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Preface 

Organometallic reagents have been used by synthetic organic chemists for 

more than fifty years. Organomagnesium, lithium, and zinc compounds are 

very widely used reactants. More recently, thallium, copper, boron, and 

aluminum organometallics have found synthetic applications. The most 

recent additions to the list of useful organometallics are the organotransition 

metal compounds. The chemistry of the transition metals is already so exten¬ 

sive and unique that it is developing into a separate field. With the vast amount 

of literature being published, organic chemists have had to become more and 

more selective in their reading, and to a large extent have neglected organo¬ 

transition metal chemistry. It is the purpose of this volume to provide for the 

organic chemist a background in and a summary of organotransition metal 

chemistry. Emphasis has been placed on reaction mechanisms as much as 

possible. This, of necessity, has involved much speculation since relatively 

little has yet been done in this area. Some sense is beginning to be made of the 

large amount of empirical data available, however, and most reactions are 

now explainable although often not yet predictable. 

Organotransition metal reactions are discussed in relation to their reactions 

with specific functional groups or types of compounds rather than by metals 

since it is becoming apparent that the basic reactions of most of the transition 

metals are similar if not identical. This approach stresses the similarities of 

the metals rather than their differences and allows some basis, at least, for 

predicting products from reactions which have not been carried out. Clearly, 

the synthetic applications of transition metal compounds in organic chemistry 

eventually will be very extensive since even now many unique and synthetically 

very valuable reactions are known. 

This volume is not intended to be comprehensive but only to give a personal 

XI 



xii Preface 

view of subjects which appear to be of major importance in this rapidly 

expanding area of chemistry. It is hoped that it will encourage more organic 

chemists to use transition metal compounds as synthetic reagents and stimu¬ 

late more research in the area. 

I wish to express my appreciation to those who have read this manuscript 

and offered many helpful suggestions, particularly Professors J. G. Blann, 

T. B. Brill, P. M. Maitlis, H. Sternberg, F. G. A. Stone, and I. Wender. Special 

thanks are also due to Ms. Christine Young for help in preparing the 

manuscript. 

Richard F. Heck 



Chapter / 

Historical and Chemical 

Background 

A. DEVELOPMENT AND APPLICATIONS OF 

ORGANOTRANSITION METAL CHEMISTRY 

The subject of organotransition metal chemistry as a distinct area of chemis¬ 

try is less than twenty years old and was of relatively little interest before 

about 1960. Even though the first recognized organometallic complex, 

Zeise’s salt, K[PtCl3(C2H4)] (1), was prepared in 1827, significant interest 

in such compounds did not develop until after the structure of ferrocene was 

determined in 1952 (2) and it was subsequently realized that the transition 

metals possessed the capability of forming a wide variety of isolable organo¬ 

metallic compounds. Most earlier attempts to prepare these compounds had 

met with failure because the stabilities of the compounds are very dependent 

on the particular groups attached to the metal and stable combinations were 

not found. Considerable industrially oriented work on applications of transi¬ 

tion metals in catalytic organic reactions had been carried out prior to the 

discovery of ferrocene, but very little was known about the organometallic 

intermediates formed in these reactions. 

Although applications in the field of synthetic organic chemistry are and 

probably will remain the most important for transition metal compounds, 

the compounds themselves are of considerable theoretical interest as well 

because of the many new structures and kinds of bonding found in them. 

Some areas of biochemistry also fall within the field of organotransition 

metal chemistry since numerous biologically important compounds contain 

transition metals and the particular biological function may be caused, at 

1 



2 I. Historical and Chemical Background 

least partially, by the metal. Some of the better known biologically active 

compounds containing transition metals are vitamin B12 (cobalt), heme (iron), 

and cytochrome c (iron). Undoubtedly, many more such compounds remain 

to be discovered since transition metals occur widely in trace amounts in 

all types of living organisms. Most of the biological reactions of these com¬ 

pounds, however, probably do not involve carbon-metal-bonded species. 

Organotransition metal chemistry is distinguished from the organometallic 

chemistry of the main group metals by its greater versatility. Although reactive 

main group organometallics generally add to carbonyl compounds and some 

activated carbon-carbon double bonds, transition metal compounds fre¬ 

quently react with unactivated, unsaturated organic compounds, often in a 

catalytic manner. The reactivity of the transition metal compounds is 

associated with their strong tendency to complex with various organic and 

inorganic compounds in order to obtain (share) more electrons, usually 

enough to complete their coordination spheres and attain the electronic 

configuration of the next higher inert gas. An important, basic difference 

resulting in different chemistry is the relatively low tendency of transition 

metals to combine with oxygen or oxygen derivatives compared with the 

main group metals. 

The reactions of primary importance that transition metal complexes 

bring about at moderate temperatures (usually below 200°C) are combination 

reactions of various unsaturated molecules (such as olefins, acetylenes, and 

carbon monoxide) with each other and with other reagents in various specific 

ways to form products containing new carbon-carbon bonds. Complexing 

of the transition metal with the unsaturated molecules, in most instances, 

apparently is the key to getting the unsaturated groups to react. A great 

many new and unique reactions caused by transition metal compounds are 

now known, but the field is still in its infancy. The ultimate goal is to learn 

how to select transition metal catalysts that will specifically combine two or 

more reactive molecules together in any desired linear or cyclic manner. 

Progress has been made, but much more is needed in order to realize the full 

potential of this field of chemistry. The great value of organotransition metal 

chemistry is that often by its use organic reactions can be brought about 

very much more easily than would be possible by conventional organic 
chemistry. 

A typical example of the kinds of reactions which now can be carried 

out is the combination of ethylene and butadiene with an iron catalyst to 

produce, specifically and in high yield, cA-l,4-hexadiene (3). A more spectac- 

ch2=ch2 + ch2=chch=ch2 Fe[(CeH5)2PCH2]2Cl2 

AlEt3 

H 
\ 

ch2=chch; 
,c=c 

H 
/ 

xch3 
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ular example is the combination of six relatively simple molecules together, 

remarkably specifically, to produce a complex organic structure. Allyl 

chloride, two molecules of styrene, a water molecule, and two carbon 

monoxide groups from the transition metal reagent, tetracarbonylnickel, 

react as indicated below to form a disubstituted cyclopentenone derivative 

in 6470 yield (4). Other products are also formed in minor amounts, but the 

CH2=CHCH2C1 + 2C6H5CH=CH2 + HzO + Ni(CO)4 -* 

O 

c6 

o 

\=c 
H c6H5 

result is still an amazing example of the ability of a transition metal to bring 

about unusual and complex transformations. 

Two other important types of reactions (other than synthesis of more 

complex molecules) which transition metals may cause are molecular re¬ 

arrangements and degradation reactions. Degradation may be either of 

complex molecules into simpler ones or of smaller molecules into “fragments ’ ’ 

which then may recombine into more complex structures. Rearrangements 

vary from simple double-bond shifts to complex skeletal reorganizations. 

Strained hydrocarbons are often rearranged by transition metal compounds 

into less strained isomers. A typical example is the rearrangement of cubane 

to cuneane at room temperature catalyzed by palladium chloride (5). 

Degradation reactions vary from the relatively simple decarbonylation of 

aldehydes to hydrocarbons or olefins, to complex multiple bond cleavages 

and recombination reactions. A particularly interesting example of the last 

possibility is the conversion of apparently any olefin with titanium tetra¬ 

chloride at 300°, to trichloro-77-pentamethylcyclopentadienyltitanium in about 

25% yield (6). 

TiCfi + CnH2n 

Numerous applications of transition metal catalysis in organic syntheses 

employ the catalysts in a form which remains as a separate solid phase 
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during the reaction. Such reactions are said to be heterogeneous catalytic 

reactions. The reactants may be supplied to the catalyst in either the liquid 

or gas phase. Some reactions may be carried out heterogeneously or with 

the same or other catalysts homogeneously where all the reagents are in one 

phase, usually the liquid phase. On the other hand, many reactions are known 

which can be done only heterogeneously whereas others can be done only 

homogeneously. These differences result from the fact that different com¬ 

pounds can exist in insoluble phases than exist in solutions. The reactivities 

of transition metal complexes are often very dependent on the molecules 

or coordinating groups bonded to the metal and on the number of these 

surrounding molecules or groups. Heterogeneous catalysts are generally 

preferred for industrial applications, if there is a choice, because the catalyst 

remains in a form that can be easily recovered for reuse (or used continuously) 

and there is no problem of removing the catalyst from the reaction product. 

Although these practical considerations are economically important and 

many useful reactions can only be done heterogeneously, heterogeneous 

reactions are very complicated to study. Much research has been done on 

heterogeneous catalysis, but relatively little has been learned about reaction 

mechanisms. The major problem is that heterogeneous catalysts generally 

are not composed of a single active substance and there is no good way to 

purify and identify the active component or the reaction intermediates. 

Fortunately, homogeneous reactions do not suffer from these difficulties 

and many results obtained by studies of homogeneous catalysis also appear 

to apply to related heterogeneous reactions. Therefore, we shall be concerned 

mainly with homogeneous reactions. 

New types of catalysts are now being studied which combine the best 

features of homogeneous and heterogeneous catalysts. These catalysts which 

have known organometallic complexes chemically bonded to specific groups 

on a solid support are discussed in more detail in Chapter IY, Section B. In 

other instances it is sometimes possible to carry out known homogeneous 

reactions in the gas phase with the catalyst as a second, solid phase, in which 

case a homogeneous reaction probably occurs in a thin liquid film on the 

catalyst surface. 

B. USEFUL CONCEPTS 

The feature which distinguishes transition metals from the rest of the 

elements and is responsible to a large extent for their unique chemistry is 

the presence of only partially filled d orbitals. There are five d orbitals, each 

capable of holding two electrons for a maximum of ten electrons in that 

subshell. Transition elements and ions exist with from 0 to 10 d electrons and 

the chemical properties of the metals depend on the number of these present. 
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The number present in any given metal or ion is readily determined from a 

periodic chart, although there will often be uncertainty as to when electrons 

are in d orbitals or the next higher s orbital which is energetically similar. 

For simplicity, even though in the ground state the higher s orbital may 

contain electrons, these electrons are generally included with the d electrons 

for counting purposes. Thus, even though nickel in the zerovalent state, Ni(0), 

’'‘has a ground state configuration of [Ne] 3s,23p63d84s’2, it is conventionally 

called a d10 element. In any real molecule the metal is not in the ground state 

anyway, so this convention is not unreasonable. By the same rules then, Ni(I) 

is a d9 ion and Ni(II) is d8. 

As noted previously, the transition elements have a very strong tendency 

to obtain more electrons, generally by sharing them with other molecules, 

in order to reach the electronic configuration of the next higher inert gas. 

Ni(0), for example, needs eight more electrons to attain the krypton configura¬ 

tion. This Ni(0) can do by sharing electrons, for instance, with four carbon 

monoxides, since each molecule of carbon monoxide can share a lone pair 

of electrons. As a general rule, stable transition metal compounds will have 

the electronic configuration of the next higher inert gas, but there are many 

exceptions—a few apparently with too many electrons and some with too 

few. The compounds with apparently too many electrons probably do not use 

the extra ones. Very rarely are stable complexes formed lacking more than 

two electrons from the inert gas structure (7). In fact, if the compounds are 

limited to diamagnetic organometallic complexes of Groups IVB through VIII 

there appear to be no established exceptions to the “16- or 18-electron rule” 

(7). Why 16-electron compounds may be formed is discussed below. 

The unique reactivity of transition metal compounds very often is the 

result of the metal coordinating with two or more molecules possessing un¬ 

shared pairs of electrons which then, in the coordination sphere of the metal, 

react with each other to form new bonds and new attachments to the metal. 

The great tendency of transition metals to obtain electrons is shown by 

the fact that molecularly divided transition metals prepared in high vacuum, 

so that they do not react with air, will react rapidly at low temperatures with 

all types of organic compounds, even saturated hydrocarbons to form 

various hydrides, alkyls, olefin complexes, and carbides (8). Transition 

metals in the crystalline state are relatively unreactive, on the other hand, 

because of strong metal-metal bonding (8). Numerous compounds with 

single metal-metal bonds are known and they are often quite stable. With 

the multiple bonds which must occur in pure metal crystals the interactions 

are very strong, producing high melting and boiling points for these 

elements. 

The number of groups which will bond to a transition metal is deter¬ 

mined by the number of electrons the metal can obtain from these groups. 
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Generally, enough groups will be attached (coordinated) to the metal to give 

it the necessary number of electrons to achieve the next higher inert gas struc¬ 

ture. The geometrical arrangement of the groups about the metal, however, 

is dependent on several factors: the number of delectrons in the metal atom, 

the electronic properties of the coordinating groups (ligands), and the size of 

the ligands. Some discussion of these factors is in order since the geometrical 

arrangement of ligands about a reacting complex determines which coordin¬ 

ated groups are close enough to react. 

The s orbitals are spherically symmetrical, whereas the p and d orbitals are 

directed in space. Each of the p orbitals is directed along one of the three 

mutually perpendicular axes x, y, and z with the metal at the origin. The d 

orbitals are more complicated. The five d orbitals are of equivalent energy in 

the isolated atom. Four of the five have four equal lobes in one plane, while 

the fifth is mainly directed along one axis. The appropriate shapes, directions, 

and signs of the wave functions of the lobes are shown in Fig. 1-1. In forming 

bonds between orbitals, only lobes with the same sign of the wave function 

can interact to give a net overlap. 

Fig. 1-1. Angular probability plots of hydrogenlike orbitals. 

Both sigma (o-) and pi (77) bonds occur frequently in organotransition metal 

compounds. In the molecular orbital formalism a a bond is defined as one 

which has no nodal planes (planes where the sign of the wave function passes 

through zero) containing the internuclear axis, while a v bond has one nodal 

plane containing the internuclear axis. Possible orbital combinations are 

shown in Fig. 1-2. The tt bond between a ligand and a metal is different from 

the tt bond normally encountered between light atoms in that both a and v 

interactions are usually involved. Examples are discussed in detail in Section 
C,2 of this chapter. 
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Fig. 1-2. Overlap between atomic orbitals which will produce a and -n bonds. 

Of particular importance in the bonding of transition metals to CO and 

olefins may be the empty low-lying antibonding tt orbital, 77*, on the ligand. 

Antibonding orbitals possess an additional nodal plane which is perpen¬ 

dicular to the internuclear axis. This type of bonding is depicted later in 

Figs. 1-4 and 1-5. 

The placing of ligands around a transition metal causes the five previously 

equivalent d orbitals (energetically degenerate) to change their relative 

energies since d orbitals containing electrons directed toward ligands (also 

with electrons) will now be of higher energy than those orbitals which are 

not directed toward ligands. This effect is known as d-orbital splitting. The 

relative energies of the d orbitals in various complexes are easily approxi¬ 

mated simply by arranging the d orbitals in order of the increasing degree to 

which they are directed toward the ligands. Some approximate <i-orbital 

energy orders for the most commonly observed ligand geometries are shown 

in Fig. 1-3. 

Thus, in the square planar case, for example, the dx2_y2 orbital is directed 

toward the four ligands. The dxy orbital interacts more with the ligands than 

the dz2 orbital does with its central torus in the xy plane and the dxz and dyz 

orbitals have the least interaction. These diagrams can be used to explain 

various features of transition metal chemistry. A pertinent example is an 

explanation of why many d8 ions tend to have square-planar structures with 
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only four (two electron-donating) ligands forming 16-electron systems rather 

than the five ligands which would be required for the metals to attain the inert 

gas, 18-electron structure. The eight metal d electrons will naturally fill the 

four orbitals of lowest energy. In the square-planar system it is seen that no 

electrons need to be placed in the highest energy dx2_y2 orbital. However, if a 

fifth ligand (with two more electrons) now is added to the complex to form a 

square pyramid, the dz2 orbital aims directly at the new ligand creating a 

situation where the electronic repulsions caused by adding the fifth ligand may 

cost more energy than would be gained by completing the inert gas shell. A 

similar argument can be used to explain the reluctance of many d8 ions to 

form five-coordinate trigonal bipyramids as well. 

Fig. 1-3. Approximate relative d orbital energies for complexes with common ligand 

geometries. 

A better approximation to the true situation in metal complexes is obtained 

by using molecular orbitals rather than the simple electrostatic picture above 

where interactions between ligand and metal orbitals are ignored. The reader 

is referred to several recent publications on ligand field theory for further 

examples and a more thorough treatment of the subject (9-11). 

When eight or less d electrons are present in a complex, there is a choice of 

where these electrons may go. Unpairing of the electrons within the d orbitals 

is favored in the free ion, but in a complex, ligands may cause electron pairing 

to be more favorable. Strongly electronegative ligands, the so-called high-spin, 

spin-free, or weak-field ligands such as fluoride ion, for example, cause only a 

small d orbital splitting and unpairing of electrons is unusually favorable. The 

effect is illustrated with the FeF63~ ion (a d5 ion with high-spin ligands) which 
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has five unpaired electrons while Fe(H20)63+ (a d5 ion with low-spin ligands) 
has only one unpaired electron. Electron unpairing also may be observed even 
with normally low-spin ligands if the ligands are polydentate (attached to the 
metal by more than one group)*and complexes are formed in which coordin¬ 
ating groups in the ligand are forced into positions where there are occupied d 
ojbitals. These effects are relatively unimportant in organotransition metal 
chemistry, however, since organic ligands usually are low-spin, mono- or 
bidentate ligands. Organotransition metal complexes with odd numbers of 
electrons likewise are rather rare and in some instances are quite unstable. 

The size of ligands relative to the metal can naturally affect the geometry 
of a complex if the ligands are large enough to prevent neighboring ligands 
from assuming their most favorable bonding positions. Steric effects of this 
type are occasionally encountered and examples will be discussed later. 

The electronic effects of a variety of o-bonded transition metal groups 
have been established by measuring the base strengths of a series of m- and 
/>-(metal substituted-methyl)-pyridines. The variety of substituents used 
included — Mn(CO)5, — Mo(CO)3Cp,* —W(CO)3Cp, — Co(CN)53-, and 
—Fe(CO)2Cp. These metal groups were found to be the most powerful 
electron-supplying groups known (12, 13). When the metals are 7r-complexed 
rather than o--bonded, however, the electronic effects are reversed. Phenyl- 
acetic acid, for example, is a stronger acid when it is complexed through the 
aromatic ring to a tricarbonylchromium group than it is when it is uncom- 
plexed. The electron-withdrawing effect is about the same as if a />-nitro 
group had been placed in the phenylacetic acid (14). 

C. LIGANDS 

A wide variety of ligands is encountered in organotransition metal chem¬ 
istry. In contrast to most inorganic reactions which have been carried out in 
aqueous media with ionic complexes often containing coordinated water 
molecules, reactions of interest to organic chemists are generally carried 
out in nonaqueous solution. The complexes used are usually nonionic, have 
one or more organic ligands present, and rarely contain coordinated water 
molecules. 

Ligands can be classified most usefully according to the number of electrons 
they donate to the metal. With some ligands, however, this is an arbitrary 
decision, depending on the assumed oxidation state of the metal. The major 
difficulty arises with ligands that are named as neutral ligands by the IUPAC 
rules (see Section E) but, as such, would have an odd number of electrons, 
e.g., methyl, ethyl, phenyl, allyl, and cyclopentadienyl. These ligands could 
be considered as one-electron donors, but this leads to confusion in deter- 

* Cp = C5H5, cyclopentadienyl. 
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mining the oxidation state of the metal in complexes containing these ligands. 

For example, pentacarbonylmethylmanganese would have to be a complex 

of Mn(0), a paramagnetic d7 ion, if the methyl group were neutral, but, in 

fact, it is Mn(I), a diamagnetic d6 ion. For the purposes of classifying ligands, 

therefore, neutral groups with odd electrons will be classified as anions having 

one more electron. With this convention there are no known three-, five-, 

or seven-electron-donating ligands. 

1. One-Electron Donor Ligands 

The only significant one-electron-donating ligand encountered in transition 

metal complexes, excluding neutral ligands with an unpaired electron for 

the reasons noted above, is the hydride ion when it bridges a transition metal 

atom and another atom, e.g., in 

/H\ 
[(CO)5Cr—H—Cr(CO)5]~ (Ref. 15) and Cp2Zr B (Ref. 16) 

XH^ XH 

Bridging by other atoms such as carbon is well known with nontransition 

elements (e.g., aluminum), but is not known in transition metal complexes 

except in rare, complex, polynuclear compounds where various types of 

fractional electron-sharing sometimes appear to occur. 

2. Two-Electron Donor Ligands 

The'majority of ligands of interest in transition metal chemistry share two 

electrons with the metal. Of particular interest in organometallic reactions 

are carbon monoxide, olefins, acetylenes, phosphines, amines, pyridines, 

carbonyl compounds, and the anionic ligands, the halides, hydride (non¬ 

bridging), and the alkyl, aryl, vinyl, and acyl anions. 

Many factors enter into determining metal-ligand bond lengths. The 

explanation of the variations observed in bond lengths with the same or 

related ligands in different complexes has been that bond orders between 

metal and ligand higher than one can occur. Infrared shifts can be conveniently 

used to measure the presumed amount of multiple bonding, usually referred 

to as back bonding, of the metal to the ligand. Figures 1-4 and 1-5 show how 

carbon monoxide and ethylene may be bonding to transition metals. In 

carbon monoxide (Fig. 1-4) the molecular orbital formed by combining the 

p orbitals of the carbon and oxygen atoms forms two sets of two filled bonding 

orbitals between the atoms and two empty antibonding orbitals at the ends 

of the molecule. (Only one set is shown for simplicity, the other is perpen¬ 

dicular to the plane of the paper). A a bond is formed between one lobe of 

an unfilled metal hybrid orbital (e.g., d2sp3, dsp3, dsp2, sp3) and a filled sp 

carbon orbital. A tt bond then can be formed between the filled dxy orbital 
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Metal hybrid orbital—sp a overlap 

dxy—n* 7t overlap 

Fig. 1-4. Carbon monoxide bonded to transition metals. 

of the metal and the empty, antibonding 77-orbital of the carbon monoxide. 

The relative degree to which this back bonding may occur varies significantly 

from compound to compound and has been estimated from the carbon- 

oxygen infrared stretching frequencies of a series of metal carbonyl complexes. 

The range of absorptions varies from about 2100 cm-1 for carbonyls with 

presumed little back bonding to 1700 cm -1 in presumed strongly back-bonded 

examples. 

The bonding in olefin complexes involves the molecular orbital formed 

from two p orbitals on two olefinic carbon atoms. The 77-bonding molecular 

orbital forms a a bond with an unoccupied orbital on the metal, while the 

filled dxy orbital of the metal can form a 77-bond with the unoccupied anti¬ 

bonding orbitals of the olefin. Infrared stretching frequencies of the carbon- 

carbon bond have been used to obtain estimates of the degree of multiple 

bonding occurring in these complexes. Observed frequencies can be as much 

as 200 cm-1 lower than in the uncomplexed olefin, varying from about 1500 

to 1450 cm-1 for presumed strongly back-bonded olefins. The assignment 

of this infrared band to the olefinic group, however, has been questioned 

and further study appears necessary to establish its origin (17). The position 

of the carbon-carbon double bond relative to the other ligands in an olefin 

complex could conceivably be of importance in reactions among coordinated 

Fig. 1-5. Ethylene bonded to transition metals. 
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ligands. Generally, except in some cases where two or more of the ligands 
are bonded together (chelating ligands) and restraints are imposed or there 
are steric problems, rotation of coordinated olefinic groups with respect to 
the other ligands appears to be a low-energy process (18, 19). The transforma¬ 
tion in at least the one example where it has been determined involves rotation 
with the same side of the olefinic group always facing the metal and not a 
shift of the metal from one side of the olefin to the other (20). 

77-Complexed acetylenic groups also appear to show downward shifts of 
the triple-bond stretching frequencies from the free acetylene by about 200 
cm-1 or more. 

3. Four-Electron Donor Groups 

The four-electron donor system most frequently encountered in transition 
metal chemistry is the 77-allyl anion group. 77-Allyl complexes are very impor¬ 
tant intermediates in a variety of transition metal reactions. The allyl anion 
may also bond as a two-electron donor in which case it is called a a-bonded 
group. The w-bonded allyl anion, donating four electrons to the metal, 
can adapt various positions relative to the metal depending on the particular 
complex and the substituents on the allyl carbons. In symmetrical complexes 
the end carbons of the allyl group will be equidistant from the metal and the 
middle carbon also will be close enough to be strongly bonded. The three 
carbons of the allyl group and its five substituents will all be in approximately 
the same plane with the metal below it. Since the 77-allyl group is bent at 
about a 120° angle, two of the four terminal substituents will be closer to 
the metal (anti substituents) than the other two (syn substituents). The 
positions of hydrogen substituents in vr-allyl groups are generally determined 
readily by NMR from a combination of the hydrogen coupling constants 
and the chemical shifts. The situation can be more complicated in unsym- 
metrical (e.g., substituted) 7r-allyl complexes since the allyl group then is no 
longer symmetrically bonded to the metal. 

Fig. 1-6. Bonding of 77-allyl groups. 
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The bonding situation between the 7r-allyl group and the metal is a little 
more complicated than with olefins. The lowest energy molecular orbital of 
the allyl anion is able to form- a strong a bond with an empty d orbital of 
the metal, while the allyl antibdfiding orbital may back bond with a filled 
metal d orbital. Further bonding may occur between allyl electrons in non- 
bofiding orbitals with another unfilled d metal orbital (Fig. 1-6). 

Other related four-electron-donating groups which are occasionally en¬ 
countered in transition metal reactions'include 77-allyl-type anions, where 
one or more of the carbon atoms have been replaced by heteroatoms such 
as nitrogen,or oxygen; unsaturated alkyl anions with one or more carbon 
atoms between the o-bonding carbon and the 77-bonding olefinic group; and 
the nitrosyl anion (NO"). 

A variety of other types of four-electron-donating ligands are known in 

which two two-electron-donating ligands are bonded together in various 

ways. Frequently encountered are 77-complexed dienes, both conjugated and 

nonconjugated. The trimethylenemethane ligand is another type of four- 

electron donor, but it is only rarely encountered. It could also be classified 

as a six-electron donor dianion. 

r< /co 
Fe—CO 

XCO 

^°/co 
Fe—CO 

/ \, 
-H CO 

C6H5 

/CO 

Fe—CO 

XCO 

4. Six-Electron Donors 

The best known member of this group is the 77-cyclopentadienyl anion. 
The five carbons of the planar ring generally bond equivalently to the metal. 
Very stable complexes are often formed with this tridentate (tricoordinating) 
ligand. Ferrocene, [biscyclopentadienyliron(II)], for example, is thermally 
stable to about 500°, while the biscyclopentadienylcobalt(III) ion is stable 
to boiling aqueous permanganate (21). 
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Other six-electron-donating ligands include larger ring and open chain 
dienyl anion systems, where two double bonds and a carbon anion are in 
adjacent positions or are more widely separated. By convention, multibonded 
ligands are often drawn with only a one-line attachment to a metal, even 
though several bonds may actually be involved, in order to keep the structures 
easier to visualize. 

ch3 

Other well-known six-electron-donating ligands are the aromatic com¬ 
pounds which may share the six -n electrons of the aromatic ring with the 
metal. Heterocyclic compounds with three pairs of tt electrons such as 
pyrrole, thiophene, and pyridine are also capable of donating six electrons 
to a transition metal. Various linear and cyclic trienes other than aromatic 
compounds may act similarly. 

5. Higher Electron-Donating Ligands 

Several 77-cycloheptatrienylmetal complexes have been prepared in which 
eight-electron donation occurs. Cyclooctatetraene is also a potential eight- 
electron donor. With the higher potential donors, however, the geometry 
of the ligands is often not favorable for coordination of all the sites to the 
same metal and frequently only some of the groups are attached. Complexes 
containing single ligands donating more than eight electrons are only very 
rarely encountered in transition metal complexes. 

D. STEREOCHEMICALLY NONRIGID METAL COMPLEXES 

Many transition metal complexes with multiunsaturated ligands, where 
all the 77 electrons in the ligand are not shared with the metal, possess the 
ability to undergo internal rearrangements in which the metal moves from 
one position to another. Complexes that undergo these rearrangements are 
stereochemically nonrigid molecules. If the rearrangement results in a mole¬ 
cule with an equivalent structure, the molecule is called fluxional. The ease 



E. Nomenclature of Coordination Compounds 15 

of the rearrangement or whether it occurs at all is determined by the structure 

of the complex. Most often, stereochemical nonrigidity is detected by NMR 

studies since the rearrangements are temperature dependent and spectra 

usually change appreciably over appropriate temperature ranges (22). For 

example, tetracarbonyl-Tj--tetramethylalleneiron(O) at —60° shows three 

djlferent methyl resonances in its NMR spectrum, whereas at 25° there is 

only one. No exchange occurs with external tetramethylallene (23). Apparently 

the tetracarbonyliron group is able to move back and forth rapidly between 

the two olefinic positions in the complex at room temperature. In another 

ch3 h3c ch3 
. A \ / 
c c 
II—Fe(CO)4 
c __ 

II 
—^ c 

II II—Fe(CO) 
c c 
\ / V 

h3c ch3 ch3 

example tricarbonyl-7r-cyclooctatetraeneruthenium(0) at 25° shows only a 

single proton resonance for the cyclooctatetraene protons, even though the 

18-electron rule would predict that only two of the four double bonds of 

the ring should be coordinated to the metal and a more complex spectrum 

would have been expected. At —100° the NMR spectrum, however, shows 

the expected complex pattern for the 1,3-diene system attached to the metal. 

The changes in the spectrum with temperature indicate that the metal moves 

around the ring by a series of 1,2-shifts (22). Many different types of fluxional 

molecules are known. 

(CO)3 (CO)3 (CO)3 (CO)3 
Ru Ru Ru Ru 

E. NOMENCLATURE OF COORDINATION 

COMPOUNDS 

The field of coordination chemistry has outgrown the existing nomenclature 

rules and many problems arise in trying to name organotransition metal 

complexes. Until the rules are revised, however, the original ones must be 

used as closely as possible (24). In neutral covalent complexes the metal is 
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normally the last part of the name. A prefix of cis, trans, syn, anti, exo, endo, 

etc., goes first if it applies. Then anionic ligands, all ending in o, are listed 

in the order H~, O2-, OH-, single elements in alphabetical order, polyatomic 

inorganic anions in alphabetical order, and organic anions in alphabetical 

order. Next are listed the neutral ligands in the order HaO, NH3, other 

neutral inorganic ligands (in the arbitrary order given in Ref. 24), and 

organic ligands in alphabetical order. Any cationic ligands are then listed 

followed by the metal. The neutral ligands are named as the separated 

molecules or in the case of alkyl or aryl groups and their derivatives as radicals. 

Ambiguity arises because many ligands can be named as anions or neutral 

ligands depending on the assumed oxidation state of the metal. The conven¬ 

tion in naming complexes has been to treat cr-bonded organic groups as 

neutral radicals. Other difficulties arise in trying to name complexes containing 

new types of ligands with various 77 and a attachments to the metal. This 

problem has been solved by a method which is receiving broad usage. This 

method is to denote the number of atoms of the ligand within bonding distance 

of the metal with the prefix mono, di, tri, or tetra followed by the word 

hapto (from the Greek word haptein meaning to fasten) before the ligand (25). 

Mono-/?apto-cyclopentadienyl, written as /z^CsHs, for example, would be 

the (T-bonded two-electron-donating form of the ligand and penta-/?apta-, 

A5-C5H5, the six-electron-donating n form. 

F. MECHANISMS OF LIGAND REPLACEMENTS 

A basic knowledge of ligand substitution processes is essential in order to 

understand most organometallic reactions. The first step in a great many 

organotransition metal reactions is ligand substitution of an “inert ligand” by 

one that will take part in the reaction of interest. The rates and mechanisms 

of these substitution reactions therefore may have a major influence on the 

overall rate of an organometallic reaction. Generally, two basic reaction 

mechanisms are observed, dissociative and associative. The mechanisms are 

analogous to SN1 and SN2 reactions, respectively, in organic chemistry. 

Associative mechanisms can be further divided into two categories, one 

where the entering ligand immediately displaces the coordinated ligand 

(called an interchange mechanism) and one in which a complex is formed 

with the new ligand and then later the extra ligand is expelled. Broad general¬ 

izations can be made that square-planar complexes usually react by associative 

mechanisms and that tetrahedral, five- and six- coordinate complexes usually 

react by dissociative mechanisms, but there are exceptions. Irradiation, how¬ 

ever, often will cause first-order dissociations to occur even where they would 

not occur thermally. 



F. Mechanisms of Ligand Replacements 17 

1. Four-Coordinate Complexes 

a. Square-Planar Systems 
s' ,-T 

Many ligand replacement reactions have been studied with square-planar 

complexes. Two-term rate laws are generally found, one term involving sol¬ 

vent, L, as the displacing ligand and the other, the new ligand, Y. The letter 

1J for ligand will be used to designate solvent or some unknown ligand taking 

part in a reaction. The new ligand,. Y (or L), enters the complex from 

above or below the square plane forming a trigonal bipyramid. The 

entering and leaving ligands and the one that was originally trans to the 

leaving group are in the trigonal plane. The leaving group then departs 

and the complex reverts to square-planar geometry with the new ligand 

replacing the original one. If solvent replaces the original ligand first, then 

a second, rapid replacement of solvent occurs, probably by the same 

mechanism (26). 

T = trans ligand 1 

C = cis ligand 

d(l)/dt = fciP][L] + A:2[Y][I] = k\[\] + fca[Y][I] 

Both paths are associative reactions. Clearly, two isomers of L2X2M square- 

planar complexes exist; one has the L’s trans to each other and the other 

cis. The reaction is specific in that cis starting materials yield cis products 
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and trans yield trans products. Reaction rates of cis and trans isomers are 

often very different. The rate of loss of a ligand is very dependent on the 

ligand trans to it in square-planar complexes, whereas cis ligands usually 

have little influence on the rate. This phenomenon is known as the trans 

effect. For example, the relative rates of replacement of a chloride ligand 

by pyridine (second-order reactions) from a series of square-planar complexes 

with trans groups H, CH3, C6H5, and Cl are as follows (27). 

Compound 

Relative rate 10,000 200 

CH3 

Compound 

Relative rate 

C6H5 

The trans effect appears less important in most complexes with other than 

square-planar geometries. 

The trans effect is believed to be the result of either of two effects or a 

combination of these, a ground-state weakening of the trans bond between 

metal < and ligand and a stabilization of the activated (five-coordinated) 

complex by the activating ligand. The relative importance of the two effects 

to the overall result varies significantly from one ligand to another. The 

hydride and alkyl effects are probably almost entirely due to ground state 

weakening of the trans bond, while ligands which are able to strongly 

w-bond to the metal may exert their trans effect mainly by stabilizing the 

five-coordinate activated complex. 

Compound 

Relative rate 

Compound 

Cl 

Relative rate 1.0 
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Three of the four cis isomers related to the trans isomers in the above list 

have also been reacted. Small increases in the same direction are still seen, 

but the cis effect is only about a fifteenth as large as the trans effect. 

It is instructive to note the tremendous reactivity differences between 

analogous complexes of Ni(Ilf), Pd(II), and Pt(II) in the same chloride 

displacement reaction by pyridine where only the size of metal is varied. 

Compound 

Relative rate 

Obviously, the rates of reaction strongly depend on the size of the metal. 

The relative rates correlate with the tendency of the metals to become five- 

coordinate and overcome the repulsive effects of the dz2 electrons. 

Steric effects can be important even in square-planar complexes. The main 

result of placing larger and larger groups around a square planar metal is 

to slow down the rate of the ligand substitution process presumably because 

the entering ligand will find it increasingly difficult to enter a fifth coordina¬ 

tion position. The mechanism of reaction changes ultimately to a dissociative 

reaction when the reacting ligand can no longer directly enter the coordination 

sphere. A clear demonstration of this effect is seen in the relative rates of 

chloride replacement by water in the series of amine complexes shown below 

(28). 

h2 
x 

H 

H2C^ ^N—H 

H—N 

I 
h2cx 

-Pd+— Cl 
I 
—H 

H2 h 

h2 ch3 
/C\ I 

H2cr N—ch3 

CH3—N- 

h2c. 

-Pd+—Cl 

I 
—CH3 

X' 
H2 CH3 

H2 C2H5 

XV I 
H2C^ —C2H5 

CH3—N- 

H2Cv 

-Pd+—Cl 
I 
—C2H5 

x- 1 
h2 c2h5 

kH2o (rel) 100,000 400 1 
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Presumably the slowest compound is reacting exclusively by a dissociative 

mechanism. 

HoC' 

CH3—N- 

C2H5 
h2 I 

'C—N—C2H5 

-Pd+—Cl 

h2c- 

c2h5 
h2 I 
C—N—C2H5 

-ci- 

H2C' 

c2h5 
h2 I 

-C—N—C2H5 

CH3—N- -Pd2H 
h2o 

* CH3—N- -Pd2+—OH2 

h2c- 
"C— N—C2H5 
h2 I 

c2h5 

h2c^ 
C—N—C2H5 
h2 | 

c2h5 

h2c 
N—C2Hs 

h2 | 

c2h5 

b. Tetrahedral Systems 

Relatively few examples of ligand replacements in tetrahedral complexes 

have been studied. From the limited data it appears that dissociative mechan¬ 

isms are preferred. 
Ligand replacement reactions with tetracarbonylnickel show that rate 

depends only on the nickel carbonyl concentration. Tricarbonylnickel is 

presumably an intermediate and it reacts rapidly with the new ligand (29). 

Ni(CO)4 . CO 4- [Ni(CO)3] 

Ni(CO)3 + L ; , ± Ni(CO)3L 

These reactions are characterized by near-zero or slightly positive entropies 

of activation. There is always the question with dissociative reactions of 

whether solvent replaces the dissociated ligand before the new ligand enters. 

This question is usually answered by noting solvent effects on the rate of the 

reaction. If the reaction rates become second-order or very slow as the 

solvating ability of the solvent decreases, then solvation of the intermediate 

must be important. If solvent replacement is important, then the question 

arises as to the mechanism of its replacement. This question has rarely been 

answered. Since nickel carbonyl substitution occurs readily in hydrocarbons, 

a true tricoordinated intermediate is probably formed. Tricoordinate nickel(0) 

is coordinately unsaturated since it needs two electrons to have the krypton 

structure. In some other instances, tricoordinate nickel complexes are stable 

enough to be isolated. 

Ligand substitution reactions of tricarbonylnitrosylcobalt(I) show either 

first-order or mixed first- and second-order kinetics. The associative reactions 

therefore are not much less favorable than dissociative ones, at least in this 

system (30). 

Co(CO)3NO + L -* Co(CO)2(NO)L + CO 

-rf[Co(CO)aNO]/A = k1[Co(CO)3NO] + &2[Co(CO)3NO][L] 
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2. Pentacoordinate Complexes 

a. Square-Pyramidal Systems 

Very few transition metal complexes with this geometry are known and 

no kinetic studies have been made of their ligand replacement reactions, 

presumably, with sterically small ligands, associative mechanisms would be 

found since enough space would be available for an entering ligand to 

attack the metal directly. 

b. Trigonal-Bipyramidal Systems 

An investigation of ligand displacement reactions of one trigonal-bipyra- 

midal iron system has been carried out. Tetracarbonyl(triphenylphosphine)- 

iron(O) reacts with triphenylphosphine to form the bisphosphine derivatives 

at a rate independent of the phosphine concentration and therefore the 

reaction must be of the dissociative type (31). 

d(CO)/dt = £[Fe(CO)4P(C6H5)3] 

Similar results were obtained in trigonal-bipyramidal cobalt(I) reactions. 

Hydridotricarbonyl(trimethylolpropane phosphite*)cobalt(I) reacted with 

trimethylolpropane phosphite* to form the bisphosphite complex at a rate 

independent of the phosphite concentration (32). 

d(CO)/dt = fc[H(CO)3(TMPP)Co] 

+ CO 

The rate constant of this reaction was 106 times larger than that of the 

corresponding acetyl complex, suggesting that there is a very large trans 

effect in this trigonal-bipyramidal complex (32). 

* Correctly named l-ethyl-3,5,8-trioxa-4-phosphabicyclo[2.2.2]octane. 
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Comparison of rate constants for the reaction of triphenylphosphine with 

a series of tetracarbonylacylcobalt(I) derivatives shows how electronic and 

steric changes may influence reaction rates in trigonal-bipyramidal complexes. 

The reactions are first-order in the cobalt complex and zero-order in phos¬ 

phine. Thus, the rates of reaction under the conditions used are a direct 

measure of the tendencies for the complexes to lose a coordinated carbon 

monoxide (33). The relative rates of reaction of several complexes with 

different R groups are given in Table 1-1. The first four compounds in the 

list show the effect of increasing the electron-withdrawing character of the 

TABLE 1-1 
Relative Rates of Dissociation of 
TetracarbonyIacylcobalt(I) Derivatives at 0° in 
Ether Solution" 

Compound Relative rate 

CH3COCo(CO)4 1.0 
C1CH2CH2CH2COCo(CO)4 0.8 
CH3OCH2COCo(CO)4 0.3 
CF3COCo(CO)4 0.1 
CH3(CH2)4COCo(CO)4 1.1 
(CH3)2CHCOCo(CO)4 2.1 
(CH3)3CCOCo(CO)4 86.0 
C6H5COCo(CO)4 34.0 
/>-CH3OC6H4COCo(CO)4 50.0 
w-CH3OC6H4COCo(CO)4 18.0 
/>-N02C6H4COCo(CO)4 17.0 
P-CH3OCOC6H4COCo(CO)4 20.0 
o-CH3C6H4COCo(CO)4 28.0 
2,4,6-(CH3)3C6H2COCo(CO)4 0.02 
C6H5CH2COCo(CO)4 1.3 

From Heck (33). 
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group. The change from R = CH3 to CH2CH2CH2C1, to CH2OCH3, to 

CF3 lowered relative rates from 1.0 to 0.8 to 0.3 to 0.1. The decrease is 

relatively small because of the insulating effect of the acyl carbonyl group, 

but the trend is clear. As might have been expected, withdrawing electron 

density from the metal makes dissociation, which is itself a loss of electrons 

£fom the metal, a more difficult process. The next three examples in Table 

1-1 show that as the R group becomes larger the rates of dissociation increase. 

Relative to R = CH3, the «-butyl group increases the dissociation slightly 

to 1.1, the isopropyl group to 2.1, and the /-butyl group to 86. Steric crowding 

of the ligands is apparently relieved by dissociation of carbon monoxide. 

The next series of complexes in Table 1-1 are substituted aromatic deriva¬ 

tives. Surprisingly, the phenyl derivative is 34 times more reactive than the 

methyl compound. One explanation for this effect is that partial or complete 

phenyl migration from carbonyl carbon to cobalt accompanies the loss of 

carbon monoxide and the aromatic ring supplies electrons directly to the 

cobalt. In any case, substitution in the aromatic ring produces the expected 

electronic effects. The p-methoxyl group increases the dissociation rate, 

whereas the ra-methoxyl, p-nitro, and p-carbomethoxyl groups decrease it. 

Unexpected decreases occur when o-methyl groups are present. A single 

o-methyl group decreased the dissociation rate from 34 times the methyl 

compound to 28 times, while two o-methyls in the 2,4,6-trimethylphenyl 

derivative decreased the rate to only 0.02 times the methyl derivative. The 

only reasonable explanation for this deactivation appears to be that the ortho 
substituents are preventing aryl migration and/or solvation of the metal 

complex and that one or both of these is important in the dissociation process. 

o-Methyl groups are known to stabilize other types of transition metal com¬ 

plexes also (34). Separating the phenyl group by one carbon from the acyl 

group decreases its effect. The benzyl derivative reacts only 1.3 times more 

rapidly than the methyl compound. 

The rate of exchange of radioactive carbon monoxide for normal carbon 

monoxide in dicarbonyl-77--cyclopentadienylcobalt(I) is a second-order reaction 

dependent on both the complex and carbon monoxide (35). Presumably, 

with multidentate ligands such as the 77-cyclopentadienyl groups, a partial 

dissociation, of the ligand can occur leaving a vacant coordination position 

available for a new, external ligand to attack. The adduct can then subse¬ 

quently expel another ligand. Alternatively, the cyclopentadienyl ligand may 

be small enough to permit a six-coordinate intermediate to be formed. 

3. Hexacoordinate Complexes 

Essentially all the most common six-coordinate complexes are octahedrally 

coordinated. Since these are so common, a great deal of research has been 

carried out on their reactions. Ligand replacements typically occur by disso- 
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dative mechanisms. Reactions of metal carbonyls again provide data of 

special interest in organotransition metal chemistry. 

Ligand replacement reactions of pentacarbonylmethyl- and pentacarbonyl- 

acetylmanganese(I) have been studied extensively. Discussion of the reactions 

of the methyl compound will be considered in more detail in Chapter II, 

Section B,4,a. The addition of 13CO to pentacarbonylmethylmanganese 

forms the acetylmanganese derivative with 13CO cis to the acetyl group (36). 

The 13CO exchange with normal CO in the acetyl complex should then also 

exchange the cA-carbonyl group since both this and the preceding reaction 

must go by way of the same intermediate tetracarbonylacetylmanganese 

species. If triphenylphosphine is the reagent instead of 13CO, however, a 

mixture of cis and trans products is obtained (37). Other studies have shown 

that there is no exchange of acyl carbonyl for coordinated carbonyl under 

the reaction conditions. The most reasonable mechanism for the reaction 

involves formation of a five-coordinated intermediate with a cis square- 

pyramidal structure which relatively slowly isomerizes either to a trigonal 

bipyramid or a trans square pyramid. The carbon monoxide substitution 

would occur rapidly with the cis square-pyramidal intermediate, while a 

slower substitution with the sterically much larger triphenylphosphine would 

allow time for isomerization of the intermediate to occur (see Scheme 1-1). 

4. Seven- and Eight-Coordinate Complexes 

Sevein- and eight-coordination are observed occasionally in inorganic 

complexes but only rarely in organotransition metal compounds. Several 

studies have been made with seven-coordinate cyclopentadienylmolybdenum 

compounds. The halotricarbonyl-77--cyclopentadienylmolybdenum(II) com¬ 

plexes react with phosphines and phosphites with first-order kinetics (38). 

w-C5H5Mo(CO)3X + PR3 -► CO + 7r-C5H5Mo(CO)2(PR3)X 

d(CO)/dt = At[77-C5H5Mo(CO)3X] 

A comparison of the 7r-cyclopentadienyl group with the 77-indenyl group 

in the same complex shows the indenyl complex in the first-order reaction 

to be about 7000 times more reactive (39). This could be the result of steric 

or electronic effects. The indenyl complex also has an important second-order 

term in its rate expression. Presumably, the indenyl group may coordinate 

as a di- or even monodentate ligand, and allow an attacking ligand room to 
bond to the metal. 

Reactions of higher coordinate complexes would be expected to be disso¬ 

ciative and have first-order kinetics, at least in the absence of polydentate 

ligands which could partially dissociate and produce second-order kinetics. 



Further Reading 25 

Scheme 1-1. 
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Chapter II 

The Formation of Hydrogen and 

Carbon Bonds to Transition Metals 

Transition metal hydrides and alkyls are involved in nearly all organic 

transformation caused by transition metal complexes. The hydrides and 

alkyls may be formed in the reaction mixtures or be prepared separately. 

Often these compounds are very reactive and unstable in the pure state, 

however. The high reactivity in most cases is not the result of weak metal- 

hydrogen or metal-carbon bonds but the result of the complexes having a 

variety of favorable reaction paths that they can take not involving homolytic 

cleavage of metal-hydrogen or metal-carbon bonds. Early workers in 

organotransition metal chemistry ascribed their lack of success in isolating 

complexes to a low stability of the metal-carbon bond and this view has 

persisted to some extent until the present. While few pertinent bond energies 

have been measured, there is no evidence to suggest that dissociation of 

organotransition metal compounds into radicals, at least at moderate tem¬ 

peratures (40), and without photochemical activation is a common reaction 

path. Radical chain reactions do occur rarely, but these usually involve a 

very reactive radical removing a group from the transition metal as the 

initiating step and not homolytic dissociation. The platinum-carbon bond 

strength in rra«5,-bis(triphenylphosphine)diphenylplatinum(II) has been esti¬ 

mated to be 60 kcal/mole (41), while the cobalt-hydrogen bond in the penta- 

cyanohydridocobalt (III) ion has been estimated to be about 57 kcal/mole 

(42). Other transition metal-carbon and metal-hydrogen bonds are probably 

of comparable strengths. 

The terms metal hydrides and alkyls (or aryls) are used to describe transi¬ 

tion metal complexes with hydrogen and carbon cr-bonded ligands. Unfor- 

26 
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tunately, the first term, at least, implies that hydrogen behaves as a negative 

group which is often not the case. Most often the hydrides and alkyl and aryl 

derivatives react as covalent molecules with little polarization of the metal- 

hydrogen or metal-carbon bonds. 

*A. METHODS OF PREPARATION OF HYDRIDO 

COMPLEXES 

1. Exchange Reactions 

The metathesis reaction between a transition metal compound, usually a 

halide although other derivatives also can be used, and a metal hydride, 

generally a hydride of a main group element, often produces transition metal 

hydrides. A typical example is the preparation of 7r-CpRu(CO)2H from the 

MX + M'H -* MH + M'X 

corresponding iodide and sodium borohydride (43). 

CO 
I 

Ru—I + NaBH4 

I 
CO 

CO 

yQ/—Ru—H + NaI + BH3 

CO 

2. Oxidative Addition of H2 or HX 

Oxidative addition is a very common reaction of transition metal com¬ 

pounds. In this reaction a metal or metal complex M reacts with a molecule 

XY to form an adduct XMY, in which the metal is in a formal oxidation 

state two higher than it was initially. The X and Y groups can originate from 

a wide variety of XY molecules. For the production of hydrides, of course, 

M + XY -► X—M—Y 

either X or Y or both must be hydrogen. Dissociation of one ligand must 

occur before, during, or possibly after the addition if the complex is fully 

coordinated initially and at the end of the reaction. The hydrogenation of 

tricarbonylbistriphenylphosphineosmium(O) is a representative example of 

hydride formation by oxidative addition of hydrogen (44). 

+ H2 

P(C6Hs)3 
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If the reacting complex is stable with fewer than the number of ligands 

required to give the next higher inert gas structure, then hydrogen addition 

takes place without prior dissociation or loss of a ligand. The hydrogenation 

of chlorotristriphenylphosphineiridium(I) is a typical example (45). Cis 

H 

Cl 

addition of the hydrogen is usually observed. 

Reactions with HX molecules are similar except that trans addition is 

generally found. The following example is typical (46). 

3. Protonation of Neutral or Anionic Transition Metal Complexes 

Neutral transition metal complexes with unshared electron pairs are often 

basic and undergo protonation to form cationic hydrido complexes. This 

reaction is analogous to oxidative addition except that only the proton is 

covalently bonded to the metal in the product. Protonation of anionic 

Ni[P(OEt)3]4 + HC1 - HNi[P(OEt)3]4 + Cl- (Ref. 47) 

complexes is also useful for preparing hydrides because anionic complexes 

are often more readily available by indirect methods than by the obvious 

direct method of reacting the hydride with a base. Typical is the formation 

of hydridopentacarbonylmanganese(I) from the sodium salt which, in turn, 

is produced from decacarbonyldimanganese and sodium amalgam (48). 

Mn2(CO)io + 2Na(Hg)* 2NaMn(CO)5 —H3P°3 4 > 2HMn(CO)5 

4. /3-Hydride Elimination Reactions 

Transition metal derivatives which have o-bonded ligands containing 

,8-hydrogens attached to saturated carbon generally undergo metal hydride 
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elimination fairly readily. Examples with alkoxyl (49) and alkyl (50) ligands 

are well known. The olefin elimination from metal alkyls is frequently 

involved in catalytic reactions. 

IrCl3(PEt3)3 + CH3CH20- -1* [CH3CH2OIrCl2(PEt3)3] -> 

HIrCl2(PEt3)3 + CH3CHO 

5. Hydride Abstraction 

The formation of transition metal hydrides by hydride or hydrogen ab¬ 

straction is generally limited to high temperature reactions, photochemical 

reactions, or reactions of complexes which have unpaired electrons. In the 

latter group an example is the formation of HCo(CN)53_ from Co(CN)53- 

and hydrogen (42). 

Co(CN)53~ + H2 -* HCo(CN)s3- + H' 

H' + Co(CN)s3-* HCo(CN)s3~ 

6. Hydrazine Reduction 

Hydrazine is a powerful reducing agent and will reduce many halogen- 

transition metal derivatives. The reduction often goes to the zerovalent state, 

but occasionally intermediate hydrides can be isolated. 

ClRh(CO)[P(C6H5)3l2 + P(C6H5)3 + N2H4 -* HRh(CO)[P(C6H5)3]3 (Ref. 51) 

B. METHODS OF PREPARATION OF 

CARBON-TRANSITION METAL BONDS 

1. Exchange Reactions 

Catalysts prepared by combining metal alkyls, often aluminum alkyls, 

with transition metal compounds are perhaps the most common type en¬ 

countered in organotransition metal chemistry. These combinations generally 

produce alkyl transition metal complexes by exchange (metathesis) reactions. 

Sometimes the alkyls produced are not stable and further reactions occur 

to give the true catalytic species. Exchange reactions are generally very useful 

for producing metal-carbon bonds. The preparation of isolable trans- 

(PEt3)2Pd(Br)CH3 is a typical example (52). The use of aluminum alkyls as 
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7 
Br PEt3 z Br. PEt3 

Pd + CH3MgBr Pd + MgBr2 

Et3P Et3P 

exchanging reagents produces aluminum salts as products and these generally 

are strong Lewis acids. The products may react further and form new com¬ 

plexes which are more reactive than the products obtained by the exchange 

with other metal alkyls such as those of lithium or magnesium, which do not 

give strong Lewis acids as reaction products. The effect is exemplified in the 

reaction of 7i--Cp2TiCl2 with [Et2AlCl]2, where one chlorine on titanium is 

replaced by an ethyl group and the other is abstracted, more or less completely, 

by the dichloroethylaluminum formed in the initial exchange (53). The 

Cp2TiCl2 + [(C2H5)2A1C1]2 -> [Cp2TiC2H5]+ [C2H5A1C13] ~ 

removal, or at least partial removal, of the chloride group reduces the electron 

density on the titanium thus increasing its tendency to coordinate with 

unsaturated molecules and undergo further reactions. 

The mechanism of the exchange reaction probably can be either associative 

or dissociative depending on the reagent used, but little is really known about 

it. With Lewis acid-type alkylating agents, halogen or oxygen group removal 

from coordinately saturated complexes probably accompanies the alkylation 

in a four-centered, front-sided displacement mechanism. 

2.' Oxidative Addition Reactions 

Oxidative addition of alkyl or aryl halides is reminiscent of Grignard 

reagent formation. A transition metal complex or the metal itself reacts with 

the halide to form an adduct complex in which the metal oxidation state is 

increased by two. Again, a coordinately unsaturated complex is usually 

required for this reaction. In the following example, either CO dissociation 

or partial dissociation of the cyclopentadienyl ring probably precedes the 

addition reaction. 

The formation of stable complexes by this reaction with more than the 

number of ligands predicted by the inert gas rule is very rare. In some cases 

ionic intermediates are formed which may or may not lose a ligand subse¬ 

quently to form a completely covalent product. The reactivity of transition 

metal complexes in oxidative addition reactions varies widely depending on 

the complex and its ligands. Compounds which can undergo oxidative 
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I- (Ref. 55) 

addition reactions include alkyl and aryl halides, acid halides, sulfonyl 

halides, vinyl halides, nitriles (R and CN added), esters (R' and OCOR 

added) and acyl metal complexes (RCO and the metal group added forming 

an acyl metal compound with a metal-metal bond). Complexes are known 

which will react with all these reagents; others will only react with some. 

Interestingly, some will react with alkyl and not aryl halides and some with 

aryl and not alkyl halides. Presumably heterogeneous hydrocarbon cracking 

and reforming reactions involve oxidative additions of hydrocarbons, initially 

forming alkyl metal hydrides which then undergo metal hydride or alkyl 

metal eliminations with formation of olefins. Many reactions of this and 

other types then probably keep occurring ultimately producing the thermo¬ 

dynamically most favored products. 

rch=chch3 

MH 

RCH2CH2CH3 + M RCH2CHCH3 

It appears that oxidative additions may occur by ionic, radical, or covalent 

mechanisms depending on the reagents involved, although very few mechan¬ 

istic studies have been carried out. 

3. Alkylation of Anions 

Second-order displacement reactions will occur between nucleophilic 

anionic metal complexes and organic halides or other compounds with 

displaceable groups. The reaction, of course, is only useful with organic 

compounds that are reactive in SN2 displacements; tertiary, aromatic, and 

vinylic halides generally cannot be used. A typical example is the formation 

of pentacarbonylmethylmanganese(I) from sodium manganese carbonylate 

and methyl iodide (56). The nucleophilicity of metal anions varies greatly 

NaMn(CO)5 + CH3I -* CH3Mn(CO)5 + Nal 

from complex to complex as the metal and/or ligands are changed. Some idea 

of how the reactivity may vary is seen in Table II-l, which gives relative rates 

of reaction of a series of anionic complexes with methyl iodide (57). Other 

compounds than halides which are useful reactants are acid halides, acid 

/Mx 
H H 

CH2=CHCH3 

R H 
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TABLE II-l 
Relative Rates of Reaction of Anions with 
Methyl Iodide11 

Anion 
Relative reaction rate 

(liter/mole sec) 

7r-C5H5Fe(CO)2- 7 x 107 

77-C5H5NiCO- 5.5 x 106 

(CO)5Re- 2.5 x 101 

tt-CsHsWCCOV 5 x 102 

(CO)sMn- 77 

Tr-C5H5Mo(CO)3- 67 

77-C5HsCr(CO)3- 4 

(CO)4Co- 1 

(CO)s(CN)Cr- «0.01 

a From Dessy et al. (57). 

anhydrides, epoxides in hydroxylic solvents, toluenesulfonates, and oxonium 

salts. Oxonium salts are extremely reactive reagents and even alkylate weakly 

nucleophilic metal anions. 

4. Metal Complex Addition Reactions 

A wide variety of metal complex addition reactions are commonly en¬ 

countered in transition metal chemistry. The reactions can be represented in 

general terms as the addition of a metal compound M—Z to an unsaturated 

molecule Y: which has at least two electrons available for reaction. 

M—Z + Y: -> M—Y—Z 

The reaction is conveniently discussed in four parts depending on whether 

the metal complex adds to one, two, three, or four atoms of the Y: group. 

