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Organocobalt compounds in organic synthesis have three characteristic reactions. The first occurs
because cobalt has a high affinity to carbon–carbon π -bonds or carbon–nitrogen π -bonds. The
second occurs because cobalt has a high affinity to carbonyl groups. The third is due to cobalt easily
tending to form square-planar bipyramidal six-coordination structures with four nitrogen atoms or
two nitrogen atoms and two oxygen atoms at the square-planar position, and to bond with one
or two carbon atoms at the axial position. The first characteristic reactions are the representative
reactions of organocobalt compounds with a mutually bridged bond between the two π -bonds of
acetylene and the cobalt–cobalt bond of hexacarbonyldicobalt. These are reactions with a Co2(CO)6

protecting group to reactive acetylene bond, the Nicholas reactions, the Pauson–Khand reactions
([2 + 2 + 1] cyclizations), [2 + 2 + 2] cyclizations, etc. These reactions are applied for the syntheses
of many kinds of pharmaceutically useful compounds. The second reactions are carbonylations that
have been used or developed as industrial processes such as hydroformylation for the manufacture of
isononylaldehyde, and carbonylation for the production of phenylacetic acid from benzyl chloride.
The third reactions are those reactions with the B12-type catalysts, and they have recently been used
in organic syntheses and are utilized as catalysts for stereoselective syntheses. These reactions have
been used as new applications for organic syntheses. Copyright  2007 John Wiley & Sons, Ltd.

KEYWORDS: organocobalt compound; protecting group; Pauson–Khand reaction; Nicholas reaction; carbonylation; cyclization;
vitamin B12

INTRODUCTION

Organometallic intramolecular coordination compounds,
especially five-membered ring compounds of organotin
compounds, have been studied since 1965, and many
reviews1 – 13 and some books14 – 16 have published on the
subject. These compounds are mainly synthesized by
cyclometalation reactions with transition metal compounds.
The first publication on this subject is generally considered to
be the reaction of diazobenzene with nick elocene by Kleiman
and Dubeck17 in 1963 as shown in equation (1).
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An earlier article on the direct synthesis of 2-phenyl-3-
indazolinone by carbonylation of azobenzene with a cobalt
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carbonyl catalyst, as shown in equation (2), was published
in 1956.18 It was also synthesized in 1967 through a two-
step reaction, that is, (i) cyclopalladation of azobenzene via
the five-membered ring product, and (ii) carbonylation, as
shown in equation (3).19

From these two reactions, the former reaction [equa-
tion (2)] is presumed also to proceed via cyclometallation,
that is, cyclocobaltation with the cobalt carbonyl catalyst,
as shown in equation (4). Actually, many cyclomatalations
with cobalt compounds have been reported.20 – 35 For exam-
ple, a similar cyclometalated organocobalt compound was
prepared by the reaction of azobenzene with methylte-
tra(trimethylphosphine)cobalt, as shown in equation (5).20

Further, one year previously, in 1955, the same type of
heterocyclic compound was prepared by the same type of
carbonylation reaction with an organocobalt compound, as
shown in equation (6).36 This publication by Murahashi36 may
be considered to be the first reaction relating cyclometalation
reactions.

In the chemical industry, organocobalt is an essential
constituent in many important catalysts. Specifically, they
are key components in the multimillion-pound technology
of hydroformylation; that is, the catalytic transformation of
olefins into aldehydes using homogeneous catalysts.37

Many reviews on organocobalt compounds in organic
synthesis have been published. For examples, Pau-
son–Khand reactions,38 – 52 [2 + 2 + 2] cyclizations and related
cyclizations,39,44,48,53 – 56 Nicholas and related reactions,44,57 – 59

hydroformylations,60 – 63 amidocarbonylations (Wakamatsu
reactions),64,65 enantioselective reactions with cobalt–salen
complexes,66,67 and green transformations with B12 deri-
vatives.68

This article reports on three characteristic reactions of the
organocobalt compounds in organic syntheses on the basis of
their structures and reactivities.

THREE CHARACTERISTIC REACTIONS OF
OGANOCOBALT COMPOUNDS IN
ORGANIC SYNTHESIS

Organocobalt compounds in organic synthesis can engage
in three characteristic reactions. The first ones occur because
cobalt has a high affinity to π -bonds such as carbon–carbon
bonds and carbon–nitrogen bonds. These characteristic
reactions are understood from the following three facts.

(1) Organocobalt compounds form a mutually bridged
bond between the two π -bonds of acetylene and the
cobalt–cobalt bond of hexacarbonyldicobalt; for example,
dicobalt hexacarbonyl diphenylacetylene, shown in
Fig. 1.69

(2) The organocobalt compounds easily form many kinds of
diene compounds, cyclobutadiene compounds and 5.5-
membered ring compounds, as shown in compounds
1–6. As the CpCo moiety in the compounds 1–4 has 14
electrons, these tend to react with many kinds of moieties

Figure 1. Structure of dicobalt hexacarbonul diphenyl-
acetylene.69.
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having four electrons, such as two pairs of carbon–carbon
double bonds70 – 77 and cyclobutadiene rings76,78 – 103 to
form 18-electron compounds. The organocobalt com-
pounds having an alkenyl chain generally can form
5.5-membered ring compounds such as compounds 5
and 6.14,104 – 107

(3) The organocobalt compounds can form 19-, 20- and 21-
electron sandwich compounds. For example, cobaltocene
is a 19-electron compound. The M–C bond length is
2.10 Å in this compound, slightly longer (by 0.06 Å) than
in the very stable ferrocene (2.04 Å, eclipsed structure),
and much shorter (by 0.08 Å) than in nickelocene
(2.18 Å).108,109 The cobalt is considered to be able to
form a relatively strong bond with cyclopentadienyl
carbons and also to form the 20-electron compounds
of the cyclopentadienyl and phenyl derivatives such
as CpCoC6Me6

