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Organometallic complexes of cobalt continue to find application in a wide variety of contexts,

from fundamental organometallic and coordination chemistry, to the metal-mediated synthesis of
organic compounds. The research outlined in this review reports on the use of organo-cobalt
chemistry for the synthesis of organic compounds and cobalt containing metallocenes, particularly

those cases which involve a formal cycloaddition between alkynes, with or without carbon

monoxide, forming n-coordinated cyclopentenones or cyclobutadienes, respectively. Particular

focus is given to the various methods available for the formation of organo-cobalt metallocenes,
and their application as versatile reagents in organic synthesis is discussed.

1.1 Pauson—-Khand reaction (PKR)

The Pauson—Khand reaction (PKR) is possibly the most widely
studied reaction in cobalt-mediated chemistry."* First discov-
ered in 1971 by Pauson and Khand, the reaction is a three
component [2 + 2 + 1] cycloaddition between an alkyne and
an alkene, with the insertion of carbon monoxide. It is one of
the most useful reactions for the formation of cyclopentenones
1, and is often used in natural product synthesis, Scheme 1.6

The generally accepted mechanism of the PKR was pro-
posed by Magnus, and is outlined in Scheme 2.5° A problem
with determining the absolute mechanism is the isolation of
intermediates, which are all unstable. The first step, after
complexation of the alkyne, involves the loss of a carbon
monoxide ligand from octacarbonyl dicobalt. This is reversi-
ble, and is the rate limiting step.'® The loss of two CO ligands
produces the dicobalt carbonyl alkyne complex 3, which has
two o-Co—C bonds, one to each Co atom. This intermediate
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Scheme 1 Typical Pauson—Khand reaction.

complex then loses another CO ligand to form a penta-
carbonyl complex which is coordinatively unsaturated.

The alkene then coordinates to this pentacarbonyl alkyne
dicobalt complex. The formation of the cobaltacycle 5, via the
coordination of the olefin to the unsaturated cobalt and the
insertion to form a new Co—C bond, determines the regio- and
stereoselectivity. The energy required for this step is consider-
able, and may explain why strained (often cyclic) olefins are
good substrates, with the relief of strain driving the reaction.
Theoretical calculations for the formation of the cobaltacycle
have been carried out and show that the C—Co bonds form
only at one Co centre, while the other metal centre merely
exerts electronic influence through the Co—Co bond.'""'? The
cyclopentenone annulation is also regioselective with the
larger group of the alkene ending up adjacent to the carbonyl
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Scheme 2 The mechanism of the PKR.®

in the product.® The migration of the CO ligand is stereo-
specific with retention of absolute stereo-chemistry. Recently,
Greene and co-workers have used density functional theory
(DFT) calculations to study the regioselectivity of the PKR.'?
Their investigations focused on the theory that differences in
the electron density at the acetylenic carbons have an effect on
the regio-chemical preferences of the PKR. From the study it
was found that the backbonding of the six carbonyl groups in
3 is heavily influenced by the substituents attached to the
alkyne. Additionally, it was found that the two pseudoaxial
CO groups were bound more strongly than the pseudo-
equatorial ones. They concluded that for some cases, the
observed regioselectivity in the PKR is entirely governed by
electronic differences via discriminant carbon monoxide loss
which results in the regioselective cyclopentenone formation.
Similar work had been carried out by Gleiter and co-workers
again using DFT calculations, though on this occasion sup-
plemented with experimental data.'* The DFT calculations
showed that the trans- relationship between the positively
polarized carbon atom of the alkyne and the weakened
pseudoequitorial Co—CO bond, described by Greene and
co-workers discussed above, only existed for one example,
where in 3 R; = Me, R, = CO,Et. They conclude that at
present it is not possible to predict the regio-chemical outcome
of the PKR and that a significant theoretical study should be
conducted before any general conclusions can be drawn.

All simple alkynes are suitable substrates in the PKR. The
yields of the reaction are dependent on the degree of substitu-
tion and bulkiness of the substituents, with ethyne or other
simple terminal alkynes giving the highest yields. Electron
deficient alkynes are poor substrates for these reactions as this
disfavours complexation to the Co metal centre.

Hoye reported the PKR of electron deficient alkynones 9, 11
and 13, which are usually poor substrates due to the close
proximity of the polar ketone. In this case the PKR reaction
was effected with moderate to excellent yields.'® The successful

use of these substrates was shown to be highly dependent on
the solvent. The reaction times were considerably longer
(2-3 days) and the yields disappointing (30-45%) when using
ether, THF or heptane as the solvent. In comparison reactions
carried out in acetonitrile with 1.1 eq. of Co,(CO)g at 75 °C
show much improved yields (68-91%) and reduced reaction
times, as shown in Scheme 3.'° It was observed that polar
groups remote from the triple bond, such as halides, have little
or no effect; however, polar groups nearby often have a
detrimental effect on the reaction.
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Coy(CO)g
N CH4CN

6h, 75 °C (o]
91%

Co,(CO)s

ol

CH;CN
6h, 75 °C o

o] Co3(CO)g

=—(CHaal  cH,eN
6h, 75 °C o
\ 68%

13 14

Scheme 3 PKR of electron deficient alkynones.'®

Strained cyclic alkenes, such as cyclobutenes, are suitable
candidates for these reactions (vide supra). However, the best
substrates are cyclopentene, cyclohexene and simple acyclic
alkenes. Unsuitable substrates often lead to the formation of
aromatics, produced by alkyne trimerisation.'®

Alkenes, such as 15, with electron withdrawing groups are
unsuitable substrates. As the alkene becomes more electron
deficient the formation of a diene by alkyne—alkene coupling
(i.e. without carbon monoxide insertion), becomes competitive
giving rise to compounds such as 17 (Scheme 4).

1.2 Promotion of the PKR

Due to the energetically demanding first step the PKR is
notorious for poor yields and long reaction times.! Accelera-
tion of the reaction can be achieved with the use of additives
(or promoters) that encourage the labile CO ligands to dis-
sociate, thus creating a vacant site for the incoming alkene.
These promotors include a range of chemical additives,!” 2 or
the use of external stimuli, e.g. irradiation either with micro-
waves, visible light or ultrasonication.? >

Another advantage of the use of promoters is the possibility
to use catalytic amounts of the toxic and expensive
Co,(CO)g. 2 Historically, high pressures of CO have been used
to regenerate the reactive cobalt species in the catalytic PKR.
This was both an expensive and environmentally unfriendly
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Scheme 4 Formation of a diene by alkyne—alkene coupling.'®

method for the regeneration of the reactive cobalt species, not
to mention the health hazards associated with the use of CO.
Also the catalytic PKR was initially restricted to the use of
highly strained alkenes, such as norbornene, in order to
synthesise cyclopentenones.

Finally, the enantio- or regio-selective PKR has been devel-
oped for the synthesis of enantiopure cyclopentenones, mak-
ing this reaction attractive for natural product synthesis.* A
number of different methods have also been employed to
provide asymmetric induction in the products.>> 2

1.2.1 Chemical additives

Many different oxidants have been used, that include amine
oxides, amine phosphines, phosphine oxides and sulfoxides.
These additives have had varied success, but amine oxides are
the most efficient by far. Recently, the promotion of the PKR
has been observed in the presence of the radical initiator
TEMPO (2.2,6,6-tetramethylpiperidine N-oxide),!” in combi-
nation with amine oxides, giving rise to the PKR product in
excellent yields. TEMPO has also been shown to facilitate the
PKR of more demanding substrates, such as rerz-butylacetyl-
ene and trimethylsilylacetylene, where steric bulkiness can
affect the ability of the complex to form the cobaltacycle.!”

The use of amine oxides was first reported by Jeong?® and
Schreiber,*® and has possibly become the most popular method
for promotion of the PKR. The mechanism by which it works
is to provide a vacant site in the cobalt cluster by oxidatively
removing one of the CO ligands as CO,. The most common
amine oxides for this use are N-morpholine N-oxide
(NMO) and trimethylamine N-oxide (TMANO). All side
products from the reaction are either gaseous or volatile
(Scheme 5).%%3!

Krafft et al. have reported the synthesis of inter- and
intramolecular cyclopentenones (22-24 and 26).>> The best
results were obtained for the intramolecular cycloaddition
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Scheme 5 Mechanism of promotion of the PKR using amine oxides.
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Scheme 6 Intramolecular PKR promoted by NMO at ambient
temperature.32

using NMO at ambient temperature (Scheme 6). The yields
of these reactions decreased when repeated at elevated tem-
peratures without NMO, as shown in Table 1. Interestingly, 25
has been shown to be inert to cycloaddition at ambient
temperature in THF. However, the reaction proceeds easily
in the presence of NMO.

Another benefit of the use of NMO as a promoter is that
faster reaction times are often observed and that lower tem-
peratures can be employed, consequently, the reactions are
often cleaner and occur in good yields under these milder
conditions. Additionally, these additives allow the use of

CO, ' NR,
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~
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Table 1 Intramolecular PKR of electron deficient promoted by
NMO at ambient temperature™>

Entry Method Cyclopentenone Yield (%)
1 A 22 66
2 B 22 14
3 A 23 26
4 A 24 66
5 A 26 59
6 B 26 18
o o) o] o o
"By 4 oo } o
S, NMO Bu" s, Bu. S,
m ﬂ R CH,CN \ R \ R
Co2(CO)g A B
27 28 (§*,Rs")-29 (R*,Rs")-30

Scheme 7 The use of electron deficient alkenes in the PKR promoted
by NMO.*?

Table 2 The use of electron deficient alkenes in the PKR promoted
by NMO*

Entry R t/h A : B Ratio Yield (%)
1 p-Tol 2 74 : 26 68
2 o-Tol 24 90 : 10 28
3 0-BrCgH, 24 86: 14 30
4 2,4,6(i-Pr);CcH, 24 96 : 4 24
5 -Bu 24 >98: <2 20
6 0-(Me;N)CeHy 1 92:2 63
7 0-(Me,N)CgHy 4 93:7 74

electron deficient alkenes as substrates in the PKR, Scheme 7
and Table 2.

Krafft er al. have reported that in an interrupted PKR, the
thermolysis of enyne 31 under a nitrogen atmosphere gave the
expected bicyclic enone product 32 and the unexpected mono-
cyclic product 33.3* Closer inspection of 33 revealed the
insertion of oxygen instead of carbon monoxide (Scheme 8).
Although the mechanism of the reaction is unclear, it is
suggested that molecular oxygen is responsible for the change
in outcome of the reaction.” When the reaction was carried
out in the open air, there was an almost exclusive synthesis of
33; however, the insertion of oxygen to give 33 could be

=——2Bu Bu Bu
C0,(CO)s
\ Heat or amine oxides le) / @]
30-50% 20-40%
3 32 33

Scheme 8 A thermolysis-interrupted PKR .3*

Table 3 Comparison of the effect of DMSO and TMANO promotion'®

suppressed by carrying out the reaction under a nitrogen
atmosphere, thus giving an improved yield of 32.

This result is contradictory to those reported by Schreiber
and co-workers, who reported the TMO (trimethylamine
N-oxide) promotion of the PKR, shown in Scheme 9.*° They
suggest that the presence of molecular oxygen is essential for

the formation of 35 in good yields.
LT

= T™O
O/\/ 35
N Co,(CO)g
36

Under O, 35 = 70% 36 = 0%
Under N, 35 = 27%, 36 = 23%

Scheme 9 TMO Promotion of the PKR.*

DMSO (dimethyl sulfoxide) has also been used as a pro-
moter of the PKR.!®3537 It is generally accepted that its
method of action is similar to that of NMO, namely the
removal of one of the CO groups of the intermediate alkyne—
Co complex by oxidation to carbon dioxide. It was thought
that DMSO would be more effective at promoting the PKR
than phosphine oxides, and not cause any oxidative destruc-
tion of the cobalt complexes, as observed with TMANO. This
would provide the possibility of a catalytic version of the
reaction. Pauson and co-workers compared the effect of
DMSO promotion directly with TMANO in the PKR, Table 3
and Scheme 10.'"® They found the yield of the resulting
cyclopentenones was similar to the reactions promoted by
TMANO, but that the DMSO variant required higher reaction
temperatures. Additionally, an increase in the amount of
DMSO, when the reaction was carried out in dichloro-
methane, lead to an increase in the undesirable saturated
cyclopentanone 38, Scheme 10. This problem was overcome
by changing the reaction solvent to benzene, however, this had
the effect of extending the reaction time from 4 to 24 h.
Unfortunately, when the PKR was carried out using a chiral
sulfoxide, (—)-methyl-p-tolylsulfoxide, as the promoter no
asymmetry was observed in the products.