These four parts can be further divided according to reaction mechanism, 

although this requires considerable speculation at the present time since the 

mechanisms in general have not been very thoroughly investigated. 

a. 1:1 Addition Reactions 

The addition of a metal compound to a divalent carbon compound forms 

a new carbon-metal bond. The reaction is important mainly for one reactant, 

carbon monoxide, but it has been observed with other divalent species also 

such as isocyanides (58) and carbenes and with other types of compounds 

in which one of its atoms can easily increase its valence by two. This is an 

oxidative addition of the metal compound to the reactant. Scheme II-1 gives 

typical examples which produce new metal-carbon ligands (48, 59-62). The 
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Br/ 

Et3P^ 

rPEt3 

Pt / *+ CO-► 

'CEE 

A 

J 

[(CH3)3COCo(CO)4] + CO -V (CH3)3COCCo(CO)4 

o 
/ \ II 

NCo(CO)4 + CO -► < NCCo(CO)4 

J 

P(C6H6)3 

fA)—Ni—CH3 + 2 

H 

N=C 

H 

0- 

N 
II 
C 
1 

-Ni—C—CH3 + P(C6H5)3 
II 
N 

H 

HMn(CO)5 + CH2N2 -► CH3Mn(CO)5 + N2 

Scheme II-l. 

last example very probably does not involve free methylene, but the net result 

is the same as if it did. 

The mechanism of addition to carbon monoxide, often referred to inac¬ 

curately as the carbon monoxide insertion reaction, has been studied in 

considerable detail. The addition has been shown to be a 1:2 shift reaction 

of a group from the metal to the carbon of the carbon monoxide. The 

reaction is often first-order and independent of external carbon monoxide 

concentration showing that migration of the organic group may occur spon¬ 

taneously without a simultaneous nucleophilic attack. Some reactions show 

large solvent effects, however, and even become second-order in hydrocarbons 

indicating that solvent may assist the shift, probably by coordinating with 

the complex. The reversible reaction of pentacarbonylmethylmanganese(I) 

with carbon monoxide to form pentacarbonylacetylmanganese(I) has been 

thoroughly studied using 13C-labeled carbon monoxide. The characteristic 

carbon-oxygen stretching frequency of the carbonyl group is appreciably 
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shifted when carbon-12 is replaced by carbon-13 and by a careful analysis 
of the infrared absorptions, the position of the 13C-labeled carbonyl in the 
complexes can be determined. The (probably) first-order reaction of penta- 
carbonylmethylmanganese(I) with 13C-labeled carbon monoxide led to the 
formation of pentacarbonylacetylmanganese(I) with the labeled carbon 
monoxide exclusively in a position cis to the acetyl group (36). The reverse 

ch3 13co 

reaction of pentacarbonylacetylmanganese(I) with the label in the acetyl 
carbonyl group to form pentacarbonylmethylmanganese(I) and carbon 
monoxide gave a product with the labeled carbonyl cis to the methyl group 
(36). The related reaction of [c/s-13CO]pentacarbonylmethylmanganese(I) 

oc 

+ CO 

with CO to give three isomeric acyl complexes demonstrates conclusively 
that the methyl group is shifting rather than the carbonyl group moving. 

13co 
COCH3 COCH3 l3COCH3 

50% 25% 25% 

Three 13CO isomers, the cis-, trans-, and acyl-13CO-labeled compounds, are 
obtained in the statistical proportions expected (2:1:1) from a 1:2 shift of 
the methyl group. The trans isomer only can be obtained if the methyl 
group is migrating (36). It follows from the mechanism proposed that ligands 
other than carbon monoxide should also react and form acyl metal com- 
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plexes. These reactions are well known. Tetracarbonylmethylcobalt(I), for 

example, reacts with triphenylphosphine to form the acyl derivative (63). 

b. 1:2 Addition Reactions 

The 1:2 addition reactions of metal complexes to unsaturated organic 

compounds, i.e., olefins, carbonyl compounds, imines, and acetylenes, may 

occur by at least three mechanisms—ionic, radical, or covalent. 

i. Ionic 1:2 Additions. The best known examples of this type of reaction 

occur with nontransition metal compounds. The addition of mercuric acetate 

to olefins in alcoholic solution is an example of a 1:2 ionic addition (64). 

Hg(OAc)2 HgOAc+ + OAc" 

\ / 
HgOAc+ + C=C 

/ \ 
AcOHg—C—C + 

ch3oh 
AcOHg—C—C—OCH3 

Examples probably occur in transition metal chemistry, but they have not 

been specifically identified. A number of related additions are known which 

result from anions or neutral species attacking certain coordinated ligands. 

These are 1:2 ionic additions, but the formal covalent metal compound 

added probably was never actually formed. The reaction of dichlorodicyclo- 

pentadieneplatinum(II) with methanol is an example of this type of addition. 

The reaction converts a 77-bonded ligand into a <r-bonded one (65). A more 

CH30 
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Et; 

obscure example is the reaction of the dicarbonyl-7r-propylene-77--cyclopenta- 
dienyliron(II) cation with borohydride anion (66). In this case only part of 
the anion (one hydrogen) is added. The addition of the anionic reagent to 

ch3 

the more substituted and more electron-deficient position of the double 

bond might have been expected, but coordination with a metal may reverse 

the direction of addition. The reasons for this are not yet clear. 

ii. Radical 1:2 Additions. Radical 1:2 addition reactions are also much 

more common with main group compounds, e.g., silicon and tin hydride 

additions, than they are with transition metal derivatives. An example of a 

transition metal reaction is the addition of the hydridopentacyanocobalt(III) 

ion to 2-methacrylonitrile (67). The addition of the first group is expected 

ch3 ch3 
I I 

(CN)sCoH3- + CH2=C—CN -* CH3CCN + (CN)5Co3- 

CN 

-> [(CH3)2CCo(CN)5]3 - 

to occur at the position which yields the most stable, intermediate radical. 

Hi. Covalent 1:2 Additions. Most transition metal additions seem to fall 

in this group. The most common example is metal hydride addition to 

olefins. This reaction is often part of a more complicated sequence or part 

of a catalytic cycle and the intermediate alkyl may not be easily isolable or 

even detectable. A typical example giving an isolable adduct is the addition 

of hydridochlorobis(triethylphosphine)platinum(II) to 1-octene (50). The 

reaction generally is easily reversible. 1:2 Covalent additions occur with a 

wide variety of metal compounds: hydrides, halides (may also be ionic or 

radical additions), alkyls, acyls, amides, alkoxides (usually ionic), cyanides, 

carboxylates (may be ionic) and metal-metal-bonded compounds. Cis 

addition of the metal compound is generally observed. Directions of addition 

often appear to be sterically controlled, but all the factors involved are not 
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well understood. Covalent additions generally occur with a preliminary 

coordination of the unsaturated compound, followed by a shift of the group 

adding from the metal to the coordinated, unsaturated compound. In co- 

ordinately saturated complexes, dissociation is usually the initial step of the 

reaction. 

* c. 1:3 Additions 

Few 1:3 additions are known, but there is no reason why many reactions 

of this type with 1:3 dipolar compounds should not be possible. Some 

possibilities for producing metal-carbon bonds exist, but the examples studied 

do not form them. Reactions with azides are the best known. Generally, the 

reactions appear to be 1:3 oxidative additions to the metal complex, followed 

by loss of nitrogen possibly with formation of a nitrene complex which then 

may react to form a more stable product. For example (68, 69), 

Ni(P^3>4 + C6F5N—N=N Ni N 

CeFs 

N. 
CfiFsNo 

03P 
\ / 'N 

II + n2 

*3P Xn-n 

c6f5 c6f5 

d. 1:4 Addition Reactions 

1:4 Additions are encountered in reactions of transition metal complexes 

with conjugated dienes and probably with a,/3-unsaturated carbonyl com¬ 

pounds. For example, the reaction of hydridopentacarbonylmanganese(I) 

with butadiene gives the 1:4 addition product (70). The product is a mixture 

of cis and trans isomers and the mechanism of the addition is not known. 

HMn(CO)5 + CH2=CHCH=CH2 * CH3CH=CHCH2Mn(CO)5 
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An ionic or possibly radical addition is most likely. 

The addition of tetracarbonylmethylcobalt(I) to acrolein is an example of 

a 1:2 methyl shift followed by either a 1:4 addition of the acylcobalt complex 

to an unsaturated carbonyl compound with 77-allyl formation or of a 1:2 

addition to the aldehyde carbonyl with subsequent 77-allyl formation (71). 

5. Metalation Reactions 

The direct substitution of a hydrogen on carbon by a transition metal 

compound can occur with surprising ease in some instances. A,A-Dimethyl- 

benzylamine, for example, reacts at room temperature with lithium tetra- 

chloropalladate to form a chelated, ortho-metalated complex in high yield 

(72). The presence of the coordinating amine group greatly facilitates the 

CH2N(CH3)2 

+ Li2PdCl4 + HC1 + LiCl 

reaction and it also stabilizes the product. Nonchelated arylpalladium 

compounds of similar structure are not stable. Substitution at saturated 

carbon also occurs with appropriate compounds. For example, benzylic 

metalation takes place when 8-methylquinoline is reacted (73). In the absence 
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of chelating groups metalation apparently also occurs, but at higher tempera¬ 

tures, and the metal alkyls or acyls are not stable under the reaction condi¬ 

tions. Heating toluene with palladium chloride and sodium acetate in acetic 

acid, for example, produces admixture of isomeric bitolyls (74), probably 

produced by decomposition of intermediate isomeric tolylpalladium chlorides. 

Sodium acetate accelerates the reaction, probably by either or both of two 

effects: (1) by producing palladium acetate which is a more reactive metalating 

agent or (2) by lowering the acidity and lowering the rate of the reverse 

reaction of the tolylpalladium chloride with the product hydrogen chloride. 

Similar metalations occur with other reactive transition metal complexes. 

For example, pentacarbonylmethylmanganese(I) and benzylideneaniline 

form an ortho-metalated chelated complex and, presumably, carbon monoxide 

and methane (75, 76). Ortho-metalated cobalt complexes appear to be 

intermediates in a variety of catalytic carbonylation reactions discussed in 

Chapter IX, Section A,l,e. 

With some organophosphine metal complexes metalation of unactivated 

aliphatic hydrocarbon groups has been achieved to give five-membered ring 

products (77, 78). 

Br P(«-Pr)2?-Bu 
\ / A 

/\ 
/-Bu(«-Pr)2P Br 

Br P(n-Pr)2f-Bu 

-*■ w-Pr + HBr 

/\ /CH2 
'-Bu h2c—ch2 

Even weak coordination can appreciably facilitate metalation of saturated 

hydrocarbon groups. For example, 2-methyl-2-phenylbutane undergoes a 

Pt(II)-catalyzed deuterium exchange at 120° on the terminal methyl group 

farthest removed from the benzene ring. Presumably, the aromatic ring is 

coordinating with the Pt(II) and then metalation of the terminal methyl 

group occurs reversibly with DO cleavage each time. The ring size must be 

too small for the closer methyls to undergo metalation (79). 

A similar selective deuterium exchange occurs with long-chain olefins and 

a homogeneous platinum catalyst (80). High-temperature, nonselective, 
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CH3 

ch3 
dch2—ch2 

ch3 

etc. 

aliphatic metalation is very probably involved in the catalytic cracking of 

petroleum. The possibility of finding more selective, low-temperature methods 

for achieving the isomerization or functionalization of saturated hydrocarbons 

has created considerable interest in this area of catalysts. 

The metalation reactions probably involve oxidative addition reactions, 

first forming higher valent complexes which then lose two ligands, but since 

no information on reaction mechanisms is available, metalation has been 

discussed separately as a substitution reaction. 

6. Reactions of Metal Complexes with Diazo Compounds 

Most hydrido transition metal compounds will react with diazo compounds 

to form nitrogen and the alkyl metal derivative. For example (81), 

CpMo(CO)3H + CH2N2 -> CpMo(CO)3CH3 + N2 

This reaction may also be considered a 1:1 addition of the hydride to a 

carbene. Similar reactions occur with halotransition metal complexes pro¬ 

ducing halomethyl derivatives. 

Cl 

Pd / Pd / 

-Cl—/P03 

+ n2chcn + N2 (Ref. 82) 
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7. Decomposition of Acyl, Arylsulfonyl, Carboxy, and Aryldiazonium 

Metal Complexes / * 

Few examples of these reactions are now known, but they will probably 

turn out to be quite general. The decarbonylation of pentacarbonylacetyl- 

manganese(I) to the methyl compound has already been mentioned above, 

decarbonylation is particularly useful for preparing aryl metal compounds, 

since they cannot usually be obtained directly by arylation of the metal anion, 

whereas the related acylation occurs easily (83). Lowering the carbon mon¬ 

oxide concentration and raising the temperature generally favors the decar¬ 

bonylation. Decarbonylation has also been achieved with the aid of chloro- 

tris(triphenylphosphine)rhodium(I) which forms a very stable carbonyl 

derivative in the reaction. It is not clear whether the reagent removes a 

carbonyl group directly from the molecule being decarbonylated or it just 

reacts efficiently with carbon monoxide that has already dissociated from it. 

In any case the reaction appears to go more easily than the thermal decar¬ 

bonylation. The use of an optically active acyl group in the example below 

showed the reaction to go with retention of configuration about the alkyl 

carbon (84). 

CO och3 
I III 

Fe—CCC6H5 + RhCl[P(C6H5)3]3 
I I 

CO H 

-> 

CO ch3 
I I 

Fe—CC6H5 + RhCI(CO)[P(C6H5)3]2 + P(C6H5)3 
I I 

CO H 

The removal of sulfur dioxide from sulfonyl metal complexes also may be 

brought about thermally. Since the sulfonyl derivatives can be made from 

sulfonyl chlorides this reaction provides another possible route to carbon- 

transition metal compounds (85). The mechanism of the S02 elimination 

o 
I 

RSOzCl + Mn(CO)5- ->■ RSMn(CO)5 + Cl” 

O 
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O 
I 

RSMn(CO)5 -* RMn(CO)s + S02 

I 
O 

may be similar to the decarbonylation reaction with final replacement of 

coordinated SOa by CO, but this has not been established (however, see 

Chapter X, Section D). 

The elimination of carbon dioxide from transition metal carboxylic acid 

derivatives is rare. It does occur, however, when the elimination is facilitated 

by having the carboxylate group beta to an activating group such as cyano 

or carboalkoxy (86). 

h3cx 

I 
Y 

h2c 

ch3 
I 

C—CN + PdCl2 
I 

COOH 

25° 

h3c^ cn 

^ch2 Cl, 

■> CH3C; 'Pd Pd ;c—ch3 + co2 
/ \ / // 

X' X X X X 'Y yz ci h2cx 

NC CH3 

Decomposition of aryldiazonium metal derivatives to an aryl metal com¬ 

plex only has been carried out once, but it should be a general reaction (87). 

8. Alkylation by Free Radical Reactions 

A few examples of the formation of organotransition metal compounds 

by radical reactions are known. These generally occur with metal complexes 

which have unpaired electrons. The best available example is the reaction 

of pentacyanocobalt(II) ion with methyl iodide (88). 

(CN)5Co3- + CH3I -> (CN)sCoI3- + CH3- 

CH3- + (CN)5Co3- -*• (CN)5CoCH33- 
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9. Coupling of 77--Bonded Ligands 

Two 7r-bonded ligands on a transition metal may react forming a new a 

bond between the ligands arid two bonds to the metal. This reaction is a kind 
of oxidative addition and, therefore, the metal must be one capable of 
increasing its oxidation state easily by two. Interesting examples of this 

’‘reaction occur with 7r-bonded dienes which usually form at least one 7r-allyl 
group in the coupling (89-91). Coupling of acetylenic ligands generally forms 

K 
Fe(CO)3 + CF2=CFCF3 

metalacyclopentadiene complexes. The following example is typical (92). 

Many ligand coupling reactions are known with the highly reactive perfluor- 
inated olefins, acetylenes, imines, and ketones. The following are some 
examples (93). 

NH 
II 

(/-BuNCTNi + CF3CCF3 

H 
/N—C(CF3)2 

(f-BuNC)2Ni [ + 2r-BuNC] 

XC—NH 

O 
II 

(CF3)2 

/O—C(CF3)2 

(/-BuNC)2Ni 

xc—o 
/ 

(CF3)2 

(/-BuNC)4Ni + CF3CCF3 [ + 2-f-BuNC] 
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(P^S^Pt 

NH 
O 

+ CF3CCF3 

C(CF3)2 

/NHC(CF3)2 

(P^^Pt 

c—o 
/ 

(CF3)2 
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Chapter III 

Reactions of Transition Metal 0- 

and rc-Bonded Derivatives 

A. REACTIONS IN WHICH THE METAL IS RETAINED 

1. o Derivatives 

a. Hydrides 

Transition metal hydrides generally initiate organometallic reactions by 

adding to one of the unsaturated reactants present. Ionic, radical, and cova¬ 

lent additions appear to be possible, but few mechanistic studies have been 

completed. These additions produce new cr-bonded complexes, usually metal 

alkyls or, in rare instances, complexes with other atoms than carbon directly 

attached to the metal. Two subsequent reactions are now possible: either 

further addition reactions may occur or the cr-bonded group can be lost from 

the metal by one of the reactions described in Section B,3 of this chapter. 

For example (94, 94a), 

- Cl^ P*3~ 

Pd - + ch2—ch2 -" 

- Cl^ P<f>3 

PdX 
/\ / \ 

U3P H J _^3P ch2ch3J 

r ci P<*3 Cl ffal 
\ / 

Pd 
ch3oh 5 \ / 

Pd 
\ /\ 

U3P COCH2CH3J L^3p H J 
+ CH3OCOCH2CH3 

[HCo(CO)3] + CH3CHO -* [CH3CH2OCo(CO)31 -2-> 

CH3CH2OH + [HCo(CO)3] 
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b. Carbon-Bonded Derivatives 

Two reaction courses are commonly observed with carbon cr-bonded 

transition metal complexes: (1) Ligand substitution by a reactant occurs 

and then the carbon group moves from metal to the ligand (covalent addition) 

or (2) an external reagent attacks the complex, either at the cr-bonded carbon 

group (Sn2) or at the metal (oxidative addition). For example (34,94b, 94c), 

CH3COCo(CO)4 —^ [CH3COCo(CO)3] C2HsC==CC2H5 > 
+ co 

c2h5—c=cc2h5 

CH3COCo(CO)3 

H5C2 C2H5 

)c=c\ 
CH3C Co(CO)3 

II 
o 

products 

C6H5CH2COCo(CO)4 + C6H5NH2 -* C6H5CH2 CONHC6H5 + HCo(CO)4 

+ HC1 

c. Reactions of o-Bonded Compounds Other than Metal Hydrides and 

Metai-Carbon Derivatives 

These derivatives often undergo addition reactions with unsaturated carbon 

compounds forming metal-carbon cr-bonded products. The subsequent 

reactions are then usually the same as with other carbon-metal derivatives. 

The following example is typical (94d). 

Pd(OAc)2 + CH2=CH2 L ->• [L2Pd(OAc)CH2CH2OAc] -* 

[L2Pd(OAc)H] + CH2=CHOAc 

Relatively few useful organic reactions, other than oxidation by electron 

transfer, involving transition metal complexes but not involving metal-carbon 

bonds in at least one stage of the reaction, are known. 
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2. 77 Derivatives 

The reactions by which 77-honded ligands are converted into a complexes 

have been discussed in Chapter I. There are some other synthetically useful 

substitution reactions of 77-bonded ligands which sometimes can be carried 

out. The major problem is usually that the metal complex is not stable enough 

to withstand the reaction conditions necessary to effect reactions at the 77- 

bonded ligand. In cases where the complexes are stable, the usual kinds of 

organic reactions may be carried out, but the reactivity of the ligand is usually 

greatly modified by coordination with the metal. Two examples illustrate 

this point: 77-Butadienetricarbonyliron(0) can be acetylated with acetyl 

chloride and aluminum chloride to form the 1-acetyl derivative (95), while 

the free ligand would be polymerized under the reaction conditions. In 

ch3 

another example, the complex formed between octacarbonyldicobalt(O) and 

5-hydroxy-2-methyl-l-penten-3-yne is stable enough to allow an acid- 

catalyzed hydration of the uncomplexed olefinic group to be carried out (96). 

ch3 OH 

ch2=c—c=c—chch3 + h2o 
hbf4 

(CO)aCo-Co(CO)3 

ch3 oh 
I I 

HO—C—C=C—CHCH3 

uj\ 
(CO)3Co-Co(CO)3 

Undoubtedly, much more complicated reactions would have occurred with 

this ligand under the reaction conditions if it were not complexed with 

cobalt. Complexation of acetylenic groups with cobalt, as above, provides 

protection for the acetylenic group through a variety of other reactions as 

well, which could not be cleanly carried out if the acetylenic group were free. 

Since the acetylene can be regenerated from these complexes after completion 

of the reactions by mild oxidation, these reactions are of considerable syn¬ 

thetic interest (96, 97). 

c6h5—c=c—C6Hs + CH3COCl + AlCla -> 4-CH3COC6H4C=CC6H5 

(CO)3Co-Co(CO)3 Ce4 V (CO)3Co-Co(CO)3 

4-CH3COC6H4 C=CC6Hs 
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B. METHODS FOR REMOVING ORGANIC GROUPS 

FROM TRANSITION METAL COMPOUNDS 

The final step in an organometallic synthesis of an organic compound is 

the removal of the desired organic compounds from the metal it is attached 

to at the conclusion of the reaction. In catalytic reactions, of course, this 

must occur spontaneously. 

1. Replacement of 7r-Bonded Groups 

Often in catalytic reactions the last step is simply a replacement of the 

77-bonded organic product by one of the starting reactants. The product may 

leave by dissociation, as is most common, or be displaced by a reactant. In 

cases where the product -^-complex is stable under the reaction conditions 

the organic group may be removed by adding more strongly coordinating 

ligands such as phosphines or amines. For example, cw-bicyclo[6.1.0]-2,4,6- 

nonatrienetricarbonylmolybdenum(O) rearranges into a bicyclo [4.2.1 ]-2,4,7- 

nonatriene complex at 125°. The new triene can then be removed from the 

molybdenum by reaction with the chelating triamine, bis(2-aminoethyl)amine 

(98). The rearrangement occurs to give the most favorable combination of a 

less strained hydrocarbon and a good ligand for the metal. In the absence 

of the metal the hydrocarbon rearranges differently on heating. 

+ 

It cannot always be assumed that because an organic group is displaced 

from a complex by reaction with a strongly coordinating ligand that the 
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organic group was necessarily only 77-bonded in the complex. More compli¬ 
cated reactions also may be caused by the new ligands. 

f’.' 

2. Reductive Elimination Reactions 

Reductive elimination is the reverse of oxidative addition. The reaction 

involves a loss of two cx-bonded ligands, together as a molecule, while the 

metal decreases its coordination number by two and its oxidation state by 

two. The loss of the ligands, in some examples, seems to be accelerated by 

the presence of strongly coordinating ligands in the solution. These ligands 

may be effective because they cause a second-order displacement to occur 

by way of a higher coordinated intermediate. This explanation seems reason¬ 

able for square-planar complexes but less so for complexes having more than 

four ligands where first-order reactions are the rule. Another explanation 

may be that the new ligand replaces one or more of the nonreacting ligands 

initially present and the resulting complex more easily undergoes the reductive 

elimination reaction. An example of the reaction is the formation of 1,5- 

hexadiene from diallylnickel(II) and carbon monoxide (99). 

/CH2 ,ch2 

HC' 'Ni' '^CH + CO “ 
\N // ^ 

xh2 ch2 

CO 
CH2 I ch2 

x I x 'A\ 
HC' ,Ni ;CH 

ch2 ch2 . 

CO 

l/Ni\l 
CO 

> (CH2=CHCH2)2 + Ni(CO)4 

3. /^-Elimination Reactions 

Elimination of a metal group and a /3-hydrogen occurs frequently in 

organotransition metal reactions. Essentially all alkyl transition metal com¬ 

plexes with hydrogens beta to the metal will undergo ,8-hydride eliminations 

on heating. Presumably, these eliminations (and other /3 eliminations) usually 

occur with coordinately unsaturated intermediates which produce olefin- 

metal hydride (or other metal derivative) 77-complexes initially, which then 

may dissociate or undergo other reactions. The mechanism of thermal 

decomposition of cA-bistriphenylphosphinedi-n-butylplatinum(II) has been 

investigated and it provides a good example of the /3-hydride elimination 

reaction (100). In this example the final step is a reductive elimination of 

butane. 
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<t>3 R. ch2ch2ch2ch3 

Pt 
-P03 

P03 

<f>3P ch2ch2ch2ch3 

03p—Pt 

CH2CH2CH2CH3 

ch2ch2ch2ch3J 

«£3Px ch2ch2ch2ch3 

H 
Pt. 

/ \^H» 

/CH 
7ch2 

ch3 

CH3CH2CH2CH3[+ (^3P)2Pt(CH2=CHCH2CH3)] 

The elements of a metal hydride often can be eliminated from a a complex 

with hydride-abstracting agents. The triphenylmethylcarbonium ion (as the 

tetrafluoroborate salt) is the usual abstracting agent which has been used. 

This reaction generally leads to the formation of a cationic, 77-olefin complex 

as a product. Typical is the reaction of 77-cyclopentadienyldicarbonyl-l- 

propyliron(II) with triphenylmethyl tetrafluoroborate to form the 77-propylene 

cation (66). 

CO 

FeCH2CH2CH3 4- <£3C + BF4- 

co 

BF4- + 4>3 CH 

The elimination may also be base-catalyzed in examples where the hydrogen 

is relatively acidic, e.g., the sodium methoxide-promoted elimination of 

tetracarbonylcobaltate anion from tricarbonyl-77-(l-acetylmethylallyl)cobalt- 
(I) (101). 

coch3 
I 
ch2 

I 
.CH 

X' \ /{' \ 
HC Co(CO)3 + NaOCH3 + CO -► 

\< 
O 
II 

CH2=CHCH=CHCCH3 + NaCo(CO)4 + HOCH3 

Elimination of )S-halogen with the metal is also apparently a general reac¬ 

tion, but relatively few examples are known. The catalytic vinyl chloride- 

acetate interconversion with palladium acetate probably involves addition 
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of palladium acetate followed by elimination of chloropalladium acetate 
(102). 

CH2=CHC1 + Pd(OAc)2 -►'[AcOPdCH2CH(Cl)OAc] -* 

* [AcOPdCl] + CH2=CHOAc 

Probably, /I eliminations of various other groups will be found when the 

proper compounds are investigated. 

4. Exchange Reactions 

o-Bonded organic groups in organotransition metal complexes may 

sometimes be conveniently removed by exchange reactions with other metallic 

or nonmetallic compounds. In the first case, the product will be a new 

organometallic which may itself undergo further reaction. The examples 

below illustrate two possibilities. 

The first example is the octacarbonyldicobalt-catalyzed addition of a 

silicon hydride to an olefin (103). The initial step is the formation of hydrido- 

tetracarbonylcobalt(I), the true catalyst, and a silylcobalt derivative. This 

reaction probably goes by an oxidative addition-reductive elimination se¬ 

quence. The hydridocarbonylcobalt adds (reversibly) to the olefin in a 1:2 

covalent manner to form an alkylcobalt derivative. The alkyl group is then 

transferred back to silicon by a hydride exchange. Hydridotetracarbonyl- 

cobalt(I) is known to give isomeric mixtures of alkyl derivatives by addition 
in both directions to terminal olefins. The fact that the silicon exchange 

reaction gives only terminal substitution must mean that only the linear 

cobalt alkyl undergoes the exchange reaction at a significant rate and that 

it is selectively removed from the mixture. 

«-Bu3SiH 4- Co2(CO)8 -► n-Bu3SiCo(CO)4 + HCo(CO)4 

Catalytic cycle: 
CH3 

I 
HCo(CO)4 + RCH=CH2 r~— RCH2CH2Co(CO)4 + RCHCo(CO)4 

RCH2CH2Co(CO)4 + «-Bu3SiH -* RCH2CH2Si(Bu-n)3 + HCo(CO)4 

In the second example, an exchange reaction apparently occurs between 

an organopalladium compound and lead tetraacetate. The exchange produces 

an organolead triacetate which decomposes by reductive elimination into an 

organic acetate and lead diacetate (104). The reaction actually carried out 

also involves an organometallic synthesis forming the organopalladium 

compound. In this synthesis phenylmercuric acetate is reacted with palladium- 

(II) acetate in the presence of ethylene. The first two reactants undergo an 

exchange forming very reactive, solvated phenylpalladium acetate, which 
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then rapidly adds to the ethylene present forming solvated 2-phenylethyl- 

palladium acetate. The last compound may then be expected to undergo 

exchange with the lead tetraacetate present and ultimately form 2-phenylethyl 

acetate. Since phenyl acetate is not formed, the lead tetraacetate exchange 

must occur much more readily with aliphatic palladium compounds than 

with aromatic ones or the aryllead triacetate must be stable under the reaction 

conditions. 

C6H5HgOAc + Pd(OAc)2 [C6H5PdL2OAc] + Hg(OAc)2 

[C6H5PdL2OAc] + CH2=CH2 -* [C6HsCH2CH2PdL2OAc] 

[C6H5CH2CH2PdL2OAc] + Pb(OAc)4 ~~L > [C6H5CH2CH2Pb(OAc)3] + Pd(OAc)2 

[C6H5CH2CH2Pb(OAc)3] -> C6H5CH2CH2OAc + Pb(OAc)2 

L = solvent 

5. Oxidative Cleavage 

Often transition metal-carbon compounds are less stable when the oxida¬ 

tion state of the metal is raised. For example, the oxidation of iron(O) in 

tricarbonyl-77-cyclobutadieneiron(0) to the ferric state (in the presence of 

other ligands) causes the cyclobutadiene ligand to dissociate (105). The very 

reactive free cyclobutadiene produced cannot be isolated in a pure state, 

but it is a useful reagent for further synthetic reactions. With a-bonded 

+ Fe(H20)62+ + 3CO 

organometallics, the oxidizing agent may end up bonded to the organic 

group. Carbon-transition metal bond cleavage with iodine, for example, 

generally yields iodides as products. The above reaction does not require an 

©■ -Fe(CO)3 + Ce4+ + HaO 

initial dissociation of a ligand, as might have been expected, however, since 

the rate of the reaction is much faster than its dissociation rate. The true 

mechanism has not been established. 

6. Thermal Decomposition 

Heating organotransition metal compounds generally leads to loss of 

organic ligands. In many instances, however, this is not a useful reaction 
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since multiple, complex reactions or general decomposition may occur. 

Sometimes the organic group is degraded into the components that it can 

be prepared from. For example, pyrolysis of tetracarbonylpropionylcobalt(I) 

produces mainly ethylene, hydrogen, and carbon monoxide (107). More 

CH3CH2COCo(CO)4 -*• CH2=CH2 + 5CO + H2 + Co 
- 

useful reactions occur in other examples such as in the thermal decomposition 

of Co2(CO)JHC=CC(CH3)3]3 which -forms 1,2,4-tri-f-butylbenzene (108, 

109). 

+ 2Co + 4CO 

Pyrolysis of complexes containing only w-bonded groups may give the 

free ligand in very low to good yields depending on the particular complex. 

Pyrolysis of dichloro-Tr-tetramethylcyclobutadienenickel(II) at 250°, for 

example, yields the dimer of the unstable tetramethylcyclobutadiene (110). 

h3cn ch3 h3c 

Min U 
/ 

h3c 
\ 
ch3 h3c 

CH3 ch3 

ch3 ch3 

ch3 

ch3 

+ NiCl2 

Ligand displacement reactions (with good ligands), however, generally give 

better yields of products than pyrolysis. 

7. Displacement Reactions on Carbon 

The direct displacement of the metallic portion of a complex by attack of 

an external anion, another nucleophilic agent, or an electrophilic reagent on 

the carbon of the metal-carbon o bond often can be achieved. The reaction 

occurs with particular ease with acyl metal complexes and nucleophilic re¬ 

agents. The reaction of pentacarbonylacetylmanganese(I) with sodium 

methoxide is a typical example (111). 

CH3COMn(CO)5 + NaOCH3 -> CH3COOCH3 + NaMn(CO)s 

Examples of direct displacements at a-bonded saturated carbon are 

much less common, but undoubtedly many such reactions could be done 
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if they were of interest. The racemization of ethyl 2-(pentacarbonylmanganese) 

propionate with pentacarbonylmanganese anion probably involves a revers¬ 

ible nucleophilic displacement at the optically active carbon (112). 

cooc2h5 cooc2h5 

I * Mn(CO)s- I * 
CH3—C—Mn(CO)s ; (CO)5Mn—C—CH3 

H H 

An example of an electrophilic cleavage is the reaction of 77-cyclopenta- 
dienyldicarbonyl-(t/im?-l,2-dideutero-3,3-dimethylbutyl)iron(II) with mer¬ 

curic chloride. The reaction was shown to go with retention of stereochemis¬ 

try (113). Such reactions probably would be better classified as exchange 

reactions, however. 

D H CO 

(CH3)3C—C—C—Fe 

I I I 
H D CO 

+ HgCl2 

D H CO 
I I I 

(CH3)3C—C—C—HgCl + Cl—Fe 

I I I 
HD CO 
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Chapter IV 

Homogeneous Hydrogenation 

Reactions 

A. OLEFIN REDUCTION 

Hydrogenation is a prime example of a reaction that can be carried out both 

homogeneously and heterogeneously. The two types of reactions are so 

similar that there can be little doubt but that the basic features of the mechan¬ 

isms of both reactions are the same. 

The homogeneous hydrogenation of olefins is one of the best understood 

and one of the simplest of transition metal-catalyzed reactions. Two basic 

steps are involved: (1) metal hydride addition to the olefin and (2) hydrogen- 

olysis of the metal alkyl bond with reformation of the metal hydride catalyst. 

I I II 
C—C—  *_»> M—H + —C—C— 
II II 

M H H H 

In detail, however, the reaction involves several additional steps. The hydride 

catalyst will probably exist, at least, mainly as a coordinately saturated com¬ 

plex. If this is the case, then dissociation generally will be required initially in 

order to have a position available for coordination of the reacting olefin. 

The olefin n complex formed could then undergo a shift of hydrogen from the 

metal to one carbon of the coordinated double bond with concurrent forma¬ 

tion of a metal-carbon a-bond to the other carbon of the double bond. This 

step would produce a coordinately unsaturated metal alkyl. This complex will 

then probably react reversibly with another potential ligand in the solution 

before reacting with hydrogen by oxidative addition. The elimination of the 

\ / 
M—H + C=C 

/ \ 

55 
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product hydrocarbon by a second hydrogen shift from metal to carbon (a 

reductive elimination) now leaves the coordinately unsaturated hydride 

available for coordination with either another olefin molecule to continue the 

catalytic cycle or some other coordinating species in the solution. The true 

LnM—H L + Ln _ i M—H 

\ / 
Ln _! M—H + JZ=Q, 

\ / 

/CTC\ 
L„-iM—H 

—C—C- 
I I 

Ln_xM H 

C—C— 

-L 

± LnM H 

> Ln_ iM—H 4- —C—C— 
I I 

H H 

situation may be even more complicated than these equations indicate since 

both the olefin-metal hydride tt complex and the dihydridoalkyl metal com¬ 

plex intermediates generally may exist in more than one isomeric form. Only 

isomers which have the reacting hydrogen and the carbon groups cis to each 

other can directly undergo the necessary reactions. It must be emphasized, 

however, that complete identification of all the possible intermediates in any 

of these reactions (and most other transition metal reactions) has not been 

made. This is an extremely difficult task because at least some of the inter¬ 

mediates are very reactive and unstable, and exist only in low concentrations. 

Although this detailed mechanism is believed to be basically correct for at 

least several of the known homogeneous hydrogenation catalysts (and presum¬ 

ably for heterogeneous ones as well), there are variations possible and some 

of these may be observed as more cases are investigated. It is not certain, for 

example, that v complexing of the olefin to the hydride is always necessary 

before addition can occur, nor is it clear whether oxidative addition of hydro¬ 

gen is always necessary before hydrogen cleavage of the metal alkyl bond can 

occur. Four-centered transition states could be imagined as alternatives. 

One of the most thoroughly studied homogeneous hydrogenation catalysts 

is hydridocarbonyl(tristriphenylphosphine)rhodium(I) which has been inves¬ 

tigated by Wilkinson and co-workers (114). This catalyst readily causes 

hydrogen reduction of terminal olefins to hydrocarbons at 25°C and atmos¬ 

pheric pressure, but internal olefins are very much less reactive. 

The NMR spectrum of the catalyst at — 30° shows the hydride proton at 

19.69t as a double quartet with 1:3:3:1 area ratios. The three triphenylphos- 

phine groups are apparently all equivalent causing splitting of the hydride 

resonance into a quartet (/P_H = 14 Hz) and the 103Rh causing a doubling of 

the quartet (JRh_H = 1 Hz). At room temperature the spectrum consists of 

only a broad line because of rapid phosphine dissociation and exchange. The 

—c—c- 
I I 

Ln-! M H 
h2 

—c—c- 
I I 

Ln-iM H 
/ \ 

H H 
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catalyst is a ds complex and dissociation of one triphenylphosphine group to 

form a square-planar, four-coordinate intermediate is not surprising for the 

reasons given in Chapter I, Section B. The apparent similarity of the infrared 

spectrum of the dissociated chtalyst (30° spectrum) and the starting complex 

( — 30° spectrum) suggests that the hydrogen and CO groups are trans in both 

•compounds. The dissociated complex is then presumed to reversibly form a n 

complex with the olefin. An alkylrhodium species is now believed to be formed 

by a reversible 1:2 hydrogen shift from the metal to the olefin. Although the 

alkyl has not been detected directly in this case, the observed rapid exchange 

of the hydride hydrogen (deuterium) for olefinic vinyl hydrogens suggests 

that it is an intermediate. Oxidative addition of hydrogen and another shift 

of hydrogen from rhodium to carbon would produce the hydrocarbon 

product with reformation of the catalyst. 

A variation of this mechanism has been suggested with other catalysts. In 

these examples the oxidative addition of hydrogen occurs before the olefin 

coordination. The dihydride formed by the oxidative addition first coordinates 

with and then adds to the olefin forming a hydridoalkylrhodium species. This 

complex then undergoes reductive elimination of the hydrocarbon with 

reformation of the same coordinately unsaturated metal complex that was 

formed in the initial dissociation of the catalyst, thus completing the catalytic 

cycle. An example of this mechanism is believed to be the homogeneous 

L„M 
-L H 

± Ln-iM ^ 
/ H 

L 

/ 

-H.; L"‘M\ 
H 

-L / 
==± L„_2M 
L \ 

H 
\ / 

H 
/ \ 

XC=C 
/ I \ 

—c—c— 
I I 

L„_2M—H L„_2M H 

I I 
H H 

-L 

—c—c— 
I I 

Ln-iM H 

H 

-► U-iM + — C—C- 
I I 

H H 
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hydrogenation catalyzed by chloro(tristriphenylphosphine)rhodium(I) also 

studied by Wilkinson and his co-workers (115). This catalyst is more reactive 

and generally useful than the one just discussed. 

The square-planar, four-coordinate d8 catalyst in this example is stable as 

the coordinately unsaturated specie, but probably dissociation of one of the 

triphenylphosphine groups can occur to a small degree with the dissociated 

compound rapidly forming a chloride bridged dimer even in dilute solution 

(116,117). The dissociated form likely reacts with hydrogen next and then with 

olefin. The dimer also reacts with hydrogen forming an unsymmetrical bridged 

dihydride. The dissociated catalyst also seems to react with ethylene forming 

an isolable trans square planar tt complex. Carbon monoxide reacts similarly. 

The unsymmetrical dimer dihydride, or the diphosphine-dihydride mono¬ 

nuclear species may react with triphenylphosphine and form isolable dihydrido- 

chlorotristriphenylphosphinerhodium(I). The NMR spectrum of the dihydride 

at 25° showed two metal hydride absorptions at 28r and 21.5r of equal area, 

but the latter one was a doublet with /P_H ~ 20 Hz. A structure with one hy¬ 

drogen cis to three phosphines and the other cis to two and trans to the third is 

indicated. Apparently there was no significant coupling of cA-phosphorus or of 

rhodium-103 with the hydride protons. Generally trans-phosphorus has a much 

larger coupling constant than a c/s-phosphorus in the same metal complex. At 

25° the NMR shows line broadening because of phosphine ligand exchange. 

From the 31P NMR spectrum at 30° and —25°, it also can be deduced that 

phosphine dissociation from the dihydride occurs readily and that it is the phos¬ 

phine trans to the very strongly trans activating hydride ligand that is reversibly 

lost. The undetectable dissociated form may be either a square pyramid as 

shown below or a trigonal bipyramid. It seems probable that this dissociated 

form coordinates with the olefin next and that this is followed by a hydride 

transfer from rhodium to the coordinated olefin. If there were a shift of the 

hydrogen and no movement of the olefinic group a new square-pyramidal 

complex would be formed in which the remaining hydride group would be 

trans to the alkyl group. This complex could easily rearrange by way of a 

trigonal pyramid and react with phosphine again to place the hydride and 

alkyl groups cis to each other in a position to react. A reductive elimination 

of hydrocarbon with reformation of the initial catalyst would then complete 

the cycle (see Scheme IV-1). This mechanism suggests that cis addition of the 

hydrogen should occur and this has been observed. Reduction of dimethyl 

maleate with deuterium gave the mera-dideutero ester, whereas dimethyl 

fumarate gave the (± )-dideuterosuccinate ester. This catalyst also reduces 

acetylenes and dienes in contrast to the first one which only forms complexes 
with these reagents. 

As in the previous example, the mechanism in Scheme IV-1 contains 

considerable speculation, but enough is known to be reasonably certain at 



S
ch

em
e 

IV
-1

. 



60 IV. Homogeneous Hydrogenation Reactions 

least that it is not far from the actual mechanism. The alternative mechanism 
which cannot be completely ruled out, however, is the one in which olefin 
coordination occurs first and then the oxidative addition of hydrogen takes 
place (118). Although it appears unlikely since ethylene is known to inhibit 
its own hydrogenation. Although the detail given may not be completely 
justified by the facts, it is instructive to attempt to construct as complete a 
mechanism as possible in these examples since there is generally considerably 
less known about other transition metal-catalyzed reactions. 

The important effect that small amounts of impurities can have on some 
transition metal catalysts is illustrated by the effect of oxygen on the chloro- 
(tristriphenylphosphine)rhodium(I) catalyst. The oxidized material is still a 
hydrogenation catalyst, but at the same time it also causes olefin isomerization 
which is not significant when the unoxidized catalyst is employed (119). 

A variety of homogeneous hydrogenation catalysts are now known. All 
these very probably operate basically by one or the other of the above 
mechanisms. A partial list includes HRuC1(P</>3)3 (selective for terminal 
olefins) (120), HIr(CO)(P<£3)3 (121), HCo(CO)2[P(«-C4H9)3]2 (122), HRu- 
(OCOCH3)(P(/>3)4 (123), Ru2(OCOCH3)4 (reduces internal olefins easily) (124), 
IrCl(P<^3)3 (10 times more active than the rhodium analog, but olefin isomer¬ 
ization also occurs) (125), and {H2Rh(P</>3)2[(CH3)3CO]2}PF6 (126). The last 
compound is of special interest because it reduces ketones fairly easily (127), 
whereas the others listed do not, and because of its method of preparation 
and the fact that it has two acetone molecules as ligands. The compound 
was prepared by reacting 77-norbornadienebis(triphenylphosphine)rhodium(l) 
hexafluorophosphate with hydrogen in acetone solution. The diene ligand 
is reduced to the hydrocarbon and only solvent is available to fill the empty 
coordination positions created in the reduction. This reaction appears to be 
a generally useful way for preparing very reactive solvated homogeneous 
hydrogenation catalysts. In general, the catalysts become more reactive as 
more, weakly bonding ligands are placed in the coordination sphere. There is 
a limit to the number of poor ligands that can be used, however, since the 
complexes often become unstable and decompose to free metal when too 
many are present. 

Many variations in the phosphine ligands in the above catalysts have been 
studied. The triarylphosphines are best and changing the substituents in the 
aryl groups may produce significant effects upon hydrogenation rates. 
1-Hexene, for example, hydrogenates about 60 times faster with the tris-/?- 
anisylphosphine catalyst than with the tris-/?-chlorophenylphosphine com¬ 
plex (128). The rates are generally lower when the aryl groups are replaced 
by alkyls. The effect, in at least some instances, is probably mainly steric. 
The larger ligands dissociate more readily and produce a more reactive, 
solvated catalyst. A ligand variation of considerable synthetic potential is the 
use of optically active phosphine ligands to effect asymmetric reductions. 
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Two sources of optical activity in the ligand have been employed: the use 

of an optically active carbon group as one of the three substituents on the 

phosphorus and the use of optically active phosphines with three different 
substituents. * 

In the first group optically active neomenthyldiphenylphosphine was 

•prepared by the reaction of lithium diphenylphosphide with optically active 

menthyl chloride and converted into the analog of one of Wilkinson’s 

catalysts—chlorotris(neomenthyldiphe'nylphosphine)rhodium(I). The catalyst 
was less active than the triphenylphosphine analog, but at 60° and with 

300 psi oj hydrogen, reduction of olefins occurred and in appropriately 

substituted cases optical activity was induced in the product. 3-Phenyl-2- 

butenoic acid under these conditions (in 24 hr) gave an 80% yield of 

3-phenylbutyric acid which was 61 % optically pure (129). 

<t> 
I 

CH3—C=CHCOOH + H2 
Cl(P</>2nm)3Rh 
-> 

nm = neomenthyl 

<t> 
I 

ch3—c—ch2cooh 
I 

H 

In complexes with the second type of phosphine ligand, a whole series of 

optically active phosphines has been used. Instead of preforming the chloro- 

trisphosphinerhodium catalyst, mixtures of rhodium trichloride and the 

phosphine were used. As would be expected from the mechanism proposed, 

only two phosphine groups per rhodium are required. Faster reduction is 

also observed with the 2:1 ratio. 

The degree of optical purity obtained in the reduction product depends 

markedly on the groups attached to phosphorus and on the structure of the 

olefin being reduced. Reduction of 2-Ar-benzoylamino-3-(3-methoxy-4- 

hydroxyphenyl)acrylic acid with a catalyst containing two optically active 

m-anisylmethylphenylphosphines per rhodium atom gave only 1% optical 

purity in the reduced product, while the use of o-anisylcyclohexylmethyl- 

phosphine gave 90% optical purity under the same conditions (130). Use of 

NHCO^ 

CH=C—COOH 

r^S 
och3 

OH 

+ h2 
RhCl3, 2P»R3 

NHCO <f> 

I * 
ch2chcooh 

OH 

och3 

the same catalyst to reduce 2-A-acetylaminoacrylic acid gave a product with 

only 60% optical purity (130). 

NHCOCH3 

RhCl3,2P«R3 ^ 

nhcoch3 
u 

ch3chcooh ch2=ccooh + h2 



62 IV. Homogeneous Hydrogenation Reactions 

Similar catalysts with asymmetric chelating diphosphines have also been 

studied (131). 
Catalysts for asymmetric reduction, of course, are not limited to phosphine 

complexes. All that is necessary is for the ligand to remain attached while the 

hydrogenation is occurring. A catalyst with coordinated, optically active 

formamide derivatives has proved to be capable of the asymmetric reduction 

of methyl 3-phenyl-2-butenoate. The catalyst is produced by reducing 

trichlorotripyridylrhodium(III) with sodium borohydride in the presence of 

the optically active formamide derivative. With (R)- or (S)-l-phenylethyl- 

formamide as the amide derivative, 50% optical purity was obtained in the 

hydrogen reduction of methyl 3-phenyl-2-butenoate (132). A review chapter 

NHCHO NHCHO 
I* I* 

py3RhCl3 + NaBH4 + 2^CHCH3 -* py2(<£CHCH3)RhCl2(BH4) 

CH3 VHCH° CH3 
I* 

, „ 1 py2W>CHCH3)RhCI2(BH4) 1 * 
<£-C=CHCOOCH3 + h2 ----—</>CHCH2COOCH3 

has been written on asymmetric reductions (133). 

B. HOMOGENEOUS-HETEROGENEOUS CATALYSTS 

A new type of catalyst system which combines features of both homogeneous 

and heterogeneous catalysts is now being developed and one area of applica¬ 

tion is in hydrogenation. The usual heterogeneous catalyst is made by 

precipitating a metal or metal compound on a support material and the 

catalyst is generally not chemically bound to the support. The precipitated 

catalyst will be of a different thickness at different places on the support and 

the ligands around the metal will vary. Consequently, the activity of the 

catalyst is also likely to vary from place to place on the surface. The new 

catalyst system employs an organic polymer with chemically binding ligands 

as a support. If the ligands are widely separated, one metal catalyst molecule 

will be bonded on the average to only one ligand. The use of strongly bonding 

ligands in the support, such as phosphine groups, attaches the metal very 

strongly to the support, but the other ligands on the metal are free to exchange 

and undergo reactions. All the catalyst sites are essentially chemically the 

same, except for minor differences because of irregularities in the polymer 

surface. 

Polystyrene copolymerized with a little divinylbenzene in order to insolu- 

bilize it can be prepared in a form containing pores or holes of relatively 

constant size within the same sample. Since the pores represent the major 
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part of the surface of the support, the size of the pores will determine which 

molecules can fit inside and be reduced. The attachment of the chlorotris- 

(triphenylphosphine)rhodium(I) catalyst by phosphine exchange to a poly¬ 

styrene with diphenylphosphinomethyl groups and the use of the proper 

pore size allows selective hydrogenation on the basis of the size of the olefin 

molecules. Small olefins can enter the pores easily and reach the catalyst, 

whereas larger olefins cannot (134). These catalysts have the practical advan¬ 

tage that the catalyst remains insoluble and there is not a problem of removing 

it from the reaction mixture or of recovering it. Potentially, with these systems, 

there is the possibility of preparing very reactive catalysts which would be 

unstable in solution with respect to disproportionation and precipitation of 

the metal since these reactions cannot occur if the metal atoms are held 

apart by firm attachment to the polymer support. The advantages of this 

type of catalysis should be important in other reactions than hydrogenation 

and more applications will most likely be found. 

C. REDUCTION OF CONJUGATED DIENES 

Some of the above-mentioned soluble catalysts will also reduce conjugated 

dienes and others form stable complexes with them. The mechanism of 

reduction could be identical with that of the olefin reduction with some 

catalysts, but it is different with others since some do not reduce simple 

olefins. The reduction in the latter cases stops after the addition of two 

hydrogen atoms. 

Benzenetricarbonylchromium(O) is a very selective catalyst for the reduction 

of conjugated dienes to olefins by a 1:4 addition of hydrogen (135-137). 

The reduction of methyl sorbate, for example, takes place with this catalyst 

at 150° with 700 psi of hydrogen in cyclohexane solution to produce exclusively 

c/s-methyl 3-hexenoate in up to 98% yield. It is presumed that the 77-complexed 

benzene and a carbonyl group in the catalyst are replaced by a coordinated 

diene and two hydrogen atoms giving a dihydride which then transfers the 

hydrogen atoms to the ends of the diene system. The hydrogens may be 

transferred one at a time giving a 77-allyl intermediate or, perhaps less likely, 

both together. The latter possibility seems unlikely because the chromium 

atom would be losing three ligands simultaneously, whereas with the stepwise 

route solvent could enter and only one ligand would be lost in the first step 

and two in the second. The 1:4 addition then occurs because the second 

hydride group is cis to the 4-position of the original diene (see Scheme IV-2). 

Cobalt cyanide complexes form hydrides with hydrogen which will reduce 

activated olefins and conjugated dienes. The reduction of butadiene can give 

either 1-butene as the major product or fra«s-2-butene depending on the 

ratio of cyanide ion to cobalt in the solution (138). When there is more than 
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a 5:1 ratio of cyanide to cobalt, 1-butene is formed apparently by way of 

the pentacyano-2-butenylcobalt(III) ion since the NMR spectrum of the 

reaction mixture of the hydride with butadiene shows the presence of the 

2-butenyl group. Reaction of'the 2-butenylcobalt compound with a hydrido- 

pentacyanocobalt(III) ion with hydrogen substitution at the double bond 

*eould give 1-butene. A reaction between two triple negatively charged ions 

would ordinarily be very unfavorable, but, in this example, the charges would 

be partially distributed into the ligands and the attack at the double bond 

would allow the hydrogen transfer to occur without bringing the charges 
very closely together. 

*H2 + C4H6 + Co2+ + 5CN- -* [(CN)5CoCH2CH=CHCH3]3- 

[(CN)5CoCH2CH=CHCH3]3- + HCo(CN)s"3 -* 2Co(CN)53- + CH2=CHCH2CH3 

With a cyanide-to-cobalt ratio of less than five the reduction produces 

trans-2-buitwQ. The NMR spectrum of this reaction mixture indicates the 

presence of a ^-^-(l-methylallyl) group attached to cobalt. The likely ion 

would have four cyanide ligands also with a charge of minus two. Reaction 

of this complex with hydrogen or hydridopentacyanocobalt(III) ion could 

easily give trans-2-butene. The exact mechanism of the final reduction, 

however, is not known. 

iH2 + C4H6 + Co2++ 4CN- 

H CH3 
\ / 

C.v 
(CN)4Co'' ^CH 

/ \ 
H H 

(CN)4(L)Co2- 

H 

+ /C=C\ 
H3c h 

Other homogeneous catalysts which selectively reduce dienes to olefins 

are tra77j-HPt(SnCl3)(P<£3)2 (139-141), t7-C5H5M(CO)3H (M - Cr, Mo, W) 

(142), and Fe(CO)5 (143). 

D. REDUCTION OF KETONES AND ALDEHYDES 

Organic carbonyl compounds are, in general, much more difficult to reduce 

than are olefins, dienes, or acetylenes with homogeneous (or heterogeneous) 

transition metal catalysts. This fact allows quantitative reduction of unsatur¬ 

ated ketones and aldehydes to saturated carbonyl compounds with many 

soluble catalysts. There are, however, a few homogeneous transition metal 
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catalysts available which will reduce carbonyl compounds reasonably well. 

Hydridotetracarbonylcobalt(I) will reduce aldehydes to alcohols at about 

180° under about 1000 psi of a 1:1 mixture of carbon monoxide and hydrogen. 

The carbon monoxide is necessary because the catalyst decomposes in its 

absence. Although carbon monoxide is necessary to keep the catalyst in 

solution, it is also an inhibitor presumably because coordinately unsaturated 

intermediates are involved and carbon monoxide competes with hydrogen 

and/or the carbonyl compound for these intermediates. The rate of the 

reduction is dependent on the aldehyde, cobalt, and hydrogen pressure and 

inversely proportional to the square of the carbon monoxide pressure. 

d(RCU2OH)/dt = k [RCHO] [Co] [H2]/ [CO]2 

On the basis of this dependence the following mechanism has been proposed 

(94a). 

HCo(CO)4 > HCo(CO)3 + CO 

H 
I 

RCHO + HCo(CO)3 . - - R—C=0 , RCH20 Co(CO)3 

I 
Co(CO)3 

H 

RCH2OCo(CO)3 + H2 -* RCH2OCoH2(CO)3 -> RCH2OH + HCo(CO)3 

RCH2OCo(CO)3 + CO —' - RCH2OCo(CO)4 

The initial step is dissociation, a step inhibited by carbon monoxide. This 

is another example of a d8 complex which shows the tendency to lose its fifth 

ligand. The dissociated, hydridotricarbonylcobalt(I) can next coordinate with 

the carbonyl compound. A “side-on” coordination (a 77-bonding ligand) is 

proposed in the intermediate that undergoes hydrogen transfer from cobalt 

to carbon. An “end-on” complex (a o-bonding ligand) with the aldehyde 

probably is a more stable form of the intermediate. The tricarbonylalkoxy- 

cobalt(I) compound formed by the hydrogen shift then can undergo oxidative 

addition with hydrogen and the dihydride can shift one hydrogen from cobalt 

to oxygen forming alcohol and regenerating the catalyst hydridotricarbonyl- 

cobalt(I). The tricarbonylalkoxylcobalt(I) intermediate may react with carbon 

monoxide as well as with hydrogen and form the tetracarbonyl. This side 

reaction is probably the second place that carbon monoxide inhibits the 

reduction. This reduction is discussed further in Chapter IX, Section A,2,a. 

Two other homogeneous carbonyl reduction catalysts which are more 

convenient to use are trihydrido(tristriphenylphosphine)iridium(III) and the 

solvated dihydridobisphosphinerhodium(III) cation mentioned previously. 
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The iridium complex with hydrogen reduces aldehydes to alcohols easily at 

50° at atmospheric pressure (144). The mechanism of this reduction is not 

RCHO+ 
W3)3IrH3 

HOAc, 1 atm, 50°C 
RCH2OH 

^clear since it appears that acetic acid is a necessary component of the reaction 

mixture. This catalyst will also reduce activated olefins but more slowly 

than it does aldehydes. More information has been obtained on the rhodium 

catalyst. A mechanistic study of the hydrogen reduction of acetone with 

dihydridobisacetonebis(dimethylphenylphosphine)rhodium(I) hexafluoro- 

phosphate in aqueous acetone solution has led to the proposal of the reaction 

mechanism given in Scheme IV-3. The reduction is very much accelerated 

by the presence of small amounts of water in the reaction mixture; 1% in 

the acetone solution was optimum. The water is presumed to replace acetone 

reversibly in the coordination sphere of the catalyst. The probable mono- 

acetoneaquodihydride intermediate probably first undergoes a hydrogen 

shift; the hydrogen moving from rhodium to the carbon of the carbonyl 

group. “Side-on” coordination of the carbonyl group may be required for the 

shift to occur. The alkoxyrhodium intermediate now formed can undergo a 

second hydrogen transfer to form a five-coordinate complex containing 

coordinated isopropanol, perhaps in more than one step. It is believed that 

water is a catalyst for the transfer of the hydrogen from the position trans 

to the alkoxy group. The coordinated apical water molecule could give a 

hydrogen to the cw-alkoxy group and the hydride group could then, or 

simultaneously, move to the cw-hydroxy group formed in the first shift 

giving a five-coordinate intermediate. A final reaction with hydrogen and 

loss of isopropanol would form the starting complex again. The function of 

water in this reaction may be the same as the acetic acid in the preceding 

example. Reduction of aldehydes in contrast to ketones with the rhodium 

catalyst is a poor reaction because the catalyst decarbonylates aldehydes 

readily and forms a catalytically inactive carbonyl derivative. Decarbonylation 

reactions will be discussed in more detail in Chapter IX. 

Asymmetric reduction of carbonyl groups is also possible when optically 

active ligands are present in the above catalysts. Reduction of simple ketones 

with the Schrock and Osborn-type catalyst (127) with R-benzylmethylphenyl- 

phosphine ligands gave only slightly optically active alcohols, however (145). 

The effect has also been demonstrated with a less reactive catalyst, a cobal- 

oxime derivative, in the reduction of (easily reduced) benzil. The catalyst, 

formed from two moles of dimethylglyoxime and one mole of a cobalt(II) 

salt, has the four nitrogen atoms coordinated in a square-planar arrangement 

around the metal and a neutral fifth ligand occupies an apical position. The 

fifth ligand may be a variety of substances. For the asymmetric reduction, 
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the optically active alkaloid quinine was employed as the fifth ligand. This 

complex is capable of reacting with hydrogen presumably forming a six- 

coordinate monohydride which at room temperature and atmospheric 

pressure reduced benzil to benzoin with 61.5% of the theoretical optical 

purity (146). The mechanism of this reduction is not known. If the reduction 

# involves metal hydride addition to the carbonyl, it would seem that prior 

coordination of the carbonyl group in this case is unlikely since probably 

there is not room for the hydride and the carbonyl ligand on the same side 

of the nitrogen-cobalt plane. With this mechanism it is also difficult to explain 

the relatively high optical activity induced in the product by the quinine 

when it is very probably coordinated at the position trans to the hydride 

ligand, where it seemingly should have little influence on the addition 

reaction. This catalyst with pyridine as the fifth ligand will reduce methyl 

,'H\ 
o o 

I B I 

<f>—C—C—<f> + H2 ^—C—C—<b 

B = quinine H 

p-nitrocinnamate selectively in 78% yield to methyl 4-aminocinnamate and 

azobenzene in 94% yield to hydrazobenzene (146). 

ch=chcooch3 

no2- 

+ h2 

ch=chcooch3 

nh2 

H 
/ ' 

o o 

h3%4 1 )wcH3 
H3C^N C y^CH3 

o o 
V' 

^n=n 4, + h2 i^NHNH^ 
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A very good review of the practical aspects of homogeneous hydrogenation 

has been written (147). 