110 and [(C6Me6)2Co]+,111 and the 21-
electron compound of the bisphenyl sandwich complex
[(C6Me6)2Co] (Fig. 2).111
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Figure 2. Structure of organocobalt sandwich
compounds.109–111

The first characteristic reactions of organocobalt com-
pounds relate to its reaction with unsaturated triple bond,
that is, acetylene compounds and cyano compounds. There
are three types of reactions arising from this property. The
first reaction is with a Co2(CO)6 protecting group with mutu-
ally bridged bonds to a triple bond. The second is similar
but with the propargyl ion. The third is the cyclizations
with triple bonds in acetylenes or cyano compounds, and
with other triple bonds or a double bond. The represen-
tative reactions of the second reactions are the Nicholas
reactions. The third reactions are the Pauson–Khand reac-
tions, [2 + 2 + 2] cyclization, [2 + 2] cyclization, [3 + 2 + 2]
cyclizations, etc. These first, second and third reactions are
discussed below.

The second characteristic reactions occur because of
the high affinity of cobalt to carbonyl groups. Many
transition metals of Groups 5–10 easily form metal carbonyl
compounds. For example, Group 9 elements, cobalt, rhodium
and iridium, and Group 8 elements, iron, ruthenium and
osmium, form many kinds of metal carbonyl clusters.112,113

Generally, these metal compounds have high affinity to
carbon monoxide, that is, high carbonylation reactivity.
Specifically, organocobalt compounds have high reactivity
of carbonylation. This reactivity is also easily understood by
the following two facts:

(1) The cobaltcarbonyls form many cobaltcarbonyl clus-
ters such as Co2(CO)8, Co4(CO)12, Co6(CO)16 and
Co8C(CO)18.114,115 Co2(CO)8 is easily converted to the car-
bonyl cluster Co4(CO)12 by simply heating only slightly
above room temperature,116 and Co6(CO)16 is derived
from Co4(CO)12.114

(2) Co2(CO)8 is able to form many kinds of structures such
as C2v− Co2(CO)8 and D2d− Co2(CO)8, and many kinds

of bonds between Co and CO form, e.g. Co–CO single
bond, Co–CO–Co carbon bridged bond, and Co–CO–Co
carbonyl π -bond bridged bond.116 – 120

The second characteristic reactions involve organocobalt
compounds as catalysts for various kinds of carbonylation
reactions as shown below.

The third characteristic reactions involve vitamin B12-
type compounds having a bulky square-planar group. These
reactions are expected to proceed through a regio- and stereo-
specific pathway, as shown below.

The third characteristic reactions occur because cobalt
tends to easily form a square-planar bipyramidal six-
coordination or square-planar five-coordination structure
with four nitrogen atoms, square-planar four-coordination
with two nitrogen atoms and two oxygen atoms, etc., and to
bond with one or two carbon atoms in the axial position.

Vitamin B12, as shown in Fig. 3,121 is the first compound
with a metal–carbon bond to be discovered in natural
products. It is stable in the human body, which is an aqueous
system, even though it has a metal–carbon bond, as it is
an organotransition metal compound. This octahedreal six-
coordination structure is involved the third characteristic
reaction of organocobalt compounds in organic syntheses, as
shown below.

REACTIONS WITH A CO2(CO)6
PROTECTING GROUP

The organocobalt compounds react vigorously with π -bonds.
For example, octacarbonyldicobalt reacts with the acetylene

Figure 3. Structure of vitamin B12.121
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triple bond forming a mutually bridged bond between two
π -bonds of acetylene and cobalt–cobalt bond of Co2(CO)6,
as described above. The reactive carbon–carbon triple bond
with this bridged bond is converted to an inert bond. This
means that the hexacarbonyldicobalt forms as a protecting
group for the reactive triple bond of acetylene compounds.

Hence, by protecting the reactive triple bond of the
acetylene compounds with the octacarbonyldicobalt, many
kinds of reactions such as reductions,122 – 124 Friedel–Crafts
reactions,122,125 rearrangements,126 fluorinations,127 1,3-
dipolar cycloaddition reactions,128 Grignard reactions,129

hydrolyses,130 oxidations,131 amidations,131 pinacol coupling
reactions,132 carbonylative cyclizations,133 metathesis134 and
radical reactions,135 have been reported. These many reactions
with ocatacarbonyldicobalt for protection of the reactive
acetylene triple bond have been applied in organic syntheses.

For example, in steroids with a double bond and triple
bond, the double bond is selectively reduced after protecting
the triple bond with the cobaltcarbonyl reagent, as shown in
equation (7).122,125

The Friedel–Crafts acylation of diphenylacetylene cannot
be accomplished directly. However, by protecting with

cobaltcarbonyl, a facile Friedel–Crafts acylation occurs, and
the organic ligand in the resulting products is released from
their cobalt complexes to give organic compound in a good
yield, as shown in equation (8).122,125

NICHOLAS REACTIONS

The mutually bridged bonds simply show protective action to
the reactive acetylene bond, as shown in the previous section.
However, the reactions with this bridged bond frequently
proceed regio- and stereo-specifically because this protecting
group is a bulky group, as shown in Fig. 1. Furthermore,
the mutually bridged bond forms a reaction site at the α-
position to the bridged bond. At this position, many kinds of
reactions, such as nucleophilic substitutions, and cyclizations
also proceed as shown in the next section.

