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Stereoselective and Stereospecific Reactions of Cobalt Sandwich
Complexes. Application to the Synthesis of a New Class of Single
Enantiomer Bulky Planar Chiral P-N and P-P Ligands.
Ross A. Arthurs,[a] Peter N. Horton,[b] Simon J. Coles[b] and Christopher J. Richards*[a]

Abstract: Starting from (η5-acetylcyclopentadienyl)(η4-tetraphenylcyclobutadiene)cobalt(I), highly enantioselective (99% ee) (S)-CBS
catalysed ketone reduction followed by stereospecific alcohol-azide
exchange, azide reduction and dimethyllation gave (R)-(η5-α-N,Ndimethylaminoethylcyclopentadienyl)(η4-tetraphenylcyclobutadiene)
cobalt(I) (Arthurs’ amine). This underwent highly diastereoselective
cyclopalladation to give di-μ-acetate-bis-(R)-[(η5-(Sp)-2-(α-N,Ndimethylaminoethyl)cyclopentadienyl, 1-C, N)(η4-tetraphenylcyclobutadiene)cobalt(I)]dipalladium, and highly diastereo-selective
lithiation
to give
(R)-(η5-(Sp)-1-(α-N,N-dimethylaminoethyl)-2(diphenylphosphino)cyclopentadienyl)(η4-tetraphenylcyclobutadiene)cobalt(I) (PPCA) following the addition as electrophile of
chlorodiphenylphosphine. This PN-ligand was converted into (R)-(η5(Sp)-1-(α-dicyclohexylphosphinoethyl)-2-(diphenylphosphino)cyclopentadienyl)(η4-tetraphenylcyclobutadiene)cobalt(I), a PP-ligand
(Rossiphos), by stereospecific amine-phosphine exchange using
HPCy2. These air-stable P-N and P-P complexes are the first
examples of a new class of bulky planar chiral ligands for
application in asymmetric catalysis.

Introduction
Chiral non-racemic organometallic complexes are employed
extensively in several areas of investigation that include
asymmetric synthesis,1 materials chemistry,2 supramolecular
chemisty,3 and the discovery of metal-based bioactive
compounds.4 This is especially the case if the complexes are airstable, are based on inexpensive earth-abundant metals, and
are available readily in enantiopure form. Ferrocene complexes
generally meet these criteria, not least because differentially
disubstituted derivatives display planar chirality. Several
methods have been devised to synthesise planar chiral
ferrocene derivatives,5 the most significant of these being the
use of Ugi’s amine 1. This undergoes highly diastereoselective
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lithiation, such that subsequent addition of an electrophile
generates a product as predominantly a single diastereoisomer
(Scheme 1).6,7 In addition, the dimethylamino group may be
replaced readily by a nucleophile in a stereospecific substitution
reaction,6 and notable applications of this chemistry include the
synthesis of bisphosphine ligands that are commercially
available and applied widely in asymmetric catalysis.8
Another class of organometallic complexes that broadly
meet the above criteria are derived from (η5-cyclopentadienyl)(η4-tetraphenylcyclobutadiene)cobalt(I).9 Planar chiral
derivatives of this parent sandwich complex have been applied
successfully in asymmetric catalysis,10 and in these cases the
size of the η4-tetraphenylcyclobutadiene moiety is a key factor
leading to high enantioselectivity. However, methodology to
generate planar chiral derivatives remains very limited,11 and
amine 2, a complex from which a wide variety of derivatives
could potentially be synthesised, has to the best of our
knowledge not been reported.
In this paper we describe accessible methodology for the
asymmetric synthesis of 2, and the use of this complex as a key
building
block
to
synthesise
(η5-cyclopentadienyl)(η4tetraphenylcyclobutadiene)cobalt(I) complexes displaying both
planar and central chirality. This methodology demonstrates that
highly diastereoselective metallation and stereospecific
substitution are also applicable to these cobalt sandwich
complexes, providing access to a new class of air-stable chiral
organometallics. This is illustrated with the synthesis of new
bulky bidentate ligands for application in asymmetric catalysis.

Scheme 1. Known and new methods for the asymmetric synthesis of airstable sandwich complexes displaying both central and planar chirality.

This article is protected by copyright. All rights reserved.

Accepted Manuscript

Dedication ((optional))