E. REDUCTION BY HYDROGEN TRANSFER 

The source of the hydrogen in a reduction may be other substances than 

hydrogen gas. Generally, these reactions do not go by way of hydrogen gas 

as an intermediate except perhaps for reductions involving both carbon 

monoxide and water. In this case the catalyst may simply be causing the 

reaction of carbon monoxide with water to form carbon dioxide and hydrogen. 

CO + h2o — ^ h2 + co2 

The high-yield, rhodium carbonyl-catalyzed reduction of nitro compounds 

to amines with carbon monoxide and water may be of this type (148). 

RN02 + 3CO + H20 
Rh6(CO)16 + pyridine 
-► 

150°, 120 atm 
RNH2 + 3COa 

A similar reduction of nitro compounds occurs with dodecacarbonyltriiron 

with methanol as the source of the hydrogen. The fate of the methanol, 

however, has not been determined (149). Likely products would be dimethyl 

carbonate and ferrous carbonate. 

ArN02 + Fe3(CO)12 + CH3OH -* ArNH2 + [(CH30)2C0 4- FeC03] 

Reduction of various unsaturated organic groups by transition metal 

compounds and acids, in some instances at least, appears to involve metal 

hydrides formed by oxidative addition. The metal hydrides then add to the 

unsaturated group (probably via a v complex) and finally acid cleaves the 

metal alkyl formed. The last step may proceed by an oxidative addition of 

the acid, with subsequent hydrogen shift from metal to alkyl. This mechanism 

X—M—H H 
I 

X 

I I 
—c—c— + mx2 

I I 
H H 

requires a metal which can change oxidation number by four, although varia¬ 

tions are possible where, for example, an exchange of X for H in the inter¬ 

mediate olefin adduct occurs and only a two-electron change is required. 

M + HX X—M—H 

\ / 

/C=C\ 
c-c 

I I 
M H 

I 
X 



E. Reduction by Hydrogen Transfer 71 

I I 
—C— C— + X—M—H 

I I 
M H 

I 
X 

*Cis addition of the hydrogen would be expected from either of these paths, 

but it is not always observed. An example of probably the former possibility 

is the reduction of diphenylacetylene with trifluoroacetic acid and bistri- 

phenylphosphine-7r-diphenylacetyleneplatinum(0), a stable coordinately 

unsaturated complex. Initially an isolable m-vinylplatinum intermediate 

complex is formed which then reacts further with trifluoroacetic acid with 

isomerization to give tra/?^-l,2-diphenylethylene (150). The mechanism of 

this transformation is discussed further in Chapter VII, Section B,l. 

The use of isopropanol as a hydrogen transfer reagent has been demon¬ 

strated in the iridium(III)-catalyzed reductions of cg3-unsaturated ketones, 

acetylenes, and saturated ketones. 

Benzalacetophenone can be converted into (phenylethyl)phenylketone in 

95% yield by refluxing it in isopropanol with a catalyst prepared from iridium 

trichloride, dimethyl sulfoxide (a fairly good ligand, bonding through oxygen), 

and hydrogen chloride (151). The iridium complex is most likely converted 

into the monohydride by reaction with isopropanol by way of an isopropoxy 

complex. The hydride then may add to the double bond of the unsaturated 

ketone. The adduct which can be isolated, apparently has the internal ketone 

group coordinated to the iridium. On further heating with isopropanol 

containing hydrogen chloride, the saturated ketone is formed. Since reduction 

of this adduct requires hydrogen chloride, an oxidative addition of the acid 

may be involved, although this would require an Ir(V) species, at least, as a 

short-lived intermediate. The adduct could then undergo a hydrogen shift 

from iridium to carbon. The iridium trichloride formed could be re-reduced 

—C—C— -M + —C—C— 
II II 

M H H H 
I 

H 

HC1 + (CH3)2SO + IrCl3 -► {HIrCl4[(CH3)2SO]}-2(CH3)2SO 

{HIrCl4 • l(CH3)2SO]2} • 2(CH3)2SO + CH3CHOHCH3 -► 

HIrCl2[(CH3)2SO]3 + 2HC1 + (CH3)2SO + CH3COCH3 

O 

HIrCl2[(CH3)2SO]3 + <j>CCH=Cll<f> 
-(CH3)2SQ ; 

.CH2 n 
<f>—C CH<f> 

|| hci II 
O-Ir—Cl -> <f,CCH2CH2<t> + IrCl3-3(CH3)2SO]3 

(CH3)2SO 

(CH3)2SO OS(CH3)2 

IrCl3-3(CH3)2SO + (CH3)2CHOH ■* HIrCl2[(CH3)2SO]3 + CH3COCH3 + HCI 
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by isopropanol to the metal hydride and the catalytic cycle would be 

completed. 
A completely analogous catalytic reduction of diphenylacetylene in the 

presence of hydrogen chloride, isopropanol, and hydridodichlorotris(di- 

methyl sulfoxide)iridium(III) has been observed (152). The intermediate 

vinyliridium complex can be isolated. The adduct and final product are the 

expected cis isomers. 

\ / HCI 
<f>C=C<f> + HIrCl2[(CH3)2SO]3 -► /C==C\ -* 

H \rCl2[(CH3)2SO]3 

*\ / 
C=C + HIrCl2[(CH3)2SO]3 

H XH 

Ketones, also, may be reduced with an excess of refluxing isopropanol and 

phosphoric acid (instead of hydrogen chloride) with iridium trichloride as 

catalyst. Reduction of cyclohexanones produces axial hydroxy derivatives 

quite selectively, probably for steric reasons. The hydride addition probably 

occurs mainly from the less substituted side of the cyclohexanone ring (153). 

F. DEHYDROGENATION 

The removal of hydrogen from organic compounds in a few instances can 

be achieved with homogeneous catalysts. A potentially useful example is the 

two-step reaction of an olefin with palladium chloride to produce a conjugated 

diene. The first step is the reaction of the olefin with palladium chloride in the 

presence of sodium acetate and acetic acid at 100° to form a 77-allylic palladium 

chloride dimer, and the second step is vacuum pyrolysis of the 7r-allylic 

complex with removal of the diene as it is formed. Considerable double-bond 

isomerization is observed, however, in cases where isomers are possible (154). 

1-Octene in this reaction, for instance, gives an 88% yield of a 2:1 mixture 

of the 2,4- and the 1,3-dienes. 
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-NaCI CH2-—CH(CH2)5CH3 4- PdCl2 + NaOAc 
— HOAc 

CH3(CH2kCH Cl CH2 

HC >dN >dN 'CH -> 
// / v .y 

CHa Cl HC' 
* I 

(CH2)4CH3 

CH3(CH2)2 CH=CHCH=CHCH3 + CH3(CH2)3CH=CHCH=CH2 + [HC1 + Pd] 

Cyclohexene is dehydrogenated to benzene in the presence of two moles of 

palladium acetate and sodium acetate in acetic acid solution (155). Presum¬ 

ably this reaction begins with the formation of a 77-cyclohexenylpalladium 

acetate complex. This intermediate then probably undergoes elimination to 

form 1,3-cyclohexadiene. Reformation of a 77-aIlyl-type complex with loss 

of acetic acid with the 1,3-cyclohexadiene and another elimination would 

produce benzene. The reaction is complicated, however, by the fact that 

Pd(OAc)2 
-y 

L 

OAc 
I 

-Pd—L 
-HOAc AcO - 

-y 

L 

+ Pd(O) + HOAc + L 

+ Pd(OAc)2 

OAc 

AcO / \ 
/ \ / \ 

AcO L 

+ HOAc + Pd(O) + L 

palladium metal produced in the reaction is also a catalyst for the dehydro¬ 

genation. 

The catalytic dehydrogenation of alcohols to carbonyl compounds can be 

achieved catalytically with certain homogeneous transition metal catalysts. 

Rhodium trichloride in the presence of stannous chloride at reflux tempera¬ 

ture converts isopropanol into acetone and hydrogen. The accumulation of 

acetone as product decreases the reaction rate probably because the reaction 
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is reversible (156). A rhodium alkoxide is probably an intermediate and it 

probably undergoes a ^-hydride elimination with formation of ketone and a 

hydridorhodium species. The last step probably is a reaction of hydrogen 

chloride with the metal hydride forming hydrogen and the catalyst again. 

Without stannous chloride the reaction is stoichiometric in rhodium trichlor¬ 

ide. Thus, the stannous chloride appears to be accelerating the reaction of 

hydrogen chloride with the metal hydride. It is known that stannous chloride 

forms the trichlorotin ligand with transition metal chlorides and this ligand, 

which exerts a strong trans effect, probably makes the hydride group more 

reactive toward protons (probably by an oxidative addition mechanism). 

RI1CI3L3 + SnCl2 „-1 RhCl2(SnCl3)L3 

RhCl2(SnCl3)L3 + (CH3)2CHOH (CH3)2CHORhCl(SnCl3)L3 + HC1 

(CH3)2CHORhCl(SnCl3)L3 (CH3)2CO + HRhCI(SnCl3)L3 

HRhCl(SnCl3)L3 + HC1 -* H2 + RhCl2(SnCl3)L3 

A very interesting reaction which combines a dehydrogenation of an 

alcohol with an aldol condensation and hydrogen transfer reaction occurs 

when primary alcohols are heated with a sodium alkoxide, a catalytic amount 

of chlorodicarbonylrhodium(I) dimer, and eight equivalents of triethyl- 

phosphine. «-Butanol, for example, produces the commercially important 

2-ethyl- 1-hexanol in 90% yield by this reaction if the water formed is con¬ 

tinuously removed (157). The true catalyst is probably chlorocarbonylbistri- 

ethylphosphinerhodium(I). On reaction with sodium alkoxide, an alkoxy- 

rhodium complex would be formed which could eliminate hydride and form 

the aldehyde. A base-catalyzed aldol condensation of two aldehyde molecules 

with water elimination would then give the a^-unsaturated aldehyde conden¬ 

sation product. One of the two rhodium hydride molecules formed in the 

alcohol oxidation now could add to the unsaturated aldehyde forming a 

77-oxyallylrhodium complex. Reaction of this complex with n-butanol could 

produce the reduced aldehyde and reform the starting alkoxyrhodium com¬ 

plex. Reaction of the reduced aldehyde with the second of the two rhodium 

hydride species could give an alkoxyrhodium intermediate which on exchange 

with n-butanol would give 2-ethyl-1-hexanol and the starting alkoxyrhodium 

OC ,C1 CO 
\ A \ / 

Rh )Rh + 4P(C2H5)3 -* 2CO + 2RhCl(CO)[P(C2H5)3]2 

/ '' '' \ 

oc 'cT co 
— NaCl 

RhCl(CO)[P(C2H5)3]2 + NaOCH2CH2CH2CH3 -*- 

CH3CH2CH2CH2ORh(CO)[P(C2H5)3]2 

CH3CH2CH2CHO + HRh(CO)[P(C2H5)3]2L 
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CH2CH3 

2CH3CH2CH2CHO Na0Bu > ch3ch2ch2ch=ccho + h2o 

ch2ch3 

CH3CH2CH2CH=CCHO + HRh(CO)[P(C2H5)3J2L 

* //O, 

-L 

H—C >h(CO)[P(C2H5)3]2 —BuOH > 
X' 

/C\ 
ch3ch2ch2ch2 ch2ch3 

ch2ch3 
I 

CH3CH2CH2CH2CHCHO + CH3CH2CH2CH2ORh(CO)[P(C2Hs)3]2 

CH2CH3 

n-BuOH 

CH3CH2CH2CH2CHCHO + HRh(CO)[P(C2H5)3]2L — 

CH2CH3 

CH3CH2CH2CH2 CHCH2ORh(CO)[P(C2H5)3]2 ,_ 

CH2CH3 

CH3CH2CH2CH2CHCH2OH + CH3CH2CH2CH2ORh(CO)[P(C2H5)3]2 

compound again. Excess «-butanol is necessary to drive the various equilibria 

in the reaction to completion and form largely 2-ethyl-1-hexanol rather than 

a mixture of the alcohol and the related saturated aldehyde. 
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Chapter V 

Addition and Elimination Reactions 

of Olefinic Compounds 

A. OLEFIN ISOMERIZATION 

1. 1:2 Addition-Elimination Reactions of Transition Metal Hydrides 

Double-bond isomerization is a very commonly observed reaction. The 

isomerization often accompanies other transition metal reactions giving less 

reactive isomerized olefins which, in turn, may give isomeric reactions pro¬ 

ducts. In most instances the mechanism of isomerization is a simple metal 

hydride addition-elimination sequence. The isomerization requires that the 

hydride elimination take place with a different hydrogen than the one that 

was added. In the usual example, olefin coordination with the hydride appears 

to precede the addition, while the elimination probably initially produces a 

hydride v complex of the rearranged olefin (see Scheme V-l). Olefin equilibra¬ 

tion can be achieved with many catalysts, although equilibration often will 

not go to completion in reaction mixtures containing reagents which react 

with the intermediate metal alkyls. The degree of isomerization observed 

obviously depends on the relative rates of the various reactions involved. 

Examples are known where double bonds have moved by eight or more 

carbon atoms during transition metal-catalyzed reactions. 

In the usual mechanism as indicated above, a cis addition and a cis elimina¬ 

tion of metal hydride is expected and this result is consistent with the facts in 

the very few instances where data have been obtained (158, 159). Trans 

addition of the elements of a metal hydride very probably can occur also, 

particularly when relatively stable, coordinately saturated olefin v complexes 

react with protons or metal hydrides. If the olefin tt complexes are coordinately 

76 
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HMLn 

HML„_! + R1CH2CH=CHR2 

H M Ln . i -f- L 

r1ch2ch=chr2 

HMU.x 

r1ch2ch2chr2 

ML„_! 

R1CH2CHCH2R2 

I 
ML,.! 

r1ch==chch2r2 

HML„_i 

R1CH=CHCH2R2 + HMLn_i 

Scheme V-l. 

unsaturated or dissociate easily, protonation of the metal may occur first 

and in such cases produce cis addition (cf. Chapter VI, Section D). 

The direction of addition and elimination of transition metal hydrides is 

of obvious importance in predicting initial isomerization products or final 

products if complete equilibration does not occur. Covalent metal hydride 

additions appear to be controlled by a combination of steric and electronic 

effects that may vary substantially from metal to metal and from complex 

to complex. The almost complete lack of data on directions of additions 

does not allow any generalizations to be made. In most reactions the direction 

of addition is assumed from the isomeric composition of the products 

obtained, either olefins or more complicated insertion products. Without 

more information about relative stabilities and reactivities of the intermediate 
species, however, such data may give incorrect estimates of the isomeric 

composition of the initial adducts formed. 

The initial direction of addition has been determined in the gas phase 

reaction of hydridotetracarbonylcobalt(I) with propylene (see Scheme V-2). 

This addition could put cobalt on the terminal carbon or the middle carbon. 

Simply looking at the composition of the isomeric mixture of cobalt com¬ 

pounds produced may not answer the question of how the initial addition 

occurred since equilibration of isomers may have taken place by the time the 

products are isolated. To show that equilibration did not occur, the reaction 

was carried out with a large excess of completely deuterated propylene and 
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metal hydride containing normal hydrogen. Since the organocobalt inter¬ 

mediates are very unstable, the first formed monoprotio and monodeutero 

elimination products were identified. Correcting for statistical effects and 

assuming no isotope effects (a possibly quite inaccurate assumption), it was 

deduced that 707, addition of the cobalt occurred on the middle carbon 

and 3070 on the terminal carbon (160). 

HCo(CO)4 , HCo(CO)3 + CO 

cd3cd=cd2 

CD3CD=CD2 + HCo(CO)3 HCo(CO)3 CD3CDCD2H + CD3CHDCD2Co(CO)3 

Co(CO)3 

cd3cdcd2h , cd2=cdcd2h + CD3CD=CD2 + cd3cd=chd 

I I II 
Co(CO)3 DCo(CO)3 HCo(CO)3 DCo(CO)3 

cd2=cdcd2h cd3cd=cd2 cd3cd=chd 

(cis + trans) 

CD3CHDCD2Co(CO)3 cd3ch=cd2 + cd3cd=cd2 
I I 

DCo(CO)3 HCo(CO)3 

cd3ch=cd2 cd3cd=cd2 

Scheme V-2. 

Another, well-studied example is a rhodium-catalyzed olefin isomerization 

(161). The initial direction of addition was not determined, but the overall 

mechanism was found to be of the hydride addition-elimination type. The 

hydridorhodium catalyst in this example was formed in the reaction mixture 

by the oxidative addition of hydrogen chloride to chlorobisethylenerhodium(I) 

dimer in alcohol solution. It is presumed that the reacting olefin replaces 

ethylene in the complex and then addition and elimination occur. Since a 

variety of possible ligands are present in the reaction mixture (alcohol, 

olefins, and chloride ion) the exact ligands on the reaction intermediate were 

uncertain and may not matter as far as the addition-elimination reactions 

are concerned. The proposed mechanism of isomerization is shown in Scheme 

V-3 with 1-butene as the olefin. 

Numerous similar isomerization catalysts are known (162). 
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The factors influencing the direction of elimination of metal hydride once 

a metal alkyl is formed have not been specifically investigated, but indications 

are that steric effects can be very important. The few results available suggest 

that elimination tends to produce the metal hydride 77 complex with the 

olefin which has the fewest substituents. The more substituted olefins appar¬ 

ently form less stable complexes for steric reasons (see Table V-l). For the 

same reason c/s-olefin v complexes would be preferred over the corresponding 

trans ones. A preference for formation of cA-olefins, initially during isomeri¬ 

zation reactions has been observed in several cases (e.g., refs. 163, 164). 

2. Isomerization by 1:3 Hydrogen Shifts 

Olefin isomerization may occur by a second mechanism when allylic 

hydrogens are activated and/or free metal hydride is not present in the reaction 

mixture. This mechanism involves a 1:3 shift of a hydrogen from an allylic 

position to a double bond carbon by way of a 77-allyl metal hydride inter¬ 

mediate. 

H 
\l/ 

C 

M— 

|\ 
R 

HM 

\ / 

R 

\/ 
C 

M—1| 
C— 

I 
c 

/l\ 
H R 

Typical of many reactions which may be of this type is the sodium tetra- 

chloroplatinate isomerization of mesityl oxide (4-methyl-3-penten-2-one) at 

room temperature to a platinum complex of 4-methyl-4-penten-2-one. The 

reaction goes to completion because of the formation of a stable chelated 

platinum complex. It is perhaps surprising that this carbonyl-olefin chelated 

complex is stable enough to overcome the energy requirement of moving the 

double bond out of conjugation with the carbonyl group. The complexed 

olefin produced may be displaced from the complex with tri-n-butylphosphine 

and the isomerized olefin isolated in about 90% yield (165). 

o 
II 

(CH3)2C=CHCCH3 + Na2PtCl4 
— NaCl 

/ \ 
Cl Cl 

ch2 o 

CH3CCH2CCH3 + PtCl2[P(«-Bu3)3]2 
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The low temperature and the neutral reaction medium used in the above 

reaction suggests that metal hydride probably is not involved and a 1:3 

hydride shift mechanism is more probable. 

An unambiguous example of the 1:3 hydride shift mechanism has been 

found in the reactions of a highly reactive nickel complex at low temperature. 

Bromotrifluorophosphine-77--allylnickel(II) reacts with sodium trimethylboro- 
hydride at —135° to form hydridotrifluorophosphine-7r-allylnickel(II), 

insoluble sodium bromide, and volatile trimethylboron. The pure nickel 

complex, on warming to —40°, undergoes an internal hydrogen shift forming 

trifluorophosphine-77-propylenenickel(0), a two-coordinate nickel(O) complex. 

The propylene can be liberated from this complex by reaction with triphenyl 

phosphite. The most interesting feature of the dicoordinate complex is that 

on cooling below about —50° it is reconverted into the hydrido-77--allyl 

complex clearly illustrating the 1:3 hydride shift mechanism (166). 

<\ Br % ✓ 

'Ni + NaHB(CH3)3 

/ vpf3 

-135° 
-► << 
-B(CH3)3 \\ y 
— NaBr 

Ni 
/ 

i 
\ 

H 
-40° 

pf3 
-50° 

CH3 

CH 
||—Ni—PF3 
ch2 

P(04>)3, 

CH3CH=CH2 + Ni(PF3)[P(0^)3]3 

A similar migration of hydrogen from rhodium to a coordinated w-allyl 

group has been reported (167). 

An apparent ionic analog of the covalent 1:3 hydrogen shift may occur 

ch3 

CH3—C=CHC(CH3)3 + PdCl2 
NaOAc -y 

HOAc 

H H 

yC~ H {-1 
yt' \ 

yC-H Ck 
// \ / 

CH3—c' >d'' " + (CH3)3CCH2C( )Pd 

X'C—C(CH3)3 
1 

% / 
XC—H 

1 
H 2 L H J 

H 
I 

/C-H Cl 

ch3 c'' 'X, 
X' 
X'C—C(CH3)3 

I 
H 

slow 

HOAc 

H 

/C-H ci 

ch3—c' 'X 

XC—H 
I 
C(CH3)3 
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when w-olefin complexes of palladium are converted into 77-allylpalladium 

salts with sodium acetate in acetic acid (168). It is not certain whether the 

hydrogen is removed directly from a methylene group or from a w-allylic 

hydride isomer present in low concentration in the reaction mixture. 

The initially formed major products are the anti isomers, but these slowly 

isomerize to syn isomers in the reaction mixture, either by a reversal of the 

reaction, by protonation, or perhaps more probably, by formation of a 

cr-allyl intermediate which then closes to the .s}77-7r-allyl complex. 

B. HYDRIDE TRANSFER REACTIONS 

A consequence of the facile addition-elimination reactions that many 

transition metal hydrides undergo is the frequent, easy transfer of metal 

hydride from one metal alkyl to an olefin with formation of another metal 

alkyl. These are equilibrium reactions and the concentrations of the various 

H 

I I 
R1—C—C—M - 

I I 

Rk / 
MH + C=C - 

/ \ 

R\ / 
C=C + MH 

/ \ 
H 

H 
I I 

R2—C—C— M 

components present depend on the olefins, metal, and ligands involved. An 

interesting and potentially useful application of this exchange reaction is the 

conversion of an olefin into a Grignard reagent. If a Grignard reagent is 

stirred with an olefin in the presence of a catalytic amount of titanium 

tetrachloride, an equilibrium mixture of olefins and Grignard reagents is 

formed. The Grignard reagent apparently alkylates the titanium tetrachloride. 

The alkyl then eliminates hydridotrichlorotitanium forming an olefin. The 

hydride then adds to the other olefin present forming a new alkyltitanium 

compound. A final exchange of this titanium alkyl with magnesium halide 

produces the new Grignard reagent and regenerates the titanium tetrahalide 

catalyst. The use of n-propylmagnesium bromide as the starting Grignard 

reagent allows the formation of volatile propylene in the exchange. If the 

CH3CH2CH2MgX + TiX4 , [CH3CH2CH2TiX3 ] + MgX2 

[CH3CH2CH2TiX3] , [HTiX3] + CH3CH=CH2 

[HTiX3] + RCH=CH2 ~-" [RCH2CH2TiX3] 

[RCH2CH2TiX3] + MgX2 . RCH2CH2MgX + TiX4 

X = Br or Cl 
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propylene is allowed to evaporate from the reaction mixture the equilibrium 

is shifted to the formation of the Grignard reagent of the olefin added. The 

reagent may then be used for conventional Grignard reactions (169). 

A completely analogous reaction occurs when nickel(II) chloride is used 

in place of titanium tetrachloride (170). 

fr NiCI 
CH3CH2CH2MgBr + C6H5CH=CH2 -C6HsCH2CH2MgBr + CH3CH=CH2 

Another useful example of a hydride exchange reaction is the platinum(II)- 

catalyzed addition of silicon hydride derivatives to olefins (Scheme V-4). 

The silicon hydride group initially adds oxidatively to the platinum(II) 

ch3 
1 

<t>—C=CH2 + -> ch2=ch2 + 

\ /CH> 
c 

I 
c—ch3 

Cl 

+ CH3SiH 

Cl 

CH3 

Cl Cl 
\ / 

Pt 

CH3 
I 

+ c=ch2 

<A—P*—ch2 
I 
ch3 

ch3 

,ch2ch 4> 
Cl 
\ / 

Pt 

.Cl 
Cl ch3 

u 
Vf CH3SiCH2CH</> 

1 I 
4>—P*—CH2 Cl 

ch3 

4> 

V 
ch3 

, etc. 

Scheme V-4. 
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catalyst or if a platinum(IV) salt is employed a reduction by the hydride 
probably occurs before the addition. The platinum(IV) hydride then adds 
to the olefin probably by way of the olefin 77 complex. The alkyl then undergoes 
reductive elimination of alkylsilane. A readdition of olefin and the silicon 
hydride to the platinum(II) product would start the cycle again. The reaction 
is illustrated by the addition of dichloromethylsilane to 2-phenylpropene 
catalyzed by cis- dichloro[(i?)-benzylmethylphenylphosphine]-77-ethylene- 

platinum(II). A chiral phosphine ligand was used in an effort to induce optical 
activity in the product silane. After 40 hr at 40° a 43% yield of product was 
obtained which, however, was only about 5% optically pure (171). Only 
terminal silation is observed because the platinum hydride adds only in that 
direction, but with other Group VIII metal catalysts this is not the case and 
the reason for terminal addition must be that only the terminal isomer reacts 
[see Co2(CO)8-catalyzed reactions described in Chapter III, Section B). 

In a similar reaction employing an optically active silicon hydride derivative, 
the product was formed with complete retention of the configuration about 
the silicon atom (172). 

CH3(CH2)5CH=CH2 + (a-CioH7)(C6H5)CH3 Si*H H*PtC'e+ 

CH3(CH2)7Si*(CH3)(C6H5)(«-Cl0H7 

C. OLEFIN DIMERIZATION, OLIGOMERIZATION, AND 

POLYMERIZATION 

Numerous catalysts are known which will convert olefins into dimers, 
oligomers (very low molecular weight polymers composed usually of trimers, 
tetramers, pentamers, etc.), and high molecular weight polymers. Dimers are 
generally formed by a metal hydride adding reversibly to the olefin and then 
occasionally the metal alkyl formed adds (via an olefin 77 complex) to another 
olefin molecule. The latter complex then eliminates metal hydride liberating 
the olefin dimer, probably by way of the hydride-dimer 77 complex. Catalyst 
adducts which undergo metal hydride elimination more slowly than they 
add to another olefin molecule, produce higher molecular weight oligomers. 
Oligomers may also be formed if dimers are produced initially and then 
these react further either with themselves or with more monomeric olefin. 
High polymers are formed when the elimination is very much slower than 
the addition to another olefin unit (Scheme V-5). Obviously, hydrogen 
substituents must be present in the olefin in order for the appropriate elim¬ 
ination to occur. This is always the case since for all practical purposes, 
only ethylene and monosubstituted olefins and a few very special (usually 
strained) types of disubstituted olefins will undergo the transition metal- 
catalyzed dimerization or polymerization reactions. Steric problems concern- 
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Scheme V-5. 

ing formation of the olefin v complexes probably are responsible for the 

difficulty of polymerizing the more highly substituted olefins. Since metal 

hydrides may add in both possible directions to unsymmetrical olefins, 

dimerizations or polymerizations may produce mixtures of isomeric products. 

The metal alkyl intermediates in the polymerizations also may add both 

ways to the next olefin unit and produce isomers. Metal hydride addition- 

elimination sequences likewise may occur and produce double-bond isomers 

as well. In spite of all these potential complications the reactions often turn 

out to be quite specific. 

Olefin 7r-complexing ability is most likely an important factor in deter¬ 

mining which olefins undergo the dimerization, polymerization, or, in fact, 

practically any other transition metal reaction. The other important factor 

is the rate of the shift of the reacting substituent on the metal to the 77-com- 

plexed olefin; however, very little is known about this second factor. Some 

data are available on the stability of -n complexes, however. An instructive 

series of equilibrium constants indicating the ability of an olefin to replace 

ethylene in ^cetylacetonatobisethylenerhodium(I) has been obtained (173, 

174). The data are given in Table V-l. 

AcacRh(CH2=CH2)2 + olefin AcacRh(olefin)(CH2=CH2) + CH2=CH2 

Qualitatively the trends will probably turn out to be similar for other 

complexes with different ligands and with complexes of other transition 

metals. Clearly, increasing the number of alkyl substituents on ethylene 

strongly decreases the stability of the v complex formed, in line with the 
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TABLE V-l 
Equilibrium Constants for the 
Replacement of Ethylene in 
Acetylacetonatobisethylenerhodium(I) by 

Another Olefin0 

Olefin or CO K (at 25°) 

CO >100.0 
chf=cf2 88.0 

ch2=chcn >50.0 
m-CHF=CHF 1.6 
?ra«^-CHF=CHF 1.2 
(CH2=CH2 1.0) 

ch2=chf 0.32 
ch2=cf2 0.1 

ch2=chci 0.17 

ch2=chch3 0.08 
ch2=chch2ch3 0.09 
ch2=choch3 0.018 
c/j-CH3CH=CHCH3 0.004 
/ra«5-CH3CH=CHCH3 0.002 
CH2=C(CH3)2 0.00035 
ch2=cci2 No reaction 
C12C=CC12 No reaction 

“ From Cramer (173). 

observed tendencies of the more substituted olefins not to polymerize or 

dimerize. Sterically small, strongly electronegative substituents, on the other 

hand, increase the stability of the tt complexes possibly because removing 

electron density from the olefin allows stronger back bonding from the 

metal. 

Catalysts containing Group VIII metals generally produce dimers, whereas 

transition metals from Groups IV, V, and VI often produce higher polymers 

reflecting a change in the relative rates of olefin addition compared with 

rates of metal hydride elimination. Changing ligands or oxidation state no 

doubt also influences these rates to some extent, but the major factor seems 

to be the metal itself. 

1. Dimerization 

The conversion of ethylene into butene with a rhodium catalyst is typical 

of the many olefin dimerization reactions known. The mechanism of this 

reaction has been investigated in some detail (175). Chlorobisethylene- 

rhodium(I) dimer was the catalyst employed and it was used in the presence 

of at least two moles of hydrogen chloride for optimum activity. The bridged 
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chloride dimer is believed to be converted into the mononuclear anion with 

chloride ion. This species then reacts with hydrogen chloride by oxidative 

addition, either forming a metal hydride initially or perhaps by direct proto¬ 

nation of the coordinated ethylene, to produce a solvated ethylrhodium 

complex. This complex apparently may reversibly lose coordinated ethylene. 

Xhe ethylene-dissociated ethylrhodium(III) complex can be isolated as the 

monohydrated cesium salt. The ethylene coordinated form, however, is 

required for the addition step which occurs next to form an «-butylrhodium 

intermediate. A rhodium hydride elimination followed by reductive elimina¬ 

tion of hydrogen chloride would give solvated dichloro-7j--(l-butene)rhodium 

anion. A final replacement of 1-butene by ethylene would complete the 

catalytic cycle. The initially formed 1-butene isomerizes rapidly under the 

reaction conditions to 2-butene by a hydride addition-elimination sequence 

(Scheme V-6). Metal hydrides are not shown in the mechanism because they 

[(C2H4)2RhCl]2 + Cl’ -► [Cl2Rh(C2H4)2] 

[CI2Rh(CH2=CH2)2]~ + HC1 

2C2H4 

[CH3CH2RhCl3(C2H4)L] - 

l = h2o 

—ch2=chch2ch3 

—l [C2H5RhCI3(H20)] - + C2H4 

[Cl2Rh(L)CH2=CHCH2CH3]" «- 
—HCI 

[CH3CH2CH2CH2Rh C13L2] 

HCI L 

CH3 
1 

[CH3CH2CHRhCl3L2] 
-HCI c2h4 
-* [Cl2Rh(L)CH3CH=CHCH3]- -► 

t(C2H4)2RhCl2]- + CH3CH=CHCH3 

Scheme V-6. 

were not detected, but nevertheless were very probably involved in the 

addition and elimination steps. 

Olefin dimerization is quite a widely applicable reaction. Even olefins 

containing some functional groups can be dimerized. Reactions of potential 

commercial interest are the dimerization of acrylonitrile and methyl acrylate 

to difunctional products (176, 177). 

RhC'3 > CH3OCOCH=CHCH2CH2COOCH3 ch2=chcooch3 
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With monosubstituted olefins the possibility of producing mixtures of 

isomeric dimers exists. A study of the propylene dimerization reaction cata¬ 

lyzed by a nickel complex has yielded useful information about the way 

steric effects influence the isomeric composition of the dimer mixtures 

formed. The catalyst employed was a bromotriorganophosphine-77--allyl- 

nickel(II) complex in combination with aluminum bromide. The aluminum 

bromide presumably reacts with the nickel complex by coordinating with an 

unshared pair of electrons on the bromine atom. The complexing either 

loosens or completely removes that ligand so that a position becomes avail¬ 

able for reactants to enter the coordination sphere of the nickel. A close 

analogy is the reaction of bromodicarbonyl-77-cyclopentadienyliron(I) with 

aluminum bromide and ethylene. The cationic 7r-ethylene complex can be 

isolated from the reaction mixture as the hexafluorophosphate salt (178). 

CO 

In the nickel-catalyzed dimerization of propylene, the isomeric composition 

of the dimers was found to be quite dependent on the triorganophosphine 

ligand in the catalyst. The major effects were apparently steric in origin (179). 

The true catalyst in the dimerization is most likely not the -n-allyl complex 

but a hydridotriorganophosphine-Tr-propylenenickel(II) tetrabromoaluminate 

salt formed by reaction of the 7r-allyl group with propylene, probably forming 

1,4-hexadiene, the 1,5-isomer, or 2-methyl-1,4-pentadiene. The hydride 

catalyst can then undergo addition to the coordinated propylene group in 

either direction giving an n-propyl- or an isopropylnickel derivative. Coordi¬ 

nation of either of these complexes with another propylene molecule followed 

by a second addition, again in either of two possible directions, would lead 

to four isomeric hexylnickel derivatives. jS-Elimination of nickel hydride in 

either of two directions with two of the alkyls and in the only way possible 

with the other two and dissociation would give a total of six possible isomeric, 

six-carbon olefins excluding cis-trans isomers. The reactions thought to be 

involved are summarized in Scheme V-7. Some minor olefin isomerization 

apparently occurs also under the reaction conditions. From an analysis of 

the various olefins formed the favored reaction paths can be determined. The 

products obtained depend strongly on the size of the triorganophosphine 
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group in the complex. With triphenylphosphine as the ligand 74% of the 

product consists of 2-methylpentenes, 22% «-hexenes, and 4% 2,3-dimethyl- 

butene, whereas if di-t-butylethylphosphine is the ligand the yields are 22, 

1, and 77%, respectively. An analysis of the isomeric olefins produced 
indicated a preference for the initial nickel hydride addition to put nickel 

<an the internal carbon forming the isopropylnickel intermediate no matter 

which phosphine ligand was present. The relatively small size of the hydride 

group apparently keeps steric effects-minor in this step. The steric effect 

appears mainly in the addition of the isopropylnickel group to the propylene. 

The sterically largest ligand, di-t-butylethylphosphine, causes the nickel to 

go mainly to the terminal carbon and isopropyl to the second carbon of the 

propylene. This direction of addition gives a primary nickel alkyl which is 

probably less sterically crowded at the nickel atom than it would be if the 

addition had occurred in the reverse direction as is preferred if the phosphine 

ligand is small. Presumably such steric effects will prove to be general, but 

few other similar examples have been studied. 

This transition metal-catalyzed dimerization contrasts with the ionic 

dimerization caused by alkali metals. Propylene is dimerized at 150° by a 

potassium graphite catalyst, KC8, in more than 80% yield to 2-methyl-4- 

pentene, an isomer not seen in the nickel hydride dimerization. The potassium 

graphite catalyst probably reacts with the propylene, first forming allyl- 

potassium. Addition of allylpotassium to propylene to produce the more 

stable primary carbanion would give 2-methyl~4-pentenylpotassium. Since 

the latter compound would be a stronger base than allylpotassium, hydrogen 

transfer from propylene occurs forming 2-methyl-4-pentene and allylpotas¬ 

sium and a new cycle can begin (180). 

CH3CH=CH2 + 2K , KH + K + CH2CH==CH2 

CH3 
I 

k+ch2ch==ch2 + ch2=chch3-► ch2=chch2chch2k+ 

ch3 

ch2=chch2chch2-k+ + ch3ch=ch2 -► 

ch3 
I 

ch2=chch2chch3 + k+ch2ch=ch2 

2. Oligomerization 

The basic mechanisms of addition and elimination are the same whether 

dimers, oligomers, or polymers are formed, but the structures of the products 

may vary depending on the catalyst employed. The differences arise from 

differences in the direction of addition of the metal hydrides and/or alkyls 
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in the reactions. Ethylene, for example, is converted into a mixture of 14% 

1-butene, 30% 2-ethyl-1-butene, 17% 2-ethyl-1-hexene, and higher, presum¬ 

ably, 2-ethyl-1-olefins with even numbers of carbons, at —70° by a catalyst 

prepared by reacting titanium tetrachloride with dimethylaluminum chloride 

dimer (181). The products likely to be formed from titanium tetrachloride 

and dimethylaluminum chloride are coordinately unsaturated and therefore 

highly reactive. The catalyst is likely formed in a series of reactions. An ex¬ 

change of methyl for chlorine and abstraction of a second chlorine by the 

methylaluminum dichloride formed would produce a methyltitanium methyl- 

trichloroaluminate complex. This complex could 77-complex with ethylene, 

add the methyl to the ethylene, and eliminate hydride, producing propylene 

in an amount equal to the catalyst concentration and form, by coordinating 

with another ethylene, the likely true catalyst, hydridodichloro-77-ethylene- 

titanium(IV) methyltrichloroaluminate. Whether the methyltrichloroalumi- 

nate group remains weakly coordinated to the titanium during the reactions 

is not known, but if not it is certainly close enough to enter the coordination 

sphere anytime a vacancy appears and thereby stabilize the reaction inter¬ 

mediates. As shown in the nickel-catalyzed dimerization above, the halo- 

aluminate anions can probably function either as mono- or bidentate ligands. 

In the titanium-catalyzed oligomerization the hydride catalyst can easily 

shift hydrogen and form the ethyltitanium complex. An addition of this 

complex to ethylene followed by a /1-hydride elimination and replacement 

of 1-butene by ethylene would regenerate the catalyst by a mechanism identi¬ 

cal with that of the nickel and rhodium examples already described. The 

tendency for titanium hydride elimination to occur relative to ethylene 

insertion must be less than with nickel and rhodium since some 1-hexene is 

formed and some is used in subsequent reactions with the titanium catalyst. 

The major difference between these catalysts is apparently in their relative 

reactivity toward 1-olefins versus ethylene. The rhodium and nickel catalysts 

show very little tendency to form higher olefins by further reactions with the 

initially formed dimers, whereas a large fraction of the titanium product 

arises by this route. Clearly, the preferred direction of addition of the 

ethyltitanium complex to 1-olefins is to place titanium on the terminal position 

and the ethyl group on the second carbon. Elimination of hydride would 

then give the observed 2-ethyl-1-olefins. Olefin isomerization is relatively 

minor under the reaction conditions with the titanium catalyst (see Scheme 

V-8). A possible alternative mechanism for forming branched chain olefins 
would be for titanium hydride addition to occur with the 1-olefins, bonding 

titanium to the second carbon and then inserting ethylene. This reaction, 

however, would produce 3-methyl-l-olefins and these are not observed. 

The dimerization of propylene with the titanium catalyst has not been 

reported, but 1-butene reacts as would be predicted from the results obtained 
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94 V. Addition and Elimination Reactions of Olefinic Compounds 

with ethylene. The products are mainly “head-to-tail” dimers and trimers 

(alkyltitanium adding to place titanium on the terminal position of the 

double bond) with smaller amounts of head-to-head products being formed. 

Both the 2-alkyl-1-olefins and internal olefins produced in these oligomeriza¬ 

tions appear to be stable to further reaction under the reaction conditions. 

ch3ch2ch=ch2 
[HTiClal +[CH3A1CI3] “ 
-y 

-70° 
ch2ch3 

ch3ch2ch2ch2c=ch2 + 

ch3ch2ch2ch2ch=chch2ch3 

ch3ch2ch2ch2ch2ch=chch3 

37% 3% 

ch2ch3ch2ch3 

/ 

ch2ch3 

+ ch3ch2ch2ch2chch2c=ch2+ ch3ch2ch2ch2chch2ch2ch=chch3 + etc. 
+ ch2ch3 

13% 

"ch3ch2ch2ch2chch2ch=chch2ch3 

6% 

Thus, the titanium catalyst would be expected to produce mainly 2-methyl- 

1-pentene and 1- and 2-hexene as dimers from propylene. These were only 

minor products in the above nickel-catalyzed reactions with either the 

sterically small or large phosphine ligands. Why the titanium hydride prefers 

to add to olefins in the reverse manner to the nickel hydride in these reactions 

is not known. 

The results in the titanium-catalyzed ethylene dimerization suggest that 

reaction of any terminal olefin with ethylene with this catalyst should produce 

the 2-ethyl-substituted olefin. The reaction has been shown to occur and it 

provides a useful synthetic route to 2-ethyl-l-olefins. In one example 1-pentene 

was reacted with ethylene at —80° and a 91.5% yield of 2-ethyl-1-pentene 

was formed along with 8% 72-heptene isomers (182). 

ch2ch3 
[HTiCI2]+[CH3AlCl3]- I 

CH3CH2CH2CH=CH2 + CH2 =CH2 --!—» ch3ch2ch2c=ch2 
-80° 

3. Polymerization 

The conversion of olefins into high molecular weight polymers has received 

a tremendous amount of attention in recent years because of the value of 

the polymers for producing low cost injection molded products, films, and 

fibers. The discovery was made in the laboratories of K. Ziegler in the early 

1950’s that ethylene could be converted into a solid, high molecular weight 

polymer at low pressure and ordinary temperatures with a combination of a 
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Group IV, V, or VI transition element compound and triethylaluminum. 

Since that time practically every major chemical company in the world has 

carried out research on the reaction. It is probably safe to say that no other 

reaction in the history of chemistry has been so much studied as this one has. 

The vast majority of catalysts investigated were heterogeneous. Despite 

* considerable effort, however, little has been learned about the reaction 

mechanism with the heterogeneous catalysts. A study of a soluble catalyst 

prepared from dichlorobis-77-cyclopentadienyltitanium(IV) and diethylalu- 

minum chloride dimer has been much more successful in this respect and a 

reasonable mechanism has been proposed (53). The mechanism is very similar 

to the subsequently discovered titanium-catalyzed oligomerization discussed 

above. The change in ligands, however, has made the titanium hydride elimi¬ 

nation much less favorable with respect to the ethylene insertion reaction. 

The higher number of electrons available from the cyclopentadienyl ligands 

probably makes the titanium alkyls less likely to undergo jS-hydride elimina¬ 

tion in order to obtain (share) the two additional electrons from the olefin 

that would be formed. Unfortunately, this cyclopentadienyltitanium catalyst 

Cp2TiCl2 + [(C2H5)2A1C!]2 -* [Cp2TiCH2CH3]+ [C2H5A1C13] ~ 

[Cp2TiCH2CH3] + [C2H5AlCl3]- + mCH2=CH2 -* 

[Cp2Ti(CH2CH2)„CH2CH3]+ [C2H5AIC13] - 

[Cp2Ti (CH2CH2)nCH2CH3]+ [C2H5AIC13] -  --+ 

[Cp2TiH]+ [C2H5A1C13] “ + CH2=CH(CH2CH2)n-iCH2CH3 

[Cp2TiH] + [C2H5AlCl3]- + CH2=CH2 -* [Cp2TiCH2CH3] + [C2H5AICl3]-, etc. 

is only able to polymerize ethylene; many heterogeneous catalysts will also 

polymerize a wide variety of other terminal olefins. 

The selectivity of some heterogeneous catalysts is remarkable since the 

asymmetric carbon produced in the polymerization of terminal olefins can 

be formed with specific stereochemistry with respect to the previous asym¬ 

metric carbons in the polymer chain. If the configuration about the asymmetric 

carbons alternate, the polymer is said to be syndiotactic; if they are all the 

same in at least long segments of the chain it is called isotactic. In either case 

no net optical activity results because in the whole polymer the same number 

of d and 1 carbons are formed. The isotactic specificity is probably caused 

by ligands forming an asymmetric catalyst, but it is not clear how syndiotactic 

structures arise. 

4. Cyclic Dimerizations 

Cyclobutane derivatives have been formed from olefins in a few instances 

with transition metal catalysts. The mechanism appears to involve formation 
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of a bisolefin -n complex, ligand coupling to form a metalacyclopentane, 

and then reductive elimination of the cyclobutane. The conversion of nor- 

bornadiene into the cyclic exo-trans-exo dimer is an example of the reaction. 

The proposed intermediates have not been detected (183). Monocoordination 

apparently occurs on the less hindered, exo side of the norbornadiene ring 

since exo products are formed. A small amount of a rearranged isomer is 

also produced perhaps by way of a Wagner-Meerwein-type rearrangement 

in the probable iron(II) intermediate. 

An iridacyclopentane derivative of undetermined molecular weight related 

to the proposed intermediate in the iron carbonyl-catalyzed norbornadiene 

dimerization has been isolated. On reaction with excess triphenylphosphine 

the exo-trans-exo-norbornadiene dimer is obtained (184). 

Similar cyclic dimerizations have been observed with some highly fluorinated 

olefins. In the case of tetrafluoroethylene the intermediate ferraoctafluoro- 

cyclopentane derivative can be isolated. Heating this complex to 160° causes 

reductive elimination to the cyclobutane compound, but two fluorine atoms 
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are also lost, no doubt to help satisfy the coordinately unsaturated iron 

carbonyl fragment left in the pyrolysis (185, 186). 

* 
hv 

Fe(CO)5 + C2F4 _cq> C2F4Fe(CO)4 

- 

160° -y 

f2 

f2 

F 

F 

(+ FeF2 + 4CO) 

100% 

Another kind of cyclic dimerization can take place when two double bonds 

occur in the same molecule. Heating diallyl ether with methanolic rhodium(III) 

chloride, for example, produces 3-methylene-4-methyltetrahydrofuran (187). 

RhCl3 + CH2=CHCH2OCH2CH=CH2 + CH3OH i2^n—vri2 t ri3V 

[(CH2=CHCH2OCH2CH=CH2)RhCI]2 + HC1 + H2C(OCH3)2 

,o—ch2 n 

[(CH2=CHCH2OCH2CH=CH2)RhCl]2 + HC1 — 

h2c/ \ 
I CH 

CH3—CH Rh—1| 
// \\ ch2 

ci/\l 
Cl L -j 

CHa CH2RhL2Cl2 
CH3 

V 
+ HCI + [RhL2Cl]2 

CH2 

[RhL2Cl]2 + CH2=CHCH2OCH2CH=CH2 -► 

[[CH2=CHCH2 OCH2CH=CH2]RhCl]2 

D. VINYLIC AND ALLYLIC SUBSTITUTION REACTIONS 

The net result of the addition of a metal compound to an olefin followed 

by elimination of a different metal compound from the adduct is a vinylic 

substitution, or an allylic substitution with a double-bond shift. The reactions 

can be summarized as follows. 

M—Z + 
\ / 

c=c 
/ \ 

M- 
\ 

z + c 
/ 

-C—C—Y 

Y 
I I 

M—C—C—Z -> 
I I 

M 
I I I 

Z—C—C—C—Y-► 

Z 
\ / 

M—Y + C=C 
/ \ 

I / 
M—Y + Z—C—C=C 

I I \ 
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Numerous different Z and Y groups can be used in the reaction, the scope 

of which is still being explored. If Z and Y are both hydrogen the reaction is 

simply the olefin isomerization already discussed. Both ionic and covalent 

additions and eliminations have been observed depending on the Z and Y 

groups. For purposes of discussion both the vinylic and allylic substitution 

are best considered together since many compounds undergo both types of 

reactions. The subject can be conveniently separated into reactions where 

Z is a carbon group and reactions where Z is other than a carbon or hydrogen 

group. This division is, in most instances, a separation by mechanism since 

the carbon and hydrogen groups will generally add by a covalent mechanism 

and the other groups by ionic processes. 

1. Substitution by Carbon Groups 

The substitution of vinylic or allylic hydrogen by an organic group (Z = an 

organic group and Y = H) is a useful synthetic reaction. The intermediate 

metal alkyl adducts are generally very unstable and usually cannot be detected. 

Even the initial organometallic reagents are often made in the reaction mixture 

since they may be unstable as well. The best examples of this reaction are 

with organopalladium compounds. The organometallic reagent should not 

have /3-hydrogen substituents; then elimination will occur before addition. 

One of the very few examples which begins with an isolable organometallic 

is the reaction of styrene with chloro-o-dimethylaminomethylpalladium(II) 

dimer (188). Numerous other examples are known where the organopalladium 

CH3 yCH3 

N Cl 

Cl N 
/ \ 

ch3 ch3 

N(CH3)2 

ch2 

XH=CH^ 

(+ 2HC1 + 2Pd) 

compound is prepared in the reaction mixture by three of the usual methods 

described in Chapter II: exchange reactions with organolead, organotin, or 

organomercury compounds (189), metalation of aromatic compounds (190), 

and oxidative addition of organic halides (191, 192). Mechanistic studies have 

been performed under mild conditions where product isomerization does not 
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occur, using the exchange reaction of an arylmercuric acetate with palladium 

acetate to prepare the organometallic reagent in the presence of the reacting 

olefin. Since the more substituted an olefin is the slower it usually reacts, the 

reaction with excess olefin stops cleanly with only monosubstitution. Table 

V-2 gives the products of reaction of propylene with /?-anisyl-, phenyl-, and 

^-carbomethoxyphenylpalladium acetates (193). The ligands in the organo- 

palladium acetate complexes are not known with certainty since these materials 

cannot be isolated, but probably the complexes are four-coordinate with 

two solvent molecules completing the coordination sphere. The data in 

Table V-2 show that changes in the electronic effects in the organopalladium 

TABLE V-2 

Reactions of Various “Arylpalladium Salts” with Propylene" 

Aryl group 

Total 
yield of 
product 

trans- 

1-Aryl- 
1-propene 

cis- 

1-Aryl- 
1-propene 

1-Aryl- 
2-propene 

2-Aryl- 
2-propene 

p-CH3OC6H4 74 50 3 4 43 
c6h6 100 57 5 12 26 

p-ch3ococ6h4 95 58 — 18 24 

° Reactions were carried out at 30° with 30 psi of propylene in acetonitrile solvent 
for 1 hr. All data given as percent. From ref. 193. 

reagent have a relatively minor influence on the direction of addition of the 

reagent to propylene. The following equations summarize the reactions 

involved. Probable intermediate n complexes are not shown. 

ArHgOAc + Pd(OAc)2 

[ArPdL2OAc] 4- CH2=CHCH3 

CH3 
I 

ArCH2CPdL2OAc 

H 

—[HPdL2OAc] 

+ [ArPdL2OAc] + Hg(OAc)2 

r ch3 
1 

1 

-
o

 

X
 

CO
 

_
1

 

ArCH2CPdL2OAc 
1 

4- AcOPdCH2CAr 
l 

1 

L H J 
1 

L H J 

CW3 Ar^ 

C=C + C=C 4- ArCH2CH= CH2 

Ar XH H/ H 

CH3 
I 

AcOPdCH2CAr 
—[HPdL2OAc] 

ch3 
I 

CH2=CAr 

H 
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The preferred direction of addition in all examples is for the palladium to 

add to the more substituted carbon of the double bond with the organic 

group going to the less substituted carbon. The change from the strongly 

electron-supplying p-methoxyphenyl group to phenyl, to the electron- 

withdrawing p-carbomethoxyphenyl causes a decrease in the amount of 

addition of the organic group to the more substituted position of the double 

bond, from 43 to 26 to 24%. The direction of the change is the expected one 

based on the idea that withdrawing electrons from the ring would make the 

aryl group less anionic and add more easily to the more negative terminal 

carbon of the double bond. Since the electronic effects do not appear to be 

controlling the direction of addition, steric effects probably are. The organic 

group behaves as the sterically larger unit and the metal as the smaller. 

The metal atom, of course, is larger than the carbon of the organic group, 

but the carbon-palladium bond length of about 2 A is considerably longer 

than the carbon-carbon bond length of 1.5 A and the square-planar geometry 

about the palladium also would decrease its effective steric size. When electron- 

withdrawing substituents are present on the olefinic double bond, the organo- 

palladium addition occurs exclusively to place palladium on the carbon atom 

alpha to the substituent (193). 

The stereochemistry of the addition of the organopalladium reagent to 

an olefin has been determined from a study of the products obtained from 

the reaction of phenylpalladium acetate, generated in situ by exchange, with 

trans- and cis-\-phenyl- 1-propene (194). The reaction is quite specific at 25°, 

but it is not at 100° (192). The hydridopalladium-77-olefin complexes produced 

in the last stage of the reaction at 100° apparently are involved in the partial 

equilibration of isomers by the usual internal addition-elimination sequences. 

The reaction products at 25° are mainly the isomeric 1,2-dipheny 1-1 -propenes 

expected from a cis addition of the phenylpalladium acetate followed by a 

cis elimination of hydridopalladium acetate. The cw-l-phenyl-1-propene 

also produces a minor amount of isomerized olefins. The interrelationships 

between the intermediates and products are shown in Scheme V-9. 

The direction of elimination observed with various alkylpalladium acetates 

is influenced by (1) the tendency to give the least substituted olefin v complex, 

(2) the preferred rotational isomer formed since the cz's-hydrogen closest to 

the palladium is most likely to be lost, and (3) the rate of the elimination 

relative to rotation about the single bond formed from the double bond in 

the addition. Rotation about that single bond must occur before a ds-vinylic 

hydrogen can be available for loss with the palladium group. Another factor 

which may be important in specific cases is a chelation effect. If, in the adduct, 

a substituent is favorably placed so that it can coordinate with the palladium 

to form a five-membered chelating ring, then coordination probably would 

direct the hydride elimination exocyclically with respect to the ring since 
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an endocyclic elimination would produce a more strained, 77-complexed 

product. An example may be the addition of carbomethoxypalladium acetate, 

prepared by an exchange reaction of carbomethoxymercuric acetate with 

palladium acetate, to 1-pentene where almost 60% of the product is the 

nonconjugated ester (194). 

CH3OCOHgOAc + Pd(OAc)2 L > [CH3OCOPdL2OAc] + Hg(OAc)2 

[CH3OCOPdL2OAc] 4- CH2=CH(CH2)2CH3 -* 

OAc 

/"TL 
ch3oc chch2ch2ch3 

CH, 

—HPdLjOAc 
-► 

CH3OCOCH=CHCH2CH2CH3 + CH3OCOCH2CH=CHCH2CH3 

Other transition metal organic derivatives such as those of ruthenium and 

rhodium will undergo similar reactions with olefins. Probably all the transition 

metals could be used under some conditions. Stereochemistry would probably 

remain the same for other metals, but preferred directions of addition could 

change. On the more practical side, the use of rare and expensive metals such 

as palladium stoichiometrically is prohibitively expensive for any reactions 

on larger than laboratory scale unless metal recovery is carried out. Fortunately 

many precious metal stoichiometric reactions can be made catalytic by 

various means. The above palladium reactions, for example, can be carried 

out catalytically in the presence of a stoichiometric amount of cupric chloride 

which reoxidizes palladium metal to palladium(II) chloride after each reaction 

cycle (189). The presence of chloride anion in the reaction mixtures, however, 

does cause olefin equilibration and this method of reoxidation is not suitable 

in all cases. Cupric acetate does not reoxidize palladium metal under the 

usual reaction conditions. The use of the oxidative addition reactions to 
produce the organopalladium complex is catalytic in palladium since the 

halide is the reoxidizing agent. The hydrogen halide produced in this reaction 

must be removed by reaction with a base such as tri-rc-butylamine because 

Arl + Pd —[ArPdL2I] 

[ArPdL2I] + XC=C^ -* ^C=C^ + [HPdL2I] 

HX Ar/ 

[HPdL2I] -► HI + 2L + Pd 

HI + h-Bu3N «-Bu3NH + I- 
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at 100° the temperature necessary to effect the oxidative addition, the hydrogen 

halide reacts with the intermediate organopalladium compounds to produce 

hydrocarbon and a palladium halide if it is not neutralized (191, 192). 
* 

2. Substitution of Hydrogen by Groups Not Bonding through Carbon 

Several inorganic palladium compounds will react with olefins by the 

addition-elimination sequence producing substituted olefins. Palladium 

acetate in acetic acid is typical. It converts olefins into enol or allylic acetates. 

1-Butene reacts to give 807o 2-acetoxy-l-butene, 9% crotyl acetate, and 9% 

1-acetoxy-1-butene (94d). The addition probably occurs by external attack of 

CH3CH2CH=CH2 + Pd(OAc)2 -*■ 

r OAc 
I 

LcH3CH2CHCH2 PdL2OAc 

OAc I OAc 
-► 

_CH3CH2CHCH2PdL2OAcJ CH3CH2C=CH2 + HPdL2OAc 

PdL2OAc 

..CH3CH2CHCH2OAcJ -* 

CH3CH=CHCH2OAc + CH3CH2CH=CHOAc + HPdL2OAc 

(20:80, cis: trans) 

acetic acid on the palladium acetate v complex (195). The addition mainly 

places the metal on the less substituted carbon of the double bond, the 

opposite of what is observed in the organopalladium complex addition. In 

70% dimethyl sulfoxide-30% acetic acid, however, the direction of palladium 

acetate addition is reversed and 73% of the product is crotyl acetate. The 

probable explanation for this reversal is that the state of aggregation of the 

palladium acetate changes from the known trimer in acetic acid to a sterically 

much smaller, monomeric species in dimethyl sulfoxide. The addition is 

probably sterically controlled and the palladium group simply changes relative 

size compared with the acetate group when the solvent is changed. 

The vapor phase catalytic oxidation of ethylene to vinyl acetate with air 

and acetic acid with a heterogeneous palladium acetate-copper acetate 

catalyst is carried out commercially. The reaction mechanism is certainly 

basically the same as in the homogeneous reaction. 

