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Abstract: Strategies based on highly selective halogen—-metal per-
mutations have been devised and applied enabling the modular as-
sembly of atropisomeric biaryl bisphosphines. After resolution on
chiral column, the ligands were tested in benchmark hydrogenation
reactions affording good to excellent enantiosel ectivity.
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Chiral compounds qualifying as ligands for asymmetric
catalysis continue to be designed and synthesized at a
frenetic pace.!® If under such circumstances it appears
difficult to keep track of al individual structures, one
neverthel ess recognizes three dominant classes which are
privileged because of their versatility and their enantio-
selective performance. Bisphosphines containing asym-
metric carbon centerswere the first to supplant mono- and
bisphosphines*® having stereogenic phosphorus atoms
and were equally the first to gain practical importance.
DIOP,* CHIRAPHOS' and, more recently, the DUPHOS
family® have been featured by most impressive results in
the area of asymmetric hydrogenation reactions. Mean-
while competitors emerged such as BINAP,*0 arguably
the most popular of al ligands, MeOBIPHEP*? and
SEGPHOS.*** Finally, the option of planar chirality was
explored leading to paracyclophane®® and ferrocene!'®8
based bisphosphines. The JOSIPHOS family'°2° belong-
ing to the latter category deserves particular attention asit
offers the so far unique advantage to enable ligand con-
struction with utmost structural flexibility.

In the field of atropisomeric ligands, both the aryl phos-
phorus substituents and the biaryl backbone are tunable
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parts to modify the stereoelectronic profile of a ligand.
Numerous modifications of the phosphine substituent can
be found in the literature, influencing the steric hindrance
around the metal and/or the electronic properties of the
phosphorus center.?! In addition, the groups of Zhang,?
Saito™*1* and Genét? studied the steric modification of the
biaryl core. However, the eectronic design of atropiso-
meric bisphosphine ligands has been less systematically
studied.?* One difficulty is the possibility to synthesize
atropisomeric ligand families in a modular way, as it is
done for the JOSIPHOS family. Such a modular accessto
awhole ligand family allows the fine-tuning of the steric
and electronic properties of aligand depending on specific
needs.

Our objective was to apply the concept of modular
synthetic access™ to the series of atropisomeric biarylsin
order to preparein arational way alarge family of biaryl-
bisphosphine ligands having different tunable ortho sub-
stituents. A specific goal was to make biphenylene-2,2’-
bi sphosphines accessible that carry only one substituent at
the 6-positions.

Polar organometallic chemistry is particularly suitable to
realize this goal, due to the possibility to perform highly
selective reactions. As our objective had to cope with a
high structural complexity, we decided, for reasons of |o-
gistic smplicity, that it would be advantageous to allow
for the presence of just one kind of halogen, preferably
bromine, in acommon starting material in order to replace
them successively by metal and ultimately by phosphorus
groups or other substituents. This raises the question of
how to discriminate chemically between formally identi-

cal halogen atoms.
X
P

Ph
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There was a mgjor obstacle to be overcome. Any 2’-di-
phenylphosphino-2-biphenyl lithium generated as an in-
termediate would be unable to produce a bisphosphine by
condensation with a second chlorodiorganylphosphine
component if a single fluorine, chlorine or bromine atom
or asingle methyl or methoxy group occupied the 6-posi-
tion.?® The intermediate would rather undergo an instanta-
neous nucleophilic substitution at phosphorus and cyclize
under phenyllithium elimination to afford a 1H-ben-
zo[b] phosphindol e (Scheme 1).

The undesired ring closure can be avoided, as we have
now found, by the introduction of a later removable
‘dummy’ substituent into the 6’-position. Our first choice
fell on bromine.

We decided to use 2,2’,6,6'-tetrabromobiphenyl as com-
mon starting material.?’ The feasibility of the project
should be demonstrated on the modular synthesis of all
four 2’-methoxy-2,6-biphenyl enebisphosphines 1-4, hav-
ing a methoxy substituent, in analogy to MeOBIPHEP,
and in addition all possible permutations of bis(diaryl-
phosphine)-, bis(dialkylphosphine)- and mixed dialkyl/
diarylphosphine substituents (Figure 1).

Starting from 2,2’,6,6’-tetrabromabiphenyl, the first halo-
gen was replaced by methoxy, affording 2,2’,6-tribromo-
6’-methoxybiphenyl (5; 82% yield), if the intermediate
was consecutively subjected to borylation, oxidation and
O-methylation.?® A double bromine-lithium interconver-
sion and subsequent condensation with two equivalents of
chlorodiphenyl phosphine gave 6’-bromo-2,2’-bi s(di phen-
ylphosphanyl)-6-methoxybiphenyl (6; 71% yield) which
could bereadily reduced to the hal ogen-free bisphosphine
1 (57% yield; Scheme 2).

The intriguing question was whether one bromine would
be exchanged preferentially if the twofold halogen—metal
permutation was not carried out simultaneously but suc-
cessively. An effective discrimination between two bro-
mine atoms as a function of their chemical environment
has so far been observed only sporadically in such kind of
processes.?® Fortunately, the reaction occurred exclusive-
ly in the doubly halogenated ring when 2,2’,6-tribromo-
6’-methoxybiphenyl (5) was treated with just one
equivaent of butyllithium in tetrahydrofuran at —75 °C.