10.1002/chem.201705113

Chemistry - A European Journal

Results and Discussion
The
complex
(η5-cyclopentadienyl)(η4-tetraphenylcyclobutadiene)cobalt(I) is readily synthesised in one step from
commercially available starting materials.12 This is in contrast to
pentaphenylferrocene which requires a non-trivial multistep
synthesis,13 and this difference is a key factor in our choosing
the former as the basis for generating bulky complexes and
ligands displaying planar chirality for use in asymmetric catalysis.
A disadvantage, however, of the cobalt over the iron-based
chemistry
is
that
(η5-cyclopentadienyl)(η4-tetraphenylcyclobutadiene)cobalt(I) cannot be directly functionalised by
Friedel-Crafts acylation,14 and lithiation as a means of
monofunctioalisation only proceeds to a limited extent.11c

heating at 70 °C.17 Acetylation of (rac)-5 was also essentially
quantitative, but subsequent reaction of the product (rac)-6 with
aqueous dimethylamine in methanol (the conditions used for the
synthesis of 1), gave only a low yield of the new amine (rac)-2.
The major by-product was identified as methyl ether (rac)-7, and
following isolation, this was shown not to convert to the amine
under the reaction conditions. Varying the solvent, temperature
and the source of dimethylamine (either a commercial MeOH or
THF solution) revealed that a protic solvent is required for this
reaction to take place, but the solubility of the acetate (rac)-6 in
alcohols is poor.17 The best result was obtained by the use of a
THF solution of dimethylamine in methanol at 66 °C which led to
amine (rac)-2 in a yield of 61%. Under these conditions however
the ether rac-7 is still formed in significant quantities.

Scheme 2. Routes to the synthesis of ketone 3.

As this work required initially an expedient synthesis of
ketone 3, from which to investigate the asymmetric synthesis of
amine 2, the first approach revisited the literature procedure for
the synthesis of 3 involving in situ generation of sodium
acetylcyclopentadienylide followed by complexation [Scheme 2
– Route (a)].15 By changing methyl acetate for ethyl acetate the
previously reported yield of 26% was improved to a more
reasonable 48%. As an alternative procedure, readily
synthesised carboxylic acid 412b was converted into its
corresponding acid chloride followed by addition of one
equivalent of methylmagnesium iodide [Scheme 2 – Route (b)].
This gave ketone 3 in 65% yield without competitive formation of
the tertiary alcohol resulting from the further reaction of 3 with
the Grignard reagent.
We chose first to identify an efficient route for the synthesis
of racemic 2 as the basis of a subsequent asymmetric synthesis.
The first reported asymmetric synthesis of Ugi’s amine 1 (it
having been obtained previously as a single enantiomer by
resolution6) involved asymmetric reduction of acetylferrocene,
acetylation of the resulting secondary alcohol, and substitution
with dimethylamine.16 Thus in the same vein ketone 3 was
reduced to (rac)-5 essentially quantitatively using lithium
aluminium hydride (Scheme 3). Use instead of sodium
borohydride in ethanol gave (rac)-5 in a yield of only 48%,
together with a number of byproducts, following prolonged

Scheme 3. Preliminary investigations into the synthesis of racemic Arthurs’
amine 2.

Scheme 4. Further investigations into the synthesis of racemic Arthurs’ amine
2.
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As the direct nucleophilic introduction of the dimethylamino
moiety was less than satisfactory, we sought to generate amine
2 by an alternative route. This first involved the introduction of
nitrogen by formation of oxime 8 (Scheme 4), a compound
isolated as a mixture of E and Z isomers. Recrystallisation gave
predominantly the E isomer, as determined by X-ray
crystallography,17 and an examination of the material isolated
from the mother liquor by 1H NMR spectroscopy (CDCl3)
revealed a half-life for Z to E isomerisation of approximately 22 h
at room temperature.17 Reduction to primary amine (rac)-9 was
low yielding (due to the formation of unidentified side products),
but the availability of this compound enabled tertiary amine
(rac)-2 to be generated readily from a reductive amination with
formaldehyde.
In seeking a higher yielding route to (rac)-9 we carried out
the reaction of alcohol (rac)-5 with trimethylsilyl azide. On
heating in water/DMF (1 : 1) at 80 °C for 48 hours this resulted in
a 66% yield of azide (rac)-10,17 and this yield was improved to
96% by use of indium tribromide as catalyst and stirring the
reactants at room temperature in dichloromethane for just 30
minutes.18 Thus using the optimum reaction conditions the
amine (rac)-2 was generated in an overall yield of 83% from
ketone 3 using a route applicable to the asymmetric synthesis of
2.

HPLC (Scheme 5). Use of 5 mol% of the catalyst resulted in a
reduction of the ee to 49%. The absolute configuration was
assigned initially by comparison to literature precedent,21,22 and
was later confirmed by X-ray crystallography (vide infra). As an
initial investigation into the stereochemical integrity of αsubstitution (R)-5 was stirred with 10% acetic acid in methanol
which resulted in formation of methyl ether (R)-7 [Method (a)],
the absolute configuration of which was confirmed following
independent synthesis by oxygen methylation [Method (b)]. Both
samples of (R)-7 were obtained in 99% ee as determined by
chiral HPLC revealing that methanolysis under acidic conditions
proceeds with complete overall retention of configuration via an
intermediate carbenium ion 11, the latter being configurationally
stable under these reaction conditions. This was also the case
when (R)-5 was heated at 60 °C with 10% acetic acid in
methanol to give (R)-7 in 99% yield and 99% ee.17
To investigate further the facility of α-substitution via
carbenium ion 11, a competition experiment was performed
between (rac)-5 and (rac)-12 in 10% acetic acid in methanol, to
which was also added THF to ensure complete dissolution
(Scheme 6). After 18 h 1H NMR spectroscopy revealed a 64%
conversion of (rac)-5 to the corresponding methyl ether
compared to a 14% conversion for (rac)-12. Assuming that the
percentage conversion is indicative of the relative stability of the
corresponding α–carbenium ion (formed via rate-limiting loss of
water), this outcome is in agreement with a previous study
comparing a diarylferrocenylmethylium ion to a related cationic
species containing (η5-cyclopentadienyl)(η4-cyclobutadiene)cobalt(I). This revealed the cyclobutadienecobalt moiety of the
latter as better able to stabilse the positive charge.23