B Z7 CoyCO)y  EtOC_ / Et0,C
EtO,C It ><jQ:O 2 o
/Q/ EtO,C EtO,C
37 38

Scheme 10 Comparison of the effect of DMSO and TMANO
promotion.'®

Promoter (eq.) Solvent T/°C t/h 37 38
TMANO (-) CH,Cl, 20 3 90 0
DMSO (1) CH,Cl, 40 4 85 1
DMSO (2) CH,Cl, 40 4 84 2
DMSO (3) CH,Cl, 40 4 83 3
DMSO (3) CeHe 40 24 90 0
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Stumpf et al. noticed a synergistic effect for the intramolecular
PKR, during the synthesis of 3-thiabicyclo-[3,3,0]-oct-5-en-7-
ones, when the reaction was promoted by DMSO in combina-
tion with DMS (dimethyl sulfide).’” The reaction proceeded
with a moderate yield (48%) of 39 at high temperature, in
refluxing benzene and DMSO (10 eq.), without the addition of
DMS. However, when the reaction was repeated at 60 °C, also
using benzene as the solvent, with DMSO (10 eq.), and DMS
(10 eq.) the yield increased (65%). It is thought that the role the
DMS plays is to ligate the coordinatively unsaturated metal
fragment directly after the reaction cycle, Scheme 11.

o]
C|202(CO)6 Benzene, 60 °C
S DMSO (10 eq)
HO DMS (10 eq)
S
a1

Scheme 11 Synergistic effect for the intramolecular PKR when
promoted by DMSO and DMS.%’

Gleiter et al. have also reported a synergistic effect of
oxidative and coordinative promoters for the two fold PKR
of cyclic diynes 40 and dithiadiynes 41, Scheme 12.3° The
promoters used in these reactions were DMSO and BMS
(n-butylmethyl sulfide). They found that for dithiadiynes there
was little difference in the low yield of the reaction regardless
of the ratio of the two promoters, i.e. DMSO and BMS.
However, for the diynes, i.e. with no sulfur present in the
starting alkyne, significant differences in the yield were ob-
served depending on the ratio of the promoters used. The best
yields (48%) of the desired cyclopentenones were achieved
when 7.5 eq. of DMSO and 1 eq. of BMS were used in
comparison to a significantly lower yield (20%) when DMSO
was used as the sole promoter. The increase in yield of the

(CHY, CaHy o o
( \” Cox(CO); (2 eq) (CHan
\_
(CH),

A:DMSO
(CHo)n B: DMSO (7.5 eq)
BMS (1 eq)
39
n=7 A: 20%
B: 48%
CH C,H o] o)
(Cttah i (CH,
|| || Co,(CO); (2 eq)
‘ A: DMSO
s\ B: DMSO (7.5 eq) S S
BMS (1 e
CHm (1 e Ut
40
n=7 A: 10%
m=5 B: 11%

Scheme 12 Synergistic effect for the PKR when promoted by DMSO
and BMS. %

reaction is ascribed to transannular Co-S interactions. Co—S
bonds are presumed to be relatively strong. For the dithia-
diynes there is a transannular Co—S bond therefore preventing
closure of the synthetic cycle leading to the observed low
product yield. For the diynes, containing no sulfur, the
observed differences in the yield are explained by a synergistic
effect. It is proposed that DMSO generates a free oxidation
site at one cobalt nucleus. The vacant site can then be
occupied, in a reversible manner, by BMS, however, if BMS
is present in excess then dissociation is no longer functionally
reversible and the yield of the reaction is reduced.

In conclusion, the use of amine oxides has reduced reaction
times and improved yields. However, stoichiometric amounts
of octacarbonyl dicobalt in the presence of chemical additives
alone are still necessary to produce reasonable yields of
cyclopentenones.

1.2.2 External promotion

Evans and co-workers have used microwave irradiation to
affect the PKR. This has been shown to significantly reduce
reaction times and the amount of Co,(CO)g required.?® Using
toluene as the solvent for an intermolecular PKR between 42
and cobalt complex 43, excellent yields of the cyclopentenone
were achieved after 5 min of irradiation, Scheme 13. There
were however, some problems associated with the purification
of the product due to the side reactions of the norbornadiene.
Improvements to the reaction were made by changing the
solvent to 1,2-dichloroethane (DCE), giving cleaner reactions
with higher selectivity. DCE has a larger dielectric constant
than toluene (10.2 and 2.4, respectively). Solvents with low
dielectric constants are almost “invisible”” to microwave irra-
diation,*® consequently, when solvents with a low dielectric
constant are used, the energy applied to the reaction is almost
quantitatively absorbed by the reagents. When DCE is used,
much of the energy applied is absorbed by the solvent.
However, to achieve comparable yields to those reactions in
toluene longer reaction times were required (Table 4). With
DCE, less than stoichiometric amounts of octacarbonyl di-
cobalt (0.5 eq.) were required. Presumably the cobalt carbonyl
complex can be regenerated due to the high pressure of carbon
monoxide produced during the reaction. The high pressure
arises since microwave vessels are often sealed tubes, thus

9]
™S
| Toluene ™S
(0C)Co,—j| MW
42 43 44

Scheme 13 Microwave promotion of the PKR.?

Table 4 Microwave promotion of the PKR?

Entry Solvent T/°C t Yield 44 (%)
1 Toluene 90 S min 97
2 DCE 90 20 min 98
3 DCE 180 100 s 91
4 DCE 120 200 s 93
5 Toluene 110 16 h 99
6 Dichloromethane 25 16 h 50
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preventing the escape of CO and allowing the use of sub-
stoichiometric amounts of carbonyl cobalt complex.

At the same time, Groth and co-workers published the use of
microwave radiation for the promotion of the catalytic PKR in
solvents saturated with CO.?' The influence of the microwave
radiation on the PKR is unclear but the fast heating of solvents,
often above their boiling point, in closed systems, is believed to
increase the rate of the reaction. The choice of solvent seems to
be crucial for the success of this reaction. The use of polar
solvents, such as DMSO, had a detrimental effect on the
reaction, whereas apolar solvents, such as toluene, gave im-
proved yields. The reaction shown in Scheme 14 was carried out
in the presence of the PKR promoter cyclohexylamine, the
results are summarised in Table 5. A metallic lustre was noticed
on the inside of the reaction vessel, suggesting that the cobalt
reagent is significantly decomposed by microwave irradiation.

Ph 10 % Co,(CO)s [e]
. / CO sat solvents
// 30 % CyNH,, 600 s Ph
MW 200 °C
45 48

Scheme 14 PKR carried out in the presence of microwave irradiation
and cyclohexylamine promoter.?!

Table 5 PKR carried out in the presence of microwave irradiation
and cyclohexylamine promoter?’

Dielectric Yield

Entry Solvent constant 46 (%)

1 DMSO 46.7 5

2 Acetonitrile 37.5 16

3 Dichloromethane 9.0 21

4 Tetrahydrofuran 7.6 38

5 1,2- 7.2 41

Dimethoxyethane

6 Diglet? 5.7 44

7 Toluene 2.4 44

8 Toluene 2.4 43?

9 Dioxane 2.2 41
10 Heptane 1.9 20

“ Diethylene glycol diethyl ether.
(g) saturation.

Reaction using solvent without CO

Lower reaction temperatures affected the yields of the
catalytic PKR substantially, with the most dramatic effect
noticed with heptane, where the yield increased from 20%
(200 °C) to 49% (100 °C). It was found that lowering the
temperature of the reaction led to improved yields in all cases.
This indicates decomposition of the cobalt catalyst at high
temperatures. The best results for the catalytic PKR promoted
by microwave radiation are obtained for those reactions
carried out in toluene at 100 °C with 20% Co,(CO)g and
6 eq. of amine, when irradiated for 300 seconds.

The external promotion of the PKR has been shown to be
efficient in the presence of less than stoichiometric amounts of
the reactive cobalt species. Similarly, the photochemical pro-
motion of the intramolecular PKR with 5 mol% of Co,(CO)g
has been used to obtain cyclopentenones in up to 95% yield,
Scheme 15.2 In addition, the light source was also of great

BOL. / CO(1atm), hv  EtOC, 5
£ GOy, Ive £ N
EtO,C —  01Min12DME EO,C

48
47 95%
[T _co(tam)hv
TS'N\; 0.1Min 1,2-DME TsN(:Q:o
a 50
* 81%

CO (1 atm), hv

Ts-N
\_— pp 0.1Min12-DME
— Ph
52
51 75%
E‘tOzC,,‘ — CcO (1 atm), hv EtOZCh @:
Etoch< = 0.1Min1.2DME  gio.d g,
74%
EtO,C,
CO (1 atm), hv
0.1 Min 1,2-DME E‘OZC
56
91%

MeO—,, =
MeQ =
57 o

* reaction complete in 4h

_GCo(tam)hv MEO
0.1 Min 1,2-DME
58
80%

Scheme 15 Photochemical promotion of the intramolecular PKR.??

importance. The most effective light source was found to be
Q-Beam MAX MILLION 10° candle power spot light as it
gave astonishing rates of photoinitiation. The reactions were
run in the temperature range of 50-55 °C at a concentration of
0.1 M in 1,2-DME, under 1 atm of CO for 12 h giving good to
excellent yields of the PKR products. The only drawback for
this method of promotion is the narrow temperature range
(50-55 °C), which must be strictly adhered to. Temperatures
outside of this range have a detrimental effect by destroying
the cobalt cluster. A solution to this is the use of chemical
additives that can stabilise the short-lived intermediates
formed during the reaction, therefore allowing a broader range

of temperatures to be employed.'”**

1.2.3 Stereoselective PKR

The PKR is a very useful tool for the enantioselective synthesis
of natural products.>** There are several approaches that can
be employed with the PKR. These include the diastereo-
selective approach, where chirality from a co-ligand is trans-
ferred to the substrates; the chiral auxiliary approach via an
auxiliary directly bound to either the reacting alkyne or
alkene; and finally a combination of these two approaches.

The chiral monodentate phosphine ligand Glyphos® has
been used to substitute one of the carbonyl ligands to give two
diastereomeric complexes 60 and 61 (78% combined yield)
thus, creating a chiral cobalt cluster (Scheme 16).%°

These complexes, i.e. 60 and 61, can be easily separated by
preparative liquid chromatography (LC). The optically pure
diastereoisomers were used to prepare optically pure
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co 0 co
59 N 60 61
H Y
(o g
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o PPh,
lb NMO (6 eq)
60 + CH,Cl,
6-8h Ph
[e]
45 62

76%, >99% ee.

NMO (6 eq)
61+ Lb CHCl,
68h
o
63

79%, >99% ee.

Scheme 16 Preparation of a chiral cobalt source and its use in the
stereoselective PKR using Glyphos®.%

cyclopentenones 62 and 63. However, the substitution of a
carbonyl ligand with Glyphos® reduces the yield and the rate
of the reactions, additionally the reactions had to be carried
out at lower temperatures to prevent epimerisation of the
pentacarbonyl-Glyphos® complex. The limitations impressed
on the reaction temperature are almost certainly responsible
for the reduction in yield.*

Other limitations are associated with the production of
enantiopure sources of cobalt for use in the PKR by the
complexation of a chiral ligand, namely the production of
two diastereoisomers which have to be separated if any
enantioselectivity is to be observed in the products. Greene
and co-workers have tried to overcome some of the problems
associated with the chiral cobalt cluster approach by the use of
chiral diphosphinoamines.?> Pauson and co-workers reported
that the use of achiral diphosphines had a markedly deleter-
ious effect on the yield when norbornene and phenylacetylene
were employed.'® Greene and co-workers have shown that via
an electronic modification of phosphine substituents, the
yields can be significantly improved, 98% compared with
24%.2% These phosphines improve the yields by increasing
the ease of dissociation of the first CO ligand by an increase in
back-bonding, whilst protecting the alkyne from oxidation.
The diphosphinoamines have been synthesised by placing a
chiral substituent on the nitrogen. Electron withdrawing sub-
stituents on chiral diphosphines are not only expected to
increase the yield but also the asymmetric induction of the
reaction due to the close proximity of the chiral ligand to the
cobalt centres, Scheme 17.

