
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Eq. 7.81 

Nickel(O) (Eq. 7.82)90 and rhodium(I) (Eq. 7.83)91 complexes are most efficient 

for this process and again, in the presence of chiral ligands, reasonable asymmetric 

induction can be achieved.92 

r\^ 
( )n 
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R3P 
25°C 

85-99% 

^N-R 

TMS—==—()' 

m, n = 1 
m = 2, n = 1 
m = 1, n = 2 

80-90% 

Rh(diphos)(CH2CI2)+ 
-► 

n = 1,2 50-75% 
(11 cases) 

Eq. 7.82 

Eq. 7.83 

Nickel(0)-catalyzed [4+4] cycloadditions evolved from early studies of 

metal-catalyzed cyclooligomerization of butadiene but only recently has the process 

been applied in complex organic synthesis.93 The mechanism again is likely to involve 

a "reductive" dimerization of two complexed dienes followed by reductive 

elimination (Eq. 7.84).94 It has proven particularly useful in its intramolecular variant 

(Eq. 7.85).95,96 

Eq. 7.84 
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Eq. 7.85 

Chromium(0)-complexed trienes undergo a variety of both thermal and 

photochemical higher order cycloaddition reactions.97 Both inter- and intramolecular 

[6+2] cycloadditions of alkenes and alkynes to chromium cycloheptatriene 
complexes are efficient (Eq. 7.86),97 (Eq. 7.87),98 (Eq. 7.88),99 and (Eq. 7.89),100 as are 

Eq. 7.86 

Eq. 7.87 

Eq. 7.88 

Eq. 7.89 
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40-60% 

n = 1,2, 3 R = H, Me, CQ2Et, TMS 

inter (Eq. 7.90)) ° and intramolecular (Eq. 7.91)102 [6+4] cycloadditions. Under 

appropriate conditions, this [6+4] cycloaddition can be catalyzed by chromium 
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complexes (Eq. 7.92).103 Again, these are unlikely to be concerted processes, but 
rather proceed via metallacyclo intermediates (Figure 7.3). 

Eq. 7.90 
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Figure 7.3 Mechanisms of Higher-Order Cycloadditions 

(1continued on next page) 
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Figure 7.3 Mechanisms of Higher-Order Cycloadditions 
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CHAPTER 8 

Synthetic Applications of Transition 

Metal AlkyneComplexes 

8.1 Introduction 

Although virtually all transition metals react with alkynes, relatively few 

form simple, stable metal alkyne complexes analogous to the corresponding metal 

olefin complexes. This is because many alkyne complexes are quite reactive toward 

additional alkyne, and react further to produce more elaborate complexes or organic 

products. Those that are stable tend to be so stable that use in synthesis is 

precluded by their lack of reactivity. The successful development of transition-metal- 

alkyne complex chemistry for use in organic synthesis has involved procedures for 

the management of these extremes in reactivity. 

8.2 Nucleophilic Attack on Metal Alkyne Complexes 

In contrast to metal-olefin complexes nucleophilic attack on metal-alkyne 
complexes is relatively rare and has found little use in synthesis. Stable CpFe(CO)2+ 

alkyne complexes undergo attack by a wide range of nucleophiles, forming very 

stable a-alkenyliron complexes, which can be made to insert CO by treatment with 
Ag(+) (Lewis Acid promoted insertion) (Eq. 8.11.1 Although these complexes should 

have additional reactivity, little has been done with them. 

Palladium(II) complexes catalyze the cyclization of homopropargyl alcohols 

and amines,2 in a process that probably involves nucleophilic attack on a complexed 

alkyne (Eq. 8.2)3 similar to that observed with palladium(II)-complexed alkenes 

(Chapter 7). However, the mechanism of this process has not been studied, and the 

putative protolytic cleavage of the o-alkenylpalladium(II) complex by the 

protonated heterocycle is unusual. Indoles have been made by this type of amination 

of an alkyne (Eq. 8.3).4 
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Eq. 8.1 
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Eq. 8.3 

Palladiiim(O) complexes also catalyze a series of "alkylative" het- 

erocyclizations of alkynes (Eq. 8.45 and Eq. 8.56). However, these probably involve 

oxidative addition/insertion chemistry rather than nucleophilic attack on the alkyne, 

and are most closely related to the "Heck" reaction discussed in Chapter 7. 

Chloropalladation (palladium-catalyzed nucleophilic addition of Cl" to alkynes) has 

been used to synthesize a-methylene lactones (Eq. 8.6)7 

Eq. 8.4 

a’ 
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Eq. 8.5 
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8.3 Stable Alkyne Complexes 

a. As Alkyne Protecting Groups 

In contrast to most other metals, dicobalt octacarbonyl forms very stable 

complexes with alkynes, which act as four electron donor, bridging ligands, 

perpendicular to the Co-Co bond (Eq. 8.7).8 This complexation effectively reduces 

the reactivity of the alkyne to the extent that it can be used to protect alkynes from 

reduction or hydroboration (Eq. 8.8).9 The alkyne can be regenerated by mild 

oxidative removal of the cobalt. 

Eq. 8.7 

R-CEC-R + Cd2(CO)8 

+ -I 
C02(CO)8 C02(CO)6 

Complexation of alkynes to cobalt also stabilizes positive charge in the 

propargylic position, permitting synthetically useful reactions with propargyl cations 

(the Nicholas reaction) without the production of allenic byproducts (Eq. 8.9).10 The 

cobalt-stabilized propargyl cations can be made from a variety of precursors 

including propargyl alcohols, ethers, epoxides, and even enynes by treatment with a 

Lewis acid. These undergo clean reaction with a variety of nucleophiles11 to give the 

propargyl substitution product, from which the cobalt is removed by mild oxidation 

or by treatment with tetrabutylammonium fluoride in THF (3h, -10°C).12 

(CO)3Co^—-Co(CO)3 

Eq. 8.8 
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Eq. 8.9 
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In addition, complexation of an alkyne to cobalt carbonyl also distorts its 

geometry towards that of an olefin. This distortion away from linearity allows the 

formation of relatively small cyclic alkynes via the Nicholas reactions (Eq. 8.10).13 

This process has also found extensive use in the synthesis of ene-diyne antitumor 

agents (Eq. 8.11),14 and to promote more complex cyclization (Eq. 8.12).15 

TfOH, MeOH 

Piv20 

1) K2C03 
-) 
2) BF3»OEt2 

Eq. 8.11 

OTIPS 

2) Ce IV 

55% 
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AcO 
Eq. 8.12 

77% 

With chiral boron enolates, high enantiomeric excesses can be obtained (Eq. 

8.13).13 

o 

\_/ 

OMe 
Bu2BOTf 

-TMS 

Ph* 
I 

Co2(CO)6 

Eq. 8.13 

/ 'TMS 
Co2(CO)6 

>80% yield 
>20:1 de 

Another use of alkynecobalt complexes is in the stereoselective aldol coupling 

of alkynyl aldehydes. Although free alkynyl aldehydes undergo aldol reaction with 

silyl enol ethers with little stereoselectivity, the complexed aldehydes react with high 

syn selectivity (Eq. 8.14).17 With optically active allylboranes very 

o 
II 

-=-c—H 
l 
Co2(CO)6 

V 

OSiR q 
(1)BF3*OEt2 

-78°C 
(2) ox. 

Eq. 8.14 

high enantioselectivity as well as diastereoselectivity is observed and the cobalt can 

be readily removed by mild oxidation, giving the aldol product in good yield (Eq. 

8.15).18 

R =— C—H 
I 

Co2(CO)6 

+ 

Eq. 8.15 

60-70% 
>95% de 
>95% ee 

Finally, cobalt also stabilizes propargyl radicals, allowing these normally 

highly reactive species to be used in synthesis (Eq. 8.16).19 
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Eq. 8.16 

R 

Ph 
OH R 1)HBF4 

2) Zn 
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C02(CO)6 

b. The Pauson-Khand Reaction20 

Although dicobalt complexes of alkynes are quite stable to a wide variety of 

electrophilic and nucleophilic reagents, when they are heated in the presence of an 

alkene, an interesting and useful "2+2+1" cycloaddition (called the Pauson-Khand 

reaction after its originators), occurs, producing cyclopentenones (Eq. 8.17).21 The 

reaction joins an alkyne, an alkene, and carbon monoxide in a regioselective manner. 

Eq. 8.17 
CO 

tending to place alkene substituents next to CO and large alkyne substituents 

adjacent to the CO, although there are many exceptions. The mechanism of this 

process has not been studied, but a likely one, consistent with the products formed, 

is shown in Eq. 8.18 and involves the (by now) expected loss of CO to generate a 

vacant coordination site, coordination of the alkene, insertion of the alkene into a 

Co-C bond, insertion of CO, and reductive elimination. 

Eq. 8.18 

c=c. 
\ 

R 
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Initially, the synthetic utility of the process was compromised by the 

necessity of severe conditions and the resulting low yields. However, the reaction can 

be dramatically accelerated by addition of tertiary amine oxides,22 or amines,23 and 

the yields increased by immobilizing the system on polymers or on silica gel.24 The 

reasons for this are obscure. 

Although many intermolecular Pauson-Khand reactions have been reported, 

intramolecular versions are more synthetically interesting, and have been used to 

synthesize a variety of bicyclic systems (Eq. 8.19)25 and (Eq. 8.20).26 With chiral 

substrates, high diastereoselectivity can be achieved (Eq. 8.21),27 (Eq. 8.22),28 and 

(Eq. 8.23).29 However, with a chiral auxiliary on the alkyne (chiral alkoxyalkyne or 

chiral propiolic ester) relatively low selectivity was observed.30 For a very limited 

range of reactants (terminal alkynes, norbomene or norbomadiene) fair to excellent 

enantiomeric excess could be obtained utilizing a chiral phosphine ligand on the 

cobalt.31 

Eq. 8.19 

Eq. 8.20 

OTMS 
C* 

(from ascorbic acid) 
v up to 100:0 

good yields 

Eq. 8.21 

Eq. 8.22 
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Eq. 8.23 
O H Me 

C02(CO)g 
H 

All of the above reactions rely on the use of stoichiometric amounts of 

dicobalt octacarbonyl. Recently a number of catalytic processes involving the use of 

catalytic amounts of Co2(CO)8 under high intensity visible light irradiation,32 

Co2(CO)8 in the presence of triphenyl phosphite,33 or Co4(CO)12 under 10 at. of CO 

pressure34 have been developed. In addition [RhCl(CO)2]235 and Ru3(CO)1236,37 catalyze 

the Pauson-Khand reaction. All have been carried out on a limited range of 

substrates, usually that shown in Eq. 8.24 and all require carbon monoxide, usually 

at high pressure, but efficient catalytic systems for these very interesting 

transformations are indeed available. 

Eq. 8.24 

R 

Since stable alkyne-cobalt complexes are involved in the Pauson-Khand 

reaction, the ability of cobalt complexation to stabilize propargyl cations can be 

utilized to synthesize precursors to the Pauson-Khand reaction, greatly expanding 

the scope of the process. An early example utilizing allylboranes as the nucleophile is 

shown in Eq. 8.25.38 More recently, allylsilanes (Eq. 8.26)39 have been used as 

nucleophiles. By taking advantage of the improved reaction conditions (R3NO, Si02) 

mentioned earlier, good yields of complex products can be obtained. Note the high 

stereoselectivity of the allylborane reaction. 

Eq. 8.25 

Co2(CO)6 

50-70% 
up to 88% ee 

OH 

60% 
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Eq. 8.26 

Although intramolecular reactions tend to be quite regioselective, 

intermolecular reactions of disubstituted olefins often give mixtures of regioisomers. 

However, regiochemical control can often be regained by having a ligand — usually a 

heteroatom — in the homoallylic position of the alkene (Eq. 8.28).40 A complete 

understanding of this process is not in hand, but substantial experimental data is 

available.41 
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Eq. 8.27 

Eq. 8.28 
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8.4 Metal-Catalyzed Cyclooligomerization of Alkynes 

Although many transition metals catalyze the cyclotrimerization of alkynes 

to arenes, CpCo(CO)2 is among the most efficient. The mechanism of the process has 

been studied extensively42 and is shown in Eq. 8.29. It involves loss of CO from the 

catalyst (hence the requirement of relatively high temperatures to generate vacant 

Eq. 8.29 
R 

coordination sites), followed by coordination of two alkynes, and formation of the 

metallacyclopentadiene (a "reductive" coupling of the alkynes and concomitant 

"oxidation" of the metal). This unsaturated metallacyclopentadiene can then either 

coordinate and insert another alkyne, and undergo a reductive elimination to 

produce the arene and regenerate the catalytically active species, or it can undergo a 

4+2 cycloaddition, achieving the same result. 

Initially, the process was of little synthetic interest, since it was restricted to 

symmetrical, internal alkynes. Terminal alkynes gave all possible regioisomers of the 

trisubstituted benzenes, and "crossed" cyclotrimerization of two different alkynes 

gave all possible products, with no control. 

An elegant solution to this latter problem and the basis of most synthetically 

useful applications of this methodology was to use a diyne as one component, and a 

huge alkyne, bzs-trimethylsilylacetylene, as the other.43 The diyne ensures that the 

metallacyclopentadiene is formed only from it, since incorporation of the second 

alkyne unit becomes intramolecular. The bulk of the TMS groups prevent self- 

trimerization of this member. These two components cleanly cocyclotrimerize to give 
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benzocyclobutanes in excellent yield. As a bonus, these are thermally cleaved to give 

dienes which undergo Diels-Alder reactions to form polycyclic compounds (Eq. 

8.30). When the dienophile is built into the diyne fragment, complex products are 

formed expeditiously as shown by the very direct synthesis of estrone (Eq. 8.31 ),44 

and related tricyclic compounds (Eq. 8.32)45 by this methodology. 

Eq. 8.30 

Eq. 8.31 
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Eq. 8.32 

TMS 

O 

TMS 

85% 

Although CpCo(CO)2 is by far the most extensively studied alkyne 
cyclotrimerization system catalyst, many other metals will effect the reaction 
efficiently. Wilkinson's catalyst (Ph3P)3RhCl cocyclotrimerizes diynes with alkynes, 
including acetylene itself (Eq. 8.33)46 and (Eq. 8.34),47 as do nickel(O) complexes (Eq. 
8.35).48 Palladium(O) complexes catalyze the cocyclotrimerization of enynes with 
diynes (Eq. 8.36),49 while specific hexasubstituted arenes are available by stepwise 
zirconium-assisted cyclotrimerization of three different alkynes (Eq. 8.37).50 

Eq. 8.33 

Eq. 8.34 

Eq. 8.35 

Eq. 8.36 

70-80% 
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Eq. 8.37 

R1—=— R1 
Cp2ZrCI2 

2 BuLi 
25°C 

R1 

The nitrile group is another triply-bonded species which does not self- 

trimerize, but can be cotrimerized with alkynes to give pyridines. As with simple 

alkyne cyclotrimerization, unsymmetric alkynes give all possible regioisomers. 

However, cocyclotrimerization with a diyne proceeds cleanly to a single pyridine 

(Eq. 8.38).51 The process also works simple alkynes (Eq. 8.39)52 and (Eq. 8.40).53 

v CpCo(CO)2 
QO + xs HC=CH -► 
}—{ PhCH3 

NC CN 

Eq. 8.38 

Eq. 8.39 

Eq. 8.40 

Alkenes will cocyclotrimerize with alkynes provided homotrimerization of 

the alkyne can be suppressed. This can be achieved by preforming the 
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metallacyclopentadiene, and then adding the alkene (Eq. 8.41),54 or by carrying the 

reaction out partially (Eq. 8.42)55 or completely (Eq. 8.4356 and Eq. 8.4457) 

intramolecularly. 

Eq. 8.41 

65% 

Eq. 8.43 

Eq. 8.44 

n = 1,2 

Isocyanates can fulfill the role of the double-bonded species in these 

cocyclotrimerizations, resulting in the production of pyridones (Eq. 8.45).58 Nickel(O) 
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complexes also promote the cyclocoupling of alkynes with isocyanates (Eq. 8.46).59 

This reaction proceeds through a stable metallacycle in which one alkyne and one 

isocyanate have been coupled. Depending on the stoichiometry another alky le can 

then insert to give the pyridone, or another isocyanate can insert to gi e the 

pyrimidine. This metallacycle can also react with CO or acids to give imi es or 

conjugated amides (Eq. 8.47).59 

Eq. 8.45 

Eq. 8.46 

Eq. 8.47 

Nickel(O) complexes also "reductively couple" alkynes with carbon dioxide 

to give stable metallacycles. These can insert another alkyne, a molecule of carbon 

monoxide, or undergo protolytic cleavage (Eq. 8.48).60 This process has not yet been 

used to synthesize complex molecules. However, it has been utilized to make 

polymers (Eq. 8.49).61 

Alkynes react with many transition metals in the presence of carbon 

monoxide to produce compounds containing both carbon monoxide and alkyne- 

derived fragments. In addition, a profusion of organometallic complexes containing 

ligands constructed of alkyne-derived fragments and carbon monoxide are often 

obtained.62 Reactions of this type are usually quite complex, and few have been 

controlled sufficiently to be of use in the synthesis of organic compounds. Quinones 

had long been known to be one of the products of the reaction of alkynes with 
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Eq. 8.48 

Eq. 8.49 

carbon monoxide, and evidence for the intermediacy of maleoyl complexes was 

strong (Eq. 8.50). However these processes were of little synthetic value, because a 

myriad of other organic and organometallic products formed as well. By devising an 

Eq. 8.50 

+ everything else 
uncontrollable and messy 

efficient synthesis of maleoyl and phthaloyl complexes, and permitting these discrete 

complexes to react with alkynes, quinones can be made efficiently and in high yield. 

The most efficient phthaloyl complex is that of cobalt, prepared by the reaction of 

benzocyclobutanediones with CoCl(PPh3)3.63 The initially formed bis phosphine 

cobalt(IH) complex is unreactive toward alkynes, since a labile site axial to the 

phthaloyl plane is required for alkyne complexation. However, treatment with sil¬ 

ver® to produce the unsaturated cationic complex64 or better, with dimethylglyoxime 
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in pyridine to produce an octahedral complex with a labile cis pyridine ligand (x-ray) 

leads to active phthaloyl complexes which are efficiently converted to 

naphthoquinones upon reaction with a variety of alkynes (Eq. 8.51). In a similar 

manner, benzoquinones are efficiently synthesized from cyclobutenediones (Eq. 

8.526S and Eq. 8.5366). With unsymmetric systems, mixtures of regioisomers are often 

obtained. 

Eq. 8.51 
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Eq. 8.53 

8.5 Zirconobenzyne Reactions67 

All of the alkyne chemistry discussed above involves late transition metals, 

with their normal manifold of reactions. However, the early transition metals also 

have a rich chemistry with alkynes (see for example Chapter 4) reductively 

dimerizing them, among other things. Zirconium forms discrete, characterizable 

complexes of benzyne, produced by treatment of aryllithium reagents with 

Cp2Zr(Me)Cl followed by elimination of methane (Eq. 8.54). These reactive benzyne 

complexes undergo a range of insertion reactions, which ultimately result in 

functionalization of the arene ring. When unsymmetric aryne complexes are used, 

these insertions are not regiospecific but insertion into the sterically less-hindered Zr- 

C bond is favored. Thus, isonitriles insert to give azazirconacyclopentadienes that 

can be cleaved to aryl ketones or iodoaryl ketones (Eq. 8.54).68 Alkynes insert to give 

zirconacyclopentadienes, which are converted to benzothiophenes by treatment with 

sulfur dichloride.69 Alkenes also insert to give zirconazacyclopentenes, which can be 
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converted to a variety of substituted systems by cleavage with electrophiles (Eq. 

8.55).70,71 

Eq. 8.54 

(not regiospecific X * Y) Y O 
but favors insertion 
adjacent to smallest group 

A variety of functionalized indoles can be made from zirconabenzyne 

intermediates (Eq. 8.56)72 utilizing insertion chemistry similar to that in Eq. 8.54. 

Eq. 8.56 

(1) tBuLi 

(2) Cp2ZrMeCI 
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CHAPTER 9 

Synthetic Applications of r|3-Allyl 

Transition Metal Complexes 

9.1 Introduction 

Although r|3-allyl complexes are known for virtually all of the transition 

metals, relatively few have found use in organic synthesis. However, those that have, 

mainly those of Pd, have broad utility. rf-Allyl metal complexes can be made from a 

wide range of organic substrates in a variety of ways (Figure 9.1). These include (1) 

H-M 

(R) 

+ M(0) 
ox. 

add. 

^^M-X _ + MX 

Figure 9.1 Preparation of r|3-allylmetal Complexes 

oxidative addition of allylic substrates to metal(O) complexes, (2) reaction of main- 

group allyl metal complexes with transition metals, (3) nucleophilic attack on a 1,3- 

diene metal complex, (4) insertion of 1,3-dienes into a metal hydride (or metal alkyl), 

(5) acidic cleavage of complexed allylic ethers, and (6) allylic proton abstraction 

from a 7C-olefin complex. Although many r|3-allyl complexes are stable and isolable. 
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they also are quite reactive, under appropriate conditions. The scope of reactions in 

which these complexes participate is presented in the following sections. 

9.2 Transition-Metal Catalyzed Telomerization of 1,3-Dienes1 

Treatment of 1,3-dienes with nucleophiles in the presence of palladium(O) 

catalysts results in the production of functionalized octadienes, made by the joining 

of two 1,3-dienes with incorporation of the nucleophile (Eq. 9.1). The mechanism of 

this process has not been closely studied but is thought to involve complexation of 

Eq. 9.1 

2 + Nuc + Pd(0) 

Nuc 

two dienes to the Pd(0) followed by the (by now) familiar "reductive dimerization" 

of the diene units (actually an oxidative addition of two dienes to the metal) joining 

them and generating a fos-rf-allylpalladium species. As we shall soon see, rj3- 

allylpalladium complexes are generally subject to nucleophilic attack, usually at the 

less-substituted terminus. Nucleophilic attack produces an anionic 7t-olefin-T|3-r|1 

allyl complex which undergoes proton transfer to the metal followed by reductive 

elimination to produce the diene "telomer" (an imprecise term used here to denote 

the combination of two diene units with a nucleophile) (Eq. 9.2). This procedure 

offers a convenient way to assemble functionalized chains (Eq. 9.3),2 but the 

intermolecular version has found only modest use in complex molecule synthesis. 