Palladium(II) cyanide will react in a similar manner in dimethylformamide 

solvent at 210°. Propylene, in a stoichiometric reaction, forms mainly 

methacrylonitrile (196). 

rQL2UAC 

I 
CH3CH2CHCH2OAc 
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CH3CH=CH2 + Pd(CN)2 — 
CN 

I 
CH3CHCH2PdL2CN 

> 

CN 
i 

CH3C=CH2 + [HPdL2CN] 

Palladium(II) chloride at 100° in anhydrous formamide reacts analogously 

with ethylene producing vinyl chloride in 80% yield (197). Even though 

palladium chloride elimination is favored over hydride elimination, the 

addition recurs until the palladium is eliminated irreversibly as the hydride. 

CH2=CH2 + PdCl2 —L “ [ClCH2CH2PdL2Cl] -* C1CH=CH2 + [HPdL2Cl] 

The palladium(II) chloride reaction with olefins takes a different course if 

water is present. Carbonyl compounds rather than chlorides are formed. The 

reaction with ethylene produces acetaldehyde and it can be done catalytically 

in the presence of oxygen and cupric chloride. The catalytic reaction is known 

as the Wacker Process since it was discovered at the German company, 

Wacker Chemie G.m.b.H. in 1956 by J. Smidt and co-workers. This process 

or its newer heterogeneous modifications for the preparation of acetaldehyde 

is one of the most important commercially useful reactions employing 

transition metal catalysts. The process involves three reactions: (1) the palla¬ 

dium^) olefin oxidation, (2) the cupric chloride reoxidation of the palladium 

metal formed in the first step, and (3) the oxygen oxidation of the cuprous 

chloride formed in the second step back to the cupric state (198). The equa¬ 

tions, using tetrachloropalladate ion as the catalysts, are the following: 

CH2=CH2 + PdCl42- + H20 -* CHaCHO + Pd + 2HC1 + 2C1~ 

Pd + 2CuC12 -* PdCl2 + 2CuCl 

2CuCl + }02 + 2HC1 -* 2CuC12 + H20 

CH2=CH2 -I- i02 -* ch3cho 

The overall result is that one mole of ethylene plus a half a mole of oxygen 

(supplied as air) produces one mole of acetaldehyde. The reaction proceeds 

in very high yield. 

Numerous mechanistic studies have been performed on this important 

reaction. Kinetic studies in aqueous solution have shown that the rate of 

product formation depends in a first-order fashion on the ethylene concen¬ 

tration and the tetrachloropalladate ion while there is an inverse dependence 

on the hydrogen ion concentration and an inverse square dependence on 

the chloride ion concentration (199). The kinetic data are consistent with 

d(CR3CHO)/dt = &[C2H4][PdCl42-]/[H + ][Cl-]2 
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steps requiring replacement of two chloride ligands on the palladium, one 

by ethylene and the other by water. The reversibility of these two steps 

accounts for the inverse square.dependence on the chloride ion concentration. 

The third step appears to be loss of a proton from the coordinated water 

molecule. Coordinated water is always more acidic than noncoordinated 

water. This reaction accounts for the inhibiting effect of acid on the oxidation. 

The rate determining transfer of hydroxyl from palladium to the coordinated 

olefin then occurs, necessarily from a cis intermediate. The 2-hydroxyethyl- 

palladium species formed next loses palladium hydride probably producing 

a 77-vinyl alcohol-hydridopalladium complex. When carried out in deuterium 

oxide instead of water, no deuterium is found in the acetaldehyde; thus the 

77-vinyl alcohol complex cannot simply dissociate (200). The liberated vinyl 

alcohol would have gone to acetaldehyde with deuterium incorporation. 

Probably the 77-vinyl alcohol-hydridopalladium intermediate undergoes a 

series of addition-elimination steps ending in the loss of the /3-hydroxylic 

hydrogen with the palladium. This mechanism leaves all the original ethylenic 

hydrogens in the acetaldehyde product (see Scheme V-10). An unstable 

77-vinyl alcohol complex with tetracarbonyliron(O) has been reported (201) 

as have similar complexes with platinum (202, 203). An X-ray structure has 

been obtained for one of these complexes by F. A. Cotton, J. N. Francis, 

B. A. Freng, and M. Tsutsui, J. Amer. Chem. Soc. 95, 2483 (1973). 

The palladium(II) aqueous oxidation of monosubstituted olefins produces 

mainly ketones rather than aldehydes indicating a preference for palladium 

to become attached to the less substituted terminal carbon of the double 

bond. The direction is probably determined electronically in this example 

with the electronegative hydroxyl group going to the more positive carbon 

of the double bond. A simple, preparatively useful procedure for converting 

terminal olefins into 2-carbonyl derivatives based on the palladium(II) 

oxidation has been reported (204). 

O 

PdCl2,CuCl2 II 
CH3(CH2)9CH=CH2 + i02 -*■ CH3(CH2)9CCH3 

85% 

The reaction of palladium(II) chloride with olefins in alcoholic solution 

results in the formation of vinyl ethers, very probably by a mechanism similar 

to that of the aqueous oxidation (205, 206). The alkoxide group is probably 

added by alcohol attacking the olefin 77-complex externally rather than by a 

shift of alkoxide from palladium. 

CH2=CH2 + CH3OH + PdCl2 + CH3OCH=CH2 + Pd + HC1 
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PdCl42- + CH2=CH2 - 
/\HVC1 

H2c pd 
/ \ 

Cl Cl J 

+ cr 

/H2 ci 
H-C'w' 

L C1X XC1. 

+ h2o - 
/H* Cl 

H*C Pd^ 
/ \ 

L H20 C1J 

+ Cl - 

H2C Pd 
Cl 

h2o 
/ \ 

Cl 

+ H2o - h2c \d' 

/ \ 
L HO Cl 

+ h3o + 

/H> 
IzC PdX 

L HO^ XC1 

-> [HOCH2CH2PdCl2] 

[HOCH2CH2PdCl2] 

J~Hz 
HO—C \ .Cl 

H 

I Pd 

H/ Vfcl 

ch3 
I 

L HOCHPdCl2 

ch3 ■ 

5>c ci 

. HX XC1_ 

-> CH3CHO + [HPdCl2]- 

[HPdCl2]- -* HC1 + Pd + Cl- 

Scheme V-10. 

Several alkoxypalladation products of chelating diolefins are isolable and 

are known to have the trans stereochemistry expected from an external 

addition mechanism. If the reaction is carried out catalytically with cupric 

chloride as reoxidant and ethylene glycol as the alcohol, cyclic acetals are 

obtained in high yield (207, 208). Unsaturated alcohols may react with 

+ HOCH2CH2OH + 2CuC12 + 2CuCl + 2HC1 

themselves. Methallyl alcohol and rhodium(III) chloride react in methanol 

solution to form a cyclic ether complex probably as follows (209). 
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CH3 
I 

CH2=CCH2OH + RI1CI3L3 - ch3 

ch3 

I —ch2 

hoch2—c xc—ch3 

CH2—Rh- 

//l\cH, 
Cl Cl L L 

CH2OH 

RhCl3L3 

ch2 

ch3 

ch2=c—ch2oh ; 

—HC1 

•'C1\ t/ci T3 
Rh CH2—C-CH2 

/ I II 
L CH2 O 

/C\ 
h3c ch2oh. 

Another related reaction occurs when palladium(II) chloride-olefin com¬ 

plexes are reacted with primary amines in tetrahydrofuran solution and 

imines are formed in low yield (210). The mechanism has not been investi¬ 

gated, but it is probably similar to the above alcohol reaction with an addi¬ 

tional double-bond isomerization of the initially formed vinylamine to the 
imine. 

[(CH2=CH2)PdCl2]2 + m-BuNH2 -* CH3CH=NBu + Pd + 2HC1 

Platinum(II)-olefin complexes react with amines to give isolable adducts. 

An example giving stereochemical information as well is the reaction of 

cA-dichloro-(S')-1 -butene-(S')-1 -phenylethylamineplatinum(II) with diethyl- 

amine. Since the ^-bonded olefin is asymmetric and reaction is at the 2-carbon 

of the 1-butene, it can be determined which side the olefin is attacked from the 

absolute configuration of the amine product formed. The results showed that 

a trans (external attack) addition of the amine had occurred (211). 

H c\ a 
I 'p ^ ^ 

CH3CH2C*/\ | + Et2NH -► 
\h2 nh2-c*-ch3 

H 

NHEt2 ch3 I 
gh2/H a /C1 4 ch3-c^h + 

/c\ /Pt\ 1 c2h5 
Et2+ NH CH2 NH2C*—CH3 

H 

A similar but catalytic reaction seems to occur between ethylene and 

secondary amines with rhodium(III) chloride as catalyst. The intermediate 

complex, at the elevated temperatures employed, transfers the proton from 

the nitrogen to the carbon bonded to the metal and a saturated tertiary amine 

<P 
I 

PtCl3NH2C*CH3 

H 
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CH,=CHS + /^NH I”* » ( ^MCHjCH, 
\_/ 'm \_/ 

is formed (212). This is an example of a catalyzed 1:2 addition. More examples 

will be discussed in Section E. 

3. Substitution of Vinylic Substituents Other than Hydrogen 

Vinylic ester and halide substituents are readily exchanged for other ester 

groups with palladium(II) catalysts. 2-Chloropropene, for example, reacts 

with acetate salts in acetic acid using palladium(II) acetate as a catalyst to 

form isopropenyl acetate (102). 

Cl OAc 

CH2=CCH3 + OAc- P-(OAc)- CH2=CCH3 + Cl" 
HOAc 

The palladium-catalyzed exchange of acetate for trideuteroacetate in cis- 

and trans-propenyl acetate shows each exchange occurs with inversion of 

configuration, a result consistent with a trans addition-trans elimination 

process (213). 

H H 

'j2=C + Pd(OCOCH3)2 

ch3 xococd3 

H OCOCD3 
\ / 
JZ=C + Pd(OCOCH3)2 

ch3 XH 

H OCOCD3 

HOAc 
- CH3COOPdC C—OCOCH3 -»• 

I I 
ch3 h 

H OCOCH3 
\ / 

+ CH3COOPdOCOCD3 

ch3 h 

H H 
HOAc 

- * CH3COOPdC C—OCOCH3 -> 
I I 
ch3 ococd3 

H H 
\ / 

C—C + CH3COOPdOCOCD3 

CH3 ococh3 

4. Substitution of Allylic Substituents Other than Hydrogen 

The exchange of allylic substituents with allylic rearrangement catalyzed 
by palladium(II) salts is a very general reaction. 

Substitution of allylic chlorine by carbon groups occurs when organo- 

palladium complexes are reacted with allylic chlorides. The electron-with- 

drawing effect of the halogen causes addition of the palladium group to the 
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carbon beta to the halogen-bearing carbon. The elimination of the chloro- 
palladium group is preferred over the alternative palladium hydride elimina¬ 
tion and allylically substituted olefins are produced (214). The organopalla- 
dium complexes were prepared- in situ by an exchange between palladium(II) 
chloride and an arylmercuric chloride. The anionic allylic exchange usually 

PdL2Cl2 + ArHgCl -* [ArPdL2Cl] + HgCl2 

[ArPdL2Cl] + JZ=C—C—Cl 

PdL2Cl 

I I I 
Ar—C—C-C—Cl ■> 

Ar—C—C=C + PdL2Cl2 
I I X 

proceeds most readily when the protonated form of the anion is relatively 
acidic. Then the reaction usually proceeds when the reactants are warmed 
with a catalytic quantity of any of a variety of palladium complexes. Allylic 
ethers, esters, alcohols, chlorides, and amines have all been exchanged with 
other amines, alcohols, acids, dimethyl malonate, acetylacetone, methyl 
acetoacetate, etc. (215-217). 

C=C—C—Y + HZ 
Pd -* z—c—c=c 

\ 
+ HY 

E. CATALYZED 1:2 ADDITIONS TO OLEFINS 

An example of this type of reaction has been mentioned above where 
piperidine was added to ethylene forming A-ethylpiperidine with rhodium(III) 
chloride as catalyst. A few other examples are also known. 

The addition of hydrogen cyanide to olefins and dienes can be catalyzed by 
tetrakis(triphenyl phosphite)palladium(O) (218). The mechanism probably 
involves oxidative addition of hydrogen cyanide to the palladium(O) complex 
to form hydridocyanobis(triphenyl phosphite)palladium(II). This hydride 
then may add to the olefin to form an alkyl. The last step would be reductive 
elimination of the alkyl nitrile with reformation of the palladium(O) catalyst. 

Pd[P(O0)3]4 + HCN — —' HPd[P(0<«3]2CN + 2P(0<£)3 

pro <£U 
HPd[P(0$)3]2CN + CH2=CH2 -* CH3CH2Pd[P(O0)3]2CN -■ > 

CH3CH2CN + Pd[P(C^)3]4 

A similar reaction occurs with related nickel(O) complexes in the presence of 
zinc chloride (219). 
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The oxidation of olefins with palladium choride in aqueous solution in the 

presence of a high concentration of cupric chloride, in contrast to when it is 

present at low concentration in the Wacker process, produces chlorohydrins 

rather than carbonyl compounds. The intermediate 2-hydroxyethylpalladium 

complexes apparently react with the cupric chloride to replace the palladium 

by chlorine. The mechanism of the replacement is not clear, but a 1:2 shift 

of chlorine from palladium to carbon in chlorine-bridged copper complexes 

seems to be a reasonable possibility (220). 

PdCl42- + H20 + CH2=CH2 + CuCl2 

ClCuCl2 
I 

HOCH2CH2PdClCuCl2 -* 

I 
ci 

HOCH2CH2Cl + PdCl42- + 2CuCl 

A similar effect of a high concentration of cupric chloride is observed in the 

reaction of organopalladium complexes with olefins. Thus, phenylpalladium 

chloride prepared by exchange from palladium(II) chloride and phenyl- 

mercuric chloride reacts with ethylene in 10% aqueous acetic acid containing 

a 2 M concentration of cupric chloride to form almost exclusively 2-phenyl- 

ethyl chloride rather than the styrene formed when a significantly lower 

concentration of cupric chloride is present (221). 

[C6H5PdL2Cl] + CH2=CH2 + 2CuC12 -* C6H5CH2CH2C1 + 2CuCl + PdL2Cl2 

The inclusion of lead tetraacetate in the reaction of organopalladium com¬ 

plexes with olefins also results in a catalyzed 1:2 addition, this time of the 

organic group and an acetate group. It seems quite possible that there is an 

actual transfer of the organic group from palladium to lead in this case 

and that a lead (IV) alkyl triacetate is formed which decomposes by reductive 

elimination to the product acetate and lead(II) acetate. The reaction is 

catalytic in palladium since the lead(IV) reoxidizes it in each cycle. Yields are 

not high in this addition since competing palladium hydride elimination 

is serious and the lead(IV) acetate may attack the olefin directly (222). 

[C6H5PdL2OAc] + Pb(OAc)4 + CH2=CH2 -► 

C6H5CH2CH2OAc + Pb(OAc)2 + PdL2(OAc)2 
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Chapter VI 

Reactions of Dienes, Trienes, and 

Tetraenes with Transition Metal 

Compounds 

A. DIENE 7T COMPLEXES AND THEIR 

REARRANGEMENTS 

Dienes may 77-complex through one double bond as a simple olefin 

would do, but more often, if the double bonds are favorably situated, both 

double bonds coordinate. A typical example is tricarbonyl-77-butadieneiron(0) 

which is obtained by heating pentacarbonyliron(O) with butadiene (223). 

Fe(CO)5 + CH2=CHCH=CH2 
(< 

Fe(CO)3 + 2CO 

Recently, butadiene 77 complexes have been prepared by a direct reaction 

of the diene with metal atoms, prepared by condensation of the vaporized 

metal in high vacuum. The metal atoms are condensed on the diene at 

liquid nitrogen temperatures and then the mixture is allowed to warm up and 

react. Nickel, for example, is believed to form a bisbutadienenickel(O) complex 

(224) and iron, bisbutadienecarbonyliron(O), after reaction with CO (225). 

Ni + 2C4H6 
K X 

Ni 

X V 

Fe + 2C4He 
co 

CO 

KjX 
Fe 

V V 

112 
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The stability of the conjugated diene-iron carbonyl group is high enough 

so that some vinyl aromatic compounds will form complexes with loss of the 

aromaticity of the benzene ring. For example, heating p-divinylbenzene with 

dodecacarbonyltriiron produces an orange complex containing two 7r-diene- 

iron systems with one isolated double bond left in the original benzene ring. 

An X-ray structure showed the isolated double bond to be 1.31 A long, while 

the coordinated ones were 1.40 A (226). In another example, heating 1,2- 

X, 
+ Fe3(CO)i2 n 

Fe(CO)3 

Fe(CO)3 

bis(bromomethyl)benzene with nonacarbonyldiiron gave a complex with two 

uncoordinated double bonds and a w-dieneiron system. Pyrolysis of the 

complex at 510° produced benzocyclobutene (227). 

^^CH2Bv 

+ Fe2(CO)9 

r^X 
Fe(CO)3 

Fe(CO)3 (+ FeBr2 + 6CO) 

( + Fe + 3CO) 

Nonconjugated dienes may also form complexes in which both double bonds 

coordinate if they are favorably arranged in the compound. The favorable 

arrangement for one metal, however, may not be as favorable for another. 

Some dienes, therefore, may complex strongly with one metal and only weakly 

with another. Other times the metal will rearrange the diene in order to make a 

suitable ligand in which both double bonds can strongly coordinate. For 

example, cw,,c/.s'-l,5-cyclooctadiene forms a very stable complex with platinum 

or palladium chloride, but the 1,3-diene does not. If dichlorobisbenzo- 

nitrilepalladium(II) is reacted with 1,3-cyclooctadiene at room temperature, 

the 7r-c/j'-l,5-cyclooctadiene complex is formed very rapidly. The rearranged 

diene may be liberated from the complex with cyanide ion (228). On the other 

+ PdCI2(C6H5CN)2 
—c6h5cn 

* Cl2Pd 
CN- 

+ Pd(CN)42" + 2Ck 

\_X 
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hand, iron(O) prefers to coordinate with 1,3- rather than 1,5-dienes. Conse¬ 

quently, when c/i’,c/j'-l,5-cyclooctadiene (1,5-COD) is heated with penta- 

carbonyliron(O) a catalytic isomerization occurs by way of a 1,3-dieneiron 

complex producing 1,3-cyclooctadiene (229). Probably both palladium and 

+ Fe(CO)s ~2CQ^ (CO)3Fe^ 

[+ (CO)3Fe(l,5-COD)] 

V_^ 
iron produce isomerization in the cyclooctadiene ring by the 77-allylic hydride 

mechanism. The reason for the diene preferences is not clear, since both 

palladium and iron have 90° bond angles available with similar metal-carbon 

bond lengths. Iron in trigonal-bipyramidal complexes would have 120° equa¬ 

torial bond angles also, but these are too large for a 1,3-diene. 

The cyclodecadienes behave differently toward these catalysts. Dichlorobis- 

benzonitrilepalladium(II) forms a stable complex with cw,c/s,-l,6-cyclodeca- 

diene, while cA,fra«.y-l,5-cyclodecadiene reacts with the same reagent at 0° to 

produce the palladium chloride complex of cw-l,2-divinylcyclohexane. A 

carbon-carbon bond is apparently broken at the weakest point in the ring 

where two allylic fragments can be formed. It is believed that the arrangement 

goes by way of a bis-n--allylic palladium intermediate, but its structure is 

uncertain (230). The overall reaction is actually a metal-catalyzed Cope re¬ 

arrangement. Pentacarbonyliron(O) at 115° causes rearrangement of cis,trans- 

1,5-COD 

+ PdCl2(C6H6CN)2 -► 

1,5-cyclodecadiene to the same product, whereas at 20°-50° with exposure to 

ultraviolet light to dissociate coordinated carbon monoxide, the diene 

rearranges to a mixture of cis,cis- and trans,trans-1,6-cyclodecadiene (231). 

The reactions may go by way of 7r-allylic hydrides. 

Fe(CQ)s 

hv 
+ 
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Ring enlargement also can occur in appropriately substituted dienes. 

4-Vinylcyclohexene and dichlorobisbenzonitrilepalladium(II) react to form 

the m,cA-l,5-cyclooctadiene:complex, again probably by way of a bis-77- 

allylic complex (232). If the structure does not have a weak bond between two 

CH=:CH2 

A _i_ PHr^i rr'.w.rMW 
y 

v ri ph 
1 

1 
+ 2C6H5CN 

allylic carbons, the isomerization does not occur, at least under the same mild 

conditions. 2-Vinylcyclohexene, for example, does not rearrange under the 

same conditions (233). 

More deep-seated rearrangements may occur with other catalysts under 

these or more vigorous conditions. The stability of the tridentate 77-complexes 

of aromatic compounds with chromium(O) is probably the driving force for 

the conversion of cA,cA-l,5-cyclooctadiene with hexacarbonylchromium(O) 

into o-xylene and tricarbonyl-77-o-xylenechromium(0) in boiling di-«-butyl 

ether. The yield, however, was only 2% and the remaining material was not 

identified. At lower temperatures the reaction forms tetracarbonyl-cA,cA-l,5- 

cyclooctadienechromium(O) which does not yield the aromatic complex on 

heating (234). The mechanism of this rearrangement is not known. 

/ \ 
+ Cr(CO)6 

\_X 
■> Cr(CO)3 + + CO 

Another related example is the conversion of 2,6-dimethyl-2,4,6-octatriene 

with hexacarbonylchromium at 200° into tricarbonyl-77-( 1,2,3-trimethyl- 

benzene) chromium(O) in 40% yield (235). Two carbons are lost in the reac¬ 

tion, probably in the form of ethane. Rhenium(I), in contrast to chromium(O), 

CH3 

ch3 ch3 ch3 

CH3C=CHCH=CHC=CHCH3 + Cr(CO)6 
200° 

-Cr(CO)3 (+ C2H6) 

prefers to 77-complex with a cyclopentadienyl ring rather than a benzene ring. 

Decacarbonyldirhenium reacts at 250° with cA,cA-l,5-cyclooctadiene to form 

tricarbonyl-l,2-cyclopentenocyclopentadienylrhenium(I) in 5% yield (236). 

Re(CO)3 + CO 
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A related formation of the bicyclo[3.3.0]octadienyl ligand occurs in the 

reaction of 1,5,9-cyclododecatriene with cA-bis(trimethylgermyl)tetracar- 

bonylruthenium where probably butadiene is lost (237). 

(CH3)3Ge^ CO 

+ Ru 

(CH3)3Ge^ ^CO 

Another example of cyclopentadienyl complex formation was mentioned 

in Chapter I, Section A, where titanium tetrachloride was reacted with an 

olefin (any olefin) and trichloropentamethylcyclopentadienyltitanium(IV) 

was formed (6). The mechanisms of these very interesting reactions have not 

been studied. 

/ 

+ H + x- 

X = Cl, Br, CH30 

chxch3 
+ mci3 —ci- 

M = Rh, Ir 

ch3o=chch3 + CH3OH (CH30)2CHCH3 
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The apparent preference for formation of cyclopentadienyl -n complexes 

is also observed in the reactions of hexamethyl(Dewar benzene) with rhodium 

and iridium trichlorides. In these cases, however, it is clear that the metal 

ions are not responsible for the ring contraction reaction. Hexamethyl(Dewar 

benzene) is known to react with protonic acids to form 5-(l-substituted- 

ethyl)pentamethylcyclopentadienes, and acid is produced from rhodium and 

fridium trichlorides in methanol under the reaction conditions. In separate 

reactions it was shown that 5-(l-chloroethyl)pentamethylcyclopentadiene 

reacted with both metal chlorides in methanol solution to give high yields of 

the 77-pentamethyIcyclopentadienyl metal complexes and dimethylacetal (238). 

The yield of the iridium complex was much higher with the prerearranged 

starting complex than it was with hexamethyl(Dewar benzene). The metals 

are apparently necessary in the step where the methoxymethylcarbonium ion 

is lost to form the cyclopentadienyl complex. In the same reaction in the 
presence of acid and a trace of tin(II) chloride as catalyst, potassium tetra- 

chloroplatinate and hexamethyl(Dewar benzene) gave only a pentamethyl- 

cyclopentadiene -n complex (239). 

+ K2PtCl4 + CH3OH 

B. HYDRIDE TRANSFER REACTIONS 

Hydride or perhaps more correctly hydrogen transfer between ligands on 

the same metal may occur very easily. An intermediate metal hydride is 

probably involved. Such hydrogen transfers appear to be important steps in 

numerous transition metal reactions, particularly when diene-type ligands 

are present. Two simple examples below illustrate the reaction. The reaction 

of bis(cw,cw-l,5-cyclooctadiene)nickel(0) with cyclopentadiene forms 77-5- 

cyclooctenyl-77-cyclopentadienylnickel(0) (240). The reaction probably pro¬ 

ceeds by a replacement of cyclooctadiene by cyclopentadiene followed by 

hydrogen transfer. 

1 \ 
Ni— 
/ 

1 + 
fl 

1 

—CeHx2, 

C8H12 

\ 
.Ni 
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In the second example the same nickel complex was reacted with acetyl- 

acetone and a similar hydrogen transfer occurred (241). 

\ 
+ ch3cch2cch3 

ch3 

\ /°-< 
JMi ;C—H + 

- \ 

o—c 
xch3 

An interesting disproportionation of cA,cw-l,5-cyclooctadiene apparently 

involving a series of hydrogen transfers occurs when cobalt(II) acetylacetonate 

[Co(Acac)2] is electrolytically reduced in the presence of the diene and a proton 

source. Initially, a cobalt(I) hydride is thought to be formed which adds to 

the diene to form a 4-cyclooctenylcobalt derivative which, in turn, undergoes 

hydride elimination, readdition, etc., until a 77-allylcobalt structure is obtained. 

The 77-2-cyclooctenyl-77--cA,cA-l,5-cyclooctadienecobalt(I) intermediate is 

isolable. On warming to 60° in the presence of 1,5-cyclooctadiene, cyclooctene 

and a new complex, 77-bicyclo[3.3.0]octadienyl-7r-c«,cA-l,5-cyclooctadiene- 

cobalt(I) are formed (242). The last reaction probably involves a hydrogen 

shift from the 1,5-cyclooctadiene ligand, forming a 2,5-cyclooctadienyl-77- 

cyclooctene complex. Replacement of cyclooctene by 1,5-cyclooctadiene, a 

hydrogen shift, and a ring closure could produce 7r-l,5-cyclooctadiene- 

77-/23-bicyclo[3.3.0]octenylcobalt(I). Two sequential hydrogen shifts from 

the bicyclo[3.3.0]octenyl ring to the cyclooctadiene ring would form the 

cyclopentadienyl system and cyclooctene. Replacement of the cyclooctene 

by the diene would then form the observed product, 77-l,5-cyclooctadiene-77- 

bicyclo[3.3.0]octadienylcobalt(I) (see Scheme VI-1). The thermal reaction of 

l,5-cyclooctadienecyclooctenylcobalt(I) with 1,5-cyclooctadiene gave a low 

yield of l,5-cyclooctadiene-2,5-cyclooctadienylcobalt(I) thus supporting the 

above mechanism. Further reaction also gave the same product as obtained 

in the electrolytic reaction (243). 

Similar hydrogen shifts may be used to explain the disproportionation of 

1,4-cyclohexadiene to benzene and cyclohexene catalyzed by chlorocarbonyl- 

(bistriphenylphosphine)iridium(I) (244) and of 1,3-cyclohexene to benzene 

and cyclohexene catalyzed by dichloro-7r-pentamethylcyclopentadienyl- 

rhodium(III) dimer (245). The true catalysts in these examples must be 

77-diene-metal hydride complexes in order for the internal hydrogen shift 

mechanism to apply. 
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C. DIENE REACTIONS WITH METAL HYDRIDES 

Transition metal hydrides probably add 1:4 to conjugated dienes often 

subsequently forming 77-allyl metal complexes. Typical is the reaction of 

hydridotetracarbonylcobalt(I) with butadiene at 25° to form a mixture of 

35% syn- and 65% o«t/-tricarbonyl-77--l-methylallylcobalt(I) (246). This 

HCo(CO)4 + ch2=chch=ch2 + CO 

reaction is undoubtedly more complicated than the equation suggests. An 

initial dissociation of carbon monoxide could occur, followed by coordination 

with the diene and a hydrogen shift from cobalt to the terminal carbon of the 

diene system. The 77-allyl system, however, is apparently not formed im¬ 

mediately since an intermediate 1:4 addition product can be detected if the 

reaction is carried out in a carbon monoxide atmosphere under conditions 

where the w-allyl product would not form the 1:4 intermediate (cf. Chapter 

IX, Section A,2). It is difficult to comprehend with this mechanism why 

after the hydride shift has taken place the v allyl formation is not very rapid. 

More likely the reaction involves a true 1:4 addition of the hydridotetra- 

carbonylcobalt to the diene, either radical or more probably ionic in character. 

The adduct then would need to lose carbon monoxide before the 77-allyl 

structure could be formed. In the addition of hydridopentacarbonylmanga- 

nese(I) to butadiene a mixture of cis- and tra^-crotylmanganese derivatives 

can be isolated (70), again suggesting that dissociation has not occurred 

before the addition reaction. Although 77-complexing of simple olefins with 

the hydride appears necessary before addition can occur, this may not be 

the case with the more reactive conjugated dienes. 

A whole series of additions of compounds containing active hydrogens to 

conjugated dienes catalyzed by transition metal compounds are known. 

Mechanistically, they probably fall into two groups. In one group the active 

M + HQ , HMQ 

H 

M—Q 

H 

M + —C—Q 

C 

C 
/\ 

M = coordinately unsaturated catalyst 

HQ = HCN, CH3COCH2COCH3, CH3OCOCH2COOCH3, CH3COOH, etc. 

—C—H 
I 

+ c— 
II 

—c 
I 

—C-Q 
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hydrogen group probably oxidatively adds to the catalyst forming a hydride 

which then adds to the diene. A reductive elimination of the product with 

regeneration of the catalyst .would be the last step. Two isomeric adducts 

can be formed depending oh the way the intermediate adduct eliminates. 

If a 77-allylic intermediate is formed, as would be expected, the coupling can 

* occur at the first or the third carbon of the diene. Usually mixtures are 

obtained. 

The second group of reactions may involve metal hydrides also. The 

hydrides could be obtained by one of the reactions of Chapter II, Section A, 

but not by oxidative addition of the active hydrogen compound. The hydride 

could then add to the diene to form the 77-allyl complex. A nucleophilic 

attack by the active hydrogen compound on the allylic group would displace 

metal and then a proton transfer would form product and regenerate the 

catalyst. Which mechanism is followed depends on the ease of the oxidative 

\ I / 
MH + C=C—C—C 

/ I \ 

X' 

—C 

MH = metal hydride 

HX: = CH3OH, CH3CH2OH, (CH3)2NH, etc. 

h —C— H —C—H 
1 

—C—X 
1 

c— 

> HX: > HM + —C + —C 
1 

\ C —C—X 
/\ 1 

addition. The oxidative addition is probably favored when the anion from 

the molecule undergoing the addition forms a particularly strong bond with 

the metal. 

Examples of the first type may include the Ni[P(OEt)3]-catalyzed addition 

of HCN to butadiene (247, 248) and the [^2PCH2CH2P</>2]PdBr2-catalyzed 

addition of 2,4-pentanedione, ethyl acetoacetate, and dimethyl malonate to 

butadiene (249). The hydrogen cyanide addition has become the basis for the 

ch3 

HCN + CH2=CHCH=CH2 » CH3CH=CHCH2CN + CH2=CHCHCN 

cis and trans 

O O 

CH3OCCH2COCH3 + CH2=CHCH=CH2 ffepcH2CH2Pfe]PdBr2 + NaOj. > 
150° 

ch3 

CH2=CHCHCH(COOCH3)2 + CH3CH=CHCH2CH(COOCH3)2 

commercial production of adiponitrile from butadiene. The 3-pentenonitrile 

obtained as above is isomerized to the terminal olefin and reacted again with 
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hydrogen cyanide. Apparently this can be done in high yield in a simple step 

with the proper isomerization catalyst present in addition to the nickel 

catalyst. In one example a borane was used as the isomerization catalyst 

(250). Presumably, a boron hydride is the true catalyst which by an addition- 

elimination mechanism forms the much more reactive terminal olefin which 

then reacts with the hydridonickel cyanide catalyst. 

CH2=CHCH=CH2 + 2HCN 1, NCCH2CH2CH2CH2CN 
DK3 

Examples which probably follow the second mechanism of addition are 

the RhCl3-catalyzed addition of ethanol to butadiene (251) and the RhCl3- 

(252) or nickel phosphine-catalyzed (253) addition of amines to butadiene. 

ch3 

ch3ch2oh + ch2=cch=ch2 
RhCla 

60° 

ch3 ch3 

ch2=chchoch2ch3 + CH3C=CHCH2OCH2CH3 

(CH3)2NH + CH2=CHCH=CH2 

ch3 
I 

CH2=CHCHN(CH3)2 + CH3CH=CHCH2N(CH3)2 

Simple metal hydrides may cause skeletal rearrangements in nonconjugated 

dienes with certain structures. The best examples occur with “nickel hydride” 

catalysts and 1,4-dienes. l,l-Dideutero-2-methyl-l,4-pentadiene rearranges 

to 3,3-dideutero-2-methyl-l,4-pentadiene on treatment with a combination 

of dichlorobistri-«-butylphosphinenickel(II) and chlorodiisobutylaluminum 

dimer at room temperature (254). The actual catalyst is very probably 

hydridochlorobistri-n-butylphosphinenickel(II) formed by elimination of the 

hydride from an isobutyl derivative which, in turn, was formed by an exchange 

between the isobutylaluminum compound and the dichloronickel complex. 

The dichloroisobutylaluminum produced or unreacted chlorodiisobutyl¬ 

aluminum acts as a Lewis acid and very likely complexes with the remaining 

chloro group in the hydride producing a more reactive ionic derivative. The 

(n-Bu3P)2NiCl2 + [;'-Bu2A1C1]2 -► [(«-Bu3P)2NiH] + [/-BuAlCl3]- + CH2=C(CH3)2 

hydride then apparently adds to the diene, putting nickel on the terminal 

carbon of the monosubstituted double bond. This is the reverse direction of 

addition to that observed in the propylene dimerization reaction catalyzed 

by another nickel hydride complex with smaller ligands (cf. Chapter V, 

Section C,l). The change in addition direction may just be the result of the 
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larger ligands making the sterically less bulky «-alkyl favored over the 2-alkyl 

derivative. A more likely explanation is that the second double bond is 

coordinating during the addition and directing the addition to produce the 

larger ring with the less straine'd, chelated alkenyl group. The alkenyl complex 

formed must now undergo an elimination of the l,l-dideutero-2-methylallyl- 

’“nickel group leaving ethylene coordinated to the same nickel atom. This 

reaction should be facilitated if the second double bond were coordinated 

to the nickel during the reaction and' a 7r-methylallyl complex were formed 

directly. The rearrangement now occurs simply by a movement of the 

77-allylic -group so, that readdition of the dideuteromethallyl group to the 

coordinated ethylene occurs at the deuterated end of the 77-allylic group. 

Hydride elimination and exchange with another diene molecule would then 

complete the catalytic rearrangement. Probably, dissociation of one of the 

tri-n-butylphosphine groups is necessary before the carbon-carbon bond 

can be broken (Scheme VI-2). 

ch3 
I 

[(/i-Bu3P)2NiH + ] + D2C=CCH2CH=CH2 -ch3 

k-Bu3P 

—rt-Bu3P 

ch3 

h2c=ccd2ch=ch2 + 

D D 

H 
I 

(«-Bu3P)2Ni 

CH3 

Scheme VI-2. 

Treatment of 3-methyl-1,4-pentadiene with the same nickel catalyst as 

above leads to extensive rearrangement; eight different isomeric products 

have been identified in the reaction mixture (255). The reaction is complicated 
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CH3 

CH2=CHCHCH=CH2 ("-Bu3p>2NiC1° + t'-BusAici]^ CH2=CHCH2CH=CHCH3 + 

35%, trans/cis-l 1 

ch3 ch3 

ch2=cch=chch3 + ch2=chc=chch3 + 

4%,, trans 8%, cis 

ch3 
i 

ch2=chc=chch3 + ch3ch=chch=chch3 + ch3ch=chch=chch3 

trans trans,trans 3%, cis,trans 

15% 

by the fact that some of the products are not completely stable under the 

reaction conditions. It is clear, however, that at least two different reaction 

mechanisms must be involved. The first product listed, 1,4-hexadiene, 

probably arises by way of the 77-allylic 77-olefin mechanism just discussed, 

while the other products may arise by any of several other possible routes 

(see Scheme VI-3). 

ch3 

CH2=CHCHCH=CH2 + [(«-Bu3P)2NiH] + 

n-Bu3P—Ni--1'—CH3 ~ 
PRa 

-PRa 

CH2=CH2 

ch3 
~pr3 

+ PRa 

[(w-Bu3P)2NiH] + + CH3CH=CHCH2CH==CH3 

Scheme VI-3. 

An interesting possibility for the mechanism of formation of the conjugated 

isomers had been proposed which involves nickel hydride addition forming 

the 2-nickel alkyl from the product of the above reaction followed by an 

internal addition of the metal carbon group to the remaining double bond. 

The addition forms a cyclopropane derivative. Reversal of the reaction, 

breaking a different cyclopropane carbon-carbon bond, and hydride elimina¬ 

tion would produce the second product, 2-methyl- 1,3-pentadiene (256) (see 

Scheme VI-4) The preferred direction of addition of the hydride to the olefin 

is usually not important in these reversible reactions since as long as the 
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CH2==CHCH2CH=CHCH3 + [(n-Bu3P)2NiH] + 
Ni(/i-Bu3P)2 

CH2 
/ \ 

CH3CH—CHCHCH; 
Lch3chch=chch3J 

Ni(n-Bu3P)2_ 

CH2=C—CH=CHCH3 + [(>!-Bu3P)2NiH] + 

Scheme VI-4. 

hydride is able to add either way to a significant extent the reaction will 

proceed by way of the adduct which leads to the most stable transition state 

and, therefore, usually to the most stable products also. 

D. PROTON ADDITION AND HYDRIDE ABSTRACTION 

REACTIONS OF COORDINATED DIENES, TRIENES, 

AND TETRAENES 

Coordinated conjugated dienes often may be protonated with strong acids 

to form 77-allylic complexes. Iron diene complexes, at least, show high 

selectivity with respect to the isomeric complex produced by protonation. 

The product produced depends on the reaction media and diene structure 

(257). The reaction of anhydrous hydrogen chloride in nonpolar media with 

tricarbonyl-TT--butadieneiron(O) produces syn-chloro-Tr-1 -methylallyltricarbon- 

yliron(II), whereas the same reaction with fluoroboric acid in polar media 

produces the anti cation. Treatment of the syw-chloro complex with silver 

tetrafluoroborate gives the syn cationic complex (258). The anti isomer would 

be expected to be formed directly by protonation with a strong acid (in 

polar media) since the diene ligand is already in a cis configuration. In the 

Fe 

(CO)3 (CO)3 

reaction with anhydrous hydrogen chloride, however, a complete addition 

of the acid to one of the double bonds is assumed to occur and this adduct 

then, by way of an oxidative addition of the carbon-chlorine group, would 

form the syn product. If the addition of the chloride ion occurs on the side 

of the 7r-complexed diene away from the metal, then the chloro group must 

be rotated in order to be able to undergo a four-centered oxidative addition. 
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This rotation would move the methyl group so that it would be in a syn 

position after the oxidative addition. 

Cl 
7 ,h 

/7\ + HCl - -> \h3 
Fe Fe 

(CO)3 (CO)3 

(CO)3 

AgBF4> 

—AgCl 

+ 

BF4- 

Fe 

(CO)3 

Surprisingly, however, treatment of tricarbonyl-7r-l-phenyl-3-methylbuta- 

dieneiron(O) with deuterium chloride in pentane produces the anti trideutera- 

ted 7r-allylic product (259). The fact that deuteration is exclusively at the 

anti-methyl group shows that the above mechanism cannot be operating. 

A reasonable explanation is that since the chloride in this example would 

have been tertiary, whereas it was secondary in the above case, it could be 

completely ionized and oxidative addition would not occur. 

The reversible deuteration of tricarbonyl-77--l,3-cyclohexadieneiron(0) with 

deuterotrifluoroacetic acid likewise is specific. Only the endo (same side as 

the metal) protons are exchanged meaning that proton (deuteron) addition 

and loss occurred only from that side. Since the proton addition and loss can 

move the double bonds around the cyclohexane ring, complete exchange 

gives the endo,endo-dideuterodiene complex as the final product (259). The 

specific endo protonation probably occurs because the proton adds to the 

diene system by first forming a metal hydride and then the hydrogen shifts 

to the endo position. An analogous exchange occurs with 77-1,3-cyclohexa- 

diene-77-cyclopentadienylrhodium(I) (260) suggesting that endo protonation 

is a general reaction. 

77-Complexes of nonconjugated dienes also often protonate readily. The 

protonation of cw,cw-l,5-cyclooctadiene-7r-cyclopentadienylrhodium with 

trifluoroacetic acid is of interest because the complex rearranges at a measur¬ 

able rate to a 77-allylic complex and the intermediate complexes can be 

identified by NMR. In 30 min. at room temperature the 4-cyclooctenyl 
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complex is formed. After 2 days at room temperature the 3-cyclooctenyl 

species appears and after 55 days the 77--2-cyclooctenyl derivative is the sole 

isomer present. Treatment of the product with triethylamine rapidly converts 

the cationic allylic compound back into the neutral cA,cA-l,5-cyclooctadiene- 

containing starting complex. This product is converted rapidly back into the 

7r-allylic form by stronger acids than trifluoroacetic acid (261). 

The abstraction of a hydride ion from 77-diene complexes often occurs 

easily as the products are 77-pentadienylmetal complexes analogous to the 

very stable 77-cyclopentadienyl complexes. Triphenylcarbonium ion salts with 

strong acids have most often been used as the hydride-abstracting agents. 

The abstraction is selective in that exo-hydrogens only are removed, probably 

for steric reasons. Reaction of the above e«olo,en<io-tricarbonyl-77-dideutero- 

l,3-cyclohexadieneiron(0) with triphenylmethyl tetrafluoroborate produces a 

pentadienyl complex with loss of one of the exo-hydrogens (259). This 

reaction can be reversed with sodium borohydride and the hydrogen enters 

from the exo side. Thus, borohydride ion appears to attack the ligand 

directly. 
The hydride abstraction reaction has been used to prepare a diene 77- 

complex of the keto form of phenol, again demonstrating the high stability 
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+ (C6Hs)3C + BF4- 

(CO)4 
Fe + BF4- 

(CO)3 

of some diene v complexes. The reaction of l-methoxy-l,4-cyclohexadiene 

with dodecacarbonyltriiron produces a 3:1 mixture of a 77--l-methoxy-l,3- 

cyclohexadiene and a 77-l-methoxy-l,4-cyclohexadiene complex. Reaction of 

the mixture with triphenylmethyl tetrafluoroborate gives two isomeric 

methoxycyclohexadienyl complexes, both of which react with water to give 

the diene v complex of the keto form of phenol (262) (see Scheme VI-5). The 

och3 och3 och3 

+ Fe3(CO)i2 -Fe(CO)3 + Fe(CO)3 
(C6H5)3C+BF4- 

Fe(CO)3 + BF4- + Fe(CO)3 + BF4- 
h2q 

—hbf4 
—ch3oh 

O 

Fe(CO)3 

Scheme VI-5. 

keto-phenol complex is quite stable and some conventional reactions can be 

carried out on the carbonyl group. A Reformatsky reaction with methyl 

bromoacetate produced the expected carbomethoxymethyl hydroxy derivative. 

Treatment of this product with triphenylmethyl tetrafluoroborate results in 

loss of the hydroxyl group and a proton forming tricarbonyl(carbomethoxy- 

methylenecyclohexadiene)iron(O) (263) (see Scheme VI-6). 

Iron carbonyl complexes of the enol forms of unsaturated aldehydes and 

ketones also can be prepared by reaction of the enol acetates with nona- 

carbonyldiiron, followed by hydrolysis of the acetate group. Direct hydrolysis 

has not been used, but rather the acetate group is first reacted with methyl- 

lithium and the reaction products hydrolyzed (264, 265). The strong tendency 

for iron to complex preferentially with diene or dienyl systems is clearly 

illustrated in reactions of tricarbonyl-77-cyclooctatetreneiron(0). This complex 

is fluxional and has only two of the four cyclooctatetraene double bonds 

coordinated to the iron at any time (266, 267). 
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O HO CH2COOCH3 

V*1 

+ BrZnCH2COOCHp -> -H + > 
(CeH5)3C+BF4- 

Fe(CO)3 

CH2COOCH3 

Fe(GO)3 BF4-J 

Fe(CO)3 

H—C—COOCH3 CH3OOC—C—H 

XX 
+ 

Fe(CO)3 
XX 

Fe(CO)3 

Scheme VI-6. 

ococh3 

■+■ Fe2(CO)g 
—Fe(COU 

ococh3 

CH3Li ^ HaO 

Fe 

(CO)3 

OH 

X 
Fe 

(CO)3 

+ (CH3)3COH 

Protonation of the cyclooctatetraene complex with fluoroboric acid 

produces a cationic bicyclic 7r-pentadienyliron complex. Treatment of this 

product with base does not regenerate the starting cyclooctatetraene complex 

but rather hydroxylates the bicyclo[5.1.0]octadienyl ring. Oxidation of the 

alcohol formed with chromium trioxide in pyridine produces the tricarbonyl- 

iron 77 complex of “homotropone.” Oxidation of the complex with ceric ion 

liberates “homotropone” providing a convenient synthesis for this very 

reactive substance (268). 

py = pyridine 
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Group VI transition metals in the zero oxidation state complex readily with 

three double bonds and show quite a different behavior with cyclooctatetraene. 

Tricarbonyl(bisdimethoxyethyl ether)molybdenum(O) easily loses the bisdi- 

methoxyethyl ether ligand on reaction with cyclooctatetraene forming a 

complex in which three of the four double bonds are coordinated. This 

complex also shows fluxional behavior at room temperature and the NMR 

spectrum shows only one hydrogen absorption (269). Protonation of this 

complex with sulfuric acid produces a cationic Tr-cyclooctatrienylmolybdenum 

complex in which the protonated carbon is out and above the plane of the 

seven 77-complexed carbons (269). Cycloheptatriene also complexes with 

+ Mo(CO)3[(CH3OCH2CH2)20] 

Group VI metal carbonyls. Hexacarbonylchromium and cycloheptatriene 

react to form a complex in which all three double bonds are coordinated. 

Proton abstraction with triphenylmethyl tetrafluoroborate forms tricarbonyl- 

77--cycloheptatrienylchromium(I) tetrafluoroborate in which the cyclohepta- 

trienyl ligand is planar and all seven carbons are attached to the metal. 
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Nucleophilic substitution reactions on this cation give exclusively the 

cycloheptatriene complex backxvith the substituent in an exo position (270). 

E. REACTIONS OF COORDINATED DIENES WITH 

* NUCLEOPHILES 

77-Diene complexes of platinum(II) and palladium(II) readily undergo 

nucleophilic attack with a variety of reagents. Other transition metal diene 

complexes apparently either do not undergo the reaction or with one or two 

exceptions the reactions have not been investigated. 

Palladium(II) chloride reacts with conjugated dienes to form 1-chloro- 

methyl-77-allylpalladium derivatives. These may be covalent additions in 

nonpolar solvents or they may be ionic with chloride ion attacking the 

diene -n complex. The specificity of these additions is seen in the reactions 

of the three isomeric 2,4-hexadienes with palladium chloride. All three 

2,4-hexadiene isomers at room temperature yield .sy«,.yy«-l-(l-chloroethyl)-3- 

methyl-77-allylpalladium chloride dimers, but at —40° the cis,cis and the 

trans,trans isomers yield one pair of the two possible diastereomers, and the 

cis,trans isomer the other. Even though in two of the three cases, anti to syn 

isomerizations occurred, specificity was retained. The diastereomers equili¬ 

brate at room temperature. Triphenylphosphine displaces the dienes from 

the complexes at low temperatures and the trans,trans isomer is obtained 

from one diastereomer and the cis,trans isomer from the other (271). 

PdCl2 + CH3CH==CHCH=CHCH3 

H 

P03 

CH3CH==CHCH=CHCH3 + PdCl2[P(C6H5)3]2 

In alcoholic solution the conjugated diene-palladium or platinum chloride 

reaction yields 77-(l-alkoxymethyl)allyl derivatives. Sodium chloropalladate 

and butadiene in methanol solution form chloro-77-(l-methoxymethyl)allyl- 

palladium(II) dimer as a stable product. The chloro group may be easily 

replaced by other ligands such as acetylacetonate by reaction with thallium(I) 

acetylacetonate or cyclopentadienyl by reaction with sodium cyclopenta- 

dienide (272). 
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CH2=CHCH=CH2 + Na2PdCI4 + CH3OH 

HCS Fdx Pdv CH + NaCl + HC1 c?Na> CH PdCp 
^ '' 

ch2 

NS 'v X X 
CH2 Cl CH CH 

Cp = c5h5- 
CH3OCH2 

Nonconjugated dienes which coordinate with the metal (platinum or 

palladium) through both double bonds also react with nucleophiles. The 

metal chlorides do not generally add to nonconjugated dienes but only form 

77 complexes. The reaction of norbornadiene with palladium(II) chloride 

forms a 77 complex which, in methanol, produces the exo-methoxynorbornenyl 

complex. Treatment of this chlorine-bridged dimer with the bidentate ligand 

1,2-bisdiphenylphosphinoethane results in cleavage of the chlorine bridge 

and a rearrangement which allows the palladium to coordinate with both 

phosphorus atoms in the ligand. In the rearrangement the palladium-carbon 

bond adds to the double bond producing an endo-nortricyclylpalladium 

derivative. It is of interest that cleavage of the palladium-carbon bond in the 

product by bromine proceeds with retention of configuration presumably 

because the cleavage goes by an oxidative addition of bromine to the palladium 

followed by a 1:2 shift of bromine from palladium to carbon (a reductive 

elimination) (273). In the halogen cleavage of coordinately saturated metal- 

carbon complexes inversions of configuration has been observed in the few 

cases studied. 

+ PdCl2 + CH3OH ^^1 
OCH3 

[(CeH5)2PCH2]2 

Pd H 
/ \ 

Cl Cl 
\ / 
Pd 

CeHs CH2—CH2 C6H5 

OCH3 

H 
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The chloro(ex0-methoxydicyclopentenyl)platinum(ll) dimer from dicyclo- 

pentadiene, platinum(II) chloride, and methanol has been resolved by 

fractional crystallization of the complex formed with S-l-phenylethylamine. 

Treatment of the resolved amine complex with cold hydrochloric acid reforms 

the optically active, bridged chlorine dimer, whereas hot hydrochloric acid 

produces optically active dichlorodicyclopentadieneplatinum(II). Optically 

active dicyclopentadiene was obtained from the complex on treatment with 

cyanide ion. Racemic alcohols reacted selectively with the optically active 

dichlorodicyclopentadieneplatinum(II). Excess ^//-2-butanol, for example, 

reacted, leaving the unreacted alcohol partially resolved (274). 

The reactions of other nucleophiles with nonconjugated diene v complexes 

at the present time are rather unpredictable, as with the chloride above, 

in that attack may occur either at the metal or at one of the coordinated 

double bonds. Particularly complicated examples occur with the reaction 

product of dimethyl malonate anion with dichloro-l,5-cyclooctadienepalla- 

dium(II). This product undergoes several different further reactions with 

bases and nucleophiles. Sodium borohydride reduces the complex to cyclo- 

octylmalonic ester. Sodium methoxide and dichloro-l,5-cyclooctadienepal- 

ladium(II) produce 4-cyclooctenylmalonic ester. This reaction probably 
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involves methoxide attack at the metal, /3 elimination of metal hydride with 
formation of formaldehyde, and a subsequent shift of hydrogen from 
palladium to carbon (a reductive elimination). A mild base, sodium carbonate, 
converts the malonic ester adduct into the 3,5-cyclooctadienylmalonic ester 
by an elimination and double-bond shift. The strongly basic dimethyl sulfoxide 
anion reacts to form 9,9-dicarbomethoxybicyclo[6.1.0]nonene, apparently 
by way of the a anion of the malonic ester group which then undergoes a 
ring closure with displacement of palladium. Reaction of the cyclooctenyl- 
malonic ester-palladium derivative with a second mole of dimethyl malonate 
anion produces still a different reaction. The remaining double bond appears 
to be attacked giving a cyclooctadiylpalladium intermediate which decom¬ 
poses by reductive elimination forming 2,6-bis(dimethyl malonyl)bicyclo- 
[3.3.0]octane (275) (see Scheme VI-7). 

Open-chain nonconjugated dienes may complex and undergo reactions 
with nucleophiles, although very few examples have been studied. Dichloro- 
7r-l,5-hexadieneplatinum(II), in one example, was reacted with V-l-phenyl- 
ethylamine. The adduct formed retains the hydrogen chloride, forming a 
dipolar complex, but only one pair of diasteromers is obtained since the 
amine attacks the side of the diene away from the metal (276). 

'X /I 
Pt 

/ \ 
Cl Cl 

+ c6h5 

ch3 

I* 
-c—nh2 

H 

F. ADDITION REACTIONS OF ORGANOTRANSITION 

METAL COMPOUNDS TO DIENES 

Organotransition metal complexes generally add to conjugated dienes to 
place the organic substituent on a terminal carbon and form a w-allyl metal 
complex with the remaining three carbons of the diene system. In a typical 
example, “phenylpalladium chloride,” prepared in the reaction mixture by 
the exchange reaction of phenylmercuric chloride with palladium(II) chloride 
or lithium tetrachloropalladate, reacts with butadiene at room temperature 
to form chloro-l-benzyl-77-allylpalladium(II) dimer in 48% yield (277). 

ch2c6h5 

I 

+ ch2=chch=ch2 -► hc; 
\'_ / 

ch2 

L 
I 

C6H5PdCl 

L 2 
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Pentacarbonylphenylmanganese(I) also reacts with butadiene. A vacant 

coordination position is apparently made available for the butadiene by a 

shift of the phenyl from manganese to one of the coordinated carbonyl 

groups and this is followed by additions of the benzoyl group. The initially 

formed adduct appears to rearrange since tetracarbonyl-77-l-benzoyl-3- 

methylallylmanganese(I) is the product isolated. On warming this product 

loses carbon monoxide and forms a 1-oxapentadienylmanganese complex 

(278). 

C6H5Mn(CO)5 
O 

C6H5CMn(CO)4 

c4h6 ) 

O 
II 

ch2cc6h5 
I 

CH 

CH Mn(CO)4 
''' 

CH2 

O 

CC6H5 

CH 

HC; )Mn(CO)4 

CH 

—co 

CH3 

H 
Mn 

(CO)a 

The addition of tetracarbonylmethylcobalt(I) to butadiene is similar except 

that the initial adduct is isolable. Tetracarbonylacetylcobalt(I) reacts similarly 

but more slowly as carbon monoxide dissociation must occur initially (279). 

The adduct in this case undergoes an elimination reaction with various bases. 

A proton on the methylene between the 77-allyl and acetyl groups is apparently 

lost first and then the anion eliminates tricarbonylcobaltate anion (probably 

solvated) forming 1-acetylbutadiene (101). The formation of acyldienes by 

O 
II 

CH3CCo(CO)4 
—co _^ 
' +CO 

O 

LCH3CCo(CO)3 
± CH3Co(CO)4 

O 

O 

LCH3CCo(CO)3J + ch2=chch=ch2 

ch2cch3 
I 

CH 

Hcf )Co(CO)3 -base’ ~H' > 
S.' 

ch2 

o 

Co(CO)3L- + ch2=chch=chcch3 
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the above reaction is quite general and it can be carried out catalytically in 

tetracarbonylcobaltate anioji. In the catalytic reaction an alkyl halide (or 

acyl halide), a conjugated dkne, a hindered amine as the base, and carbon 

monoxide at atmospheric pressure are reacted in ether solution with a catalytic 

amount of the carbonylcobaltate anion. The halide reacts with the anion 

"“first, forming the alkyl-or acylcobalt derivative which then adds to the diene. 

The diene adduct next reacts with the amine forming the acyldiene and the 

tricarbonylcobaltate anion. The last compound finally reacts with the carbon 

monoxide present and reforms the catalyst (101). 

I H 
RX + C-C C=C/ + R3'N + CO Co(CO)4~ 

/ I \ 

\ 
C=C—C—C- 

o 

-C—R + R3'NH + X- 

The addition to dienes can also be done internally with formation of 

cyclic -TT-allylic complexes. When tricarbonyltriphenylphosphine-/ra«5',fra/?s'- 

2,4-pentadienoylcobalt(I) is warmed to 75° internal addition occurs and the 

77--methylcyclopentenonylcobalt complex is formed in 33% yield. The low 

yield probably occurs because isomerization of the 2-double bond from the 

trans to the cis isomer must occur during the reaction in order to close the ring 

and this is not favorable. The cyclopentenonyl product undergoes hydride 

elimination with triphenylmethyl tetrafluoroborate forming a cationic -n- 

cyclopentadienone complex (277). 

O 

H CCo(CO)3P(C6H5)3 

Hx X 
/C=CX H 

ch3 h 

ch3 O 
\ 

H—C—C 
/ XC—H (CeH5)3C+BF4 “ 
/ ^ \ * 

H—C==C \ 
\ > 

H \ 
''''CoP(C6H5)3 

(CO)2 

o 

CHS 
Co(CO)2P(C6H5)3 bf4- 

A type of reversal of the acylcobalt addition to dienes occurs when octa- 

carbonyldicobalt is heated with acetylpentamethylcyclopentadiene. The very 

stable dicarbonyl-77-pentamethylcyclopentadienylcobalt(I) is formed in 60% 

yield. The other product is probably tetracarbonylacetylcobalt(I) which 
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decomposes under the reaction conditions (280). The mechanism of this 

reaction is not clear. Quite possibly, both cobalt atoms of the binuclear 

metal carbonyl are simultaneously involved. In the related reaction of 

ch3. coch3 

Co2(CO)8 + ch3 

ch3 ch3 

CO, CH3— 

ch3 

r^vi ̂ ch3 

ch3— -ch3 

~ch3 rnfccru [+ ch3coco(CO)4] 

hexacarbonylmolybdenum(O) with the same cyclopentadiene derivative part 

of the product (43%) is tricarbonylmethyl-77-pentamethylcyclopentadienyl- 

molybdenum(II). Another 207o of the product is dicarbonyl-7r-pentamethyl- 

cyclopentadienylmolybdenum dimer (280). The loss of other cyclopentadiene 

Mo(CO)e + 
CH 

CH: 

CH3 

ch3 

ch3 

|-CH3 
kJ 

-ch3 

CO 
I 

Mo—CH3 + 
/\ 

CO CO 

CO 

Mo- 

COJ2 

substituents such as the 1-chloroethyl (281) and the ethoxy group (282) has 

been observed when the appropriately substituted cyclic dienes are reacted 

with transition metal compounds (cf. Section A of this chapter). 

Presumably nonconjugated dienes which can dicoordinate with metals 

generally will also undergo addition reactions with organotransition metal 

compounds, but so far very little has been done on such reactions. One known 

example of interest is the reaction of hexafluoroacetylacetonato-77-allyl- 

palladium(II) with norbornadiene. Only one of the double bonds reacts and 

there is a cis addition of the allylpalladium group from the exo side of the 

diene. The adduct is isolable because the allyl double bond coordinates with 

the palladium (283). 