Scheme 6. Competitive methanolysis of alcohols (rac)-5 and (rac)-12.

Scheme 5. Asymmetric reduction and stereospecific methanolysis.

The basis of this approach was the expectation that
substitution reactions occurring at an α-stereogenic centre would
proceed stereospecifically with retention of configuration. This is
well established where one of the substituents of a carbonbased stereogenic centre is ferrocene,19 or another
organometallic structure20 that imparts configurational stability on
the carbenium ion resulting from loss of a nucleofuge. As the
CBS-oxazaborolidine catalyst21 has been applied successfully to
the asymmetric reduction of acetylferrocene (98% ee),22 this
was applied at 30 mol% loading in conjunction with borane
dimethylsulfide to ketone 3 resulting in an essentially
quantitative yield of (R)-5 in 99% ee, as determined by chiral

This facility for stereospecific α-substitution was extended to
the generation of azide (R)-10 (Scheme 7) for which the
absolute configuration was confirmed by X-ray crystallography.17
Following reduction to (R)-9, subsequent methylation by
reductive amination gave the required amine (R)-2, named here
as Arthurs’ amine after its originator (RAA). Alternatively,
acetylation of (R)-5 followed by reaction of the product (R)-6 with
dimethylamine also furnished amine (R)-2 although is slightly
lower overall yield (59%, 3 steps from 3) than obtained via the
azide route (83%, 4 steps from 3). In addition, following
conversion of the primary amine (R)-9 into Boc derivative (R)-14,
subsequent reduction with lithium aluminium hydride furnished
secondary amine (R)-15, the synthesis of which could be
achieved in a higher yield without isolation of intermediate (R)14. Alternatively, quarternarisation of (R)-2 with methyl iodide
led to the quaternary amine (R)-16 that could in turn be
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converted into (R)-15 by a stereospecific substitution reaction
with methylamine.

chiral HPLC were unsuccessful, therefore other methods were
devised to confirm the stereochemical integrity of these
compounds. Following monoacetylation of (R)-9, the ee of amide
(R)-17 was determined as 99% by chiral HPLC analysis.
Alternatively, DCC mediated coupling of (R)-9 with (S)-Mosher’s
acid gave amide (R,S)-18 for which the 19F NMR spectrum
contained almost exclusively a single signal (-68.61 ppm), and
only a trace (dr = 166 : 1) of the additional signal observed
following the reaction of (rac)-9 with (S)-Mosher’s acid (-68.88
ppm).24 Finally, a known NMR method to determine quickly the
ee of Ugi’s amine 125 was extended to Arthurs’ amine 2. Addition
of excess (S)-mandelic acid to a CDCl3 solution of the amine,
followed by filtration and recording of the 1H NMR spectrum,
gave clear differentiation between racemic and enantioenriched
amine samples (Figure 1). Under these conditions the
dimethylamino group signals for the two diastereoisomers
arising from (rac)-1 are separated. In contrast, for amine 2,
separation is greater for the signals arising from the methyl
group attached to the stereogenic centre. Irrespective of which
of the two methods was used for the synthesis of (R)-2, the
other enantiomer was not detected using this method.

Figure 1 1H NMR spectra (CDCl3 – ppm scale) of (a) (R)-1/(rac)-1 and (b) (R)2/(rac)-2 following addition of (S)-mandelic acid.
Scheme 7. Asymmetric synthesis of Arthurs’ amine (R)-2 and related primary
and secondary amines.

Unlike Ugi’s amine 1, which is an oil at room temperature,
Arthurs’ amine 2 was obtained as a crystalline solid which
enabled the X-ray crystal structure to be determined. The unit
cell contained both P and M configured propeller isomers with
only the latter represented here (Figure 2). In addition to
providing further confirmation of the absolute configuration as R,
this structure of Arthurs’ amine provided a basis for analysing
the outcomes of the diastereoselective metallation reactions that
we explored next.

Scheme 8. Derivatives of amine (R)-9 used for the determination of
enantiomeric excess.