Eq. 9.2 

NucH = AcOH, H20, ROH, RNH2 <Y where X, Y = C02Et, CN. N02, COR 
X 
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Eq. 9.3 

Pd(OAc)2 
+ - 

L 

AcOH 

PdCI2/CuCI 

H20, 02 
(Chapt. 6) 

The synthetic utility of the above process was dramatically enhanced when it 

was applied in an intramolecular fashion (Eq. 9.4)/ assembling five-membered rings 

with appended functionality quickly and efficiently. Intramolecular trapping is also 

efficient (Eq. 9.5).4 
Eq. 9.4 

NucH = PhCH2OH, PhOH, Et2NH, p TsOH, CH3N02, CH2(C02Et)2, R3SiH 
On iH' p 

R2N 

Eq. 9.5 

Provided the substrate has appropriately-situated p-hydrogens, this 

cyclization can take place without nucleophilic attack, producing trienes instead of 

dienes (Eq. 9.6).5 This process is closely related to the eneyne cyclizations proceeding 

Eq. 9.6 

Synthetic Applications of rp-Allyl Transition Metal Complexes • 247 



by "hydrometallation" (Chapter 3), as well as to a number of other cyclization 

reactions catalyzed by low-valent transition metals. Interestingly, if this reaction is 

run with only 5% catalysts in the absence of phosphine, a second cyclization takes 

place.6 

Most closely related are the iron(O) coupling reactions of trienes as exempli¬ 

fied by Eq. 9.7/ Eq. 9.8/ and Eq. 9.9.8 Again, the mechanism has not been studied 

but is likely to be similar to that in Eq. 9.6. 

Eq. 9.7 

R 

OBn 

Fe-H 

OBn 

Eq. 9.8 

Eq. 9.9 

Perhaps the earliest example of this type of process is the commercially 

important nickel(0)-catalyzed cyclooligomerization of 1,3-dienes to produce a wide 

variety of compounds depending on conditions (Figure 9.2).9 Whatever the ultimate 

product, they all derive from an initial dimerization of the diene to form the bis-r|3- 
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Figure 9.2 Ni(0) Catalyzed Cyclooligomerization of Butadiene 

allyl nickel complex (much as in Eq. 9.2 with Pd). Insertion of an additional diene 

leads to the cyclic trimers, while reductive elimination from one of the several bis-r|'- 

allyl species produces cyclooctadienes, vinylcyclohexanes or divinylcyclobutanes 

(Eq. 9.10). Although this chemistry is very well developed with simple substrates, its 

Ni(0) 

Eq. 9.10 

real synthetic utility for complex systems resides in intramolecular reactions directed 

toward forming eight-membered rings, such as in the synthesis of (+)-astericanolide 

(Eq. 9.11).10 Alkynes are also efficient partners in a similar process for forming 

bicyclic compounds (Eq. 9.12).11 
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Eq. 9.12 

9.3 Palladium-Catalyzed Reactions of Allylic Substrates 

a. General12 

Palladium(O) complexes catalyze a wide variety of synthetically useful 

reactions of allylic substrates which proceed through r|3-allyl intermediates (Figure 

9.3). Whatever the ultimate product, they all involve the same manifold of familiar 

steps, and most involve nucleophilic attack on the rf-allylpalladium complex. The 

reaction begins by the oxidative addition of the allylic substrate to the palladium(O) 

catalyst (a), a process that goes with clean inversion to initially give the r|1-allyl 

Figure 9.3 Palladium Catalyzed Reactions of Allylic Substrates 

complex which is in equilibrium with the ri3-allyl complex (b) and is rarely detected. 

In contrast, the r|3-allyl complexes are quite stable, yellow solids which can easily be 

isolated if desired. However in the presence of excess ligand, low equilibrium 

concentrations of a cationic rf-allyl complex (c) are generated. This is very reactive 

towards a wide range of nucleophiles, and undergoes nucleophilic attack from the 

face opposite the metal (d) (inversion) to produce the allylated nucleophile, and to 

regenerate palladium(O) (e) to reenter the catalytic cycle. The net stereochemistry of 

this allylic substitution is retention, which is the result of two inversions. The 

regiochemistry with unsymmetric allyl substrates, in general, favors attack at the less 
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substituted allyl terminus, but is somewhat dependent on the nucleophile, the metal 
(see below), the cation,13 as well as the ligands.14 

rf-Allyl complexes undergo transmetallation with main-group 

organometallics generating an if-allyl-if-alkyl palladium(II) complex (f), which 

undergoes reductive elimination (g) to produce the alkylated allyl compound. Since, 

in this case, the nucleophile (R' of R'M) is delivered first to the metal and then to the 

r|3-allyl group from the same face as the metal, this step occurs with retention, and 

the overall alkylation goes with net inversion. r)3-Allyl complexes can also insert 

alkenes (h) (probably via their r\ Msomers), producing 1,5-dienes after [3-hydrogen 

elimination. All of these processes have been applied to the synthesis of complex 
molecules and are discussed in detail below. 

A number of palladium(O) complexes and palladium(II) precatalysts can be 

used, and the choice of catalyst is often not important. The most frequently utilized 

catalyst is (Ph3P)4Pd, which is commercially available. However, commercial 

material is often of widely varying activity and it is best to prepare one's own. r|3- 

Allylpalladium(II) complexes are themselves catalysts, and because of their ease in 
preparation and handling, they are often used. A very convenient catalyst results 

from the treatment of the air-stable, easily prepared and handled Pd(dba)2 (dba = 

PhCH=CH-CO-CH=CHPh, dibenzylidene acetone) with varying amounts of 

triphenylphosphine, generating PdLn in situ. Finally, a variety of palladium(H) salts 

are readily reduced in the presence of substrate and ligand, and are often efficient 

precatalysts for the process. 

b. Allylic Alkylation15 

Alkylation of allylic substrates by stabilized carbanions is one of the 
synthetically most useful reactions catalyzed by palladium(O) complexes (Eq. 9.13). 

A wide range of allylic substrates undergo this reaction with a reasonable range of 

carbanions, making this an important process for the formation of carbon-carbon 
bonds. The reaction is very stereoselective, and proceeds with overall retention of 

configuration, the result of two inversions.16 The reaction is also quite regioselective, 

with attack at the less-substituted terminus of the r|3-allyl intermediate favored, 
regardless of the initial position of the allylic leaving group. 

Eq. 9.13 

Z = Br, Cl, OAc, -OCOR, OP(OEt)2, O-S-R, OPh, OH, R3N+, N02, S02Ph, CN 

X, Y = C02R, COR, S02Ph, CN, N02 
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This process has found extensive use in synthesis over the years, and the 

literature abounds with applications to highly complex systems, so the methodology 

is well-established and reliable. Examples are seen in Eqs. 9.14,17 9.15,18 and 9.16.19 

92% (9:1) 

Eq. 9.16 

«< 

co2r 

co2r 
OMEM 

Pd2(dba)3 
dppm ro2c^co2r 

96% 

complete chirality transfer 

Intramolecular versions of this process are efficient,20 and have been used to 

make rings from three to eleven members, as well as macrocycles. Examples are 
shown in Eqs. 9.17,21 9.18,22 and 9.19.23 

Eq. 9.17 
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PhS02 

MeC^C 

PhS02 

Me02C 
OSiR3 

85% 

MeOaC. 

MeCfcC 

r5 O R1 

H + R4><^H 
d3 I H R3 2 

R2 

1) L4Pd 
-) 

2) Ac20 
G02Me 

C02Me 

NaH 

CQ2Me 

UPd 
R5 

R3 

good yields 

G02Me 

R1 

Eq. 9.19 

Because of the difference in reactivity of various allylic functional groups 

(e.g., Cl > 0C02R > OAc » OH) high regioselectivity can be achieved with bzs-allyl 

substrates, in addition to high stereoselectivity (Eq. 9.20).24 

OAc Nuc 

enzyme 1) Nuc / Pd(0) 

2) Ac20 
(R) 

OAc 

1) CIC02Me 
-» 
2) Nuc / Pd(0) 

OAc 

Nuc 

Eq. 9.20 

The development of procedures to induce asymmetry into palladium- 

catalyzed allylic reactions has dramatically enhanced the synthetic utility of this 

process.25 The situation for asymmetric induction in these systems is complex, and 

the requirements differ with different classes of substrates. The most difficult 
substrates are chiral, racemic, unsymmetrically 1,3-disubstituted allylic compounds 
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(Eq. 9.21). Since oxidative addition goes with clean inversion, the reaction of 

optically active palladium(O) complexes with chiral, racemic allylic acetates will lead 

to two diastereoisomeric Ti-allylpalladium complexes. Since nucleophilic attack also 

occurs with clean inversion, to achieve high asymmetric induction, one of the two 

diastereoisomers must react substantially faster than the other, and the less reactive 

diastereoisomer must be able to isomerize to the more reactive one at a rate that exceeds 

nucleophilic attack. (Note, this is the same situation observed for asymmetric 

hydrogenation in Chapter 4.) With acyclic systems this isomerization is readily 

accomplished via a n -» o rearrangement, followed by rotation about the o- 

alkylpalladium bond, followed by o -» n rearrangement, which effectively results in 

enantioface exchange (Eq. 9.21 and Eq. 9.22).26 

Eq. 9.21 

OAc 

+ 

LnPd(O) 

Eq. 9.22 

57% 
95% ee 

This 7i —> a —> 7i-isomerization route is not available to cyclic systems, since 

the ring prevents rotation about the palladium-carbon o-bond. However, asymmetric 
induction in the allylic alkylation of racemic chiral cyclic substrates has been 

achieved. In this case, diastereoface exchange is likely to occur by attack of the 

palladium catalyst on an rf-allylpalladium complex (Eq. 9.23). This also provides a 
mechanism for erosion of selectivity when optically active substrates are used (e.g., 

"racemization") as has sometimes been observed when relatively high concentrations 
of catalyst are used.27 

Eq. 9.23 

+ Pd / 
\ 
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Considerably less challenging (and thus much more extensively studied) are 

symmetrical allyl substrates in which only discrimination between the two 

enantiotopic terminii of the r|3-allyl complex is required.28 A very large number of 

ligands have been (and continue to be) developed for this class of substrates and 
most of them result in high asymmetric induction (Eq. 9.24).29 

Ph Ph 

OAc 

Eq. 9.24 

Perhaps the most useful class of asymmetric 7i-allylpalladium reactions 

involves catalytic desymmetrizations of meso substrates (Eq. 9.25).25a In these cases 

the catalyst discriminates between the two allylic leaving groups, resulting again in 

OTBDMS 

PhC02'“’ CteCPh 

(-) 

+ PhS02 

Eq. 9.25 

OTBDMS 

PbOO^Q"" ^.S02Ph 

no2 

86% yield 
91% ee 

high asymmetric induction. In many synthetic applications, the second leaving group 

is displaced in a subsequent step, resulting in rapid construction of cyclic systems 

(Eq. 9.26).25a,3° A particularly impressive example utilized two palladium-catalyzed 
allylic displacements followed by a Heck olefin arylation (Chapter 4) (Eq. 9.27).31 

Eq. 9.26 

PhCP2 ■„,^s^„>Q2CPh + phgo^ 
(-) L* 

no2 
Pd2(dba)3 

PhC02 <i„ 

S02Ph 

carbovir 

asteromycin 

97% yield S02ph 

96% ee \ K.+ 
o'N'o- 
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Eq. 9.27 

M6O2C )Y^‘C02Me 
O 

0A 

(+)-8-Lycorane 

c. Allylic Alkylation by Transmetallation 

Transmetallation has been used much less frequently in allylic systems 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 quite 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 dialkyl 

palladium(II) complexes, o-alkyl-7i;-allylpalladium(II) complexes undergo reductive 

elimination only slowly, compromising this final step in the catalytic cycle. It is thus 

not surprising that alkylation of allylic acetates via transmetallation has been slow 

to develop. However under appropriate reaction conditions (polar solvents such as 

DMF, "ligandless" (no phosphine) catalysts such as Pd(dba)2 or PdCl2(MeCN)2, 
excess LiCl to facilitate transmetallation) allyl acetates can be alkylated by a variety 

of aryl- and alkenyltin reagents (Eq. 9.28). Coupling occurs at the less-substituted 
terminus of the allyl system with clean inversion (inversion in the oxidative addition 

step, retention in the transmetallation/reductive elimination step), and the geometry 

of the alkene in both the allylic substrate and alkenyltin partner is maintained (Eq. 
9.29).31 

Eq. 9.28 

OAc 

Pd(0) 
-) 

inversion 

R—M' 
-► 

Transmet. 
Pd 
/\ 

L R 

red. 

net inversion! 
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OTHP 

Eq. 9.29 

OSEM 

+ AcO CC^Me 
Pd dba2 

LiCI 
DMF 

OTHP 

98% 

Allyl epoxides and carbonates are better substrates for this process, and are 

alkylated by a variety of aryl- and alkenyltin reagents (Eq. 9.3032 and Eq. 9.3133). 

Acetylenic, benzylic or allylic tin compounds fail to couple. Allylic chlorides are the 
most reactive of substrates, undergoing this coupling reaction under "normal" 

+ Bu3Sn^^^^rSs■=='''',,, 'CC^Me 
PdCl2(MeCN)2 
-* 

H2O/DMF 

Eq. 9.30 

reaction conditions (phosphine present) in excellent yield with highly functionalized 

substrates (Eq. 9.32).34 The process is not restricted to allyl chlorides nor to 

organostannanes (Eq. 9.33).35 

O 
-Ny^.CI 

C02R 

R’SnBu3 
Pd(dba)2, THF, 65°C 

O 

Eq. 9.32 

R1 = pMeOPh, , /=\ - )=\.. 
OEt 

F2C=CF, =/ 
^ y 
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Eq. 9.33 
MeMgBr 

TMS^ R 

OP(OEt)2 
II 
O 

PdCI2dppf 
tms^^r 

Me 

60-80% 

d. Allylic Animation,36*5 Alkoxylation, Reduction, and Deprotonation 

The reactions of nitrogen nucleophiles with allylic substrates are among the 

most useful for organic synthesis, and both 1° and 2° amines (but not NH3) efficiently 

aminate allylic substrates, as do sulfonamide anions. The stereo- and regioselectivity 

of allylic amination parallels that of allylic alkylation, and the range of reactive 

substrates is comparable. The nitrogen almost invariably ends up at the less 

hindered terminus of the allyl system, although that may not be the initial site of 
attack, since Pd(0) complexes catalyze the allylic transposition of allyl amines. The 

reaction proceeds efficiently with polymer-bound allylic substrates and is finding 

increasing applications in combinatorial chemistry.36*5 
Intermolecular aminations are efficient and a wide range of functionality is 

tolerated. The process is used extensively in the synthesis of carbocyclic nucleoside 

analogs (Eq. 9.3437 and Eq. 9.35).38 By using appropriate reaction sequences, diols 
can be aminated at either allylic position (Eq. 9.36).39 

Eq. 9.34 

Eq. 9.35 

Asymmetric induction in the palladium-catalyzed allylic amination process is 

also efficient, with very much the same classes of substrates as utilized in 

asymmetric allylic alkylation, particularly symmetrically 1,3-disubstituted substrates 

(Eq. 9.37).40 It is most extensively used for the desymmetrization of meso-allylic 

substrates, and is efficient for the synthesis of carbocyclic nucleoside analogs (Eq. 
9.38)41 and highly functionalized cyclohexenes (Eq. 9.39)42 and (Eq. 9.40).43 
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Eq. 9.36 

MeO 

^^NHTs Pd2(dba)3 
-) 

(S) BINAPO 

MeO 

80% 86% ee 

O 

L* 
TMSN3 
98% ee 

83% yield 

N3 

(+)-Pancratistatin 

NHCOPh 

Conduramine A’ 

Eq. 9.37 

Eq. 9.38 

Eq. 9.39 
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Intramolecular aminations are particularly effective, and a wide range of 
fused (Eq. 9.41),44 spiro (Eq. 9.42),45 and macrocyclic systems (Eq. 9.43)46 Can be 

made efficiently. 

Eq. 9.41 

Eq. 9.42 

O 
5% Pd(PPh3)4 

Et3N/CH3CN 
70 °C, 2 h 

>90% 

Eq. 9.43 
10% Pd(PPh3)4 

Although carbon and nitrogen nucleophiles have been most extensively used 

in palladium-catalyzed allylic substitution processes, a range of oxygen nucleophiles 

can also participate. Phenols attack allyl epoxides47 and allyl carbonates48 in the 

presence of palladium(O) catalysts, and in the presence of chiral ligands, high 

asymmetric induction is observed (Eq. 9.44).49 Glycal acetates were coupled to the 
anomeric OH group of another carbohydrate (Eq. 9.45)50 and intramolecular 

alkoxylations were efficient (Eq. 9.46).51'52 Although hydroxide (or water) has not 

been used in this process, triphenylsilanol is an efficient surrogate (Eq. 9.47).53,54 
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Palladium(O) complexes even catalyze the O-alkylation of enolates (Eq. 9.48 and 
9.49).55 

80-90% yield 
60-95% ee 

Eq. 9.44 

OP 

OH 

23-85% 

Eq. 9.45 

4% Pd2(dba)3*CHCI3 
-) 

PPh3, THF, 25°C, 3-6 h 

70-90% 
6 cases 

Eq. 9.46 

Pd2(dba)3 
-► 

Ph3SiOH 

Eq. 9.47 

Eq. 9.48 

98% yield 

97% ee 

Eq. 9.49 
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Acetate is rarely used as a nucleophile since it is most often the leaving group 

in palladium-catalyzed allylic substitution reactions. However, carboxylates are 

capable of attacking 7t-allylpalladium complexes and, in contrast to most 

nucleophiles, can either directly attack the rc-allyl ligand from the face opposite the 

metal, resulting in inversion in this step, or it can attack the metal, resulting in 

retention in this step. Attack by acetate plays a major role in a useful variant 

involving palladium(II)-catalyzed bis-acetoxylation or chloroacetoxylation of dienes 

(Eq. 9.50). The process begins with a palladium(II)-assisted acetoxylation of one of 

the two double bonds of the complexed diene, generating a 7t-allylpalladium(II) 

complex. In the absence of added chlorides, the second acetate is delivered from the 

metal leading to the trans diacetate. 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 corresponding cis-diacetate and palladium(O).56 The 

reoxidation of palladium(O) to palladium(II) can be carried by benzoquinone-Mn02 

or more efficiently by 02-catalytic hydroquinone-catalytic Co(salophen).57 Because 

the products of this reaction are allyl acetates, and because of the wide variety of 

palladium(0)-catalyzed reactions of allyl acetates this is a useful process that has 

been extensively studied. 

This chemistry has been used to develop quite efficient and stereoselective 

approaches to fused tetrahydrofurans and tetrahydropyrans (Eq. 9.51).58 In this 

case, the tethered alcohol group is the nucleophile which initially attacks the rc-olefin 

complex, giving the trans r|3-allyl complex. Inter- or intramolecular attack of acetate, 

chloride, or alkoxide on this ri3-allyl complex leads to the observed products. Other 

applications of this very useful process will be presented later in this chapter. 
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Eq. 9.51 

Palladium(O) complexes catalyze a number of other useful reactions of allylic 

substrates. Allyl acetates are easily reduced to alkenes, usually with allylic 

transposition and clean inversion, in the presence of a hydride sources which attack 

the Tj3-allylpalladium intermediate (Eq. 9.52).59 Ammonium formates are particularly 

effective in complex systems (Eq. 9.53)60 and (Eq. 9.54).61 With chiral ligands, 

asymmetry can be induced (Eq. 9.55).62 

+ Pd(0) + HCOOH + Et3N 
cat 

ox. add. 
inversion 

I 
Pd—X 

! 
h—c—or 
-► 

p-el. 
-► 

n 
red. el. 
retention 

+ CO2 

93% 10:1 

Eq. 9.52 

Eq. 9.53 

Eq. 9.54 
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Eq. 9.55 

0C02Me 

R2 

,0002Me 

MeC^C H 

Rx^ 
R2 H 

hco2h / R3N 
-► 

Pd(0) cat 
L* (MOP) 

(Sn2') 

MeG 

> 95% yield 75-85% ee 

Aliyl formates undergo intramolecular reduction, with formate acting as the 

hydride source (Eq. 9.56).60 In these cases the hydride is delivered from the same face 

as the palladium. 

Eq. 9.56 

In the absence of nucleophiles, palladium(O) complexes, particularly the one 

derived from treating palladium acetate with one equivalent of tributylphosphine,64 

efficiently eliminates allyl carbonates to dienes. The process occurs by oxidative 

addition with inversion, followed by syn elimination. In sterically-biased systems, 

high regioselectivity is observed (Eq. 9.57).65 Decent asymmetric induction has been 

observed in appropriate symmetrical systems (Eq. 9.58).66 (Note that in the presence 

of base an anti elimination is possible.67) 
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R 
Eq. 9.57 

0C02Me 2 (-)p-tolBINAP 

-do 
(-) 66% yield 

86% ee 

Eq. 9.58 

Finally, allylic carbonates and esters make excellent protecting groups68 for 

carboxylic acids, alcohols and amines, because they are stable to a wide range of 

reaction conditions, and can be exclusively removed in the presence of other labile 

protecting groups. In these cases, a nucleophile must be present to regenerate the 

catalyst from the initially formed r|3-allyl complex (Eq. 9.59). This system can be 

used with quite complex substrates (Eq. 9.60).69 The most spectacular example of the 

utility of this protecting group strategy was the removal of 104 allylic protecting 

groups from NH2 and phosphate moieties in a 60 mer oligonucleotide in almost 100% 

overall yield in a single palladium-catalyzed reaction.70 
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Eq. 9.59 
O 

Pd(0) 
ROH 

+ co^ + ^Nuc 

Eq. 9.60 

Nuc 

L4Pd, dimedone 

e. Insertion Processes Involving r|3-Allylpalladium Complexes 

Alkenes, alkynes, and carbon monoxide insert into r|3-allylpalladium 

complexes (perhaps via the r)1 isomer), generating o-alkylpalladium complexes 

which can undergo the very rich chemistry described in Chapter 4. When carried out 

in an intramolecular manner efficient cyclization processes can be developed (Eq. 

9.61).71 These reactions are synthetically very powerful, and demonstrate the real 

potential for the use of transition metals in organic synthesis, since often even the 

substrates are synthesized using transition metals. For example, in Eq. 9.62, the 1- 

Eq. 9.61 
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acetoxy-4-chlorobut-2-ene was synthesized by the Pd(OAc)2-catalyzed 

chloroacetoxylation of dienes and the diallyl bis-sulfone prepared by Pd-catalyzed 

allylic alkylation of allyl halides. Treatment of this compound with Pd(dba)2 in 

acetic acid results in efficient cyclization.72 The reaction is quite general, and tolerates 

a variety of functional groups (Eq. 9.63).73 

Eq. 9.62 

5% Pd(dba)2/PPh3 

20 °C 

S02Ph 

’ S02Ph 

AcO 
68% 

5% Pd(dba)2 

15% PPh3 
AcOH, 80°C, 3h 

82% 

When additional unsaturation is appropriately situated, additional 

insertions can occur, resulting in the formation of several rings in a single efficient 

process (Eq. 9.6474 and Eq. 9.6575). 