In the formation of the mutually bridged complexes, where
the α-carbon of the acetylene compounds bonds with a
hydroxy group or alkoxy group in the complexes, or the
α-carbon is the carbon of a formyl group or an alkene, the
complexes form cations with an acid such as tetrafluoroboric
acid and trifluoroacetic acid. The cations easily react with
many kinds of nucleophiles to form the corresponding
derivatives. The reaction with hydroxy group at the α-carbon
is shown in equation (9).136

Nicholas and Pettit, in 1971, reported on the reaction
of alkyne protected with octacarbonyldicobalt137 and, in
1972, on the high stability of the cation at the α-position
of the alkynes.138 The reactions of the cation with many
kinds of nucleophiles are well known as the Nicholas
reactions.44,57 – 59,122,139 – 181 The carbonium ions at the α-
position to the alkyne carbon are stabilized with the
mutually bridged bond and can react with a variety of
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nucleophiles such as alcohols, amines, alcoholates, allysilanes
and allyltrialkyltin, as shown in equation (10).58

For example, the Nicholas reaction is an aldol-type
reaction of the propynal–Co2(CO)6 complexes with silyl enol
nucleophiles and proceeds with highly syn-selectivity. The
treatment of the propynal–Co2(CO)6 complexes with (E)-
O, S-acetal in methylene chloride, followed by exposure to
cerium ammonium nitride gives the syn product exclusively
in 90% yield. On the other hand, the reaction without the
octacarbonyldicobalt gives the anti-product exclusively, as
shown in equations (11) and (12), respectively.168,169

In 2002, syntheses of many kinds of pharmaceuticals with
these stereoselective aldol-type reactions were reviewed,170

e.g. β-lactam antibiotics (±)-PS-5 and (±)-epi-PS-5170 – 172, (±)-
blastmycinone,173 and (+)-bengamide E174 – 176 and cycliza-
tions, e.g. (+)-syributins 1.177

With long chain groups, an intramolecular Nicholas
cyclization easily proceeds at the propargyl posi-
tion,58,141,178 – 181 for example, if octacarbonyldicobalt is added
to the hexane solution of a propynyl alcohol, (2-methyl-
4-[2-(1-hydroxyprop-2-yn-1-yl)phenoxy]but-2-ene), and the
reaction mixture is stirred under an atmospheric pressure
of nitrogen at an ambient temperature. A stereospecific
cyclization product is obtained in high yield, as shown in
equation (13).141
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In a study in 1986, syntheses of six-, seven- and eight-
membered ring systems proceeded by the intramolecular
cyclization of cobalt complexed propargylic ether with allylic
silyl group, as shown in equation (14).58

On the other hand, similar seven-membered ring systems
were also synthesized by intermolecular cyclization, that is,
[4 + 3] cycloaddition of butyne-1,4-diether hexacarbonyl with
allylsilane, as shown in equation (15).151

CYCLIZATIONS OF ALKYNES, ALKENES
AND NITRILES WITH ORGANOCOBALT
COMPOUNDS

Introduction
Cyclization reactions of alkynes proceed by the insertion of
other alkynes, alkenes, nitriles, carbon monoxide, etc., to the
cobalt–carbon bond of the cobalt carbonyl catalyst. These
cyclizations are the [2 + 2 + 1] cyclizations (Pauson–Khand
reactions), [2 + 2 + 2] cyclotrimerizations, [2 + 2] cycliza-
tions, [3 + 2 + 2] cyclizations, [3 + 2] cyclizations, [5 + 2]
cyclizations, etc. These proceed not only with conventional
Co2(CO)8 but also with the other cobalt carbonyls such as
cyclopendadienyl cobalt and cyclooctadienyl cobalt.

In the reactions with the mutually bridged bond between
the acetylene two π -bonds with the cobalt–cobalt bond,

reactions with a Co2(CO)6 protecting group and Nicholas
reactions were described above.

The Pauson–Khand reactions also proceed with the
mutually bridged bond between the acetylene two π -bonds
with cobalt–cobalt bond, mainly using the Co2(CO)8 catalyst.

Generally, these cyclizations show one of the first charac-
teristic reactions of the organocobalt compounds. However,
Pauson–Khand reactions of the [2 + 2 + 1] cyclizations illus-
trate the first and second characteristic reactions of the
organocobalt compounds because these cyclizations proceed
by the insertion of carbon monoxide except for the alkynes
and alkenes, as shown in the next section.

[2 + 2 + 1] Cyclizations
Pauson–Khand reactions
Pauson–Khand reactions are the most representative reac-
tions with the organocobalt compounds used in organic
synthesis.38 – 52,182 – 237 These reactions involve the cyclization
of one acetylene, one olefin and a cobaltcarbonyl (as a car-
bon monoxide source, e.g. octacarbonyldicobalt) and yield
cyclopentenone by the [2 + 2 + 1] cyclization addition, as
shown in equation (16).

Copyright  2007 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2007; 21: 318–344
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Many reviews on this Pauson–Khand reactions have been
published.38 – 52,216 These reactions also occur with other metal
compounds such as Rh, Ru, Ir, Pd, Mo, Ti, Ni, Fe, W,
Co–Zn compounds and Co–C, as well as cobalt carbonyl
compounds.46,186,189,200,204,208,221,227,233,235,238 – 243

As shown in Scheme 1,40 at first, two π -bonds in acetylene
with two cobalt atoms form the mutually bridged structure
7, as shown in Fig. 1. Then one olefin is coordinated to one of
the cobalt atoms and inserted into the cobalt–carbon bond.
Also, one carbonyl is inserted into the new cobalt–carbon
bond, and cyclopentenone is obtained by the elimination of
Co2(CO)6.