Attempts to determine the enantiomeric excess of azide (R)10 and amine (R)-9 (and by extension (R)-2 and (R)-15) by
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(R)-2

Pd(OAc)2
PhMe
110 oC, 2 h
27%

Me2
N
O
Pd
O

Ph

Figure 2. Representation of the X-ray crystal structure of Arthurs’ amine (R)-2
(values quoted are for the represented M configured structure - hydrogen
atoms omitted for clarity). Principal bond lengths [Å] include: C(1)-C(6) =
1.519(4), C(6)-N(1) = 1.470(4), Co(1)-Cp (centre of mass) = 1.6707(14),
Co(1)-Cb (centre of mass) = 1.6930(14). Principal torsions [°] include: C(5)C(1)-C(6)-C(7) = -15.3(4), C(5)-C(1)-C(6)-N(1) = 109.3(3).

Cyclopalladation was investigated first as this is a
metallation reaction that has been applied successfully to other
substituted
derivatives
of
(η5-cyclopentadienyl)(η4tetraphenylcyclobutadiene)cobalt(I) to achieve both high
diastereoselectivity11b,d,e and high enantioselectivity.10d Heating
(R)-2 with palladium acetate in toluene heated at reflux gave a
new complex containing three cyclopentadienyl signals (4.14,
4.08 and 4.03 ppm) in the resulting 1H NMR spectrum (CDCl3),
and a methyl singlet (1.60 ppm) indicative of a bridging acetate
ligand. Furthermore, the dimethylamino moiety gave rise to two
diastereotopic methyl singlets, an expected consequence of
palladium coordination.10d The identity of this new complex as
(R,Sp)-19 was confirmed following its conversion into
hexafluoroacetylacetonate (hfacac) monomer (R,Sp)-20 for
which the CD spectrum correlated closely with related Sp
configured planar chiral palladacycles.10d,11e,17 No spectroscopic
evidence was observed for the alternative Rp configured
complex. The highly selective cyclopalladation of Arthurs’ amine
2 is in contrast to the cyclopalladation of Ugi’s amine 1 which
results the same sense of selectivity, but with a diastereoisomer
ratio of just 85 : 15.26
The reaction of acetate-bridged dimer (R,Sp)-19 with lithium
aluminium deuteride resulted in replacement of palladium by
deuterium27 to give a significant quantity of (R,Rp)-2-d-2.28 The
1
H NMR spectrum of the product revealed diminution (70%) of
only one of the two diastereotopic α–hydrogen signals enabling
assignment of the pro-Sp and pro-Rp hydrogens in 2 (4.58 and
4.67 ppm respectively).

Co Ph

2

Na(hfacac)
H2O/acetone
RT, 16 h
99%

Ph
Ph
(R,Sp)-19

N Me2
O
Pd

NMe2
D(70%)
Co Ph

Ph

Ph
Ph
(R,Rp)-2-d-2

Co Ph

CF3

O
CF3

Ph
Ph
(R,Sp)-20

Scheme 9. Cyclopalladation of Arthurs’ amine (R)-2, ligand substitution and
deuterium introduction.

Scheme 10. Lithiation followed by silylation of Arthurs’ amine 2.

Table 1. Investigations into the diastereosective lithiation of Arthurs’
amine (rac)-2 in Et2O resulting in (R*,Sp*)-21.
Entry

Base
(equivalents)

Temp.

Time

Yield[a]

d.r. [b]

1

n-BuLi (1.5)

RT

2h

7%

>99:1

2

n-BuLi (10)

o

40 C

1h

0%

3

s-BuLi (10)

RT

2h

18%

>99:1

4

s-BuLi (10)

o

40 C

2h

52%

>99:1

5

s-BuLi (10)

40 oC

3h

58%[d]

>99:1

6

s-BuLi (2)

o

40 C

24h

0%

[c]

[e]

-

-

[a] Following isolation by column chromatography. [b] Determined by 1H NMR
spectroscopy prior to chromatography. [c] Starting material recovered. [d]
Starting with (R)-2 to give (R,Sp)-21. [e] Observation of (η5vinylcyclopentadienyl)(η4-tetraphenylcyclobutadiene)cobalt(I)
in
product
mixture.

An investigation into the lithiation of Arthurs’ amine initially
used the same reaction conditions that have been employed
frequently for the diastereoselective lithiation of Ugi’s amine 1.
Thus addition of n-butyllithium to an ether solution of (rac)-2,
followed by the addition of trimethylsilyl chloride, resulted in
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into account the percentage of (R*,Rp*)-2-d-1, and ignoring the
possible presence of (R*,Sp*)-2-d-1, the value of kH/kD is
approximately 12, i.e. less that the primary kinetic isotope effect
value of ~20 determined from similar experiments on a
ferrocenyloxazoline,29 and significantly less than the value of
>50 observed for some non-diastereoselective lithiation
reactions.32

Scheme 11. Use of a deuterium blocking group to lower the lithiation
diastereoselectivity of Ugi’s amine.