Eq. 9.64 

Eq. 9.65 

Dienes also insert into rf-allylpalladium complexes, producing another r|3- 

allyl complex, which can undergo nucleophilic attack by acetate to form diene 

acetates (Eq. 9.66).76 Again, palladium catalysis is also used to synthesize the 

starting materials. In a related process, asymmemtric induction using BINAP ligands 
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was achieved, and the rj3-allyl intermediate was trapped by a stabilized carbanion 

(Eq. 9.67).77 

Eq. 9.66 

Ph02S S02Ph+ 

0C02Et 

Pd2(dba)3« CHCI3 

PPh3, THF, 25°C 

C) ^ PhOgS^^-^^ 

THF PhOgS^V^^ 

(2) rfx, 12 h i 
(3) 0(C02Me)2 

Pd2(dba)3*CHCb 
CH3CN 

1 eq AcOH 
1 eq LiOAc 

No Phosphine 

C02R 

Insertion of an alkene into an r|3-allylpalladium complex generates an T)1- 

alkylpalladium complex, which itself is very reactive towards insertion of carbon 

monoxide (Chapter 4). By carrying out these cyclizations under an atmosphere of 

carbon monoxide the r^-alkylpalladium intermediate can be intercepted making an 

V-acylpalladium complex which can undergo further insertion. With appropriate 

adjustment of substrate structure and reaction conditions, impressive 

polycyclizations can be achieved (Eq. 9.6878 and Eq. 9.6979). 
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C02M© 

AcO 

10% Pd(dba)2, PPh3 
HOAc, 1 atm CO 

MeOH, 45°C 

Eq. 9.69 

The process can also be truncated by transmetallation (Eq. 9.70).80 

BuaSn^^ 
Pd(0) 

HOAc 

Eq. 9.70 
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f. Palladium(0)-Catalyzed Cycloaddition Reactions via 

Trimethylenemethane Intermediates 

Although stable trimethylenemethane complexes of transition metals have 

been known for a long time, they have found little use in synthesis because of their 

lack of reactivity. However, 1,1'-bifunctional allyl compounds having an allylic 

acetate and an allyl silane undergo reaction with palladium(O) complexes to produce 

unstable, uncharacterized intermediates that react as if they were zwitterionic 

trimethylenemethane complexes, undergoing [3+2] cycloadditions to a range of 

electron-deficient alkenes (Eq. 9.71).81 The reaction is thought to involve oxidative 

Eq. 9.71 

(concerted 

or stepwise) 
LnPd 

addition of the allyl acetate to the Pd(0) complex, generating a cationic r|3-allyl 

palladium complex. Displacement of the remaining allyl silane group, perhaps by 

acetate, produces a zwitterionic trimethylene methane complex, the anionic end of 

which attacks the (3-position of a conjugated enone, generating an a-enolate which in 

turn attacks a terminus of the electrophilic cationic rf-allylpalladium complex. 

It is not known if this cycloaddition is concerted; however, since the 

stereochemistry of the alkene partners is maintained in the product, ring closure must 

occur faster than rotation about an incipient single bond. In addition, the process is 

quite diastereoselective (Eq. 9.72)82 and (Eq. 9.73).83 With unsymmetrical bifunctional 

allyl acetates, regioselective coupling occurs, with coupling at the more substituted 

terminus regardless of the electronic nature of the functional group and the initial 

position of the acetate and silyl leaving groups (Eq. 9.74 and Eq. 9.75).84 This 

indicates that equilibration of the three termini of the trimethylmethane fragment 

must occur more rapidly than does coupling. With more extended acceptors such as 

pyrones or tropone, [3+2], [3+4], or [3+6] cycloadditions may occur, depending on 

the substituents on the acceptor (Eq. 9.76 and Eq. 9.77),85 while P-ketoesters can 

participate in [3+3] cycloaddition (Eq. 9.78).86 Intramolecular versions of this 

reaction are quite efficient for the production of highly functionalized polycyclic 

compounds (Eq. 9.7987 and Eq. 9.80).88 
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Eq. 9.72 

PhS02 

2% Pd(PPh3)4 
PhCH3 
80°C 

2% Pd(PPh3)4 
PhChfe 
80°C 

4:1 diastereoselectivity >99:1 diastereoselectivity 

Eq. 9.73 

Eq. 9.74 
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Eq. 9.75 

Eq. 9.76 

Eq. 9.77 

Eq. 9.78 

Eq. 9.79 

CC^Me 

A 
OAc OAc 
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Eq. 9.80 

Aldehydes can also participate in [3+2] cycloaddition reactions with 

bifunctional allyl acetates in the presence of palladium(O) catalyst, forming five- 

membered oxygen heterocycles (Eq. 9.81).89 With unsymmetrical trimethylene 

o 

R'i-H + IMS 

R 

Pd(OAc)2/PPh3 

Me3SnOAc 
PhH,70°C 

+ 
R' 

Eq. 9.81 

R = Me, Ph, CH=CH2, CN, CEt, OAc 

methane precursors, mixtures of regioisomers are obtained, in contrast to the 

observations with conjugated enones. This is rationalized by asserting that 

cyclization competes effectively with rearrangement of the initially formed 

trimethylenemethane complexes. Tin cocatalysts dramatically improve the yields 

and regioselectivity of the process, perhaps by acting as a Lewis acid to increase the 

reactivity of the aldehyde. A more profound effect is noted when an In(III) cocatalyst 

is used with conjugated enones as acceptors. This additive completely changes the 

regioselectivity of this reaction, from 1,4 (addition to the olefin) to 1,2 (addition to 

the carbonyl group) (Eq. 9.82).90 This change is thought to be the result of 

coordination of the highly electropositive In(IH) to the carbonyl oxygen, enhancing 

reaction at this site over attack of an olefinic position. 

80% 

same 

PPh3 
ln(acac)3 

“1,2" 

Eq. 9.82 

Methylenecyclopropanes also undergo palladium(0)-catalyzed [3+2] 

cycloaddition reactions, again, most likely through trimethylenemethane 

intermediates (Figure 9.3)91 formed by "oxidative addition" into the activated 
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Figure 9.3 "Trimethylenemethane" Reactions of Methylene Cyclopropenes 

cyclopropane carbon-carbon bond. Nickel(O) complexes catalyze similar processes. 

Although most of the studies of this system have been carried out on relatively 

simple substrates, a few, more complex, systems have been examined (Eq. 9.83).92 

Eq. 9.83 

79% 

With diastereoisomerically pure methylenecyclopropanes the reaction is 

stereospecific and proceeds with retention of configuration at the chiral carbon 

center at which reaction occurred (Eq. 9.84).93 With alkene rather than alkyne 

acceptors, the reaction is stereospecific (retention) with respect to the preexisting 

cyclopropane stereocenter, and the configuration at the a-position determines the 

stereochemistry of the newly-formed ring junction (Eq. 9.85).94 
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Eq. 9.84 

R1 = nC7H15, H, cyclohex 

R2 = H, 1-1C7H15, cyclohex 2'5 

R3 = H,nPr 

cis 

C7H15 

trans 

Eq. 9.85 

9.4 rj3-Allyl Complexes of Metals Other than Palladium 

a. Molybdenum, Tungsten, Rhodium, and Iridium 

Molybdenum and tungsten hexacarbonyl both catalyze the alkylation of 

allylic acetates by stabilized carbanions. However, the regioselectivity is quite 

different from that observed with palladium(O) (Figure 9.4).95 Whereas palladium 

directs the nucleophile to the less-substituted terminus of the r)3-allyl system, 

molybdenum leads to reaction at the more-substituted end when malonate is the 

attacking anion, and the less-substituted end when more sterically demanding 

nucleophiles are used. Tungsten catalysts result in attack at the more-substituted 

terminus, regardless of the steric bulk of the nucleophile. The complex 

Mo(RNC)4(CO)2 is a more efficient catalyst than Mo(CO)6/ but, in this case, attack at 

the less substituted allyl terminus predominates.96 With sterically bulky nucleophiles 

in the presence of chiral diamine ligands, Mo(CO)3(EtCN)3 catalyzes allylic 
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alkylation at the more substituted terminus with high ee.97 Both Rh(I)98 and Ir(I)99 

catalyze the allylic alkylation of allyl carbonates at the more substituted position, 

and with high enantiomeric excess in the presence of chiral oxazolidine-phosphine 

ligands.100 Clearly, the issue of regioselectivity in these processes is not yet resolved. 

Figure 9.4 Group 6 Metal-Catalyzed Reactions of Allyl Acetates 

Preformed r|3-allylmolybdenum complexes can be used both to activate 

adjacent functional groups and to control stereochemistry. For example, the acetyl 

complex in Eq. 9.86 undergoes facile aldol condensation with benzaldehyde 

followed by reduction by NaBH4 from the face opposite the metal. Replacement of 

the relatively inert CO ligands by nitrosyl (formally NO+) and chloride produces a 

more labile complex which slowly condenses with benzaldehyde to give the 1,3-diol 

in modest yield after hydrolysis (Eq. 9.86).101 

Eq. 9.86 
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b. r)3-Allyliron Complexes 

Cationic ri3-allyliron tricarbonyl complexes undergo nucleophilic attack by 

stabilized carbanions in much the same way as ri3-allylpalladium complexes, and 

NaFe(CO)3(NO) will catalyze the allylic alkylation of allyl chlorides and acetates.102 

However, perhaps because of the efficiency of the Pd-catalyzed processes, this 

related iron chemistry has found little use in organic synthesis. 

In contrast to catalytic systems, r|3-allyliron complexes preformed from y- 

alkoxy or acetoxy enones are becoming quite useful in organic synthesis.103 This utility 

relies on the ability of iron to stereoselectively complex a single prochiral face of the 

alkene, and to direct nucleophilic attack to the face opposite the metal, thereby 

leading to highly stereoselective processes. Early studies centered on unsaturated 

lactams and indicated that the y-alkoxy group directed complexation primarily to 

the same face it occupied (Eq. 9.87).104 The diastereoisomers could be separated, 

treated with allylsilane and BF3*OEt2, and decomplexed to give a single 

diastereoisomer of allylated product resulting from exclusive attack from the face 

opposite the metal. Acyclic y-alkoxyenones show similar selectivity and reactivity, 

and have been much more widely utilized in synthesis (Eq. 9.88).103a 

iPrO “'O^O 

Fe(CO)4 

Fe2(CO)9 

N 
Ts 

-► iPrO' 

Fe(CO)4 

0*0 + iPrO*'‘Ci^*0 

Eq. 9.87 
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S02Ph 
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95-99% ee 
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BocNH2 ^^SiR3 FGRCuCNZnl ... 
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c. r|3-Allylcobalt Complexes 

The cobalt carbonyl anion [Co(CO)4]~ is a weak base but modest nucleophile 

which reacts with allylic halides to produce ri3-allylcobalt carbonyl complexes (Eq. 

9.89).105 These are relatively unstable, deep red oils, and little synthetic use for them 

has been found. When treated with methyl iodide, the [Co(CO)4]~ anion reacts to 

form the r|^methyl complex, which readily inserts CO to form the r^-acyl complex. 

Treatment of this complex with butadiene results in another insertion, producing the 

(3-acyl-r|3-allyl cobalt complex (Eq. 9.90). Treatment with a strong base abstracts the 

quite acidic oc-proton, producing the acyl diene, and regenerating the cobalt carbonyl 

anion.106 In contrast, treatment with a stabilized carbanion results in nucleophilic 

attack at the unsubstituted end of the r|3-allyl group, resulting in an overall 

alkylation-acylation of the 1,3-diene.107 Neither of these processes have been utilized 

with complex substrates. 

Eq. 9.89 

002(00)3 + Na/Hg 

M°d9 

2 Na Co(CO)4 

IVT1 d10 

-► 
<( 

Co(CO)3 

Eq. 9.90 

CO H 
NaCo(CO)4 + CH3I -► CH3Co(CO)4 -► CH3C—Co(CO)4 -, 

M-1 d10 M+1 d8 M+1 d8 

d. ri3-Allylnickel Complexes108 

ri3-Allylnickel halides are generated in high yield by the reaction of allylic 

halides with nickel(O) complexes, usually nickel carbonyl or frzs(cyclooctadiene)nickel 
in nonpolar solvents such as benzene (Eq. 9.91). This reaction tolerates a range of 

functional groups in the allyl chain, and allows the preparation of a number of 

synthetically useful functionalized complexes. ri3-Allylnickel halides are not directly 
accessible from olefins, in contrast to the corresponding palladium complexes, at 

least in part because nickel(II)-olefin complexes are virtually unknown, allowing no 

pathway for activation of the allylic position for proton removal. rf-Allylnickel 
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halide complexes are deep red to red-brown crystalline solids, which are quite air- 

sensitive in solution, but are stable in the absence of air. 

Eq. 9.91 

+ Ni(CO)4 -► 
Ni(COD)2 ^ X '' 

red, air-sensitive 
solid 

Although rf-allylpalladium halides are subject to nucleophilic attack, r|3- 

allylnickel halides are, in most cases, not. Instead they behave, at least superficially, 

as if they were nucleophiles themselves, reacting with organic halides, aldehydes, 

and ketones, to transfer the allyl group. However, these reactions are radical-chain 

processes rather than nucleophilic reactions, and the chemistry of r|3-allylnickel 

halides is drastically different from that of the corresponding palladium complexes. 

The best-established and most widely used reaction of r)3-allylnickel halide 

complexes is their reaction with organic halides to replace the halogen with the allyl 

group (Eq. 9.92). This reaction proceeds only in polar coordinating solvents, such as 

DMF, HMPA, or N-methylpyrrolidone. Aryl, alkenyl, primary, and secondary alkyl 

DMF 
+ RX -► ^ + NiBrX 

R = alkyl, aryl, alkenyl, benzyl 

Eq. 9.92 

tolerates OH, NH2, C02R, C02H, CHO, COR, ON; 
I > Br > Cl 

bromides and iodides react in high yields, with aryl and alkenyl halides being 

considerably more reactive than the alkyl halides. Chlorides react much more slowly 

than bromides or iodides. This reaction tolerates a wide variety of functional groups 

including hydroxyl, ester, amide, and nitrile. These complexes will react with 

bromides in preference to chlorides in the same molecule, and will tolerate ketones 

and aldehydes in some instances. With unsymmetric rj3-allyl groups, coupling occurs 

exclusively at the less-substituted terminus, in contrast to most main group allyl 

organometallics. This property was used to an advantage in the synthesis of (+)- 

cerulenine (Eq. 9.93)109 and an indole alkaloid (Eq. 9.94).110 Although allylic halides 

o 

87% 

Eq. 9.93 

are among the most reactive toward these complexes, coupling normally results to 

give all possible products because of rapid exchange of r|3-allyl ligand with the allyl 

halide. If the two allyl groups are somewhat different electronically, selective cross- 
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coupling is sometimes observed in reasonable yield.111 The stereochemistry of the 

olefin in the r|3-allyl system is lost in these allyl transfer reactions, but the 

stereochemistry of the olefin in alkenyl halide substrates is normally maintained. 

Eq. 9.94 

The ability of r|3-allylnickel halides to react with aryl halides under very mild 

conditions and to tolerate a wide range of functional groups permits the introduction 

of allyl groups into a very broad array of substrates (Eq. 9.95llla and Eq. 9.96112). 

Eq. 9.95 

Eq. 9.96 

Conjugated enones react with nickel(O) complexes in the presence of 

trimethylsilyl chloride to produce l-trimethylsilyloxy-ri3-allylnickel complexes. These 

undergo typical coupling reactions with organic halides to produce silylenol ethers 

(Eq. 9.97).113 This product is one that would arise by nucleophilic (R-) addition to the 

(3-position of the starting enone. However, by complexation to nickel, the normal 

reactivity patterns are reversed, and the (3-alkyl group is introduced as an 

electrophile (RX = "R+"). By using ri3-allylnickel complexes as intermediates, the 

conjugate addition of alkyltin reagents to conjugated enones can be catalyzed. Al¬ 

though these two processes are related, they differ somewhat mechanistically (Eq. 

9.98).114 
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Eq. 9.97 

R Ni(COD)2 R 

-► Rl^k/°TMS 
TMSCI /|s^ 

\^ci 
R1 = H, Me, Ph - 

R2 = H, Me 
' 80-97% 

RX R2 

-► R V >^OTMS 
DMF 
hv 

60-80% 

R = n Pr, n Bu, 

X? , Ph, / Pr, pCHOPh 

R2 

R1\J^vs^° + RSnBu3 

DMF R 
-► RV A OTMS 

Ni(COD)2 cat 
R 

48-79% 

Eq. 9.98 

R2 RSnBu3 R2 

Rl\^V'OTMS -► R1^Jv^.OTMS 

Ni 

/' X 

Ni 

/\ 
R L 

X 
O 

R = , Ph^^" , V^y , CH3—c— 

Although the products of the reaction between rf-allylnickel halides and 

organic halides are simple, the process by which they form is complex. The process 

appears to be a radical-chain reaction, initiated by light or added reducing agents 

and completely inhibited by less than one mole percent of m-dinitrobenzene, an 

efficient radical anion scavenger. Chiral secondary halides racemize upon allylation, 

implying the intermediacy of free carbon-centered radicals, but alkenyl halides 

maintain their streochemistry, implying an absence of free carbon-centered 

radicals.115 

Although rf-allylnickel halides react with organic halides in preference to 

aldehydes or ketones, under slightly more vigorous conditions (50°C versus 20°C) 

carbonyl compounds do react to produce homoallylic alcohols.116 a-Diketones are the 

most reactive substrates, producing a-ketohomoallylic alcohols. Aldehydes and 

cyclic ketones, including cholestanone, progesterone, and 5-a-androstane-3,17-dione, 

react well (the steroids at the most reactive carbonyl group), but simple aliphatic 

and a,p-unsaturated ketones react only sluggishly. Again, reaction occurs at the less- 

substituted end of the allyl group, in contrast to main group allyl organometallics. 
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The reaction of rf-(2-carboethoxyallyl)nickel bromide with aldehydes and ketones 

produces a-methylene-y-butyrolactones (Eq. 9.99). 

Eq. 9.99 

In a process that must involve ri3-allylnickel complex intermediates and 

oxidative addition /transmetallation/ reductive elimination cycles, nickel(II) 

phosphine complexes catalyzed the alkylation of allylic acetates by aryl117 and 

alkenyl boronates (Eq. 9.100).118 These processes bear a striking resemblence to n- 

allylpalladium chemistry discussed above, and are likely to increase the scrutiny of 

nickel complexes to catalyze other processes thought to be the exclusive domain of 

palladium chemistry, such as allylic amination (Eq. 9.101).119 

Eq. 9.100 

✓Bu 

OSiR3 

L2NiCl2 
-> 

tBuCN 
HO 11 

70% 

Eq. 9.101 

Ni(dppb)2 
+ Et2NH -► 

50°C 

R = Ac, PhCO, Ph 
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CHAPTER 10 

Synthetic Applications of Transition 

Metal Arene Complexes 

10.1 Introduction 

Arenes form stable, isolable complexes with a range of transition metals, 
including Cr, Mo, W, Fe, Ru, Os, and Mn. By far, the most common type of arene- 
transition metal complex is the r|6-coordinated type (Figure 10.1) in which the entire 
7i-system of the arene is complexed. These ri6-arene complexes have a very rich 
reaction chemistry which constitutes the bulk of this chapter, rf-Arene complexes are 
much less common, and only those of Os have found use in organic synthesis. With 
this type of arene complex, only two carbons of the 7i-arene system are complexed, 
in essence deconjugating the arene. The uncomplexed portion of the Tt-system then 
displays reactivity common to the residual degree of unsaturation (e.g. 1,3-dienes for 
Os-complexed benzenes). Both types of arene complexation - r|6 and r\2 - result in 
dramatic alteration in the reactivity of the complexed arene; and therein lies their 
utility for organic synthesis. 

ne 

i 
MLn 

MLn = Cr(CO)3, Mn(CO)3+, 

CpFe+, CpRu+ 

Figure 10.1 Modes of Arene Complexation 
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10.2 r)6-Arene Complexes1 

a. Preparation 

Arenechromium tricarbonyl complexes are normally prepared by heating 

Cr(CO)6 in the arene as solvent, although the procedure is complicated by the 

sublimation of Cr(CO)6.2 Alternatively, one can start with preformed amine 

complexes such as Cr(CO)3(NH3)3 or Cr(CO)5(2-picoline) to avoid this problem (Eq. 

10.1).3 Perhaps the most convenient method is to carry out an arene exchange with 

the (naphthalene) Cr(CO)3 complex (Eq. 10.2),4 a procedure which goes under mild 

conditions and does not require large excesses of arene. 

Eq. 10.1 
R 

or Cr(CO)3(NH3)3 Cr 
or Cr(CO)5 (2-picoline) | \CQ 

M(0), d6,18e , sat. 

Eq. 10.2 

(Naphthalene)Cr(CO)3 + Ar'H ^ Am Cr(CO)3 + Naphthalene 

The complexation of arenes to the chromium tricarbonyl fragment is 

facilitated by electron-donating groups on the arene ring, and, in general, electron- 

rich arenes readily form arenechromium tricarbonyl complexes, while electron-poor 

arenes react much more slowly or not at all. (The chromium tricarbonyl complex of 

nitrobenzene is unknown.) In some cases, discrimination between two similar arene 

rings in the same compound is possible, provided there is sufficient electronic 

difference between them. 

Cationic cyclopentadienyliron arene complexes are most readily prepared by 

treatment of ferrocene with the arene in the presence of aluminum trichloride.5 

Although this places some restriction on the arenes to be complexed a modest range 

of complexes is available by this procedure (Eq. 10.3). Related ruthenium arene 

Eq. 10.3 
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complexes are best made by the reaction of arenes with labile cyclopentadienyl 

ruthenium complexes (Eq. 10.4).6 Cationic manganese arene complexes have also 

been prepared by ligand exchange processes (Eq. 10.5).7 
Eq. 10.4 

R 

OTT 

[Mn(C0)5]+CI04- 

[Mn(CO)3(acetone)3]+X 
Mn(CO)3 

Eq. 10.5 

Complexation of arenes has a profound effect on their reaction chemistry 

(Figure 10.2).8 Relative to the arene ring, the MLn fragment is net electron- 

withdrawing, as evidenced by the high dipole moment (5.08D for benzene chromium 

steric 
hindrance acidic 

Figure 10.2 Effects of Complexation of Arenes to Metals 

tricarbonyl), the increase in acidity of benzoic acid upon complexation (pKa =4.77 

for the Cr(CO)3 - benzoic acid complex vs. 5.75 for free benzoic acid) and the 

decrease in basicity for Cr(CO)3 - complexed aniline (pKb = 13.31 vs 11.70 for 

aniline itself). As a consequence, the arene ring becomes activated towards 

nucleophilic attack, rather than the normal electrophilic attack. In addition, the 

electron-deficient arene ring is better able to stabilize negative charge, thus both ring 
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and benzylic deprotonation become more favorable. Finally, the metal-ligand 

fragment completely blocks one face of the arene, and directs incoming reagents to 

the face opposite the metal. All of these effects have been used to an advantage in 

organic synthesis. 

b. Reactions of r|6-Arenemetal Complexes9 

1. Nucleophilic Aromatic Substitution of Aryl Halides1 

Although simple aryl halides are relatively inert to nucleophilic aromatic 

substitution, when complexed to appropriate transition metal fragments, this 

reaction is greatly facilitated. For example, the rate of substitution of chloride by 

methoxide in ri6-chlorobenzenechromium tricarbonyl approximates that of 

uncomplexed nitrobenzene,10 an indication of the electron-withdrawing power of the 

chromium tricarbonyl fragment. Sodium phenoxide and aniline also readily effect 

this substitution.11 r|6-Fluorobenzenechromium tricarbonyl is even more reactive, 

undergoing substitution by a range of nucleophiles including alkoxides, amines, 

cyanide12 and stabilized carbanions (Eq. 10.3).13 

Eq. 10.3 

+ (-) 

I 
Cr(CO)3 Cr(CO)3 

X = Ph, C02Et 70-80% 
Y = CN, C02Et 

With chromium arene complexes, these substitution reactions proceed by a 

two-step process, involving nucleophilic attack of the arene ring from the face 

opposite the metal, forming an anionic rf-cyclohexadienyl complex, followed by 

rate-limiting loss of the halide from the endo side of the ring (Eq. 10.4). The 

displacement of halide by carbanions is limited to stabilized carbanions capable of 

Eq. 10.4 

+ R(-) 

I 
Cr(CO)3 

/—V -CK-) 

I 
Cr(CO)3 

R 

i 
Cr(CO)3 

(-) 

R 

l 
Cr(CO)3 
(-) 

R 

i 
Cr(CO)3 

(-) 
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adding reversibly to the complexed arene. More reactive carbanions, such as 2-lithio- 

1,3-dithiane, attack the complexed arene ortho, and meta to the halide, producing r|5- 

cyclohexadienyl complexes which cannot directly lose chloride, and furthermore, 

cannot rearrange (equilibrate) to the rf-cyclohexadienyl complex, which can (Eq. 