In these reactions, Co2(CO)8 reacts with acetylene at room
temperature for several hours to form a stable acetylene
π -complex 7, then an olefin reacts with the complex
under a nitrogen or carbon monoxide atmosphere with
heating. Generally, a stoichiometric amount of the metal
is required to achieve an acceptable yield because the
cobaltcarbonyl compound is used as the carbon monoxide

source. The yields of the Pauson–Khand reactions were
not very high.39,40 However, the use of tertiary amine N-
oxides, silica, primary amines, alumina and a supersonic
wave, leads to a dramatic increase in their yields and reaction
rates.43,185,200,206,207,209,212,232,244,245

For example, norbornene reacts with hexeyne-1 and
Co2(CO)8 in the presence of cyclohexylamine in 1,2-
dichloroethane at 83 ◦C for 15 min in an argon atmosphere to
give the desired cyclopentenone in 94% yield, as shown in
equation (17).207

The use of stoichiometric amounts of a transition-metal
compound is not acceptable commercially. Therefore, many

Scheme 1.
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research groups have studied the use of various kinds of
catalysts, such as Co2(CO)8/P(OPh)3, (indenyl)Co(COD) and
Co(acac)2/NaBH4 under CO pressure with additives.200

In 1996, the photo-activation (Q-Beam Max million 106

candle-power spotlight) of Co2(CO)8 under a low CO pressure
was successful as a practical procedure in giving high yields,
as shown in equation (18).209 In 2001, as a practical example
of cobalt carbonyl catalysis in the thermal cyclization, the
reaction with Co4(CO)12 in the presence of cyclohexylamine
also proceeds in high yield under one atmosphere of CO
pressure, as shown in equation (19).185 Furthermore, in 2005,
a similar reaction with a catalytic amount of Co2(CO)8 in the
presence of tetramethylurea [Me2N–C( S)–NMe2] under a
balloon pressure of CO in benzene proceeded with 96% yield,
as shown in equation (20).232

The Pauson–Khand reactions tend to proceed stereose-
lectively because the reactions goes via a bulky mutually
bridged structure, as shown in Scheme 1. Furthermore, the
reaction with a cobaltcarbonyl catalyst coordinated by a chiral
group such as phosphine proceeds with a high enantioselec-
tivity. Recently, many of these diastereospecific and asym-
metric reactions,186 – 188,191 – 193,198,202,203,210 – 212,215 – 221,223,225,229 – 231

and syntheses of natural products216 – 218,220,225,229 – 231 have
been reported. For example, the Pauson–Khand reaction
with an enyne gives a tricyclic product in a high yield
and proceeds with complete diasteroselectivity, as shown
in equation (21).215

The cycloaddition of two alkynes in the presence
of cyclopentadienylcobalt catalyst gives cyclopentadienone
instead of the cyclopentenones in the Pauson–Khand
reaction, as shown in equation (22).246 – 248

Iwasawa and co-workers249 – 254 recorded the reaction of
Co2(CO)8 with cyclopropane compounds in place of the
olefins. This is also considered to be one of the modifications
of the Pauson–Khand reactions.

[2 + 2 + 2] Cyclotrimerizations
In the oligomerizations of acetylene, only a few catalysts
besides nickel catalysts for the tetramerizations to cyclooc-
tatetraene are known.255,256 However, many kinds of catalysts
for the cyclotrimerization to benzene have been found. These
catalysts are metals or metal compounds of Ti (Group 4), V,
Nb and Tc (Group 5), Cr and W (Group 6), Fe and Ru (Group
8), Co and Rh (Group 9), and Ni and Pd (Group 10).256 – 263

In particular, the organocobalts such as cyclopentadi-
enyldicarbonylcobalt are conveniently used as the best cata-
lysts for the synthesis of benzene derivatives.264 – 268 These
cyclizations are called [2 + 2 + 2] cyclotrimerization reac-
tions. With the cyclopentadienylcobalt catalysts, not only
acetylenes but also olefins, nitriles and the other unsaturated
compounds, can be used in these cyclotrimerizations.

Copyright  2007 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2007; 21: 318–344
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There are mainly three types of the cyclotrimerization
reactions, such as acetylene [2 + 2 + 2] cyclotrimerization,
acetylene–olefin [2 + 2 + 2] cyclotrimerizations, and hetero
[2 + 2 + 2] cyclotrimerizations.39,44,48,53 – 56,267,269 – 325

The acetylene [2 + 2 + 2] cyclotrimerizations are presumed
to proceed as shown in Scheme 2.262 A metal complex MLn+2

is thought to sequentially bind first with an alkyne 8 and
then with a second alkyne 8 to give the complex 9. An
ensuing redox reaction would lead to matalacyclopentadienes
10, which might relieve its coordinative unsaturation by
coordinating a third alkyne to give another complex, 11.
In the conversion of 9 to 10, the alkynes have been reduced
with a concomitant carbon–metal bond formation, and the
metal has lost two electrons. An insertion of the third alkynes
in the complexed alkynes 11 gives metallacycloheptatriene
12 followed by a reductive elimination to an arene 13. A
decomplexation with two alkynes would produce an arene
14 and the complex 9, completing a catalytic cycle.262 In these
reactions, it may be conceivable that the Diels–Alder reaction
partially proceeds between the diene of metalacyclopentadine
10 and alkyne 8. With the exception of 11, species 9–13
have been isolated. Cobaltcyclopentadienes 10 are easily
synthesized, and many compounds are derived from the
compounds, as shown in Scheme 3.264 Therefore, these
compounds are utilized as useful intermediates. In the
reactions from the species 9 to the cobaltcyclopentadienes

10, the bulky groups tend to bond with the carbon atom near
the cobalt atom.122

Cyclic products derived from only two molecules
of alkynes include cyclobutadiene complexes 15 and
cyclopentadienone complexes 16 via cobaltcyclopentadienes
10, as shown in equation (23). The cyclopentadienone 16
arises from the incorporation of carbon monoxide with a
cobaltcarbonyl catalyst, as shown in Scheme 3. The lower
cyclooligomers may predominate over trimers 17 and higher
homologues if further alkyne incorporations are found
due to steric hindrance at the metal. In these reactions,
three types of reactions, i.e. [2 + 2] cyclization (with two
alkynes), [2 + 2 + 1] cyclization (with two alkynes and carbon
monoxide), and [2 + 2 + 2] cyclotrimerization (with three
alkynes) occur.262

These cyclizations are presumed to proceed not via the
mutually bridged structure with the Co2(CO)8 catalyst (e.g.
Scheme 1) but via their acetylene–cobalt π -complexes with
the other cobalt catalysts such as CpCo(CO)2 and CpCo(PPh)3,
e.g. as shown in Scheme 2.262

A partial intramolecular approach of diynes and
monoalkyne and a completely intramolecular approach
of triynes are also applied as shown in equations (24)
and (25), respectively, and these reactions are also
called the [2 + 2 + 2] cyclotrimerization or [2 + 2 + 2]
cycloaddition.269,277 – 279,291 – 293

Scheme 2.
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Scheme 3.