/CF3 
^ch2 

hc; ';pd ''c—h + \ 
^ch2 o—<z' 

xcf3 
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G. METAL-STABILIZED DIENYL AND RELATED 

CARBONIUM ION .COMPLEXES 

Metal-stabilized dienyl complexes have already been mentioned in the 

protonation of complexed polyenes and in hydride abstraction reactions 

*(cf. Section D). These complexes may be prepared by several other methods 

as well. The simplest of these is by ionization of an allylic substituent from a 

diene w complex. A good example is'the acid-catalyzed ionization of tricar- 

bony\-TT-trans,fra«5-2,4-hexadien-1 -oliron(O). The tricarbonyl-1 -methylpenta- 

dienyliran(III) cation formed reacts reversibly with water forming the 

isomeric l,3-hexadien-5-ol rr complex (284). Isomerization of both the carbinol 

group from syn to anti and the hydroxyethyl group from syn to anti also 

must have occurred in the reactions. 

ch2oh + h+cio4- —h2o --—y 

(CO)3 

H;0 , 

HCIO4 

(CO)3 
(CO)3 

The stabilization of the pentadienyl system by the metal is observed whether 

the carbonium ion is on a carbon syn or anti to the 77-complexed diene 

system. In the syn position stabilization is apparently by a resonance effect 

similar to that observed in benzyl carbonium ions, whereas with a/tff-carbon- 

ium ions a coordination of the ion to the metal occurs. The rate of ionization 

of potential pentadienyl v complexes may be very dependent on the isomeric 

structure of the complex. For example, the two enantiomeric forms of 

4-methyl-2,4-heptadien-6-yl 3,5-dinitrobenzoate solvolyze in aqueous acetone 

at vastly different rates, yet both isomers yield mainly alcohol with the same 

structure as the starting alcohol. 

ch3 

Fe 

(CO)3 

o no2 

ch3 

-H 

O 

O—C 
Relative 

rates of 

hydrolysis 2500 1 

no2 
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The isomer with the 3,5-dinitrobenzoate group most nearly trans to the 

tricarbonyliron group in its most stable conformation solvolyzes 2500 times 

faster than the other isomer (285). 

The formation of a pentadienylcobalt system occurs when 77-cyclo- 

pentadienyl-77--exo-5- [chloro(phenyl)methyl]-1,3-cyclopentadienecobalt(I) is 

warmed to 40° for 50 hr. The product is a cyclohexadienyl complex with the 

phenyl group at the endo position of the uncomplexed carbon (286). 

Pentadienyl complexes also may be formed by anionic attack on the 

appropriate compounds. An example of some synthetic interest is the reaction 

of bis(77-aromatic)iron(II) dications with organolithium reagents. The attack 

is exo, as usual, giving a monohexadienyl complex with one equivalent of 

organolithium complex and a bis derivative with two. Oxidation of the bis 

complexes with potassium permanganate removes the organic ligands from 

the iron and oxidizes them to the fully aromatic compounds. By means of 

this reaction, quite hindered benzene derivatives have been made in yields 

which may be higher than obtained by alternative, conventional methods 

(287). The starting complexes are readily available from the reaction between 

ferrous chloride, aluminum chloride, and the aromatic compound (see 

Scheme VI-8). 

F 

Cr(CO)3 + R‘R2NH 

Rl\ ♦ /H 

Cr© 

(CO)3 

Cr(CO)3 
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Chromium-stabilized cyclohexadienyl intermediates are likely involved in 

the second-order halide displacement reactions of tricarbonyl-77-halobenzene- 

chromium(O) complexes. The complexed halides undergo displacement 

reactions far more easily than the uncomplexed halides do (288). 

Another type of metal-stabilized pentadienyl system is the cyclobutadiene- 

methyl carbonium ion complex with iron. (77-Cyclobutadiene complexes will be 

discussed in more detail in the following section.) TricarbonyW-chlorometh- 

ylcyclobutadieneiron(O) solvolyzes about 108 times faster than benzyl chloride 

showing the great tendency for the iron-complexed cyclobutadienemethyl 

carbonium ion to be formed (289). The carbonium ion may actually be isolated 

as the tetrafluoroborate salt. An X-ray structural determination of the isolated 

carbonium ion shows no direct interaction of the methyl ion with the iron, 

indicating stabilization is by resonance. 

Several related types of complexes have been prepared which also show 

the strong tendency to form carbonium ions on carbons next to 7r-complexed 

(unsaturated) groups. The rates of hydrolysis of a series of acetoxymethyl- 

substituted dicyclopentadienyl metal derivatives were measured, for example, 

and the rates were found to be comparable to or faster than the hydrolysis 

rate of the very reactive triphenylmethyl acetate (290). The stereochemistry 

Compound (C6H5)3COAc CpFe—© CpFe-0 

AcOCH2 AcOCHCHa 

Relative 

hydrolysis 
rates 1.0 0.63 6.7 

CpRu—0) 

AcOCHCHa 

CpOs- ■© 

AcOCHCHa 

9.0 34.0 

at the leaving group relative to the metal is very important in determining 

the reactivity of these derivatives as it is with the related dienyl systems. 

In the acetoxycyclopentanoferrocene series, for example, the exo isomer 

hydrolyzes 2240 times more rapidly than the endo compound. Both isomers 

yield the exo alcohols as products (291). 

A smaller activation has been noted in the reactions of tricarbonyl-77-1- 

acetoxymethyl(cyclopentadienyl)manganese(I) derivatives (292). 
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H. AROMATIC 7i COMPLEXES AND THEIR REACTIONS 

Two kinds of complexes will be considered in this section: (1) complexes 

of compounds that are already aromatic and (2) complexes of compounds 

which become aromatic when they are complexed with metals. Many reac¬ 

tions of both types of compounds have been given previously in other 

connections. The -n complexes of various aromatic compounds with the 

Group VI metal carbonyls have been by far the most studied as they are 

readily available by heating the hexacarbonylmetal(O) complexes with the 

aromatic. The tt complexes undergo some of the same reactions as the free 

aromatic but at different rates and with different isomer distributions in 

substitution reactions. The Friedel-Crafts reaction with these complexes 

has been studied by several groups. Some interesting differences in isomer 

distribution appear between the complexed and uncomplexed aromatics. 

Table VI-1 gives the isomeric composition of products of the aluminum 

chloride-catalyzed acetylation of toluene and t-butylbenzene free and in a 

chromium carbonyl complex (293). The selectivity in the acylation of toluene 

is much reduced on complexation, while the position of substitution is altered 

when t-butylbenzene is complexed. The large tertiary butyl group apparently 

fixes the aromatic ring in an eclipsed configuration with the t-butyl group 

between two carbonyls of the metal complex. In this configuration the eclipsed 

ortho and para positions would have difficulty in losing hydrogen from the 

acyl adduct intermediate because there would be carbonyl groups in the way. 

Substitution, therefore, prefers the meta position where there is less hindrance 

to departure-of the proton. 

A curious ring enlargement occurs when 77-benzene-77--cyclopentadienyl- 

chromium(I) is acetylated or benzoylated; a methyl- or phenyl-substituted 

77-cycloheptatrienyl-77--cyclopentadienylchromium(III) cation is formed in low 

yield (294). 
ch3 
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TABLE VI-1 
Acetylation Products0 

Compound acetylated 

Reaction products (%) 

Ortho Meta Para 

1.2 2.0 96.8 

43.0 17.0 40.0 

0.0 4.3 95.7 

0.0 87.0 13.0 

° Data taken from Jackson and Jennings (293). 

A catalytic alkylation reaction has been found to occur when reactive 

halides and aromatics are heated with catalytic amounts of tricarbonyl-77-- 

aromaticmolybdenum(O) complexes. For example, toluene and f-butyl 

chloride react to give an 82% yield of f-butyltoluene (isomeric composition 

not reported) (295). This reaction is probably a normal Friedel-Crafts 

reaction, however, and does not involve an alkylation of the 77-complexed 

aromatic. 

+ (CH3)3CC1 + HC1 

Metalation of dibenzenechromium may be done with amylsodium, but 

the reaction is not selective; only a few percent of the monosodium salt is 
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formed along with polysodium derivatives. The sodium derivatives react 

with carbonyl compounds and carbon dioxide in the usual manner (296). 

+ n-CsHnNa - 

(ch3)2so4 

(//'vnCOOCH3 

o 

(4- polysodium salts) 

(CeH6)2CO 

> f 

4% 87. 
The tricarbonylchromium group complexed with aromatics can be used 

to control reactions sterically on positions adjacent to aromatic groups. 

Metal hydride reduction of the carbonyl group in optically active 3-methyl-1- 

indanone complexed with chromium carbonyl occurs very specifically from 

the exo side giving endo alcohols. Two isomeric chromium complexes are 

formed in the preparation as the chromium carbonyl group can add to either 

side of the aromatic ring. These diastereomers must first be separated and 

then optically pure products are obtained on reduction. The pure alcohols 
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can be freed from the chromium group by irradiation (297). The reduction of 

the uncomplexed 3-methyl- 1-indanone with lithium aluminum hydride gives 

only one of the two possible isomers (297). 

Several unsaturated cyclic compounds are significantly stabilized on 

complexation with transition metals and could be called aromatic, at least on 

the basis that they now undergo substitution reactions. Perhaps the best 

known examples of this effect are with 7r-cyclobutadiene metal complexes. 

Four main methods are available for the synthesis of these compounds. The 

most commonly used method is the reaction of 3,4-dichlorocyclobutene or 

its derivatives with a metal carbonyl or carbonyl anion. Nonocarbonyldiiron 

and 3,4-dichlorocyclobutene give tricarbonyl-77-cyclobutadieneiron(0) and 

Cl 

+ Fe2(CO)9 

Cl 

Fe(CO)3 (+ FeCl2 + CO) 

presumably ferrous chloride and carbon monoxide (298). The product is a 

stable, yellow crystalline solid (m.p. 26°). Sodium tetracarbonylcobaltate(—-I) 

reacts similarly, but the product has a cobalt-cobalt bond in order to form 

a diamagnetic complex (299). 

Cl 

+ 2NaCo(CO)4 

Cl 
0 

CO 
I 

-Co—Co(CO)4 + 2NaCl 

CO 

A second method of preparation is a ligand exchange reaction of a 

cyclobutadienyl metal complex with a metal carbonyl derivative. The exchange 

of diiodo-TT-tetramethylcyclobutadienenickel(II) with octacarbonyldicobalt(O) 
is an example (300). 

H3C 

h3c 
o 

ch3 

-Nil* + Co2(CO)8 

CH3 

h3c 

h3c 
0 

ch3 

ch3 

CO 
I 

-Co—I 
I 

CO 

A third method involves photochemical generation of the cyclobutadiene 

derivative in the presence of a reactive metal carbonyl. For example, dicar- 

bonyl-77-cyclopentadienylcobalt(I) when irradiated with the /3-lactone of 

2-hydroxy-3-cyclobutenecarboxylic acid yields the “mixed sandwich” com¬ 

plex, Tr-cyclobutadiene-Tr-cyclopentadienylcobalt(I) (301). The latter complex 

can be acetylated and metalated at the cyclobutadiene ring, although yields 
are low (301). 

-=o 
+ 

o 
Co(CO)2 + CO2 



H. Aromatic w Complexes and Their Reactions 147 

The fourth method of cyclobutadiene metal complex synthesis is a cyclic 

dimerization of acetylenes on the metal. A typical example is the reaction of 

trimethylsilylphenylacetylene yvith 77-l,5-cyclooctadiene-n--cyclopentadienyl- 

cobalt(I) resulting in the formation of the two possible isomeric cyclobuta¬ 

diene complexes. The trimethylsilyl groups are readily removed with hydrogen 

chloride yielding the two isomeric diphenylcyclobutadiene complexes (302). 

C6H5C=CSi(CH3)3 + Co 

0 
c6he 

-Co- 

(CH3)3Si 
0 

Si(CH3)3 

C6H6 

Si(CH3)3 

+ 

Si(CH3)3 

[+ (CH3)3SiCl] 

Some very useful applications of the tricarbonyl-77--cyclobutadieneiron(0) 

complexes in organic syntheses have been found. Two basic kinds of reactions 

have been studied: (1) reactions catalyzed by irradiation where a carbonyl 

group dissociates from the complex and another reactant enters and reacts 

with the cyclobutadiene ligand and (2) oxidation of the complex with forma¬ 

tion of “free cyclobutadiene” which may then be reacted with other reagents 

present in the solution. 

An example of the first kind is the Diels-Alder-type reaction which occurs 

between tricarbonylcyclobutadieneiron(O) and cycloheptatrienone ethylene 

ketal on irradiation. Subsequent oxidation of the complex liberates the new 

hv „ H H 

H,0 

o o 
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triene ligand. Further irradiation of the triene and acid hydrolysis of the 

ketal group gives a complex saturated polycyclic ketone (303). 

The second kind of reaction is illustrated by the reaction of “free cyclo¬ 

butadiene” with quinone. The tricyclodecadienedione obtained cyclizes on 

irradiation to another saturated polycyclic compound (304). The synthesis 

of polycyclic compounds is often a very tedious process by conventional 

organic chemistry, but becomes relatively easy if the compounds can be 

made by either of the above methods. 

Complexation of cycloheptatriene and cyclooctatetraene with tricarbonyl- 

iron groups significantly stabilizes the ligands. In these complexes only two 

double bonds in each ligand are coordinated to the iron at any one time, and 

yet some electrophilic substitution reactions can be carried out without 

excessive decomposition. The cycloheptatriene complex can be formylated 

with dimethylformamide and phosphorus oxychloride and acetylated with 

acetyl chloride-aluminum chloride. In the acetylation an intermediate 

acetylcycloheptadienyliron cation can be isolated, which on treatment with 

base gives the neutral acetylcycloheptatriene complex (305). Similarly, the 

Fe 

(CO)3 

CHO 

(CO)a 

ch3coci 

AICI3 
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cyclooctatetraeneiron v complex can be formylated with dimethylformamide 

and phosphorus oxychlorideiin. 60% yield (306). 

CHO 

+ POCl3 + (CH3)2NCHO -► 

Fe 

(CO)3 

Cyclooctatetraene also forms stable v complexes with cerium and uranium. 

Probably other rare earth and /-transition elements will do the same. Di-n-- 

cyclooctatetraeneuranium(O) is a particularly interesting compound since 

it is relatively stable and appears to be a homolog of the di-7r-cyclopentadienyl 

complexes of the ^-transition metals. The uranium complexes are prepared 

from the tetrachloride and cyclooctatetraene dianions (307). 

V > 
Fe 

(CO)3 

I. TRIMETHYLENEMETHANE COMPLEXES 

Trimethylenemethane is a neutral four-electron-donating ligand or a six- 

electron-donating dianion which forms stable complexes with several transi¬ 

tion metals, although little work has been done with these. The complexes 

have been produced in low yields in three ways. One method of preparation 

is the reaction of 2-chloromethyl-3-chloropropene with metal carbonyl 

dianions (308). Oxidation of the iron complex, prepared in this manner, 

liberates the ligand. Free trimethylenemethane apparently can be “trapped” 

by reaction with tetracyanoethylene but only in low yield (308). The second 

CH2C1 

CH^C^ + Fe(CO)42 

CH2C1 

method of preparation involves pyrolysis of substituted chlorotricarbonyl-77-- 

allyliron(II) complexes. The desired complexes result from an elimination of 

hydrogen chloride from the starting material (309). 

-Fe(CO)3 (CN)°c-C(cn)3> 

NC q ^CN 

N N 
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CH3 

Fe—Cl 

(CO)3 

Fe(CO)3 + CH2 

ch3 

i—CH3 + FeCl2 + CO 

20% 

A third method involves the opening of methylenecyclopropane rings by 

reactive metal carbonyls (310). 

C6H5 

^>=^<^-Fe(CO)3 

C6H5 

J. DIENE DIMERIZATION, TRIMERIZATION, AND 

RELATED REACTIONS 

1. Dimerization, Trimerization, and Polymerization to Open-Chain 

Products 

The dimerization of conjugated dienes has been achieved with a wide 

variety of transition metal catalysts. Typical of the reactions forming open- 

chain products is the butadiene dimerization to a mixture of 3-methyl-1,4,6- 

heptatriene and 1,3,6-octatriene with a triethylaluminum-cobalt chloride 

catalyst (311). The probable mechanism of formation of the major product 

ch3 

CH2=CHCH=CH2 Et3A‘~c°cls ch2=chchch=chch=ch2 + 
CeHe 

ch2==chch=chch2ch=chch3 

can be formulated on the basis of the structure of an intermediate cobalt 

complex, isolated from a similar reaction mixture, and its reactions. A red 

crystalline complex was obtained by reducing a solution of cobalt(II) chloride 

and butadiene in ethanol at —30° with sodium borohydride (312). The inter¬ 

mediate contained a cobalt atom and three butadiene units, two of which 

were linked together and bonded to the cobalt through a 77-allyl system and 

a 77-olefinic bond at opposite ends of a methylheptadienyl chain. At 60° the 

complex catalyzed the butadiene dimerization. An interesting feature of the 

complex found in an X-ray crystallographic study was that one of the hydro¬ 

gens on the fourth carbon of the chain was only 3.1 A from the cobalt atom 

(312). This distance is short enough that the hydrogen could easily shift 

from carbon to cobalt and subsequently to the coordinated butadiene unit 
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to produce a complex of the product triene. Ligand replacement with more 

butadiene would then give the major triene product (see Scheme VI-9). The 

C4H6 + CoCl2 + NaBH* 

CH2=CHCCH=CHCH=CH2 + 

Scheme VI-9. 

mechanism of formation of the intermediate is less clear, but probably a 

hydridobisbutadienecobalt(I) complex is formed in the initial reduction. This 

complex could then form 7r-butadiene-77-l-methylallylcobalt(I). Reaction of 

this compound with another butadiene would give a product which could 

undergo a shift of the 1-methylallyl group to one of the coordinated butadiene 

ligands. The addition could occur at either end of the allyl group and appar¬ 

ently does since two isomeric products are formed. The major product is 

formed by reaction at the methyl-substituted end of the allyl group and the 

adduct then undergoes the hydrogen shift and ligand displacement as 

described above with reformation of the 7r-methylallyl-7r-butadiene complex 

to complete the catalytic cycle. 

H 

p<l>i 
Co 

% V 
C4H6 + C0CI2 + NaBH4 
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The addition of the v7--allylic group to the conjugated diene appears to 

involve a more complex mechanism than a simple 1:2 shift of an allylic 

carbon from the metal to the diene, at least with certain palladium com¬ 

pounds. A variety of 77-allylic palladium complexes with halo (dimer), 

acetylacetonate, and hexafluoroacetylacetonate ligands have been reacted 

with various conjugated dienes and the reaction products identified. The 

reaction is remarkably specific in that only one diene unit inserts and the 

directions of addition and insertion are completely specific. For example, 

hexafluoroacetylacetonato-7r-1 -carbomethoxyallylpalladium(II) and isoprene 

react to give exclusively addition of the carbomethoxy-substituted end of 

the 77-allylic group to the methyl-substituted double bond of the diene (313). 

cooch3 
I /CF3 

CH o-C CH3 
*• 'N / 'N I 

CH Pd CH + CH2=C—CH=CH2 
/ \ 

CH2 O —C 
cf3 

ch2 
II 
CH 

I 
chcooch3 

ch2 

/ cf3 
c-ch3 o~C 

A \ / 
CH Pd CH 

A, N°-< 
cf3 

An analysis of the relative rates of reaction of several different dienes, 

determination of product structures, and NMR studies of intermediates, 
apparently o-bonded allylic palladium species, have led to the proposal of the 

cooch3 

CH CH3 
'n I 

HC, PdLX + CH2=CCH=CH2 
N.' 

ch2 

^COOCHa 

CH=CH 

A 
ch2 

/cooch3 

CH—CH 

LX 

Pd 
'// 
ch2 

c 
A 

-CH 

CH2 

ch3 

cooch3 

ch2—chch=ch2 

ch3—c^ 

LXPd 'CH 

CH2 

L = solvent or bridging X 

X = halide or carboxylate 

LX = an acetylacetonate derivative 
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following mechanism for the addition of the 7r-allylic palladium group to 

conjugated dienes (313). -zr-AHyl formation could also occur directly in the 

second step rather than by* way of a o-allyl intermediate. The important 

feature of this reaction is the electrocyclic addition step in which uncomplexed 

m double bonds react. This mechanism may well be involved in other diene 

dimerization, trimerization, oligomerization, and polymerization reactions, 

but if so, it is not as specific with some other metals. 

A binuclear butadiene dimer complex has been obtained by the reaction 

of /7<m5'-bromobistriisopropylphosphine(methyl)nickel(II) with butadiene 

(314). The fate of the methyl groups has not been determined, nor has a 

mechanism for the reaction been proposed. 

Br P-/-Pr3 

Ni + CH2=CHCH=CH2 

i-PtbP^ XCH3 

Reaction of butadiene with a catalytic amount of 7r-allylpalladium acetate 

produces a large amount of a butadiene trimer, 1,3,6,10-dodecatetraene, and 

some linear dimer (315). The dimer, 1,3,7-octatriene, may possibly be formed 

by way of a bis-77-allylic-type intermediate analogous to nickel complexes 

which have been isolated (see below). Palladium(O) formed by a reductive 

elimination or any other reaction can coordinate with two butadiene units. 

The coordinated ligands can then combine to give a bis-7r-allylic palladium(II) 

intermediate. A hydride transfer from the carbon atom in the 4-position to an 

allylic position would yield a complex of the linear triene. A final replacement 

of the coordinated triene by more butadiene would complete the catalytic 

cycle. 

Another kind of intermediate appears to be involved in the 77-allylpalladium 

acetate dimer trimerization reaction. A possible intermediate containing 

two palladium atoms, two acetate groups, and a linear twelve-carbon organic 

>1] 

1_
 A V 

1_ 
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V v_ 
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N' >< 
->• Pd 

v y 

Br P-/-Pr3 
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ligand has been isolated from the reaction mixture (315). The organic ligand 

is bonded to different palladium atoms at each end of the chain by means of 

77-allylic groups and an isolated double bond is present in the middle of the 

chain. Treatment of the complex with carbon monoxide causes reductive 

elimination to occur forming 3,10-diacetoxy-l,6,ll-dodecatriene. The forma¬ 

tion of the dodecatetraene in the catalytic reaction can be imagined as 

occurring by way of a hydrogen shift from the fourth carbon to the nearest 

palladium, then to the other palladium, and finally to one of the 77-allylic 

carbons joined to the second palladium atom. The initial step in the catalytic 

reaction is probably an addition of the 77-allylic ligand of the catalyst to 

butadiene with formation of a l-butenyl-77-allylpalladium(II) acetate dimer as 

is known to occur in other similar reactions (316). The last compound could 

undergo an internal hydrogen shift forming a hexadiene, 1,3,6-hexatriene 

and palladium(I) acetate, an unknown species. The palladium(I) acetate dimer 

or more probably a solvated form of it could then react successively with 

three butadiene units by way of the diene coupling reaction producing 

77-allylic intermediates, finally giving the compound isolated. The postulated 

formation of a palladium(I) acetate dimer (or a solvated form of it) as an 

intermediate is very speculative and this mechanism can only be called a guess 

until more information is obtained. It is, of course, also possible that the 

isolated dimeric complex is not involved at all in the catalytic trimerization 

reaction, but is merely formed in a subsequent reaction (see Scheme VI-10). 

Biscyclooctatetraeneiron(O) also catalyzes the butadiene trimerization to the 

same product. The mechanism has not been investigated (317). 

The butadiene dimers are conjugated dienes and can themselves be 

dimerized to sixteen-carbon pentaenes. This has been done with trans-1,3,7- 

octatriene using bis-77-allylpalladium(II) as catalyst and there was obtained 

a 70% yield of 1,5,7,10,15-hexadecapentaene (318). The cA-l,3,7-octatriene 

does not dimerize under the same conditions. 

(77-C3H5)2Pd 

70% 

Ruthenium trichloride reacts with conjugated dienes to give bis-77-allylic 

derivatives of Ru(IV). Butadiene forms a complex with three butadiene units 

joined together (319), while under slightly different conditions isoprene 

forms a complex which has only two joined diene units (320). Reaction of the 

last compound with hydrogen produced 2,7-dimethyl-2,6-octadiene. 

The dimerization of isoprene is of considerable interest because one of the 

possible dimers has the carbon skeleton of the natural diterpenes. A 507o 

yield of a dimer with the natural skeleton 2,6-dimethyl-1,3,6-octatriene has 

been obtained with a tetraallylzirconium(IV)-ethylaluminum sesquichloride 

catalyst (321). The mechanism of the reaction is not known. 
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CH3 

ch2=c—ch=ch2 
(77-C3H5)4Zr—AI2Et3Cl3 } 

100°, 2 hr 

With some catalysts diene dimerization can occur with incorporation of 

reactive solvents or other active hydrogen compounds. The dimerization of 

butadiene with 7r-(maleic anhydride)bistriphenylphosphinepalladium(O) as 

catalyst, for example, in the absence of reactive solvents or nucleophiles, 

gives an 86% yield of 1,3,7-octatriene, whereas in methanol solution the 

reaction produces l-methoxy-2,7-octadiene in 85% yield (322, 323). A small 

amount of the allylic isomer, 3-methoxy-l,7-octadiene, is also formed. Similar, 

substituted octadiene derivatives are obtained with this or other catalysts and 

other alcohols, carboxylic acids, primary and secondary amines, and active 

methylene compounds such as dimethyl malonate (322, 324, 325). The mech¬ 

anism of formation of the substituted octadienes probably involves reaction of 

(P<J.3)2Pd—1| o 
C—cx 

ch3o. 
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an intermediate bis-77-octadienedilypalladium(II) species with the active hydro¬ 

gen compound. Intermediate four-valent palladium oxidative addition prod¬ 

ucts may be involved which updergo two reductive eliminations, or possibly a 

nucleophilic displacement on a 77-allylic carbon may take place with reagents 

which are nucleophilic, followed by reductive elimination (Scheme VI-11). 

Butadiene and other conjugated dienes with few substituents can often 

be polymerized by the proper transition metal catalysts (or other catalysts) 

to very long-chain polyenes which, in some instances, are useful rubbery 

materials. Four isomeric polymers can be obtained from butadiene. If 

linkage in the polymer is through the 1- and 4-carbons of the diene, then the 

remaining double bond may be either cis or trans, whereas a polymerization 

in a 1:2 manner leads to a polymer with vinyl side chains. The latter polymer 

may also exist in two forms, one in which the asymmetric vinyl-bearing 

carbons have predominantly the same R or S configuration in a given chain 

(isotactic) or segment of a chain, and another form where the R and S 

molecules tend to alternate along each chain (sydiotactic) (326). Both forms 

are optically inactive since the total product in either reaction contains the 

same number of R and S carbons. Whether cis- or trans- 1,4-polymers are 

formed presumably depends on whether the 7r-allylic metal complex inter¬ 

mediates prefer to have an anti or syn arrangement of allylic (polymer chain) 

substituents, respectively. A reasonable explanation why some catalysts give 

isotactic and others syndiotactic polymers has not yet been offered, but it likely 

is the net result of a competition between steric effects of ligands around the 

catalyst molecule and the tendency to form the energetically favored configura¬ 

tion of the polymer chain. Typical diene polymerization catalysts are com¬ 

binations of titanium, chromium, or vanadium compounds with aluminum 

alkyls. Most of these catalysts are heterogeneous. 

2. Cyclic Dimerization and Trimerization of Conjugated Dienes 

Mechanistically the linear and cyclic dimerizations and trimerizations are 

closely related. The important difference arises in the final step. If the eight 

or twelve carbon atom ligands attached to the metal in the intermediates 

react by a hydrogen shift, open-chain products result, whereas if the allylic 

groups in the ligand are able to react with each other more rapidly than the 

hydrogen shift occurs, cyclic products are formed. Nickel(O) catalysts, 

extensively studied at the Max Planck Institute in Miilheim, Germany, have 

proven to be the most versatile and useful cyclization catalysts. Whether 

cyclic dimers or trimers are formed depends on whether the nickel catalyst 

has at least one firmly attached ligand (an organophosphine). 

The cyclic dimerization of butadiene is readily achieved with catalysts 

prepared by reducing nickel(II) acetylacetonate with aluminum alkyls in the 



S
ch

em
e 

V
I-

1
1
. 



J. Diene Dimerization, Trimerization, and Related Reactions 159 

presence of an organophosphine or by adding certain nickel(O) compounds 
to organophosphines. A probable intermediate nickel complex which is 
catalytically active can be isolated and its structure suggests how the reaction 
occurs. The intermediate has been isolated from the reaction of tricyclohexyl- 
phosphine-7r-cyclododecatrienenickel(0) with butadiene (90, 327) or from the 

"“reaction of bis(ditricyclohexylphosphine)nickel(0) dinitrogen with butadiene 
(90). The complex has an eight-carbon chain with allylic attachments to 
nickel at each end of the chain. One allylic attachment is cr-bonded and the 
other is 77-bonded to the nickel. The fourth coordination position is occupied 
by a tricyclohexylphosphine group. Heating the isolated intermediate with 

butadiene produces mainly the cyclic dimer, 4-vinylcyclohexene. Two other 
cyclic dimers can be obtained if other organophosphines are used in the 
catalyst preparation. The use of tris-o-phenylphenyl phosphite as the ligand, 
for example, gives only 2% 4-vinylcyclohexene, 60% e/s,cA-l,5-cycloocta- 
diene, and 40% c/s-l,2-divinyIcyclobutane (328). The three cyclization 
products are formed by joining carbons of the eight-carbon chain in the com¬ 
plex at either the 1- or 3-carbon of the allylic groups. Steric effects seem to be 



160 VI. Reactions of Dienes, Trienes, and Tetraenes 

the dominant factor in determining how the ring closes. The reacting form 

of the intermediate may be a bis-77-allylic (syn or anti), a mono-7r-allylic- 

mono-a species (syn or anti allylic substituents and with either a 1- or 3-a 

attachment) or a di-cr derivative (with either a 1- or 3-attachment and cis and 

trans isomers if it is attached to the 1-carbon). 

Although it is not clear which forms yield which products, guesses can be 

made. The bis-primary-cr form would probably be favored by the largest 

phosphine ligands and this form would probably close to the cyclobutane 

product. The o--77--allyl forms may give vinylcyclohexene and the bis-7r-allyl 

form the cyclooctadiene. 

Ni 

3^ 

PR3 

The very close relationship between the cyclic and linear dimerizations is 

seen when the nickel(0)-phosphine dimerization is carried out in the presence 

of a hydrogen donor, morpholine, and linear rather than cyclic dimers are 

obtained (329). The morpholine facilitates the hydrogen transfer, probably 

by donating its amine hydrogen atom to one end of the eight-carbon chain 

to form an olefin and a nickel amide derivative which then can undergo a 

hydride elimination forming cis- or tra/w-l^b-octatriene (Scheme VI-12). 

Under slightly different conditions with a dibromobistri-«-butylphosphine- 

nickel(II)-«-butyllithium catalyst in a benzene-methanol solution, butadiene 

dimerizes to 2-vinyl-1-methylenecyclopentane in 90% yield (330). The 

mechanism of this reaction has not been investigated. A possible mechanism 

would involve protonation of the eight-carbon chain at the third carbon, 

with formation of a terminal olefin which could then react with the allylnickel 

group at the other end of the chain. A 2-vinylcyclopentylmethylnickel 

complex could then be produced which finally would liberate the product 

after elimination of nickel hydride. It is not obvious, however, why morpho¬ 

line in the previous reaction should protonate a terminal carbon and methanol 

the third carbon of the allylic group in similar nickel intermediates (Scheme 

VI-13). 

The cyclic dimerization of isoprene to dipentene can be achieved stoichio- 

metrically with a nickel complex. l,5,9-Cyclododecatriene(triphenylphos- 

phine)nickel(O) reacts with the isoprene to form an isolable complex analogous 

to the butadiene intermediate discussed above. On reaction with carbon 

monoxide at —30°, the isoprene complex undergoes an elimination of 
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dipentene in 90% yield with formation of triphenylphosphinetricarbonyl- 

nickel(O) (331). The catalytic dimerization of isoprene with dicarbonyl- 

nitrosyl-77-allyliron(II) produces two completely different cyclic dimers (332). 

Butadiene is cyclically trimerized by reduced nickel catalysts in the absence 

of organophosphine or other strongly bonding ligands. The mechanism of 

the reaction is believed to be initially the same as in the dimerization, with 

the phosphine ligand being replaced by one double bond of a third butadiene 

molecule. A likely reaction intermediate is bis--n--butadienenickel(O). This 

complex has not been isolated from this reaction, but apparently has been 

formed by the reaction of nickel atoms with butadiene (224) (cf. this chapter, 

Section A). The bisbutadiene complex then undergoes ligand coupling and 

reacts with a third butadiene to form a twelve-carbon chain with two terminal 

vr-allylic attachments to the metal and a double bond in the middle of the 

chain which also may be weakly coordinated to the metal. This complex 

has been isolated at low temperatures from the reaction of bis-l,5-cycloocta- 

dienenickel with butadiene (333). 

The bis-77-allylic complex on warming above —40° cyclizes to -n-1,5,9- 

cyclododecatrienenickel(O) which also may be isolated. This complex is 

coordinately unsaturated and will combine easily with a fourth ligand. The 

complex catalyzes the trimerization of more butadiene to 1,5,9-cyclododeca- 

triene. The triene can exist in four cis,trans forms. The isolated nickel 

complex has the trans,trans,trans configuration, but the trans,trans,cis 

isomer is also present (about 10%) in the reaction mixture (334, 335). A 

useful conversion of the bis-77--allylic twelve-carbon nickel complex into 

3,7,11-tridecadienone has been achieved by reaction of the complex with 
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t-butyl isocyanide (333). The ends of the carbon chain add to the carbon of 

the isocyanide group forming a thirteen-carbon imide which on hydrolysis 

gives the thirteen-carbon cyclic ketone in 70% yield. About 3% of the ring 

closure reaction gives the 2-vinyl-5,9-undecadiene imine. The amount of 

the eleven-membered ring closure that occurs depends on the isocyanide 

used. Carbon monoxide in place of an isocyanide produces only the eleven- 

membered ring product (333) (Scheme VI-14). 

h2o 

Larger ring polyenes, with 16, 20, and 24 carbons, have been obtained from 

butadiene with a combination of bis-77-allylnickel(II) and chloro-7r-allylnickel 

dimer as catalysts (336). 

3. Dimerization, Trimerization, and Oligomerization of Allene 

Allene undergoes 1:2-addition reactions with organotransition metal 

compounds. In the few reactions studied the organic group adds to the 
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middle carbon, and the metal forms a 77-allylic complex with the three allenic 
carbons. For example, acetylacetonato-7r-allylpalladium(II) reacts with allene 
to form as the major product acetylacetonato-77-2-allylallylpalladium(II) 

(337). 

77-C3H5PdAcac 4- CH2=C=CH2 

.CH3 

CH2=CHCH2C Pd CH 
^ X N_^ 

CH2 o—c 
X 

CH3 

Numerous, rather complex organometallic reaction products have been 

isolated from many allene reactions. Perhaps the most interesting reactions 

involve the formation of cyclic oligomers. When allene is passed over 

o-bisdiphenylphosphinobenzenedicarbonylnickel at 200°, a mixture of 10% 

1,2-dimethylenecyclobutane, 36% 1,3-dimethylenecyclobutane, and 20% 

1,2,4-trimethylenecyclohexane is obtained (338). Possibly the carbonyl groups 

in the catalyst are replaced by allene molecules and the two groups combine 

on the metal in either of the two possible ways to give the two isomeric 

methylenecyclobutanes. These products, however, may also be produced 

under the same conditions without a catalyst (339). It is not clear where the 

trimer comes from in the experiment, but it is probably formed by way of 

an intermediate similar to the one isolated from the reaction of bis-Ti-cyclo- 

octadienenickel(O) with allene at —70°, by adding triphenylphosphine (340). 

+ 3CH2=C=CH2 -70° , P»3 . 
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Treatment of the complex with carbon disulfide removes the metal. The 

cyclic trimerization then would involve the coupling of the two terminal 

allylic groups on the nickel. The trimer can be obtained catalytically using 

bis(tri-o-phenylphenyl phosphite)nickel(O) as the catalyst (341). Heating the 

triphenylphosphine allene trimer-nickel complex with more allene at 50° 

* produces an isolable complex with four connected allene groups. With 

carbon disulfide this complex loses the metal and yields the cyclic tetrameric 

allene, 1,2,4,7-tetramethylenecyclooctane (342). The reaction of bis-1,5- 

ch2=c=ch2 

cyclooctadienenickel(O) with allene at 40° gives a 55% yield of a cyclic allene 

pentamer (343). Presumably the pentamer is produced, mainly, because it 

forms a fairly stable coordination complex with the catalyst. The mechanism 

of the pentamer synthesis probably involves formation of the tetramer com¬ 

plex shown above with allene in place of triphenylphosphine and, then, addi¬ 

tion of the chain to the fifth allene unit with subsequent coupling of the 

allylic groups. The proposed product-nickel complex has not been isolated, 

however. 

A different isomeric cyclic pentamer complex is formed from allene when 

chloro(bisethylene)rhodium(I) dimer is used as the catalyst (344, 345). The 

complex is isolable in this case and is quite stable. The ligand is displaced 

from the complex by bisdiphenylphosphinoethane, however. Chlorotristri- 

[(CH2=CH2)2RhCl]2 + CH2=C=CH2 -> 

phenylphosphinerhodium(I) catalyzes the formation of another tetramer 

from allene, a spirane compound (344), whereas chlorobiscarbonylrhodium(I) 



166 VI. Reactions of Dienes, Trienes, and Tetraenes 

dimer and two moles of triphenylphosphine convert allene into a mixture 

of products from which an unusual tricyclic hexamer has been isolated (346). 

Mixed dimers can be obtained from allene and butadiene with a bistri- 
phenylphosphine-77-(maleic anhydride)palladium(O) catalyst, but yields are 

not high (347). 
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Chapter VII 

'Transition Metal Reactions with 

Acetylenes 

A. tt-ACETYLENIC COMPLEXES 

Relatively few 77-acetylenic complexes of transition metals are known. This 

is partly because some are quite unstable and generally more reactive than 

the corresponding olefin complexes and partly because few attempts have 

been made to prepare them. The bistriorganophosphine-77--acetyleneplatinum 

complexes are about the most stable and best known of the group. These 

complexes can be prepared by a simple replacement of a phosphine group 

from trisorganophosphineplatinum(O) derivatives with the acetylene. Only 

two electrons of the triple bond appear to be used in bonding resulting, 

therefore, in products which are coordinately unsaturated (348). Very stable 

(P<£3)3Pt + ch3ch2c=cch2ch3 

ch2ch3 

*3P 

^3P 

\ C 
Pt—III 

/ c 
+ p<^3 

ch2ch3 

complexes with highly strained, cyclic acetylenes can be formed if the acetylene 

is produced in the presence of the platinum(O) complex (349). 
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Two series of complexes with a different kind of “-Tr-acetylenic” group are 

known. In these complexes all four acetylenic -n electrons are used in bonding 

to two metal atoms which are also bonded to each other. Octacarbonyldi- 

cobalt(O) reacts with acetylenes producing one series (350) and carbonyl-7r- 

cyclopentadienylnickel dimer and acetylenes give the other (351). 

R R 
\ / 

C—C 

Co2(CO)8 + RC=CR -► (CO)3Cch---Co(CO)3 + 2CO 

A third type of acetylenic complex has been isolated from reactions of a 

nickel-iron binuclear compound with acetylenes. These complexes appear 

to have the acetylenic carbons attached to the metal atoms as though they 

were coordinated dicarbenes (352). 

B. ADDITION REACTIONS OF ACETYLENES 

1. Metal Hydride Additions 

Both cis and trans additions of metal hydrides to acetylenes have been 
observed. In some cases the same hydride will apparently add differently to 

different acetylenes. For example, hydrido(tristriphenylphosphine)carbonyl- 

rhodium(I) adds trans to diphenylacetylene, whereas the addition to hexa- 

fluoro-2-butyne produces the cis adduct (353). The trans addition is probably 

<f> Rh(CO)(P<£3)3 

<f>C=C<l> + HRh(CO)(P</>3)3 -*■ C=C 

H Rh(CO)(P^3)3 

F3CC=CCF3 + HRh(CO)(P<£3)3 -* Xc=C\ 

f3cx xcf3 
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ionic with protonation of the acetylene occurring first. The cis addition 

probably occurs by a covalept mechanism and it is preferred with hexafluoro- 

butyne because it is a much loss basic acetylene than diphenylacetylene. 

Reaction of bistriphenylphosphine-7r-hexafluoro-2-butyneplatinum(0) with 

.trifluoroacetic acid likewise produces the cis adduct probably by way of the 

intermediate metal hydride (354). Reaction of the diphenylacetyleneplatinum 

CF3 

^P\ c 
Pt-IU - 

w 9 
+ F3CCOOH 

cf3 

<f>3P^ yU -OCOCF3 

„/><» 
f3cc 

4>3Pk /OCOCF3 

Pt H 
/ \ / 

^3P c=c 
cf3 xcf3 

complex with trifluoroacetic acid produces only /raw-stilbene, however, by 

way of an unstable vinylplatinum intermediate (354). The intermediate 

appears to be the cis adduct which must subsequently undergo isomerization 

with trifluoroacetic acid (150). A plausible isomerization mechanism involves 

protonation of the vinyl group beta to the metal, forming a carbonium ion 

adjacent to the metal which then reverts to the more stable trans-vinyl 

complex (355). These carbonium ions are known to be unusually stable 

because of probable back bonding from the metal to form cationic carbene 

complexes (cf. Chapter X, Section C,l). 

<t> 

03px c 

Pt—III + cf3cooh 
/ c 

I 
<t> 

<t>3 Px /OCOCF3 

/\ /H 
*P C=C 

f <f> 

H H 

-^3Px xOCOCF3 
Pt «- 

/ \ + 
^3P c—ch2^ 

4> 

<f>3 Px + /OCOCF3“ 

Pt 
/ A 

4>3p c—ch2^ 

<t> 

-H ’ 

>3 P ^OCOCF3 

Pt * 

J>3p/ xc=c 
/ \ 

<t> H 

H <t> 

xc=c/ 
,/ \ 

<t> H 

CF3COOH 
+ (P^3)2Pt(OCOCF3)2 
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A similar reduction of diphenylacetylene by hydridodichloro(trisdimethyl 

sulfoxide)iridium(III) ion in the presence of hydrogen chloride produces the 

cis adduct and on further reaction only c/s-stilbene (152) (cf. Chapter IV, 

Section E). The stability of the possible carbonium ion intermediate in the 

isomerization probably varies significantly from complex to complex and 

the degree of isomerization observed may very well be quite dependent on 

the complex being reacted and the reaction conditions. 

Hydridopentacarbonylmanganese yields trans adducts even with hexa- 

fluorobutyne (356) suggesting an ionic or possibly radical addition is much 

preferred by this hydride. 

F3C /MnCCO), yCF3 

HMn(CO)s + CF3C=CCF3-* \=C + /C=C\ 

HX XCF3 F3C H 

Obviously, much more needs to be learned about hydride additions before 

the structures of their reaction products can be predicted with certainty. 

2. Metal-Carbon, Metal-Oxygen, and Metal-Chlorine Additions 

A few examples of the addition of alkyl or acyl transition metal complexes 

to acetylenes are known. Tristriphenylphosphinemethylrhodium(I) adds to 

diphenylacetylene to give the cis adduct. Cleavage of the metal-carbon bond 

in the product with acid, however, gives a mixture of cis- and trans-olefins. 

The isomerization has been explained as occurring by way of a protonated 

vinyl metal intermediate which loses configuration (355). Protonation of the 

carbon atom alpha to the metal was proposed, but /3 protonation as suggested 

in the preceding section would also explain the isomerization. 

<t>3 P P03 

XRh + <f>C=C<f> 

<t>* P XCH3 

^P^ / P$3 
Rh CH3 

/ \ / 

*»p /C=C\ 
<f> * 

H + 

>3 Px /P^3 
Rhx /CH3 

^3P C—C + 

+ H ^ 

/CH3 

c=c 
H7 \ 

<i> (b 

+ c=c 
HX XCH3 

Triphenylchromium in tetrahydrofuran (THF) reacts with acetylene to 

form l,6-diphenyl-l,3,5-hexatriene in \$°/0 yield (stereochemistry not re¬ 

ported) and polymeric products (357). A triple insertion appears to be 

involved, but why little or no mono- or diacetylenic insertion product is 

C6H5 
(CeH5)3Cr(THF)3 + HC=CH 
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produced has not been explained. Perhaps all three THF molecules are 

replaced by acetylene and they: link up one by one, but the stereochemistry 

must be correct or mono- and diinsertion products would be formed also. 

If coordinated carbonyl groups are present in the metal alkyl complex, 

acyl addition may be observed. The reaction of pentacarbonylmethyl- 

’manganese(I) with phenylacetylene, for example, produces a c/s-acetyl- 

manganese adduct and a complex with a cyclic pentadienyl ligand containing 

two acetylenic units and the acetyl group (358). Pentacarbonylacetylman- 

(CO)6MnCH3 + <£C=CH 

<t> 
\ 

C= 

/ 
(CO)4Mn 

V 

H 

O 

/ 
+ 

CCH3 

Mn 
(CO)3 

ganese reacts similarly. The same one-to-one adduct can be obtained by 

the (trans) addition of hydridopentacarbonylmanganese(I) to 4-phenyl-3- 

butyn-2-one (358). 

o 
II 

(CO)5MnH + <£C=CCCH3 

<f> H 
\ / 

(CO)4Mn CCH3 
\ ^ 

O 

Tetracarbonylacetylcobalt(I) apparently adds cis to disubstituted acetylenes 

also, but the initial adduct is not isolable. The adduct must rapidly undergo 

a carbon monoxide insertion and a cyclization (94b). The cyclization seems 

to involve an addition of the acylcobalt group to the ketonic carbonyl four 

carbons away, with cobalt going onto carbon and the acyl group onto oxygen. 

The cyclization produces an allylic group which then forms the stable 

TT-allylic cobalt structure (Scheme VII-1). This reaction has been used as the 

basis for a catalytic synthesis of 2,4-pentadienolactones. The catalytic reaction 

requires the use of an acylcobalt derivative with a proton-activating group 

on the a-carbon of the acyl group. This substituent allows a base to abstract 

a proton from the acetylene adduct which results in the elimination of the 

tricarbonylcobaltate anion with formation of the free lactone. The reaction 

is made catalytic by carrying it out under carbon monoxide to regenerate 

the tetracarbonylcobaltate anion, in the presence of a base, usually a hindered 

amine, and with the acetylene and the halide necessary to form the 7r-allylic 

intermediate (94b). The formation of the lactone ring in the acetylene reaction 
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(CO)4CoCOCH3 + ch3ch2c=cch2ch3 
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Scheme VII-1. 

is more favored the more substituted the acetylene is since substituents 

facilitate ring closure over the alternative linear polymerization of the acety¬ 

lene or copolymerization of the acetylene with CO. 

BrCH2COOCH3 + CO + CH3CH2C=CCH2CH3 + Co(COV 

CH3OOCCH2 

-Br- 

c=o 
^'\ / 

CHgCHg—C.-—r--C—CH2CH3 s i ✓ s l ' 
Co 

7 I \ 
OC I CO 

c 
o 

R3n 
ch3oocch=c c=o 

I I 
CH3CH2—c=c—ch2ch3 

+ [R3NH + Co(CO)3-] 

[Co(CO)3-] + CO -* Co(CO)4- 

An example of the trans addition of a halide to an acetylene is the reaction 

of palladium(II) chloride with 2-butynyldimethylamine. The adduct is 

stabilized by coordination of the amine group with the metal (359). 

Trans-methoxyplatination is observed when cationic complexes such as 

tra«5-bisdimethylphenylphosphine-7r-(acetylenedicarboxylic acid)methylplati- 

num(II) hexafluorophosphate are produced in methanol (360). The methyl- 
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2PdCI2 + 2(CH3)2NCH2C=COH3 

ch3 

h3c ch3 

Cl 
* ^ 

'Cl 

h3c^ cu3 

ch3 

platinum group apparently does not add to the acetylenic group because it 

is trans to it and the complex would have to isomerize first. 

Cl /P(CH3)2C6H5 

XPt + HOOCC=CCOOH + AgPFe 

C6H5(CH3)2P/ xch3 

COOH 

4^ /p(ch3)2c6h5 

HOOC/ Pt 
/ \ 

LC6H5(CH3)2P ch3 

PFb 
ch3oh 

—HPFe 

CH30 COOH 

xc 

.C P(CH3)2C6H5 
HOOCx ^Pt 

CeHsfCH^P7 XCH3 

The above reaction without the silver hexafluorophosphate also forms a 

Tt complex. Interestingly, insertion will occur in this five-coordinate complex 

by way of a radical-type intermediate in chloroform solution but not in several 
other solvents. Apparently, a chlorine atom must be removed from the 

complex before insertion can take place. The reaction is complicated by the 

simultaneous formation of a dimethylplatinum(IV) complex and the dichloro- 

bisphosphineplatinum complex, which reaction occurs in the absence of the 

hv 
CH3Pt(Cl)[P(CH3)2C6H5]2 > CH3Pt(P(CH3)2C6H5)2 + Cl- 

COOCH3 
P(CH3)2CeH5 

Ch I c 
'pt-III 

h3c^ 1 n 
+ CH3Pt(P(CH3)2C6H5)2 

P(CH3)2C6H5 
cooch3 

CH3Pt(CH3OCOC=CCOOCH3)[P(CH3)2C6H5]2 + CH3Pt(Cl)[P(CH3)2C6H5]2 -> 

CH3 

V__cooch3 
(CH3)2PC6Hs^ 

Cl—Pt—CX + CH3Pt[P(CH3)2CeH5]2 

(CH3)2PC6H5 cooch3 

Scheme VII-2. 
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acetylene also. Kinetic measurements indicate that some of the “un-7r- 

complexed” platinum compound first loses a chlorine atom and that this 

product then abstracts a chlorine atom from the 77-complexed form. Then 

insertion follows and a chlorine atom is transferred back (361) (see Scheme 

VII-2). 
The ruthenium(III)-catalyzed hydration of acetylenes to form ketones is 

presumably an example of the addition of the elements of a metal hydroxide 

to an acetylene. Since the intermediate has not been isolated, the mechanism 

of addition is uncertain (362). 

O 

RC—CH + H20 Ru(U1) » RCCH3 

C. DIMERIZATION, TRIMERIZATION, 
TETRAMERIZATION, AND POLYMERIZATION OF 
ACETYLENES 

The linear dimerization of acetylenes by an addition mechanism is rarely 

observed, probably because there is no particularly favorable intermediate 

complex formed which could stabilize the two acetylenes to one metal atom 

ligand involved and further polymerization usually occurs. The /3-hydride 

elirrjination is much less favorable with vinyl metal derivatives than it is with 

the alkyls since acetylenes are more strained than olefins. When linear 

acetylene dimerizations or oligomerizations are observed, it is likely that 

they usually proceed by a different mechanism, by an oxidative addition of 

the terminal acetylene group (internal acetylenes do not react) to the metal 

to form, reversibly, an alkynyl metal hydride. The hydride group may then 

add to another acetylene to form an alkynylvinyl metal complex which can 

subsequently undergo reductive elimination of the dimer and reform the 

starting metal complex, or the second acetylenic unit may insert between the 

alkynyl group and the metal, after which the hydride and vinylic groups can 

be reductively eliminated. A 50% yield of the phenylacetylene dimer is ob¬ 

tained from phenylacetylene and chlorotristriphenylphosphinerhodium(I) at 

20° in 3 days, for example, probably by one of the two above mechanisms 

(363) and as shown in Scheme VII-3. Almost certainly acetylenic tt complexes 

are involved in the above reactions. The other products from this reaction 

are higher oligomers where more than one acetylene insertion must have 

occurred before the reductive elimination took place. 

A number of organometallic complexes are known which will polymerize 

acetylene to low molecular weight linear products. Simply heating phenyl¬ 

acetylene with dichlorobistriphenylphosphineplatinum(II), for example, will 
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<f>C=CH + 

w» ■ 

^3p P<l>3 
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<t>3 P/ XC1 
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P<^3 

C<f> 

4>C^eCH 
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ClRh(P<£3)3 + <f>C=C—C 
/ 
,H 

C—(f> 

I 
H 

give polymers in the molecular weight range of 600-1600 (364). Presumably, 

an addition of a platinum chloride group to the acetylene initiates the 

reaction although an alkynyl metal hydride complex from oxidative addition 

could also add and begin the polymerization. 

Cyclic products are often obtained from acetylenes and transition metal 

compounds rather than linear ones. Perhaps, the simplest example is the 

reaction of nickelocene with dimethyl acetylenedicarboxylate in which a 

Diels-Alder addition occurs. The reaction takes place to form a product 

having the double bond from the reacting acetylene coordinated to the metal 

suggesting that the Diels-Alder reaction occurs within the coordination 

sphere of the metal (365). Presumably, this reaction can occur with nickelocene 

because this molecule has two more electrons than required for a noble gas 

structure and the second complete cyclopentadienyl ligand is not required 

to stabilize it. Cyclic products may also be formed from linear insertion 

products as seems to occur in the reaction of palladium(II) chloride with 
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diphenylacetylene. If carried out in ethanol solution the reaction forms an 

ethoxycyclobutenyl v■ complex (366, 367). The mechanism probably involves 

a trans alkoxypalladation of one acetylenic unit followed by a cis addition to 
another acetylenic molecule and cyclization by a conrotatory electrocycliza- 

tion specifically to give the endo-alkoxy product (367). Treatment of the 

product with hydrochloric acid produces dichloro-77--tetraphenylcyclobuta- 

dienepalladium(II). 

4>C=C <f> + PdCl2 L—> 

Lk Cl 

AY / 
o'' Yc 

* c2h5qh 

—H + 
\ , 

Pd A 
/ \ / 

Cl C=C ,/ \ 
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OC2H5 - - r c2h5o 
>-* 

4> c. 
ci A. . CL 

Y C—4> 
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Cl7 \ 

L't 

1 
L t J 

4> 

HC1 
->■ 

Ch ^ 
Pd— 

Cl/ 4> 

4> 

4> 

+ C2H5OH 

If the reaction of the acetylene and palladium chloride is carried out in an 

aprotic solvent, the cyclobutadiene complex is formed directly along with 

hexaphenylbenzene (368). The cyclic trimerization does not go by way of the 

cyclobutadiene intermediate, since it does not react further with the acetylene 

(371), but by an open-chain triacetylene intermediate as determined by the 

isolation of this intermediate from the reaction of 2-butyne with dichlorobis- 

benzonitrilepalladium(II) and an investigation of its decomposition reaction 

(369). An initial cis addition of the palladium chloride group is proposed. 

This step is followed by two successive additions to more 2-butyne. The open- 

chain triene product is very labile and readily decomposes to hexamethyl- 

benzene and palladium chloride. The addition of triphenylphosphine to the 

trimer complex caused cyclization to cyclopentadiene complexes (370) (see 

Scheme VII-4). 

The cyclic dimerization, trimerization, and tetramerization occur most often 

by way of metalacarbon rings, starting with ligand coupling to form metallo- 

cyclopentadiene complexes. Such reactions can only occur with metals which 

can easily increase their oxidation state by two, since ligand coupling forms 

two new bonds to the metal. The ligand coupling is exemplified by the reaction 

of bistriphenylphosphine-7r-cyclopentadienylcobalt(I) with diphenylacetylene 

(92, 372, 373). Initially, a triphenylphosphine is replaced by an acetylene form¬ 

ing an isolable complex. The -n complex then reacts with a second acetylene 
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forming the cobaltacyclopentadiene complex. This complex is neither in 

equilibrium with nor the same as the cyclobutadiene tt complex because the 

very stable cyclobutadiene complex is formed only when the cobaltacyclo¬ 

pentadiene complex is heated to 200° and the reaction is not reversible. The 

cobaltacyclopentadiene complex undergoes some interesting insertion reac¬ 

tions. With more diphenylacetylene, hexaphenylbenzene is formed, but only 

to the extent of an 8% yield under the conditions tried. Carbon monoxide 

forms a 77-tetraphenylcyclopentadienone complex and ethylene gives a n- 

tetraphenylcyclohexadiene complex. Reduction with lithium aluminum hy¬ 

dride produces a 7r-tetraphenylbutadiene complex (Scheme VII-5). 

Very similar reactions may be obtained with chlorobistriphenylphosphine- 

7r-dinitrogeniridium(I) and rhodium(I) (374). Biscyclopentadienyltitanium(II) 

also reacts with diphenylacetylene to form a metalacyclopentadiene complex 

(375). The very reactive zerovalent palladium complex, bisdibenzalacetone- 

^=1 <t> 

(7r-C5H5)2Ti + 2</>C=C<f> -* (77-C5H5)2Ti 

dipalladium, reacts with dimethyl acetylenedicarboxylate and another ligand 

such as pyridine (py) to form a metal cyclopentadiene complex, whereas 

with triphenylphosphine as the added ligand only a monoacetylenic n complex 

is formed (376, 377). 

O 
II 

(<£CH=CHCCH=CH<£)2Pd2 4- 4CH3OCOC=CCOOCH3 + 4py -*■ 

2py2Pd 

cooch3 

^=|—cooch3 

>= -cooch3 
cooch3 

The cyclic trimerization of acetylenes by way of metalacycles very probably 
produces aromatic v complexes initially, which then may dissociate. In other 

cases, however, the aromatic v complexes may be isolated from the reaction 

mixtures. “ Dimesitylcobalt(II),” for example, reacts with 2-butyne at —10° 

to form hexamethylbenzene catalytically. The cobalt can be recovered in the 

form of bishexamethylcobalt(I) tetraphenylborate by addition of tetraphenyl- 

borate anion to the reaction mixture (378). “ Diphenylmanganese(II) ” be¬ 
haves similarly (378). 

Polynuclear aromatic compounds have been synthesized from two types 

of aromatic acetylene derivatives and chlorotristriphenylphosphinerhodium(I). 
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One reaction involves l,8-di(phenylethynyl)naphthalene and the rhodium 

complex, first forming a metalacyclopentadiene complex which when 

reacted with oxygen forms a furan derivative, with carbon monoxide forms a 

cyclopentadienone derivative, or with an olefin (or acetylene) produces a 

benzene derivative (379, 380) (Scheme VII-6). 

Scheme VII-6. 

The second type of compound reacted was a derivative of o-dipropiolyl- 

benzene. The rhodiacyclopentadiene intermediate was reacted with another 

acetylene and anthraquinone derivatives were obtained (381). 