10.4).14 Stabilized carbanions also initially attack complexed chlorobenzene ortho 

and meta to the chloride, but the addition is reversible, and, upon equilibration, 

eventually attack at the halide-bearing position occurs, followed by loss of halide, 

resulting in substitution. 

Although these nucleophilic aromatic substitution reactions are most 

extensively studied for the arenechromium tricarbonyl complexes, it is cationic 

areneruthenium complexes that have found the most use in complex organic 

synthesis, particularly in forming the aromatic ether linkage common to vancomycin 

analogs (Eq. 10.5).15 Cationic manganese arene complexes have been used for similar 

purposes (Eq. 10.6).16 Aryl polyethers were made using multiple aryl chloride 

substitutions with both ruthenium (Eq. 10.7)17 and iron arene complexes (Eq. 10.8).18 

Eq. 10.5 

Cl 

Ph O 

MeO 

70-80% 

Eq. 10.6 

Ru+Cp 
(also -SK, -NH2) 

Ru+Cp 

50-60% 

Eq. 10.7 

Synthetic Applications of Transition Metal Arene Complexes 291 



Eq. 10.8 

Cl 

Fp+Cp 

58% 

2. Addition of Carbon Nucleophiles to Arenechromium Complexes19 

A range of carbanions attack chromium-complexed arenes from the face 

opposite the metal producing anionic ri5-cyclohexadienyl complexes. For all but the 

most nucleophilic carbanions, this process is reversible and the initial site of attack 

(kinetic) may not correspond to the alkylation site in the final product 

(thermodynamic). This r|5-cyclohexadienyl intermediate (which has been 

characterized by x-ray crystallography in the case of lithiodithiane as the 

carbanion20) can react further, along three different pathways (Figure 10.3). 

I 
Cr(CO)3 

X 

(X = H, NiT = dithiane X-ray) 

Cr(CO)3 

/— S 

NiT =-CH2C02tBu, "CHoCN, "CH(OR)(CN), PhLi.^Li <Ssfs'^'U \ ) H ••• PKa > =22 
\-S 

(reversible in 
most cases) 

NiT add 

Figure 10.3 Reactions of Arenechromium Complexes with Carbanion 
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Path (a) has already been discussed above. Trapping of the r)5- 

cyclohexadienyl complexes with electrophiles (path b) is a potentially useful but 

quite restricted reaction manifold. With carbanions that add reversibly, the only 

electrophile that undergoes efficient reaction is the proton (CF3COOH) leading to 

cyclohexadienyl complexes. All other electrophiles react preferentially with the free 

carbanion in equilibrium with the rf-cyclohexadienyl complex, resulting in 

regeneration of the starting r)6-arene complex. It is only with carbanions that react 

irreversibly that general trapping by electrophiles is efficient, and this process has 

proven useful in several ways (see below). Oxidation of the ri5-cyclohexadienyl 

intermediate (path c) is the most extensively-developed process, is efficient with all 

carbanions that add, and results in overall nucleophilic aromatic substitution. This is 

by far the most extensively utilized of the three processes and will be considered 

first. 

Because of the reversibility of alkylation with most carbanions, the 

regioselectivity in the product is complex. For monosubstituted arenes bearing a 

resonance-donor substituent, (MeO, Me2N, F) meta attack is strongly favored, while 

acceptor substituents, such as TMS or CF3, direct attack to the para position, (n- 

Accepting substituents such as acyl or nitrile groups undergo competitive alkylation.) 

The situation with methyl and chloro-substituted arenes is more complex, and 

substantial amounts of ortho-alkylation can be observed depending on the 

carbanion. 

Regioselectivity with o-disubstituted arene complexes can be high, and often 

is the result of attack of the sterically less hindered position meta to the strongest 

donor (Figure 10.4).la The complexity of regioselectivity in the context of indole 

alkylation is seen in Figure 10.5,21 in which steric, thermodynamic or kinetic factors 

may dominate, depending on how the reaction is run. 

major 

OMe 

C i OMe 

I 
Cr(CO)3 

major 

I 
Cr(CO)3 

major 

OMe 

I 
Cr(CO)3 

maj°r major 

Figure 10.4 Regioselectivity of Arene Alkylation 
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a) Li—R' 
-i 

b) l2 

Cr(CO)3 Y Y R' Y 

a. R' = C(Me)2CN; R = H; Y = Me (thermodynamic) 99 : 1 (92%) 
b. R' = (1,3-dithianyl); R = H; Y = Me (kinetic) 14 : 86 (68%) 
c. R' = C(Me)2CN; R = CH2SiMe3 (steric) 17 83 (82%) 
d. R' = C(Me)2CN; R = CH2SiMe3; Y = Si(tBu)(Me)2 (steric) 95 5 (78%) 

Figure 10.5 Regioselectivity of Indole Alkylation 

Despite these complexities, alkylation reactions of arenechromium tricarbonyl 

compounds have been used in a number of complex systems (Eq. 10.9),22 (Eq. 

10.10),23 and (Eq. 10.11).24 

Eq. 10.9 

Eq. 10.10 

Eq. 10.11 
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Although release of the alkylated arene from the r|5-cyclohexadienyl complex 

is usually accomplished by oxidation, it is also possible to effect a hydride 

abstraction utilizing trityl cation. This results in regeneration of the (now alkylated) 

arene complex, permitting further use of the Cr(CO)3 fragment (Eq. 10.12).25 In this 

case, ortho-alkylation is almost surely directed by the nitrogen in the benzylic 

position. 

Eq. 10.12 

R = cyclohex, NMe2; also for Ar 

Unsymmetrically 1,2- and 1,3-disubstituted rf-arenechromium tricarbonyl 

complexes are chiral, and are enantiomeric on the basis of which face the metal 

fragment occupies (Figure 10.6). They can often be resolved, and, using the chemistry 

in Eq. 10.12, they can be synthesized directly with high enantiomeric excess. This has 

been achieved both by using optically active hydrazone (SAMP) directing groups 

(Eq. 10.13),26 or by the use of chiral ligands for the organolithium reagent, to direct it 

to one of the two prochiral ortho positions (Eq. 10.14).27 

A A 

I 
M 

i 
M 

enantiomeric 
(or, 1,3) 

Figure 10.6 Chirality in Disubstituted Arene Complexes 

Reaction of rf-cyclohexadienyl complexes with electrophiles is also an 

efficient process with many synthetic applications. With carbanions which add 

reversibly, the electrophile must be a proton. With anisole as substrate this is a 

useful procedure for the synthesis of substituted cyclohexenones (Eq. 10.15).28 This 

ability of chromium to activate arenes towards nucleophilic attack, to direct the 

attack to specific positions on the arene ring, and to permit protolytic cleavage of the 

ri5-cyclohexadienyl complex to produce cyclohexenones has been used in a 

noteworthy total synthesis of acorenone B (Eq. 10.16).29 Again, protons are the only 

electrophiles that cleave the rf-cyclohexadienyl complex. Since most alkylations (see 

exceptions below) are reversible, other electrophiles react preferentially with the free 
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Eq. 10.13 

OMe 

H (1) Ph3C + 

(2) H2S04 / MeOH 

(CO)3Cr<S) R 

>93% ee 

CHO 

Eq. 10.14 

I Ph Ph 

Cr(CO)3 )—( (L*) 
MeO OMe 

2) Ph3C+ 

3) H30+ 

^0H 
R' 

Cr(CO)3 

60-75% yield 
60-98% ee 

Eq. 10.15 

Eq. 10.16 

MeO 

i 
Cr(CO)3 

0) 

(2) ox. 
(3) hydrol. 

(1) CF3COOH 

(2) NH4OH 

MeO CN 
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carbanion, regenerating the r|6-arenechromium tricarbonyl complex, and alkylating 

the electrophile. By incorporating a chiral alcohol by nucleophilic displacement of a 

fluoro group, asymmetry has been induced in the alkylation/protonation (Eq. 

10.17).30 

Cr(CO)3 

R*OK --- 
—► R —Ccr^—OR 

Cr(CO)3 

Eq. 10.17 

Since dithiane anion adds irreversibly to the r|6-arenechromium tricarbonyl 

complex, it should, in principle, be possible to trap the resulting anionic r|5- 

cyclohexadienyl complex with electrophiles other than a proton. Indeed, treatment of 

this complex with reactive alkyl halides does result in a clean reaction but, 

surprisingly, an acyl group rather than the corresponding alkyl group is introduced, 

and from the same face as the metal, resulting in clean trans difunctionalization of 

the initial arene (Eq. 10.18).31 To account for this, initial nucleophilic attack by the 

dithiane had to occur from the face opposite the metal, as expected. This is followed 

<s> 
i 

Cr(CO)3 

in 

(2) RX, CO 

Eq. 10.18 

Et, Bz, Me,\^ \ 

,Et02C^y - 
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by alkylation at the metal, then migration to an adjacent carbonyl group to produce 

an acyl intermediate. Reductive elimination from this complex would deliver the acyl 

group from the same face as the metal, resulting in the clean trans disubstitution 

observed. This chemistry works equally well with substituted naphthalenes (Eq. 

10.19).32 This one-pot addition of two carbon substituents across an arene double 

bond serves as the key step in a synthesis of the aklavinone AB ring (Eq. 10.20).32 

Eq. 10.19 

OMe 
O 

OMeV R' 

(1) RLi 

OMe 

(2) RX, CO 

Cr(CO)3 (3) ph3p or *2 
OMe 

Eq. 10.20 
C(SMe)3 

(1) (MeS)3CLi 
-78°C —> —10°C 

Cr(CO)3 (2) Mel. HMPA, CO 
MeO (3) PPh3 MeO 

4 

Asymmetry has been induced into this dialkylation process in two ways. 

Alkylation of complexed arenes having a chiral oxazoline directing group results in 

the conversion of two aromatic carbons to two new stereogenic centers with excellent 

de (Eq. 10.21).33 In this case, asymmetric induction results from alkylation of the 

arene from the face opposite the large isopropyl group. Note that allyl, benzyl, and 

propargyl groups are transferred from the metal without CO insertion, a consequence 

of their lower aptitude toward migration. The second approach parallels that used 

in Eq. 10.14, and utilized a chiral ligand for the organolithiation reagent to direct 

alkylation to one of the two prochiral ortho positions (Eq. 10.22).34 

3. Lithiation of Arenechromium Tricarbonyl Complexes35 

Complexation of an arene to chromium activates the ring towards lithiation, 

and ring-lithiated arenechromium tricarbonyl complexes are readily prepared, and 

generally reactive towards electrophiles (Eq. 10.23).36 With arenes having 

substituents with lone pairs of electrons, such as MeO, F, or Cl, lithiation always 
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N<s.O 
1) R1 Li / THF / -90°C 

2) R2X / HMPA 

R1 = Me, nBu, Ph, /V 

Cr(CO)3 

R2 = , Bn, 

Cr(CO)3 Cr(CO)3 

Eq. 10.22 

60-80% 
up to 93% ee 

Y Y 

+ BuLi 

I 
Cr(CO)3 

.0>Li 

Cr(CO)3 Cr(CO)3 

Eq. 10.23 

Y = H, OMe, F, Cl 

E+ = CO2, Mel, PhCHO, TMSCI, A 

occurs ortho to the substituted position. This process is efficient even with quite 

complex systems, and high selectivity can be achieved. For example, treatment of 

dihydrocryptopine with chromium hexacarbonyl resulted in exclusive complexation 

of the slightly more electron-rich dimethoxybenzene ring, perhaps with some 

assistance from the benzylic hydroxy group. Lithiation occurred exclusively ortho to 

the methoxy group and peri to the benzylic hydroxy group, resulting in regiospecific 

alkylation (Eq. 10.24).37 
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Eq. 10.24 

Complexed indoles are lithiated in the normally unreactive 4-position 

provided a large protecting group is present on nitrogen to suppress lithiation at the 

2-position (Eq. 10.25).38 

Eq. 10.25 

(1) BuLi/TMEDA 

He 
/ Si(iPr)3 <2> E-X 

Cr(CO)3 (3) hv 

N N 
Si(iPr)3 

E = TMS, C02Et. CQ2Me, \ 

Recall that unsymmetrically disubstituted arene complexes are chiral. 

Ortholithiation/alkylation generates just such complexes, and, as above, asymmetry 

can be induced14 several different ways. Arene complexes having a chiral benzylic 

carbon bearing a donor substituent (MeO, OCH2OCH3, NMe2) undergo clean 

ortholithiation /alkylation in excellent yield and with high diastereoselectivity. 

Asymmetric induction is thought to result from ligand-directed o-metallation to the 

ortho position which allows the bulky benzyl substituent to be on the face of the 

complex opposite the metal (Eq. 10.26).39 By using chiral ketals as directing groups, 

optically active o-substituted benzaldehyde complexes were available (Eq. 10.27).40 

An interesting use in synthesis is seen in Eq. 10.28.41 

A more versatile approach to asymmetric induction in the o-lithiation step 

involves the use of chiral organolithium reagents. In this instance, lithiated C-2 

symmetric dibenzylamine efficiently discriminated between the prochiral ortho 

positions, resulting in good yields and high enantiomeric excesses (Eq. 10.29).42 
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Eq. 10.26 

tBuLi 

Cr(CO)3 
Li. Me 

NMe2 
H 

?r(CO)3 

E-X 

favored 

jiMe 

NMe2 

Cr(CO)3 
E Me 

E-X 

H 
NMe2 

E-X = MeOS02F, Me3SiCI, Ph2PCI: also RCHO, R2CO 

Cr(CO)3 

MeO OMe 

1) BuLi 

•OMe 2) E+ 

3) 50% aq. 

h2so4 

Cr(CO)3 

70-98% 
>98% de 

Eq. 10.27 

Cr(CO)3 Cr(CO)3 

Eq. 10.28 

Cr(CO)3 

1) H+ 

2) BH4“ 

Br 

MeO^J. ch2OH 

MeO r /OMe 
Cr(CO)3 

>99% ee 

(CHO away from Cr(CO)3) 
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Eq. 10.29 

Cr(CO)3 Cr(CO)3 

60-85% ee 

X = OR, Cl, F, CON(iPr)2, N(Me)C02tBu 

E = TMS(CI), PhCHO 

4. Side Chain Activation and Control of Stereochemistry43 

Another manifestation of the "electron withdrawing" properties of the metal 

complexed to arenes is its ability to stabilize negative charge at the benzylic position 

of alkyl side chains. This allows facile benzylic alkylation of complexed arenes with 

a wide range of electrophiles (Eq. 10.30). As expected, benzylic functionalization 

occurs from the face opposite the metal with a high degree of stereo control. This is 

Eq. 10.30 

__ R 

I 
Cr(CO)3 

1) Base 

2) E+ 
Cr(CO)3 

E+ = Mel, BnBr, CH20, ArCHO, C02, tBuONO (=NO) 

most apparent with cyclic systems, since the benzylic protons are inequivalent 

because of restricted rotation (Eq. 10.31).44 Even acyclic systems undergo benzylic 

alkylation with a high degree of stereo control provided there is an ortho-substituent 

to force the benzylic substituent to adopt a single rotomeric isomer (Eq. 10.32).45 In 

some cases, ring lithiation competes with benzylic lithiation. When this occurs, the 

ring site can be blocked by silylation, which can then be removed after successful 

benzylic alkylation (Eq. 10.33).46 This entire process has been used in the synthesis of 

natural products (Eq. 10.34).47 
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Me 
Cr(CO)3 

N- 
Ph 

1) LDA 

2) RX, -78°C 

Ph 
__v N: 

I NMeH 
Cr(CO)3 

Eq. 10.32 

,_v NH2 

—£*R 

I NMeH 
Cr(CO)3 

I N NvN- 
Me\\ 

Cr(CO)3 

Ph 

MeO 

R 
Me 
Et 
nBu 
iPr 

de 
100% 
100% 
100% 
92% 

1) BuLi U^0Me 
/ OMe 

Cr(CO)3 

-► 
2) TMSCI 

cw 
/ OMe 

Cr(CO)3 

,TMS !} ?.ulri 
2) Mel 

OMe 3) BuLi 
4) CH3COCI 

Eq. 10.33 

Eq. 10.34 

Cr(CO)3 

60% 

OMe 
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Benzylic lithiation/alkylation is not restricted to arenechromium tricarbonyl 

complexes. Cationic iron arene complexes undergo multiple alkylations to give highly 

branched compounds (Eq. 10.35).48 

Most remarkably, benzyl cations are also stabilized by chromium tricarbonyl 

fragments. Complexed benzylic alcohols produce complexed cations resulting from 

acid-assisted loss of the OH group, from the face opposite the metal, to give a cation 

that is slow to racemize and which can react with a variety of nucleophiles, again 

from the face opposite the metal, resulting in overall retention (Eq. 10.36).49 If, as can 

Eq. 10.36 
L.G. anti to Cr 

i 
__ OH 

x^>—("R 
i R1 

Cr(CO)3 

hpf6 

or HBF4 
or H2SO4 

X = H, OMe 

R = H, Me; R1 = H, Me, Ph 

slow to racemize retention 

x^3>=<r 
Cr(CO)3 
+ 

NucH ,Nuc 
-► ("R 

I R1 
Cr(CO)3 

23-92% 

NucH = MeOH, EtOH, 
NH3, MeNH2, Me2NH, 
EtSH, BuMgBr 
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be the case in cyclic systems, the leaving group cannot get anti to the metal, the 

replacement reaction still proceeds, albeit more slowly, and nucleophilic attack again 

occurs from the face opposite the metal, resulting in overall inversion. This reaction 

chemistry is quite efficient with complex systems (Eq. 10.37)50 and (Eq. 10.38).51 

Eq. 10.37 

In all of the above r|6-arene complexes, the metal occupies a single face of the 

arene, and directs reaction chemistry to the opposite face of the molecule. This 

results in a very high degree of stereocontrol, and has found many uses in organic 

synthesis. A very early example of this is seen in Eq. 10.39,52 in which a-alkylation of 

an enone by complexed a-methyl indanone occurred exclusively from the face 

opposite the metal. Removal of an activated benzylic proton permitted 

intramolecular alkylation of the keto group, again from the face opposite the metal, 

resulting in clean cis stereochemistry. 

Eq. 10.39 

Racemic 2-indanol undergoes facially specific complexation, from the same 

face as the OH group, presumably directed there by complexation to the oxygen. 

These enantiomeric complexes can be resolved, and oxidation of one of the 

enantiomers produces an indanone complex which is optically active solely by virtue 

of the face of the arene occupied by the Cr(CO)3 fragment (see above). Since 
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reactions of this optically active complex occur exclusively from the face opposite 

the metal, alkylation by Grignard reagents produces a single enantiomer of the 

indanol, a-alkylation a single enantiomer of the indanone, and a-alkylation followed 

by reduction a single enantiomer of the a-alkyl indanol (Eq. 10.40).53 Similar 

transformations are feasible with tetralone.54 

Eq. 10.40 

complexation from 
same face as OH 

' 9 
V 

resolve 

GO 
Cr(CO)3 OH 

S (-) 

Cr(CO)30 

NaH 
Mel 

(i) bh4- 
£*Me ^_ 

on (2) hv, 02 j 

(1) RMgX 
-► 
(2) hv, 02 GO., 

OH 

one enantiomer 

Cr(CO)3 O 

one enantiomer 

As shown above, unsymmetrically 1,2- and 1,3-disubstituted arenechromium 

tricarbonyl complexes are chiral and are enantiomeric on the basis of which face of 

the arene the chromium tricarbonyl fragment occupies (Figure 10.5). These can be 

resolved,55 or in some cases prepared by asymmetric synthesis.56 Since reactions 

occur from the face opposite the metal, highly enantioselective reactions can be 

achieved. 

For example, nucleophilic addition to chromium-complexed, ortho- 

substituted aryl aldehydes proceeds with a high degree of stereoinduction resulting 

from addition to the aldehyde carbonyl group from the face opposite the metal. A 

single prochiral face of the aldehyde is presented to the attacking nucleophile 

because the ortho substituent strongly favors the less hindered aldehyde rotamer 

(Eq. 10.41).56 Similar factors result in high diastereoselectivity in other reactions of 

complexed aldehydes including imine alkylation (Eq. 10.42),57 (Eq. 10.43),58 and aza 

Diels-Alder reactions (Eq. 10.44).59 
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Cr(CO)3 

90-100% de 
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—{" OH 
I H 
Cr(CO)3 

Eq. 10.41 

Eq. 10.42 

Z = CN, C02Me 
R = OMe, Me, Cl 

N-Ar 
Cr(CO)3 

R0HCO2Et 
Br 

Zn 

55-95% 
>95% de 

__ RCHC02Et 

<S3>—£H 
NAr 

Cr(CO)3 H 

Eq. 10.43 

I 
Cr(CO)3 

H 

NR' •7 
OMe 

OTMS 

>98% ee 

>98% de 

Eq. 10.44 

A very nice synthetic example utilizing a majority of the features found in 

arenechromium chemistry is seen in Eq. 10.45.60 

10.3 r|2-Arenemetal Complexes61 

The transition metals which form r)6-arene complexes are all strong n- 
acceptor metal-ligand systems, binding to the electron-rich 7C-donor-cloud of the 

arene and acting as an electron-withdrawing group. In contrast, the metal-ligand 

systems which form r|2-arene complexes, particularly [Os(NH3)5]2+, have powerful o- 

donor ligands which are incapable of appreciable ^-interaction with arenes. These 

complexes show a strong preference for n-acceptor ligands such as alkenes, nitriles, 

aldehydes and alkynes, and will bind to these ligands in preference to donor ligands 

such as amines, esters, ethers, alcohols and amides. The remarkable thing about 
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Eq. 10.45 

Os(NH3)5]2+ is that it treats arenes as a source of an "olefinic" ligand, complexing a 

6k system in an r|2-fashion, essentially deconjugating the arene. Complexation to 

arenes occurs at the site which results in the minimum disruption of the 7i-system of 

the arene, and an external olefin (as in styrene) will complex in preference to an 

internal one. 