Using complexes 67—69 only in the PKR of norbornene with
phenylacetylene gave a high yield of the PKR product
(90-99%), although the products were devoid of any asym-
metry. The asymmetric induction is dependent on the ligands
ability to provide a chiral environment close to the reaction
centre. The distance of the chiral centre from the active site is
quite large, Greene and co-workers proposed that asymmetric
induction could occur through a spatial orientation imposed

HsC CgHs
H Ph Y
HiCu _CeH / N
3 Y o5 0c),cdZCo(CcO), XP" Npy,
|
XQP/N\PXQ Toluene, A (OC)2C07CO(CO)2
Ph o
X = CgH, 64
X=F65 67-69

X = OCH(CF3), 66

Scheme 17 Chiral cobalt cluster approach by use of chiral diphos-
phinoamines.?

on the phenyl groups by the phosphorus. However, exchan-
ging the phenyl groups for smaller electron withdrawing
groups, such as fluorine, had no effect on the asymmetric
outcome of the reaction. Increasing the size of the amine
moiety was also not a workable solution since it encouraged
the formation of side products, such as cyclodiphosphazanes.
It was thought asymmetric induction could be gained if the
chiral groups were brought closer to the reacting centre;
complex 71 was reacted with norbornene. The yield was a
respectable 83%; unfortunately asymmetric induction was low
giving an ee of only 17%, Scheme 18.%

H _Ph CH,
chy (0C);C6=Co(CO); Binol-(R)P/N\P(R)_Binol
Binol—(R)P/N\P(R)—Binol Toluene, 70-80 ¢ () 209-05(CO;
Ph Y
70 7

A7

Toluene, 70-80 °C

L,
Z ! OH
N Ph

72

(R-BINOL) 83%, 17% ee.

Scheme 18 The use of a chiral cobalt cluster in the asymmetric
PKR.*?

Another approach has been the attachment of identical
chiral phosphine ligands to each cobalt atom but without
bridging the two metals. This negates the need for high Co
discrimination during the reaction. The choice of the electron
withdrawing binol phosphoramidite (73) and phosphite deri-
vatives enhanced the yield of these reactions (Scheme 19). The
yields were comparable to the bidentate chiral diphosphine
ligands, however, chiral induction was significantly improved.
For entry E in Table 6 it was noticed that a change in the
reaction conditions led to improved asymmetric induction to
56% ee albeit in a reduced yield, 60% vs. 70%. This was
achieved by changing the solvent from toluene at 80 °C to
DME at 60 °C. This also had the effect of increasing the
reaction time, 96 h vs. 12 h, Table 6.2

Chiral auxiliaries attached directly to the starting materials
have been well studied.*'** The synthesis of a diastereomeric
mixture of alkyne pentacarbonyl dicobalt complexes was
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PhA 80°C, 12h |,

H

73a-g
Ry R R4
s
OO o a  OCgHs H
O,F‘—R =L* |b OCH(CFy), H
OO ¢ N(CH3), H
R, <d N(i-Pr); H
e N(CzHs) H
(R-BINOL phosphoramidite f N(C5Hs)2 CH;
or phosphite derivitive)
g N(CzHg), CsHs

.

Scheme 19 The synthesis and use of chiral bis(BINOL phosphor-
amidite)cobalt cluster in the asymmetric PKR.?

Table 6 The synthesis and use of chiral bis(BINOL phosphoramidite)-
cobalt cluster in the asymmetric PKR?

Entry R R, Yield (%) 74 ce (%)
73a OC¢Hs H 65 24
73b OCH(CF»), H 75 36
73c N(CH;), H 75 13
73d N(i-Pr), H 60 21
73e N(C,Hs), H 70 38
73f N(C>Hs), CH; 40 30
73g N(CzHS)Z C6H5 30 16
73h° N(C>Hs), H 60 56

“ Solvent changed from toluene to DME, reaction time increased to
96 h at 60 °C.

achieved by the reaction of (—)-menthol propargyl ether with
Co,(CO)g followed by the replacement of a carbonyl with

phosphate (Scheme 20).*

Q/ 1) P(OMe);
W Co»(CO)g,
e}
H GVIeO)sP(OC)zCOQw/CO(CO)s (OC)3C0\J/C0(CO)P(OMe)3

2) Seperation

75 76
75 or 76 MeZNO
CH,Cl Q
77
100% de. (exo only)
85-98%

Scheme 20  Synthesis of a chiral cobalt cluster where the chirality resides
on the starting material and its application in the asymmetric PK R *

The asymmetric induction relies on the synthesis of diaster-
coisomers which may be separated by chromatography. The

products were obtained, after treatment with Me;NO, in an
85-98% yield with 100% diastereomeric excess, Scheme 20.
This excellent diastereoselectivity arises from the chiral cobalt
core; however, the synthesis and separation of diastereo-
isomers is time consuming and expensive.

Greene and co-workers have reported an asymmetric PKR
for the synthesis of the natural product Brefeldin A.> This was
achieved using an enantiopure chiral alcohol attached to the
alkyne, which was then complexed with Co,(CO)g to give a
chiral hexacarbonyl dicobalt complex 79 (Scheme 21). The
chiral hexacarbonyl complex was then reacted with norborna-
diene. This gave the PKR products in excellent yields (93%),
and the two diastereoisomers formed, in a 2.5 : 1 ratio, were
separable by flash chromatography.

o
; ‘RO o, 1
“RO. Cox(COls. (OC)3Ca=Co(CO)y A
\ *RO” <H '=_H“ RO H

78 79

80 81
| = OoR 25:1
“o Y
I 93%
Scheme 21 Asymmetric induction in the PKR using a chiral dicobalt

hexacarbonyl complex.’

Christie and co-workers have explored the use of mixed
metal alkyne complexes, such as 82, for the synthesis of
enantiopure cyclopentenone compounds, Scheme 22.** When
unsymmetrical alkynes are employed, the corners of the metal
alkyne core are chiral. The different electronic properties of
the two metals encourage discrimination allowing cyclisation
at the preferential metal centre, producing a highly diastereo-
selective reaction.

The use of menthol as the chiral auxiliary enabled the
separation of diastereomeric hetero metal complexes; these
complexes were stable to silica gel, Scheme 23.3%

C CO
N/
/X;{:()(C%

_— . R

Ri#R

82

Scheme 22 Synthesis of mixed metal alkyne complexes for use in the
asymmetric PKR.>*

The separated complexes were then used in the PKR with
norbornadiene, the cyclopentenones 87 from 85 and 88 from
86 were obtained in good yield (61 and 67%, respectively),
Scheme 24. The diastereomerically pure metal alkyne com-
plexes gave rise to a single diastereoisomer in both cases; this
has been attributed to the chirality about the metal core.*’

It is assumed that cyclisation occurs about only one of the
two possible metal centres, giving rise to the asymmetric
induction. When the experiments were repeated with the
alkyne dicobalt complex, only a slight diastereomeric excess
was observed which was attributed to the presence of the
menthyl group.*’
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H CH Ether H o :
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72%
Na[CpMo(CO)4]
THF

(0] H :
+ H o :

oc ¢ c co
(OC);CozMo— \ /
DN ;%ZC_O(CO)g

N

86 85
78%

Scheme 23 Separation of mixed metal alkyne complexes by com-
plexation with menthol.>*

Recently the synthesis and isolation of hexadicarbonyl dico-
balt(0) complex 89 has been achieved using (S)-BINAP, which
was bound to one of the two cobalt atoms (Scheme 25).%
This shows catalytic activity as opposed to a complex in which
(S)-BINAP is added after the alkyne has been coordinated,
which shows no catalytic activity at all. This suggests that the
complex 89 is the structure of the precatalyst. Initially the PKR
of 90 in the presence of (S)-BINAP was examined, Scheme 25.
Only diphosphine ligands with axial chirality led to a significant
chiral induction, Table 7.2’

In summary the PKR is an important tool for the synthesis
of cyclopentenones. Recent advances have enabled the cata-
lytic variant to be accessible. However, there is still scope for
the production of a generally applicable catalyst that can be
applied to the synthesis of asymmetric products.

2.0 Cobalt mediated cyclotrimerisation (Vollhardt
trimerisation)

Cyclotrimerisation utilizes cobalt (among other metals) to
combine three alkynes into an aromatic ring system

(Scheme 26).
DC\ IC
(DC)3C:):_M0—CQ
N

Ry = C0,(CO)4 (3.75 mol %) R,
R{ < _ (S)-BINAP (7.5 mol%) g ©
75 °C, 5h, 1.05 atm CO(g)

20 91

R, = CO.Me
R, =Me
|OO (L\ /C\
L PPh —C0—Co(CO)s
L = 2 / NS
NN Co C

PPh, o]
OO 89
(S)-BINAP

Scheme 25 Catalytic PKR in the presence of diphosphine ligands
displaying axial chirality.?’

Table 7 Catalytic PKR in the presence of several different diphos-
phine ligands displaying axial chirality?’

Entry Ligand Conversion  Yield 91 (%) ee
1 (S)-BINAP 100 70 89 (+)
2 (R)-Noriphos 0 — —
3 (S)-TolBINAP 100 85 96 (+)
4 (R)-HEXAPHEMP 95 75 93 (-)
¢ Noriphos = 2,3-bis(diphenylphosphino)bicyclo[2.2.1]hept-5-ene.

HEXAPHEMP = 6,6'-bis(diphenylphosphanyl)-2,3,4,2",3,4’-hexa-
methylbiphenyl.

Ry
= Co Ry
|+ = Pt
R Rz
92 93 94

Scheme 26 The cyclotrimerisation reaction.*®

The cobalt-mediated reaction usually employs CoCp(CO),
as the cobalt source. Two of the alkynes first replace the two
CO ligands. The resulting m© complex rearranges to give a
double o-complex via cycloaddition forming a new C-C
c-bond as it does so, Scheme 27. This produces a metallo-
cyclopentene 95.46-47

The instability of complex 95 facilitates the addition of the
remaining alkyne to give an 18-electron complex 96. There are
two possible routes to the final product. The first is the
insertion of an alkyne into one of the C—Co bonds to form a

gc\ /CO
—MozCo(CO); o o
P fooor H/ﬂ<—o i £b - =
: OR
! O\E ©
AN
/:\
85 86 87 88
81% 67%

Scheme 24 The use of diastereomerically pure mixed metal alkyne complexes in the PKR.*
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CpCo(CO), . CpCd

I

0.,
4 CO
oC

Scheme 27 Reaction mechanism of the Vollhardt cyclotrimerisation.

new seven-membered heterocycle 97. This would rearrange in
an electrocyclic reaction via the bicyclic intermediate 98 to give
the new six-membered ring 100. The alternative route would
involve a Diels—Alder reaction of the alkyne with the
five-membered cobalt heterocycle, yielding a bridged six-
membered ring 99 that would extrude cobalt to give the six-
membered benzene complex 100. The cyclopentadienyl cobalt
moiety can form a stable complex with only four of the
benzene electrons; these can be exchanged for two molecules
of carbon monoxide, thereby regenerating the catalyst.*®
Cyclopentadienyl dicarbonyl cobalt has been found to cata-
lyze a variety of [2 + 2 + 2] cyclotrimerisations to form
benzene rings from linked alkynes, as exemplified by the
general reaction given in Scheme 28. The best results for the
synthesis of compounds of type 103 are obtained for n = 3 or
4 when linked intermediates, such as 102 are used.*®

Ry
R
, = CpCo(cO),
| S e (CHa)y
R, R
101 102 103
n=2345

Scheme 28 The formation of aromatic compounds via the [2 + 2 + 2]
cyclotrimerisation of linked alkynes.*®

2.1 Functional group tolerance, chemo- and
regioselectivity

This reaction is tolerant to a variety of functional groups on
the alkyne 101, including R = H, alkyl, aryl, CO,R’, CH,OH,

+CO

~T ~—T
[ CpCo{) - . CpCo/T)
= N

==

16 e 18 ¢
95 96

-—
-—

0'1CO +CO Co

46,47

CH,OR’, COR’ and groups where C is replaced by a hetero-
atom, such as NOR’, NR,’, SR’ and TMS. However, pro-
blems with chemo-selectivity are often encountered when
alkynes of considerable bulk or a certain electronic makeup
are used, as they tend to undergo other cyclisation side
reactions. The presence of bulky substituents, such as TMS
groups, at the terminal position of the diyne may also lead to
diminished yields.

Functional groups that have a detrimental effect on the
catalyst include NO,, alkyl halides, reactive vinyl and acyl
halides. This is possibly due to oxidative side reactions facili-
tated by the presence of such functionalities. However, chloro-
phenylalkynes are readily cyclised by Co(CO)g.*®

The problem of steric and electronic effects observed with
some alkynes has been overcome with the use of trimethylsilyl
alkynes to give benzene derivatives, such as 104. These com-
pounds are too sterically hindered to autocyclise to give ring
systems, of the type 106, but not so much as to co-cyclise to
give compounds of the type 104. The TMS group in 104 is
easily removed via electrophilic aromatic substitution reac-
tions to give benzene derivatives of the type 105. This has been
shown to be particularly important when employing bis-
(trimethylsilyl)acetylene (BTMSA) in cyclisation reactions
since it is easily removed and can be selectively substituted
in a stepwise approach giving high yields of compounds with
the general structure of 105, Scheme 29.

