Synthesis of bulky, electron rich hemilabile phosphines and their
application in the Suzuki coupling reaction of aryl chlorides
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Novel electron rich, amine functionalised phosphines have
been prepared and shown to belong to an unusual class of
ligands that can activate palladium complexes to catalyse
the Suzuki coupling reaction of chloroarenes.

In recent years, the use of transition metal complexes of
electron rich phosphines has led to several important advances
in homogeneous catalysis, and they are therefore a topic of
ever growing interest.! One particularly high profile example
has been the use of bulky electron rich ligands in the palladium
catalysed Suzuki cross-coupling reaction, a reaction of con-
siderable importance. These reactions are traditionally carried
out with aryl iodides, bromides or triflates as substrates. How-
ever, in 1998 Fu and Littke showed that ‘Bu;P and palladium(0)
catalysts could, if used in a ratio of 1: 1, be used to catalyse
Suzuki coupling of cheaper and more widely available aryl
chlorides (complete conversion at 80 °C using 1.5 mol% Pd,-
dba,-CHCI,, dba = dibenzylideneacetone).> It was proposed
that the reaction proceeded through Pd complexes that only
contain one phosphine ligand, and are therefore very reactive
in both oxidative addition and transmetallation steps. A
more active catalytic system was simultaneously developed by
Buchwald and co-workers, who demonstrated that palladium
complexes of ligand 1 were particularly suited to this reaction.?
Further study revealed that the more readily synthesised ligand
2 could be used at least as effectively, even at room tempera-
ture.* Another publication appearing at this time showed that
the P,O chelate ligand 3 could also catalyse the coupling of aryl
chlorides (I mol% Pd,dba,CHCI;, 105 °C).° The latter three
ligands have three features in common. They are electron rich,
hemilabile, and bulky (ligand 2 could well form Pnarene—olefin
chelate complexes). The ligands have also shown utility in
Pd catalysed amination and etherifications of aryl chlorides.®
Catalysis of the Suzuki reaction continues to be an area of
intense interest as demonstrated by four recent publications
appearing after the completion of this work.'
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We believe that bulky electron rich hemilabile ligands will rise
still further in importance as they can simultaneously activate
metal complexes to oxidative addition, transmetallation/
insertion and reductive elimination. There are many existing
reactions that could be improved/expanded by the use of such
ligands, and probably an equally large number of reactions that
will not proceed with normal ligands, yet await discovery if
more highly reactive metal catalysts can be discovered. We have
recently proposed that the electron donating character of
phosphino-amines has been underestimated as a result of only
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Fig. 1 Electronic contributions of amino and alkyl groups to phos-
phine basicity.

two dialkylamino groups in the parent tris(dialkylamino)-
phosphines actually contributing to the basicity of the phos-
phine. The remaining amino group merely acts as an electron
withdrawing group. Alkyl- and dialkyl-phosphino-amines are
therefore especially electron rich phosphines (Fig. 1).’

Since a huge range of amines are very readily available, and
the P-N bond forming reactions are often quantitative under
mild conditions, we felt that electron rich, bulky hemilabile
phosphino-amines would make ideal ligand candidates for this
type of catalysis. We report here our preliminary results in this
area.

Ligand 4 was prepared by the addition of ‘Pr,PCl to an Et,0
solution of triethylamine and N-methylpiperazine at room
temperature. Removal of Et;NHCI gave 4 as a moisture and air
sensitive liquid that is indefinitely stable under an atmosphere
of dry nitrogen. Thus it is possible to convert cheap and com-
mercially available starting materials into the pure ligand (as
determined by *'P, 'H, *C NMR and HRMS) in about an
hour.'
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It was found that Pd,dba;-CHCl; and 4 (L : Pd =2 : 1) cata-
lyse the Suzuki coupling of the relatively electron poor aryl
chlorides with PhB(OH), at 90 °C to give complete conversion
to the desired biaryls with no unwanted side products (Table 1,
entries 1-5).1

1 mol% Pdadbag-CHCl;

4 mol% ligand

Ar-Cl + PhB(OH), » Ar-Ph

base
Toluene, 90 °C

Although the reactions were generally run overnight for
convenience, it was found that in the case of m-nitrochloro-
benzene the reaction was complete within six hours. Despite
several attempts under various conditions, the reaction of
electron rich p-chlorotoluene (and chlorobenzene) (using
Pd,dba;-CHCIl,/4 catalyst) always stopped prior to complete
conversion (50-70% yield). As it is known that electron rich
chloroarenes are more reluctant to undergo oxidative addition
to palladium(0) complexes, we presume that this is the problem-
atic step for the 4/Pd catalyst system. A sluggish oxidative
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Table 1 Palladium catalysed Suzuki coupling of phenylboronic acid
with a selection of aryl chlorides