These complexese are prepared by reducing Os(NH3)53+ in the presence of the 

arene. (This procedure requires "glove box" conditions.) Decomplexation can be 

achieved by oxidation with DDQ or CAN under relatively severe conditions (Eq. 

10.46). 

+ Os(NH3)5(OTf)3 

it 

CAN / TfOH_| decomplexation 

or DDQ, or 
160°C MeCN 

r|2-Complexation of arenes can result in some remarkable reaction chemistry. 

ri2-Complexation of phenols to [Os(NH3)5]2+ allows them to react like the y-enol of 

enones, and to perform Michael additions to conjugated enones (Eq. 10.47) and (Eq. 

10.48).62 Anilines behave in a similar manner (Eq. 10.49).63 

Mg(0) 

DME/DMA 
glove box 

2+ 

■Os(NH3)5 

Eq. 10.46 

X 
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OH 
Eq. 10.47 

Z = CN, C02Me, COCH3 

Eq. 10.49 

f| , Ac20 

O 

The 4,5-r|2-complex of pyrrole is the most stable, and as expected, it 

undergoes reactions typical of enamines, addition of electrophiles at the 3-position, 

with reclosure to the 2-position with acetylene dicarboxylates. The initially formed 

3H-pyrroline complexes can also undergo nucleophilic attack by external agents as 

well (Eq. 10.50).64 

Although osmium preferentially complexes the 4,5-position of pyrroles, the 

3,4 position is also accessible. Complexation here generates an azomethine ylide. 

Synthetic Applications of Transition Metal Arene Complexes • 309 



which, in the presence of 1,3-dipolarophiles, undergoes facile cycloaddition (Eq. 

10.51).65 

Eq. 10.50 

Reactions of Os2+ complexes of furans are similar to those of pyrroles.66 

Electrophilic attack at the 4-position is favored, but because of the instability of the 

thus formed 4,5-r|2-3H furanium species, the outcome is more complex (Eq. 10.52),66 

and depends on the location of substituents on the furan. 

Eq. 10.52 
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At present, r)2-arene complexes have found little use in complex organic 
syntheses, since the reactions are stoichiometric in osmium, and some of the 
laboratory procedures are cumbersome. However, as the methodology develops, its 
unique transformation chemistry should join the arsenal of the synthetic organic 
chemist, along with other organometallic processes originally considered too arcane 
for use in organic synthesis, as organopalladium chemistry was a decade ago. 
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A 
acetaldehyde, via Wacker process, 190 

acetals, allylic, SN2' cleavage, with boron 

trifluoride alkyl cuprates, 62 

acetates, nucleophilic attack by, 29 

acetonitrile, palladium(II) chloride complex, 187 

l-acetoxy-4-chlorobut-2-ene, synthesis, from 

chloroacetoxylation of dienes, 

Pd(OAc)2-catalyzed, 267 

acetyl, migratory insertion, 24 

acid chlorides: 

branched, decarbonylation, to substituted 

olefins, 136 

conversion to ketones, mixed alkyl 

heterocuprate reagent, 61 

decarbonylation, 136 

mechanism, 136 

to aldehydes, using tributyltin hydride, 86-87 

a, y6-unsaturated, no decarbonylation, 136 

acid halides: 

with ^-hydrogens, decarbonylation, to 

primary olefins, 136 

reaction with lithium organocuprates, 59 

acorenone B, synthesis, 295-296 

acrylates, Heck reaction, 97 

acyclic system, stereochemistry control, 254 

acyl "ate" complexes: 

alkylation, to alkoxycarbene, 143-144 

in Fischer carbene complex synthesis, 143-144 

from neutral metal carbonyl, and 

organolithium reagent, 26 

see also anionic methyl acyl complexes 

acyl complexes, bridging, 139-140 

a-acyl complexes: 

carbonylative coupling, 189 

cleavage with methanol, to esters, 189 

from o-alkylpalladium(II) complexes, 189 

and main group organometallics, to ketones, 

189 

transmetallation, 78 

O-acylation, tetramethylammonium "ate" 

complexes, 154 

N-acylenamines, as coordinating group, 45 

acyloxycarbenes, reaction, to alkoxycarbene 

complexes, 154 

1,4-addition: 

to conjugated esters and ketones, with 

dilithium dicyano dialkylcuprate, 61 

to a, y6-unsaturated carbonyl substrate with 

diorganocuprates, 59 

agostic bond, in molecular hydrogen complex 

with tungsten, 20 

aklavinone, AB ring, synthesis, 298 

alcohols: 

from electrophilic cleavage of zirconium(IV) 

alkyl, 73 

protection by allylic carbonates and esters, 

265 

aldehydes: 

[3 + 2] cycloaddition, 273 

alkynyl, stereoselective aldol coupling, using 

cobalt-alkyne complexes, 229 

chiral, decarbonylation, to chiral 

hydrocarbons, 134 

conjugated, competitive 1,2-reaction with 

lithium diorganocuprates, 60 

cycloaddition, with bifunctional allyl acetates, 

palladium(0)-catalyzed, for oxygen 

heterocycles, 273 

decarbonylation, 134-135 

from acid chlorides, using tributyltin hydride, 

87 

from acyl/electrophile complexes, 26 

from acylzirconium(IV) complex cleavage, 73 

from a-acyl iron cleavage, 208-209 

hydrogenation, homogeneous catalyst, 40 

reaction, with ry3-allylnickel halides, 281 

reaction with CpFe(CO)2Na, 168 

reaction with Fischer carbene complexes, 

147-148 

a, ft-unsaturated, reduction, using iron 

hydrides, 52 

aldol reaction, stereoselective, alkynyl aldehydes 

and cobalt-alkyne complexes, 229 

alkaloid 251F, BINAP-Ru catalyzed asymmetric 

hydrogenation, in total synthesis, 49 

alkenes: 

alkoxycarbonylation, 193 

cocyclotrimerization, with alkynes, 237-238 

cyclodimerization, nickel(0) d° catalyst, 113 

cyclopropanation: 

metal-catalyzed diazoalkane 

decomposition, mechanism, 173 

using Fischer carbene complexes, 154 

using iron carbonyl complexes, 168 

dimerization by "zirconocene", 106-107 

315 



alkenes: (continued) 
electron-deficient: 

[3 + 2] cycloadditions, 
palladium(0)-catalyzed, 270-271 

Heck reaction, 97 
electron-rich: 

cycloaddition to iron(II) oxallyl cation, 
126-127 

cyclopropanation, via metallacyclobutanes, 
154 

Heck reaction, 97 
hydrometallation, to a-alkylmetal, 53 
insertion: 

into 773-allyl palladium, 266 
metal-hydrogen bond, 25 

intermolecular insertion, competing reaction, 
103-104 

intramolecular amination, with aromatic 
amines, 195 

iron(II) catalyzed: 
cationic metal dienyl complexes: 
diene complexes, preparation, 208 
1,3-diene protection by Fe2(CO)9, 204-208 
Fe2(CO)9 as 1,3-diene protecting group, 

204-208 
iron(II) alkene complexes: 
metal diene complexes, 204-220 

ligand: 
bonding mode, 6 
nucleophilic attack on: 
substrates, 5 

7T-back bonding, perpendicular acceptor, 9 
palladium(II) catalyzed: 

cr-alkylpalladium(II) complex formation, 
189 

carbon-nucleophile bond formation, 187 
carbonylative coupling, 189 
metal-carbon bond formation, 187 
nucleophilic addition/alkylation, 189 
nucleophilic addition/olefination, 190 
palladium(II) acetate, intramolecular 

alkylation of olefins by silylenol 
ethers, 199 

palladium(II) alkene complexes, 187-201 
rearrangement of 1,5-dienes, 200 
reoxidation of palladium(O) complexes, 

190 
reaction with iron carbene, C-H insertion 

products, 162 
reductive cyclodimerization, 106-115 
stoichiometric alkylation, by stabilized 

carbanions, 197 
synthesis, metathesis during 

cyclopropanation, 154 
transition metal complexes, 187-204 
transmetallation, via hydroboration, 82-83 
zirconazacyclopentene complexes: 

cleavage, 241-242 

products, 241 
see also olefin 

alkenyl halides: 
carbonylation, 94 
coupling, Suzuki coupling, 83-84 
oxidative addition, 80 
reactivity with diorganocuprates, 59 

alkenyl triflates: 
coupling, by palladium(O) transmetallation, 

88 
in palladium(II) carbonylation, 94 
Suzuki coupling, 83-84 

alkenylboranes, Suzuki coupling, 83-84 
alkoxides: 

metal carbonyls, reaction site, 26 
substitution reaction, 

r)6-fluorobenzenechromium tricarbonyl, 
290 

alkoxy, migratory aptitude, 24 
a-alkoxyalkyllithium, preparation from 

a-alkoxy tin, 66 
alkoxycarbonyl complexes, from alkoxide and 

metal carbonyls, 32 
alkoxyketenes, preparation using chromium 

carbene complexes, 164 
alkoxylation, palladium-catalyzed, dienes, 262 
alkoxymethyls, migratory aptitude, 24 
alkyl fluorsulfonate, electrophilic attack, site, 26 
alkyl halides: 

from electrophilic cleavage of zirconium(IV) 
alkyl, 73 

order of reactivity in oxidative addition, 59 
primary, alkylation with lithium 

phenylthio(f-alkyl)cuprate, 61 
alkyl nitriles, ligand, in migratory insertion, 24 
alkyl tosylates, reactivity with diorganocuprates, 

59 
alkyl triflates, electrophilic attack, site, 26 
o--alkyl-r/2-olefin, from r?4-dieneiron tricarbonyl, 

30 
alkylated allyls, from r^-allyl-r?1 -alkyl 

palladium(II) complexes, reductive 
elimination, 251 

alkylboranes, Suzuki coupling, 83-84 
trans-a-alkylcinnamaldehydes, decarbonylation, 

to cis-substituted styrenes, 134 
a-alkyls, electrophilic attack, cleavage with 

inversion, 34 
alkyls: 

ligand, bonding mode, 6 
migratory aptitude, 25 
oxidative addition, 20 

alkyltin reagent, and conjugated enones, via 
J73-allylnickel halides, 280-281 

alkynes: 
[4 -|- 2] cycloaddition, CpCo(CO)2-catalyzed, 

234 
"alkylative" heterocyclization, 226 
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bis — rj3-allyl nickel, for bicyclics, 249 
carboalumination, 75 
carbocupration, 67-68 
catalytic cyclopropenation, with diazo 

compounds, 170 
cationic iron, nucleophilic attack, 29 
ci s-addition, zirconium hydride, 73 
cobalt phthaloyl, for naphthoquinones, 

240-241 
cocyclotrimerization, with diynes, 237 
complexation, effects, 227 
cotrimerization with nitriles, for pyridines, 

237 
cycloaddition to carbenes, 156 
cyclocoupling, with isocyanates, nickel(O) 

complex catalyst, 238-239 
cyclodimerization, 107 

nickel(O) d10 catalyst, 113 
cyclooligomerization, metal-catalyzed, 

234-241 
cyclotrimerization: 

by CpCo(CO)2, 234 
diyne and b/s-trimethylsilyl acetylene, 235 
reaction limitations, 234-235 

dimerization by "zirconocene", 107 
electrophilic metal, nucleophilic attack, 29 
hydrometallation, to er-alkylmetal complexes, 

53 
insertion: 

into ?j3-allyl palladium complexes, 266 
metal-carbon o bond, 25 

intramolecular insertion, competing reaction, 
103-104 

ligand: 
bonding mode, 6 
in migratory insertion, 24 
substrates, 5 

7r-back bonding, perpendicular acceptor, 9 
protection, 227-230 
reaction, transition metal-carbon monoxide, 

240 
reaction with iron carbenes, to pyrones, 162 
reaction with unsaturated alkoxycarbene 

complexes, to hydroquinones, 158-159 
reduction, by Wilkinson's complex, 42 
reductive coupling: 

CpCo(CO)2-catalyzed, 234 
with nickel(0) complexes, 239 

reductive cyclodimerization, 106-115 
stable cobalt complexes, as protective group, 

227-230 
terminal, coupling with aryl and vinyl 

halides, 91 
transition metal complexes: 

applications, 225-242 
reactivity, 225 

transmetallation, via hydroboration, 
82-83 

zirconacyclopentadiene, for benzothiophenes, 
241 

zirconium benzyne, chemistry, 241-242 
alkynyl halides, organostannane coupling, 

palladium catalysis, 89 
allenes: 

from propargyl halides, 59 
synthesis, "Tebbe's" reagent via conversion of 

olefins to titanacyles, 180 

jj1-allyl: 
migratory aptitude, 24 
oxidatively driven reductive elimination, 128 

rj3-allyl, 128 
carbon monoxide reaction, 5-lactones, 

128-129 
from nucleophilic attack, on ?j4-dieneiron 

tricarbonyl complexes, 30 
nucleophilic attack, 32 
"slippage" exchange, 17-18 
transition metal complexes, applications, 

245-282 
allyl, "slippage" exchange, 18 
allyl acetates: 

alkene self-insertion, into r?3-allyl palladium, 
for rings, 268-269 

allylic alkylation: 
aryl and vinyl tin reagents, 256 
coupling, 256-257 
palladium catalyzed, by stabilized 

carbanions, 251-256 
NaFe(CO)3 (NO) catalyst, 277 

Group 6 metal-catalyzed reactions, 276 
palladium(O) complexes, lower reactivity, 256 
rearrangement and transfer of chirality, 199 
reduction, via palladium(O) complexes, to 

alkenes, 263 
unsymmetrical bifunctional, 

trimethylenemethane cycloaddition, 
regioselective coupling, 270 

allyl amines, from azazirconacyclopentenes, 110 
allyl carbonates, allylic alkylation, aryl and vinyl 

tin reagents, 257 
allyl chlorides, allylic alkylation, 

NaFe(CO)3(NO) catalyst, 277 
allyl epoxides, allylic alkylation, aryl and vinyl 

tin reagents, 257 
allyl formates, reduction, intramolecular, via 

palladium(O) complexes, 264 
allyl halides: 

carbonylation, 94 

cross-coupling, ??3-allylnickel halides, 279-280 
reactivity, ^-allylnickel halides, 279 

allylboranes, nucleophiles, in Pauson-Khand 
reaction, 232 

allylic acetates: 
alkylation, ?j3-allyl molybdenum catalysts, 

275-276 
773-allyl palladium, reactivity, 262 
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allylic alcohols: 
reaction with 

dicyclopentadienylzirconium(IV) 
dichloride, 112 

secondary racemic, selective reduction, 
ruthenium BINAP catalyst, 47 

selective reduction, high enantioselectivity, 46 
allylic alkylation: 

allylic group reactivity series, 253 
asymmetric induction, complications, 

253-254 
palladium-catalyzed, 251-256 
regioselectivity, 251 
NaFe(CO)3(NO) catalyst, 277 
stereoselectivity, 251 
via transmetallation, 256-258 

allylic amination: 
intermolecular, 258-259 
intramolecular, 260 

allylic chlorides: 

?73-allyl palladium, reactivity, 262 
allylic alkylation, aryl and vinyl tin reagents, 

257 
transmetallation, 76-77 

allylic ether, reaction with 
dicyclopentadienylzirconium(IV) 
dichloride, 112 

allylic halides: 
acylation, 132 
coupling, nickel carbonyl, 124-125 
reaction with lithium organocuprates, 59 

allylic transposition, allylic acetates, reaction 
with lithium organocuprates, 59 

O-allylimidates, rearrangement, palladium(II) 
chloride catalyst, 201 

rj3-allylmetals: 
palladium(II) complexes, nucleophilic attack, 

29 
preparation: 

allylic proton abstraction from 7r-olefin, 245 
1,3-diene insertion, 245 
nucleophilic attack on 1,3-diene metal 

complexes, 245 
oxidative addition, 245 
reaction of main group allyl metal complex 

with transition metals, 245 
reactivity, 246 

O-allyloxime, rearrangement to nitrones, 
palladium(II) catalyst, 201 

allyls: 
introduction, via ^-allylnickel halides, 280 
ligand: 

bonding mode, 6 
as electron donor, 4-5 

reactions, palladium-catalyzed, 250-275 
aluminum, transmetallation, 78 
amides, conjugated, from alkyne-isocyanate 

cyclocoupling, 239 

amine oxides, carbonyl ligand removal, 17 
amines: 

bicyclic, synthesis, insertion, ?j3-allyl 
palladium, 259 

ligand: 
bonding mode, 6 
cr-donor, 5 

metal carbonyl, reaction site, 26 
nucleophiles, in Pauson-Khand reaction, 230 
protection by allylic carbonates and esters, 

265 
substitution reaction, 

r?6-fluorobenzenechromium tricarbonyl, 
290 

amino: 
primary, ligand order, 15 
secondary, migratory aptitude, 25 

a-amino acid: 
derivatives, synthesis via aminocarbenes, 

166-167 
optically active, 167 

aminocarbene chromium, for a-amino acid 
derivatives, 166-167 

aminoketenes, electron-rich, preparation using 
chromium carbene complexes, 164 

aminomethylation, of (?7-cyciobutadiene)iron 
tricarbonyl, 208 

ammonia, ligand order, 15 
5-a-androstane-3,17-dione, reaction, with 

/?3-allylnickel halides, 281 

anilines, Michael addition, ??2-phenol complexes, 
308 

anti-inflammatory. Naproxen, synthesis via 
asymmetric hydrogenation, 45 

antibiotic, preparation from ketenes and imines, 
164-165 

antitumor agent: 
calicheamycin, 91 
esperamycin, 91 
preparation using cobalt complexes, 228-229 

arene: 
alkylated, oxidation of ??5-cyclohexadienyl 

arenechromium tricarbonyl, 295 . 
alkyne cyclotrimerization, 

CpCo(CO)2-catalyzed, 234 
attack by 2-lithio-l,3-dithiane, for 

J75-cyclohexadienyl complexes, 291 
chiral benzylic carbon, asymmetry, 300 
chromium complexation, effect on reaction 

chemistry, 288 
complexation, nucleophilic attack, 289 
disubstituted complexes, chirality, 295 
electrophilic attack, 31 
ligand: 

bonding mode, 6 
substrate, 5 

metal carbonyl complexed, nucleophilic 
attack, 31 
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metallation, "ortho lithiation", 85 
nucleophilic aromatic substitution, 

mechanism, 289-292 
ortholithiation, in Suzuki coupling, 85 
reaction, with cationic dienyliron complexes, 

212-213 
"slippage" exchange, 18 
stereochemistry, and side chain activation, 

302-307 
transition metal complexes, applications, 

287-311 
r}6-arene, "slippage" exchange, 17 
>?2-arenemetal complexes, 307-311 

n-acceptor ligands preference, 307 
Arthrobacillin A, BINAP-Ru catalyzed 

asymmetric hydrogenation, in total 
synthesis, 49 

aryl bromides, reaction with lithium 
organocuprates, 59 

aryl halides: 
carbonylation, 94 
nucleophilic aromatic substitution, 

arenechromium tricarbonyl, 290 
oxidative addition, 78 
to biaryls, coupling, radical chain mechanism, 

22 
aryl iodides: 

Heck reaction, 96 
reaction with lithium organocuprates, 59 
reaction with nickel tetracarbonyl: 

mechanism, 133 
to esters, 134 

aryl triflates: 
coupling: 

by palladium(O) transmetallation, 88 
to optically active biaryls, 81 
via Grignard reagents, 81 

arylglycosides, via transmetallation from 
tin, 77 

aryls: 
ligand, bonding mode, 6 
migratory aptitude, 24, 25 

aspidosperma alkaloid ring system, via 
cycloaddition with ylide, 175 

associative process, ligand substitution, 14 
(+)-astericanolide, synthesis, 249 
aza Diels-Alder reaction, 306 
azapenams, synthesis, 165 
azido, ligand order, 15 
aziridines, ring opening, 63 

B 
benzannulation, 159-160 
benzocyclobutanediones, reaction with 

CoCl(PPh3)3, 240 
benzomorphans, synthesis, 45 
benzonitrile, palladium(II) chloride complex, 

187 

benzoquinones: 
from cyclobutenedione via cobalt phthaloyl 

complexes, 240 
as palladium(O) reoxidant, 190 

benzothiophenes, from alkyne and 
zirconacyclopentadiene complexes, 241 

benzyl halides: 
carbonylation, 94 
reaction with lithium organocuprates, 59 

benzyls: 
cation, stabilized, chromium complexed, 

reactions, 304 
migratory aptitude, 24 

biallyl, synthesis, 125 
biaryls: 

from coupling aryl triflates, 81 
unsymmetrical, synthesis using diaryl 

cuprates, 61-62 
via Suzuki coupling of arylboronates, 84 

bicyclic compounds: 
by intramolecular photolysis of chromium 

alkoxycarbenes, 166 
from alkynes, via bis-rf-aWyX nickel, 249-250 
from enyne with chromium carbene 

complexes, 156-157 
preparation from diynes, 108 

bicyclic ketones, via ^-alkyl-^-allylzirconium 
complex, 108 

BINAP: 
catalyst, 42-43, 45, 47, 49 
in citronellol synthesis, 46-47 

Birch reduction, for cyclohexadienes, 212 
a, fi-bis allyl halides, cyclization, 125 
bonding: 

d electrons, transition metal series, 8-10 
7r-back, 9-10 

boron, transmetallation, 78 
boron enolates, chiral, alkynecobalt complexes, 

229 
BPE, catalyst, 43-44, 48 
BPPM, catalyst, 42-43 
(+)-brefeldin A, BINAP-Ru catalyzed 

asymmetric hydrogenation, in total 
synthesis, 49 

bromides, ligand order, 15 
bromoketones, a-substituted, to bridge bicyclic 

system, 125 
butadiene, metal-catalyzed 

cyclooligomerization, 217 
butadienes, a-acyl iron catalyst, to 

cyclopentanone, 208-209 
butenolides, from cyclobutanone, 166 
f-butyldimethylsilyl ether, reaction with 

dicyclopentadienylzirconium(IV) 
dichloride, 112 

c 
C-H insertion, vinyl, 151,153 
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calicheamycin, antitumor agent, 91 
calphostins, synthesis, 62 
camphor ester, naphthyl-substituted, 

1,4-addition with Lewis acid modified 
cuprate, 63 

(+) 1-carbacephalothin, synthesis, 165 
carbamoyl complexes: 

from amine and metal carbonyls, 26 
from metal carbonyl and amine, 26 

carbanions, stabilized, substitution reaction, 
rj6-fluorobenzenechromium tricarbonyl, 
290 

carbene complexes: 
alkynyl: 

Diels-Alder cycloaddition, 150 
reaction with enamines, 151 

aminocarbene, 144,157 
chromium heteroatom carbene complexes, 

molecular orbitals, 163 
cyclic alkoxy, 144,149 
cycloaddition of alkynes, 156-157 

tethering, 156-157 
and cyclopropanation, 153 
cyclopropyl, 161 
Dotz reaction: 

benzannulation, 159-160 
thermal, 157 

electrophilic: 
Fischer complexes, synthesis, 143-144 
heteroatom stabilized "Fischer", 143-167 
metathesis, 176-179 
nonstabilized, 167-169 
reactions, 146-147 
steric congestion, 146 

electrophilic nonstabilized, reactions, 167-169 
Fischer carbenes, heteroatoms, 147 
Group 6 complexes: 