More functionalised Co catalysts are also available for
the cyclotrimerisation of alkynes. Bonnemann et al. have
described the cyclotrimerisation of alkynes with nitriles for
the synthesis of pyridines using catalytic amounts n°-arene
cobalt complexes 107, 108 and 109, Scheme 30.% The initial
step is proposed to be the dissociation of the neutral ligand,
generating the catalytically active species, whilst a univalent
anionic ligand acts as a steering ligand and remains bound
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Scheme 29 Cyclotrimerisation of linked alkynes with BTMSA 4

o W@/@i

Co Co

108 Ry = hexamethylbenzene

107 109 R = mesitylene

— 4 \ C=N 107 108 or 109 4.3 mmol
35-40 bar 155-160 °C

Me

6.6 mol 3.9 mol

Scheme 30 The cobalt-catalyzed cyclotrimerisation of alkynes with
nitriles for the synthesis of pyridines.*

to the metal throughout the catalytic cycle. They found that
(n®-benzene)(n®-cyclohexenyl)cobalt 107 had a lower reac-
tivity and chemoselectivity (0.43) compared to (n*-cyclo-
pentenyl)cobalt complexes 108 (1.54) and 109 (1.38). The
difference in catalytic activity and chemoselectivity suggests
that the cyclopentenyl-Co compounds undergo partial de-
hydrogenation to form Cp—Co catalysts. This implies that in
the reaction mixture both the active species from the origi-
nal cyclopentenyl complex and [CpCo] are present. Unfor-
tunately, no control of the products from the reactions
could be gained using these catalysts.

In spite of intensive research into the transition metal
catalysed cyclotrimerisation of alkynes, the intermolecular
version of this process suffers from poor regio- and chemos-
electivity. Reactions of a,m-diynes with an excess of alkyne
which can be considered as partially intramolecular have been
successfully employed to overcome this problem.*® Recently
the use of a silicon tether in the catalytic regio- and chemo-
selective cobalt cyclisation has been reported, Scheme 31.4%

1 \ Q

Ay
O—Si—==—Si-. /C Si(i-Pr)
< - ol S Ris :

5 mol % CpCo(CO), ‘
itiatitthd st Wit 230

\\ / xylenes,A hv Ry
R, Rz o)
110R,, R, =H 112 65%
111 R; =Ph, R, ="Bu 113 77%

'Si(-Pr),

The advantage of this route is selective removal of the silicon
tether after completion of the reaction leading to highly
functionalised arenes 114 and 115.

Cyclotrimerisation is an important organometallic tool for the
synthesis of natural products.’®>> The extension of the reaction
to form heterocyclic ring systems makes it invaluable for the
formation of natural products containing pyridines and ethers.
The cyclotrimerisation of various bis-alkynes with cyana-
mides catalyzed by CoCp(CO), under thermal conditions
without photo-activation, undergo a co-cyclotrimerisation with
N-cyanopyrrolidine in moderate to excellent yields (Scheme 32).%

— NR
] \ 2
X _ X
= =N
116 X = C(CO,Me); 122 88%
117 X = CH, 123 23%
o I o R
o) o Ry 2
X == M |
o ’/‘:— o =N
o]
iie 12482%
Ry
— NR;
/TR-l B
0 _ o)
e _N
— 2
R
18RS =H 126 76%
Ry
Y4 i
S NR:
— | "
=——R,
R
120 Ry=R;=H 126 34%
121 Ry =Ry = Et 127 66%

CN—CNJS mol % CpCo(CO);, 1,4-dioxane, reflux 24h, NR; = N(CHa)4

Scheme 32 Co-cyclotrimerisation with N-cyanopyrrolidine.>

The observed regiochemical outcome can be understood
when the cyclopentadienyl cobalt intermediates are examined
more closely, Scheme 33. In intermediate 128 there is signifi-
cant steric hindrance that impedes the formation of 129,
whereas in 130 there is significantly less steric hindrance thus,
facilitating the formation of pyridine 131.

A protocol for the synthesis of pyridine containing macro-
cycles has also been established.>* Initial reactions of bis-
alkyne 132 with an excess of BTMSA gave interesting results.
There was no detectable macrocycle formed in this reaction at

OH
Ri- r
TBAF, THFA ]l \j\
_TBAF, THF2 |
N
Ry T Ys
Y,

114 Ry =R, = H, Y, = CH,OH, Y, = H 60%

116 Ry = Ph, R, = "Bu, Y, = CH,OH, Y, = H 62%

Scheme 31 The use of a silicon tether in the intermolecular cyclotrimerisation reaction.*
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Scheme 33 The nitrile incorporation step for co-cyclotrimerisation
with N-cyanopyrrolidine.*
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15 mol % CoCp(CO),
© 0 140 °C
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8%

Scheme 34 Reaction of a bis-alkyne with an excess of BTMSA under
cyclotrimerisation conditions.>*

140 °C under visible light, only exclusive formation of the bis-
cyclobutadiene-cobalt complex 133, Scheme 34.

The yield of the cyclobutadiene complex 133, is only 8%
based on the bisalkyne compound 132, it, however, increases
to 100% when the yield is based on the amount of cobalt
added. The result from the reaction can be appreciated when
the mechanism for the reaction is considered, Scheme 35.

If route A is taken the intermediate cobaltacycle 135 will be
formed. This would coordinate to an alkyne monomer to give
the desired product 137, where X = CR’ or N, or it could also
polymerise to give 136. If route B is taken, the intermediate
138 is formed, which can react to form a stable cyclobutadiene
complex, e.g. 139. It appears that the rate of formation of this
complex is greater than that of the formation of the benzene
derivative 140. Pathway B dominates for the above example
giving rise to the cyclobutadiene complex 139. It is possible to
block pathway B by using a nitrile in place of an alkyne.

Cp ?p
Pol
R, Co Co R, olymer
/Y\/ZQ/
R, 139 Ry
Kp2+2
@D
\ / Con(CO)z \_: Con(CO)2
Ry 135
\\\ lR——X
138
/\/R
J Kclosure Y. | )I(
R4
Y.
137
Ry
140 X=CR'orN

Scheme 35 Proposed mechanism for the synthesis of cyclobutadiene
complexes.>*

Pathway B it is made inaccessible as the nitrogen lone pair of
the nitrile prevents coordination to the cobalt(1) species. After
coordination of the bis-alkyne the oxidation state of the metal
atom changes to Co(i) allowing the nitrile to coordinate and
insert. The successful synthesis of pyridine macrocycles
142-147 has been achieved using this strategy, Scheme 36.>*

Under suitable conditions, and with the right substrates,
carbonyls can be incorporated into the cobalt catalysed
cyclotrimerisation for the synthesis of 2H-pyrans, e.g. 149,
Scheme 37.3%%

When employing CoCp(C,Hy), as the cobalt source,
Scheme 38, the competition of the alkene ligands attached to
the cobalt with the oxo function in the cyclisation reaction
can be suppressed successfully by using the aldehyde or
ketone component in a large excess. The mechanism of this
reaction is unknown, however, it is postulated that three-,
five- and seven-membered cobaltacycles function as crucial
intermediates.>

2.2 Aqueous solutions

Cyclotrimerisation can occur in aqueous solutions, hydro-
phobic effects in organic reactions can also provide substantial
rate enhancements and influence the chemo- and stereoselec-
tivity. The synthesis of several benzenes via cyclotrimerisation
in aqueous solutions has been achieved under mild conditions
with no protection of functional groups, furnishing the desired
products in moderate to excellent yields.”” To achieve the
reaction in an aqueous environment, the modified catalysts
such as, 171 and 172, must be employed. Furthermore,
carbonyl cobalt complexes, such as CoCp(CO),, are unsuita-
ble catalysts for the reaction. This is due to the fact that
carbonyl replacement becomes more difficult as a consequence
of enhanced back-bonding (as a result of the increased polarity
of the solvent). A CpCo(COD) complex, in which the cyclo-
pentadienyl moiety is modified so that it is more soluble in
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Scheme 36 Synthesis of pyridine macrocycles using nitriles.>*
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Scheme 37 Carbonyl incorporation using cyclotrimerisation.>>-®

aqueous media, is more convenient for the transformation in
this media. The COD moiety furthermore allows controlled
access to the cobalt coordination sphere. However, complexes
of this type have a short life span due to degradation at high
temperatures. Another interesting feature is that protection of
functional groups was found to be unnecessary in all cases,
Scheme 39, Table 8.5

Another catalyst that may be used for the cobalt catalysed
cyclotrimerisation of acetylenes in water is the di-zert-butyl-
phosphanylethylcyclopentadienyl cobalt(i) chelate 173. This
complex is unstable in air but stable in water.® Using 173 as
the cobalt source, the reaction was complete in 8 h at room
temperature with no photo-activation necessary (Scheme 40).

The construction of an AB taxane ring system via cobalt
cyclotrimerisation was attempted by Malacria and co-work-
ers.”® The attempted formation of the taxane ring used the
linked chiral trialkyne 174 mixed with cyclopentadienyl dicar-
bonyl cobalt, in benzene. Exposure of this mixture to light was
expected to afford the cyclotrimerisation product. Unfortu-
nately, all attempts of this reaction only gave the metallocene

— (13on
.9 cpcoma)co) = g
)'k 56 °C, 8h, hv X
— 154
150 41%

o]
)J\ CpCo(MA)(CO)
23°C, 5h, hv

151
0
+ TMS—=—=—Tms SPCCHa)y o
H 23°C, 6h
152
CpCo
2 CpCo(C;Hy) \ e
pCo =
* TMS—=—TMS ——— E:ZqT
. 23°C.4 07 T TMs
156
153 86%

MA = maleic anhydride

Scheme 38 Examples of carbonyl incorporation using cyclotrimer-
isation.>®
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Scheme 39 Cyclotrimerisation of unsymmetrical alkynes mediated by
CoCp(COD) 171.%8

175. This cyclobutadiene complex 175 was obtained as a single
diastereoisomer in 32% yield, Scheme 41.

Other metals besides cobalt have been used for the cyclo-
trimerisation of alkynes, these include Ru(i) species amongst
others.®® Initially, the cyclotrimerisation reactions of diynes
and alkynes required stoichiometric amounts of the Ru source,
though since these early investigations catalytic versions have
been developed.®'®> An advantage of this method is the large
variety of mono and di-alkynes that may be employed. How-
ever, these types of cyclotrimerisations are hampered by a
facile side reaction, i.e. the dimerisation of the diyne. Elimina-
tion of the side reaction requires a large excess of the mono-
alkyne species. Yamamoto et al. have reported the synthesis of
benzo-fused lactams via Ru(n) catalysed cyclotrimerisation,
Scheme 42 and Table 9.5

The observed regioselectivities are explained by the X group
which has a large effect on the electron withdrawing ability of
the carbonyl group. The stronger the electron withdrawing
ability of the carbonyl the more the major isomer is favoured,
therefore X = NBn ~ O < CMe, which is indicative of a
carbonyl group with stronger electron withdrawing ability.**
In conclusion the use of Ru(i) species as an alternative to
Co(1) for the cyclotrimerisation of alkynes is successful. There
are problems associated with side reactions, however, these

Ph
Ph
|| 10 mol % 173 Ph Ph Ph
—_—
H,O,EtOH (80:20) Ph
H
Ph
|
~Co~ 66 : 34
X P
[
g, BY 86%
173

Scheme 40 The use of di-tert-butylphosphanylethylcyclopentadienyl
cobalt(1) chelate in the cyclotrimerisation of phenylacetylene.

‘ CoCp //
=\ '\ cocp(coy, © /
benzene
hv, A P
g 32%
174 175

Scheme 41 The attempt to use cyclotrimerisation for the formation
of the taxane ring.

o (e} o
- &@ &@“ R
= R
X o X X
— DCE r.t. R
1 mol % cat
176 177 178

major minor
cat = Cp*RuCIl(COD)

Scheme 42 Synthesis of benzo-fused lactams via Ru(i) catalyzed
cyclotrimerisation.®?

Table 9 Synthesis of benzo-fused lactams via Ru(i) catalyzed cyclo-
trimerisation®

X R t/h Yield (%) 177 : 178

may be suppressed with an excess of the alkyne. Good to

1 osclectivity has b hieved. with 1 atal NBn Ph 2 93 80 : 20
excel ent regiose ec.t1v1ty as been achieved, with low catalyst NBn CH,OMe 1 90 64 - 36
loading (1%) and in good to excellent yields (63-93%). The NBn CH,NMe, 1 63 64 : 36
best selectivity was observed when the carbonyl group alpha to 0] Ph 2 87 75:25

, ad - . arie atili CMe, t-Bu 0.5 70 78 : 22
the alkyne had a stronger electron withdrawing ability.
Table 8 Cyclotrimerisation of unsymmetrical alkynes mediated by CoCp(COD) 171%
Entry Alkyne R, R, Yield (%) A:B
1 157 H COCHj; 44 (164) 0°: 44
2 158 H CO,CHj; 67 (165) 47 :20
3 159 H (CH,),OH 85 (166) 62 :23
4 160 H CH,NHCH; 73 (167) 47:26
5 161 H C(CH;),OH 81 (168) 53:28
6 162 H CH,N(CH;), 78 (169) 51:27
7 163 H (CH,),CO,H 56 (170) 36:20

¢ Minor isomer not isolated.
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3.0 Synthesis of (n*-cyclobutadiene)(n™-cyclo-
pentadienyl)cobalt(i) and (n*-cyclopentadienone)-
(n°-cyclopentadienyl)cobalt(i) metallocenes

(n*-Cyclobutadiene)(n’-cyclopentadienyl)cobalt(1) complexes
179, Scheme 43, were first reported in the 1960s.% One of
the earliest reports describes the synthesis of an unsubstituted
cyclobutadiene complex via the exposure of the strained
lactone photo-a-pyrone 181 to light in the presence of dicar-
bonyl cyclopentadienyl cobalt CoCp(CO),, Scheme 44.