To bias further the reaction in favour of (R*,Rp*)-5-d-23
requires reaction conditions for the lithiation of non-deuterated
Ugi’s amine that result in a reduction in the 14 : 1
diastereoselectivity. Several experiments were performed with
this aim, and although the selectivity could be reduced
significantly, this was always accompanied by a very low
reaction yield which precluded further application.17 This is
unfortunate as higher yielding access to what is normally the
minor discarded diastereoisomer of a lithiation/electrophile
quench sequence with Ugi’s amine could potentially provide
many additional ligands for testing in asymmetric catalysis.33
Furthermore, subjecting (R*,Rp*)-5-d-23 to the standard
conditions for lithiation/trimethylsilyl chloride quench gave
predominantly (R*,Rp*)-5-d-24 as a result of 1’-lithiation, with
both deuterium and the trimethylsilyl group preventing lithiation
of the substituted cyclopentadienyl ring (Scheme 12). Nondeuterated (R*,Rp*)-24 is unavailable using existing
methodology.

Scheme 12. Use of deuterium and trimethylsilyl blocking groups to favour 1’lithiation.
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substitution of the cyclopentadienyl ring and formation of what
appeared to be a single diastereoisomer, albeit in just 7% yield
(Scheme 10, Table 1 – entry 1). The relative configuration of the
product 21 was assigned initially as R*,Sp*, by analogy with the
lithiation diastereoselectivity displayed by Ugi’s amine under
similar conditions, and the configuration of the new element of
planar chirality was later confirmed by chemical correlation and
X-ray crystallography (vide infra). Increasing the quantity of nbutyllithium to ten equivalents with a reaction temperature of
40 °C (i.e. the reaction heated at reflux) resulted in no product
formation (entry 2), but use of ten equivalents of s-butyllithium at
room temperature resulted in an 18% yield (entry 3). This
increased to 52% on heating at 40 °C for 2 hours (entry 4), and
58% with a three hour reaction time (entry 5), the latter reaction
starting with (R)-2 to give (R,Sp)-21. In all cases only a single
diastereoisomer of the product was observed by 1H NMR
spectroscopy. Product 21 was not observed when 2 equivalents
of s-BuLi were used at a reaction temperature of 40 °C for 24
hours. Instead the 1H NMR spectrum of the unpurified reaction
mixture following work-up revealed the presence of a vinyl
substituted sandwich complex derived from the starting material
by an elimination reaction (entry 6). Thus it appears that the
lithiated intermediate is itself not stable for prolonged periods
under the conditions required for its formation, and a large
excess of s-BuLi is required to achieve lithiation relatively quickly.
It is of note that the conditions optimised with the use of
trimethylsilyl chloride as electrophile (58% yield) resulted in
essentially complete conversion to product with the other
electrophiles (vide infra).
When the minor isomer from a diastereoselective reaction
can not be observed there is a degree of doubt as to the
selectivity observed as, for example, the 1H NMR signals of the
minor diastereoisomer could be coincident with those of the
major diastereoisomer. Thus we set out to synthesise the minor
diastereoisomer using a deuterium blocking group to disfavour
the formation of the major diastereoisomer, a technique we have
employed previously to reverse the diastereoselectivity of
ferrocenyloxazoline lithiation.29 First we investigated the
application of this technique to Ugi’s amine (Scheme 11).
Addition at room temperature of n-butyllithium to an ether
solution of (rac)-1 followed by trapping with trimethylsilyl chloride
resulted in a 14 : 1 ratio of diastereoisomers (R*,Sp*)-22 and
(R*,Rp*)-23. Several repetitions of this reaction gave the same
selectivity, and it is of note that this ratio is less than the 22 : 1
ratio of isomers reported in the first description of this
chemistry.30
Adding instead deuterated methanol following lithiation gave
predominantly (R*,Rp*)-2-d-1 as 1H NMR spectroscopy revealed
approximately 90% deuterium incorporation at the 2-position.31
When this deuterated material was lithiated under the same
conditions, followed by the addition of trimethylsilyl chloride, the
crude product mixture contained a 1 : 0.72 : 0.53 ratio of starting
material to (R*,Sp*)-22 to (R*,Rp*)-5-d-23 respectively. The latter
silylated product was isolated as a single diastereoisomer by
column chromatography, albeit in low yield. Thus following
introduction of a deuterium substituent the ratio of the two
silylated diastereoisomers changed from 14 : 1 to 1.4 : 1. Taking
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Scheme 13. Attempted replacement of the of pro-Sp hydrogen of Arthurs’
amine 2.