"CO wall", 146 
Diels-Alder cycloaddition, 158,158-159 
olefin cyclopropanation, 168 
reactions, 158 

"Grubbs"-type, 143 
isonitrile insertions, 160 
ligand: 

bonding mode, 6 
in nucleophilic complexes, 179 

nucleophilic: 
metallacycle formation, 179 
methylene/alkylidene, "Schrock", 143 
opposite reactivity and bonding, from 

electrophilic, 179-182 
"Schrock" complexes, 179-182 
Wittig-reagent-like reactivity, 179-180 

organozinc reagents with chromium 
pentacarbonyl, 145 

synthesis, olefin metathesis, 154 
transition metal, applications, 143-182 
a, /3-unsaturated, cerium(IV) oxidation, 151 

unsaturated, cycloadditions, 150 
a, ^-unsaturated: 

dimethyldioxirane oxidation, 151 
reactions, 150 
tetramethylammonium salt oxidation, 151 

carboalumination, of alkynes, 75 
carbocupration, 67-68 
carbon monoxide: 

aldehyde synthesis, 24 
carboxylic acid derivative synthesis, 24 
insertion, 93 

into 7j3-allylpalladium complexes, 266 
Lewis acid effects, 24 
mechanism, 24 
metal-carbon bond, 24 

ketone synthesis, 24 
ligand: 

homoleptic complexes, 123 
in migratory insertion, 24 
7r-acceptor, 123 
substrates, 5 

metal-carbon bond, catalytic effect, 123-124 
and nucleophilic attack, 25 
7T-back bonding, longitudinal acceptor, 9 
reductive elimination promoter, 23 
Wilkinson's complex, no reaction, 42 
see also carbonyl 

a-carbon-metal bond: 
preparation, 74-78 

transmetallation/insertion, 74-78 
a-carbon-metal bond: 

alkene insertion, 25, 68-73 
alkyne insertion, 25, 68-73 
P-hydride elimination, 68 
by ligand-directed cyclometallation, 104-106 
covalency, 57 
electrophilic cleavage, 35 
equilibrium insertion, 68 
from oxidative addition/insertion, 93-104 
generation, in Fleck reaction, 93-104 
importance for organic synthesis, 57 
nucleophilic cleavage, 27 
preparation, 57-58, 78-93 

addition/transmetallation, 78-93 
reactions, 57 
reductive cyclodimerization, 106-115 

o-carbon-metal complex: 
alkene insertion, 68-73 
alkyne insetion, 68-73 
catalytic hydrogenation, 68 
hydroformylation, 68 
palladium(II)-catalyzed cycloisomerization, 

enynes, 69 
transmetallation/insertion, 74-78 

carbonylation: 
groups, 94-95 
metal carbonyl, 127-134 
metal-assisted, 26 
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nucleophilic attack of zerovalent metal, 
130-131 

carbonylative coupling: 
a-acyl complexes, 189 
via transmetallation, 78-79 

carbonyls: 
a, fi-unsaturated, reduction. Group 6 catalyst 

precursor, 51 
asymmetric hydrogenation: 

heteroatoms, 47 
ruthenium BINAP catalyst, 47 

from carbon monoxide insertion, 93-94 
insertion, to o'-acyl complexes, 78-79 
ligand: 

bonding mode, 6 
exchange, first-order, 16 
in migratory insertion, 24 
order, 15 

removal by amine oxides, 17 
a, /6-unsaturated carbonyls: 

1,4-addition, diorganocuprates, 59 
reduction. Group 6 catalyst precursor, 51 
see also carbon monoxide 

carboxylic acid: 
conjugated, reaction failure with lithium 

diorganocuprate, 60 
derivative: 

from acyl/electrophile complexes, 26 
from ketene complexes, 166 
from oxidation of carbenes, 151 

protection by allylic carbonates and esters, 
265 

cerium, oxidation of carbenes, 151 
chirality, in metal complexes, induced 

asymmetry, 169 
CHIRAPHOS, catalyst, 42-43 
chloride, ligand order, 15 
chlorides, nucleophilic attack by, 29 
chloroacetoxylation, palladium-catalyzed, 

dienes, 262 
chloromethylation, of (r?4-cyclobutadiene)iron 

tricarbonyl, 208 
chloropalladation, a-methylene lactones 

synthesis, 226 
cholestanone, reaction, with ^-allylnickel 

halides, 281 
chromium: 

r)6-arene complexes, preparation, 288 
arene metal complexes: 

preparation, 287 
stable, 287 

arenechromium tricarbonyl: 
activation of benzylic position, 302 
addition of carbon nucleophiles, 292-298 
complexation mechanism, 288 
from arene exchange with 

(naphthalene)Cr(CO)3, 288 
lithiation, 298-302 

negative charge stabilization, benzylic 
group, 302 

nucleophilic attack, 31 
preparation, 288 
reactions, 290-307 

^-arenechromium tricarbonyl complex: 
chirality, 295 
dithiane anion addition, 297 

arenechromium tricarbonyl complexes, 
chirality, 306 

r) 6-chlorobenzenechromium tricarbonyl, 
substitution rates, 290 

chromium(O) complexed trienes, 
cycloaddition, [6 + 2], 218 

chromium alkoxycarbenes, photolysis, 163 
chromium carbene complexes: 

photolysis, to esters, 166 
photolytic oxidation, 163 

chromium heteroatom carbene complexes: 
bond configurations, 163 
molecular orbitals, 163 
photochemistry, 163-164 

chromium hexacarbonyl: 
ligand exchange, 16 
recovery in Staudinger reaction, 164-165 

chromium pentacarbonyl: 
for carbene complexes, 145 
reactivity, 150 

Fischer carbene complexes, 143-144 
r?6-fluorobenzenechromium tricarbonyl, 

substitution rates, 290 
hydroquinone chromium carbonyl, in Dotz 

reaction, 157 
KjC^COjg, reaction with amides, 164 

chromium carbene complexes: 
reactions, 163-167 

[2 -|- 2] cycloaddition of ketenes, 165 
"masochistic stereoinduction", 165 
preparation of /I-lactams, 164-165 
preparation of dipeptides, 167 
synthesis of amino acids, 166-167 

chromium heteroatom carbene complexes, 
reactions, 163-167 

cis insertion, a-alkylpalladium(II) complexes, 
71 

citronellol, synthesis via asymmetric 
hydrogenation, 46 

cobalt: 
alkyne dicobalt, in Pauson-Khand reaction, 

230-231 
alkynecobalt complexes, chiral boron enolates, 

228 
?j3-allylcobalt complexes, 278 

insertion reactions, 278 
cobalt phthaloyl: 

mechanism of formation, 240-241 
preparation, 240-241 
reactions, 240-241 
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cobalt: (continued) 
cobalt-alkyne: 

and alkynyl aldehydes, stereoselective aldol 
coupling, 229 

charge stabilization, 227 
Nicholas reaction, 227-228 
propargyl cation stability, 227-228 

CoCl(PPh3)3, reaction with 
benzocyclobutanediones, 240 

CpCo(CO)2, alkyne cyclotrimerization, 234 
dicobalt octacarbonyl: 

Pauson-Khand reaction, 232 
stable alkyne, 227-228 

(triphenylphosphinedicarbonylnitrosyl) 
cobalt: 

electronic characteristics, 132-133 
reactions, 132-133 

cocyclotrimerization, for benzocyclobutanes, 
235 

Collman's reagent: 
preparation, 129-130 

Sn2 mechanism, 21 
reactions, 129-130 

cone angle, phosphine bulk measure, 16 
conjugate addition: 

acetylenic cuprates, 60 
allylic cuprates, 59 
benzylcuprates, 59 
lithium diorganocuprates, 59-60 
phenyl arylcuprates, 59 
substituted arylcuprates, 59 
vinylcuprates, 59 

coordinative saturation/unsaturation, 
definition, 4 

Cope rearrangement, palladium catalyzed, 200 
copper: 

acetylenic cuprate, conjugate addition, special 
feature, 60 

allylic cuprate, conjugate addition, 59 
arylcuprate, substituted, conjugate addition, 

61 
benzylcuprate, conjugate addition, 59 
butylphosphine stabilized organocopper 

reagent, in prostaglandin synthesis, 60 
carbocuprate alkyne, preparation, 67 
copper(I) iodide, coupling with aryl and vinyl 

halide, 91 
copper(I) triflate: 

cyclopropanation catalyst, 170 
in diazo decomposition, 170 

cuprous alkoxide, reaction stability, 60 
R2Cu(CN)Li2: 

reactivity, 61 
stability, 61 

diorganocuprate: 
1,4-addition with a, yS-unsaturated carbonyl 

substrates, 59 
aldehyde, 1,4-addition, 59 

enones, conjugate addition, 59 
iodide, 1,4-addition, 59 
ketone, 1,4-addition, 59-61 
tosylate, 1,4-addition, 59 

heterocuprate, reactivity, 60 
lithium acetylide cuprate, reactivity, 61 
lithium alkyl cuprate, preparation, 61 
lithium (di-r-butyl)phosphine alkyl cuprate, 

reactivity, 61 
lithium dialkylcuprate: 

reaction limitations, 60 
unstable substrates, 61 

lithium diorganocuprate: 
conjugate addition to enones, 58 
from copper(I) iodide and organolithium, 

58 
order of reactivity, 59 
useful halide substrates, 59 

lithium phenylthio(alkyl)cuprate, reactivity, 
60 

lithium phenylthio(r-alkyl)cuprate, for 
alkylation of primary alkyl halides, 61 

lithium f-butoxy(alkyl)cuprate, reactivity, 60 
lithium 2-thienylcuprate, reactivity, 60-61 
organocopper, chemistry, 57-68 
organocuprate: 

applications, 66-67 
chemistry, applications, 63 
functionalized, 66-67 bis(lithium bromide) 

complexes, 64 
generation, 64 
Lewis acid addition, reactivity, 63 
thermally stable, preparation, 61 
transmetallation to palladium, 91 

phenyl arylcuprate, conjugate addition, 59 
yS-silyl organocuprate, reactivity, 61 
.s/r3-hybridized dialkylcuprate, conjugate 

addition, 59 
transmetallation, 78 
vinyl cuprate: 

conjugate addition, 50 
functionalized, preparation, 67 

coupling reaction: 
in DMF, 125 
solvent effect, 125 

Crabtree's catalysts, 49 
compared to Wilkinson's catalysts, 50 

cross-coupling: 
reaction, 19 
and transmetallation, 33 

cyanides: 
ligand order, 15 
reaction stability, 60 
substitution reaction, 

r?6-fluorobenzenechromium tricarbonyl, 
290 

cyclization, alkynes, promotion by 
complexation, 228 
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cycloaddition: 
chromium(O) complexed, [6 + 2], 218 
higher-order, mechanisms, 219-220 
iron(II) oxallyl, [3 + 4], 125 
metal-catalyzed, 215-220 

[2 + 2], 215 
[2 + 2 + 1], 230-234 
[3 + 2], 215-216, 273 

dicarbonylcyclopentadienyliron(II) 
complexes, 203 

[3 + 3], 126 
[3 + 4], 125 
[4 + 2], 215 
[4 + 4], 215 
[6 + 2], 215, 218 
[6 + 4], 215, 218-220 
homo Diels-Alder, 215 

palladium(O) catalyst: 
alkene stereochemistry, 270 
using trimethylenemethane intermediates, 

270-275 
palladium-catalyzed, [2 + 2], 215 
unsymmetrical trimethylenemethane 

intermediates, isomer mixture, 273 
vinylcarbenepalladium complex, [3 + 2] 

cycloaddition, 215-216 
cyclobutadienes, ligand, bonding mode, 6 
cyclobutanones: 

Baeyer-Villager oxidation/elimination, to 
butenolides, 166 

by photolysis of chromium alkoxycarbenes, 
165 

cyclobutenediones, cobalt phthaloyl, for 
benzoquinones, 240-241 

cyclodimerization: 
alkenes and alkynes: 

using nickel(0) d10 catalyst, 113 
isonitrile insertion, 114 

cyclohepta-l,3-diene, cis 1,4-difunctionalization, 
by neutral r]3- allylmolybdenum, 210 

cycloheptadiene: 
proton abstraction, to 7r-allylmolybdenum, 

206-207 
reaction, with cationic dienyliron, 214 

cyclohepta-3,5-dienone, complexation with iron 
tricarbonyl, for a-alkylation, 205-206 

cyclohepta-2,4,6-trien-l-ol, complexation, for 
hydroboration or oxidation, 205-206 

cycloheptatriene, ligand, bonding mode, 6 
cycloheptatrienone, cycloaddition, 126 
cyclohexadienes: 

from r?5-cyclohexadienyl complexes, 33 
reaction, with cationic dienyliron, 214 

cyclohexadienyl: 
ligand: 

bonding mode, 6 
electron counting, oxidation state, 6-8 

r)5, 5 

nucleophilic attack on, cationic complexes, 
212 

r)5 -cyclohexadienyl: 
from r?6-arenechromium tricarbonyl, 33 
intermediate: 

addition of carbon nucleophiles, 292 
nucleophilic aromatic substitution of 

arenechromium tricarbonyl, 291 
with iron tricarbonyl, 33 

cyclohexanones, substituted, from anisole and 
)|5-cyclohexadienyl arenechromium 
tricarbonyl, 295-296 

cyclohexenones, 4,4-disubstituted, preparation 
using cyclohexadienyl iron, 212-213 

cyclometallation, ligand directed, 104-106 
cyclooctadiene, via bis-r}1-allyl metals, 249 
cyclooligomerization: 

alkynes, metal-catalyzed, 234-241 
butadiene, reductive dimerization, 217 

cyclopentadienone imine, from 
cyclodimerization reactions, 114 

cyclopentadienyl: 
ligand: 

bonding mode, 6 
??5, 5 

nucleophilic reaction, 18-electron cationic 
complexes, 28 

"slippage" exchange, 18 

?j5-cyclopentadienyls, "slippage" exchange, 17 
cyclopentanes: 

from [3 + 2] cycloaddition, 203 
from iron complexes, carbonyl insertion, 

202-203 
cyclopentanones: 

from butadiene and er-acyl iron catalyst, 
208-209 

from cycloaddition to iron(II) oxallyl cation, 
127 

cyclopentenones, from [2 + 2 + 1] cycloaddition, 
and alkyne dicobalt complexes, 230 

cyclopentyl aminoolefin, treatment with 
palladium(II) chloride, to chelated 
aminoolefin complexes, 195 

cyclopropanation: 
alkenes, using iron carbonyl complexes, 168 
with arylalkenoxycarbene complexes, 

153-155 
asymmetric: 

chiral ligands, 172 
mechanism, 169 

CpFe(CO)2Na reaction with 
aldehydes/ketals, limits, 168 

1,2-disubstituted alkenes, 151-152 
of electrophilic olefin, 151-152 
intramolecular, 155-157 

for polycylic ring systems, 170-171 
with iron complexes, carbene transfer, 

168 
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cyclopropanation: (continued) 
metathesis "cascade" cyclization reactions, 

171 
olefin: 

with diazo compounds, 170 
metal carbene intermediates, 170 

suppression by CO pressure, 152 
cyclopropanes, synthesis, from 

7?3-allylpalladium, 30 

D 
d electron configuration, transition elements, 

3-4 
d orbital, symmetry, 9 
decarbonylation: 

metal carbonyl, 124 
reactions, 134-136 

dendrimers, iodoarene/ ethynylbenzene 
coupling, palladium catalysts, 92 

diallyl bis sulfone: 
cyclization, Pd(dba)2-catalyzed, 266 
synthesis, from allylic alkylation of allylic 

halides, palladium-catalyzed, 266 
diazo compound: 

catalytic cyclopropanation with, 170 
metal-catalyzed decomposition, via 

unstabilized electrophilic carbenes, 
170-176 

diazoalkenes, unsaturated carbene complexes, 
cycloadditions, 150 

a-diazocarbonyl compound, catalytic 
cyclopropanation, 170 

a, a'-dibromoketones, a, a'-disubstituted, 
reaction with iron tetracarbonyl, 125 

dichlorocyclobutene, reaction with Fe2(CO)9, 
207 

dicyclohexylamide, preparation of thermally 
stable cuprates, 61 

Diels-Alder reactions, diiron bridged acyl 
complex, 139-140 

dienals, reaction with iron nonacarbonyl, 204 
diene: 

catalytic cyclopropanation, with diazo 
compounds, 170 

chloroacetoxylation, Pd(OAc)2-catalyzed, for 
l-acetoxy-4-chlorobut-2-ene, 267 

complexation with iron tricarbonyl, 205-206 
cyclic, cr-acyl iron catalyst, 208-209 
cycloaddition, to bridge bicyclic system, 

125-126 
from allyls, via palladium(O) complexes, 

264-265 
from cyclodimerization of alkenes and 

alkynes, 114 
heterocyclic, neutral ?j3-allylmolybdenum, 

reaction, 210-211 
insertion, into ??3-allyl palladium, for diene 

acetates, 267-268 

ligand, bonding mode, 6 
monocyclopropanation, 151-152 
transition metal complexes, 204-220 

r;4-diene: 
hydride abstraction, 31 
reactivity to nucleophiles, 30 

rj5-diene, cationic, nucleophilic addition, 31 
diene, alkoxylation, palladium-catalyzed, 262 
diene, chloroacetoxylation, palladium-catalyzed, 

262 
1.3- diene: 

alkylation-acylation, ^3-allylcobalt complexes, 
278 

hydrozirconation, 73 
reaction with Fe(CO)4, 204 
1,4-reduction to Z-alkene, Group 6 catalyst 

precursor, 51 
telomerization, transition-metal catalyzed, 

246-250 
1,5-diene: 

alkene insertion, via rj3-allyl palladium, 251 
Cope rearrangement, 200 

a, fi-diene: 
and butylmagnesium chloride, with 

dicyclopentadienylzirconium(IV) 
dichloride catalyst. 111 

and n-butylmagnesium chloride, with 
dicyclopentadienylzirconium(IV) 
dichloride catalyst, 110-111 

diene acetates, synthesis, insertion, rj3-allyl 
palladium, 267-268 

1.3- dienes, cyclooligomerization, nickel(0) 
catalyst, 248 

dienes, intramolecular, cyclization, 108 
dienyls, transition metal complexes, 211-214 
dihydrocryptopine, reaction, with chromium 

hexacarbonyl, complexation sites, 299-300 
dimethoxyethene: 

complex with CpFe(CO)2(isobutene)+: 
reaction with 2,3-butandiol, for dioxene 

complexes, 202 
reactivity, 202 

dimethyldioxirane, oxidation of carbenes* 151 
a, a'-dimethylketone, stereospecific reduction, 

205-206 
1.3- diols, rj3-allyl molybdenum catalyst, aldol 

condensation, 276 
DIOP, catalyst, 42-43 
dioxyfulvenes, cycloaddition, metal-catalyzed, 

[3 + 3], 126 
DIPAMP, catalyst, 42-43 
dipeptides: 

"double diastereoselection", 167 
preparation via carbene complexes, 167 

diphenylphosphide, preparation of thermally 
stable cuprates, 61 

dissociative process, ligand substitution, 
14 
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dithiane lithium, addition, to arenechromium 
tricarbonyl, 292 

divinylcyclobutane, via bis-rj1-allyl metals, 249 
diynes: 

cocyclotrimerization: 
with alkynes, 237 

cyclodimerization, 114 
intramolecular, cyclization, 108 

dolichol, synthesis via asymmetric 
hydrogenation, 46 

Dotz reaction: 
with cyclopropylcarbenes, mechanism, 160 
heteroatom on carbene complexes, reactivity, 

160 
mechanism, 157-162 
preparation of quinone derivatives, 157 

DUPHOS, catalyst, 43-44 

E 
18-electron rule, 3-4 
18-electron system: 

"slippage" exchange, 17-18 
cationic: 

nucleophilic attack, 24 
ligand exchange promotion, 21 
saturated, transition metals, 15-16 

electron density, and oxidative addition, 19 
electrophile: 

hard, 26 
soft, 26 

electrophiles: 
attack, metals, site, 26 
cleavage with inversion, 34 

electrophilic carbenes, nucleophilic attack, 27 
enamides, Heck reaction, 97 
enamines: 

cycloaddition to iron(II) oxallyl cation, 
126-127 

from amides, via "Tebbe's" reagent, 180 
enantioselectivity, bidentate chelate 

coordination needed, 46 
ene-diynes: 

antibiotic, 91 
antitumor agent, preparation using cobalt 

complexes, 228 
enol ether: 

from esters, via "Tebbe's" reagent, 180 
Heck reaction, 97 

enolates, O-alkylation, palladium(O) complex 
catalysts, 261 

enones: 
acyclic, diorganocuprate 1,4-addition, 59-60 
alkyl substituted, diorganocuprate 

1,4-addition, 59-60 
conjugated: 

1,4-acylation, 132 
and l-trimethylsilyloxy-r;3-allylnickel 

complexes, for silenol ethers, 280-281 

1,4-addition with Lewis acid modified 
cuprate, 63 

and alkyltin reagent, via r)3-allylnickel 
halides, 280-281 

from transmetallation reaction, 74 
Heck reaction, 97 
indium(III) cocatalyst, regioselectivity, 273 
Michael addition, ^-phenol complexes, 308 
reduction: 

cyclic, diorganocuprate 1,4-addition, 59-60 
diorganocuprate 1,4-addition, mechanism, 

59-60 
a-methyl indanonechromium tricarbonyl, 

a-alkylation, 305 
enynes: 

with chromium carbene complexes, to 
bicyclics, 156-157 

cobalt complexes, for stabilized propargyl 
cation, 227-228 

cocyclotrimerization with diynes, 
palladium(0)-catalyzed, 236 

cyclization, hydrometallation, 247-248 
cycloisomerization, using palladium(II) 

catalyst, 69 
intramolecular, cyclization, 108 

epoxides: 
reaction with Fischer carbene complexes, 

147-148 
reaction with, lithium organocuprates, 59 

esperamycin, antitumor agent, 91 
ester: 

conjugated: 
1,4-addition with dilithium dicyano 

dialkylcuprate, 61 
alkyl substituted, diorganocuprate 

1,4-addition, 60 
diorganocuprate 1,4-addition, 60 

from chromium carbene complex photolysis, 
166 

hydrogenation, homogeneous catalyst, 40 
reactivity with lithium diorganocuprates, 59 
reduction, using iron hydride, 52 
synthesis, insertion, ??3-allyl palladium, 262 
P, y-unsaturated ester, from carbonylation 

reaction, 127 
Wacker process, for /5-keto compounds, 192 

estrone, synthesis, 235 
ethyl, migratory aptitude, 24 
ethylene: 

palladium(II)-catalyzed "oxidation", to 
acetaldehyde, 190 

Wilkinson's complex poison, 42 
exocyclic alkenes, preparation from 

functionalized vinyl cuprates, 67 

F 
Fischer carbene complexes: 

coordinatively unsaturated metal(0) d 6,146 

Index • 325 



Fischer carbene complexes: (continued) 
from metal hexacarbonyl and organolithium, 