Ry

R, R4 Rj§(R4 Ry~ i _Rs

[l St R R R GO

R Rs @ @
179 180

Scheme 43 (n*-Cyclobutadiene)(n’-cyclopentadienyl)cobalt() and
(n*-cyclopentadienone)(n>-cyclopentadienyl)cobalt(i) metallocenes.®®

o =

CpCo(CO !
T e o
o) hv

)
181 182

Scheme 44 Synthesis of an unsubstituted cyclobutadiene complex via
exposure of photo-a-pyrone to light.*®

It was noticed that the metallocene 183 was an air-stable
crystalline solid (mp 88.5-89.0 °C) and that it had a very
similar infrared spectrum to ferrocene. The presence of the
cyclobutadiene ring was supported by the 'H NMR spectrum
which showed two peaks at 6 4.90 and 3.66 ppm with a ratio of
5: 4, respectively. Over the years, a large number of complexes
of type 179 and 180 have been synthesised (Scheme 43). Most
of these complexes are air-stable, since they are 18-electron
complexes, and the chemistry of their synthesis is vast and
varied. For complexes, such as 179, many different cobalt
sources have been used including CoCp(C,yH4),,% %
CoCp(COD),”®7? CoCl(PPhs);”® and CoCp(CO),.”* For the
synthesis of complexes with the general structure of 180 the
only available cobalt source is CoCp(CO),, the same source of
cobalt as is used for the Vollhardt cyclotrimerisation.*® The
use of this complex can therefore be used for the formation of
any (or a mixture) of the type of compounds shown in
Scheme 45, depending on the conditions employed.

The mechanism in Scheme 46 is generally accepted for the
synthesis of cyclobutadiene cobalt complexes of type 179.7
During the first step, the two labile CO ligands dissociate
allowing two alkynes to coordinate to the cobalt species giving
rise to 188. Compound 188 is unstable and has never been
isolated. It quickly undergoes an oxidative coupling to give the
16-electron metallacycle 189 which has been isolated when
stabilised by a donor ligand. The final step is a reductive
elimination to form the desired cyclobutadiene complex.

Ph Ph Ph
Ph Ph
)E( ~S
ph—=—pp _CpCo(CO)  Ph (|:0 Ph  + Ph (I:o o +
183 184 185
Ph o
Ph Ph ph _Ph
. N/
Ph Ph - -
Ph
186 187

Scheme 45 The use of CoCp(CO), in the formation of organic and
organometallic compounds.

R>§( Ry
Ry Clio Rj
179
R, Ry R
N %&\ 7\
R
Co R; Co 3 Ry cd’ R,

*L=CO

Ry
R
4 Re b
> oo B
\
TN =

Ry CIIO © R
Py .
180 192

Scheme 46 Mechanism for the formation of (n*-cyclobutadiene)-
(n’-cyclopentadienyl)cobalt() 179 and (n*-cyclopentadienone)-
(n’-cyclopentadienyl)cobalt(1) 180.

As mentioned above, the formation of these compounds is
not exclusive since various side reactions can occur. These
include the Vollhardt cyclotrimerisation, to form 192, a cyclo-
butadiene cobalt metallocene, to give complex 179, and de-
complexation as well as the synthesis of the metallocene 180,
depending on the cobalt source employed.”>’® In the case of
linked cyclic diynes cyclobutadiene formation is dominant
over the Vollhardt cyclotrimerisation.”’
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3.1 Synthesis of (n*-cyclobutadiene)-
(n°-cyclopentadienyl)cobalt(i) metallocenes

It has been reported that cyclobutadiene cobalt complexes,
such as 193, with electron-rich substituents, such as thioethers,
can be transformed into the cyclopentadienones of type 180.
This conversion is effected by heating the complex under high
pressure of CO (Scheme 47).78

s/R
R—S: :S’R R-s— i\{ ~/s—R
-s7 I ™s—R |
R Co Co(g4obar 8" ¢, ©
@ 170 °C, Decalin @
193 194
R =Me 54 %
n-Pr 17 %
Ph 36 %

Scheme 47 Conversion of a cyclobutadiene cobalt complex to a
cyclopentadienone complex.”®

These findings indicated that the cyclopentadienone synth-
esis could only occur when there were thioether groups
attached directly to the cyclobutadiene ring. The studies also
showed that a large R group, attached to the thioether, e.g. Ph,
inhibited the reaction, giving lower yields of the desired
cyclopentadienone. DFT calculations have shown that elec-
tron-donating substituents favour intermediates of the type
189. The electron-donating substituents lower the transition
state energy, therefore accounting for the greater reactivity of
the thioether-substituted cyclobutadiene complex.”®

Many interesting and useful cyclobutadienes have been
synthesised since the first discovery of CoCp(CO), in the
1950s.” Since this time there have been a range of cobalt(1)

CN

OTMS Cp*Co(C,H,), NC -

Lo
d + |+ -2L R1@jR“
4@; Re (|30 Rs
179

Scheme 48 Synthesis of (n*cyclobutadiene)(n’-cyclopentadienyl)-
cobalt(1) complexes.

sources developed for use in the synthesis of cyclobutadiene
complexes with the general structure 179, Scheme 48.

Myers et al. have synthesised strained cyclobutadienes using
CoCp*(C,Hy),. They found this a useful precursor for the
synthesis of strained cyclic alkenes.®® Metal cyclobutadiene
complexes can produce free cyclobutene via an oxidative
decomplexation in the presence of ceric ammonium nitrate
(CAN). They achieved the synthesis of the metallocene 196 by
heating diyne 195 in hexane at 60 °C, Scheme 49.

Vollhardt has also synthesised strained cyclobutadienes by
forming a  cyclobutadiene cobalt complex from
CoCp*(C,Hy),, followed by a decomplexation to give the
desired product 202.% Unusually this synthesis was accom-
plished photolytically. They found CoCp*(C,H,), a better
source of cobalt(1) than CoCp(C,Hy),, giving the decomplexed
cyclobutadiene in greater yield (51% vs. 30%). The use of light
obviated the use of ceric ammonium nitrate for the decom-
plexation, Scheme 50.

In the process of the afore-mentioned studies, the metalla-
cycle 204 was isolated in 93% yield, as a thermally unstable
material. Photochemical attempts to improve the yield of 202
led to the isolation of the bright orange cyclobutadiene com-
plex 205 in 58% yield, Scheme 51.%° The authors observed that
whilst cyclobutadiene complexes are commonly synthesised
from CoCp*(C,H,),, none had ever been detected during the
synthesis of phenylenes.

CN

OTMS
= TBAF
Co 4’ Co

hexane TMSO
™SO = 60 °C é 0°c
NC
195 196
79%
1. TBSOT{
diazaphosphorane
2. CsF, N-PhTf
23 °C
OTf
/ CAN (PPhs),Pd(©)
LD = T
/Eé Lol e e e “O/ZF
200
65% 63%

Scheme 49  Synthesis of strained cyclobutadienes using CoCp*(C,Hy),.%
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Scheme 50 Synthesis of a strained cyclobutadiene.®’
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Scheme 51 Photochemical synthesis of a cyclobutadiene complex.®

The inter- vs. intramolecular cyclobutadiene cobalt(1) com-
plex formation from 1,6-cyclodecadiyne derivatives with
CoCp*(C,Hy), and CoCp(CO), has also been investigated.®’
The two complexes gave different results: the ethylene complex
gave the intramolecular complex 207 in almost quantitative
yield, whereas the carbonyl cobalt gave the intermolecular
metallocenes 208 and 209, Scheme 52.%°

The difference in reactivity was rationalised by the forma-
tion of a loose coordination with the isopropylidene double
bond. This would favour a perpendicular approach of the Co
complex giving rise to 208 and 209.

Dicarbonyl cyclopentadienyl cobalt(i) can be used for the
synthesis of two different cobalt metallocenes, i.e. cobalt
cyclobutadienes and cyclopentadienones. CpCo(CO), is also
used in the Vollhardt cyclotrimerisation of alkynes and is often
used in the synthesis of natural products.® Another example
of inadvertent cyclobutadiene synthesis was from the photo-
lysis of a linked diyne 210.®' The intended reaction was the
Vollhardt cyclotrimerisation reaction, to form 212. In fact the
only product obtained was the cyclobutadiene complex 211 in
a 76% yield. It was suggested that the selectivity in this
reaction is kinetically, rather than thermodynamically,
controlled, Scheme 53.

The reaction most likely proceeds via the photochemical
removal of the carbonyl ligands, followed by coordination of
the diyne to the cobalt and subsequent oxidative addition to
form the metallacycle. The next step would be an intramole-
cular Diels—Alder type reaction to give the trimerisation
product via a bicycloheptenecobalt, which rearranges to give
212. In an attempt to suppress the synthesis of the undesired
cyclobutadiene, the substrate was modified to the silicon
tethered dialkyne 213. It was thought this would force the
reaction to commence in an intramolecular manner. Indeed,
the desired product 214 was obtained in 76% yield using this
procedure, Scheme 54.

Sterically hindered diynes have been converted into cyclo-
butadiene-CpCo complexes using CoCp(CO), in refluxing
decalin.?% The inertness of the cobalt precursor towards

N — Cp*Co(CaHa) > :@:| _<
— - N\ reflux octane ké io

206 207
ca 100 %
\ — CpCo(CQ)»
— — 40 °C Petroleum ether
206 208
l =
0

209

Scheme 52 Inter- vs. intramolecular cyclobutadiene cobalt(r) complex formation using CoCp*(C,Hy)> and CoCp(CO),.5°
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Scheme 53  Synthesis of cobalt(1) cyclobutadiene cyclopentadienyl from a linked diyne.®!
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Scheme 54 Suppression of cyclobutadiene cobalt(l) metallocene
formation using a silicon tethered dialkyne.®!

complexation of the alkynes was suggested by the fact that
even a four fold excess of octacarbonyl dicobalt gave only a
30% vyield of the mono-complexed product.®* This is due to
the methyl groups which make attack at the triple bonds
difficult. It was concluded that the steric hindrance of the
triple bonds greatly affects their reactivity towards complexa-
tion, requiring a large excess of the reacting cobalt species to
give 218 even in poor yields. This possibly explains the forcing
conditions necessary for the synthesis of cyclobutadiene 216,
with the dialkyne 217 being refluxed in decalin, Scheme 55.
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Scheme 55 The synthesis of a hindered Co-cyclobutadiene cyclo-
pentadienyl complex.®*

The synthesis of highly strained cyclobutadiene “beltlike”
macrocycles 220 has been achieved under mild photolytic
conditions, Scheme 56. The reaction was slow (3 days) and
the yields were poor (14%).%° The choice of cobalt source was
found to be of great importance for the synthesis. Penta-
methylcyclopentadienyl cobalt (CoCp*L,) complexes are too
large to give rise to superphane compounds. Synthesis of

CoCp*(CaHy):2
Decalin hv
— 3 days
219 220

14%

Scheme 56 Synthesis of highly strained cyclobutadiene “beltlike”
macrocycles.®®

trimers and tetramers has been achieved with strained cyclic
diynes in the presence of CoCp(C,H,),.¢” Dicarbonyl cyclo-
pentadienyl cobalt was chosen to effect the tri- or tetramerisa-
tion of a dialkyne with even greater strain, Scheme 56.8°

The first optically enriched cyclobutadiene complexes were
synthesised by Vollhardt and co-workers in the early 1980s.”®
This was achieved by complexing optically enriched (R)-1-
butyn-3-ol with BTMSA in the presence of CoCp(CO), which
gave the optically active diasterecoisomers (pS,R)-221 and
(pR,R)-222 in a 34% overall yield with 62 and 60% ee,
respectively, as determined by NMR spectroscopy, Scheme 57.

™S ™S
OH TMS———TMS = OH —
CoCp(CO); ™™g | ™s” L
I & o

: S

(pR,R)-221 (pS,R)-222
(RI-(+) :
1% 23%
62% e.e. 60% e.e.