Arthurs’ amine (rac)-2 was lithiated as before and quenched
with deuterated methanol to give deuterated Arthurs’ amine for
which the 1H NMR signal at 4.67 ppm had vanished, and the
signal for the diastereotopic hydrogen at 4.58 ppm was
unchanged (Scheme 13). This formation of (R*,Rp*)-2-d-2
confirmed that lithiation is highly diastereoselective, and also
revealed the selectivity for the new element of planar chirality
(i.e. by comparison to (R*,Rp*)-2-d-2 previously synthesised by
cyclopalladation/deuterium replacement). A second compound
was isolated by column chromatography and identified as
deuterated (R*,Rp*)-2-d-7, the relative configuration of which
was confirmed following the quaternization of (R*,Rp*)-2-d-2 and
reaction with methanol.17 As apart from (rac)-2 no nondeuterated methyl source was used in the reaction or workup,
the methyl group of ether (R*,Rp*)-2-d-7 is presumably derived
from the dimethylamino group of the starting material by an as
yet unknown mechanism. Application of the same lithiation
conditions to (R*,Rp*)-2-d-2 followed by addition of trimethylsilyl
chloride gave only (R*,Sp*)-21, with 1H and 13C NMR
spectroscopy revealing no indication of the presence of a
diastereoisomer in the crude product mixture. Thus even
following introduction of a deuterium blocking group, the
transition state leading to the alternative diastereoisomer is
inaccessible, pointing to a diastereomeric ratio of >99.9 : 0.1 for
the lithiation of 2. When (R*,Sp*)-21 was subjected to the same
lithiation/silylation sequence, recovered starting material was
obtained predominantly, together with a quantity of
demethylated amine (R*,Sp*)-25 (ratio ~3 :1) In this instance the
unavailability
of the alternative cyclopentadienyl lithiation
reaction allows for an alternative reaction pathway. This is in
contrast to the analogous reaction with (R*,Sp*)-22 where the
cyclopentadienyl ring may be functionalised readily by a
lithiation/electrophilic quench sequence.34
It has been argued that the lithiation diastereoselectivity
observed with 1 is a result of repulsion between the methyl
group of the α–stereogenic centre and the iron-cyclopentadienyl
group of ferrocene in the transition state leading to the minor

product.6,35 This is represented as TS-B(i) in Figure 3, and
contrasts with TS-A(i) leading to the major diastereoisomer.
Subsequent DFT calculations support this basic model,36 and
give values for the difference between the two transition states
of between 10 and 13 kJ mol-1 depending on the degree on nbutyllithium aggregation and solvent (Et2O) coordination to
lithium. In all of the calculated transition states for the formation
of the major diastereoisomer the methyl group of the α–
stereogenic centre is essentially in the plane of the
cyclopentadienyl ring. The X-ray crystal structure of 2 reveals a
similar arrangement (torsion angles -15.3(4) and -20.8(4)o for the
two structures in the unit cell, see Figure 2) with the methine
hydrogen pointing towards the bulk of the sandwich complex.
Thus a similar minimum energy conformation in solution requires
little change in rotation about the C(Cp)-C(α) bond to access the
transition state TS-A(ii) leading to the only observed
diastereoisomer, in accordance with the principle of least
motion.37 Furthermore, the transition state TS-B(ii) that would
lead to the minor diastereoisomer contains a more significant
repulsion than is the case for TS-B(i) due to the larger size of
the Co(η4-C4Ph4) moiety. A >99.9:0.1 diastereoselectivity as a
result of kinetic control in this way requires an energy difference
between the two transition states of >18 kJ mol-1 (at 40 oC). The
diastereoselectivity of cyclopalladation is presumably the result
of a similar transition state discrimination following amine
coordination to palladium, and participation of an acetate ligand
in a concerted metallation-deprotonation step.38

Figure 3. Representation of the diastereomeric transition states for α–lithiation
of amines 1 and 2.

A number of other planar chiral compounds were
synthesised from Arthurs’ amine (R)-2 by utilisation of the
optimised lithiation conditions (Scheme 14). Addition as
electrophile of DMF gave an excellent yield of (R,Sp)-26
displaying a single aldehyde proton signal at 9.43 ppm in the 1H
NMR spectrum. Utilising 1,2-dibromotetrachloroethane as an
electrophile led to (R,Sp)-27, albeit in a reduced yield due to
difficulties separating the product from remaining (R)-2. Use as
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Scheme 14. Synthesis of planar chiral derivatives from (R)-2.

Figure 4. Representation of the X-ray crystal structure of (R,Sp)-PPCA [(R,Sp)29] (hydrogen atoms omitted for clarity). Corresponding values for PPFA in
39
parenthesis. Principal bond lengths [Å] include: C(1)-C(6) = 1.518(4) [1.480]
C(6)-N(1) = 1.468(4) [1.468], C(2)-P(1) 1.833(2) [1.803]. Principal torsions [°]
include: C(5)-C(1)-C(6)-C(7) = -1.1(4) [-16.32], C(5)-C(1)-C(6)-N(1) = 127.1(3)
[112.42], C(1)-C(2)-P(1)-C(10) 91.0(2) [89.0], C(1)-C(2)-P(1)-C(16) -168.9(2) [166.01], C(2)-P(1)-C(10)-C(15) 17.0(3) [12.90], C(2)-P(1)-C(16)-C(17) -65.5 [80.12].