Pentacarbonyliron(O) and diphenylacetylene under the proper conditions 

will form mainly a dinuclear ferracyclopentadiene in which the second iron 

atom is bonded to the first iron atom and w-bonded to the two ferracyclo¬ 

pentadiene double bonds (382). This complex reacts with certain dihalides to 

form other unusual heterocyclic compounds (382). 
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The cyclic trimerization of acetylenes by octacarbonyldicobalt probably 

goes by way of the known monoacetylenehexacarbonylcobalt complexes 

and a complex analogous to the dinuclear iron complex, but this intermediate 

has not been detected. A three acetylene to two cobalt atom complex has 

been isolated from the reaction, however. An X-ray structural determination 

shows the complex prepared from r-butylacetylene to have the three acetylenic 

units joined in a chain with each end attached to a different cobalt atom by 

a a bond and the three terminal carbons at each end attached by 7r-allylic 

bonding to the other cobalt atom (the one that that end of the carbon chain 

is not cr-bonded to). Heating the complex liberated the ligand in the form of 

the benzene derivative (108, 109, 383). The preparation of 1,2,4-tri-t-butyl- 

benzene (Scheme VII-7) was the first reported synthesis of this strained 

molecule. 1,2,4,5-Tetra-t-butylbenzene was also prepared in a similar way by 

reacting di-t-butylacetylenehexacarbonyldicobalt with mono-t-butylacetylene. 

A wide variety of mono- and disubstituted acetylenes have been trimerized 

to benzene derivatives with various transition metal catalysts (384). With 

unsymmetrical acetylenes two isomeric trimers are possible and often both 

are formed. Cyclic tetramers of acetylenes may also be produced, particularly 

with nickel catalysts and with acetylene itself or esters of propiolic acid. The 
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Scheme VII-7. 

formation of cyclooctatetraene from acetylene with nickel catalysts was 

discovered by Reppe many years ago (385). Methyl propiolate forms two 

isomeric cyclic tetramers and two isomeric trimers on heating with tetrakis- 

trichlorophosphinenickel(O) (386). 

hc=ccooch3 
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cooch3 
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CHaOOC^X^ 
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1% 

D. ACETYLENIC CYCLIZATIONS WITH 
INCORPORATION OF ALKYL AND ARYL LIGANDS 

Several examples of the reaction of alkyl metal complexes with acetylenes 

are known in which the alkyl group becomes incorporated into a ring with 
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the acetylenes, usually two acetylenes. Heating dicarbonyl-7r-cyclopenta- 

dienylmethyliron(II) with diphenylacetylene, for example, is reported to 

produce 1,2,3,4-tetraphenylferrocene in 10% yield (387, 388). The cyclic 

diacetylene, 1,8-cyclotetradecadiyne, and pentacarbonyliron(O) also give a 

* - 

+ [2CO + H2] 

cyclopentadienyliron derivative (389). Dicarbonylcyclopentadienylcobalt(I) 

on the other hand, with the same acetylene forms a 7r-cyclobutadiene complex 

-C=C- 

(CH2)5 (CH2)s + C5H5Co(CO)2 

-c=c- 

(390). “Trimethylchromium” in tetrahydrofuran reacts with diphenyl¬ 

acetylene to form tetraphenylcyclopentadiene and hexaphenylbenzene (391, 

392). “Triethylchromium” in the same reaction forms 1,2,3,4-tetraphenyl- 

benzene and hexaphenylbenzene. Tricarbonyl-77-cyclopentadienylmethyl- 

molybdenum(II) also forms tetraphenylcyclopentadiene on heating with 

diphenylacetylene, but the ethyl derivative gives some 1-methyl-2,3,4,5- 

tetraphenylcyclopentadiene as well as the 1,2,3,4-tetraphenylbenzene v 

complex with a 77-cyclopentadienylmolybdenum group (387, 388). 

CO CO 
\ / 

7r-C5H5MoCH2CH3 + 4>C=C<t> 
I 

CO 

W-C5H5M0 
4> 

+ 
* 

The formation of the six-membered ring products from the ethyl derivatives 

probably occurs by way of ethylene (from a /8-hydride elimination) adding 
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to a metalacyclopentadiene intermediate followed by dehydrogenation. The 
formation of the five-membered ring products is not as easily explained. 
Two mechanisms seem reasonable depending on the metal. The a elimination 
of methane from “ trimethylchromium ” forming a carbene (methylene) 
chromium complex is a possible reaction (393). Reaction of this complex 
with two acetylene molecules could give the tetraphenylcyclopentadiene 
observed. This reaction seems less likely with the iron and molybdenum 
alkyls, although radical abstraction of a-hydrogens may still be a favorable 
reaction. More probably two acetylenes are inserted into the metal alkyl 
group initially. Next, the cA-methyl may oxidatively add to the metal and 
then ring closure may occur. A final elimination of a second hydridic hydrogen 
would produce the cyclopentadienyl derivatives (see Scheme VII-8). 

4> <f> 
CO 

1 n
y

 
II n

 \
 

/= 
1 <i>c=c<t> 

C5H5FeCH3 — ■ > C5H5Fe XCH3 
#C=C<£ ■-»- 

C5H5Fe 
1 

I —CO \ 
CO CO / 

CO CHc 

Scheme VII-8. 

—CO 
-y 

The tendency to form five-membered rings such as the cyclopentadienyl 
ring, which can strongly complex with the metal, is encountered fairly 
frequently. Another example is found in the reaction of decacarbonyldi- 
manganese(O) with acetylene at 150°. The main product (407o) is a bicyclo- 
[3.3.0]octane complex in which one five-membered ring is a cyclopentadienyl 
ring 77-complexed to the metal (394). Possibly the reaction proceeds via a cy- 
clooctatetraene metal complex as an intermediate. Interestingly, decacarbonyl- 

dirhenium(O) reacts with 1,5-cyclooctadiene at 250° to give a reduced form 
of a similar complex in 5% yield (236) (see Chapter VI, Section A). A related 
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\0)--Mn(CO)3 
Mn2(CO)10 + HC=TCH -► )-( 

ring contraction occurs in the reaction between 1,5,9-cyclododecatriene and 

m-bis(trimethylgermyl)tetracarbonylruthenium(II) (237) (see Chapter VI, 

Section A). In another example diphenylacetylene was reacted with a combina¬ 

tion of aluminum bromide, vanadium tetrachloride, and zinc metal and a 

41% yield of a triphenylazulene was obtained (395). 

2</>C=C<f> 
AlBr3, VC14, Zn 

Reactions related to the alkyl metal-acetylene reactions also seem to 

occur with aryl metal derivatives. The reaction of triphenylchromium in 

tetrahydrofuran with 2-butyne produces 1,2,3,4-tetramethylnaphthalene and 

hexamethylbenzene (393). An intermediate benzynechromium -n complex 

was initially proposed for this reaction (396), but more recent evidence appears 

to rule that out (397). A new mechanism was proposed in which the first 

step is a cis 1:2-addition of phenylchromium to the 2-butyne. The styryl- 

chromium derivative formed then is proposed to undergo an internal metala- 

tion at the o-phenyl carbon presumably forming an unstable chromium(V) 

hydride which then reductively elimiminates benzene. The resulting benzo- 

chromacyclopentadiene complex finally adds to another 2-butyne and 

phenylchromium(I) is reductively eliminated (397). The elimination of 

phenylchromium(I) seems unusual and perhaps the last step is more complica¬ 

ted than it appears. 

(C6H5)3Cr + CH3C=CCH3 

ch3 

Cr(C6H5)2 
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An example which does seem to be explicable in terms of a benzyne 

intermediate is the reaction of biscyclopentadienyldiphenyltitanium(IV) with 

diphenylacetylene. The product is a metalacycle corresponding to one of 

the proposed intermediates in the above chromium reaction (398). The inter¬ 

mediate benzyne complex apparently also may react with carbon dioxide 

giving a chelated o-titanobenzoate complex (399). 

/ \ 

(C5Hs)2Ti^2 
—C«He 

(C5H5)2Ti-|| 
<t>c=c<t> 

-*■ (C5H5)2Ti 

CO, 

(C5H5)2Ti 
\ 
o—c=o 

\= 
4> <f> 
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Chapter VIII 

Mixed Olefin, Diene, and Acetylene 

Combination Reactions 

The combination of two or more unsaturated molecules with themselves 

has been considered in the preceding chapters. The coupling of two or more 

different unsaturated compounds of the same type is possible also, but 

relatively few examples have been studied because complex mixtures of the 

various possible products usually result. The combination of unsaturated 

molecules of different types, i.e., olefins, dienes, or acetylenes, with each other, 

however, is often quite specific and a number of useful reactions of this 

kind are known. 

A. OLEFIN-DIENE REACTIONS 

Two basic mechanisms of reaction are generally observed with olefin-diene 

reactions. Ligand coupling may occur as illustrated by the reaction of tri- 

carbonyl-77-butadieneiron(0) with tetrafluoroethylene catalyzed by ultraviolet 

irradiation (91). This reaction results in a formal increase in oxidation state 

of the metal by two and, therefore, will occur only with metals that have 

two stable oxidation states two electrons apart. Fluorinated organic ligands, 

{< Fe(CO)3 + CF2=CF2 

in general, stabilize transition metal complexes and often reactive inter¬ 

mediates can be isolated when fluorinated groups are present, whereas they 

187 
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cannot be with the unfluorinated compounds. The ligand coupling may 

ultimately give cyclic products if the initial adduct reductively eliminates 

both hydrocarbon groups. This kind of reaction occurs with the nonconju- 

gated diene, norbornadiene, and activated olefins such as acrylonitrile with 

bisacrylonitrilenickel (0) as catalyst (400). Possibly a 77-homoallylic nickel(II) 

intermediate is involved. 

The second basic olefin-diene reaction is an addition of a 77-allyl group, 

formed in an initial step from the diene, to the olefin. There is no change in 
the oxidation state of the metal in this reaction. The reaction with two allyl 

groups is illustrated by the coupling of bis-77--methallylnickel(II) with tetra- 

fluoroethylene (401). 

The monoallylic-olefin addition is an important step of the rhodium 

trichloride-catalyzed reaction of ethylene with butadiene in ethanol solution 

which forms a cis-trans mixture of 1,4-hexadienes in 90% yield (402). 1,4- 

ch2=ch2 + c4h6 —ch2=chch2ch=chch3 
EtOH 

Hexadiene is of commercial interest as a monomer for copolymerization with 

ethylene and propylene. The disubstituted double bond in the 1,4-hexadiene 

remains after the polymerization and provides a cite for sulfur vulcanization 

of the otherwise saturated and unreactive polymer. When the proper ratios 

of the three monomers are used, the vulcanized polymers are rubbery and 

can be used as substitutes for vulcanized natural rubber. 

The mechanism of the ethylene-butadiene reaction has been studied in 

detail. The initial reaction is a reduction of the rhodium trichloride hydrate 

by ethylene to the known chlorobis-n--ethylenerhodium(I) dimer. The last 

compound then reacts reversibly with hydrogen chloride to form a dichloro- 

ethylrhodium(III) species. The hydrogen chloride is available from the 
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reduction step or preferably is added in excess to the reaction mixture. The 

reaction intermediates are assumed to be saturated coordinately with ligands 

present in the reaction mixture—chloride ions, olefins, dienes, or solvent 

molecules. As these ligands are not specifically known and may not matter 

anyway, they are shown only as L’s in the equations below. The o-ethyl- 

thodium complex next coordinates with butadiene and a reversible hydrogen 

shift from the ethyl group to the diene occurs forming a 7r-ethylene-7r-crotyl 

complex. This complex then undergoes the addition step; the crotyl group 

adds to the ethylene. A 4-hexenylrhodium(III) complex is produced. Coordina¬ 

tion of another diene molecule and a second hydrogen transfer, this time from 

the hexenyl ligand to the diene, gives a 7r-l,4-hexadiene-7r-crotylrhodium(III) 

complex. A replacement of the 1,4-hexadiene with ethylene and another ligand, 

L, completes the catalytic cycle (402) (Scheme VIII-1). 

Cl 
L I 

CH2 \[ 

II-Rh 
ch2 

Cl 

Cl 

L 9 Cl 
ch3 

CH 

L- 

ch2 

Rh¬ 
eme 

Cl ch3 

/ CH 

ch2 

CH 
/ 

.ch2 

-Rh-1| 
^ CH 

ch2 / 
\ XHa 

ch2^ 

Scheme VIII-1. 

Several types of catalysts are known which bring about this olefin-diene 

reaction. Cobalt(II) chloride-organophosphine-triethylaluminum catalysts are 

more specific than rhodium trichloride since at 80°-100° only cA-1,4-hexadiene 

is produced. At lower temperatures butadiene dimers are obtained, whereas 

at higher temperatures the 1,4-diene is isomerized to trans,trans-2,4-h.exa.diene 

(403, 404). 

ch3 
CoC12—PCI3—AIEt3 

ch2=c— ch=ch2 + ch2=ch2 -> 

ch3 
I 

ch2=chch2c=chch3 + ch2 

55% 

ch3 
I 

=chch2ch=cch3 

10% 
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The cobalt catalysts have also been used to combine substituted olefins 

and dienes. Isoprene and ethylene give a mixture, apparently because both 

possible isomeric 7r-allylic complexes are formed from the isoprene (405). 

Propylene and butadiene produce a mixture of the trans-1,4- and the trans- 

1,3-dienes (405). The last compound probably arises from an isomerization 

of the first product. Methyl acrylate and butadiene with a similar cobalt 

c4h6 + ch3ch=ch2 
CoC12—PC13—AIEt3 

ch2=c—ch2 ch=chch3 + ch2=c—ch=chch2ch3 

25% 2% 

catalyst also produce the expected 1,4-diene (406). The more positive carbon 

of the double bond in the olefin appears to be attacked preferentially by the 

least substituted end of the 77--allylic group. 

c4h6 + CH2=CHCOOCH3 -Co(Acac)3-A'Et3 > CH3CH=CHCH2CH=CHCOOCH3 

30% 

A third mechanism of diene-olefin coupling appears to occur in at least 

one reaction, the reaction of norbornadiene, the olefin in this example, with 

butadiene, using a cobaltic acetylacetonate-triethylaluminum catalyst (407). 

The ■ 2-butadienylnorbornene obtained is probably formed by an initial 

hydridocobalt(I) addition to one double bond of the norbornadiene and then 

an addition of this cobalt alkyl to the butadiene. A 77-butadienylmethylallyl- 

cobalt complex is probably an intermediate. The last compound then may 

coordinate with norbornadiene and undergo hydrogen transfer and ligand 

replacement with solvent or reactants (Scheme VIII-2). 

Cyclic combinations of olefins and dienes also occur. An o-phenanthroline- 

dialkyltitanium catalyst converts ethylene and butadiene into vinylcyclo- 

butane in about 207o yield. A titanium hydride 1:4-addition to the diene 

is probably followed by an addition to ethylene, a cyclization, and a hydride 

elimination (408). 

C4H6 + [HTiL3] ~-" [CH3CH=CHCH2TiL3] ^ > 

CH=CHCH3 
i 

CH2 TiL3 
\ I 
ch2—ch2 

c—ch3 

Ti 
L3 

H 

-CH=CH2 

+ HTiL3 

L = a ligand 
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Nickel(O) catalysts are useful reagents for reacting two diene units with 

one olefinic group to form cyclodecadiene derivatives. Tetrakistriphenyl- 

phosphinenickel(O) or bis-l,5-cyclooctadienenickel(0) have been used to 

convert ethylene and butadiene at about 30 atm and 25° in 80% yield into 

cw,fran5-l,5-cyclodecadiene (409). The mechanism of the reaction appears 

to be related closely to the one proposed for the 1,5,9-cyclododecatriene 

synthesis (Chapter VI, Section J), but with the last part of the ring formed 

from an ethylene unit instead of another butadiene (409). tra«.y-l,4,9-Deca- 

triene is also produced in the above reaction; the relative amount increases 

rapidly with increasing temperature. The hydrogen transfer reaction in the 

intermediate two-diene-one-ethylene adduct is apparently favored by higher 

temperatures. 

A related nickel catalyst prepared from nickel(II) chloride, bisdiphenyl- 

phosphinomethane, and triethylaluminum converts ethylene and butadiene 

at 110° into cA-l,4-hexadiene if the phosphine to nickel ratio is greater than 

one, but to brans'-1,4,9-decatriene if the ratio is less than one (410, 411). The 

hexadiene is probably formed by the 7j--allylic-ethylene coupling reaction as 

shown in the rhodium(III) chloride reaction above. The ‘1,4,9-decatriene 

appears to be coming from the same type of intermediate as proposed in the 

preceding example. Elevated temperatures apparently cause Ni(0) catalysts 

to prefer hydride mechanisms rather than the reductive eliminations favored 

at lower temperatures. 

A mixed cyclic coupling of dienes with allene has also been carried out with 

nickel(0) catalysts. Both ten- and twelve-membered ring products were 

formed. The ten-carbon product was composed of two diene units and one 

allene, while the twelve-carbon product contained two dienes and two 

allenes. The intermediates were presumably cyclooctadienediylnickel(II) 

species 77-complexed with an allene molecule. An addition of the -n--allylic 

group to the allene occurs followed either by an addition to another allene 

and cyclization or by cyclization before the second allene reacts. Since the 

allene units are unsymmetrical, two directions of addition are possible and 

both are observed (412) (Scheme VIII-3). 
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Scheme VIII-3. 

Cyclic couplings with two different dienes and ethylene have been carried 

out with nickel(0)®catalysts and, as might be expected, the reaction is not 

very selective as to which diene it uses and complex mixtures of isomers are 

obtained (413). The problems of separating and identifying the products are 

difficult, but if these can be solved, the reaction provides a relatively simple 

route to many cyclodecadiene derivatives that would be very difficult to 

obtain by more conventional methods. Some of the products obtained from 

ethylene, butadiene, and isoprene are shown below. 

10% 9% 5% 
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B. ACETYLENE-OLEFIN REACTIONS 

Specific couplings of acetylenes with olefins are rare. Only two examples 

have been published. It has been reported that diphenylacetylene and 

ethylene or various other olefins will couple in the presence of dichlorobis- 

benzonitrilepalladium(II) to give butadiene derivatives. Two olefinic units 

couple with one acetylene. Prolonged heating converts the dienes into indene 

derivatives apparently by a simple acid-catalyzed (HC1) reaction (414). The 

mechanism of the coupling has not been investigated, but reasonable guesses 

can be made (415). A first step could be the addition of palladium chloride 

to the acetylene, cis or trans, followed by addition of the vinylpalladium 

species formed to ethylene. An elimination and readdition of a hydrido- 

palladium group in the reverse direction would give a 7r-allylic palladium 

intermediate. An addition of the 7r-allylic group to another, ethylene molecule 

followed by hydride elimination and readdition in the reverse manner would 

allow a final elimination of dichloropalladium with formation of the con¬ 

jugated diene product observed (Scheme VIII-4). 

A second example of an acetylene-olefin reaction is observed when 

diphenylacetylene reacts with bisacrylonitrilenickel(O) and 2,3,4,5-tetraphenyl- 

benzonitrile is produced in about 50% yield along with hexaphenylbenzene 

(416). A metalacyclopentadiene intermediate is probably involved which 

may react either with acrylonitrile to give the benzonitrile product after loss 

of H2 (or perhaps propionitrile) or with more diphenylacetylene to form 

hexaphenylbenzene. 

</>C=C<f> + Ni(CH2=CHCN)2 

C. ACETYLENE-DIENE REACTIONS 

The addition of 77-allylic groups to acetylenes is an important step in several 

of the known diene-acetylene reactions. Simple examples of this reaction 

are not known, but there is an example of a more complicated one involving 

two allylic compounds and two acetylene molecules in which an allylic halide 

coupling is the final step. This reaction produces very reactive 1,4,6,9- 

decatetraene derivatives (417). The coupling step probably involves a di- 

organonickel intermediate or a four-centered transition state rather than a 

nickel(IY) oxidative addition product (see Scheme VIII-5). 
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Scheme VIII-5. 
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Cyclic compounds are the usual products of diene-acetylene reactions. A 

very simple example is the transition metal-catalyzed Diels-Alder reaction. 

Iron(O) complexes such as biscyclooctatetraeneiron(O) or a combination of 

ferric chloride and isopropylmagnesium chloride catalyze the reaction (418). 

Probably diene and acetylene ligand coupling occurs first and then a reductive 

elimination of the cyclic diene follows. Other catalysts capable of oxidative 

addition and elimination reactions would be expected to be useful for this 

reaction also. 

CH3C=CCH3 + C4H6 + FeL5 -^ 

ch3c=cch3 

c4h6 % 

L 
/ 

Fe—L 

LCH3C=CCH3J 

If the above example is attempted with norbornadiene instead of butadiene, 

a completely different reaction occurs. Initially a reverse Diels-Alder appears 

to take place with the norbornadiene because cyclopentadiene is one of the 

products formed. The acetylene from the norbornadiene ends up in a benzene 

ring with two of the added acetylenic molecules (418). Apparently, the iron(O) 

catalyst reverses the Diels-Alder reaction as a means for obtaining better 

ligands and then the acetylene trimerization reaction occurs, probably by 

way of a ferracyclopentadiene intermediate. 

Alkyl- or aryl-substituted acetylenecarboxylic esters and butadiene react 

in the presence of nickel(O) catalysts to form vinylcyclohexadienes. Mixed 
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ligand coupling probably occurs first. This step would be followed by an 

addition to a second acetylenic unit in either direction (giving a mixture of 

isomeric products) and a final reductive elimination of the organic ligands 

as a cyclohexadiene derivative (419) (Scheme VIII-6). These products undergo 

an interesting internal Diels-Alder reaction on heating to 180° (419). Less 

COOCH3 

COOCH3 

~ 100% 

reactive acetylenes than the propiolate esters will react with conjugated dienes 

and nickel(O) catalysts to give cyclodecatriene derivatives composed of two 

diene units and one acetylene (420). The mechanism of the reaction appears 

to be related closely to the two-diene-one-olefin cyclic coupling reactions 

described in Section A, with an acetylene replacing the olefin in the octadiene- 

diylnickel(II) intermediate. The cyclodecadiene products readily undergo the 

Cope rearrangement on warming. The divinylcyclohexadienes so formed can 

then be aromatized with potassium t-butoxide in dimethyl sulfoxide (DMSO) 

providing a useful synthesis for some tetrasubstituted benzene derivatives 
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CH3CeeeCCOOCH3 + C4H6 +*JNi(0)] 

CH3OOC—C 

^ / c ch3 
Ni 

^ \ . 

Scheme VIII-6. 

CH3C=CCH3 + 2C4H6 + [Ni(COD)2 + P03] 
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(420). Small amounts of twelve-membered ring products composed of two 

dienes and two acetylenes also are produced in the coupling (421). Yields 

are increased by increasing the relative amount of acetylene compared to the 

diene (to 1:1 from 10:1) and by using triphenyl phosphite in place of the 

phosphine (421). A competition seems to exist between insertion of a second 

acetylene and ring closure of the monoacetylene-two-diene unit adduct. 

The two-diene and one-acetylene cyclization reaction has been applied 

to the synthesis of large ring compounds. Cyclic acetylenes were reacted 

with open-chain dienes to give bicyclic products with ethylenic bridges joining 

the two rings. Mild hydrogenation reduced two of the cyclodecatriene double 

ch3c=cch3 + c4h6 
[Ni(COD)2 + P(04)3] 
-^ 

bonds leaving the hindered ethylenic bridge. Ozonolysis cleaves the bridge 

to a larger ring diketone which then can be reduced by the Wolff-Kishner 

reaction to the cyclic hydrocarbon. Cycloeicosane, for example, was prepared 

from cyclododecyne and butadiene as follows (422). 



Chapter IX 

-Reactions of Transition Metal 

Complexes with Carbon 

Monoxide and Organic Carbonyl 

Compounds 

Some of the most useful transition metal reactions occur with carbon 

monoxide. The reaction products can be a wide variety of organic compounds 

such as aldehydes, ketones, alcohols, esters, lactones, amides, acids, and acid 

halides. Generally, acyl metal complexes are intermediates in the reactions. 

Reactions of organic carbonyl compounds with transition metal complexes 

are much rarer, although further study will more than likely turn up more 

examples. 

A. CARBON MONOXIDE REACTIONS 

1. Formation Reactions of Acyl Metal Complexes 

a. The 1:2 Shift Reaction 

The 1:2 shift is the basic step in most carbon monoxide reactions. The 

mechanism and some variations of it have already been discussed in some 

detail in Chapter II, Section B,4,a. The question of whether true coordinately 

unsaturated intermediates are produced in the shift (first-order reaction) or 

whether solvent or other potential ligands present assist the shift (second- 

order reaction) has only been answered in a few cases. Generally, it is 

assumed that if solvent effects on the 1:2 shift are small and entropies of 

activation are near zero a coordinately unsaturated intermediate is involved. 

An instructive example is the reaction of cA-dichlorodicarbonyl(dimethyl- 

phenylarsine)alkyliridium(III) complexes with another ligand to form the 

acyl complex with the new ligand ultimately coordinating with the metal 

201 
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(423). The structures of the starting materials and products were deduced 

mainly from NMR and IR data. The following transformations were observed. 

Cl Cl 

The ethyl group apparently shifted from iridium to carbon monoxide, 

producing a five-coordinate trigonal-bipyramidal intermediate which then 

reacted with the new ligand. The new ligand entered trans to the acyl group 

because of the large trans effect of the acyl ligand. A slow isomerization then 

produced the thermodynamically favored cis isomer. Kinetics of the reaction 

have been measured in several solvents of different dielectric constants. 

Differences were small and in a direction opposite to that expected based on 

the coordinating ability of the solvents (424). The reaction rates were inde¬ 

pendent of the reacting ligand concentration. Entropies of activation were 

measured for the related triphenylarsine reactions and found to be — 5.0 e.u. 

for the ethyl compound and — 6.7 e.u. for the methyl derivative, about what 

would be expected for first-order reactions. 

The reaction of pentacarbonylphenylmanganese with C2H5C(CH20)3P in 

chloroform solution, on the other hand, shows second-order kinetics which 

become first-order in solvents of higher dielectric constant and better coor¬ 

dinating ability, indicating solvent participation in the phenyl shift (425). The 

triphenylarsine(methyl)iridium complex is about 3.5 times less reactive than 

the corresponding dimethylphenylarsine derivative in chlorobenzene solution. 

The triphenylarsine(ethyl)iridium complex is about 6.3 times more reactive 

than the corresponding methyl compound (424). 

The 1:2 shift reaction readily forms acyl metal derivatives, but has never 

been observed to form a-ketoacyl metal complexes where addition to two 

carbon monoxides has taken place. In the few examples known where organic 

1,2-diketonic products are formed in transition metal reactions, the diketones 

are probably produced by reductive elimination of two acyl groups or by 

some other mechanism than a double CO insertion. Carbonylation of 
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cA-bistriethylphosphinedimethylplatinum(II), for example, yields first the 

unstable diacetyl derivative and then biacetyl (59). 

Et3P CH3 

X PtX + 2CO 

^t3PX xch3 

€t3P ^COCHa 

X 
Et3P COCH3 

co 

[(Et3P)2Pt(CO)2l + CH3COCOCH3 

The 1:2 shift of an organic group from the metal to a coordinated carbonyl 

group and the reverse reaction proceed with retention of stereochemistry 

about the carbon, at least in the few examples studied. The carbonylation 

and decarbonylation of optically active pentacarbonyl-l-phenyl-2-propyl- 

manganese(I), for example, occur with retention of configuration, and without 

loss of optical activity (426). 

ch3 

<£CH2CHMn(CO)5 + CO 

CH3 
*1 

<£CH2CHCOMn(CO)5 

Similarly, reaction of 77--cyclopentadienyldicarbonyl-?Areo-l,2- dideutero- 

3,3-dimethylbutyliron(II) with triphenylphosphine produces the phosphine- 

substituted acyl derivative (two isomers) with retention of stereochemistry 

of the threo-deuterium arrangement. Two isomeric products are obtained 

because the iron atom becomes asymmetric with the phosphine substitu¬ 

tion and it may have the same or opposite configuration compared with the 

two asymmetric deuterium-substituted carbons (427). 

D H CO 

H D P^3 H D CO 

In most useful applications of the addition of metal alkyls to carbon 

monoxide, the acyl intermediate and often the precursor alkyl are not isolated. 

Three examples are discussed below to illustrate the reaction and show three 

ways that the acyl groups may be removed from a metal. 

A catalytic synthesis of esters from primary and secondary halides occurs 

with carbon monoxide and an alcohol using tetracarbonylcobaltate anion as 

catalyst in the presence of a hindered amine (94c). Initially, the cobaltate 
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anion reacts with the halide (SNa) to form the alkyl, which then adds to 

carbon monoxide producing the acyl metal derivative. The acyl group is 

lost from the metal by a simple alcoholysis which gives the ester and hydrido- 

tetracarbonylcobalt(I). The hindered amine converts the acidic hydride back 

into the anion and completes the cycle. A hindered amine is used to minimize 

side reactions which otherwise would produce amides or alkylated amines. 

RI + Co(CO)4- -* RCo(CO)4 + I- 

RCo(CO)4 + CO -*• RCOCo(CO)4 

RCOCo(CO)4 + R'OH -► RCOOR' + HCo(CO)4 

HCo(CO)4 + R3'N -V R3"NH + Co(CO)4- 

In another example symmetrical ketones are obtained catalytically from 

diaryl- or dialkylmercury compounds and carbon monoxide with octacar- 

bonyldicobalt(O) and ultraviolet irradiation as catalysts in THF solution 

(428). The tetrahydrofuran first disproportionates the octacarbonyldicobalt 

into tetracarbonylcobaltate anion and a positively charged cobalt species. The 

anion is then alkylated (arylated) by the mercurial. Both organic groups in 

the mercurial are used giving bis(tetracarbonylcobalt)mercury(lI). Irradiation 

converts this compound back into octacarbonyldicobalt and mercury metal. 

The ketonic products are obtained by the second-order decomposition of 

the alkylcobalt complex, a known reaction (429). The cobalt presumably is 

initially converted into heptacarbonyldicobalt which reacts with the carbon 

monoxide present to reform the catalyst. 

Co2(CO)8 + THF 

R2Hg + (THF)Co(CO)4+ Co(CO)4- 

2[RHgCo(CO)4] 

Hg[Co(CO)4]2 

2[RCo(CO)4] 

[Co2(CO)7] + CO 

- [(THF)Co(CO)4+ Co(CO)4 ] 

■> [RCo(CO)4] + [RHgCo(CO)4] + THF 

■> R2Hg + Hg[Co(CO)4]2 

■* Hg + Co2(CO)8 

■> RCOR + [Co2(CO)7] 

* Co2(CO)8 

The carbon monoxide insertion step probably involves a 1:2 shift of the 

organic group to form a tricarbonylacylcobalt(I) species which then can 

undergo an oxidative addition reaction with an unreacted tetracarbonylalkyl- 

or arylcobalt complex. A reductive elimination of the ketone could then 

follow and form heptacarbonyldicobalt. (See Eq. at top of p. 205.) 

A third example of the use of the metal to carbon monoxide 1:2 shift of 

an alkyl group occurs in an aldehyde synthesis from alkyl halides and carbon 

monoxide. The reaction requires three steps (all done in the same reaction 

vessel) using tetracarbonylferrate dianion as a stoichiometric reagent (430). 
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RCo(CO)4 * RCOCo(CO)3 

RCo(CO)4 + RCOCo(CO)3 

R 

RCOCoCo(CO)4 
/I \ 

oc I CO 
CO 

RCOR + Co2(CO)7 

’“In the first step the dianion is reacted with one equivalent of an organic 

halide to form a monoalkyliron complex. One mole of triphenylphosphine 

then is added to convert the alkyl into the triphenylphosphine derivative of 

the acyliron complex and, finally acetic acid is added to protonate the acyl 

anion. The hydride thus formed probably transfers hydrogen to the acyl 

carbon with reductive elimination producing aldehyde and tricarbonyltri- 

phenylphosphineiron which will ultimately form tricarbonyltriphenylphos- 

phineiron trimer. The same reaction can be carried out with acid halides in 

RX + Na2Fe(CO)4 [RFe(CO)4]-Na + 
P$3 
->■ 

[RCOFe(CO)3P<£3] “ Na + HQAc 

—NaOAc 

H 

^Fe(CO)3P^3 
RCO 

RCHO + {[Fe(CO)3P^3]3} 

place of the alkyl halides, in which case one CO is evolved (431). The tri¬ 

phenylphosphine is not necessary for this reaction to occur. Ketones are 

produced by the reaction if two moles of alkyl or acyl halide per mole of 

tetracarbonylferrate anion are used. Mixed ketones are produced if two 

different alkylating or acylating agents are reacted successively (432). 

b. Acylation of Anionic Complexes 

Nucleophilic transition metal anionic complexes react readily with acid 

halides and often with acid anhydrides to form the acyl metal derivatives 

(433). 

(P^3)(CO)3Co- + CHaCOCl -* (P*3)(CO)3CoCOCH3 + Cl“ 

(CO)sMn- + (CF2C0)20 —■ > (CO)5MnCOCF3 + CF3COO~ 

An interesting a-ketoacylmanganese derivative has been prepared by the 

acid chloride method. The pentacarbonylpyruvylmanganese(I) prepared lost 

carbon monoxide on heating, but at a rate 21 times slower than the related 

acetylmanganese compound did. The reaction could not be reversed even 

at 258 atm of CO and 80° in 9 hr (434). It is curious that the pyruvyl complex 

is so stable, but yet cannot be made by a double CO insertion. 

CH3COCOCl -I- NaMn(CO)s ~NaC1 > CH3COCOMn(CO)5 -* 

CO + CH3COMn(CO)5 + CH3Mn(CO)5 
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c. Formation of Acyl Metal Complexes by Oxidative Addition 

Reactions 

Acyl metal complexes generally can be prepared from complexes reactive 
in oxidative addition reactions by addition of acid halides. For example, 
tetrakistriphenylphosphineplatinum(O) and acetyl chloride react to form the 
chlorobisphosphine(acyl)platinufn complex (435). Oxidative addition of acid 

Pt(P<£3)4 + CH3COCI -> m( ?)-(P^3)2Pt(Cl)COCH3 

chlorides to chlorotristriphenylphosphineiridium(I), however, is accompanied 
by decarbonylation. In the absence of another ligand, the initial complex 
apparently converts the acyl group into two ligands by shifting the alkyl 
group to the metal (436). This reaction is unusual in that both 2-methyl- 
propanoyl and butanoyl chlorides add to produce only the 77-propyliridium 
complex. The sterically less-crowded chlorocarbonylbiscycloocteneiri- 

IrCl(P<^3)3 + CH3CH2CH2COCl 

IrCl(P<£3)3 + (CH3)2CHCOCl 

dium(I) dimer reacts with 2-methylpropanoyl chloride to give an isopropyl- 
iridium complex, but on warming to 80° the complex equilibrates to a 50:50 
mixture with the 77-propyl derivative (436). The rearrangements very probably 
go by way of a -n-olefin hydride intermediate which can revert to either alkyl 
complex, the linear one being preferred if the metal is attached to (sterically) 
large ligands. 

[Cl(CO)Ir (C8H14)2]2 + (CH3)2CHCOCl 

CO Cl CO 

80° 

Cl 

A similar equilibration of isomers to a 50:50 mixture occurs with tetra- 
carbonylbutanoyl- and tetracarbonyl-2-methylpropanoylcobalt(I) at 25° (437) 
(see Scheme IX-1). As expected, the isomerization is inhibited by excess 
carbon monoxide because it reacts with the necessary coordinately unsaturated 
intermediates. 
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CH3CH2CH2COCo(CO)4 

[CH3CH2CH2Co(CO)3] 

* ■ 

CO v —CO 
[CH3CH2CH2Co(CO)4] - 

CO co 

"CH3 

*J H 
CH i 

-Co(CO)3 

Lch 

± [(CH3)2CHCo(CO)3] - 
CO 

—co 

[(CH3)2CHCo(CO)4] - 
co 

-co 
(CH3)2CHCOCo(CO)4 

Scheme IX-1. 

Few useful synthetic reactions employ the oxidative addition reaction of 

acid chlorides because the acyl metal complexes usually can be prepared in 

the reaction mixture by carbonylation of an alkyl group which often is 

available from a more readily available starting material. 

A typical catalytic example of the preparation of an acyl chloride by oxi¬ 

dative addition is the synthesis of 3-butenoyl chloride from allyl chloride and 

carbon monoxide with chloro-77-allylpalladium dimer as catalyst (438). The 

kinetics of the reaction show the rate to depend on the first power of the 

allyl chloride and palladium complex with a second-order dependence on 

the carbon monoxide concentration. A mechanism has been proposed in 

which two carbon monoxide molecules first coordinate with the allylpalladium 

complex. The Tr-allyl group becomes a cr-allyl group and then shifts to one of 

the carbon monoxides. A reductive elimination of 3-butenoyl chloride 

follows, probably assisted by more carbon monoxide or other ligands present 

in the reaction mixture. The palladium(O) product then undergoes oxidative 

addition with allyl chloride reforming the catalyst (439). 

[w-C3H5PdCl]2 + CO -[7r-C3H5Pd(CO)Cl] 

CO 
I 

CH2=CHCH2PdCl 

CO J 

[CH2=CHCH2COPd(CO)LCl] —CH2=CHCH2COCl + Pd(CO)L3 

„ Pd(CO)L3 + CH2=CHCH2C1 —^ ^-C3H5Pd(CO)Cl 

A related reaction occurs with allyl alcohol and carbon monoxide using 

tristri-/>-fiuorophenylphosphineplatinum(0) under more vigorous conditions 

(1000 atm and 200°). The reaction products are allyl 3-butenoate and water 

(440). Unless the reaction depends on minor impurities such as halides to 

supply hydrogen halides and to allow the above mechanism to operate, the 

oxidative addition must involve the allyl alcohol. The intermediate allyl- 

platinum complex then would undergo carbonylation and alcoholysis and 
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form the ester and a hydrido metal hydroxide. The last product could eliminate 

water and react again with allyl alcohol. 

CO 
(R3P)3Pt + CH2=CHCH2OH -* [C3H5Pt(PR3)2OH] -* 

[CH2=CHCH2COPt(PR3)2OH] CaH5°H > 

CH2=CHCH2COOCH2CH=CH2 + [HPt(PR3)2OH] 

[HPt (PR3)2OH] + CH2=CHCH2OH -* H20 + [C3H5Pt(PR3)2OH] 

The solvent employed in oxidative addition reactions can be quite important 

since hydroxylic solvents may react with the acyl intermediate before reductive 

elimination can occur. Iodobenzene and tetracarbonylnickel(O), for example, 

form benzil in 80% yield in THF solution, whereas in methanol, methyl 

benzoate is produced in 60% yield (441) (see Scheme IX-2). 

[(<£CO)2Ni(CO)2] 

</>I + Ni(CO)4 [<£CONi(CO)2I] 

THF, 
—Nil2 <l>COCO<t> + Ni + 2CO 

XH3OH 

<£COOCH3 + [HNi(CO)2I] 

HI + Ni + 2CO 

Scheme IX-2. 

Maitlis has pointed out the effect of the basicity of the medium on the 

course of the reaction of an isolable chelation-stabilized alkylpalladium 

complex with carbon monoxide. In neutral or acidic methanol, carbon monox¬ 

ide insertion with cyclization by addition of the acyl group to a chelating 

double bond occurs, whereas in basic methanol solution (NaOCH3 added) 

the acyl insertion product undergoes alcoholysis forming an open-chain 

ester (442). The methoxide ion apparently attacks the acylpalladium inter¬ 

mediate more rapidly than the acyl complex cyclizes. 

Benzyl bromide reacts with tetracarbonylnickel(O) in dimethylformamide 

(DMF) solution to form 93% dibenzylketone and 4% dibenzyl (443). The 

differences in the types of products produced from the iodobenzene reaction 

are probably the result of the easier decarbonylation of the phenylacetylnickel 

intermediate rather than the solvent change. High yields of carboalkoxylation 

products are obtained from aryl and vinyl halides with tetracarbonylnickel 

and alkoxides (444). 

Amides are obtained from vinyl and aromatic halides with tetracarbonyl- 

nickel(O) in methanol solution in the presence of amines, tra«s-|8-bromostyrene 
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and pyrrolidine, for example, give an 82% yield of the tran.s'-cinnamamide 
derivative. 

^/ vn 

' *. O 

H 

<f> 

A commercial application of the oxidative addition-carbonylation reaction 
has recently been developed to prepare acetic acid from methanol and carbon 
monoxide with a rhodium(III) oxide-methyl iodide catalyst (445). The true 
catalyst has not been identified, but a good possibility is the iododicarbonyl- 
rhodium(I) dimer. The reduced rhodium catalyst likely reacts by oxidative 
addition with the methyl iodide catalyst. The methylrhodium compound 
then shifts the methyl to coordinated carbon monoxide and undergoes 
hydrolysis with the water formed in a subsequent reaction (or with the small 
amount present initially) to form acetic acid and a rhodium hydride. The 
hydride will lose hydrogen iodide which then can react with more methanol 
to reform methyl iodide and water and complete the cycle (see Scheme IX-3). 

\ /Br 
C=C + Ni(CO)4 + 

X XH 

H 
.Ns 

ch3oh 
60° 

H\ 
c=c 

</>/ XH 

II A 

/CNv 

[IRh(CO)a]„ + 2CO + CH3I 
co 

CO CO 

I 
[IRh(CO)a]2 + HI + CO 

HI + CH3OH ^ CH3I + HzO 

Scheme IX-3. 

d. Formation of Acyl Metal Complexes by Metal Hydride Addition and 
Carbony/ation 

Catalytic reactions very often involve metal hydride additions to olefins, 
acetylenes, dienes, or organic carbonyl compounds to form alkyl metal 
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derivatives. When carried out in the presence of carbon monoxide, acyl 

complexes are formed directly which then can give products by a variety of 

reactions of the types discussed in Chapter III, Section B. Typical of these 

are the various olefin carboxylation reactions. Octacarbonyldicobalt(O), for 

example, catalyzes the conversion of olefins into acids in aqueous acetone 

solution with about 100 atm of carbon monoxide at about 165°. Cyclohexene 

under these conditions gave an 86% yield of cyclohexanecarboxylic acid 

(446). Unsymmetrical olefins give mixtures of acids. The mechanism of the 

+ CO + h2o 
C02(CO)8 ^ 

COOH 

reaction almost certainly involves formation of hydridotetracarbonylcobalt(I) 

from the octacarbonyl and water. Then, an addition of the hydride to the 

olefin probably occurs, followed by a carbon monoxide insertion and 

hydrolysis. The proposed steps all can be demonstrated separately. The addi¬ 

tion of a concentrated solution of hydridotetracarbonylcobalt(I) to an excess 

of 1-pentene produces a 50:50 mixture of the 1- and 2-pentylcobalt complexes. 

These were isolated as the acyltriphenylphosphine derivatives formed by 

reaction of the initially formed products with one mole of the phosphine 

(447). Tetracarbonylacylcobalt complexes cun be obtained if the hydride 

additibn is carried out under carbon monoxide (Scheme IX-4). The hydrolysis 

Co(CO)4 

CH3(CH2)2CH=CH2 + HCo(CO)4 °° > CH3(CH2)2CHCH3 + CH3(CH2)4Co(CO)4 

P<2>3, 

COCo(CO)3P<£3 

CH3(CH2)2CHCH3 + CH3(CH2)4COCo(CO)3P<£3 

COCo(CO)4 

CO 

—cox 

CH3(CH2)2CHCH3 + CH3(CH2)4COCo(CO)4 

Scheme IX-4. 

of isolated acylcobalt compounds has not been carried out directly, but 

alcoholysis was demonstrated in the alkyl halide carboxylation described in 
Section A,l,a of this chapter. 

Nickel(II) iodide is also employed as a catalyst for the olefin carboxylation 

(448). The true catalyst is likely a hydride probably formed in two steps. 
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The first step could be a reduction of the nickel(II) iodide with carbon 

monoxide and water to tetracarbonylnickel and the second step an oxidative 

addition of hydrogen iodide .to tetracarbonylnickel with loss of two carbon 

monoxides. The hydride would then add to the olefin, a carbonylation could 

occur, and hydrolysis would produce the carboxylic acids. The carboxylation 
k • 

Nil2 + 5CO + H20 ■ 2HI + C02 + Ni(CO)4 

Ni(CO)4 + HI , 2CO + [HNi(CO)2I] 

CO 
[HNi(CO)2I] + CH2=CH2 , ' v CH3CH2Ni(CO)2I , 

—CO 

[CH3CH2CONi(CO)2I] H2° > CH3CH2COOH + [HNi(CO)2I] 

of norbornene with CH3CH2OD and tetracarbonylnickel using a little 

deuteroacetic acid as a catalyst gave the c/T-cw/odeuteroethyl ester and a 

little exo,exo-dinorbornylketone (449). The cis addition is consistent with a 

827„ 16% 

covalent 1:2 addition of the hydride. Several other transition metal catalysts 

are known to produce the olefin carboxylation also and presumably their 

reaction mechanisms are similar to the above. 

e. Formation of Acyl Complexes by Meta/ation and Carbonylation 

Metalation is not a very general reaction and, when it does occur, it is 

often not selective. These restrictions limit the usefulness of the metalation 

and carbonylation combinations to only a few special cases. The metalation 

reaction occurs easily and is selective only when coordinating groups are 

present. Presumably the effect is mainly the result of lowering the entropy 

of the reaction by the coordinating group holding the metal close to the 

position reacting. The effect is best known for aromatic metalation, but 

saturated aliphatic carbons also may react in some instances (see Chapter II, 

Section B). The subsequent carbonylation of the often relatively stable, 

metalated products has been successfully employed in only a few cases, 

but could be expected to occur with other metalated products as well. The 

chloro-o-phenylazophenylpalladium(II) dimer from azobenzene and palla¬ 

dium chloride (450), for example, undergoes carbonylation in methanol 

solution to give a 17% yield of 2-phenyl-1//-indazolone as the only isolable 

product (450, 451). This reaction possibly proceeds by way of an o-carbo- 

methoxy intermediate which also produces a hydridopalladium complex 



212 IX. Reactions with Carbon Monoxide and Organic Carbonyl Compounds 

capable of reducing the azo group. Once reduced, cyclization could occur. 

The possible intermediate can be isolated in the case of the carbonylation of 

tricarbonyl-2-phenylazophenylcobalt(I) in methanol (451). A catalytic version 

V 
N s \ 

N Co(CO)3 + CO + CH3OH 

V 
NH 

/ 
HN ,COOCH3 + [Co2(CO)8] 

of this reaction occurs between azobenzene and carbon monoxide, with 

octacarbonyldicobalt as catalyst, giving an indazolone as the product (452, 

453). Several other heterocyclic compounds have been prepared by similar 

reactions of different, easily metalatable aromatic compounds such as oximes 

(454), imines (453), hydrazones (where one nitrogen is lost) (455), nitriles 

(456), and even ortho-substituted phenols (457). 



A. Carbon Monoxide Reactions 213 

NNH ( •+ CO 

‘CN 

+ CO + h2 -^(-CO)?> 
240° 

2900 psi 

\ CH=N—CH2- 

Nonspecific metalation of aromatics without a coordinating group is also 

possible under vigorous conditions with palladium (Chapter II, Section B,5), 

but the reaction apparently has not been reported to occur in the presence 

of carbon monoxide. 

f. A/koxy-, Acyloxy-, and Chlorometalation with Carhony/ation 

The 1:2 addition of alkoxy, acyloxy, and halo metal groups to unsaturated 

organic compounds gives metal-carbon-bonded complexes which can react 

with carbon monoxide to form the acyl derivatives. Palladium compounds 

are the most useful in these reactions. Only in cases where chelating groups 

are present can intermediate adducts be isolated. A good example is the 

reaction of palladium chloride in methanol with 1,5-cyclooctadiene. The 

isolable methoxypalladation adduct with the second double bond chelating 

to the metal can be carbonylated in methanol solution in the presence of 

sodium acetate to neutralize the hydrogen chloride produced. The product is 

the tra/75'-2-methoxy ester indicating that the alkoxypalladation was trans 

since carbonylation and alcoholysis occur with retention (458). 

A catalytic example occurs when ethylene, carbon monoxide, acetic 

acid, and oxygen are reacted in the presence of catalytic amounts of palladium 

acetate, lithium chloride, cupric chloride, and acetic anhydride. The reaction 

produces 3-acetoxypropionic acid in 85% yield (315). The palladium acetate 
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+ CH3OH + Pd Cl 2 

,och3 
co 

CH3OH 
NaOAc 

+ Pd + 2HC1 

COOCH3 

apparently first adds to the ethylene and the adduct reacts with carbon 

monoxide. Reaction with acetic acid or reductive elimination could give 

hydridopalladium acetate and a mixed anhydride which exchanges with 

more acetic acid giving free 3-methoxypropionic acid and acetic anhydride. 

The palladium metal is then reoxidized to palladium(II) acetate with oxygen 

and the lithium chloride-cupric chloride catalyst. Water is a by-product of 

the reoxidation and it reacts with the acetic anhydride (see Scheme IX-5). 

If significant amounts of water were allowed to accumulate, acetaldehyde 

probably would be produced instead of 3-acetoxypropionic acid (see Chapter 

V, Section D,2). 

L 
L I 

CH2=CH2 + Pd(OAc)2 ; AcOCH2CH2PdOAc 
I 
L 

L 
I 

AcOCH2CH2COPdOAc 

L 

HOAc 
-> 

—L 

o o 

AcOCH2CH2COCCH3 + Pd 

o o 

AcOCH2CH2COCCH3 + HOAc 

Pd + f02 + HOAc 
CuCl2 
LiC! > 

H20 + Ac20 -> 

AcOCH2CH2COOH + Ac20 

85% 

Pd(OAc)2 4- H20 

2HOAc 

Scheme IX-5. 

g. Formation of Acyl Metal Complexes from Metal Carbonyls and 
Organic Anions 

Coordinated carbon monoxide is susceptible to nucleophilic attack and 

this reaction can be used to prepare some types of carboalkoxy or acyl 
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metal complexes which may then react further to produce totally organic 

products. Cationic complexes are particularly reactive. Tetracarbonylbistri- 

phenylphosphinemanganese(I) cation reacts with methoxide ion, for example, 

to form the carbomethoxymanganese complex (459). Neutral metal carbonyls 

» Mn(CO)4(P^)2+ + CH30- -* CH3OCOMn(CO)3(P^)2 

also react and form some useful reagents. Pentacarbonyliron(O) reacts with 

organolithium compounds to form tetracarbonylacyliron anions (431, 432, 

460). Apparently, these are the same compounds that are obtained from the 

reaction of tetracarbonylferrate dianion with acid chlorides. A similar reagent 

Fe(CO)5 + RLi -* [RCOFe(CO)4] Li + 

is obtained from tetracarbonylnickel(O) and organolithium compounds. This 

reagent readily adds to «,/3-unsaturated carbonyl compounds, producing 

after hydrolysis 1,4-diketones (461) (see Section 2,b below). A review has 

been written on carbamoyl and alkoxycarbonyl complexes, many of which 

are prepared by anionic attack on metal carbonyls (462). 

2. Carbonylation Reactions of Olefins 

a. Hydroformy/ation and Related Reactions 

The hydroformylation reaction was the first important homogeneous 

transition metal-catalyzed reaction to be discovered. Roelen discovered it 

in 1938, but publication of the results was delayed by World War II until 

1948 (463). The basic reaction is the conversion of olefins, carbon monoxide, 

and hydrogen under pressure with cobalt catalysts to aldehydes containing 

one more carbon than the starting olefin. Unsymmetrical olefins generally 

yield mixtures of mainly two aldehydes arising from addition of the elements 

of formaldehyde in both possible directions to the original double bond. 

CHO 

ch3ch=ch2 + CO + h2 ■ ---* ch3chch3 + CH3CH2CH2CHO 

The reaction is applicable to a wide variety of mono- and disubstituted 

olefins and it usually proceeds in high yield under the proper conditions. It 

is still an important commercial reaction. 

The mechanism of the hydroformulation reaction was not unraveled until 

1960, some 22 years after its discovery (447, 464). This was the first catalytic 

transition metal carbonyl reaction to be explained in detail and has formed the 

basis for much of the subsequent work in the area. The reaction was found 

to involve hydridotetracarbonylcobalt as the catalyst. Kinetic studies showed 

that the rate of aldehyde formation depended directly on the olefin, hydrogen, 
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and cobalt concentrations, but inversely on the carbon monoxide concentra¬ 

tion above about 10 atm, where the reaction is generally carried out (465, 

466). A study of reactions of possible intermediates suggested that three 

basic steps were involved: (1) an addition of the HCo(CO)4 to the olefin 

(two isomers may be formed from unsymmetrical olefins); (2) a 1:2 shift 

of the alkyl group from cobalt to coordinated carbon monoxide; and (3) a 

hydrogenolysis of the acylcobalt group. The carbon monoxide inhibition of 

the reaction arises because the reactive forms of the intermediates are co- 

ordinately unsaturated and carbon monoxide competes with the other 

reactants for the available coordination sites. The addition of HCo(CO)4 

to 1-pentene discussed in Section A,l,d above is inhibited by as little as 

1 atm of carbon monoxide, indicating hydridotricarbonylcobalt(I) is the 

actual reactant. Presumably, olefin coordination with the hydride is necessary 

before addition can occur. The dissociated carbon monoxide then must 

reassociate and form the tetracarbonylalkylcobalt intermediates. A shift of 

the alkyl to a coordinated carbonyl produces an unsaturated tricarbonylacyl- 

cobalt(I) complex. Carbon monoxide now competes with hydrogen for this 

unsaturated intermediate. If the tetracarbonylacyl species is formed, it 

apparently cannot be reduced until it dissociates again since small amounts 

of carbon monoxide greatly decrease the rate of reduction of isolated tetra- 

carbonylacylcobalt(I) complexes with hydrogen. The hydrogen probably 

reduces the tricarbonylacyl complex by first oxidatively adding to the cobalt 

and then one hydrogen shifts from cobalt to the acyl carbon, a reaction which 

also regenerates the active catalyst HCo(CO)3. Another source of CO 

inhibition exists in the catalyst formation reaction. Hydridotetracarbonyl- 

cobalt(I) readily loses hydrogen in a second-order decomposition, forming 

Co2(CO)8 Co2(CO)7 + CO 

Co2(CO)7 + H2 —.k [HCo(CO)3] + HCo(CO)4 

[HCo(CO)3] + CO --t HCo(CO)4 

[HCo(CO)3] + ch2 =ch2 
ch2=ch2 

HCo(CO)3 

[CH3CH2Co(CO)3] + CO CH3CH2Co(CO)4 7=~ 

[CH3CH2COCo(CO)3] + CO 7. v CH3CH2COCo(CO) 

- [CH3CH2Co(CO)3] 

[CH3CH2COCo(CO)3] 

[CH3CH2COCo(CO)3] + h2 

H 

CH3CH2COCo(CO)3 

H 

CH3CH2CHO + [HCo(CO)3] 
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octacarbonyldicobalt(O). The reverse reaction is inhibited by CO (467, 468). 

Which of the possible sources of CO inhibition is most important in a specific 

hydroformylation depends on reaction conditions, reagent concentrations, 

and olefin structure. * 
Acylcobalt complexes can also be reduced to aldehydes by HCo(CO)4 

,(464). Coordinately unsaturated species, probably the acyltricarbonyl, are 

apparently involved here also since CO inhibits the reduction. Presumably, 

an oxidative addition mechanism is involved where the hydride adds to the 

acylcobalt intermediate and a 1:2-hydrogen shift occurs to give aldehyde 

and [Co(CO)8]. It is unlikely that this reaction occurs to a significant extent 

o 
II 

RCCo(CO)3 + HCo(CO)4 

OH 
II I 

RCCo(CO)3 

- Co(CO)4 

RCHO + [Co2(CO)7] 

under hydroformylation conditions because it is second-order in cobalt 

complexes and the concentration of HCo(CO)4 should be very low. Not only 

is the total concentration of cobalt low, but the HCo(CO)4 is much lower 

because most of the cobalt will likely be present in the form of the other 

more stable and less reactive intermediate complexes. 

The stereochemistry of the hydroformylation reaction has been determined 

by reacting 3,4-di-O-acetyl-D-xylal with carbon monoxide and deuterium 

using Co2(CO)8 as catalyst. By carrying out the reaction at higher temperatures 

than required for the hydroformylation, the initially formed aldehydes are 

reduced to alcohols. The product contained deuterium and the deuterated 

carbinol group cis to each other indicating a cis addition of the hydride 

and CO insertion with retention (469). 

The reduction of aldehydes by hydrogen in the presence of carbon monoxide 

and Co2(CO)8 as catalyst to alcohols is commonly carried out during the 

hydroformylation reaction by employing higher temperatures than are 

necessary for the hydroformylation. The mechanism of this reduction 

probably involves addition of hydridotricarbonylcobalt(I) to the aldehyde 

(94a, 470) in either of two possible directions, followed by hydrogenolysis, 

by way of an oxidative addition of hydrogen, of the cobalt-oxygen- or 

cobalt-carbon-bonded intermediate (Scheme IX-6). Hydrogenolysis with 
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HCo(CO)4 appears less likely than with hydrogen in view of the probable 

low concentration of HCo(CO)4 in catalytic reaction mixtures. 

[HCo(CO)3] + RCHO— 

OCo(CO)3 ~ OCoH2(CO)3 
| 

RCH 
1 

H= ^ RCH 
1 1 

H 
1 

H 

\ 
RCH2OH + [HCo(CO)3] 

OH 1 
OH 

RCCo(CO)3 
1 

H2 ( 
RCCoH2(CO)3 

1 
H H 

Scheme IX-6. 

Reduction by way of the intermediate with the cobalt-oxygen bond is 

probably preferred, since formate esters are minor side products in the 

hydroformylation reaction and can be produced from aldehydes under 

hydroformylation conditions (471). Very probably, the intermediate in the 

formate ester reaction is the [HCo(CO)3]-aldehyde adduct which subsequently 

is carbonylated and hydrogenated. The products expected from carbonylation 

OCo(CO)3 
| 

OCo(CO)4 
| 

RCH + CO RCH 
| 1 

H 
1 

H 

OCOCo(CO)3 
I 

RCH 

H 

OCOCoH2(CO)3 

RCH 

H 

RCH2OCHO + [HCo(CO)3] 

and hydrogenolysis of the possible cobalt-carbon-bonded aldehyde-HCo(CO)3 

adducts, a-hydroxy aldehydes or 1:2-diols, have not been reported as side 

products. These results do not necessarily mean that that type of intermediate 

is not formed, however. It may only show that that intermediate does not 

undergo further carbonylation and hydrogenolysis under the usual conditions. 