Scheme 57 The first optically enriched cyclobutadiene complexes.”®

Vollhardt and co-workers also investigated the mechanism
by which cyclobutadiene cobalt complexes were formed.”®5¢
In the course of these explorations it was discovered that at
high temperatures the epimerisation of complex 221 occurs.
When an optically enriched sample of predominantly
(pS,R)-221 was heated to 571 °C a mixture of (pS,R)-221
and (pR,R)-222 was obtained in a 65.6 : 34.4 ratio with 56 and
58% ee, respectively. The diastereomeric ratio of 221 and 222
after the pyrolysis was the same as that produced by the initial
complexation; which indicates that diastereoracemerisation
occurs at the cobalt centre, Scheme 58.

Recently, much effort has been invested into the synthesis of
cyclobutadiene cobalt complexes containing a heteroatom,
such as silicon or phosphorus, either in the cyclobutadiene
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Scheme 58 EJ)imerization of cyclobutadiene cobalt complexes at high
temperature.’®5¢

or in the cyclopentadienyl ring.%”%® The synthesis of cyclo-
butadiene cobalt complexes containing phosphorus atoms
within both the cyclopentadienyl and cyclobutadienyl ring
has been achieved. The bonding in these complexes mimics
that of “‘traditional” cyclopentadienyl and cyclobutadiene
species to give rise to metallocene-like sandwich structures.
The synthesis of these complexes is achieved by the
co-condensation of cobalt atoms with #-BuCP (223),
Scheme 59. The black mass obtained from the reaction
mixture was purified on alumina giving the three metallocenes
224, 225 and 226, albeit in low yields.®®

Bu
Bu' Bu' X p/(
) W_p N—p But P By
B on P?K P, s 7/
Conmy + —_— B ¢ Lo pBu P
Il : Co Bu Bu o Bu Bu'
=N e But T
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Buf P ‘Bu \]/ P

224 225 226
Bu ‘Bu
W(CO)

AN - 5

=i =

P N [MUCO)sTHF] PN

p..‘é THF. #h, 1.0 p 3 B!
e A5
Ba Bu Ba Bu

224 227

Scheme 59 The co-condensation of cobalt atoms and -BuCP, and
the coordination of a heteroatom-containing cyclobutadiene cobalt
complex to tungsten‘sl88

The compounds (224, 225 and 226) have all demonstrated
an ability to coordinate to other metals to form complexes,
such as 227. An indication of the potential of such compounds
comes from the work of Qiao and Fu, where a phosphorus
atom is placed directly in a ferrocene ring 228. This ligand
has been used to great effect in asymmetric catalysis, giving
up to 96% ee in good yields (92-100%), as shown in
Scheme 60.%

Recently, a silacyclobutadiene cobalt complex has been
synthesised in moderate yield by heating 4-silatriafulvene 229
with dicarbonyl cyclopentadienyl cobalt at 80 °C
(Scheme 61).%” This crystalline red compound 230 is thermally
stable under an inert atmosphere; however, it is air- and
moisture-sensitive.

o o]
Hy 1 atm /\)J\
R OMe ~“Gmol%228 . R~ ™~ “OMe
NHCOMe 5 mol % [Rh(cod),] NHCOMe
R=H 87% e.e., 99%
R = Et 96% e.e., 92%
R=Pr 90% e.e., 96%
Me
Me
228= pp.p"Me P Fe e
Me Me
Me

Scheme 60 The enantioselective hydrogenation of double bonds.®
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Scheme 61 Synthesis of a silicon containing cyclobutadiene cobalt(r)
complex.87

3.1.2 Synthesis using cyclopentadienyl 1,5-cyclooctadiene
(COD) cobalt(1) complexes

Cyclopentadienyl 1,5-cyclooctadiene (COD) cobalt(i) com-
plexes are easily synthesised. This is achieved by mixing
COD and dicarbonyl cyclopentadienyl cobalt and irradiating
with a mercury lamp.”® An alternative synthesis involves
refluxing a mixture of cobalt chloride tris-triphenylphosphine
and COD with sodium cyclopentadienylide in xylene for 3 h,

Scheme 62.72

CoCI(PPhsy)s @lﬁ e
<

Scheme 62 Synthesis of cobalt cyclopentadienyl 1,5-cycloocta-
diene.”

xylene A
NaCp, 3h

In the early 1990s the syntheses of the first optically pure
planar chiral cyclobutadiene complexes was reported using
trisubstituted cyclopentadienyls.”> The cyclopentadienyl ring
was first functionalised via an ester linkage to a (—)-menthyl
group, Scheme 63. The chiral cyclopentadienyls 231, 232 and
233 were then converted into cyclooctadiene cobalt complexes,
as shown in Scheme 63.

The functionalised CpCo(COD) complexes were synthesised
as two diastereoisomers and were easily purified as a mixture
on silica via column chromatography, but could not be
separated by HPLC, with the exception of the cyclopentadie-
nyls 234a and 235a. The COD complexes 234 and 235 were
then used to synthesise the cyclobutadiene compounds without
purification. Pathway B is a more convenient and direct
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Scheme 63 The use of functionalised cyclopentadienyl 1,5-cyclooctadiene cobalt complexes for the synthesis of cyclobutadiene cyclopentadienyl

cobalt metallocenes.”

method for the synthesis of the cyclobutadiene compounds;
however, only moderate yields were obtained using this pro-
cedure. A summary of the results is shown in Table 10.

For all compounds both diastereoisomers were isolated and
separated by flash chromatography, with the exception of
entry 5, Table 10, where no cyclobutadiene complexes were
obtained from the reaction. The reason for the lack of
cyclobutadiene formation is attributed to the steric hindrance
of the two methyl groups in the ortho-position. The conversion
of the separated diastereoisomers 236a and 237a into
optically pure complexes was achieved via removal of the
(—)-menthyl group on the cyclopentadienyl moiety. The
optical purity of the complexes was determined by '"H NMR
spectroscopy, and the circular dichroism spectra of the two
separate complexes. The reaction of 236a with methyllithium
in tetrahydrofuran gave enantiomer (+)-238 in good yield
(87%), Scheme 64.

Ph COR* Ph\qCMeon
] Me MelLi I Me
Ph_ §° _Ph Ph Ph
)=
Ph Ph Ph Ph
236a

R* = (-)-menthyl

Scheme 64 Synthesis of optically pure cyclopentadienyl cyclobuta-
diene cobalt(r) complex via removal of the menthyl auxiliary.”

The generation of strained cobalt dicyclobutadienophanes

has been achieved with CoCp(COD). These compounds are of
special interest as they allow the exploration of the electron
delocalisation over two metal centres.”™”' Using a cyclic alkyne
239, containing a hydroxyl moiety, the cyclobutadiene-cobalt
metallocene 240 was furnished, giving a mixture of inseparable

Table 10  Synthesis of functionalised cyclopentadienyl cobalt(r) cyclobutadiene cobalt complexes from functionalised CpCo(COD) complexes’>

Entry Path Product Ar Yield (%) [o¢]p in CHCl,

1 A 236a Ph 28 +46
237a 36¢ —-5.6

2 B 236a Ph 27° —
237a 35P —

3 B 236b 3,5-Me,CgH, 290 +93
237b 32° -32

4 B 236¢ 4-CIC¢H, 16° +7
237c 18° -2

5 B 236 2,4,6-Me;CgH, 0 —
237 0 —

“ Isolated yield based on 236a—f.  Isolated yield based on CoCI(PPhs),.
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Scheme 65

diastereoisomers. This mixture was oxidised to give the dike-
tone 241; transformation of the diketone species to the bis-
(semicarbazone) species 242 was achieved using the Lalezari
protocol. Selenium dioxide furnished the bis(selenadiazoles),
however, the yields were disappointing (15-19%). The
cyclobutadiene alkyne complex 243 was finally synthesised after
heating to 180 °C for 10 min at 0.1 bar, giving the desired
product in a 64% yield, Scheme 65. The cobalt source was
altered to allow the synthesis of a second cyclobutadiene ring;
this was probably necessary since the COD moiety would be too
bulky to allow attack from the second set of alkynes. Also COD
ligands are not as labile as their CO counterparts.

The stability of ferrocenylcarbocations, such as 247 shown
in Fig. 1, has been widely investigated.’' Gleiter e al. have
investigated the stability of the related cobalt cyclobutadiene
cyclopentadienyl carbocations 248.%2

In studies to investigate the stability of cationic cyclobuta-
diene complexes, complex 249 was chosen as a model system,
partially for its ease of synthesis, but also for the facile
conversion of the ester moiety into an alcohol group to give
the primary alcohol 250, Scheme 66.

Alcohol 250 was treated with acid, but the only product from
this reaction was pentafulvene 252. To stabilize the carbocatio-
nic complex of the type 251, derivatives with benzene and para-
substituted benzene rings (254a—c) were synthesised. Alcohols
253a— were treated with different acids and in each case an
immediate colour change from yellow to deep violet-blue was
observed. The most successful acid was HBF,, since in this case
the cationic products 254a and 254b were isolated and

+Fe Clo+
= =
247 248

Fig. 1 A ferrocenylcarbocation and a cyclobutadiene cyclopentadienyl
carbocation

\

The generation of strained dicyclobutadienophanes using modified CoCp(COD) complexes.

24

60%
Semicabazide
acetate
1) Se0,HOAC H'zNaﬁN (;20
fane i =
=NNH
2 A Se=9E_

CONH;

242

70,71

COMe

= CpCo(COD; LIA?H,, THF (I:o
BT --T¢ ok ode o

CH.OH

n=3 249 250
21% 96%
@{ H
co” —_—
00
252
BF, ©
R(CsH ) (CsHR (CeHy)R
cO,Me OH
CeHyR
1) PhMgBr HBF, Py Cala)
e ! —— “Co
Co _ 2)LiCH,)R Co EL,0 i
(]
249 253a< 254a-¢
253a 87% 2542 80%
57-87% 253b 57% 254b 89%
253¢ 81% 254¢ 0%
R=Ha
R=Me b
R=Fc

Scheme 66 Synthesis of a cyclobutadiene cobalt(r) complex suitable
for conversion to a cyclobutadiene cyclopentadienyl carbocation.”?

characterised, whereas other acids gave cationic complexes
which could be observed but were unable to be isolated. Cyclic
voltammetry experiments showed that in contrast with ferrocene
analogues where 85% of the positive charge resides on the iron,
96% of the positive charge resides on the cobalt.”* They also
stated that the positive charge at the exo-methylene carbon is
smaller (+0.28) for the cobalt species 248 than for its ferrocene
counterpart 247, where the positive charge is +0.31. This
suggests that there is a stronger metal-fulvene interaction in
complex 247 compared to 248, which is due to the higher
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Scheme 67 Synthesis of cyclobutadiene cobalt metallocenes from sterically congested diynes giving both the inter- and intramolecular products.®?

stability of the cyclobutadiene-cobalt cationic unit. This stability
is traced back to the better distribution of positive charge in the
CoCb* (cobalt cyclobutadiene) fragment over the Cb ring
compared to that of the FeCp* fragment.

Sterically congested cyclic diynes have been successfully
converted into cyclobutadiene compounds via complexation
with CoCp(COD) in refluxing cyclooctane.?? The synthesis of
sterically hindered cyclobutadiene systems has also been
achieved using CoCp(CO), in refluxing decalin.?*%* Sterically
congested diynes react differently with CoCp(L),, giving both
the inter- and intramolecular products. The difference in
reactivity was attributed to the possible formation of strained
cyclobutadienes in the case where the intramolecular reaction
is disfavoured; this would make the intermolecular pathway
considerably lower in energy, giving rise to cyclobutadiene
compounds, such as 256 and 258. However, if the bridge
containing the trimethylsilyl groups is larger or less rigid, the
intramolecular pathway is more energetically favourable giv-
ing rise to products such as 260 and 262, shown in Scheme 67.

When linked cyclic diynes are employed, the cyclobutadiene
cobalt complex synthesised is directly related to the chain
length that separates the alkynes.”” There are two types of
complex that can be synthesised, cyclobutadiene complexes,
such as 260 and 262, which arise from an intramolecular
pathway, or superphanes, such as 256 and 258, which arise
from an intermolecular pathway A, Scheme 68. In general,
small rings or those that contain a silyl-bridge favour the
formation of superphane whereas larger rings, i.e. more than
three methylene units between the triple bonds, favour the
intermolecular pathway A, (Scheme 68).

The mechanism by which the two types of product are made
has been examined.”®> A number of cyclic thiadiynes contain-
ing a sulfur moiety in the propargylic position with respect to

:

. P Con (;o
A =
(_O—
T |
B CoCp Co
- B-&

|

74
-0,

N

Q)
=)

@_

Scheme 68 Inter- and intramolecular pathways for the formation of
cyclobutadiene cobalt complexes.”’

both triple bonds were reacted with CoCp(COD). The sulfur
atom was expected to stabilize the intermediate metallacycles
264 and 265, Scheme 69.