Phosphine (R,Sp)-29 is the (η5-cyclopentadienyl)(η4tetraphenylcyclobutadiene)cobalt(I) equivalent to PPFA (R,Sp)31 (Figure 5), a chiral bidentate ligand in its own right and a

very significant intermediate for the synthesis of several
extensively utilised ferrocene-based bis-phosphine ligands. By
analogy an acronym suggested for (R,Sp)-29 is PPCA.40 The Xray crystal structure of this new ligand was determined, this
further confirming both the relative and absolute configuration as
R,Sp (Figure 4). The conformation displayed by the two
cyclopentadienyl substituents in the solid state is similar to that
displayed by PPFA in the same state,39 the largest difference
being the orientation of the methyl group attached to the
stereogenic centre away from the η4-tetraphenylcyclobutadiene
moiety [C(5)-C(1)-C(6)-C(7) = -1.1(4)° compared to the
corresponding torsion angle of -16.32° in PPFA].

Figure 5. Ferrocene-based PPFA (R,Sp)-31 and Josiphos (R,Sp)-32 ligands,
and palladium complex (R,Sp)-33.

As α-substitution reactions of (η5-cylopentadienyl)(η4tetraphenylcyclobutadiene)cobalt(I) complexes proceed readily,
and with retention of configuration [e.g. (R)-5 into (R)-10], it was
anticipated that PPCA (R,Sp)-29 could be used for the synthesis
of a related bis-phosphine ligand. Heating (R,Sp)-29 with
dicyclohexylphosphine in acetic acid resulted in clean
conversion into a new bisphosphine formed as a single
diastereoisomer (Scheme 15), as revealed by the two signals in
the resulting 31P NMR spectrum [(MeCN-d3) at 11.90 (PCy2) and
-33.53 (PPh2) ppm]. It was observed that the 1H NMR spectrum
of (R,Sp)-34 in CDCl3 was complex, and varied from sample to
sample, an outcome attributed to residual acid present in this
solvent.
The identity of the bisphosphine as (R,Sp)-34 was confirmed
by determination of the X-ray crystal structure of (R,Sp)-35,
obtained
by
reaction
of
the
ligand
with
bis(acetonitrile)dichloropalladium(II) (Figure 6). The new
bisphosphine ligand, dubbed ‘Rossiphos’, is similar with respect
to the electronic properties of the two coordinating phosphine
moieties to the Josiphos ligand (R,Sp)-328a (Figure 5) [(CDCl3)
15.7 (PCy2) and -25.8 (PPh2) ppm]. However, comparison of the
X-ray crystal structure of (R,Sp)-35 to that of the (η3allyl)palladium
complex
(R,Sp)-33,41b
which
itself
is
representative of other Josiphos transition metal complexes,41
revealed significant differences in the conformation of the
palladium coordinated ligands. Due to the size of the η4tetraphenylcyclobutadiene moiety the C(2)-C(1)-P(1)-C(8)
torsion angle in (R,Sp)-35 is -159.4(12)°, compared to the
corresponding angle of -107.94° in (R,Sp)-33, as a result of the
proximity of a phenyl group to the η5-cyclopentadienyl group of
ferrocene. This phenyl group in the ferrocene derivative (R,Sp)33 can be regarded as pseudo-axial with respect to the six-
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the electrophile of chlorodiphenylphosphine oxide or
chlorodiphenylphosphine resulted, respectively, in the formation
of phosphineoxide (R,Sp)-28 and phosphine (R,Sp)-29. The latter
was readily separated from a small quantity of (R,Sp)-28
presumably formed on work-up. In addition, the use of
chlorodicyclohexylphosphine as an alternative phosphine
electrophile yielded (R,Sp)-30. All five planar chiral products
were formed as single diastereoisomers, and for (R,Sp)-28,
(R,Sp)-29 and (R,Sp)-30 this was confirmed additionally by 31P
NMR spectroscopy.
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(R,Sp)-29
HPCy2
74% 5% Ac2O/AcOH
80 oC, 3 h.

Ph

PCy2
PPh2
Co
Ph

Ph
Ph
(R,Sp)-34

C(3)-C(2)-C(6)-P(2) 164.3(10), C(2)-C(1)
C(1)-P(1)-C(14) 92.8(13), C(2)-C(1)-P(1)C(8) -159.4(12), C(1)-P(1)-C(14)-C(19)
C(19) 3.8(14), C(1)-P(1)-C(8)-C(13)
C(1)
89.9(12), C(2)-C(6)-P(2)-C(26) -98.2(11),
98.2(11), C(2)-C(6)-P(2)-C(20)
C(2)
151.1(10),
C(2)-C(6)-P(2)-Pd(1) 30.2(12), C(2)-C(1)
C(1)-P(1)-Pd(1) -26.0(14).

The facility with which ligand (R,S
(
p)-34 was formed in a
reaction proceeding with
th complete retention of configuration is
significant as it reveals that complexes such as (R,S
(
p)-29
[PPCA] have the potential to be precursors to a range of ligands
based upon the sandwich complex (η5-cyclopentadienyl)(η4tetraphenylcyclobutadiene)cobalt(
tetraphenylcyclobutadiene)cobalt(I).
Thus the planar chiral
bidentate PN and PP complexes reported herein are the first
examples of a new and potentially diverse class of bulky ligands
with the potential to be applied in several areas of asymmetric
catalysis.