The mechanism of the aldehyde reduction has been discussed in more detail 

in Chapter IV, Section D. 
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A carboalkoxycobalt complex of the type suggested as an intermediate 

in the formate formation reaction has been isolated by reaction of tetra- 

carbonylcobaltate anion with /-butyl hypochlorite followed by treatment 

with triphenylphosphine (60). 

o 
* II 

Co(CO)4- + (CH3)3COCl -* [(CH3)3COCo(CO)4] P*3-+ (CH3)3COCCo(CO)3P<£3 

As might have been anticipated from the discussion in Section A,l,c and 

earlier sections, the hydroformylation reaction may produce aldehydes not 

derivable "by simply adding the elements of formaldehyde to the double 

bond. Double-bond isomerization by hydride addition-elimination mechan¬ 

isms and isomerization of the acylcobalt intermediates as indicated in Section 

A,l,c may occur. The extent of the isomerization is generally quite dependent 

on reaction conditions. Most often isomeric aldehydes appear to be formed 

directly through n- to cr-complex rearrangements under the usual hydro¬ 

formylation conditions rather than through prior formation of isomerized 

olefins. This point is clearly illustrated in studies of the hydroformylation of 

optically active 3-methyl-1-hexene. Reaction of the olefin with carbon 

monoxide and hydrogen gives as expected the two optically active aldehydes 

formed by formylation in both possible directions of the double bond, but 

also small amounts of other isomers are formed. Particularly interesting is 

the product with the formyl group on the original 3-methyl group. In order 

for this product to form, the cobalt group would have to move past the 

chiral center. This aldehyde was found to be optically active and, therefore, 

could not have been formed by way of a free, isomerized and necessarily 

optically inactive olefin (472). The use of the 3-deutero olefin and determina¬ 

tion of the fate of the deuterium in the rearranged aldehyde showed that the 

reaction mechanism was consistent with a hydride addition-elimination 

sequence in which the olefin never left the metal during rearrangement. The 

cobalt-containing intermediates were all asymmetric and, therefore, gave 

optically active products. The 3-deutero group was transferred to the (initial) 

2-position in the product as expected from an elimination of metal deuteride 

followed by a readdition in the reverse direction (473) (see Scheme IX-7). 

The absence of aldehyde formed by carbonylation of the tertiary alkylcobalt 

intermediate is not surprising since it appears that under the reaction condi¬ 

tions elimination of hydride from such compounds is much more rapid than 

the shift of the tertiary alkyl group to a coordinated carbonyl group and 

products arise only from more stable intermediates (447). 

The equilibration of possible alkylcobalt intermediates in the hydroformyla¬ 

tion reaction may be complete or only partial, depending on reaction condi¬ 

tions and the olefin being reacted. Under fairly vigorous conditions 1- and 
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2-pentene give exactly the same mixture of hydroformylation products (474), 

whereas under milder conditions the same products are obtained but in 

different amounts, indicating equilibration is then incomplete (475). The 

cobalt group may move oven many carbon atoms in these reactions. The 

hydroformylation of oleic acid, for example, gives 20% 18-formylstearic 

£cid, where the cobalt in the original intermediate must have moved over 

eight carbon atoms (476). 

From the large number of hydroformylation reactions carried out it is 

clear that with linear olefins, 1- and 2-formyl-substituted products are usually 

much preferred over the other possible isomers. This probably occurs because 

the terminal olefin-HCo(CO)3 tt complex is favored over all the possible 

internal v complexes. The smaller steric interactions of the terminal olefins with 

the coordinated carbonyl groups probably account for the higher stability 

of the terminal complexes. 

The direction of addition of the metal hydride to the olefin from within the 

tt complex depends on both steric and electronic factors (cf. Chapter V, 

Section A). These factors are probably working in opposite directions in the 

hydridotetracarbonylcobalt addition. Sterically, the larger, ligated metal 

group would prefer to be on the least substituted carbon of the double bond, 

while electronically the cobalt group appears to prefer the more positive, 

more substituted carbon judging from the direction of addition observed 

with perdeuteropropylene as described in Chapter V, Section A,l. At 0° the 

addition of HCo(CO)4 to isobutylene produces nearly exclusively the tertiary 

cobalt alkyl showing that electronic effects now dominate the reaction. 

ch3 

CHa— C=CH2 + HCo(CO)4 -*• P<*3 ■» 

ch3 
I 

CH3CCOCo(CO)3P<£3 
I 

CHa 

u 
CH3OH 

(CH3)3CCOOCH3 

Under normal hydroformylation conditions, on the other hand, isobutylene 

yields 97% terminal formyl product and only 3% tertiary product (477). 

The tertiary cobalt alkyl is much less stable than the primary one. At higher 

temperatures its concentration is so low that very little product is formed 

from it, whereas at 0° both isomers are relatively stable. 

The direction of addition of triorganophosphine-substituted hydrido- 

carbonylcobalt complexes to olefins is significantly affected by the size of 

the phosphine group (478, 479). The use of tri-w-butylphosphine as the ligand 

produces 85% primary and 15% 2-substituted products from linear 1-olefins 

rather than the 60:40 mixture typical of the reaction without the phosphine 
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ligand present. Alcohols are produced rather than aldehydes since this 

catalyst reduces the initially formed aldehydes more easily than HCo(CO)4 

does. The effect on isomer distribution is probably mainly steric. The larger 

phosphine ligand makes the primary alkylcobalt adduct relatively more 

favorable than the secondary one because ligand interactions are smaller in 

the primary adduct. 

A variety of catalysts other than HCo(CO)4 are known which will catalyze 

the hydroformylation reaction. Some of these are Fe(CO)5 (480), [CpFe(CO)2]2 

(481), HMn(CO)5 (482), Ru3(CO)12 (483), Ir(CO)Cl(P<£3)2 (484), Rh2(CO)8 

(485), and HRh(CO)(P^3)3 (486). The last compound is of particular interest 

since it catalyzes the hydroformylation at 50° and at pressures under 100 psi, 

producing almost entirely linear aldehydes from terminal olefins. The 

mechanism of this reaction has been studied and the steps shown in Scheme 

IX-8 proposed (487, 488). The proposed mechanism is quite similar to that 

HRh(CO)(P<£3)3 

[HRh(CO)(P^)2] 

[HRh(CO)(P03)2] + P03 

^==± [HRh(CO)2(P^3)2] 

alkene alkene 

[HRh(alkene)(CO)(P<£3)2] [HRh(alkene)(CO)2(P<£3)2] 

CO 
[RRh(CO)(P<£3)2] --- [RRh(CO)2(P<£3)2] 

—CO 

[RCORh(CO)(P<£3)2] 

RCHO + [HRh(CO)(P<£3)2] *- [RCORhH2(CO)(P^3)2] RCORh(CO)2(P<£3)2 

Scheme IX-8. 

of the HCo(CO)4-catalyzed reaction except that two paths are proposed, 

one involving addition of a coordinately saturated hydride to the olefin and 

the other addition of an unsaturated hydride analogous to the cobalt reaction. 

The associative pathway is proposed to account for the lower specificity in 

hydroformylation between 1- and 2-alkene than is observed in catalytic 

hydrogenation with the same catalyst. The hydrogenation presumably occurs 
only by the dissociative route. 
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The hydroformylation of unsaturated esters may lead to lactone products 

if five- or six-membered rings can be formed and the reaction is carried out 

under conditions where the formyl group is reduced to the alcohol. The 

hydroformylation of methyl methacrylate at 250° and 200 atm pressure with 

octacarbonyldicobalt, for example, gives 42% hydrogenation to methyl 

isobutyrate and 51% 2-methyl-4-butanolactone (489). The lactone very 

CH3 

ch2=ccooch3 + co + h2 c°2(CO)8 > 

ch3 

H 

+ (CH3)2CHCOOCH3 + [CH3OH] 

probably was formed from the 3-formyl ester by reduction and cyclization. 

A similar reaction, but with isomerization, occurs in the hydroformylation 

of methyl 3-methyl-2-butenoate (489). Carbonylation does not occur at the 

tertiary carbon, but cobalt moves and produces the terminal aldehyde which 

is then reduced and cyclized. 

(CH3)2C=CHCOOCH3 + CO + h2 
Co2(CO)8 ^ 

H CH3 

89% 

Alken-3- and -4-ols normally rearrange mainly to aldehydes by a hydride 

addition-elimination sequence, or 1:3 hydrogen shifts, under hydroformyla¬ 

tion conditions, but if this is blocked by gem disubstitution lactones can be 

obtained. The highest yields are obtained in the absence of hydrogen (490). 

Presumably, an intermediate hydroxyacylcobalt species undergoes an internal 

displacement of tetracarbonylcobaltate anion by the hydroxyl or alkoxide 

group. In the reaction of 2,2-dimethyl-3-buten-l-ol with CO and Co2(CO)8 

as the catalyst, both five- and six-membered ring lactones are obtained 

because HCo(CO)3 addition occurs both ways to the double bond (see 

Scheme IX-9). The source of the hydrogen required to form HCo(CO)4 from 

Co2(CO)8 in this reaction is obscure. Presumably, dehydrogenation reactions 

occur and provide it. 

O 
II 

ch2=chcnh2 + CO 
Co2(CO)8 
->■ 

H 
i 

,N O 

200° 

81% 
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CH3 

HOCH2CCH==CH2 + CO + HCo(CO)4 ->■ 

ch3 o 
II 

ch3 ch3 
1 1 

1 II 
HOCH2CCH2CH2CCo(CO)4 

1 
+ HOCH2C-CHCOCo(CO)4 

1 
1 
ch3 ch3 

—HCo(CO)4 —HCo(CO)4 

chg ch3 -ch3 

ch3 h 

517o 
Scheme IX-9. 

Unsaturated amides likewise may form cyclic imides under vigorous 

hydroformylation conditions (491). The slightly basic amide nitrogen is 

presumably displacing the tetracarbonylcobaltate anion from the inter¬ 

mediate. 

b. Addition Reactions of Acyl Meta/ Complexes to Olefinic 

Compounds 

Covalent 1:2 additions of acyl metal complexes to carbon-carbon double 

bonds occur in a variety of transition metal reactions. The reaction of o- 

diphenylphosphinostyrene with pentacarbonylmethylmanganese(I) is a good 

example (492, 493). The initial step must be a methyl shift from manganese 

to coordinated carbon monoxide, followed by coordination of phosphorus 

in the o-diphenylphosphinostyrene to the metal. Carbon monoxide dissocia¬ 

tion probably then occurs and the olefinic double bond coordinates with the 

manganese. The acetyl group now shifts from mangenese to the coordinated 

olefinic group and addition occurs in both possible directions. The adduct 

with the terminal acyl group forms a coordinately saturated, isolable product 

by coordinating the acyl oxygen with the manganese. The adduct with the 

acetyl group on the benzyl carbon of the phosphine ligand very probably 

undergoes a hydride elimination next and readdition in the reverse direction 

to give a benzylmanganese derivative which can coordinate with the acyl 

group and form the other isolable product, a 7r-oxoallylmanganese complex. 

The last complex can be converted back to the “<T-oxoallyl” structure by CO 

under pressure at 70° (492) (Scheme IX-10). 
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CH3Mn(CO)5 * [CH3COMn(CO)4] 

CH=CH2* 

'P<j>2 

[CH3COMn(CO)4] + 

jjf H2 COCH3" 

HC \ / 
xMn(CO)3 

I 
P<*2 

coch3 

-P—Mn(CO)4 
-CO 

CO 

CH3 

ch2 o 

H—C—Mn(CO)3 

'P<^2 

O H pii 
II 

CH3C—C Mn(CO)3 

P^2 

O H CH2 
II 1/ \ 

CH3C—C .MnfCOJj 

P<^2 

r o 

CH C .CH2 H 

’%% / 
Mn(CO)3 

'P<f>2 

L 

ch3 

CO 

ch3 

CO 
I 

CH3—C—Mn(CO)4 

**2 

Ketones are sometimes formed in small amounts in hydroformylation 

reactions. They may become major products if the hydrogen concentration 

is reduced to a low level. This reaction goes particularly well with ethylene. 

In one reported reaction a low concentration of hydrogen is provided by 

the slow in situ dehydrogenation of tetralin. This procedure produces diethyl 

ketone in 93% yield (494). A similar reaction has been carried out with 
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Co2(CO)8 
350° 

O 

II 
ch3ch2cch2ch3 + 

93% 

Rh203 as catalyst and isopropanol as the hydrogen source (495). An analo- 

OH 

ch2=ch2 + CO + ch3chch3 
Rh2p3 ^ 

175° 

o o 
II II 

ch3ch2cch2ch3 + ch3cch3 

90% 

gous, cyclic reaction occurs when 1,4-hexadiene and similar nonconjugated 

olefins are hydroformylated (496, 497). 

o 

CH2=CHCH2CH=CH2 + HCo(CO)4 

22% 

The mechanisms of these reactions appear to involve acyl metal additions 

to olefinic double bonds. Cyclic ketones are obtained if the acyl metal group 

and the double bond are in the same molecule. The cyclization can be 

demonstrated with isolated unsaturated carbonylacylcobalt(I) complexes. A 

series of w-unsaturated acyl complexes with three to eight carbon acyl 

groups has been prepared and the reactions of each member on heating were 

studied. All were prepared from acid chlorides and sodium tetracarbonyl- 

cobaltate (498). The first member of the series, the acrylyl compound, exists 

at 0° under 1 atm of CO as the cyclic v complex, tricarbonyl-Tj--acrylylcobalt(I). 

This complex is unstable and polymerizes easily on warming. Triphenyl- 

phosphine reacts with it at 0° to form the acyl a complex. On isolation at room 

temperature the triphenylphosphine complex loses carbon monoxide and 

reforms the tt complex. 

ch2 

CH2=CHCOCl + NaCo(CO)4 ^ > HC ^Co(CO)3 P*3 > 

C 

o 

o 
ch2 

CH2=CHCCo(CO)3P^3 
25° 

-> HC Co(CO)2P<£3 + CO 

xcx 

o 
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The next member of the series exists only as an acyl a complex at 0°. 

On warming, two carbon monoxide molecules are lost and tricarbonyl-7r- 

allylcobalt(I) is formed. Tile third member of the series, the 4-pentenoyl 

II „ 2 
* CH2=CHCH2CCo(CO)4 —5°- > 2CO + He' '';Co(CO)3 

ch2 

complex, cyclizes to the n complex at 0°, but the acyl group apparently 

cannot add to the internal double bond. There is probably too much strain 

for the olefin and acyl groups to get close enough to react. On warming, this 

complex also loses carbon monoxide and forms tricarbonyl-l-methyl-ir- 

allylcobalt(I). An internal hydride elimination and readdition probably are 

involved. 

,CH2 

HC' ':Co(CO)3 + CO 

XCH 

ch3 

The next homolog, the 5-hexenoylcobalt complex, exists at 0° under 1 atm 

of carbon monoxide as the cr complex. When the temperature is raised, internal 

addition of the acyl group to the double bond occurs, presumably by way of 

the olefin n complex. The cyclization produces both five- and six-membered 

ring products. These then undergo a disproportionation giving a mixture of 

saturated and unsaturated ketones and cobalt(O) carbonyls. Hydridotricar- 

bonylcobalt elimination probably occurs and this hydride then reduces the 

unreacted, cyclized cobalt derivatives to form the saturated ketone. Approxi¬ 

mately half of the product (54%) was the saturated ketone, 2-methylcyclo- 

pentanone, as this mechanism would predict. Part of the unsaturated ketone 

was lost. 2-Methylenecyclopentanone polymerized partially; 16% also re¬ 

arranged to the more stable 2-methyl-2-cyclopentenone. Only 8% of a six- 

membered ring product, 2-cyclohexenone, was found. Tetracarbonyl-6- 
heptenoylcobalt also cyclizes on warming, but in lower yield, to give a mixture 

of ketones. Other products are 77-allylic cobalt complexes. 

The formation of cyclic ketones in the hydroformylation reaction of 1,4- 

or 1,5-dienes, therefore, probably occurs by way of a hydridotricarbonyl- 

cobalt addition to one of the double bonds. The alkyl group then shifts to 

coordinated carbon monoxide and a cyclization takes place with addition 

of the acylcobalt group to the remaining double bond. In the presence of 

hydrogen, the easily reduced unsaturated ketones would be hydrogenated. 
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CH2=CH(CH2)3COCo(CO)4 

^/ch=ch2 

(CH2)3 Co(CO)3 

xr 
II 
o 

/ \^Co(CO)3 

o 

+ [HCo(CO)3] 

8% 

+ [HCo(CO)3] > 

+ [Co2(CO)e] 

* polymer + 

16% 

A related cyclization has been reported to occur when ethylene is heated 

with carbon monoxide and dichlorobistriphenylphosphinepalladium(II) as 

catalyst (499). The reaction produces a mixture of two isomeric unsaturated 

lactones which differ only in the position of the double bond. The reaction 

can be explained on the basis of a hydridopalladium addition to ethylene 

followed by an addition to CO forming a propionylpalladium complex. An 

addition of the propionylpalladium group to another ethylene followed by 

a second addition to CO and cyclization by addition of the acylpalladium 

group to the /3-ketone carbonyl (placing acyl on oxygen and palladium on 
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carbon) would give a palladium-substituted lactone. An elimination of the 

starting hydride in both possible directions would then give the two observed 

products and complete the catalytic cycle (Scheme IX-11). 

A similar addition of iododicarbonylbenzoylnickel(II) to olefins probably 

is an important step in the formation of unsaturated ketones, saturated 

ketones, and unsaturated 4-lactones from the reaction of iodobenzene with 

olefins and tetracarbonylnickel(O) (500). The reaction differs from the above 

palladium reaction only in the way the first organometallic reagent is obtained 

and by the fact that more hydride elimination and reduction occurs in this 

case before cyclization (Scheme IX-12). 

*1 + Ni(CO)4 feNi(CO)ai] ;=± 
o 

II 
<£CNi(CO)2I 

RCH=CH2 a 

’ o R CO O R O 
II 1 II 1 II 

L<£CCH2CHNi(CO)2I <£CCH2CHCNi(CO)2I 

—HNi(CO)2I 

II II 
<£CCH=CHR <£CCH2CH2R 

Scheme IX-12. 

Anionic tricarbonylacylnickel complexes will also add to a,£-unsaturated 

carbonyl compounds to form complexes which on hydrolysis and oxidation 

of residual nickel carbonyl with iodine give 1,4-dicarbonyl compounds, often 

in high yield (461). The structure of the intermediate has not been established. 
Possibly it is a 7r-oxoallylnickel complex. 

o 

RLi + Ni(CO)4 -* [RCONi(CO)3] ~ Li+ 

Li" 
—C—C—C—R' 

I 
R—C 

II 
O 

C=C—CR' 
/ I 

O o 

Ni(CO)3 
HoO 

* RC—C—C—CR' + Nil2 + CO + Lil 
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c. Dicarboxylation Reactions 

Several types of alkoxyparbonyl metal complexes have been isolated, but 

none of these are known to add to olefins or acetylenes. An unisolable 

“methoxycarbonylpalladium acetate” prepared by an exchange reaction of 

methoxycarbonylmercuric acetate with palladium acetate does add, however. 

The adducts generally decompose rapidly by eliminating (probably) “hydrido- 

palladium acetate,” thus producing a methoxycarbonyl derivative of the 

olefin (194). If this reaction is carried out in the presence of carbon monoxide 

Pd(OAc)2 + CH3OCOHgOAc — 

L 
I 

CH3OCO PdOAc 
+ Hg(OAc)2 

L 

r L 
L L — 

1 
HPdOAc 

CH3OCOPdOAc 
I 

+ CH3(CH2)2CH=CH2 -* 

| 

LPdOAc 
| 

L L J 

L CH3(CH2)2CHCH2COOCH3 

CH3CH2CH=CHCH2COOCH3 + CH3CH2CH2CH=CHCOOCH3 

43% 30% 

at low pressure (30 psi) and methanol, 1,2-dicarboxylate esters are formed. 

The intermediate methoxycarbonylpalladium complex apparently reacts 

with carbon monoxide faster than it decomposes by hydride elimination and 

forms a carbomethoxyacylpalladium complex which then alcoholyzes to the 

1,2-diester (501). The same reaction occurs in 25% yield without adding 

L 
1 

L 

1 
CH3OCOPdCl 

1 

_l_ iru riT L—PdCl 
1 

1 —V/1I2 

L <£CHCH2COOCH3_ 

L 

L—PdCl 

c=o 
I 

_ <£CHCH2COOCH3_ 

ch3oh 

—[HPdL2OAc] 

COOCH3 
I 

^CHCH2COOCH3 

60% 

carbomethoxymercuric chloride to the reaction mixture. Apparently, the 

carbomethoxypalladium complex can be formed directly from palladium(II) 

chloride, CO, and methanol. The reaction is much improved if a molar 

L 
PdCl2 + CH3OH + CO * HC] + CH3OCOPdL2Cl 
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equivalent of mercuric chloride (relative to the palladium chloride) is present. 

Although mercuric chloride (in contrast to the acetate), CO, and methanol 

do not react by themselves, in the presence of olefin and palladium chloride 

they apparently do and form the carbomethoxypalladium complex. Styrene 

under these conditions gives an 87% yield of the dicarboalkoxylated olefin 

along with 11% methyl cinnamate. A similar reaction with cyclohexene 

yields 52% trans methyl 2-methoxycyclohexanecarboxylate and only 6% 

cA-l,2-cyclohexanedicarboxylate. Methanol probably can attack coordinated 

carbon monoxide to form the carbomethoxy derivative or attack coordinated 

olefin and form a 2-methoxyethylpalladium derivative. Addition of the 

intermediates to carbon monoxide and alcoholysis would give the observed 

products. A cis addition of the carbomethoxypalladium group, CO insertion 

with retention, and methanolysis would give the observed cis isomers. Trans- 

methoxypalladation of the olefin would be expected by an external attack 

of methanol and the observed rra/iy-methoxy ester would be obtained. 

Whether both of these reactions occur with a single complex such as 

dichlorocarbonyl-77--olefinpalladium(II) or with two different complexes, one 

containing CO and the other the olefin, is not known. A possible mechanism 

employing a single complex is shown in Scheme IX-13. 

The dicarboxyalkylation of internal straight-chain olefins is not as specific, 

particularly with cA-olefins. While dicarbomethoxylation of trans-3-hexene 

yields 50% of the ( + )-diester with little of the meso isomer or methoxy 

ester being formed, c/.y-3-hexene yields 16%, methoxy ester, 5% meso-diester, 

and 30% (±)-diester (501). 

The olefin dicarboalkoxylation may be carried out catalytically under 

pressure at 85° with cupric chloride and oxygen as reoxidants for the palla¬ 

dium (502). 

3. Carbonylation Reactions of Dienes and Allenes 

Carbonylation of 1,4- and 1,5-dienes often leads to cyclic products. The 

formation of cyclic ketones from 1,4- and 1,5-dienes and HCo(CO)4 has 

already been mentioned in Section A,2. The high pressure reaction of 1, 

4-pentadiene with carbon monoxide and diiodobistri-n-butylphosphinepalla- 

dium(II) in THF solution gave three cyclic products: 2-methyl-2-cyclo- 

pentenone and two isomeric bicyclic lactones, but only in 4%0 yield (503). 

CH2=CHCH2CH=CH2 + CO 
(n-Bu3P)2PdI2 ^ 

200°, 1000 atm 

o- 

+ 

o 
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Scheme IX-13. 
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The true catalyst in this reaction is probably a palladium hydride such as 

hydridoiodobistri-n-butylphosphinepalladium. The hydride likely first adds 

to one of the diene double bonds, putting palladium on a terminal carbon 

atom. A carbon monoxide insertion could follow and then a cyclization by 

addition of the acylpalladium group to the second double bond to form a 

2-palladacyclopentanone complex. This compound then may eliminate metal 

hydride, undergo double-bond migration, and form 2-methyl-2-cyclopen- 

tenone, or it may undergo another CO insertion. If the last possibility occurs, 

the new acylpalladium derivative may now form a second ring by an internal 

addition of the acylpalladium group to the ketone group placing acyl on 

oxygen and palladium on the cyclopentane ring. A final elimination of the 

hydridopalladium catalyst in either of two possible directions would give the 

two isomeric lactone products (Scheme IX-14). 
The same reaction in methanol solution produces about 10% 2-carbo- 

methoxymethylcyclopentanone and some methyl 5-hexenoate (504). Methanol 

intercepts most of the first acylpalladium complex before it cyclizes. Higher 

yields of the cyclic product are obtained with 1,5-hexadiene. The carbonyla- 

tion of 1,5-cyclooctadiene even in methanol solutions with diiodobistri- 

«-butylphosphinepalladium(II) produces a 45% yield of a bicyclo[4.2.1] 

nonenone along with 30% dimethyl cyclooctanedicarboxylate isomers and 
1,3- cyclooctadiene (505). 

+ CO + 

COOCH3 

V 

XOOCH, 

30% 

Similar catalytic cyclizations occur with some nonconjugated dienes and a 

tetracarbonylnickel-hydrogen chloride catalyst (506). Hydridochlorodicar- 

bonylnickel(II) presumably first adds to the olefin. A shift of the alkyl group 

to a carbonyl could then occur followed by an internal addition to form 

cyclic ketone derivatives. The nickel groups are probably finally lost by 

reaction with hydrogen chloride rather than by hydride elimination. 

CH2=CHCH2CH2CH=CH2 + Ni(CO)4 + 2HC1 -> 

45.5% 24.5% 
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Conjugated dienes under similar conditions in methanol solution with a 
palladium catalyst produce largely /3,y-unsaturated esters probably by way 
of a -jT-allylic intermediate (507). The reaction probably involves the mono- 

(rt-BllnP)oPdl2 

CH3CH=CHCH=CH2 + CO + CH3OH * —> ch3ch2ch =chch2cooch3 
150 , 1000 atm 

34% 

hydride derivative of the catalyst, as above, which adds to the diene to produce 

a 7r-allylicpalladium complex. Carbonylation followed by alcoholysis would 

then be expected to produce the observed product. 

CH3CH=CHCH=CH2 + [HPd(I)(P-n-Bu3)2]- 

CH2CH3 
I 

,C—H // \ 
// N /> N 

HCs 'Pd(I)(P-n-Bu3) 
\x * \\ / 

VCH2 

CO, P-/1-BU3 o 
II 

CH3CH2CH=CHCH2CPd(I)(P-n-Bu3)2 

O 
II 

CH3OH 

CH3CH2CH=CHCH2COCH3 + [HPd(I)(P-n-Bu3)2] 

An analogous reaction carried out in the absence of halide ions allows the 

coupling of two butadiene units to occur before CO insertion takes place 

and high yields of 3,8-nonadienoate esters can be obtained (508, 509). An 

intermediate octadienediylpalladium phosphine complex is probably formed. 

A possible mechanism is given in Scheme IX-15. The cis j8,y-double bond 

c2hsoh ^ 

Scheme IX-15. 

96% 
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could be isomerized by an internal hydride addition and elimination reaction 

of the third intermediate but the stereochemistry has not been established. 

Allene has been carbonylated in methanol solution at 140° and 1000 atm 

with a nonacarbonyldiruthenium catalyst and 18% methyl methacrylate and 

79% dimethyl 2-methylene-4,4-dimethylglutarate were obtained (510). Under 

slower CO pressure (300 atm) 507o methyl methacrylate was produced. The 

ch2=c=ch2 + CO + CH3OH 
Ru2(CO)9 

ch3 ch3 ch2 j 

ch2=ccooch3 + CH3OCOCCH2CCOOCH3 
I 
ch3 

mechanism of this reaction probably involves a ruthenium hydride addition 

to the allene, putting ruthenium on the central carbon, then CO insertion, 

and methanolysis to produce methyl methacrylate. The other product may 

be formed by an addition of the ruthenium hydride to the methyl methacrylate 

to give the tertiary ruthenium alkyl which then could add to allene and 

carbon monoxide and undergo alcoholysis. The formation and reaction of a 

tertiary alkyl under these conditions would be unusual and this mechanism 

must be considered speculative until more information is obtained. The 

exact catalyst reacting is also not clear (Scheme IX-16). 

\ 1 ch3 
1 1 , 

— Rh—H + ch2=c=ch2 -> 1 / 
/ I CH2=C—Ru — 

L 1 \ J 
co 
_Sw 

ch3 o 

ch2=c- 
II I / 

-CRu — 
I \ 

CH3OH 

ch3 o 

ch2=c—coch3 + 
I / 

HRu— 
I \ 

ch3 ch3 ch2 
1 1 / c3h4 1 / 

CH3—C—Ru — ->■ CH3—C—CH2—C— Ru — 

1 1 X 1 lX 
cooch3 cooch3 

ch3 ch2 
I II I / 

CH3—C—CH2CCORu— 

I l\ 
cooch3 

CH30H 
-> 

ch3 ch2 

I II 
CH3CCH2CCOOCH3 + 

cooch3 

1/ 
HRu— 

l\ 

Scheme IX-16. 
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An interesting synthesis of muscone, a fifteen-carbon cyclic ketone, has 

been achieved from dodecatrienediylnickel, allene, and CO (511). 

4. Carbonylation Reactions of Acetylenes 

a. Carbon Monoxide-Acetylene Reactions 

A wide range of products has been obtained from transition metal complex 

reactions with acetylenes and carbon monoxide. The most versatile reactions 

have been found to occur with iron and cobalt carbonyls. Iron has yielded 

at least 20 types of complexes, while cobalt has given about ten (512). The 

structures of most of these complexes have been definitely established but 

still much remains to be learned about their mechanisms of formation. All 

the different types of complexes are not obtained in a single reaction, but 

simpler mixtures are commonly obtained. Many of the complexes can be 

obtained under the appropriate reaction conditions with the proper reactants, 

in reasonable yields, however. 

The formation of cyclobutadiene tt complexes from two acetylene units 

has already been mentioned (Chapter VII, Section C). If the probable inter¬ 

mediate in this reaction, the metalacyclopentadiene, reacts with coordinated 

carbon monoxide, a cyclopentadienone it complex results. This reaction 

apparently occurs when hexafluoro-2-butyne reacts with chlorodicarbonyl- 

rhodium(I) dimer and CO. The n complex is unstable and the tetrakistri- 

fluoromethylcyclopentadienone is replaced by more acetylene and CO, 

allowing the reaction to proceed catalytically (513). A similar complex is 
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CF3C=CCF3 + [(CO)2RhCl]2 =4--F 

cf3 cf3 

V—r CO 
|—C\ / 

Rh-—Cl 
I / \ 
c=c co 
/ I 

Lcf3 cf3 

Cl 

CO 

cf3o==ccf 

cf3 cf3 
\ / co 
C=CX /CO 

Rh—Cl 

c=c/ Vn 
/ \ CO 

CF3 cf3 

O 

^cf3 

"cf3 

formed when diphenylacetylene (or another acetylene) is irradiated with 

pentacarbonyliron(O). Several other complexes are also produced at the 
same time in this reaction (514, 515). 

o 

0CebC<£ + Fe(CO)5 
hv 

(CO)3 

CeH„ 
-Fe(CO)3 + 

Fe 

v \ 

+ 

Fe 
(CO)3 

The fourth product above is also a possible precursor of the cyclopenta- 

dienone complex. This type of complex may be formed as an intermediate 

when 2-butyne is irradiated with Fe(CO)5 and tricarbonyl-77-tetramethyl- 

quinoneiron(O) is obtained (516). Another type of iron complex could also 

Fe(CO)s + CH3C=CCH3 

be an intermediate in the quinone formation. This is a maleoyliron carbonyl. 

One complex of this type has been obtained in two steps from the reaction 

of acetylene with NaHFe(CO)4. The binuclear complex obtained has a 
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succinoyl unit in the bisenol form and the two enol double bonds are v- 

complexed with the second iron atom. Oxidation of the complex with ferric 

ion yields the mononuclear maleoyl derivative (517-520). Reaction of the 

last complex with another acetylene molecule could give the quinone complex. 

HC=CH + NaHFe(CO)4 

OH 

I 
OH 

Fe3 + 
-»- 

< 
Fe(CO)4 

Often attempts to react isolated, presumed intermediate iron complexes 

further with acetylenes and CO to form other complexes fails. This does not 

necessarily mean that complexes of the type isolated are not intermediates 

but that CO dissociated forms or forms with different ligands in place of CO 

(such as acetylenic units) are the true intermediates. These intermediates 

apparently are not readily reformed from the isolated complex in such cases, 

under the normal reaction conditions. 

A catalytic synthesis of hydroquinone from acetylene, carbon monoxide, 

and water using dodecacarbonyltriruthenium as catalyst has been discovered. 

Hydroquinone was obtained in 63% yield based on the acetylene used (521). 

Presumably, the intermediate in the reaction is similar to one of the iron 

complexes mentioned above. Reaction with water then occurs forming C02 

and a hydride which reduces the probable, initially formed quinone to 

hydroquinone. 

2HC=CH + 2CO + HaO 
200°, 120 atm 

Ru3(CO)12, THF 

OH 

OH 

+ co2 

Cycloheptatrienone v complexes of iron have also been obtained from 

acetylenes and iron carbonyls. For example, nonacarbonyldiiron(O) and 

acetylene at 22 atm form tricarbonyl-n--cycloheptatrienoneiron(O) in 28% 

yield (522). Oxidation of the complex with ferric chloride produces cyclo¬ 

heptatrienone in 70% yield. In the cycloheptatrienone complex only two 

of the three olefinic bonds are 7r-complexed with the iron, as the inert gas 

rule would predict, since one double bond can be reduced catalytically to 

give an isomeric mixture of two cycloheptadienone iron complexes (522). 
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(CO)3 

The intermediate in the cycloheptatrienone formation may be of the type of 

the fourth complex obtained in the pentacarbonyliron-diphenylacetylene 

reaction mentioned above, where a ferracyclohexadienone complex is formed. 

Addition to the third acetylene and reductive elimination could produce the 

cycloheptatrienone complex. 

Phenylacetylene and dodecacarbonyltriiron(O) also react at 85° to form 

cycloheptatrienone complexes. A mixture of two isomeric 2,4,6-triphenyl- 

cycloheptatriene v complexes with tricarbonyliron are formed which differ 

only as to which two conjugated double bonds are coordinated with the iron 

atom (523). Treatment of the complexes with triphenylphosphine liberates 

2,4,6-triphenylcycloheptatrienone in high yield, while pyrolysis generates 

<6QeeCH + Fe3(CO)i2 -* 

2,4,6-triphenylbenzene in 50% yield. The carbonyl group is probably ab¬ 

stracted in the pyrolysis because of the need for the iron atom to retain this 

ligand to compensate partially for the loss of the other three (olefinic) ligands. 
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Octacarbonyldicobalt reacts with acetylenes quite differently from penta- 

carbonyliron and readily forms hexacarbonylacetylenedicobalt(O) complexes 

(Chapter VII, Section A). At 75° and under 210 atm of carbon monoxide the 

last compound forms a binuclear complex with CO and y-lactone-bridging 

groups (524, 525). At a higher temperature octacarbonyldicobalt catalyzes a 

H—C-C=0 

h-Ac-° 
OC / \ CO 

r.n ro \ / \ / 
Co2(CO)8 + HC=CH ~co> (CO)6Co2C2H2 -► OC—Co-Co—CO 

OC \ / CO 

c 

o 

reaction between acetylene and carbon monoxide forming a cis-trans mixture 

of an eight-carbon dilactone with three double bonds, a dimer of the lactone 

ligand in the complex just mentioned, in 707o yield (526). When carried out 

HC=CH + CO 
90°.Co2(CQ)8) 

950 atm V°' + 

-o'-'Ns 
V-°' 

,c> ,o 

with an excess of acetylene, the reaction produces a cis-trans mixture of a 

ten-carbon dilactone with four double bonds, in modest yield (527). The 

HC=CH + CO 
Co2(CO)e , 

" o^N o 
H 

+ o O 

H 

mechanisms of these reactions probably involve as the first step conversion 

of hexacarbonylacetylenedicobalt into a maleoylbiscobalt derivative with 

carbon monoxide. The number of CO molecules absorbed in a stepwise 

manner could be from two to four with the three CO complex probably 

being required for the next step. This complex in the form with two acyl 

and seven coordinated carbonyl groups could undergo an intramolecular 

addition of one of the acylcobalt groups to the other acyl carbonyl and 

produce the y-lactone structure. The two cobalt atoms are now on the same 

carbon atom of the lactone ring and could easily form a cobalt-cobalt bond 

with a bridged carbonyl group to give the dicobaltlactone intermediate. To 

produce the dilactone product, this intermediate must undergo a CO inser¬ 

tion, breaking the cobalt-cobalt bond again. A subsequent acetylene insertion 

and another CO insertion would form a new acylcobalt species with a £- 

carbonyl group which can cyclize again to form a bislactone derivative. The 
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last complex then needs only to eliminate Co2(CO)7 in a cis or a trans manner 

to produce the two dilactone products. The Co2(CO)7 may then react again 

with acetylene (528) and start the catalytic cycle over or reversibly react with 

CO to form Co2(CO)8 (529) (Scheme IX-17). 

The same type of reaction occurs with propyne, forming a dimethyl 

*dilactone, where the additions to the triple bond occur in both instances to 

place the acyl group on the substituted acetylenic carbon (530). 

CH3C=CH + CO 

These reactions illustrate three general conclusions which can be drawn. 

(1) With comparable concentrations, additions of cobalt-carbon groups to 

carbon monoxide are faster than additions to acetylenes; (2) two carbon 

monoxide groups are never inserted next to each other; and (3) cyclization of 

acylcobalt complexes with /3-carbonyl groups to form y-lactone derivatives 

is a very favorable reaction. If this were not the case, alternating acetylene- 

carbon monoxide polymers would have been formed. These conclusions 

likely also apply to transition metals other than cobalt. 

b. Carbonylation Reactions of Acetylenes in Hydroxy He Solvents 

The acetylene-carbon monoxide reactions can be terminated by hydrolysis 

or alcoholysis of acyl intermediates if water or hydroxylic compounds are 

present in the reaction mixture. The octacarbonyldicobalt-catalyzed reaction 

of acetylene and carbon monoxide produces a 60% yield of succinic acid 

rather than the lactone products described above, if water is used as the 

solvent. Probably, the maleoylbiscobalt intermediate undergoes hydrolysis 

to maleic acid, which is then reduced to succinic acid by the hydridotetra- 

carbonylcobalt(I) also formed in the hydrolysis. A minor amount of cyclo- 

pentanone is also produced. A w-cyclopentadienonecobalt intermediate from 

4CO 
Co2(CO)e + HC=CH -» Co2(CO)6C2H2 , 

o o 

(CO)4CoCCH=CHCCo(CO)4 HOCOCH=CHCOOH + 2HCo(CO)4 * 

HOCOCH2CH2COOH + Co2(CO)8 

two acetylenes and one carbon monoxide is probably being reduced by 

HCo(CO)4 to form this product (531). 



Co2(CO)8 + HCeeeCH 

r° 
,o 

(CO)4Co Co(CO)3 

H\ /H 
c=c 

/ \ 
(CO)4Co—c ,c 

co 
-co 

O c/ \o(CO)3 
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\ / 

c \ 
h—c; ;co(co)3 

V 
ii 
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o 

(CO)sCo-Co(CO)3 
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r o 

(CO)4Co 

o 

c=o 
I 
Co(CO)3 

HC=CH 

= o 

(CO)4Co c=o 

H\/ 

c 
NCo(CO)3 

co 
-co 

1 O |L -T° “ 

"X0 
-y 

(CO)4Co c=o (CO)4Co 

H / 
\ / 
c Co(CO)3 

f O 
C Co(CO)3 1 Ln 

H C 
II 
o 

[Co2(CO)7] 

o 

[Co2(CO)7] + CO Co2(CO)e 

Scheme IX-17. 
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A much more complicated mixture of products is obtained when methanol 

is used instead of water. The major product is dimethyl succinate, but signifi¬ 

cant amounts of methyl acrylate, 2-cyclopentenone, dimethyl maleate, 

1,1,2-tricarbomethoxyethane, and dimethyl 4-oxoheptanedioate are also 

produced (532). The succinate and maleate esters and the cyclopentenone 

are probably formed as in the hydrolysis reaction with alcoholysis replacing 

hydrolysis. An addition of hydridotetracarbonylcobalt to acetylene followed 

by carbonylation and methanolysis probably produces the methyl acrylate. 

The carbonylated hexacarbonylacetylenedicobalt intermediate may also 

react with a second acetylene and then undergo further carbonylation, 

methanolysis, and finally hydrogenation with HCo(CO)4 to form the dimethyl 

4-oxoheptanedioate. The 1,1,2-tricarbomethoxyethane may arise from an 

O O 
II II 

(CO)4CoCCH=CHCCo(CO)4 

o 

+ HC=CH + CO 

O O 
ch3oh 

(CO)4CoCCH=CHCCH=CHCCo(CO)4 _HCo(CO)4~* 

o o 
HCo(CO)4 

CH3OCOCH=CHCCH=CHCOOCH3 -C02(CO)8 CH3OCOCH2CH2CCH2CH2COOCH 

HCo(CO)3 addition to dimethyl maleate followed by carbonylation and 

methanolysis. 

A synthesis of acrylic acid or esters occurs in much higher yield when 

acetylene, CO, and water or alcohols are reacted under pressure at elevated 

temperatures with a nickel iodide catalyst (533). Modifications of this reaction 

are still used for the commercial preparation of some acrylic compounds. 

HC=CH + CO + ROH NiIa > CH2=CHCOOR 

Similar stoichiometric reactions occur under milder conditions when acety¬ 

lenes and tetracarbonylnickel(O) are reacted in acetic acid solution. The 

carboxyl group adds to the substituted carbon of terminal acetylenes and 

cis addition of the hydride and carboxyl group is observed with disubstituted 

acetylenes (534, 535). 

The mechanism of the nickel-catalyzed carboxylation very likely involves 

hydridonickel species which add to the acetylenes, undergo carbonylation, 

and then hydrolyze. The hydride in the nickel iodide case must be formed by 

reduction, whereas in the tetracarbonylnickel case it is probably formed by 

oxidative addition of acetic acid to coordinately unsaturated tricarbonyl- 

nickel(O). 
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COOH 

ch3ch2c=ch + CO + h2o > ch3ch2c=ch2 

45% 

CH3(CH2)5C=CCH3 + CO + h2o 

HOOC 

HOAc 

Ni(CO>4 

H H COOH 

C=C + /C=C\ 
CHafCH^7 XCH3 CH3(CH2)5 CH3 

v 
32% 

Nila + 3CO + 2CH3OH -(CH3)2C03 + [HNi(CO)2I] + HI 

Ni(CO)4 + HOAc -* 2CO + [HNi(CO)2OAc] 

[HNi(CO)2X] + RC=CR 
H 

R 
C=C 

/Ni(CO)2X~ 

^R 

CO 

H 
\ 

C=C 

o 

CNi(CO)2X 

R 

R'OH) 
H COOR' 

C=C + [HNi(CO)2X] 

r' xr 

The use of palladium chloride as a catalyst in acetylene carbonylations in 

hydroxylic solvents yields maleic acid or ester derivatives. At atmospheric 

pressure and room temperature a mixture of acetylene and carbon monoxide 

reacts with methanolic palladium chloride to form dimethyl maleate along 

with smaller amounts of dimethyl fumarate and dimethyl muconate (mixture 

of isomers). The reaction is partially catalytic when thiourea is added as a 

ligand for the palladium and oxygen is passed into the reaction mixture 

(536). Some hydrogenation of the acetylene occurs also, which “reoxidizes” 

HC—CH + CO + CH3OH nihjCs'nHj'’ 

CH3OCOCH=CHCOOCH3 + CH3OCOCH=CHCH=CHCOOCH3 

part of the palladium. The formation of the muconate esters is an unusual 

example of the insertion of four unsaturated molecules in a series. The 

mechanism of the acetylene dicarbomethoxylation is apparently very similar 

to the olefin dicarboxyalkylation discussed in Section A,2,c of this chapter. 

Use of the same reaction conditions as for the olefins (25°-50° and 30 psi of 

carbon monoxide) allows various acetylenes to be dicarboxylated in a partially 
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catalytic manner giving exclusively, or at least, predominantly c/s-diesters 
(501). 

C=CH 
COOCHai CoOCH3 

C=C^ 
H 

+ CO + CH3OH PdCI2 

Propargyl bromide reacts with tetracarbonylnickel(O) in ethanol to form 

ethyl 3-bromo-3-butenoate (537). The mechanism may involve attack of 

tetracarbonylnickel on the triple bond with bromide displacement giving an 

allenylnickel complex. The bromide ion may then bond covalently to nickel 

with CO replacement or insertion, or insertion may occur without bromide 

participation. Ethanolysis of the acyl derivative would produce the allenic 

ester and hydrogen bromide. The hydrogen bromide then would add to the 

allenic ester forming the observed product. 

HC=CCH2Br + Ni(CO)4 

(CO)3NiCH=C=CH2 + Br- — 

O 
II 

EtOCCH=C=CH2 + HBr + Ni(CO)4 

O Br 
II I 

► EtOCCH2C=CH2 

O 

EtOCCH=C=CH2 + HBr 

-> CO + (CO)3NiCH=C=CH2 + Br 

O 

(CO)2NiCCH=C=CH2 + Br" 

c. Reactions of Acyl and Related Transition Metal Derivatives with 

Acetylenes and Carbon Monoxide 

The cis addition of acyl transition metal complexes to acetylenes probably 

is general, although few clear examples are known. The reaction of penta- 

carbonylacetyl(or -methyl-)manganese(I) with phenylacetylene produces a 

63% yield of an isolable adduct in which the acetyl group has added cis to 

the acetylene unit and the acetyl oxygen has coordinated with the manganese 

to fill the vacant position left by an initial CO dissociation. The initial disso¬ 

ciation is assumed necessary in order to allow the acetylenic group to coordi¬ 

nate before the addition can occur (358). An analogous reaction occurs with 

dicarbonylcyclopentadienylmethyliron(II) and 3-hexyne (538). 

The reaction of tetracarbonylacetylcobalt(I) with 3-hexyne does not stop 

with the first addition, but a second CO inserts and a cyclization takes place. 

The cyclization apparently involves an addition of the acylcobalt group to 
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CH3Mn(CO)5 , — [CH3COMn(CO)4] 

[CH3COMn(CO)4] + C6H5C=CH -► 

-- CH3COMn(CO)5 
—co 

/c=c\ 
CH3—C. Mn(CO)4 

the other ketone group to form a lactone complex with a 77-allylic attachment 

to the cobalt (94b). The reaction seems to be analogous to the cyclization 

observed in the acetylene-CO reaction catalyzed by Co2(CO)8 (see Section 

A,4,a above). A catalytic application of this reaction to the preparation of 

(CO)4CoCOCH3 + ch3ch2c=cch2ch3 
-CO 

ch2ch3 

(CO)3Co 'C—ch2ch3 

°=c\ 
ch3 

CO 

o. 
V 

ch2ch3 
c—c 

(CO)3Co' %c—ch2ch3 

o=c^ 
ch3 

ch2ch3 
I 

,-c^ C=o 
-* (CO)3Cot. C 

CH3CH2 

ch3 

2,4-pentadieno-4-lactones is possible if a proton-activating substituent is 

present on the acyl group in the starting acylcobalt complex. With this struc¬ 

ture, inclusion of a hindered amine in the reaction mixture causes elimination 

of the elements of HCo(CO)3 forming the pentadienolactone. The HCo(CO)3- 

amine salt can be reused as the catalyst if CO is present to convert it back 

into the tetracarbonylate anion. The last compound then can reform the 

starting acyl derivative by reaction with the appropriate halide (94b) (Scheme 

IX-18). 

The cyclization of the acylcobalt derivatives to the lactone complex has 

an open chain analog. Tetracarbonylalkyl- or acylcobalt(I) complexes react 

readily with a,/?-unsaturated aldehydes and ketones to form tricarbonyl-1- 

acyloxy-Tr-allylcobalt(I) derivatives (71). 

ococh3 

CH 
/' 

(CO)4CoCH3 + CH2=CHCHO -> HC' Co(CO)3 

ch2 

Acylnickel complexes also appear to add readily to acetylenes. The 

anionic acylnickel complex obtained from organolithium reagents and 



A. Carbon Monoxide Reactions 249 

Co(CO)4- + BrCH2COOCH3 

[(CO)4CoCH2COOCH3] 
ch3ch2c=cch2ch3 

co 

- 

CH2CH3 

,-"'^C^C=0 
(CO)3Co:; c; 

CH3CH2 'y 

CH2COOCH3 

ch3ch2 

ch3ch2 
+ [Co(CO)3-]R3NH + 

51% 

[Co(CO)3r + CO -V Co(CO)4- 

Scheme IX-18. 

tetracarbonylnickel(O) react with monosubstituted acetylenes to form two 

types of products: diacylated ethanes and 2,4-disubstituted-2-buteno-4- 

lactones (539). The mechanism of the reaction has not been investigated, 

but addition of two acyl groups to one acetylene must occur and there is a 

reduction which probably occurs at the time of hydrolysis on addition of 

aqueous acid. Although the details still require further investigation, a 

possible reaction sequence is given in Scheme IX-19. 

An analogous reaction occurs when acetylenes are reacted with the anionic 

complex from tetracarbonylnickel(O) and lithium diethylamide with the 

difference that only the saturated dicarbonyl derivative is formed (540). 

LiNEt2 + Ni(CO)4 

O 

Et2NCNi(CO)3 ~ Li+ <K^CH H + 

O $ O o 

Et2NCCH2CHCNEt2 + Et2NCCH=CH^ 

41% 0.6% 

The generation of acylnickel complexes from aryl iodides and tetracarbonyl- 

nickel also appears possible since iodobenzene, acetylene, CO, methanol, and 

tetracarbonylnickel(O) react to form methyl /3-benzoylpropionate in high 

yield at 130° and 30 atm pressure (541). An oxidative addition of iodobenzene 

to nickel likely occurs first, followed by a phenyl shift to a coordinated 

carbonyl. The acyl complex then adds to acetylene, reacts again with CO, 

and finally alcoholyzes (Scheme IX-20). 
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RLi + Ni(CO)4 — 

/R' 
C=C 

R—o' XNi(CO)3-Li + 

O 
II 

RCNi(CO)3-LiH 
rc=ch 

/R' 
C=C 

R—XCNi(CO)2-Li 

O 
RCONi(CO)3- 

o o 
Li + 

(CO)3Ni R' 

R—C 
II 
O 

H—C—C—Ni(CO)3 
/ I 

2LC 

CR 

O 

HH 

O R' O 

RCCH2CHCR 

Scheme IX-19. 

H + 

Oxidative addition of acyl chlorides to tetracarbonylnickel(O) produces 

acylnickel complexes directly. Thus, acid chlorides, tetracarbonylnickel(O), 

and acetylene react in acetone solution to form 4-substituted-3-buteno-4- 

lactones and related derivatives with 2-isopropylidiene groups arising from 

a reaction of an intermediate with the acetone solvent (542). The lactone is 

apparently formed analogously to the lactones in the anionic acylnickel 

carbonyl-acetylene reactions described above. The 7r-allylic intermediate 

<f>l + Ni(CO)4 
—CO 

O 
II 

>CNi(CO)2I 
c2h2 Hv 

C=C^ 

<h~ o' Ni(CO)aI 
II 
O 

CO 

/H 
C=C 

4>—o' ^C—Ni(CO)2I 

o o 

U 
CH3OH ) \c_ c/ CH3°H j 

<j>~cy XC—OCH3 + HNi(CO)2I 

6 o 

f-C—CH2CH2COCH3 + CH20 + HI + Ni + CO 

o 

Scheme IX-20. 

O 
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must also react with acetone at the a-carbon in a manner analogous to the 

Grignard reaction. After hydrolysis the tertiary alcohol apparently dehydrates, 

since the isopropylidiene product is isolated (see Scheme IX-21). 

Rcaci + Ni(CO)4 ,-2^ [RCONi(CO)2Cl] 
+ 2CO 

c=c 
R—C VNi(CO)2Cl 

O 

co 

H\- /H 

R—C C—Ni(CO)2Cl 

O o 
R 

H + 

Scheme IX-21. 

The reaction of 7r-allylnickel halide dimers with acetone has been demon¬ 

strated independently with isolated bromo-Tr-l-carbomethoxyallylnickel(II) 

dimer. Two isomeric 2-hydroxy-2-propyl derivatives of methyl butenoate 

were formed. The major portion of the reaction took place at the a-carbon 

(542). 

COOCH3 
I 

^CH ,,Br ,,CH2 O 

HC 'Ni 'Ni ;CH + CH3CCH3 
> / \ / \ * o ' \ \ /> 
CH2 Br HC 

COOCH3 

H + 
-v 

OH 
I 

ch3—c—ch3 ch3 
I I 

CH2=CHCHCOOCH3 + HO—C—CH2CH=CHCOOCH 3 

ch3 

88% 12% 
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When a reaction similar to the above was carried out without acetone in 

THF solution with a continuous stream of acetylene to keep it in excess, 

a considerable amount of product consisted of the 6-substituted-3,5-hexa- 

dieno-6-lactone (543). Two consecutive acetylene additions apparently 

occurred before the addition to CO and the final cyclization. 

<£COCl + HC=CH + Ni(CO)4 -* H+ > 

More complicated reactions were found when acrolein was added to the 

reaction mixture of an acid chloride, acetylene, and tetracarbonylnickel(O) 

(544). The intermediate acylnickel species appears to add to the acrolein 

in the same manner that tetracarbonylacylcobalt(I) complexes do and likely 

forms chlorocarbonyl-l-acyl-7r-allylnickel(II) complexes. The 7r-allyl group 

may then revert to the a form and add to the acetylene, and then to CO. 

The resulting complex is a 2,5-dienoylnickel derivative which can undergo 

an internal addition and produce a cyclopentenone derivative. The last 

complex may eliminate a hydridonickel group to form the acyloxymethylene- 

cyclopentenone product or be reduced by a hydridonickel complex to the 

acyloxymethylcyclopentenone product (Scheme IX-22). 

d. Reactions of Ally He n Complexes with Acetylenes and Carbon 

Monoxide 

Bromo-77--allylnickel(II) dimer reacts with carbon monoxide in ether 

solution at 0° to form 3-butenoyl bromide and tetracarbonylnickel(O), 

whereas if acetylene is present a\s-2,5-hexadienoyl bromide and tetracarbonyl- 

nickel(O) are formed. One acetylene inserts faster than the CO does (545). 

CH2 Br CH2 

HC(' >( ,'Nu* 'jCH 
\ / \ // 

xCHo Br CH2 

co O 

CH2=CHCH2CNi(CO)2Br 

CO 

O 

HC=CH CH2=CHCH2C Br + Ni(CO)4 

HC^ 
I 
ch2 

,ch2 

//Br 
VNi—L 

Wc=° 
L W NH - 

CO 
-Jk. 

T- 
—CO 

O 
II 

CH2=CHCH2C=CCBr + Ni(CO)4 

H H 
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—2CO pu rHrHo 

RCOCl + Ni(CO)* — [RCONi(CO)2Cl] —- 
+ 2CO a 

OCOR 
I 

XH 

hc <Ni 
/ 

.Cl 

\ 
c 
h2 

CO 

[RCOOCH=CHCH2Ni(CO)Cl] HC~CH > 

H H 

w 
7 Yn RCOOCH=CHCH 

CO 
I 

o Cl—NU-0 

RCO-C- 
I 

H 

i(CO)Cl 

0 

H H 

W 
/ \ 

LRCOOCH=CHCH2 Ni(CO)Cl J 

H O 

\—cf 
^ \ /co 

H—C Ni 
/H Cl \ 

CH2—c=c' 

H 
\ 

o 
o 

rcoch2 

H 

co 

—co 

OCOR 

+ NiCl2 + Ni + 2CO 

Scheme IX-22. 

The faster rate of acetylene addition may be specific to the 7r-allylnickel 

system since apparently phenylnickel reacts more rapidly with CO (see 

Section A,4,c of this chapter). 

The above reactions are probably involved in a reported catalytic synthesis 

of cw-methyl 2,5-hexadienoate from allyl chloride, acetylene, carbon mon¬ 

oxide, methanol, a manganese-iron alloy (reducing agent), and magnesium 

oxide (to neutralize the hydrogen chloride). The chloro-Tr-allylnickel dimer 

probably was generated in the reaction mixture from nickel chloride, the 

reducing agent (the manganese-iron alloy), and allyl chloride. Thiourea 

was also added as a ligand to solubilize nickel(O) (546). 

CH2=CHCH2C1 + HC=CH + CO + CH3OH 
NiCI2, MnFex 

(NH2)2C=S, MgO 

H H 

xc=c7 
X \ 

CH2=CHCH2 COCHa 

+ HC1 

80% O 



254 IX. Reactions with Carbon Monoxide and Organic Carbonyl Compounds 

In another example of this reaction, tra«.y-l,4-dichloro-2-butene was formed 

from HC1 and the diol in the reaction mixture and both allylic halide groups 

were added to acetylene and carbonylated. A 56% yield of dimethyl cis,trans, 

c/.y-2,5,8-decatrien-l,10-dioate was obtained (547). 

H CH2OH 

\c=c/ 
/ \ 

hoch2 h 

+ HC1 + CO + CH3OH + HCeeeeCH + Ni(CO)4 

CH3OOC 
H2 

XX 
\ \ /H H\ XH 
/C=C /C=C c=cx 

H H H xCX COOCH3 

H2 

A similar reaction carried out with phenylacetylene in place of acetylene, 

allyl chloride, tetracarbonylnickel and with aqueous acetone as solvent 

produced four related multiinsertion products (4). The major product, 

obtained in 64% yield, arises from a series of five specific addition reactions 

starting with chloro-77--allylnickel(II) dimer. The mechanism of formation 

C6H5C=CH + CH2=CHCH2C1 + HaO + Ni(CO)4 
acetone 

20° 

c6h5 

4% 4% 

of this and the other three complex products are now easily proposed on the 

basis of the various other nickel-promoted reactions already discussed. 

Initially, chloro-7r-allylnickel dimer or a solvated monomeric form of it 

appears to be formed from the allyl chloride and tetracarbonylnickel(O). 

This complex adds to the phenylacetylene, placing the allyl group on the 

least-substituted carbon of the triple bond. This adduct then must add to 

CO and cyclize by addition of the acylnickel group to the terminal double 

bond. The cyclic product is mainly the five-membered ring derivative, but 

some six-membered ring product is also formed. The latter product appears 

to add to CO and undergo hydrolysis to form the third product listed above. 
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The five-ring intermediate also undergoes an addition to CO and some 

hydrolysis to form the second product listed. Only part of this complex is 

hydrolyzed; the rest adds tb phenylacetylene. The adduct is probably cis 

and again has the organic (acyl) group on the least-substituted carbon of the 

acetylene. This reactive 2-acylvinylnickel complex then apparently may do 

two things: either react with HC1 present in solution to form the major 

product isolated or react once more with CO, cyclize to a lactone 77-allylnickel 

complex, and then react with HCl-to form the last product of the group 

(Scheme IX-23). 

5. Oarbonylation Reactions of Epoxides and Trimethylene Oxides 

a. Epoxides 

Several cobalt-catalyzed carbonylation reactions of epoxides have been 

reported. All appear to involve either hydridotetracarbonylcobalt(I) or 

tetracarbonylcobaltate anion first opening the epoxide ring, forming carbon- 

cobalt a bonds which then undergo CO insertion and various final steps to 

regenerate the catalyst. The basic steps of the hydride reactions have been 

demonstrated by isolation of intermediate cobalt complexes. 