143-144 
heteroatoms, 147 
iron carbene complex analogs, preparation, 

162 
nonoxygen heteroatoms, preparation, 148 
reactions: 

for alkoxycarbene complexes, 154 
aminocarbenes, 148 
bases, 148-149 
cyclopropanation of electrophilic olefins, 

152-153 
Diels-Alder, 150,158 
Dotz reaction, 157-162 
homologated carbene complexes, 147-148 
intramolecular cyclopropanation, 154-155 
metathesis, 154 
Michael addition, 150-151 
oxidation to carboxylic acids, 151 
synthesis of bicyclic compounds, 156-157 
synthesis of quinone derivatives, 157 
thermal activation, 146 
to enol ethers, 149 

five-coordinate geometry, 10 
FK506, BINAP-Ru catalyzed asymmetric 

hydrogenation, in total synthesis, 49 
fluorosulfonates: 

carbonylation, 94 
coupling, by palladium(O) transmetal- 

lation, 88 
Fluvivicine, total synthesis, 113 
formylation, of (^4-cyclobutadiene)iron 

tricarbonyl, 208 
four-coordinate geometry, 10 
Friedel-Crafts acylation, of 

(?74-cyclobutadiene)iron tricarbonyl, 208 
fused polycyclic aromatics, synthesis via 

palladium catalysts, 92 

G 
geraniol, selective reduction, 46 
(—)-gloeosporone, BINAP-Ru catalyzed 

asymmetric hydrogenation, in total 
synthesis, 49 

Grignard reaction, nickel- or 
palladium-catalyzed, 80 

bis Grignard reagent, from a, ^-dienes, with 
dicyclopentadienylzirconium(IV) 
dichloride catalyst. 111 

H 
hapticity, 17 
Heck reaction, 18, 93-104 

acrylates, 97 
alkenes, 97 
asymmetry, 99-100 
/J-hydrogen elimination, 97, 99-100,104 

conjugated enones, 97 
electron-rich alkenes, regioselectivity, 97 
enamides, 97 
enantioselectivity, 99-101 
enol ethers, 97 
examples, 95-104 
intramolecular, 98-99 
macrocycles, 99 
mechanism, 95-96 
nitriles, 97 
olefin arylation, 255 
polymer synthesis, 97-98 
related to "alkylative" heterocyclization of 

alkynes, 226 
three carbon-carbon bonds formed, 102 

heteroatom group, migratory aptitude, 24-25 
heterocyclic: 

coupling, Grignard reaction, 80 
from zirconacyclopentadiene, 107 

heterogeneous catalyst, reduction of 
carbon-carbon double bond, 39 

1,3,5-hexatrienes, preparation, 72 
homoallylic alcohols: 

in carbene complexes, cyclopropanation, 155 
from 7]3-allylnickel halides and carbonyls, 281 
selective reduction, high enantioselectivity, 46 

homogeneous catalyst: 
advantages, 40 
hydrogenation: 

bond specificity, 47 
dihydrides, 40 
monohydrides, 40 

homogeraniol, selective reduction, 46 
homopropargyl alcohols/amines, cyclization, 

225 
homoserines, synthesis, 167 
Hiickel calculation, for /73-allylpalladium, 

nucleophilic attack, 30 
humulene, cyclization, 125 
/3-hydride elimination: 

in Heck reaction, 104 
in migratory insertion, 25 

hydrides: 
ligand: 

homogeneous hydrogenation, 39 
hydroformylation, 39 
hydrometallation, 39 
in migratory insertion, 24 

migratory aptitude, 25 
oxidative addition, 20 
transition metal, synthetic applications, 39-53 

hydrido, ligand order, 15 
hydroboration: 

alkynes and alkenes, 82-83 
as transmetallation reaction, 74 

hydrocarbon activation, concerted oxidative 
addition, 20 

hydrocarboxylation, 127 
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hydroformylation, 127 
using a-carbon-metals, 68 

hydrogen, molecular, in asymmetric reduction, 
51-52 

hydrogenation: 
asymmetric: 

bidentate coordination of olefin, 42 
homogeneous, 44-45 
ruthenium BINAP catalyst, 45 
spectroscopic characterization, 42 
see also reduction, asymmetric 

catalytic: 
concerted oxidative addition, 20 
using a-carbon-metals, 68 

homogeneous: 
dihydride catalysis, 41 
monohydride catalysis, 40 

prochiral olefins, reduction, 42 
hydroquinones, from Dtz reaction, 157 
hydroxyls: 

ligand order, 15 
metal carbonyl reaction, 26 

hydroxymethyls, migratory aptitude, 24 
hydrozirconation, olefin reactivity order, 73 

I 
imides, from alkyne-isocyanate cyclocoupling, 

239 
imines: 

alkylation, 306 
bicyclic, preparation via cyclodimerization, 

114 
immobilization, in Pauson-Khand reaction, 

230 
indane, from Dotz reaction of aminoquinones, 

160 
2-indanol, racemic, chromium complexed, 

stereospecificity, and products, 305-306 
indanone, optically active, from 2-indanol 

chromium tricarbonyl, 305-306 
indene, "slippage" exchange, 18 
indium, indium(III) cocatalyst, with conjugated 

enones, regioselectivity, 273 
indoles: 

alkylation, regioselectivity, 294 
complexed, nucleophilic alkylation, 293-294 
lithiation, via arenechromium tricarbonyl, 

4-position product, 300 
palladium(II) complex, amination, 226 
via zirconabenzyne intermediate, 242 

(—)-indolizidine 223AB, BINAP-Ru catalyzed 
asymmetric hydrogenation, in total 
synthesis, 49 

insertion, to a-carbon-metal complex, 74-78 
intramolecular process, Heck reaction, 

regioselectivity, 98-99 
iodides, ligand order, 15 

iridium: 
/73-allyl complex, 275-276 
cyclooctadienyl iridium(I) complexes, as 

catalyst, 49 
iridium catalyst, "super unsaturated", 49 
iridium(I) complexes: 

d6 18-electron saturated complexes, 19 
d 8 16-electron square-planar complexes, 

coordinatively unsaturated, 14 
to iridium(III) complexes, oxidative 

addition, 19 
iridium(I) coordinatively unsaturated 

16-electron d 8 square-planar, 14 
iron: 

acyclic r?5-dienyl iron, reactivity, 213-214 
cr-acyliron, cleavage to aldehydes, 208-209 
d 8-acyliron(0) complexes: 

acetic acid reaction, to aldehydes, 130-131 
alkyl iodide reaction, to unsymmetric 

ketones, 130-131 
oxidative cleavage, to carboxylic acids, 

130-131 
salt, isolation, 130-131 

a-alkyl iron and electrophile, to 
1,2-difunctionalized diene, 209 

r?1 -alkyl-)?2-olefin iron: 
cleavage, 208 
formation, 208 
reaction with carbon monoxide, 208 

alkyldicarbonylcyclopentadienyliron(II) 
complexes, reactions, 201-202 

d 8-alkyliron(0) complexes: 
acid halide reaction, to acyliron complexes, 

130-131 
alkyl iodide reaction, to unsymmetric 

ketones, 130-131 
from disodium tetracarbonylferrate, 

130-131 
oxidative cleavage, to carboxylic acids, 

130-131 
salt, isolation, 130-131 

cr-alkyliron, oxidative cleavage, 27 
cr-alkyliron(II) carbonyl, from oxidative 

addition to vinyl epoxide, 128 
a-alkyliron(II) complexes: 

carbon monoxide insertion, 201-202 
preparation by alkene exchange, 201 
reactivity like palladium(II) complexes, 201 
selective alkene protection via 

complexation, 204-208 
stability, 201 

?73-allyliron, 277 
formation, 208 

»73-allyliron lactam, from amino alcohols, 
129 

r?3-allyliron lactone: 
rearrangement, 129 
synthesis of /Mactams, 129 
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iron: (continued) 
773-allyliron tricarbonyl, nucleophilic attack, 

277 
(aminoalkylferrocenyl)phosphine, catalyst, 

secondary alkyl Grignard coupling, 80 
arene metal complexes, stable, 287 
cationic dienyliron complexes: 

electrophilicity, 212 
reactivity, 211 

chirality in iron complexes, via phosphine 
ligand, 168 

(rj4-cyclobutadiene)iron tricarbonyl: 
from dichlorocyclobutene and Fe2(CO)9, 

207 
reactions, 208 

cyclohexadienyl iron: 
for cis 1,2-disubstituted cyclohexadiene, 

212 
preparation, 212 
reactivity, 212 
regioselective reactions, 212, 214 

cyclopentadienyliron arene complex, 
preparation, 288 

CpFe(CO)2 alkyl complexes, 201-203 
CpFe(CO)2 alkyne, nucleophilic attack, 225 
CpFe(CO)2 (isobutene): 

alkene exchange reaction, 201 
preparation, 201 

CpFe(CO)2Na: 
reaction with aldehydes/ketals, 168 
reaction with methylthiomethyl chloride, 

168 
CpFe(CO) (PPh3) (OCOCHj): 

characteristics, 136 
stereochemistry, 136-137 
in synthesis of optically active compounds, 

136-137 
?74-l,3-dieneiron tricarbonyl, reactivity, 208 
r?4-dieneiron tricarbonyl, nucleophilic attack, 

30 
dienyliron carbonyl, cationic, synthesis using 

amine oxides, 17 
diiron bridged acyl complex, Diels-Alder 

reactions, 139-140 
diiron octacarbonyl, binuclear complexes, 

catalyst, 52 
ferrilactone, 128 
iron(0) coupling reaction, mechanism, 248 
iron alkyne cationic, nucleophilic attack, 29 
iron arene complexes, alkylation, branched 

compounds, 304 
iron carbene: 

reactions, with alkenes and alkynes, 162 
synthesis, 162 

iron carbonyl: 
cyclocarbonylation: 
cyclopropanation, 168 

iron hydride, from iron pentacarbonyl, as 
reducing agent, 52 

iron methylthiomethyl complexes, 
preparation, 168 

iron pentacarbonyl: 
coordinative saturation: 
ligand exchange, 16-17 
properties, 125 
reactions, 125 
reduction, to Collman's reagent, 21,129-130 
treatment with KOH, 52 

iron tetracarbonyl: 
properties, 128 
reactions, with a, a'-disubstituted 

a, a'-dibromoketone, 125 
iron tricarbonyl: 

with 5-cyclohexadienyl, 33 
diene complexes: 

iron-carbene complexes, cationic cyclization 
of polyenes, 169 

Fe2(CO)9: 
reaction with dienes, 212 
reaction with l,4-dihalo-2-butenes, 207 

iron(II) alkenes, applications, 201-204 
iron(II) C-enolates, rearrangement, 125 
iron(II) oxallyl cation, reactions, 125 
a-oxoiron complexes, preparation, 168 
Na2Fe(CO)4,162 

Collman's reagent, 21 
preparation, 129-130 
reaction chemistry, diagram, 130 
reaction limits, 131 
reaction mechanism, 130 

NaFe(CO)3(NO), allylic alkylation, alkyl 
chlorides/acetates, 277 

NaHFe2(CO)8, binuclear complexes, catalyst, 
52 

a, /3-unsaturated iron acyl: 
conjugate addition, 137-138 
diastereoselective reactions, 137-138 
enolate trapping, 137-138 
y -deprotonation-a-alkylation, 137-138 

<7-vinyliron: 
CO insertion, 225 
from CpFe(CO)2+ alkyne, 225 
synthesis, 29 

vinylogous iron acyl, alkylation reactions, 137, 
139 

iron carbene complexes, reactions, 162-163 
isocyanates: 

cocyclotrimerization, for pyridones, 238-239 
cyclocoupling, with alkynes, nickel(0) 

complex catalyst, 238-239 
isonitriles: 

azazirconacyclopentadiene complexes, 
241-242 

ligand: 
bonding mode, 6 
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7r-acceptor, 5 
7r-back bonding, longitudinal acceptor, 9 

K 
ketals: 

chiral, diastereoselective alkylation, 63 
monoalkylation with boron trifluoride alkyl 

cuprate, 62 
reaction with CpFe(CO)2N, 168 

ketene complexes: 
[2 4- 2] cycloaddition of olefins, to 

cyclobutanones, 165 
reactions: 

alcohols/ amines, 166 
for a-amino acids, 166 
imines, to produce p-lactams, for 

antibiotics, 164-165 
a-keto ester, asymmetric hydrogenation, single 

diastereoisomer, 48 
/J-keto compound, preparation, using Wacker 

process, 192 
fi-keto ester, asymmetric hydrogenation, 

diastereoisomers, 48 
a-ketohomoallylic alcohols, from r?3-allylnickel 

halides and a-diketones, 281 
ketones: 

conjugated, 1,4-addition with dilithium 
dicyano dialkylcuprate, 61 

cyclic, reaction, with rj3-allylnickel halides, 
281 

diorganocuprate, 1,4-addition, 61 
from acid chlorides, mixed alkyl 

heterocuprate reagent, 61 
from acid halides, 59 
from acyl/electrophile complexes, 26 
from bicyclic imines, 114 
reactivity with lithium diorganocuprates, 59 
reduction, using iron hydride, 52 
to conjugated esters, carbonylation, 94-95 
a, p-unsaturated ketones: 

conjugate alkylation, using mixed cuprates, 
61 

Wacker process, for /5-keto compounds, 192 

L 
lactam, and aminocarbenes, for cyclic amino 

acids, 166 
/J-lactam: 

from rj3-allyliron lactam, 129 
from intramolecular carbonylation, 94 
optically active, preparation, from chromium 

carbene complexes, 164-165 
lactone: 

from intramolecular carbonylation, 94 
reduction, using iron hydride, 52 

y-lactones, from cyclocarbonylation, 128 
^-lactones, from cyclocarbonylation, 128 
large rings, cyclization, 126 

Lewis acid modified cuprates, 1,4-addition, 
62-63 

ligand: 
anionic, 4 

mononegative, bonding mode, 5-6 
chemical properties, and oxidation state, 3 
chiral, asymmetric cyclopropanation, 172 
classes, 4 
exchange, 13-18 

bulky ligands, rate, 16 
coordinatively unsaturated 16-electron d 8 

square-planar complexes, 14 
18-electron saturated system: 
16-electron d8 square-planar complexes, 

coordinatively unsaturated, 14 
formal neutral, to formal mononegative 

ligand, 32 
incoming, order, 15 
innocent, 14 
monohapto, 5 
mononegative anionic, bonding mode, 5-6 
neutral, bonding mode, 5-6 
nucleophilic attack, 25-33 
optically active, with organocopper reagents, 

63 
7T-acceptor, 9-10 
spectator, 2, 5,14 
substitution, 13-18 

le, associative, 14 
2e, associative, 14 
SNl-like, 14 
SN2-like, 14 
see also ligand, exchange 

trans effect, 15 
transition metal coordinated, electrophilic 

attack, 34-36 
trihapto, 5 
unsaturated: 

formal insertion into cis metal-ligand bond, 
24 

in migratory insertion, 24 
7r-acceptor, 9 
cr-donor, 9 

liquid crystal dendrimers, synthesis via Suzuki 
coupling, 85 

lithiation, arenechromium tricarbonyl, ortho 
lithiation, 298-299 

lithium, organolithium reagents, chiral, 300 
lithium diorganocuprates: 

alkenyl halide reactivity, 59 
reactivity of organic substrates, 59 
triflate reactivity, 59 

lithium naphthalenide, reaction with copper 
cyanide bis(lithium bromide), 64 

M 
macrocycles: 

via intramolecular allylic amination, 260 
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macrocycles: (continued) 
via intramolecular palladium(O) 

transmetallation, 87 
macrocyclic lactones, cyclization, 125 
maleic anhydride, reductive elimination 

promoter, 23 
maleoyl complexes, intermediate in 

alkyne-transition metal-carbon monoxide 
reaction, 240 

manganese: 
arene metal complexes, stable, 287 
arylmanganese(I) complexes, 

transmetallation, to palladium(II) 
complexes, for olefination, 77-78 

"masochistic stereoinduction", 165 
mercaptides, reaction stability, 60 
mercury, transmetallation, 76 

metal(O) dw, with sp2 halides, agostic bond, 20 
metal acyl enolates, 136-139 
metal acyls: 

alcohol cleavage, 27 
amine cleavage, 27 
bridging, 139-140 

metal alkene complexes, applications, 187-204 
metal alkynes, nucleophilic attack, 225-227 
metal carbonyls: 

alkoxide reaction site, 26 
amine reaction site, 26 
anionic, strong nucleophile, 129 
cationic: 

nucleophilic attack, 128 
oxidation, cerium(VI) complexes, 128 

complexed with arene, nucleophilic attack, 31 
homoleptic, 123-124 

physical properties, 123 
with hydroxide, to metal carboxylic acid, 27 
neutral: 

and nucleophilic attack, 25 
to acyl "ate", 26 

nucleophiles, 123-124 
organic substrates, 124 
reaction, 27 

coupling, 125-127 
general, 124 

saturated, ligand exchange, 16 
metal carboxylic acid, from metal carbonyl and 

hydroxide, 27 
metal dienes: 

chirality, 205 
complexation, ligand stabilization, 208 

metal dienyls, cationic, nucleophilic attack, 
211-214 

metal-assisted carbonylation, 26 
metal-diene complexes, nucleophilic attack, 

208-211 
metal-hydrogen bond: 

alkene insertion, 25 
alkyne insertion, 26 

metallacycles: 
reactions, 106-115 
via titanium complexes, 110 

metallacyclobutanes, synthesis, 30 
metallation, ligand directed, 104-105 
metallocyclobutanes, as intermediates, 153 
metals: 

electron deficiency, and nucleophilic 
attack, 25 

electrophilic attack: 
cleavage with inversion, 34 
site, 26 

hapticity, 17 
metathesis, 154,176-179 

catalysts: 
Grubbs ruthenium, 177 
Schrock molybdenum, 177 

electrophilic carbene complexes, 176-179 
olefin, polymer synthesis, 177 
ring-closing, 178-179 

methyl, migratory aptitude, 24 
methyl acyl, anionic, see also acyl "ate" 
a-methyl lactones, synthesis via 

chloropalladation, 226 
methyl Meerwein's reagent, in acyl "ate" 

alkylation, 144 
methyl triflates, in acyl "ate" alkylation, 143-144 
methylenating reagents, 181-182 
a-methylene-y-butyrolactone, from 

/j3-(2-carboethoxyallyl)nickel bromide and 
carbonyls, 282 

methylenecyclopropene: 
cycloaddition, palladium(0)-catalyzed, 

273-274 
trimethylene methane reactions, 273-274 

Michael addition: 
r?2-phenol complexes, with conjugated enones, 

308 
of a, /S-unsaturated carbene, 150-151 

migratory insertion: 
^-hydride elimination, 24-25 
mechanism, 24 
migratory aptitude, 24-25 

mixed alkyl heterocuprates, for acid chloride to 
ketone conversion, 60 

molybdenum: 

?73-allyl molybdenum complexes, 275-276 
stereochemical control, 275-276 

arene metal complexes, stable, 287 
cationic, nucleophilic attack, 30 
CpMo(CO)2+, reactivity increase, 210 
Fischer carbene complexes, 143 
molybdenum acyl enolates, reactions, 137,139 
molybdenum(II) dienes, proton abstraction, to 

7r-allylmolybdenum, 206-207 
Mo(RNC)4(CO)2, alkylation, efficiency, 275 

neutral r^-allylmolybdenum, 240 
conversion to cationic nitrosyl, 210 
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for cyclohepta-l,3-diene cis 
1,4-difunctionalization, 210 

for diene cis 1,4-difunctionalization, 210 
Schrock molybdenum metathesis catalyst, 177 

monocyclopropanation, dienes, 151,153 
Monsanto acetic acid process, 127 
morphinans, synthesis, 45 
morphine, synthesis, 45 
R(—)muscone, synthesis using organocopper 

reagent, 64 
(-l-)-mycoticin A, BINAP-Ru catalyzed 

asymmetric hydrogenation, in total 
synthesis, 49 

N 
naphthalenes: 

"slippage" exchange, 18 
substituted, trans difunctionalization, 298 

naphthoquinones, from alkynes via cobalt 
phthaloyl, 240-241 

Naproxen, anti-inflammatory, synthesis via 
asymmetric hydrogenation, 45 

(+)-negamycin, synthesis, 198 
networks, organic, covalently linked, synthesis 

via Suzuki coupling, 85 
Nicholas reaction, cobalt-alkyne complexes, 

227-228 
nickel: 

r?3-allylnickel bromide dimer, from coupling, 
125 

j73-allylnickel carbonyl, from allylic halide 
coupling, 125 

773-allylnickel complexes, 278-282 
generation, 278 

r?3-allylnickel halides, 278-282 
allyl group introduction, 280 
chemistry, 278-279 
radical-chain process, allyl group transfer, 

279 
reaction with organic halides, 279-280 

bis-rj3-ally\ nickel, cyclooligomerization 
reactions, 249 

6is(cyclooctadiene)nickel, 278 
1,2-bz's (dimethylphosphino)ethane nickel 

chloride, as Grignard catalyst, 80 
r?3-(2-carboethoxyallyl)nickel bromide, 

reaction with carbonyls, 282 
nickel(0) catalyst: 

[4 + 4] cycloadditions, 217 
cyclooligomerization of 1,3-dienes, 243 

nickel(0) complexes: 
cycloaddition catalysis, 274 
cycloaddition with chiral ligands, 217 
cyclocoupling of alkynes with isocyanates, 

238-239 
metallacycles, reactions, 239 
reductive coupling of alkynes, 239 

to nickel(II) complexes, oxidative addition, 
19 

nickel(0) d10, catalyst, cyclodimerization of 
alkenes and alkynes, 113-114 

nickel(0)tetrakis(phosphine) complexes, 
ligand exchange rate, 16 

nickel acyl: 
anionic, 132 

nickel carbonyl, alkenyl and aryl iodides to 
esters, 133 

nickel phosphine, Grignard reaction 
cross-coupling, 80 

nickel tetracarbonyl: 
coupling, allylic halides, 125 
ligand exchange, 16 
properties, 125 
reaction, coupling, allylic halides, 124-125 
reaction with iodides: 

nickel(II) complexes, d8 16-electron 
square-planar complexes, coordinatively 
unsaturated, 14 

nitrato, ligand order, 15 
nitriles: 

cotrimerization with alkynes, for pyridines, 
237 

Heck reaction, 97 
hydrogenation, homogeneous catalyst, 40 
ligand, bonding mode, 6 
reactivity with lithium diorganocuprates, 