Cy2 Cl
P Pd Cl

PdCl2(NCMe)2
CH2Cl2
RT, 18 h.
57%

Ph
Ph

P
Ph2
Co Ph
Ph

(R,Sp)-35

Scheme 15. Synthesis of ‘Rossiphos’ ligand (R,Sp)-34 and its palladium
chloride complex (R,Sp)-35.

Figure 7. Overlap of the X-ray
ray crystal structures of palladium complexes
(R,Sp)-35 (blue) and (R,Sp)-33 (orange - counter ion removed).

Conclusions

Figure 6. Representation of the X-ray
ray crystal structure of (R,S
(
p)-35 (hydrogen
atoms and solvent of crystallisation omitted for clarity). Principal bond lengths
[Å] include: C(2)-C(6) = 1.552(19), C(6)-P(2)
P(2) 1.830(14), C(1)-P(1)
C(1)
1.800(14),
P(1)-Pd(1) 2.238(4), P(2)-Pd(1) 2.296(4), Pd(1)-Cl(1)
Cl(1) 2.354(4), Pd(1)-Cl(2)
Pd(1)
2.364(4). Principal angles [°] include: P(1)-Pd(1)-P(2)
P(2) 93.76(14), Cl(1)-Pd(1)Cl(1)
Cl(2) 87.38(15). Principal torsions [°] include: C(3)-C(2)
C(2)-C(6)-C(7) 34.2(17),

Asymmetric synthesis methodology,
methodology that has been exploited
extensively for the synthesis of a number of widely employed
employe
and commercially available
ferrocene
ferrocene-based
ligands, is
applicable to the synthesis of complexes
omplexes based on substituted
cyclopentadienyl derivatives of the sandwich complex (η
( 54
cyclopentadienyl)(η -tetraphenylcyclobutadiene)cobalt(I).
tetraphenylcyclobutadiene)cobalt(I).
5
Specifically,
the
synthesis
thesis
of
(
(R)-(η
-α-N,N-dimethyl4
aminoethylcyclopentadienyl)(η -tetraphenylcyclobuta
tetraphenylcyclobutadiene)
cobalt(I) (R)-2 (Arthurs’ amine), showed that CBS-catalysed
CBS
methyl ketone reduction is highly enantioselective (99% ee),
ee) that
substitution reactions at the resulting α-stereogenic centre
proceed with complete retention of configuration, and that
palladation and lithiation are highly diastereoselective (>99: 1 dr).
For the lithiation reaction, the alternative diastereoisomer could
coul
not be detected despite attempting to exploit the high value of
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membered chelate ring, with the other phenyl group attached to
phosphorus being pseudo-equatorial.
equatorial. In the cobalt complex
(R,Sp)-35 these assignments are reversed due to the significant
conformational restriction
triction imposed by the bulky sandwich
san
complex.. These differences are highlighted by an overlay of the
two X-ray crystal structures (Figure 7). Other manifestations of
this restriction include the C(2)-C(6)-P(2)-Pd(1)
Pd(1) torsion angle in
(R,Sp)-35 of 30.2(12)° compared
d to the corresponding torsion
angle in (R,Sp)-33 of 72.46°, and the Co-Pd
Pd distance of 4.895(2)
4.895
Å compared to the Fe-Pd
Pd distance of 5.237 Å. In complex
(R,Sp)-35 one side of the palladium-centred
centred square-plane is
largely covered by a phenyl group of
o
the η4tetraphenylcyclobutadiene moiety.
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kH/kD for lithiation following introduction of a deuterium blocking
group. In contrast, application of this technique to Ugi’s amine,
the ferrocene-based analogue, changed the lithiation
diastereoselectivity from 14 : 1 to 1.4 : 1. The three key aspects
of the chemistry of (η5-cyclopentadienyl)(η4-tetraphenylcyclobutadiene)cobalt(I) derivatives demonstrated in this work
(enantioselective reduction, stereospecific substitution and
diastereoselective lithiation) enabled the synthesis of first in
class P-N ligand (R,Sp)-29 (PPCA) and P-P ligand (R,Sp)-34
(Rossiphos). Despite the superficial similarity of the new cobalt
sandwich complex based ligands to the equivalent ferrocenebased structures, the X-ray crystal structure of the palladium
chloride complex (R,Sp)-35 reveals both a significant
conformational difference, and a steric influence on palladium of
the η4-tetraphenylcyclobutadiene moiety. The impact of these
features on the effectiveness of the new ligands applied to metal
catalysed asymmetric reactions is currently under investigation.
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Who ate all the pies? A cobalt
sandwich complex of π groups and
substituents provides a bulky
framework for the synthesis of a new
class of chiral bidentate ligands.
These result from the facility of highly
enantioselective ketone reduction,
stereospecific α–substitution
reactions, and highly
diastereoselective metallation
(lithiation and palladation) to generate
the element of planar chirality.