Hydridotetracarbonylcobalt(I) reacts rapidly with propylene oxide (and 

other epoxides) at 0° under 1 atm of carbon monoxide to form the 3-hydroxy- 

butanoylcobalt complex. The adduct has been isolated as the monotriphenyl- 

phosphine derivative (548). The direction of opening of the oxide is unusual 

and probably occurs the way it does for steric reasons. The large tetracarbonyl- 

,q OH 

/ \ I r*. 
HCo(CO)4 + CH3CH—CH2 + CO 0 -> CH3CHCH2COCo(CO)4 > 

OH 
I 

CH3CHCH2COCo(CO)3P^3 

cobaltate anion in the protonated epoxide-tetracarbonylcobaltate anion pair 

intermediate cannot attack the secondary carbon as easily as the primary 

one. The addition appears to be ionic since cyclohexene oxide yields only 

the /ra/7^-2-hydroxy-l-acylcobalt complex on reaction with HCo(CO)4 and 

CO (548): 

The tetracarbonylcobaltate anion also is able to open epoxides, but higher 

temperatures than for the hydride reaction are required. In inert solvents 

polymers are obtained, but in alcoholic solutions under CO, 3-hydroxy esters 

are formed in moderate yields catalytically at 50° (548, 549). The anionic 
opening of propylene oxide in methanol solution with CO and tetracarbonyl¬ 

cobaltate anion gives methyl 3-hydroxybutyrate (548). Thus, both HCo(CO)4 

and Co(CO)4_ open epoxides in the same direction. 
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O 

h2c—ch2 + CO + CHaOH 
Co(CO)4 

65°, 2000 psi 
HOCH2CH2COOCH3 4- CH3CHO 

55% 

Tetracarbonylcobaltate anion causes some rearrangement of epoxides 

to carbonyl compounds in the carbonylation reaction and thereby lowers the 

yield of product. The rearrangement is the major reaction for epoxides 

reacting with octacarbonyldicobalt in methanol solution in the absence of 

CO (550). Probably, tetracarbonylcobaltate anion, formed by dispropor¬ 

tionation, is the true catalyst in this reaction. This isomerization contrasts 

3Co2(CO)a + I2CH3OH ;= 2Co(CH3OH)6 2+(Co(CO)4 ~)2 + 8CO 

A 
CH3CH2CH— CH2 + Co(CO)4- 

OH 

O 

± CH3CH2CHCH2Co(CO)4 

OH 

CH3CH2CHCH2Co(CO)4 CH3CH2C=CH2 + HCo(CO)4 

o 

CHaOH 

CH30- 

CH30- 

CH3CH2CCH3 + Co(CO)4- 

77% 

with the usual acid-catalyzed epoxide rearrangement, since aldehydes are 

produced rather than ketones. 

The catalytic carbonylation of ethylene oxide with octacarbonyldicobalt as 

catalyst under vigorous conditions will produce acrylic acid in 81 % yield (551). 

A small amount of water appears necessary to start the reaction and then 

dehydration of the initially formed hydroxyacid maintains it. It is not clear 

as yet whether HCo(CO)4 or Co(CO)4 “ is the catalyst. 

O 
/ \ Co2(CO)8 

H2C—CH2 + CO + H20 — , > [HOCH2CH2COOH] -* 
160 ,6000 psi 

ch2=chcooh + h2o 

81% 

The epoxide carbonylation may be carried out in the presence of hydrogen, 

in which case 3-hydroxyaldehydes are formed in moderate yields (552). 

Hydrogen doubtlessly reduces the intermediate 3-hydroxyacylcobalt species 

to aldehydes. The ease of condensation of hydroxyaldehydes likely is the 

reason that yields are not higher. The true catalyst in this transformation is 

probably HCo(CO)4. 

One reaction of a nickel complex with epoxides has been reported. The 

anionic complex obtained from phenyllithium and tetracarbonylnickel(O) 

reacts with styrene oxide producing, after treatment with acid, three products: 
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O 

CH3CH— CH2 + H£.+ CO 
Cc>2(CO)8 

OH 
I 

-* CH3CHCH2CHO 

40% 

2,3-diphenyl-4-butyrolactone (19%), benzoin (24%), and benzoic acid (9%) 
(553). The formation of the lactone is an unusual reaction and should be 

lit 

investigated further since its mechanism of formation is not obvious. 

O O 
II /\ 

<£CNi(CO)3“ + <f>C—CH2 
H 

H S 
<£C—Cx 

I " 
<t>c—cy 

H H2 

19% 

O OOH 

)0 + <f>CCFL<f> + </>COOH 

24% 9% 

b. Trimethylene Oxides 

Hydridotetracarbonylcobalt(I) reacts with trimethylene oxide and carbon 
monoxide at 0° to form tetracarbonyl-4-hydroxybutanoylcobalt(I) in good 
yield. The complex has been isolated as the triphenylphosphine derivative 
(548). The 4-hydroxybutyryl group cyclizes to 4-butyrolactone on treatment 
with a hindered amine. 

O 
-o II 0° 11 p (*„ 

+ HCo(CO)4 + CO -> HOCH2CH2CH2CCo(CO)4 

o 

HOCH2CH2CH2CCo(CO)3P<£3 

o 
II 

HOCH2CH2CH2CCo(CO)4 + R3N + R3NH + Co(CO)4- 

The ring closure of 4- or 5-hydroxyacylcobalt complexes is probably 
general. 5-Hexenolactone was prepared similarly in a potentially catalytic 
reaction from c/.s-4-chloro-2-buten-l-ol, CO, and a hindered amine with 
tetracarbonylcobaltate anion as catalyst (548). This particular example was 
only partially catalytic, however, because unreactive tricarbonyl-7r-l-hydroxy- 
methylallylcobalt was obtained in a side reaction. 

H ^CHzOH 

C 
+ CO + R3N 

Co(CO)4 ■ 

c 
Yt XCH2C1 

+ R3NH + C1- 

ch2oh 
I 

CH 
/\ 

+ CH Co(CO)3 
\/ 

ch2 
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3,3-DimethyltrimethyIene oxide has been catalytically carbonylated to 
3,3-dimethyl-4-butyrolactone in 80% yield with cobalt(II) acetylacetonate as 

catalyst at 200° and 250 atm pressure (554). Presumably a small amount of 

HCo(CO)4 is formed in the reaction mixture and it is the true catalyst. 

CH3 

-O 

+ CO 

ch3 

Co2(CO)8 
-► 
200°, 250 atm 

/°Y° 

ch3- 

ch3 

80% 

Tetracarbonylcobaltate anion does not open trimethylene oxide under 

mild conditions (548). 

6. Carbonylation of Cyclopropanes and Cyclobutanes 

a. Cyclopropanes 

Cyclopropanes undergo oxidative additions with some transition metal 
complexes forming metalacyclobutane derivatives. As an example, dichloro- 

77--ethyleneplatinum(II) dimer reacts with phenylcyclopropane inserting the 

metal between the two unsubstituted cyclopropane carbons. The cyclopropane 

may be regenerated from the complex by reacting it with cyanide (555). 

Phenylcyclopropane and chlorodicarbonylrhodium(I) dimer react forming 

a rhodiacyclopentanone complex. The oxidative addition in this case must 

have occurred between a substituted and unsubstituted carbon of the cyclo¬ 

propane ring, in contrast to the preceding example, and then CO insertion 

followed. The CO apparently added to the primary carbon atom since 

reduction of the complex with NaBH4 gave 4-phenyl-1-butanol (556). 

Benzylcyclopropane in the same reaction undergoes opening between the 

unsubstituted carbons of the cyclopropane ring (556). 

b. Cyclobutanes 

Methylenecyclobutane reacts with palladium(II) chloride and with chloro- 

dicarbonylrhodium(I) dimer with opening of the cyclobutane ring at an allylic 
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+ [Rh(CO)2Ci]2 

^CH2 

ch2 c=o 

* o 

c 

*— c- 
H 

-Ck 

-Rif >h 
I 'Cl'' I 
c 0=Cs 

o 

-CH—<f> 
. I 
„ch2 

NaBH„ 

ch2 

<£CH2CH2CH2CH2OH 

carbon, forming Tr-allylic metal complexes. A second isomeric Tr-allylic 

complex is formed with rearrangement in the PdCl2 reaction probably by 

way of a metal hydride shift from an alkyl formed by opening of the cyclo¬ 

butane ring in the reverse direction from the reaction which gave the first 

isomer (557). 

_^ y*. -Civ // 

+ PdCl2 65° > 
Cl — 

• ✓ 'N 
( ' ' -'I 

! „ Pd Pd 1 
* s \ 

+
 

u
 I
_

 Pd- 

_i/[ L 

— Cl 

Cl 

L 
I 

f H 
| -Y 

CIPd— Lei L—P d ■*— 
L | 1 1—Cl 

L Cl _ 

C1CH2 

The chlorodicarbonylrhodium(II) dimer reaction with methylenecyclo- 

butane forms an acylmetal bond as well as a 77-allyl metal bond to the same 

rhodium atom (557). 
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B. REACTIONS OF ORGANOTRANSITION METAL 

COMPLEXES WITH ORGANIC CARBONYL 

COMPOUNDS 

1. Addition Reactions with Aldehydes and Ketones 

The reaction of bromo-77-l-carbomethoxyallylnickel(0) dimer with acetone 

has already been noted above (Section A,4,c). Palladium appears able to 

promote similar reactions at elevated temperatures. The reaction of isolated 

77-allylic palladium complexes with organic carbonyl compounds has not been 

reported, but this reaction appears to occur when conjugated dienes and 

aldehydes are combined with a palladium acetylacetonate-triphenylphosphine 

catalyst. In this reaction two diene units are joined to one aldehyde group. 

A cyclic divinylpyran and an octatrienylcarbinol are obtained as products 

(558). The ratio of the two products formed depends on the phosphorus-to- 

palladium ratio used. With acetaldehyde and butadiene as reactants a 1:4 

P to Pd ratio yields mainly the divinylpyran product, whereas with a 1:1 

ratio the carbinol is the main product (558). Small amounts of 1,3,7-octatriene 

are also produced. The mechanism probably involves butadiene coupling 

on a monophosphinepalladium(O) species and then reaction with the aldehyde 

adding palladium to the oxygen. A hydrogen transfer would produce the 

open-chain product, whereas a reductive elimination could form the pyran 

derivative (Scheme IX-24). 

A very similar reaction occurs between butadiene and benzaldehyde with 
chlofo-77--allylpalladium dimer, sodium phenoxide, and triphenylphosphine 
as catalyst (559). 

A 7r-allylic palladium intermediate does not appear to be required for 

reaction with an aldehyde, at least if the aldehyde is formaldehyde. 3-Methyl- 

1-butene and formaldehyde react with a palladium chloride-cupric chloride 

ch3 
L 

PdCl2 + CH2=CHCHCH3 

L Cl L Cl 

ClPdCH2CHCH(CH3)2 —2C~° > ClPdOCH2CH2CHCH(CH3)2 

L L 

L Cl 

L 
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Scheme IX-24. 

catalyst to produce a mixture of two isomeric six-membered ring formals 

(560). A possible mechanism for formation of one of the products is shown 

on p. 262. The second and major formal is probably obtained in a like manner 

from the isomeric olefin, 2-methyl-2-butene, which easily could be produced 

in the reaction mixture from 3-methyl-1-butene and [HPdL2Cl] formed in 

side reactions. 
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CH3 
I 

2CH20 + CH3CH=CCH3 
PdCl2 
-=—>■ 
CuCl2 

2. Decarbonylation Reactions 

The Group VIII metals of the second and third row, particularly, have a 

great affinity for carbon monoxide. Heating chlorides of these metals with a 

variety of organic compounds containing carbon-oxygen single or double 

bonds often results in formation of metal carbonyl derivatives. For example, 

heating ruthenium trichloride with triphenylphosphine and any of the 

following compounds—dimethylformamide, acetophenone, cyclohexanone, 

tetrahydrofuran, dioxane, acid halides, or primary alcohols—produces 

significant amounts of chlorocarbonylbistriphenylphosphineruthenium (561, 

562). Acyl metal derivatives are probably intermediates which then revert 

to alkyl metal carbonyls. The fate of the organic fragments in these reactions 

has been determined in a few cases. In one instance the reaction is useful for 

selectively and catalytically decarbonylating acid halides and aldehydes. 

Aromatic acid chlorides react readily with chlorotristriphenylphosphine- 

rhodium first oxidatively adding and then undergoing a decarbonylation 

(563). The decarbonylation probably proceeds by a phosphine dissociation 

and then a shift of the aromatic group from the acyl carbonyl to the metal. A 

reductive elimination of aryl chloride follows and chlorocarbonylbistriphenyl- 

phosphine is formed. The reaction becomes catalytic when the temperature is 

raised to the point where the carbonyl complex product dissociates carbon 

monoxide and rereacts with the triphenylphosphine lost in the first step of 

the decarbonylation. 

—p<h 
ArCOCl + Rh(Cl)(P<£3)3 ; = - [ArCORhCl2(P<£3)3] ~ 

+ P03 

ArRhCl2(CO)(P^3)2 ~ ' ArCl + RhCl(CO)(P^3)2 

RhCl(CO)(P<f>3)2 + P<f>3 ' RhCl(P^3)3 + CO 

A similar decarbonylation can be carried out with aldehydes and chloro- 

tristriphenylphosphinerhodium(I) with a mixture of hydrocarbons and olefins 

being formed (564). An oxidative addition of the aldehyde group must be 

involved in these examples forming an acyl metal hydride. The rate expression 

for the reaction contains two terms, one dependent only on the metal concen¬ 

tration and the other on the metal and the aldehyde. A mechanism fitting 

this rate expression has been suggested (564) in Scheme IX-25. The final step 
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rate = k^Rh] + A:2[Rh][RCHO] 

RhCl(P<£3)3 
fast L 

' P<t>3 

\ 
Rh 

/ \ * 
Cl P^3 

RCHO 
—— _V 

fast 

RCHO^ P<f>3 

Rh 
/ \ 

Cl P<f>3 

slow RCHO 

' ' 

slow RCHO 

o- 
I 

R—C—H 

\ P+3 
Rh+/ 

/ \ 
Cl P</>3 

O" 
1 

R—( h 

RCHO P<f>3 
\ 

Rh 
/ \ 

L ci Ptf3J 

o O 
II H II * 

R—C P<f>3 R—C P <J>3 
\ 1 / L,—RCHO \ / ^ 

Rh Rh 
/ 1 \ / \ 

L | P<f>3 sP P<£3 
Cl _RCH C1 

o H 

C\ I /+> 
Rh 

R | P^3 
Cl 

fast 
-* RhCl(CO)(P03)2 + RH + R(— H) + H2 

Scheme IX-25. 

in the reaction apparently may be either a reductive elimination of a hydro¬ 

carbon or a jS-hydride elimination from the R group followed by loss of 

hydrogen. 

Hydridochlorotristriphenylphosphineruthenium(II) reacts with four moles 

of propionaldehyde to extract one of the carbonyl groups forming ethylene, 

to reduce two moles to alcohol, and to form an acyl complex with the other 

mole. The acylruthenium complex obtained is unique in that it apparently 

is bonded through both carbon and oxygen to the metal (vco 1510cm-1) 

(565). The reaction probably involves oxidative addition of the aldehyde 

group, followed by a reduction of another aldehyde with the two hydride 
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groups. A decarbonylation and /1-hydride elimination could occur next. An 

olefin displacement by aldehyde and another oxidative addition of aldehyde, 

followed by a reduction of more aldehyde with the remaining hydride groups, 

would account for the products obtained. This mechanism is only speculative 

since several other possibilities may be as likely at this time (Scheme IX-26). 

O 
—P<t>3 II CH3CH2CHO 

CH3CH2CHO + Ru(P<£3)3HCl ;-? CH3CH2CRu(P03)2H2Cl t 

H 
I 

(CH2=CH2)Ru(CO)(P<£3)2C1 + CH3CH2CH2OH 

H 
I 

(CH2=CH2)Ru(CO)(P<£3)2CI + ch3ch2cho --► 

o 

CH2=CH2 + CH3CH2CRu(CO)H2(P<£3)C1 + P 03 

o 
II 

CH3CH2CRu(CO)H2(P^3)C1 + CH3CH2CHO + P<£3 -> 

, p CO n 
93 p^ | 

,Ru'' || + CH3CH2CH2OH 

03 p'l '''C— ch2ch3 

Scheme IX-26. 

The decarbonylation of diacetylenic ketones with RhCl(P<£3)3 occurs in 

boiling xylene to give RhCl(CO)(P^3)2, P<^3, and the diacetylene in about 
75% yields (566). 

O 

RC=C—C—C=CR + RhCl(P03)3 -* RhCl(CO)(P03)2 + P03 + RC=C—C=CR 

A more practical application of the decarbonylation reaction has been 

found in steroid chemistry. The introduction of a double bond at the 1- 

position in 3-ketosteroids is possible if the ketone is first a-formylated with 

ethyl formate and sodium ethoxide and the formyl derivative then decarbon- 

ylated (with /1-hydride elimination) with RhCl(P</>3)3 (567). A review of the 

metal-catalyzed methods of decarbonylation has been written (568). 

3. Isocyanide Reactions 

Transition metal alkyls may add to organic isocyanides in a 1:1 manner as 

noted in Chapter II, Section B,4,a. In contrast to the addition to carbon 
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H 

H 

OH 

H 1 
+ C2H5OCHO ^a-OEt ■» 

H 

H 

H H 
OCHsL^L 

H 

RhCl(P<*.3)3 

H 

H 

+ Rh(CO)Cl(P<£3)2 + (H2) + P^3 

monoxide, multiple consecutive additions to isocyanides may occur. Typical 

is the reaction of iodobis(methyldiphenylphosphine)methylpalladium with 

cyclohexylisocyanide (569). Adducts with one, two, and three isocyanide 

units per palladium have been prepared simply by changing the ratio of 

reactants from 1:1 to 1:2 to 1:3. 

C 
II 

I P<£2CH3 

X 
ch3^2p xch3 

+ 

57% 67% 
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Chapter X 

- Dinitrogen, Dioxygen, Carbene, and 

Sulfur Dioxide Transition Metal 

Complexes 

The four subjects of this chapter have been touched on in other chapters, 

but they are or will likely be of enough importance to be considered in more 

detail. Many reactions involving these complexes are known with hetero¬ 

geneous catalysts, although relatively few homogeneous examples have been 

found. Since several of the known heterogeneous reactions are of great 

economic importance, considerable effort is now being put into understanding 

and developing new homogeneous analogs. Many of the reactions to be 

discussed in this chapter do not involve carbon-transition metal bonds, but 

they are nonetheless of considerable concern to organometallic chemists 

because of their potential applications. 

A. DINITROGEN COMPLEXES 

A wide variety of nitrogen transition metal complexes are known. In this 

chapter we will be considering complexes of dinitrogen, N2, their methods of 

preparation, and reactions. 

The conversion of gaseous nitrogen into ammonia or other combined 

forms of nitrogen is of tremendous economic importance. It is now accom¬ 

plished industrially by reacting nitrogen with hydrogen under high pressure 

in the presence of an iron catalyst to form ammonia (the Haber process). 

Nature fixes nitrogen with iron- and molybdenum-containing enzymes which 

occur in certain leguminous plants, algae, and bacteria. Since both of these 

means of nitrogen fixation involve transition metals, it can be concluded that 

transition metal nitrogen complexes are probably intermediates in the 

269 
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reactions. In the last few years several ways of preparing dinitrogen com¬ 

plexes have been found and numerous reactions have been investigated in an 

effort to convert the coordinated nitrogen into a useful form (570). Nitrogen 

has been reduced to ammonia by several methods homogeneously, but in 

none of the reactions have the intermediate complexes been isolated and the 

exact reaction steps involved established beyond question. This very probably 

will be accomplished in the near future. There is considerable doubt, however, 

as to whether ammonia could ever be made more practically homogeneously 

in any case. Routes to other nitrogen derivatives may well be of more practical 

use ultimately. 

The first isolable nitrogen complexes were made by reactions of transition 

metal complexes with hydrazine. The metal complex is reduced to a lower 

oxidation state and the hydrazine is oxidized to nitrogen presumably within 

the coordinating sphere of the metal. The following examples are typical 

syntheses (571, 572). 

RuC13 + NH2NH2 • H20 -* [Ru(NH3)5N2]C12 

(NH4)2OsC16 + NH2NH2-H20 -V [Os(NH3)5N2]C12 

In these and the other mononuclear nitrogen complexes coordination occurs 

with an unshared pair of electrons on one of the nitrogens and not by com- 

plexing with the triple nitrogen-nitrogen bond. Nitrogen is a moderate 

^-acceptor and a weak a-donor ligand (573). 

The, oxidation of a coordinated hydrazine group by an external oxidant 

also is possible (574). 

0 
CO 

I 
-MnNH2NH2 + Cu2 + 

I 
CO 

-40° 

CO 
I 

-MnN2 + 4H20 

I 
CO 

Reaction of coordinately saturated carbonyl complexes with hydrazine 

may result in quite a different reaction. The hydrazine may attack coordinated 

CO and form a hydrazidocarbonyl metal derivative which then usually 

rearranges with loss of ammonia to an isocyanate complex (575). 
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In other reactions, hydrazine may form mononitrogen complexes (nitrides) 

as in its reaction with dirhenium heptoxide and triphenylphosphine (576, 

511). 

Re207 + P^3 + 1vlH2NH2-2HCl -> N=ReCl2(P<£3)2 

N-Substituted nitrides are obtained with symmetrically disubstituted 

hydrazines (578). 

CH3NHNHCH3 2HC1 + OReCI3(P^)2 -P<*3 > 

CH3N=ReCl3(P</3)2 + CH3NH3 + C1- + OP^3 

Another indirect route to dinitrogen complexes is the reaction of coordi¬ 

nated ammonia with nitric oxide (579). 

Ru(NH3)63+ + NO + OH- -* Ru(NH3)5N22 + 

Nitrogen may also be extracted from acyl azides by coordinately unsatur¬ 

ated metal complexes to give dinitrogen complexes (580). 

CO o 

+ ArCN3 ■> 

The preparation of complexes from molecular nitrogen requires either 

reactive, coordinately unsaturated complexes or complexes with very easily 

displaced ligands. 

The reduction of cobalt(II) or cobalt(III) to cobalt(I) in the presence of 

organophosphines and nitrogen, for example, generally produces nitrogen 

complexes (581, 582). A triethylcobalt-phosphine complex is probably an 

CoAcac3 + AlEt2OEt -I- P^3 -I- N2 -> HCoN2(P<^3)3 

intermediate in this reaction. This complex would either decompose by three 

/1-hydride eliminations to the known trihydride or could eliminate only two 

hydride units and produce ethane with the third. The trihydride is known to 

reversibly lose H2 in the presence of N2. Apparently, a fourth phosphine 

H3Co(P<£3)3 + N2 “ ± HCoN2(P<£3)3 + H2 
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group has no tendency to occupy a coordination position on the cobalt 

presumably because the four large phosphine ligands cannot fit around the 

cobalt atom. Reduction of cobaltic acetylacetonate in the presence of tri- 

phenylphosphine with dimethylaluminum ethoxide even under nitrogen 

produced only coordinately unsaturated tristriphenylphosphinemethylcobalt- 

(I) (581). 

CoAcac3 + AlMe2OEt 4- P<f>3 -* CH3Co(P<£3)3 

Reduction of dichloro(bisdiethylphenylphosphine)cobalt(II) with sodium 

and excess ligand under nitrogen may produce two different products depen¬ 

ding on the ratio of the cobalt complex to the sodium. With a 1:3 ratio an 

anionic nitrogen complex is produced, whereas with a 1:2 ratio a binuclear, 

neutral complex is formed in which both unshared pairs of electrons on the 

nitrogens are coordinated to trisorganophosphinecobalt groups (583). The 

CoCl2(PEt2<£)2 4" PEt2<£ 4“ 2Na 4~ N2 - 

(PEt2<£)3Co—N=N—Co(PEt2<£)3 -* 2NaCoN2(PEt2<£)3 

coordination of dinitrogen at both ends may weaken the nitrogen-nitrogen 

triple bond more than monocoordination does and is probably the type of 

structure involved in the known fixation reactions. 
Most transition metals have now yielded complexes with molecular nitrogen 

of one kind or another by the reduction procedure. The following are a few 

more examples (584-587). 

MoCl4(PMe2<£)2 4- NaHg* 4- 2N2 

OsBr3(PR3)3 + ZnHg* -I- N2 

N2 4- NiAcac2 4- /-Bu3A1 4- PEt3 

FeCl2-2H20 4- NaBH4 4- N2 4- P<£2Et 

OsBr2N2(PR3)3 

■* HNiN2(PEt3)2 

> H2FeN2(P<£2Et)3 

In a few instances dinitrogen complexes have been made by ligand replace¬ 

ment reactions, where the ligand is very weakly coordinated (588-590). 

Several transition metal complex-reducing agent combinations have been 

found to be capable of reducing nitrogen to ammonia or hydrazine, but in 

all cases the rates are very slow compared with the biological catalysts. 

Yields also are often low, and in some instances the reactions are not catalytic. 

In none of these cases have the intermediate complexes been isolated or 
otherwise identified with certainty. 
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[Ru(NH3)5H20]2 + + N2 , [Ru(NH3)5N2]2+ + h2o 
0- 

* ^ 

h3c ch2—ch2 * 

HC-P7 I ^ 
“ -P(CH3)2 

-FeH bf4- + n2 

O 
V 

c—ch3 

ch3 

^ch2—ch2 

(CH3)2P p(CH3)2 

-Fe-N=N-Fe- 

(CH3)2P ^P(CH3)2 

ch2—ch2 

C5H5Mn(CO)2THF + N2 ; C5H5Mn(CO)2N2 + THF 

(BF4-)2 + CH3COCH3 

Trichlorobistriphenylphosphineiron(III), isopropylmagnesium chloride, 

and nitrogen at —50° form a very unstable binuclear dinitrogen complex 

which on treatment with hydrogen chloride forms hydrazine in 10% yield 

(591). 

Fe(P^3)2Cl3 + /-PrMgCl + N2 

ch3 ch3 ch3 ch3 
\ / \ / 

CH CH 
Uf I 

> (P^3)2Fe—N=N—Fe(P<£3)2 > NH2NH2 

H 

The reaction of dichlorobiscyclopentadienyltitanium(IV) with lithium 

alkyls and nitrogen produces a complex which when acidified gives ammonia 

(salt) in 70-1007o yield based on the titanium (592). Other variations on 

(C5H5)2TiCl2 + RLi + N2 -* —> NH3 

titanium reductions have been reported by van Tamelen (593). Of particular 

interest was the finding that amines could be prepared from ketones and 

nitrogen in about 50% yields, while acid chlorides gave nitriles. The reactions 

have been formulated in Scheme X-l. The proposed binuclear dinitrogen 

intermediate has now been isolated at low temperatures by the reaction of 

chlorobiscyclopentadienyltitanium(III) with methylmagnesium iodide and 

nitrogen. On treatment with acid, diimide is apparently formed (594). 
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n2 
Cp2TiCl2 + Mg -► Cp2Ti , Cp2TiN2 ,- 

Cp2TiN2TiCp2 —> 2N3_ RCO—+ RR'CHNH2 + (RR'CH)2NH 

RCOCl 

T 

RCN 

Scheme X-l. 

2Cp2TiCl + CH3MgI + N2 Cp2Ti—N=N—TiCp2 N2H2 

A water-soluble porphyrin complex, mesotetra(/?-sulfonatophenyl)por- 

phinatocobalt(III), and sodium borohydride in aqueous solution very slowly 

reduce nitrogen in air to ammonia (595). Intermediates were not identified. 

Complex ligands are not required for the nitrogen reduction since even 

titanium trichloride reduces nitrogen, in the presence of Mo(VI) and Mg(II) 

ions, to hydrazine. Vanadous sulfate is similar (596). 

TiCl3 + N2 
Mo«+, Mg2 + 
->■ 

50 atm, 85° 
n2h4 

vso4 + n2 
1 atm 

70°, Mg2 +, KOH 
n2h4 + nh3 

Very simple model systems attempting to produce nitrogenase models 

from ferrous sulfate, sodium molybdate with 2-aminoethanethiol, and sodium 

borohydride also will slowly reduce nitrogen to ammonia (597). 

N2 + NaBH4 
Na2Mo04 + FeS04 
-► nh3 
h2nch2ch2sh, h2o 

While the mechanism of reduction of nitrogen still remains obscure, there 

is little doubt but that it will be explained with the aid of isolable or at least 

identifiable intermediates before too long. There may well be more than 

one way to react nitrogen, however. The insertion of nitrogen between a 

metal atom and an organic group would be a conceivable reaction. The 

reverse reaction is known (598). Other approaches are being taken by 

-+ F- \ / 
PEt3 

-Pt—Cl + N2 
I 
PEt3 

Chatt. One idea is to complex the nitrogen molecule at both ends with different 

metal groups in an attempt to weaken the nitrogen-nitrogen bond to the 

point where it will readily react. Many complexes of this type have been 
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prepared, but “reactive” complexes have not yet been obtained (599). 

Weakening of the nitrogen-nitrogen bond was greatest when one of the 

metals or other elements attached to nitrogen had vacant d orbitals which 

could accept tt electrons frorp the nitrogen. 

Ill 
N 

TiCl3 

I 
N 
III 
N 

Some reactions of monocoordinated dinitrogen have been found, but, so 

far, the nitrogen compounds formed cannot be removed from the metal 

without the compounds reverting to nitrogen (600). 

W(N2)2[^2PCH2CH2P<£2]2 + CH3COCI + HC1 -* 

WC12(N2HCOCH3)(^2PCH2CH2P02)2 + n2 

W(N2)2(Et2PCH2CH2PEt2)2 + HC1 -* WCl2(N2H2)(Et2PCH2CH2PEt2)2 + N2 

Dinitrogen transition metal complexes are finding uses in reactions where 

a very labile ligand is required. The preparation of a very reactive butadiene 
complex from bis[(ditricyclohexylphosphine)nickel(0)]dinitrogen was men¬ 

tioned in Chapter VI, Section J,2. Another example is the reaction of 

HCoN2(P</>3)3 with C02 (601). Carbon dioxide does not react with other 

o 
II 

HCoN2(P<£3)3 + C02 -► HCOCo(P <£3)3 + N2 

types of cobalt complexes. The metal dinitrogen complexes, in general, are 

very reactive and in many instances approach the reactivity of the metal 

compounds obtained by reduction of halides with metal alkyls. 

B. DIOXYGEN COMPLEXES 

The oxidation of organic compounds with molecular oxygen and transition 

metal catalysts is of considerable economic importance. Consequently, a 

great deal of research has been carried out in the area and several volumes 

would be required to summarize the available information. The majority of 

these reactions are radical reactions involving the metal as a reagent to convert 

oxygen into peroxy or some other active radical and the activated oxygen 
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compound can then attack organic molecules. Reactions of this type have 

been summarized in recent publications (602, 603). 

Nonradical oxygen oxidations also are possible with some transition metal 

catalysts. Relatively few, useful examples of these reactions are yet known, 

but much research is now being carried out with the expectation that very 

selective, new oxidation reactions will be found. At least four types of tran¬ 

sition metal dioxygen complexes exist which may be involved in oxidation 

reactions. Metal atoms may be bonded to both ends of the 02 molecule, only 

to one end, on to one end and having another group at the other end, usually 

carbon or hydrogen, or both oxygens may be bonded symmetrically to the 

same metal atom. 

1. Preparation 

Most of the known complexes with metal groups attached to both ends of 

the oxygen molecule are cobalt complexes. Many cobalt(II) complexes react 

with oxygen to form binuclear cobalt(III) peroxy complexes. For example 

(604), 

2K3Co(CN)5 + 02 -> K6[(CN)sCo—O—O—Co(CN)5] 

Generally these isolable complexes are not very reactive toward organic 

compounds under mild conditions, although unstable analogs may be much 

more reactive and could be involved in some oxidation reactions. One reactive 

form of these compounds may be the second type of dioxygen complex where 

only one end of the oxygen molecule is attached to a metal. These complexes 

are also prepared by reaction of low-valent complexes (cobalt) with oxygen. 

Only a few isolable complexes with this structure are known. Why some 

complexes form 1:1 compounds with 02 and others 2:1 is not explainable 

at this time. The oxygen-oxygen-metal angle in the following structure is 
126° (605). 

O 
/ 

O 

Peroxy complexes are apparently intermediates in the acid-catalyzed 

hydrolysis of the first type of complex to hydrogen peroxide (604, 606). 
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K6[(CN)5Co—O—O—Co(CN)5] —> K3Co(CN)5OOH + K2Co(CN)5H20 + K + 
H 2O 

K3Co(CN)5OOH + H20 + H+ — - > K2Co(CN)5H20 + H202 + K + 

Unsymmetrical peroxy complexes may also be obtained from perhydroxy 
complexes by reactions which will be discussed below in Section B,2. 

M^py complexes with both oxygen atoms of an 02 group bonded to the 

same metal are now known. These are generally prepared by reactions of 

low-valent, coordinately unsaturated or easily dissociated saturated com¬ 

plexes, with oxygen. The following examples are typical preparations (607- 
609). 

Pt(P ^3)3 + o2 
*3 P. 

<£3p 
X 

o 

o 
+ P^3 

Ni(CNBu-/)4 + 02 

Ir[^2PCH2CH2P02]2 + PF6- + 02 

/-BuNCx O 

X 
/-BuNC xO 

+ 2/-BuNC 

H2C—P^2 

h2c 
I 

4>2P- -Ir 

O 
/\ 

O PF6 

4>2p 

I 
h2c- 

P^2 
I 

-ch2 

2. Reactions 

The transition metal dioxygen complexes undergo reactions with a variety 

of compounds. Addition reactions occur with carbon dioxide, ketones, and 

sulfur dioxide to give cyclic peroxy complexes. The S02 adduct, however, 

is unstable and it rearranges rapidly to a complex with a bidentate sulfate 

ligand (610-612). A reaction with ketene produces an anhydride of a biscar- 

boxymethyl metal complex (613). An intermediate peracid anhydride is 

probably involved in this reaction, also. 

O 
Pi 

/ \ 
<f>3P o 

+ co2 

<f>3P^ o—o 

Pt \c=o 
<hp' xo// 

<A3px o 

Pt 

4>3p/ Xo 

o 
II 

+ ch3cch3 

^3PX 

-+ Pt .C(CH3)2 

<t>3p/ xr 
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O OC 
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cr oc / 
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Pd I 
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'O -1 

-[O] 
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o 
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o 
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o 

The reaction with fluorinated ketones can give both five- and six-membered 

ring products (614). 

03PX O 
Pt 

4>y xo 

o 

+ cf3ccf3 

o 
03pv .0—0 II ^3P O—0-C(CF3) v w is££a, y/ y0 

O' 4...P O-OCFj, 

Carbon monoxide reacts with bistriphenylphosphinedioxoplatinum to form 

a bidentate carbonate complex. The same complex can be obtained by reac¬ 

tion of the carbon dioxide adduct with triphenylphosphine, in which case 

triphenylphosphine oxide is also produced (614, 615). 

*3P\ /? 
Pt + CO 

/ \ I 
03 P O 

03px o 03Pn 0—0 

XPt/ NC=0 < PO<*3 P03 + xc=o 
03px xc/ <f>apX 

The peroxyplatinum complex also will react with nitrogen dioxide to form 

a covalent bisnitrate (616). 

03PX O 

Pt 

03PX xo 
+ 2N02 

03p^ ^,ono2 

Pt 

03pX xono2 

The peroxy complexes are capable of catalytic oxidations in several in¬ 

stances. The above peroxyplatinum complex in the presence of oxygen will 

catalytically oxidize triphenylphosphine to the oxide. Probably the oxidation 

occurs within the coordination sphere of the complex (617). The analogous 

2P03 + 02 

(P^3)2PtO: 
* 2OP03 
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nickel complex is a more reactive catalyst for the same reactions (618). 

Carbon monoxide can be catatytically oxidized with chlorobis-l,5-cycloocta- 

dienerhodium dimer presumably by way of a peroxy complex (619). Iso- 

2CO + 02 
[(COD)2RhCI]2 

2C02 

* COD = 1,5-cyclooctadiene 

cyanides may be oxidized similarly with oxygen and a nickel(O) tetrakisiso- 

cyanide catalyst to isocyanates (620). 

2/-BuNC + 02 
(f-BuNC)4Ni 

2f-BuNCO 

The high-yield homogeneous oxidation of olefins to olefin oxides with 

molybdenum pentoxide is very probably another example of oxidation within 

a coordination sphere. The following mechanism has been proposed (621, 
622). 

\ 
c=c 

/ 

/ 

\ 
+ Mo05 

o o 

o. 
\ / 

o 
Mo 

/ o 
\ 

\ 
o 
/ 

/C=CN 

ov o 
\ / 

Mo 
/ 

o o 
1 

—C—C— 

°\ /> \A/ 
MO + C-C 

o o 

Unfortunately, the molybdenum tetroxide product is not reoxidizable by 

air and the reaction is stoichiometric in Mo05. The commercially important 

epoxidation of olefins with organic hydroperoxides using a molybdenum, 

tungsten, or vanadium catalyst (other metals also may be used) (623) is 

probably a catalytic version of the Mo05 reaction with the organic hydro¬ 

peroxide serving as a reoxidant for the lower oxide formed in the reaction. 

O 

CH3CH=CH2 + (CH3)3COOH Mo > CH3CH—CH2 + (CH3)3COH 

The combination of an organic peroxide and a vanadium catalyst will also 

oxidize tertiary amines to amine oxides (624). 

R3N + R'OOH V5-+-> R3N-MD + R'OH 

An ingenious combination of catalysts has been employed to oxidize allyl 

alcohol to the epoxide with molecular oxygen. Pentacyanocobalt(II) reacts 

with oxygen in acidic aqueous solution in the presence of allyl alcohol and a 

tungstic acid catalyst. The cobalt complex forms the dicobaltperoxy complex 

which then hydrolyzes in the solution to hydrogen peroxide. The hydrogen 
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peroxide oxidizes the tungstic acid to a peroxide which then epoxidizes the 

allyl alcohol. The reaction is stoichiometric in cobalt, but catalytic in tungsten 

(606). Ethylene oxide is prepared commercially by the heterogeneous vapor 

CH2=CHCH2OH + 2H+ + 02 + 2K3Co(CN)5 -W°3-> 

H2C—CHCHzOH + 2K2Co(CN)5H20 + H20 + 2K + 

70% 

phase reaction of ethylene with oxygen over a silver catalyst. Silver oxide is 

believed to be the true oxidant. This reaction does not go in good yield with 

olefins other than ethylene, however. Many other useful metal-catalyzed 

oxidation reactions could be mentioned. The potential of these homogeneous 

reactions lies in the possibility of finding selective new oxidations. Of par¬ 

ticular interest to the chemical industry would be the discovery of new ways 

to more selectively oxidize saturated and aromatic hydrocarbon groups. One 

example will suffice to illustrate a possible future application. Aromatic 

hydrocarbons have been oxidized to phenols in reasonable yields with com¬ 

binations of transition metal catalysts and oxygen with or without added 

reducing agents. The reactions in some instances occur ar room temperature 

and the phenolic products are relatively stable under the reactions conditions 

(625-627). The mechanisms of these reactions have not been established. 

FeSO, 
2C6H6 + 02 -^ > 2C6H5OH 

or CuS04 

Fe2 + 
CeH6 + 02 + ascorbic acid -C6HsOH + dehydroascorbic acid 

C. CARBENE COMPLEXES 

Carbene ligands are distinguishable from the two other common divalent 

carbon ligands, carbon monoxide and isocyanides, by the presence of two 

groups attached to the divalent carbon. The substituents may be hydrogen, 

organic groups, halogens, or various oxygen, nitrogen, or sulfur groups. A 

wide variety of these complexes have been prepared. 

1. Methods of Preparation 

Most of the research carried out on transition metal carbene complexes 

has been done by E. O. Fischer and his co-workers within the last 10 years. 

A general method of preparation was developed involving reactions of metal 

carbonyls with strongly nucleophilic anions. The products were salts which 

were formulated as resonance hybrids of acyl metal anions and negatively 

charged coordinated carbene complexes. Protonation gave rather unstable 
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hydroxycarbene derivatives, whereas alkylation produced relatively stable 

alkoxycarbene complexes. Scheme X-2 shows typical preparations employing 

this method of synthesis (628-631). 

tr(CO)e + LiN(CH3)2 
/ 

(CO)5Cr—-c; 
\s 

OLi 

N(CH3)2 

EtaO +BF4 - 

(CO)5CrC, 
/ 

\ 

oc2h5 

N(CH3)2 

W(CO)6 + C8H5Li (CO)5W---C^ 

OLi 

C6H5 

H + CH2N2 
-► —^ (CO)5W«-C 

ocu3 

\ 
c6h5 

Mn2(CO)io "I- CH3Li (CO)9Mn2—C 

.OLi 

xch3 

Et30+BF4“ 

oc2h5 

(CO)5Mn-Mn(CO)4^C 
./ 

\ 
ch3 

C5H5Re(CO)3 + CH3Li C5H5Re(CO)2—C, 
X' 

OLi 

Xch3 

CO 
H + I / 

► CsHsRe^-C 
I V 

OH 

CO 
CH3 

Scheme X-2. 

At least seven other methods of preparation of carbene complexes are 

now known. In one method, carbene ligands are transferred photochemically 

from one metal to another (632). Free carbenes may be involved, but more 

probably metal-metal-bonded intermediates are present and the carbene is 

transferred by a 1:2 shift mechanism or a coordinately unsaturated metal 

attacks the carbene ligand and displaces the other metal group. 

OCH3 xOCH3 

C5H5Mo^C + Fe(CO)5 -* <CO)4Fe^C^ 

(l0 c6h5 c6h5 

20% 

A carbonium ion reaction with acyl metal carbonyls also is capable of 

producing carbene complexes at least with some manganese and rhenium 
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compounds. For example, pentacarbonyl-2-chloroethoxycarbonylmanganese- 

(I) reacts with silver hexafluorophosphate to form a cationic cyclic carbene 

complex (633). 

o o 

II _CI- II 
ClCH2CH2OCCI + Mn(CO)5-  ——* CICH2CH2OCMn(CO)5 

AgPF6 ^ 

—AgCI 

H2c—o 

C-^Mn(CO)s 

h2c—q> 

PFe" 

Certain electron-rich olefins will react with metal complexes to form 

carbene derivatives by cleaving the double bond. An example is shown in 

the following reaction (634). 

Diazo compounds may react with many transition metal derivatives to 

form carbenelike complexes, although in most cases the complexes are too 

reactive to be isolated. For example, reaction of fnmy-chlorocarbonylbistri- 

phenylphosphineiridium(I) with diazomethane gives the four-coordinate 

chloromethyl derivative, but the compound seems to react in the form of the 

pentacoordinate carbene complex (635). Recently, some complexes of 

Cl 

+ CH2N2 - Na> 

Oc' XP03 

*sP ch2ci 

XIr/ 

OC P^3 

CH2 

03P 
\ Cl 

Ir 
/ \ 

OC P<^3 

diazoalkanes with nickel(O) have been isolated. On heating, nitrogen is 

evolved and carbenelike coupling of the ligands is observed (636). 

(/-BuNC)4Ni + R2C=N2 -► (R2CN2)Ni(r-BuNC)2 -► 

R2C—C—N-/-Bu + R2CHCN + R2C=N—N=CR2 
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Another method of preparation is reaction of certain isocyanide complexes 

with alcohols or amines. cA-Qichlorobisphenylisocyanidepalladium(II), for 

example, reacts with methanol and p-toluidine as follows (637). 

* NHC6H5 
I 

CI\ ^C\ 
ch3oh^^ Pd OCH3 

Cl ^CNCeHs . U CNCeHs 

Pd 
/ \ 

Protonation of some acyl metal derivatives occurs on the acyl oxygen 

producing carbene complexes. The protonated complex of cyclopentadienyl- 

carbonyltriphenylphosphineacetyliron, for example, appears to be a carbene 

complex (638). 

CO o 
\ / 

C5H5FeCCH3 + HBr 
I 

P^3 

CO 
I 

C5H5Fe^ 

I 
P^3 

/ 
'I 

X 

OH 

CH3 

Br~ 

Protonation of alkoxymethyl metal derivatives is another route to carbene 

complexes if the protonated alkoxy group dissociates from the complex. 

Dicarbonylcyclopentadienylmethoxymethyliron(II) presumably reacts with 

fluoroboric acid to form the carbene complex (639). 

CO 
I 

C5H5FeCH2OCH3 + HBF4 

I 
CO 

CO 
I 

C5H5Fe +-CH2 

I 
CO 

BF4- + CH3OH 

Carbene complexes may also be formed when various polyhalo compounds 

are reduced with metal complexes, although few examples of this reaction 

are known. An interesting carbene-bridged, binuclear complex has been 

obtained this way by heating octacarbonyldicobalt(O) with tetrafluoroethylene. 

An intermediate 1:2 adduct is first formed (640). 

Co2(CO)8 + CF2=CF2 (CO)4CoCF2CF2Co(CO)4 (CO)3Co--Co(CO) 
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2. Reactions of Carbene Complexes 

Many of the isolable carbene complexes are capable of transferring the 
carbene group to olefins to form cyclopropane derivatives. Methoxyphenyl- 
carbenepentacarbonylchomium(O) reacts with methyl crotonate on heating 
to produce, in 607, yield, two isomeric cyclopropane derivatives. The trans 
relationship of the methyl and ester groups is retained in the transfer, while 
the carbene group adds both possible ways (641). Likewise, the carbenedi- 

/QHs /COOCH3 

(CO)5Cr-<—C + /C=C\ —* 
XOCH3 H3C H 

carbonylcyclopentadienyliron cation transfers carbene to cis- and trans-2- 
butene stereospecifically (639). These reactions probably involve addition of 

the metal-carbene group to the olefin, followed by reductive elimination 
forming a coordinately unsaturated metal group and the cyclopropane. 
Numerous other apparent, metal-catalyzed carbene transfer reactions are 
known, but intermediates have not been isolated and it is not certain that 
true metal-carbene complexes are involved. Scheme X-3 lists typical examples 
(642-645). The last reaction apparently involves a carbene insertion between 
the allyl group and the metal, followed by hydride elimination or hydride 
reduction. 

A very interesting carbon-carbon double-bond cleavage occurs with 
certain electron-rich olefins and metal complexes. The reaction appears 
reversible with chlorotristriphenylphosphinerhodium(I) and the amine- 
substituted olefins since mixtures of the two different symmetrically substi¬ 
tuted olefins are cleaved and recombined to give mixtures of the unsymmetrical 
and symmetrical olefins. Intermediate carbene complexes may be isolated 
from this reaction (634). This reaction is an example of an “olefin dispropor- 
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CrS04 + CH2=CHCH2CH2OH + (CH3)2CBr2 

St 

c6h5x 

/C=N2 + Ni(CO)4 

c6h5 

C6H5x 

)c=c=o 
c6h5 

[77-C3H5NiBr]2 + N2CHCOOEt - 

CH2=CHCH2CH2COOEt + 

8% 

CH2=CH COOEt H COOEt 

xc=c + xc—cx 
/ \ / \ 

H H CH2=CH H 

19% 

Scheme X-3. 

69% 

tionation” and lends some support to the idea that other known dispropor¬ 

tionation catalysts may operate by the same mechanism. It is already well 

known that treatment of diazo compounds with some transition metal 

complexes causes the dimerization of the presumed carbene groups left by 

loss of nitrogen. This may be the same kind of reaction. Chloro-7r-allyl- 

CH3 ch3 CH3 
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palladium(II) dimer and ethyl diazoacetate, for example, react to form diethyl 

fumarate (646). 

H ^COOEt 

/C=C\ 
[7r-C3H5PdCl]2 + N2CHCOOEt -* N2 + EtOCO H 

The “olefin disproportionation” reaction may be carried out with a variety 

of homogeneous and heterogeneous catalysts. The reaction converts olefinic 

compounds into equilibrium mixtures of olefins formed formally by breaking 

double bonds and recombining the pieces. The reaction promises to be of 

significant value to the petroleum industry since many difficultly obtainable 

olefins can be produced from more readily available ones this way. The 

following reactions are typical, homogeneous examples (647, 648). The 

(P<fc)2CI2(NO)2Mo + (CH3)3A12C13 

ch3ch2ch2ch=ch2 ^ -* 

ch2=ch2 + ch3ch2ch2ch=chch2ch2ch 

ReCls + n-Bu4Sn 
CH3CH2CH=CHCH3 ' — ch3ch=chch3 + ch3ch2ch=chch2ch 

literature on these reactions has been reviewed recently (649, 650). 7r-Com- 

plexed cyclobutane intermediates have been proposed most often to explain 

the disproportionation, but other mechanisms have not been ruled out. In 

addition to possible tetracarbene intermediates, metalacyclopentane com¬ 

plexes must be considered. It has been shown, for example, that presumed 

tetrachlorotungstacyclopentane decomposes to ethylene (651). 

WCla + LiCH2CH2CH2CH2Li 2CH2=CH2 

In the olefin disproportionation the metalacyclopentane intermediate 

could equilibrate the ring carbons through formation of metalacyclobutane- 

monocarbene complexes (see Scheme X-4). 

The transition metal-carbene complexes also are reactive starting materials 

for preparing a variety of other organometallic and inorganic complexes. 

E. O. Fischer has demonstrated the conversion of methoxymethylcarbene- 

pentacarbonylchromium(O) into numerous other complexes. Scheme X-5 

shows the versatility of these reagents (652-655). The carbene ligand in 

methoxymethylcarbene(pentacarbonyl)chromium(0) is completely replaced 

when it is reacted with phosphorus trihalides or pyridine (656, 657). 



C. Carbene Complexes 287 

R1CH=CHR2 

(CO)sCr 

+ M “ 

R1 
I 

H—C- 

R1 
I 

C—H 

R1 R1 R1 R1 
1 1 \_ / 

CH CH / \ 
■JMt-m—1| _ H H 

CH R2 R2 
I* 
R2 

1 
R2 H 

< 
H 

—| 

R2 
/ 

R2—C—M«—C 
I 

H 
\ 

H 

R2 
1 

R1 
1 

CH CH 
II—M-1| 
CH 

1 
CH 

1 

R2 R1 

R2 R1 

H- 

R2 

H 
-M- 

-H 

-R1 

H 

-> M + R1CH=CHR1 + R2CH=CHR2 

Scheme X-4. 

/ 

(CO)5Cr 

NH2 

ch3 

H 

/ 

\ 

(CO)5Cr CH3 

xc 
xoch3 

(CO)5Cr C 
/ 

n 

V 

s<^ 

ch3 

(CO)5Cr N=CR2 

och3 

,C—ch3 
/ 

(CO)5Cr +-C 
\ N—C6Hh 

Scheme X-5. 
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/OCHg 

(CO)5Cr «- C + PBr3 -* (CO)5CrPBr3 

xch3 

och3 

(CO)5Cr C + C5H5N -» (CO)5CrNC5H5 + CH2=CHOEt 

Xch3 

Some metal methoxycarbene complexes also react with Wittig reagents to 

produce vinyl ethers in high yield. Both cis and trans isomers are formed 

(658). The mechanisms of these reactions are not known. The study of 

^QHs R2^ 

(CO)5W=C^ + \:=p^3 -* 

xoch3 r* 

R2x yC6H5 R1^ yC6H5 

/c=\ + /C=C\ + 1(CO)5WP03] 
R* OCH3 R2^ OCH3 

transition metal-carbene complexes has only just begun and is it apparent 

that a great deal of unusual and useful chemistry probably still remains to be 

discovered. 

D. SULFUR DIOXIDE COMPLEXES 

The transition metal-sulfur dioxide complexes do not promise to be of as 

much economic importance as those of dinitrogen, dioxygen, and carbene 

derivatives, but, nevertheless, are of considerable interest. The major interest 

stems from the different reaction mechanisms encountered in their reactions 

compared with other transition metal complexes, particularly the carbonyl 

complexes. Some synthetically useful reactions have also been found. 

1. Sulfur Dioxide 77 Complexes 

Several isolable sulfur dioxide n complexes have been prepared either by 

replacement of a weakly bound ligand with S02 or by reaction of S02 with 

a coordinately unsaturated complex. The following equations illustrate 

typical preparations (659-662). 

RhCl(CO)(P<£3)2 + S02 S02RhCl(C0)(P<£3)2 

Pd(P^3)4 + S02 ——" Pd(S02)(P^3)3 + P^3 

dipyMo(CO)3py + S02 

dipy = 2,2'-dipyridyl 
py = pyridine 

* dipyMo(CO)3S02 + py 
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Cl 
I 

(P*3)a Rh 
I ' 

Cl 

ch2 . 

;ch + so2 
% •••• 

CH2 ; 

Cl 
I /S02 

(P^3)2Rh 

I xch2ch=ch2 
Cl 

In the above complexes, the bonding appears to be through sulfur to the 

* metal with a trigonal arrangement of the substituents around sulfur. 

2. Addition Reactions to Sulfur Dioxide 

A variety of aryl and alkyl transition metal complexes react with sulfur 

dioxide-to form addition compounds in which the S02 is inserted between 

the organic group and the metal (85). The usual product isolated is the sulfonyl 

metal complex, but there is evidence in many cases, at least, that the initial 

product is an oxygen-metal-bonded sulfinate which rapidly rearranges to the 

more stable sulfur-metal-bonded complex (663). The sulfonyl derivatives 

CO 
I 

-FeCH2C6H5 + S02 

CO 

(CO)5MnCH2C6H5 + S02 

CH2C6H5 ■> 

COO 
I I 

Fe—S—CH2C6H5 
I I 

COO 
o 
t 

(CO)5MnOSCH2C6H5 

O 
I 

(CO)6MnSCH2C6H5 

O 

also may be obtained directly from sulfonyl chlorides or sulfonic acid an¬ 

hydrides and metal complex anions or other metal derivatives (664, 665). 

CO o 

o 
90% 
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O O 

55% 

The rates of reaction of a series of organoiron complexes with S02 have 

been measured. The results show S02 to be reacting as an electrophilic reagent 

with the rates quite dependent on the electronic character of the allyl or aryl 

group in the complex. The kinetics showed a first-order dependence on the 

iron complex, but the order with respect to the S02 was not determined. The 

relative rates observed are given in Table X-l (666, 667). 

TABLE X-l 
Relative Rates of Reaction of Various Organoiron 
Compounds with Sulfur Dioxide*1 

Compound 
[M = C5H5Fe(CO)2-] 

Relative rates of reaction 
at —40° with liquid S02 

C6Hs— M 1.0 
4-CH3C6H4M 33 
4-CH3OC6H4M 720 
C6H5CH2M 80 
ch3och2m 4 
ch3m 1400 
ch3ch2m 1600 

“ Data taken from Hartman et al. (667). 

The stereochemistry of the addition to sulfur dioxide has been investigated 

by reacting f/?reo-dicarbonylcyclopentadienyl-3,3-dimethyl-1,2-dideuterobu- 

tyliron(II) with S02. The sulfonyliron product was found to be about 80% 

inverted in contrast with the carbonylation product which was formed with 

complete retention (113). The data can be accommodated by a mechanism 

which involves an initial formation of an acyliron complex followed by oxygen 

coordination of S02 and transfer of the organic group from the acyl carbonyl 

to sulfur. 

The reaction of S02 with allyl and propargyl metal complexes appears to 

proceed by a different mechanism. The insertion with unsymmetrical allylic 
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groups takes place with allylic rearrangement. For example, pentacarbonyl- 

crotylmanganese(I) and S02 form the 3-buten-2-ylsulfonylmanganese com¬ 

plex exclusively. Conversely, the 3-buten-2-ylmanganese compound gives the 

crotylsulfonyl metal complex (667). Propargyl metal compounds and S02 

? 
t / 

(CO)5MnCH2CH=CHCH3 + S02 -► (CO)5MnSCHCH=CH2 
I 
O 

CH3 V 
I t 

(CO)5MnCHCH=CH2 + S02 -► (CO)5MnSCH2CH=CHCH3 

I 
O 

form cyclic sulfinate esters (668, 669). Two other types of reagents are known 

CO 
I 

Fe—CH2C=CCH3 + S02 

CO 

O 
S' 

to react with propargylic metal complexes in a similar manner—iV-thionyl- 

aniline (670) and sulfur trioxide (671). Tetracyanoethylene and chlorosulfonyl- 

isocyanate (672) react with allyl metal complexes in an analogous way (673). 
A reasonable mechanism has been proposed for the allyl metal reaction 

which seems applicable to the propargyl reactions as well (673). An electro¬ 

philic attack of the reagent on the allylic (or propargylic) unsaturation is 

proposed. A dipolar intermediate is formed between the unsaturated organic 

ligand and the attacking reagent and the original metal a bond is converted 
into an olefinic (or allenic) tt bond. The anionic group may then attack the 
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CO ch3 
I I 

-FeCH2C=CH2 + (NC)2C=C(CN)2 
I 

CO 

-Fe(CO)2CH2CH=C(CH3)2 + C1S02N=C=0 

77-complexed olefinic group intramolecularly and form a ring and simul¬ 

taneously a new a bond. Intermediates in the S02 and tetracyanoethylene 

reactions would have the following structures. 

CO 
I 

-Fe©- 
I 

CO 

ch2 
CO 

i c 

<PTi 
CO I 

ch2 

c—ch3 

c—ch3 
1 

ch2 
1 

{ xo© 
C(CN); 

C(CN); 

Formation of the cyclic product from the allenic -n complex appears difficult 

at first glance because of the presence of a rigid, linear allenic structure, but 

when complexed with a metal the allenic group is bent and ring formation is 

probably not unfavorable. 

3. Catalytic Reactions 

The addition of organotransition metal compounds to S02 is reversible 

and sulfonyl chlorides may be desulfonated catalytically with a variety of 

transition metal complexes. For example, chlorotristriphenylphosphine- 

rhodium(I) and arylsulfonyl chlorides form aryl chlorides and S02 in 60-85% 

yields (674). The true catalyst is apparently not the compound added but 
rather an S02-bridged monophosphine dimer. 
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ArS02Cl 

o o 

Cl(P^)Rh—Rh(P^3)Cl 
ArCl + S02 

Some sulfinate salts also^undergo desulfonation rather easily forming 

organometallics. Heating sodium arylsulfinates with sodium tetrachloro- 

^palladate produces biaryls, S02, and palladium metal, presumably by way 

of a diarylpalladium complex (675). 

ArSOzNa + Na2PdCl4 -* [(ArSOz)2Pd] ->- Ar2 + S02 + Pd 

An interesting reaction between ethylene and S02 occurs with palladium 

chloride.as catalyst (676) forming mainly crotylethyl sulfone and, to a minor 

extent, ethyl vinyl sulfone. The mechanism probably involves a hydrido- 

chloropalladium complex as the true catalyst. The hydride can add to ethylene 

and the ethyl derivative could add to S02. A second reaction with ethylene 

would produce a 2-ethylsulfonylethylpalladium species. Elimination of hydride 

would give the minor product, while addition to another ethylene and hydride 

elimination with double-bond migration would give the major product (see 

Scheme X-6). 

PdCI2 + CH2=CH2 —CH2=CHCI + [HPdL2CI] 

[HPdL2CI] + CH2=CH2 

L 1 O L "1 
1 so2 t 1 

CH3CH2PdCl CH3CH2SPdCl 
1 f 1 

L L J L o L J 

O L 
t I 

CH3CH2SCH2CH2PdCl 
-J- 
O L . 

c2h4 

O L 
t 1 

CH3CH2SCH2CH2CH2CH2PdCl 
f I 
O L J 

O 
t 

CH3CH2SCH=CH2 + [HPdL2CI] 
4 
o 

o 
t 

CH3CH2SCH2CH2CH=pCH2 
4 I 
O H—Pd— L 

Cl 

O 
t 

ch3ch2sch2ch2chch3 
4 I 
O L—Pd—L 

I 
Cl 

o 
t 

-* CH3CH2SCH2CH=CHCH3 + [HPdL2Cl] 
I 
O 

Scheme X-6. 
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