Examples of these partial or completely intramolecu-
lar cyclotrimerizations with three triple bonds are 1,2-
diethynylbenzene combining with bis(trimethylsilyl)ethyne
to give bis(trimethylsilyl)[2]phenylene,294 and the synthe-
sis of helicenes by the cyclotrimerization of triynes with
CpCo(CO)2 –PPh3 catalyst,296,297 as shown in equations (26)
and (27), respectively.

The total synthesis of C3h-symmetric[7]phenylene has been
accomplished by triple cobalt-catalyzed cycloisomerization of
nonayne, albeit in low yield as shown in equation (28).310,321

With one cyano compound instead of one monoyne, the
cyclotrimerization provides heterocyclic com-
pounds28,29,183,262,284 – 289,291,273,298 – 300,312 such as pyridine deri-
vatives. For example, (+)-(S)-2-methylbutanenitrile reacts
with acetylene at 140 ◦C in the presence of CpCo(cycloocta-
diene) to yield (+)-(S)-2-sec-butylpyridine in a high yield, as
shown in equation (29).284

With isocyanates instead of nitriles, the cyclizations
of acetylenes yield 5-indolizinones in a regio-controlling
reaction, as shown in equation (30). This reaction is readily
applied to a total synthesis of the antitumor alkaloid
camptothecin.301

The cyclotrimerizations with one alkene instead of one
alkyne, give cyclohexadiene derivatives 19, instead of
benzene derivatives.183,262,280 – 283,273,302 – 307 This reaction may
be used in the total synthesis of the Torgov intermediate
20, in the synthesis of estrone. Exposure of enediyne 18 to
excess CpCo(CO)2 in boiling isooctane gave the red crystalline
cobalt complexes 19, in a fairly good yield (65%), as shown in
equation (31).306

Others
Other cyclizations with the cobalt catalysts have been
reported on the [2 + 2], [3 + 2 + 2], [3 + 2], [5 + 2], and [4 + 2]
cyclizations, etc. One example of the [2 + 2] cyclization
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is shown in equation (23). However, a different type of
the [2 + 2] cyclization is the following reaction, shown
in Scheme 4.326,327 In some of the [2 + 2] cyclizations,
isomerizations also proceed during the cyclization reaction.
Hence, these reactions are called cycloisomerizations. As a
cyclopentadienyl cobalt moiety tends to show a high affinity
to a diene moiety, as described above. This cycloisomerization
forms the two types of cyclopentadienyl cobalt diene
complexes, that is, a diene complex 21 and cyclopentadiene
complex 22, as shown in Scheme 4.326,327

In the reaction of 2-butyne with η5-pentamethylcyclopenta-
dienylallyl cobalt or η5-methylcyclopentadienylallyl cobalt
compounds, [3 + 2 + 2], [3 + 2] and [5 + 2] cyclizations were
reported.328 – 330 The cycloaddition of two 2-butynes to an allyl
moiety in the presence of pentamethylcyclopentadienylallyl
cobalt complex yields an η5-cycloheptadienyl ring product 23
by a [3 + 2 + 2] allyl/alkyne, alkyne cycloaddition, as shown
in equation (32). The formation of the η5-cycloheptadienyl
ring is considered to follow the insertion of 2-butyne to an
allyl-cobalt bond in pentamethylcyclopentadienylallyl cobalt
complex that leads to an η1,η2-cyclopentenyl ligand 24, and an
agostic η3-cyclopentenyl intermediate 25 that subsequently
undergoes an alkyne insertion and a ring expansion at or
below room temperature, as shown in Scheme 5.328,329 On the
other hand, the cycloaddition of 2-butyne to monomethyl-
cylopentadieneylallylcobalt complex forms two cyclization
products. One is the [3 + 2] cycloaddition, 26, of an alkyne to

an η3-allylcobalt moiety. The other is the [5 + 2] cycloaddi-
tion, 27, of an alkyne to methylcyclopentadiene derived from
the ring expansion of the original η5-cyclopentadineyl ring
with 2-butyne, as shown in equation (33).328

Recently, many articles regarding Diels–Alder reac-
tions ([4 + 2] cycloadditions),313 – 317 [4 + 2 + 2] cycloadditions
(diene and two ynes),313 and [6 + 2] cycloadditon of cyclohep-
tatriene with alkynes318 also reported using inorganic cobalt
catalysts.
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Scheme 4.

Scheme 5.