Thioenophane 268 was isolated, Scheme 69, where the
CoCp fragment and the sulfur had exchanged places. The
mechanism suggests an equilibrium between cobaltols 264 and
265. The stability of these intermediates depends mostly on the
sulfur-cobalt interaction, and any steric hindrance that might
arise in the transition states.”® Gleiter and co-workers were
unable to analyse intermediates 264 and 265 due to their
instability. The geometry of non-sulfur containing analogues
in the transition state was correlated with the triple bond
distances of their respective starting materials, and compared
to those compounds containing sulfur. The results suggest that
in cycles with sulfur in the propargylic position, the distance
between the alkyne units in the starting material is large, which
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Scheme 69 Attempted synthesis of sulfur containing cobalt cyclobutadiene complexes from thiadiynes.”

favours the formation of metallacycle 265 and the course of
the reaction follows intramolecular pathway A, Scheme 68.
When the distance between the two alkyne units is smaller,
metallacycle 264 is favoured, and this preferentially gives rise
to the intermolecular pathway B.

For thiacycle 269 the intermolecular product superphane 270
was synthesised in 15% yield, Scheme 70. Both the intramole-
cular product 272 and the thioenophane 273 were isolated from
the reaction of 271 with CoCp(COD), this is due to the
formation of cobaltacycles, of the type 264 and 265, where
neither pathway is favoured, hence the mixture of products.

. Co
MeZS‘l | ?iM62
j T SMe:  cpcocopy  Me:Si, SiMe,
s I —————— MesS] j iS'iMez
\%SiMez oo Me,Si SiMe,
cyclooctane ]
=
269 270
15%
= CpCo(COD) CEE:] ‘
s D ta0c 4h, 140 °C .
—_— cyclooctane
271 n=4 272 273
15% 12%

Scheme 70 Synthesis of sulfur containing cobalt cyclobutadiene
complexes from thiadiynes.”?

3.3.1 Spynthesis using (PR3);CoCl complexes

CoCl(PPhjy); is used in conjunction with sodium cyclopenta-
dienyl for the formation of cyclobutadiene cobalt complexes.
It is made by stirring cobalt(i) chloride in ethanol in the
presence of triphenylphosphine, the metal is then reduced
using sodium borohydride to give CoCl(PPhs); as an air-
and moisture-sensitive brown precipitate, Scheme 71.

There are several examples, spanning over 20 years, where
this complex has been used in the synthesis of cyclobutadiene

1) EtOH A
2) NaBH,

Co(ll)Cl, + PPh, Co(l)CI(PPhs)s

Scheme 71 Synthesis of CoCl(PPh;)s;.

cobalt complexes.”*** Cyclopentadienyl dimethyl triphenyl-
phosphine cobalt(ii1) 274 has also been shown to produce
cyclobutadiene cobalt() complexes in the presence of two
equivalents of diphenylacetylene.”® The substitutional lability
of the triphenyl phosphine ligand in complex 274 was demon-
strated in toluene-dg in the presence of trimethyl phosphine,
which gave complex 275, Scheme 72.

ﬂ‘c Me . pue,
/ (o) .

PhsP” Me - PPhs

ﬂ Me
Co

Me3P Me
274 275

Scheme 72 Cyclopentadienylcobalt(i) dimethyl(trimethylphosphine).”

Cobaltacycle 276 has also been shown to undergo phos-
phine replacement to give cobaltacycle 277, although the rate
of this transformation is much slower, Scheme 73. The slower
rate is presumed to be a reflection of the ability of the
conjugated “‘cyclic dialkenyl”” moiety to remove electron den-
sity from the metal centre more effectively than the two methyl
groups in 275.

+PM ﬂ
° PP:3 Co
Ph,P” “PPhs  vep”

Scheme 73 Phosphine substitution of a cyclopentadienylcobalt(ir)
cobaltacycle.”

As stated above, 274 reacts with diphenylacetylene to give
the 18-electron cobaltacycle 277, and then reductive elimina-
tion occurs giving ring closure to yield the cyclobutadiene
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cobalt complex 278. The major product is found to be the
18-electron species 278 (95%) with only small amounts of the
cyclobutadiene complex (3%) formed, Scheme 74.73

Pho Ph Ph

|| . ” CoCp(PPh;)(CH;) . o
PPh3 Co

Ph Ph @
278 279

95% 3%

Scheme 74 Synthesis of a cobalt(r) c;/clobutene metallocene from
cyclopentadienylcobalt(iir) cobaltacycle.

It was noticed that in the presence of an excess of diphenyl-
acetylene and triphenyl phosphine the rate of reaction, and the
yield of 279 was increased and the rate of formation of 278 was
impeded.”

Highly substituted cobaltocenium complexes 281 have been
synthesised by exposure of CpCo(PPhs), to alkynes and ethyl
diazoacetate, Scheme 75.°°> The function of the ethyl diazo-
acetate is to liberate triphenyl phosphine from the 16-electron
cobaltacycle intermediate, furnishing a m*-cyclopentadienyl
complex. Decomplexation is observed when 281 is treated
with Fe(NO3),-9H,0 in wet dichloromethane at room tem-
perature giving the cyclopentadienyl 282 in good yields (70%).

Cone Ph "
_ N:CHICO:EY) _ Ph— é\(ce?a Fe(NOy); MeO,C COzEt
TCHeB0 T ={H  CHyClaH,0, 23 °C Ph
PPh3 Me” Go “CopMe CHClHz0. .
< Ph
280 o5 o

70%

Scheme 75 Decomplexation of a cobaltocenium species by treatment
with Fe(NO3),-9H,0.”

However, when the 18-electron complex 283, (Scheme 76)
was treated with a variety of oxidizing agents the cobalt-
ocenium species 285 was isolated in good yields (60-81%),
the results are shown in Table 11.

Ph Ph =
" _N,CHCOEY) _ Ph COE FeNOy),
,Co CgHg 80 °C = Crogmo.zc 0aR!
PPhy YV pp, Ph _Co “Ph ke Ph” Go* Ph
Ph
284
3 (CsHs)oFe*BFS 288
5H5)2Fe By,
\ CH4CN, 23 °C 81%

Ph M coset
I}ph
Ph
Ph
286
Scheme 76 Synthesis of cobaltocenium species by treatment with a
variety of oxidizing agents.”

Cyclobutadiene cobalt metallocenes have also been
synthesised using CoCI(PPh3); as the cobalt source, in the
presence of sodium cyclopentadienylide and diphenyl-
acetylene (Scheme 77).°* The cyclobutadiene compound 287

Table 11 Synthesis of cobaltocenium species by treatment with a
variety of oxidizing agents

Product
Oxidant (eq.) Solvent t/h (yield %)
Fe(NOs),-9H,0 (10) Dichloromethane 15 282 (80)
Fe(NO3),-9H,0 (10) CH;CN 15 282 (78)
(NH4),Ce(NO3)s (3) (CH;),CO 20 282 (81)
I, (1.5) C¢Dg 1 282 (80)
(CsHs)-Fe "BF,™ (2) (CH3),CO 0.5-1 283 (38)
(CsHs)-Fe "BF,~ (2) CH;CN 15 283 (70)
(CsHs)>Fe "BF, (2) CH;CN 2.5 283 (74)

Ph Ph

Na =g
Q\ PhCCPh Ph (,: N Ph
é CoCI(PPhj)

CO,Me 3)3
PhMe Q\é COMe

92%
287

Scheme 77 S}/nthesis of cyclobutadienyl cobalt metallocenes using
CoCl(PPhs),.”

was synthesised in excellent yields (92%), with no cobaltacycle
276 detected.

The ester 289 was transformed into the chiral oxazoline 290 in
47% overall yield, (Scheme 79).%® This compound is similar to its
ferrocene analogue (Scheme 78), which has been shown to give
stereocontrol during deprotonation with organo-lithium species.

©| "BuLi, Et,0 <
Fe TMEDA, 78°C [,
Li
% &
o o

288

Scheme 78 Synthesis of a chiral cobalt cyclobutadiene cyclopenta-
dienyl oxazoline metallocene.”*%¢

The stereocontrol during deprotonation derives from the
isopropyl group that is orientated towards the unsubstituted
part of the cyclopentadienyl ring, providing a stabilizing effect.
Richards has shown this is the opposite case for the cyclo-
butadiene species 290.7

The palladacycle 291 was then synthesised as a single
diastereoisomer, as demonstrated by '"H NMR spectroscopy,
as only one set of signals was observed. This is one of the first
reports of complete ortho-palladation of a metallocene with
complete stereocontrol.®* It was proposed that the other
diastereoisomer is inaccessible due to steric hindrance from
the phenyl groups attached to the cyclobutadiene ring.

As previously stated, this chemistry is perhaps more com-
plex due to the side reactions observed in the synthesis of
cyclopentadienone cobalt metallocenes. Depending on the
reaction conditions used, cyclobutadiene and cyclopenta-
dienone metallocenes, or benzene derivatives can be obtained.

The synthesis of cyclopentadienone 292 was achieved in a
6% yield in toluene; however, the yields were improved to
33% when the reaction was carried out at a higher
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Scheme 79 Stereochemical control during deprotonation of chiral cobalt cyclobutadiene cyclopentadienyl oxazoline metallocene to give a

palladacycle.**
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Scheme 80 Synthesis of a cyclopentadienone cobalt metallocene in
decalin.”®

temperature in decalin.”® Using the same methodology, the
synthesis of cyclopentadienone 293 was achieved in decalin in
a 36% yield, Scheme 80.

Investigations into whether the cyclopentadienone forma-
tion was dependent on the substituent attached to the Cp ring
were performed, in which different Cp derivatives were used
under otherwise identical conditions; it was found that the
ester group gave the best yields of the corresponding cyclo-
pentadienone 297-299, Scheme 81.78

The bis(alkyne) complex 300 was employed in this reaction,
which gave the cobaltacycle 301, reductive elimination fol-
lowed to give the intermediate cyclobutadiene complex 302.
The cobaltacycle 303 must be an intermediate in the reaction
pathway towards 292, in 303 the triple bond is broken and CO
insertion gives the 18-electron species 304 which can lead to
the cyclopentadienone complex 292, Scheme 82.78
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Scheme 82 Synthesis of sulfur-containing cyclopentadienone cobalt
complex.78

1874 | New J. Chem., 2008, 32, 1850-1880

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008


http://dx.doi.org/10.1039/b802689k

Downloaded by University of Belgrade on 01 January 2013
Published on 01 July 2008 on http://pubs.rsc.org | doi:10.1039/B802689K

View Article Online

Proof that the cyclobutadiene complex 302 is an intermedi-
ate in the formation of the cyclopentadienone complex 292
was obtained by heating compound 302 in the presence of CO
at high pressures. This gave the corresponding cyclopentadie-
none complex in 42% yield as the only product, Scheme 83.”

s
e
&S

302 292
42%

i~
(':0 CO 20 bar

EHJ

decalin
170 °C

Scheme 83 Conversion of a cobalt cyclobutadiene metallocene into
the corresponding cyclopentadienone.”®

Cyclopentadienone cobalt stabilised superphanes have been
synthesised and their properties examined.”” Examples of
superphane cyclobutadiene complexes have been discussed
previously. In general small rings favour the formation of
superphane whereas larger rings, i.e. more than three methyl-
ene units between the triple bonds, favour the intermolecular
pathway A. The synthesis of cyclopentadienone superphane
analogues of the cyclobutadiene complexes (vide supra), used a
similar approach.”**® The superphane was built up in a
stepwise fashion from a medium sized cyclic alkyne bearing
a ketone group, 305. The generation of the first cyclopenta-
dienone 306 from two of the alkyne-ketone units was achieved
by refluxing in decalin for 5 days (Scheme 84). Milder condi-
tions have been used to synthesise cyclopentadienone com-
plexes previously, which include irradiation; however this only
gave a 4% vyield of the desired compound.®”*®

Three different regioisomers were generated from this reac-
tion. The ketone 306 is then converted to the selenadiazole 308
via treatment with semicarbazide acetate followed by selenium
dioxide and acetic acid. This gave the selenadiazole 308 in
60% yield as a mixture of inseparable regioisomers. Treatment
with copper at elevated temperatures gave the tricyclic alkyne
complex 308 in a 55% yield.”” The intramolecular cyclisation
of 308 to 309 was first attempted in decalin at 190 °C, but was

o
_ CoCp(CO); C|°
| T Decain !
190 °C 5 days

305 306
66%
Cu, 0.2 mbar :
CpCo(CO),
hv, 5°C, 6h

190°C, 10min g Cr: |
A
o

308
55%

Scheme 84 The generation of the first superphane cyclopentadienone from two of the alkyne—ketone units.

unsuccessful and gave only 2% of the product. The cyclisation
was effected via irradiation in THF at 5 °C, which gave 38% of
the superphane 309 as the major product. Only the syn isomer
of 309 was generated, which was ascribed to steric effects. It is
assumed that the triple bonds in 308 are orientated parallel to
the double bonds in the cyclopentadienyl unit. Superphane 309
has also been synthesised using a one-pot procedure.”® This
was not however, a successful preparation, yielding only 5%
of the desired product.