Entry Ligand*  Ar’ Base Conversion * (%)
1 4 p-F,CC¢H, K;PO, 100
2 4 m-NO,C¢H,“ K;PO, 100
3 4 p-NCCH, K;PO, 100
4 4 p-MeCcH, K;PO,  45-60 (6 runs)
5 4 p-MeCcH, CsF ca. 70
6 5 p-MeCcH, CsF 0
7 8 p-MeC.H, CsF 0
8 9 p-MeCcH, CsF 93
9 9 p-CH;COC¢H,¢  CsF 100
10 9 m-CHOC¢H,* CsF 100
11 9 p-F;CC¢H,/ CsF 100

“ Reactions were carried out using 1 mol% Pd,dba,-CHCl;, with L : Pd
ratio of 2: 1, toluene, 90 °C, 16 hours. ® Conversions calculated by
GCMS, using napthalene as an internal standard. ¢ Some of the reac-
tions contained ~2% of biphenyl isomers. ¢ Reaction time =6 h. ¢ 0.5
mol% catalyst. /0.2 mol% catalyst.

addition reaction would result in the catalyst spending more
time as a zerovalent palladium complex, which would reduce
catalyst stability. This is somewhat surprising as Buchwald and
co-workers have shown that the transmetallation is the rate
determining step using their ligands.

We have also prepared ligand S, which has greater conform-
ational freedom than 4. Somewhat to our surprise, a com-
bination of 5§ and Pd,dba;-CHCI; does not catalyse the Suzuki
reaction of p-chlorotoluene at all. It is likely that a difference in
co-ordination chemistry for the two ligands accounts for this
lack of catalytic activity (Table 1, entry 6).

At this stage, we have not compared the co-ordination
chemistry of 4 and 5 to any great extent. Preliminary experi-
ments suggest that the difference between the ligands is rather
subtle; ligands 4 and 5 were further characterised by conversion
to trans-(m'-L),PtCl, complexes (6 and 7 respectively) by
reaction with (PhCN),PtCl, or Zeise’s salt in a 2 : 1 ratio. In
both compounds the *'P NMR spectra are sharp and show no
sign of the fluxionality which would occur if the ligand were
forming a transient chelate species in solution. When one
equivalent of ligand 4 was added to (COD)PtCl, (COD = cyclo-
octa-1,5-diene), a complex mixture (containing 6 and lots of
unidentified products) results. Reaction of 5§ with (COD)PtCl,,
also does not occur cleanly. However, the major species can be
identified as [n2-5]PtCl,.® Thus it is possible that an excessively
strong chelate may account for the lack of catalytic activity
when using this ligand. Burrows and co-workers have prepared
related ligand  N-diphenylphosphino-N',N',N'-trimethyl-
ethylenediamine and shown that it readily forms chelates with
platinum.’

To further establish the requirements for a successful ligand
in this reaction, we have prepared and tested N-diisopropyl-
phosphinopiperidine, 8, which presumably shares steric and
electronic properties with 4, but lacks the auxiliary nitrogen
atom. This ligand was tested in the Pd catalysed Suzuki reaction
of chlorotoluene under identical conditions to those used for 4.
Ligand 8 only gives a conversion of 30% after 20 hours reaction
time. This is further evidence that the potentially donating
nitrogen atom in 4 plays some role in its catalytic properties.

N-Dicyclohexylphosphino-N-methylpiperazine, 9 could also
be prepared by the same general method in excellent purity, and
was tested (in combination with Pd,dba;-CHCI,;) as a catalyst
for the Suzuki coupling of phenylboronic acid and p-chloro-
toluene. It was pleasing to find that this ligand is superior
to N-diisopropylphosphino-N-methylpiperazine, 4 and that
essentially complete conversion into the desired product could
be achieved (Table 1, entry 8). This catalyst system could also
be used to couple p-chloroacetophenone with phenylboronic
acid using 0.5 mol% catalyst and p-chlorobenzotrifluoride
using 0.2 mol% catalyst (Table 1, entries 9-11). However, if the
reactions were run at lower temperatures (50 °C) conversions
were always less than 50% which suggests that this is (at this
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stage) a less reactive catalytic system than that developed by
Buchwald and co-workers (using ligand 2).

In summary, we have prepared two new electron rich,!
potentially hemilabile ligands, and shown them to belong to
a rare class of ligands that catalyse the Suzuki reaction of
aryl chlorides. The evidence suggests that the presence of a
potentially donating amine substituent is critical to their
performance, and also suggests that a cyclohexyl-substituted
phosphine may be more suited than isopropyl phosphines as a
ligand. This study represents the first time that phosphino-
amines have been utilised in the Suzuki coupling reaction,
and given that derivatives of these ligands should be easily
accessible, should allow us to optimise catalytic performance of
this and other reactions. An investigation into the co-ordination
chemistry that is diagnostic of a successful catalyst is also
underway.
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