Since 1980, Liebeskind et al.331 – 340 have reported on many
kinds of quinone syntheses by utilizing the property of
high affinity of cobalt complexes to alkynes. For example,
phthaloyl cobalt complexes react with a wide variety of
alkynes to give high yields of 1,4-naphthoquinones as shown
in equation (34).331 They also reported on the applications
of regiospecific total syntheses of the natural product (±)
nanaomycin using this phthalolyl cobalt complex.333

CARBONYLATIONS

Introduction
The second characteristic reaction of organocobalt com-
pounds in organic synthesis is carbonylation. The organo-
cobalt compounds are used as catalysts in these carbonylation
reactions.
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The carbonylations of alkenes with carbon monoxide and
hydrogen sing cobaltcarbonyl catalysts are hydroformy-
lations (oxo reactions). The hydrocarbonylations are the
carbonylation of alkenes with water or alcohols. Amidocar-
bonylations (Wakamatsu reactions) are used to manufacture
amino acids as an industrial process by the carbonylation
of aldehydes with amides. Hydrosilylcarbonylations are the
carbonylations with a hydrosilyl group instead of hydro-
gen in the hydroformylation. The carbonylation of alkyl or
aryl halides such as benzyl halides easily proceeds using the
cobaltcarbonyl catalysts.60 – 65,341 – 351

The other carbonylations are also reported on exocylic
carbonylations of cycloimino esters,352 ring-expanding car-
bonylations of 2-aryl-3-oxazolines,353 active epoxide carbony-
lations to β-lactones354 or polyesters,355 carboylative silycar-
bocyclization of 1,6-enynes,356 hydromethoxycarbonylation
of 1,3-butadiene, etc.357

Hydroformylations
The hydroformylation is a reaction for preparing aliphatic
aldehydes whose carbon number is increased by one, as
shown in equation (35).341 Commercially, butyraldehyde is
produced largely from propylene. Butyraldehyde is used as
a raw material for butanol, 2-ethylhexanol, etc., with cobalt
and rhodium compounds as useful catalysts. The catalytic
activity of the cobalt catalysts is less than that of rhodium
catalysts. However, the linear product, 28, of the reaction
shown in equation (35) was obtained. The ratio (28 : 29) of
straight-chain obtained using HCo(CO)4 as the cobalt catalyst
is 3 : 4, but the ratio using HCo(CO)3(PBu3) as the catalyst
is improved to 6 : 7.341 HCo(CO)4 as the hydroformylation
catalyst is obtained by the hydrogenation of Co2(CO)8, and
the active species is thought to be HCo(CO)3 formed by the
decarbonylation of HCo(CO)4 by one carbonyl. The reaction
is presumed to proceed as shown in Scheme 6.60,343 – 345

Scheme 6.
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In 2003, the industrial processes for hydroformyla-
tion to make octanol and butanol were reported.346 The
hydroformylation produces octanol (2-ethylhexanol, 3 ×
106 ton/year), butanol (2.1 × 106 ton/year), and isononanol
(0.6 × 106 ton/year) as worldwide oxoalcohols 2002. In the
primary stage of the hydroformylation, cobalt catalysts
[e.g. HCo(CO)4] were used. Now, rhodium catalysts [e.g.
HRh(CO)(PPh3)4] have mainly replaced the cobalt catalysts,
because the rhodium catalysts have higher reactivity, selectiv-
ity and stability than the cobalt catalysts. However, isonony-
laldehyde is produced using the cobalt catalyst because its
recycle is very easy.346 Other articles on the hydroformylation
have also been published.61 – 63,345,347 – 351,358 – 366

Hydrocarboxylations
Hydrocarboxylation is the reaction by using water or alcohol
in the place of hydrogen in hydroformylation, as shown in
equation (35). It produces a carboxylic acid or an ester, as
shown in equations (36) and (37).341

The hydrocarboxylation of olefins with carbon monoxide
and a nucleophilic reaction partner possessing a labile
hydrogen atom results in the formation of carboxylic acids
or their derivatives in the presence of metal carbonyls
(i.e. carbonyls of Ni, Co, Fe, Rh, Ru and Pd), as shown
in equation (38).363 These hydrocarbonylation products are
thioesters, amides, anhydrides, and carboxylic acids and their
esters. For example, nickel carbonyl [Ni(CO)4] is used as the
catalyst for the industrial production of propionic acid from
ethylene, CO and H2O. Other carbonyls such as Co or Fe
carbonyl are also catalytically active.359

Generally, adipic acid is manufactured by a two-stage
oxidation process via cyclohexanol/cyclohexanone from
cyclohexane. Recently, a new synthesis of adipic acid from
butadiene has been used in an industrial process.341,367,368

Adipic acid is produced by the hydrocarbonylation of
butadiene by using the organocobalt catalysts, as shown
in equation (39).

Amidocarbonylations
The hydroformylations (oxo reactions) yield aldehydes
under carbon monoxide and hydrogen pressure in the
presence of the organocobalt catalysts. Under the same
conditions, an amide is added to an aldehyde to produce an
acylamino acid, as shown in equation (40).341 The aldehyde
reacts with the amide giving an aminoalcohol 30, and,
as cobalthydrocarbonyl (HCo(CO)4) is a strong acid, the
dehydration condensation of the aminoalcohol 30 using
HCo(CO)4 forms a C–Co bond 31. This is followed by
carbonylation and hydrolysis to produce an acylamino acid
33 via the intermedaite having a six-membered ring 32.341,369

For example, acetaldehyde reacts with acetamide under
carbon monoxide and hydrogen pressure (200 kg/cm2

) in
the presence of octacarbonyldicobalt catalysts at 110–120 ◦C
for 10 min to yield α-alanine (80%).64

This reaction is named the Wakamatsu reaction after H.
Wakamatsu, who first discovered this reaction in 1971.370

These reactions directly produce amino acids from olefins
and amides under the hydroformylation reaction conditions,
as shown in equation (41).

Recently, the reaction mechanism of this cobalt-catalyzed
amidocarbonylation was reported as shown in Scheme 7.65

The applications of the cobalt-catalyzed amidocarbonylation
were also reported with N-acetyl-D,L-phenylalanine (precur-
sor of L-phenlalanine, the key intermediate in the synthesis
of aspartame), sarcosinates (N-methylglycine, a group of
anionic tensides that are used as components of surfactants,
soaps and emulsifiers) and glufosinate (a naturally occurring
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hydroxyphosphorylamino acid with herbicidal and antibiotic
properties marketed as a nonselective herbicide under the
name BASTA).65

Hydrosilylcarbonylations
The hydrosilylcarbonylations are hydroformylations utilizing
the hydrosilyl group instead of hydrogen, wherein olefins and
carbon monoxide react in the presence of the organocobalt cat-
alyst. These hydrosilylcarbonylations also proceed with cyclic
ethers, aldehydes and alkyl acetates besides alkenes.371 – 376

For example, the hydrosilylcarbonylation of an alkene and its
reaction mechanism are shown in equation (42) and Scheme 8,
respectively.372,373

Scheme 7.