59 
reduction, using iron hydride, 52 

nitrito, ligand order, 15 
nitrones: 

by rearrangement of O-allyloximes, 201 
in 1,3-dipolar cycloaddition reactions, 201 
unsaturated carbene complexes, 

cycloadditions, 150 
nitrosyls, linear, 7r-back bonding, longitudinal 

acceptor, 9 
nucleophilic attack: 

on ligands, 25-33 
self exchange reaction, 28 
transition metals, 32-33 

nucleosides, via palladium(O) catalyzed allylic 
amination, 258-259 

o 
octadiene, preparation, by reductive 

dimerization, 246 
octahedral geometry, 10 
olefin: 

catalytic cyclopropanation, with diazo 
compounds, order of reactivity, 170 

cis hydroxylation, with osmium tetroxide, 
iron(III) tricarbonyl, 204 

electrophilic, cyclopropanation, 151-152 
electrophilic metal complexes, nucleophilic 

attack, 29 
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olefin: (continued) 
hydrogenation: 

competetion with isomerization, 41 
homogeneous catalyst, 40 

ligand: 
in migratory insertion, 24-25 
order, 15 
n-acceptor, 5 

metathesis, in carbene complexes, 154 
order of reactivity, 170 
oxidative addition/insertion, 95-96 
prochiral, asymmetric hydrogenation, 42 
tetrasubstituted: 

noncyclic, and Wilkinson's complexes, 42 
reduction catalysts, 50 

trisubstituted, noncyclic, and Wilkinson's 
complexes, 42 

Wilkinson's complex, reactivity, 42 
see also alkene 

oligofurans, via transmetallation, 81 
oligophenyls, synthesis via Suzuki coupling, 85 
oligo(thiophene ethynylenes), synthesis via 

palladium catalysts, 92 
oligothiophenes, via transmetallation, 81 
organic halides: 

?73-allylnickel halides, reaction mechanism, 
281 

functionalized: 
reactivity, 65 
synthesis of organocopper reagents, 65 

oxidative addition, to low valent transition 
metals, 80 

organic iodides, functionalized, with 
diethylzinc, 65 

organoboron compound, transmetallation, to 
palladium, 83 

organolithium reagent: 
and neutral metal carbonyl, 25 
to generate organocopper reagent, 64 
transmetallation, 81 

organometallic: 
ligands, classes, 4-8 
reaction mechanism, 13-37 

ft-hydride elimination, 25 
ligand exchange processes, 13-18 
migratory insertion, 24-25 
oxidative addition, 18-23 
reductive elimination, 22 

synthesis, migratory insertion, unsaturated 
ligand, 24 

organometallic complex: 
geometries: 

five-coordinate, 10 
four-coordinate, 10 
octahedral, 10 
six-coordinate, 10 
square-planar, 10 
tetrahedral, 10 

trigonal bipyramidal, 10 
"ortho lithiation", 105 

arene metallation, 85 
orthopalladation: 

alkene insertion, 105 
carbonyl insertion, 105 
ligand directed, 104-105 

osmium: 
arene metal complexes, stable, 287 
osmium furan complexes, 310 
[Os(NH3)5]2+, »72-arene complex formation, 

307 
4,5-r?2-pyrrole complex, cycloaddition, 

309-310 
osmium tetroxide, olefin cis hydroxylation, 

iron(III) tricarbonyl, 204 
oxazolines, chiral, trans difunctionalization, 

diastereoselectivity, 298 
oxidation state, definition, 2-3 
oxidative addition, 18-23 

alkynes and alkenes, via hydroboration, 82-83 
mechanism, 18-23 
palladium(O) catalyst, 79 
radical chain, aryl halides to biaryls, 22 
reactivity, electron-rich substrates, 78 
to transition metal hydride, 39 
transition metals, 78 

oxo reaction, 127 
oxyCope rearrangement, palladium(II) catalyst, 

200 
oxygen heterocycles: 

five-membered, aldehyde cycloaddition, 
palladium(0)-catalyzed, 273 

from cr-alkylpalladium(II) and alcohol, 192 

P 
n* orbital, symmetry, 9 
7T-back bonding: 

ligands: 
longitudinal acceptors, 9 
perpendicular acceptors, 9 

7r-bonding, details, 9 
7T-unsaturated hydrocarbon, nucleophilic attack, 

28 
palladium: 

cr-alkenylpalladium(II) complexes, protolytic 
cleavage, 226 

a-alky\-n-ally 1 palladium(II) complexes, 
reductive elimination rate, 256 

a-alkylpalladium, intramolecular formation, 
266 

cr-alkylpalladium(II) complexes: 
for alcohol addition to alkenes, 194 
amine reactions, 196 
$-elimination, 71,198 
carbon monoxide trapping, 198 
from intramolecular alcohol addition, for 

oxygen heterocycles, 192 
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from intramolecular alkene insertion, for 
bicyclics, 196-197 

from nucleophilic addition/alkylation, 
188-189 

from nucleophilic addition/olefination, 
188-189 

from a-vinyl palladium(II) complexes, 69 
monoene synthesis, 70 
multiple insertions, 71-72 
olefin insertion, 188-189 
reactions, functional groups, 70-71 
reductive elimination, to palladium(O) 

complexes, 193 
in transmetallation, 189 

/73-allyl-r71 -alkylpalladium(II) complexes, 
reductive elimination, 251 

r?3-allylpalladium: 
reactions, 250-251 

er-arylpalladium(II) complexes, 105 

bi j-J73-allylpalladium: 
reactivity, 246 
to anionic jr-olefin-r;3-^1 allyl, 246 

by transmetallation from tin, 86 
Pd(dba)2, catalyst, 251 

rj3-allylpalladium: 
acetoxylation, 262 
alkylation, 251-256 
amination, 258-259 
chloroacetoxylation, 262 
elimination, 264-265 
insertion reactions, 267-268 
precatalysts, 251 
reactions, 251-275 
transmetallation, 251, 256-258 

from transmetallation from organoboron 
compounds, 85 

palladium(O) complexes: 
on carbon, comparison with Crabtree's 

catalysts, 50 
catalysis: 
catalyst: 
catalytic allylic amination: 
cocyclotrimerization of enynes, 236 
from palladium(II) carbonylation, 94 
reoxidation, by copper(II) chloride/oxygen, 

190 
to palladium(II) complexes, oxidative 

addition, 19 
palladium(O) phosphine, catalyst, in situ 

generation, 78 
palladium catalysts: 

organostannane coupling, alkynyl halides, 
89 

polyamines, via coupling of diamines to 
dibromides, 90 

palladium chloride: 
and alkali metal chlorides, 87,187 
and nitriles, 187,190 

to ??3-allylpalladium, 30 
palladium compound: 

catalyst: 
palladium-catalyzed cycloaddition, [3 + 2], 

215-216 
palladium(II) acetate, intramolecular olefin 

alkylation promoter, 199 
palladium(II) alkene: 

alkene coordination series, 188 
applications, 187-201 
nucleophilic reaction with, 187-201 
palladium chloride as precursor, 187 

palladium(II) 6i\s(dibenzylidene acetone) 
complexes, catalyst, 251 

palladium(II) catalyst: 
O-allyloximes, rearrangement to nitrones, 

201 
carbonylation, to palladium(O) complexes, 

94 
Cope rearrangement of 1,5-dienes, 200 
cyclization of homopropargyl 

alcohols/amines, 225 
cycloisomerization of eneynes, 69 
oxyCope rearrangement, 200 
rearrangement of allylic systems, 199 
rearrangement of O-allylimidates, 201 
rearrangement of trichloromethylimidates, 

201 
palladium(II) chloride, and cyclopentyl 

aminoolefin, to chelated aminoolefin, 195 
palladium(II) complexes: 

?73-allyl metal: 
d8 16-electron square-planar complexes, 

coordinatively unsaturated, 14 
from transmetallation, 76 
stabilized by n-acceptor olefins, 69 
to palladium(O) complexes, by amines, 91 

palladium(II) olefin complexes, reactions, 189 
palladium(II) salt, in diazo decomposition, 

170 
palladium(II) sources, 188 
PdCl2(MeCN)2, for allylic alkylation, 256 
Pd(dba)2, for allylic alkylation, 256 
(Ph3P)4Pd, catalyst, 251 
<7-vinylpalladium(II) complexes, 69 

Pauson-Khand reaction, 230-234 
intermolecular, 231 

regiochemical control by homoallylic 
ligand, 232-233 

regioisomer mixture, 232-233 
intramolecular: 

for bicyclic systems, 231 
regioselective, 232-233 

mechanism, 230 
phosphines: 

basic, Wilkinson's complex poison, 42 
bulk measure, cone angle, 16 
cone angle, ligand dissociation measure, 16 
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phosphines: (continued) 
in cyclopropanation with iron complexes, 168 
ligand: 

bonding mode, 6 
o-donor, 5 

optically active, 42 
reactivity, 16 
spectator ligands, 23 
trisubstituted, ligand order, 15 

phosphonates, coupling, by palladium(O) 
transmetallation, 88 

photorefractive materials, synthesis via 
palladium catalysts, 92 

platinum, platinum(II) coordinatively 
unsaturated 16-electron d8 square- planar, 
14 

polyamines, coupling of diamines to 
dibromides, palladium catalysts, 90 

polycyclic: 
from diyne-alkyne cyclotrimerization, 235 
intramolecular cycloaddition, 

palladium(0)-catalyzed, 270-273 
polycyclization, using ?73-allylpalladium 

complexes, 266-267 
polyenes, cationic cyclization, iron-carbene 

intermediates, 169 
polyhapto, "slippage" exchange, 18 
progesterone, reaction, with ?]3-allylnickel 

halides, 281 
propargyl alcohol, in preparation of cobalt 

complexes, 227-228 
propargylic halides, reaction with lithium 

organocuprates, 59 
prostaglandin, synthesis, 60 
pyran, cyclopropanation, 155 
(—)-pyrenophorin, BINAP-Ru catalyzed 

asymmetric hydrogenation, in total 
synthesis, 49 

pyridine: 
from nitriles, cotrimerization with alkynes, 

237 
reaction with Fischer carbene, 148-149 

pyridones: 
from alkyne-isocyanate cyclocoupling, 

238-239 
from isocyanate cocyclotrimerization, 238-239 

pyridyl, ligand order, 15 
pyrimidines, from alkyne-isocyanate 

cyclocoupling, 239 
pyrones, equilibrating, 162 
pyrrole, 4,5-^2-complex, reactions, 309 
pyrrolidines, cyclopropanation, 155 

Q-R 
quinones: 

from alkynes, via transition metal-carbon 
monoxide, 240 

as palladium(O) reoxidant, 190 

reductive elimination promoter, 23 
radical chain oxidative addition, aryl halides to 

biaryls, 22 
reaction mechanisms, organometallic, 18-23 
reduction: 

asymmetric: 
using molecular hydrogen, 51-52 
see also hydrogenation, asymmetric 

iron(III) tricarbonyl, 204 
selective, racemic secondary allylic alcohol, 47 

reductive elimination, 18-23 
importance, 22 
mechanism, 18-23 

ligands in cis position, 22 
promotion by chemical and electrochemical 

oxidation, 22-23 
rhodium: 

?73-allyl complex, 275-276 
chlorotris(triphenylphosphine)rhodium: 

coordinative unsaturation, 41 
decarbonylation of acid chlorides, 136 
as decarbonylation agent, 134 
homogeneous hydrogenation catalyst, 41 
stoichiometric decarbonylation, 134 
Wilkinson's complex, 42 

rhodium catalyst, "super unsaturated", 49 
rhodium(I) complexes: 

cationic: 
cycloaddition with chiral ligands, 217 
d8 16-electron square-planar complexes, 

coordinatively unsaturated, 14 
stabilized by 7r-acceptor olefins, 69 
to rhodium(III) complexes, oxidative 

addition, 19 
rhodium(II) acetate: 

cyclopropanation, catalyst, 170 
in diazo decomposition, 170 
diazoalkane insertion, spirofused 

compounds, 172 
rhodium(II) complexes: 

catalyzed diazoalkane insertion, 173 
catalyzed N-H and O-H insertions, 173 
catalyzed optically active asymmetric 

induction, 171 
Rh6(CO)16, in diazo decomposition, 170 
[RhCl(CO)2]2, catalysis for Pauson-Khand 

reaction, 232 
Rh(H)(PPh3)3(Cl), reaction intermediate, 41 
Rh(H)(PPh3)3(CO): 

alkene reduction mechanism, 40 
specificity, terminal olefins, 40 

ruthenium: 
arene metal complexes, stable, 287 
areneruthenium complexes, synthetic organic 

route, 291 

cyclopentadienylruthenium arene complex, 
preparation, 2288-289 

Grubbs ruthenium catalysts, 177 
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ruthenium BINAP catalyst, 45 
asymmetric reduction of carbonyl, 47 
substrates, asymmetric hydrogenation, 47 

Ru3(CO)12, catalysis for Pauson-Khand 
reaction, 232 

S 
L-Selectride, reaction with 

alkyldicarbonylcyclopentadienyliron(II) 
complexes, 202-203 

self exchange reaction, and racemization, 28 
silylenol ether, synthesis, from conjugated 

enones and 1-trimethylsilyloxy- 

/j3-allylnickel complexes, 280-281 
silicon, transmetallation, 78 
silyl dienol ether, synthesis from 

(lZ)-l-[silyloxymethyl]butadiene, 51 
silylenol ether, intramolecular alkylation of 

olefins, 199 
(lZ)-l-[silyloxymethyl]butadiene, 

rearrangement. Group 6 catalyst precursor, 
51 

six-coordinate geometry, 10 
"slippage" exchange, polyhapto, 18 
spectator ligand, 2,5 

transition metal, 5 
spiro system, via intramolecular allylic 

amination, 260 
square-planar geometry, 10 
Staudinger reaction, 164-165 
Stevens rearrangement, ylides, 173,175 
Stille coupling, heteroaromatics synthesis, 89 
styrenes, cycloaddition to iron(II) oxallyl cation, 

127 
sultam amides, unsaturated, 1,4-addition with 

Lewis acid modified cuprate, 63 
Suzuki coupling, 83-85, 89 

alkenyl halides and triflates, 83 

T 
TASF, fluoride source in transmetallation, 91 
TBAF, fluoride source in transmetallation, 91 
"Tebbe's" reagent: 

advantages, 180 
conversion of olefins to titanacyles, 180 
preparation, 179 

telomerization, 1,3-dienes, transition-metal 
catalyzed, 246 

tertiary amine oxides: 
irreversible carbonyl oxidation, 17 
in Pauson-Khand reaction, 230 

tetracyanoethylene, reductive elimination 
promoter, 23 

tetrahedral geometry, 10 
tetrahydrofuran: 

cyclopropanation, 155 
fused, via ^-allylpalladium, reaction, 262 

1,2,3,4-tetrahydroisoquinoline derivatives, 
synthesis via asymmetric hydrogenation, 
45 

(-)-tetrahydrolipstatin, BINAP-Ru catalyzed 
asymmetric hydrogenation, in total 
synthesis, 49 

tetrahydropyran, via 7?3-allylpalladium, reaction, 
262 

"tetrakis", palladium(O) catalyst, 78 
tetralones, optically active, via chromium 

complexes, 306 
tetramethylammonium salt, oxidation of 

a, /3-unsaturated carbene, 154 
thallium: 

arylthallium(III) complexes, transmetallation, 
77 

transmetallation, 76 
theonellamide F, BINAP-Ru catalyzed 

asymmetric hydrogenation, in total 
synthesis, 49 

(-H)-thienamycin: 
precursor, synthesis via asymmetric 

hydrogenation, 45 
synthesis, via a -alkylpalladium(II) complexes, 

198 
thiocyanato, ligand order, 15 
thioketenes, electron-rich, preparation using 

chromium carbene complexes, 164 
thiols, Wilkinson's complex poison, 42 
tin: 

a-alkoxytin, a-alkoxyalkyl group cleavage, 
66-67 

aryl tin reagents, for allylic alkylation of allyl 
acetates, 256 

tin cocatalyst, in aldehyde cycloaddition, 273 
tin compounds, toxicity, 86 
to palladium, by transmetallation, 86 
transmetallation, 76-78 
trialkyl stannyllithium reagent, reaction with 

aldehydes, 66-67 
tributyltin hydride, with palladium(O) 

complexes, reduction of conjugated 
enones, 52-53 

triphenyltin chloride, in prostaglandin 
synthesis, 60 

vinyl tin reagents, for allylic alkylation of allyl 
acetates, 256 

titanium: 
"CpTiCFl2", carbonyl to methylene, 

mechanism, 179 
CpTiMe2Cl, to transient imidotitanium 

species, 110 
dimethyl titanocene, methyleneations, 181 
reductive dimerization, enynes and dienes, 

109 
Tebbe's reagent, 181 

titanium(IV) oxo complex, 180 
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titanocene dichloride, reaction with 
methyllithium, 181 

TMSCI, Lewis acid, 62 
N-tosyl enamines, cycloaddition to iron(II) 

oxallyl cation, 126-127 
transmetallation: 

alkene hydroboration, 74 
alkynes and alkenes, via hydroboration, 82-83 
for allylic alkylation, 256-258 
aluminum to palladium, 78 
boron to palladium, 78, 83 
copper to palladium, 78, 86, 91 
definition, 33 
germanium to palladium, 78 
in hydroboration, 83 
lithium to palladium, 78 
magnesium to palladium, 78 
mercury to palladium, 78 
nickel to palladium, 78 
organic substrate activation, 74 
organolithium reagent, 81 
organozinc halides, 81 
with palladium(O) catalyst, 78-79 
promotion using counterions, 34 
rate-limiting process, 34, 86 
silicon to palladium, 78, 90, 91 
tellurium to palladium, 78 
thallium, 76 
tin, 76, 78, 86 
tin to palladium, 78, 86 
to cr-carbon-metal complex, 74-78 
truncation, 104, 269 
zinc to palladium, 78 
zirconium to palladium, 78 
zirconium to zinc to palladium, 82 

tri-o-tolylphosphine, in Heck reaction, 96 
tributylphosphine oxide, carbonyl exchange 

catalysis, 17 
trichloromethylimidate, rearrangement, 

palladium(II) catalyst, 201 
trienes, chromium(O) complexed, [6 + 2] 

cycloaddition, 218 
triflates: 

carbonylation, 94 
coupling, by palladium(O) transmetallation, 

88 
reaction with Fischer carbene, 148 
reactivity, toward lithium diorganocuprates, 

59 
trifluoromethyl, migratory insertion, 24 
trigonal bipyramidal geometry, 10 
trimethylenemethane: 

cycloaddition intermediates, 
palladium(0)-catalyzed, 270-275 

zwitterionic, 270 
tripheny lphosphine: 

catalysts, 89 
oxidation, Wilkinson's, 42 

and palladium(II) bis(dibenzylidene acetone) 
complexes, catalyst, 251 

in palladium(II) carbonylation, 94 
palladium(II) salts, catalyst, 251 
in triflate coupling, 89 

tropane alkaloid, synthesis, mechanism, 126 
tungsten: 

r?3-allyl tungsten complexes, 275-276 
arene metal complexes, stable, 287 
Fischer carbene complexes, 143 
molecular hydrogen, agostic bond, 20 
tungsten acyl enolate, reactions, 137,139 

[2 + 2 + l]cycloaddition, Pauson-Khand 
reaction, 230-234 

u-v 
unsaturated ligand, migratory insertion, 24 
vancomycin analogs, areneruthenium 

complexes, 291 
Vaska's complex: 

nonreactivity, 22 
reactivity, radical chain mechanism, 22 

Vaska's compound, 19 
vinyl, migratory aptitude, 24, 25 
vinyl epoxide, cyclocarbonylation, with iron 

tetracarbonyl, 127 
vinyl halides, allyl transfer reaction, 

rj3-allylnickel halides, stereochemistry, 280 
vinylalane, from alkyne carboalumination, 75 
vinylcyclohexane, via bis-r)l-a\\y\ metals, 249 
vinylidene dication, from dimethoxyethene 

complex with CpFe(CO)2(isobutene)+, 202 

W 
Wacker process: 

for /8-keto compounds, 192 
internal olefins, 190-192 
palladium(II)-catalyzed ethylene "oxidation", 

to acetaldehyde, 190 
remote functional groups tolerated, 190 
with terminal alkenes, to methyl ketones, 190 

water, ligand order, 15 
Wilkinson's catalyst: see Wilkinson's complex 
Wilkinson's complex: 

comparison with Crabtree's catalysts, 50 
as decarbonylation agent, 134 
reactivity toward olefins, 42 
reduction, acid halides not tolerated, 42 
synthetic use, 42 

Wittig reaction, iron(complexed dienals) 
tricarbonyl, 204 

Y-Z 
ylides: 

from transition metal catalysis of diazo 
compounds and heteroatom lone pairs 
173-176 

Stevens rearrangement, 173,175 
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Z-a-acetamidoacrylate: 
asymmetric hydrogenation, 42-44 

mechanism, 42-44 
zinc: 

organozinc halides: 
coupling efficiency, 81 
functionalized reagents, 81 
preparation, 65 
transmetallation, 81 

transmetallation to palladium, 78 
zirconium: 

acylzirconium(IV) complexes, 73 
o -alkenylzirconium(IV) complexes: 

electrophilic cleavage, 73 
transmetallation, to palladium(II)-carbon 

complexes, 82 
?71-alkyl-rj3-allylzirconium complex, bicyclic 

ketones, 108 
alkyldicyclopentadienylzirconium(IV) 

complexes, preparation, 72 
CT-alkylzirconium(IV) complexes: 

stability, 73 
transmetallation, to nickel(II) complexes, 74 

azazirconacyclopentadiene, from isonitriles, 
241-242 

azazirconacyclopentene: 
acid cleavage to allyl amines, 110 
preparation using alkynes, 110 

chiral zirconium catalyst, separable isomers, 
113 

Cp2ZrCl2: 
carboalumination of alkynes, 75 
and a, fi-dienes, for bis Grignard reagent, 

111 
and ethylmagnesium chloride. 111 
stereochemical reactions with allylic 

groups, 112 

Cp2Zr(H)Cl: 
alkyne cis-addition, 73 
to a-alkyl zirconium(IV) complexes, 72 

transmetallation, 78 
y, 6-unsaturated alkylzirconium, preparation 

from 1,3-dienes, 73 
o--vinylzirconium(IV) complexes, 

transmetallation, 74-75 
zirconacyclopentadiene: 

preparation, 107 
reactions, 107 

zirconacyclopropane/zirconocene butene, 
preparation. 111 

zirconium benzyne: 
from Cp2Zr(Me)Cl and aryllithium 

reagents, 241-242 
insertion reactions, 241-242 

zirconium complex, cyclotrimerization of 
alkynes, 236 

zirconium hydride, as-addition of alkyne, 73 
zirconium-butene, in "zirconocene" 

preparation, 106-107 
zirconium(II)-alkene, 106 
zirconium(IV) alkyl: 

carbon monoxide insertion, 73 
electrophilic cleavage, 73 

zirconium(IV) metallacyclopropane, 106 
zirconobenzyne, reactions, 241-242 
"zirconocene": 

preparation, 106-107 
reactions, 107 

zirconocene complexes, optically active, 
asymmetric synthesis, 112 

zirconocene dichloride, catalyst, for Grignard 
reactions, 110 

Index • 337 



s 

■ 







• LIBRARY 

Amazing Help. 

http://nihlibrary.nih.gov 

10 Center Drive 
Bethesda, MD 20892-1150 

301-496-1080 



CHEMISTRY 

"Excellent for the practicing synthetic organic chemist— 

exactly what is needed." 
-Jack R. Norton, Columbia university 

Written for organic chemists, this all-new second edition offers an 
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