An alternative method for the synthesis of superphanes or
metallocenophanes uses a functionalised metal cyclopenta-
dienyl complex, e.g. Cp*CoL,.** For the synthesis of
cyclopentadienone systems, a metal supported [2 + 2 + 1]
cycloaddition of two alkyne units and one CO group was
employed. This system can also be used for the generation of
cyclopentadienone or cyclobutadiene endohedral metalloceno-
phanes by using a modified version of CoCp(CO),. Modified
cyclopentadienyl anions 312a,b, bearing long alkyl chains with
terminal acetylene groups, were synthesised in three steps, these
were then complexed to metal carbonyls 313 by treatment with
octacarbonyl dicobalt and iodine in THF, Scheme 85.

o)
» CIMg(CHy)n-Bu
\ i ttledih it
THF
o’
310 3Man=1
311bn=2
1. CMg(CH2)p.2'Bu
THF

2."BuLi, THF, -40 °C

313an= 3M2an=1
313bn= 2 312bn=2

57%

Scheme 85 An alternative method for the synthesis of cobalt contain-
ing superphanes or metallocenophanes.”%°

The modified cyclopentadienyl cobalt carbonyl complexes
were then heated to 190 °C in decalin, this gave the cyclopenta-
dienones 314-315a-b in 2-10% yields. The C;-symmetric

1) Semicarbizide acetate "é:N/ ? i N"N
2) Se0HOAC W se
o]
307
60%

309
38%

97,98

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008

New J. Chem., 2008, 32, 1850-1880 | 1875


http://dx.doi.org/10.1039/b802689k

Downloaded by University of Belgrade on 01 January 2013
Published on 01 July 2008 on http://pubs.rsc.org | doi:10.1039/B802689K

View Article Online

decalin
S Co N\ 190°C
. 7 oc” ‘co N
Bu 'Bu
3M3an=1
313bn=2
cyclooctane
- .
// Co \\ reflux
B oc” “co -
313an=1
313bn=2

Scheme 86 The synthesis of cobalt containing superphanes or metallocenophanes bearing cyclopentadienone or cyclobutadiene rings.

complex 314a was synthesised in a 10% yield, and was
spectroscopically indistinguishable from 314b. Treatment of
313b under the same conditions gave only a 2% yield of 315a
and 315b, Scheme 86. Synthesis of the cyclobutadiene ana-
logues was achieved by heating 313a,b in cyclooctane at
reflux this gave rise to only one of the intramolecular products
316 and 317a,b in good yields (35 and 39%, respectively),
Scheme 86.

It was found that when lower temperatures (120 °C) were
used only the corresponding cyclobutadiene complexes were
synthesised.'® More recently there has been a report describ-
ing the cyclopentadienone-like behaviour of fluorinone com-
pounds in the presence of pentamethylcyclopentadienyl cobalt
dicarbonyl."" These compounds gave the air-stable cyclo-
pentadienone compounds 320 and 321, Scheme 87.

CpCo(CO), C

toluene

318 X=CH
319X=N

320 X =CH 53%
321 X=N91%

Scheme 87 Cyclopentadienone-like behaviour of fluorinone

compounds. !

The synthesis of these compounds is quite unique. As in all
other cases the cyclopentadienone is formed as a direct result
of the [2 + 2 + 1] cycloaddition of alkynes with carbon
monoxide. Strictly speaking, compounds 318 and 319 do not
possess a cyclopentadienone functionality; the bonding in
complexes 320 and 321 is perhaps most accurately described
as 1°-cobalt complexes with respect to each of the aromatic
rings. Compounds 320 and 321 have also been transformed
into their cobaltocenium salts via treatment with acetyl
chloride in dichloromethane to give brown-yellow com-
pounds. Decomplexation has been achieved giving quantita-
tive amounts of the CoCp*(CO), complex and the
starting arene, however, these reactions were laboriously slow
(Scheme 88).!°!

{tBy Co  (CHyp

B
(CHa)a 1
Bu

0
3Mdan=1 3M15an=1
314bn=2 315bn=2
10% 2%
Co  (EHy £odo )
(CHy), o 2)n CH Co
n tgy ( ﬂ\nrl;ﬂ}l,ey(mz)n
Bu
3M6an=1 M7an=1
316bn=2 37bn=2

74,99

+Cr
ix/\\\/Z’—x = U 3>—X
\C/ ~o MeCOCI X" N o—come
z; s o z; -
320 X = CH 322X=CH} 100%
321 X=N 323X=N

CO (excess)
benzene

50 °C, 2 days

318 X=CH
319 X=N

Scheme 88 Decomplexation of cyclopentadienone-like fluorinone
compounds. !

Electronic properties of cyclopentadienone cobalt metallo-
cenes and their o-alkylated or protonated congeners has been
described by Gleiter ef al.'® Stability of cyclopentadienone
metallocenes originates from the occupation of the LUMO of
the cyclopentadienone ring, leading to an 18-electron complex.
The electronic structure of the complexes is best described by
resonance structures 324 and 325, Fig. 2.

A feature of these compounds is the higher electron density
at the oxygen atoms, which shows up in the ease of protona-
tion and alkylation of such metallocenes. Protonation and
alkylation experiments were carried out on a number of
metallocenes, the NMR spectra of the derived species 326
and 327 were scrutinised closely, Scheme 89.'%3

The yellow cobaltocenium ions 326 and 327, Scheme 89,
showed significant differences to their starting materials.
Examination of the 'H NMR spectra showed a shift in the
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Scheme 89 o-Alkylated congeners of cyclopentadienone cobalt
metallocenes.'%?

Cp peak by almost 1 ppm downfield.'%? The addition of triflate
to the cyclopentadienone complex 328 has also been investi-
gated, and this gives the cobaltocenium salt 329 in an 85%
yield.104 It was shown that further reaction with nucleophiles,
such as MeLi or PhLi, does not yield the direct substitution
product of the triflate, Scheme 90.

Instead, the reaction yields the product from attack on the
lower unsubstituted Cp ring, eliminating the triflate and
regenerating the carbonyl complex. Overall, complex 331 with
a substituted cyclopentadienyl ring is formed. This is the
simplest process to introduce a substituent into the Cp ring.
A second substitution in the B-position with respect to the first
may be achieved by repeating the procedure, Scheme 91.

The results from DFT calculations show that triflate, com-
pared to protonated cyclopentadienone species, changes the
charge distribution within the complex. In the cobaltocenium
triflate species 329 the net charges on the cyclopentadienyl
carbon atoms were shown to be positive. In the cyclopenta-
dienone complex 328 the net charges are negative; this is also
the case for the protonated cobaltocenium species. Therefore,
attack on the lower unsubstituted cyclopentadienyl 329 is
favoured over substitution of the triflate group.

Recently Richards and Taylor have reported the microwave
assisted one-pot synthesis of planar chiral cobalt cyclopenta-
dienones 336 in moderate yield and diastereoselectivity.'®

® OoTy

Bu Bu
B L ~o !

u Co CH.Cl, Bu Co OTf
85%
328 329
LiR
THF
-30 °C
Bu Bu
Bu Bu Bu Bu
-TfH
| |
Bu Co @] Bu Co OTf
> QB(R
R
40-80% H
331 330

R = Me, Ph, "Bu, 'Bu, C,SiMe,, C,SiEt,

Scheme 90 Synthesis and reactions of o-alkylated congeners of
cyclopentadienone cobalt metallocenes.'**

Bu Bu
BuﬁBu 1. Tf,O, CH.Cly BuﬁBu
B [e] 2.LiR, THF, -30 °C |

u g Bu” L o
85%
332 333

R ="Bu

Scheme 91 Alkylation of cyclopentadienone cobalt metallocenes.'**

This is the first known example of the synthesis of a metallo-
cene under microwave irradiation using a metal carbonyl as
the starting material. The control during the complexation
was achieved by linking a diyne of the type 334, shown in
Scheme 92.

x/o R Oy
X/O Ry X R,
| | 222 R R L RGO

&
Lol ISP SN
334 335 336

X = CHa, or 0-CgH CO

Scheme 92 One-pot procedure for the preparation of cobalt contain-
ing cyclopentadienones.'%®
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Interestingly there was no cyclobutadiene formed under the
reaction conditions. Attempts to synthesise the cyclobutadiene
using cobalt(1) chloride tris(triphenylphosphine) as the cobalt
source failed, yielding only crystalline phosphine cobaltacycle
337, as shown in Scheme 93, and attempts to force the
synthesis of the corresponding cyclobutadiene complex failed.

337

Scheme 93 Phosphine cobaltacycle which is chiral at cobalt.'®

Complexation of the racemic diynes 334 was investigated
under a variety of conditions using either Co(CO),Cp or
Co0,(CO)g as the cobalt source. In all cases, the major diastereo-
isomer was the one where the R' group points up away from the
cyclopentadienone ring with no cyclobutadiene cobalt complex
observed, Scheme 94.

o-. o-.
Ry © R1—<, _pn R /lQ Ph
CpCo(CO), M M
| PhMe Ph C?D o Ph™ 5o 7O
18 h120°C
Ph Ph N N
338 338
1
o o
N =
o0 o R o N\ o N\ 7
Ph X - Ph _ o ) Ph
AN \J: CpCa(Co), P! :\ R 3 :\\
\@ | PhMe Ph™ 5, "0 Ph™ 6o O
- 18 h 120°C @ @

340 341

Scheme 94 One-pot procedure for the preparation of diastereo-
isomeric of cobalt containing cyclopentadienones.'

The optimal conditions using normal thermal methods were
found to be toluene at 120 °C for 18 h, since this gave the
highest yields and diastereoselectivity; the synthesis of the
product was sluggish at lower temperatures and after 84 h at
70 °C it only gave 11% of 338 and 339 (where R! = Me). The
complexations where then repeated with microwave irradia-
tion in decalin using either Co(CO),Cp or Co,(CO)g as the
cobalt source with little erosion of the selectivity but a
significant reduction in the reaction time, i.e. from 18 h to
10 min. The results from the complexations are shown in
Tables 12 and 13. The authors illustrate the viability of this
protocol for the synthesis of non racemic metallocenes, by
employing an optically enriched propargylic (S)-alcohol with

Table 12 One-pot procedure for the preparation of diastereoisomeric
of cobalt containing cyclopentadienones'®®

Entry R! Conditions” Yield (%) 338 : 339
1 Me A 61 4:1
2 Me B 68 3:1
3 Pr A 47 5:1
4 Pr B 49 5:1
5 Pr C 34 4:1

@ Ratio determined by 'H NMR spectroscopy. * Conditions A:
Cp-Co(CO),, toluene, 120 °C, N,, 18 h. Conditions B: CpCo(CO),,
decalin, 190 °C, N,, microwave, 10 min. Conditions C: Co,(CO)g
(0.5 eq.) CsHg (2 eq.), decalin, 5 min at 40 °C, 10 min at 190 °C.

Table 13  One-pot procedure for the preparation of diastereoisomeric
of cobalt containing cyclopentadienones'®

Entry R! Conditions” Yield (%) 340 : 341¢
1 Me A 21 3:1
2 Me B 29 3:1
3 i-Pr A 33 4:1
4 i-Pr B 57 3:1
5 i-Pr C 11 5:1

“ Ratio determined by "H NMR spectroscopy. ® Conditions A:
Cp—Co(CO),, toluene, 120 °C, N,, 18 h. Conditions B: CpCo(CO),,
decalin, 190 °C, N,, microwave, 10 min. Conditions C: Co,(CO)g
(0.5 eq.), CsHg (2 eq.), decalin, 5 min at 40 °C, 5 min at 190 °C.

72% ee which was transformed into the corresponding linked
diyne with no erosion of ee. They then converted this optically
enriched diyne into the metallocenes 340 and 341 (R' = Me)
via microwave-assisted complexation with CpCo(CO), this
gave a 4 : 1 ratio of diastereoisomers 340 : 341 (R' = Me)
in 38% yield. The major and minor isomers were shown by
HPLC to have ee of 74 and 72%, respectively. This shows that
this procedure is suitable for the synthesis of scalemic com-
plexes containing both central and planar elements of chirality
in one-pot as there was not deleterious effect on the ee during
the conversion of the diyne to the metallocene.

Concluding remarks

In conclusion organo-cobalt chemistry continues to be an
important area of research providing facile routes towards
the directed synthesis of a range of carbocycles from simple
and inexpensive precursors under relatively mild conditions,
which can (and often do) find use in the synthesis of natural
products.
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