Scheme 8.

Carbonylations of halides
The cobaltcarbonyls are used for the carbonylation of alkyl
halides, benzyl halides or aryl halides.377 – 383 For example,
as shown in equation (43), benzylcarboxylic acid is prepared
by the reaction of benzyl halide with carbon monoxide. The
reaction mechanism is thought to be the substitution of the
halogen of the halide by a cobalt atom followed by the
insertion of a carbonyl into the Co–C bond. An example of
this is the industrial production of phenylacetic acid from
benzyl chloride using a cobalt catalyst.377

In the presence of Ca(OH)2, double carbonylations proceed
in a high selectivity to give α-keto acids (raw materials for
phenylalanine),377,384,385 as shown in equation (44).383

With alcohols, the carbonylation gives esters that are
similar to the hydrocarbonylation [equations (36–38)] as
shown in equation (45).380 Under microwave irradiation,
the carbonylation of aryl iodides using octacarbonyldicobalt
proceeds very rapidly to give diarylketones in 6–10 s, as
shown in equation (46)381 Not only does monocarbonylations
with aromatic halides occur in high yields, but also the double
carbonylations are liable to proceed.377,378
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Other carbonylations
Recently many other carbonylations have been reported.352 – 357

Under the catalysis of Co2(CO)8 in the absence of HI as the
copromoter, cycloimino esters are carbonylated to give N-
acyllactams in high yield under relative mild conditions, as
shown in equation (47).352

Catalytic ring-expanding carbonylations of 2-aryl-2-
oxazolines proceed by carbonylation with PhCH2 –Co(CO)4

under 200 psi of CO pressure, as shown in equation (48).353

The reaction is considered to proceed via carbonyl insertion
to the cobalt–carbon bond and reductive elimination of cobalt
catalyst.

The high ring strains of the reactants are considered to be
the driving force for the cleavage of a relatively weak bond
by octacarbonyldicobalt, resulting in the incorporation of
carbon monoxide. For example, the cobaltcarbonyl affects
the carbonylation of 3,6-dihydro-2H-1,2-oxazines, giving
in moderate yields 4,7-dihydro-1,3-oxazepin-2(3H)-one by
a ring expansion reaction caused by insertion of carbon
monoxide into the N–O bond as shown in equation (49).386

Carbonylation of epoxide in the presence of chromium(III)
porphyrin cation and Co(CO)4 anion easily gives lactones in
quantitative yields with not only linear epoxides but also
bicyclic epoxides. For example, the eight-membered ring
bicyclic lactone is synthesized with a small amount of catalyt,
as shown in equation (50). It is proposed that the reaction
proceeds via the epoxide ring opening and reacting with
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the Co(CO)4 anion, followed by carbonyl insertion into the
cobalt–carbon bond.354

Other carbonylations have been reported for the synthesis
of lactones or polyesters from carbonylation of epoxides
with [Lewis acid]+[Co(CO)4]− as a catalyst,355 carbonyla-
tive silylcarbocyclization of 1,6-enynes with immobilized
cobalt/rhodium heterobimetallic catalyst,355 synthesis of
metyl-3-pentenoate by hydromethoxycarbonylation of 1,3-
butadiene with pyridine-modified cobalt catalyst,357 etc.

REACTIONS WITH VITAMIN B12-TYPE
COMPOUNDS

Vitamin B12 forms an octahedral structure having a
cobalt–carbon bond at its axial position and a stable square-
planar bipyramidal six-coordination with nitrogen atoms of a
corrin ring, as shown in Fig. 3. The active site of the vitamin B12

is the axial cobalt–carbon bond. The compounds of vitamin
B12 group are cyanocobalamin (B12), adenosylcobalamin (a
vitamin B12 coenzyme), methylcobalamin (a vitamin B12

coenzyme), hydroxycobalamin (B12a), etc. This vitamin B12

and its derivatives show different reactivities in living
organisms.

These compounds of vitamin B12 group are also usable
as catalysts for organic syntheses. These are not only
vitamin B12 corrinoid cobalt compounds but also the other
square-planar bipyramidal six-coordination, square-planar
five-coordination, square-planar four-coordination cobalt
compounds, as well as three-coordination cobalt compounds.
There are two types of four-coordination cobalt compounds
on the square plane. One is four-coordination with all nitrogen
atoms on the plane. The other is four-coordination with two
nitrogen and two oxygen atoms or two sulfur atoms on the
plane.

These four-coordination compounds on the square
plane include corrinoids (vitamin B12 group),68,387 – 400

porphyrins,387,401 – 419 phthalocyanines,387 bisdimethyl-
glyoxims,387,420 porphycenes,387 etc.387,421 – 429 The other types
of four coordination compounds are bis(salicylaldehyde)-
ethylenediamine (salen),387,430 – 442 bis(acetylacetone)ethylene-
diamine (BAE) type compounds,66,67,387,443 – 486 etc. The three-
coordination cobalt compounds are 2,6-bis(imino)pyridyl
cobalt compounds.487 – 495 Examples of these represen-
tative vitamin B12 type compounds are shown in
Fig. 4.66,387,405,406,420,487

The salcomine 37 is a cobalt complex [Co(salen)] of
salen, a Schiff base of salicylaldehyde with ethylenediamine.
This cobalt complex has a square-planar four-coordination
structure with two nitrogen and two oxygen atoms. The
cobalt atom of this salen-type compound is able to bond
with the carbon atom at the axial position, similar to the
compounds of the vitamin B12 group. Therefore, the salen-
type cobalt compound is conveniently used as the model
compound of the vitamin B12-type compounds.387,430 – 442

The dienyl complexes of optically active square-planar
four-coordination compounds such as the salen-type com-
pounds, undergoes Diels–Alder reactions with high enan-
tioselectivity with dimethylfumarate. The Diels–Alder
cycloadduct cobalt complexes are cleanly cleaved at the
cobalt–carbon bond. Using an optically active cobalt com-
plex, an optically active cycloadduct is recovered. For

Figure 4. Examples of representative vitamin B12-type
compounds.66,387,405,406,420,487.
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example, the optical active salen cobalt complex 40 reacts
with sodium amalgam to give the corresponding anion.
The anion reacts with 4-tosyl-1,2-butadiene to give the
corresponding optically active (R, R)-(+)N,N-bis(3,5-di-tert-
butylsalicylideneaminato)-1,2-cyclohexanediamine)][(1,3-
butadiene-2-yl)cobalt(III) 41 in high yield. The optically active
dienyl complex 41 then reacts with dimethyl fumarate in a
Lewis acid-catalyzed Diels–Alder reaction. The cycloadduct
trans-1,2-dicarbomethoxy-3-cyclohexene 42 is obtained in
high optical activity yield by demetalation with sodium boron
hydride, as shown in equation (51).434

Yamada and coworkers have reported on many reactions
with the bis(acetylacetone)ethylenediamine (BAE)-type four-
coordination cobalt complexes, e.g. enantioselective boro-
hydride reductions,443 – 459 cyclopropanations,460 – 463 enantios-
elective hetero Diels–Alder reactions,464 – 467 enantioselec-
tive carbonyl-ene reactions,468,469 enantioselective 1,3-dipolar
cycloadditions,470 – 474 enantioselective Henry reactions,475,476

and enantioselective CO2 fixations, etc.478 – 483

One of their representative bis(acetylacetone)ethylene-
diamine (BAE)-type cobalt catalysts, that is, an optically
active β-ketoiminato cobalt complex (II), (N, N′-bis{2-(2,4,6-
trimethylbenzoyl)-3-oxobutylidene}-(1S, 2S)-1,2-diphenyle-
thylenediamine), is synthesized as shown in Scheme 9.449

The enantioselective boron hydride reduction in the
presence of the optical active β-ketoiminato cobalt complexes
is used in the efficient preparation of an optically active
alcohol in quantitative yield with a high enantiomeric excess,
as shown in equation (52).66,450 Using X-ray crystallography,

the reaction mechanism was found to be the enantiofacial
discrimination in the boron hydride reduction influenced by
the structure of bulky aryl groups bonded with square-planar
four coordination ring structure.66,449

These optically active cobalt catalysts can be applied for
an enantioselective CO2 fixation. N,N-diphenylaminomethy-
loxirane (racemate) reacts with gaseous carbon dioxide in the
presence of optically active β-ketoiminate cobalt(II) complex
to give an optically active carbonate along with the optically
active epoxide, as shown in equation (53).477

Carbonyl-diene reactions also proceed in the presence of
vitamin B12, chromium dichloride and water. For example,
1,3-cyclohexadiene reacts with nonyl aldehyde in the presence
of vitamin B12, water and CrCl2 to give stereoselectively a syn
adduct, as shown in equation (54).394

In 2000, the photoreduction of CO2 to CO and formic acid
in the presence of vitamin B12 group catalysts was reported.395

The photoreduction is carried out in acetonitrile/methanol
solution containing p-terphenyl as a photosensitizer and
triethylamine as a reductive quencher. The photolysis leads
to the production of CO and formic acid as well as hydrogen.
The rate of production of all three products is considerably
higher with the vitamin B12 group of cyanocobalamin
(vitamin B12), hydroxycobalamin (vitamin B12a) and their
similar cobinamide than with cobalt tetra-m-tolyporphyrin
(similar to cobaltporphyrin 35). The presumed mechanism
of CO2 reduction is shown in Scheme 10.395 The initial
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Scheme 9.
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Scheme 10.

photoreduction product is mainly a hydride [(HCoB12)
−]

formed by the protonation of Co(0) corrin. The product of the
reaction with carbon dioxide is an adduct (CO2CoB12)

2− or
its protonated form (HOOCCoB12)

− that proceeds to produce
CO or HCOOH. Hydrogen is formed by the reaction of the
hydride with a proton.395

With the presence of vitamin B12-type compounds, other
reactions such as reduction of alkyl halides,396 reductive
dechlorinations397,399 and intramolecular rearrangements,389

have also been reported.

CONCLUSIONS

There are three characteristic reactions of organocobalt com-
pounds in organic syntheses. The first involves the reactions of
a mutually bridged bond between the two π -bonds of acety-
lene and the cobalt–cobalt bond of hexacarbonyldicobalt.
This first type has reactions with a Co2(CO)6 protect-
ing group, Nicholas reactions, Pauson–Khand reactions,
[2 + 2 + 2] cyclizations, etc. The second one is carbonylations,
and the third is reactions with vitamin B12-type compounds.

Although the second and third reactions proceed in
the presence of the organoiron compounds, organoosmium
compounds or organorhodium compounds, the first reactions
are the most characteristic reactions of the organocobalt
compounds. In particular, these reactions are used in
the syntheses of many kinds of pharmaceutically useful
compounds.

The second reactions have been used or developed as
industrial production processes such as the production of

isononylaldehyde, adipic acid, phenylacetic acid and amino
acids.

Recently, many articles on the third type of reactions have
been published, and we expect an increase in industrial
application of synthesis of fine chemicals through the
development of such reactions in the near future.
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53. Bönnemann H, Brijoux W. Adv. Heterocycl. Chem. 1990; 48: 177.
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