Br Br H3CO Br . . H3CO
1) 2 equiv Buli,
O O O O tOIuene' 25 ac O O
—_—
2) MeOH
Br Br 6 Ph,P PPh, 1 Ph,P PPh,
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2) 1 equiv FB(OMe)-OEt, ) TR e
3) NaOH/H,0, 2) 2 equiv CIPPh,
4) HgCl
H3CO i ) H3CO
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F———— _
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Protolysis with methanol provided 2,2’-dibromo-6-meth-
oxybiphenyl (7; 92% yield) which was readily converted
into 2,2’-bis(dicyclohexylphosphanyl)-6-methoxyhbi phen-
yl (2; 74% yield) and into the P,P-dicyclohexyl-P’,P’-
diphenylbisphosphine (3; 56% yield) by double and
stepwise bromine-lithium permutation, respectively. In
the latter case the bromophosphine 8 (79%) acted as the
intermediate.  Finally, 2,2",6-tribromo-6’-methoxybi-
phenyl (5) was converted into the diiodo compound 9 by
double bromineithium interconversion and subsequent
trapping with iodine. Two consecutive unilateral halo-
gen—metal permutations, the first followed by condensa-
tion with chlorodicyclohexylphosphine, led to the P’,P’-
dicyclohexyl-P,P-diphenylbisphosphine (4; 62% yield)
via the bromoiodophosphine 10 (72% yield) and the bro-
mobisphosphine 11 (32% yield). The introduction of
iodine ascertains higher selectivity, asiodine is known to
be displaced faster than bromine by several powers of ten
(Scheme 2).

Thefour model compounds 14 arejust meant toillustrate
the amost inexhaustible possibilities for creating struc-
tural diversity. The aliphatic or aromatic substituents at
phosphorus may be varied at will, the methoxy entity may
be replaced by any other carbon or hetero unit and addi-
tional groups may be introduced. All the methods em-
ployed were straightforward and expedient enough to
provide the bisphosphines 14 rapidly and in sufficient
amounts. The access to the target compounds 14 relied
on a combination of strategies, which deserve to be con-
sidered individually. First, the introduction of a remov-
able‘dummy’ substituent and taking it along almost to the
end is essential for the success. Without the protection
against planarization any transient 6- or 6’-methoxy-2’-
diphenylphosphino-2-biphenylyllithium would collapse
to  ‘9-phenyl-9-phosphafluorene’  (9-phenyl-1H-ben-
zo[b]phosphindole) under elimination of phenyllithium.
Second, dilithiated biaryls can be readily generated if, and
only if, the two metal atoms are delivered to two separate
rings rather than twice to the same ring. Thus, 2,2’,6,6"-
tetrabromobiphenyl and 2,2’,6-tribromo-6"-methoxybi-
phenyl (5) produce the corresponding 2,2’-biphenylene
dilithium neatly. Thirdly, and most importantly, al dibro-
mo- and tribromobiphenyls exhibit rigorous site selectiv-
ity when exposed to just one equivalent of butyllithium.
The halogen—metal exchange occurs exclusively in the
ring that carries the more electronegative substituents.
Such adistinct difference in permutation rates is without
precedent. All transformations allow an easy preparation
of the ligands on gram scale. The ligands are air- and
temperature-stable compounds.

Most atropisomeric biaryl bisphosphine ligands used for
asymmetric hydrogenations have C,-symmetry and, as a
consequence, identically substituted phosphine groups.®
The literature only shows very few C;-symmetric exam-
plesin thisligand class, none of them having ahigh struc-
tural or electronic diversity.?'430-32 |t was therefore highly
interesting to investigate the behavior of the biarylbis-
phosphines 14 as ligands in asymmetric hydrogenation
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reactions. Tests were performed with two B-keto esters
and two acrylates. All experiments were performed in
screening type equipment with the objective to see differ-
ences between ligands for different substrates. Optimiza-
tion of the hydrogenation conditions was not attempted.

The racemic ligands 1-4 were separated into their enan-
tiomers by preparative HPLC chromatography using a
chiral stationary phase (CHIRALCEL® OD 20 pm, n-hep-
tane—EtOH 2000:1).

We first examined the hydrogenation reaction of acetoac-
etate and chloroacetoacetate (Scheme 3). The catalytic
tests were performed in ethanol at 50 °C, and 80 °C, re-
spectively, under 4 bar of hydrogen pressure with a sub-
strate/catalyst ratio (S/C) of 100 (Tablel). The
acetoacetate was preferentially hydrogenated using the
MeOBIPHEP (99% ee, 100% conversion) related ligand
1 with fully aryl substituted phosphorus atoms (99% ee,
100% conversion). Similar results were obtained for chlo-
roacetoacetate (88% ee, 100% conversion vs. 92% ee,
100% conversion for MeOBIPHEP). Both enantiosel ec-
tivity and reactivity are highest with ligand 1 and much
lower with ligand 2, the mixed aryl/alkyl ligands 3 and 4
lying in-between.

o O [Ru]cat, ligand, OH O
- =
Moa H,, 4 bar, EtOH Moa
R R
Scheme 3

Tablel Hydrogenation of B-Ketoesters Using Ruthenium
Complexes of Ligands 142

R Ru precursor Ligand Temp Time ee Conver-
(G (h) (%) sion(%)

H RuCl, 1 50 35 99 100

H RuCl, 2 50 15 88 4

H RuCl, 3 50 15 87 98

H RuCl, 4 50 15 95 100

H RuClg MeOBIPHEP 50 3.0 99 100

Cl  Ruy(p-cymene),Cl, 80 2 83 100

Cl Ruy(p-cymene),Cl, 80 15 45 98

Cl  Ruy(p-cymene),Cl, 80 2 80 100

A W N P

Cl  Ruy(p-cymene),Cl, 80 48 87 100

Cl Ruy(p-cymene),Cl, MeOBIPHEP 80 1 92 100

aReaction carried out with S/C of 100. The ee valueswere determined
by HPLC analysis.

Next, we studied the hydrogenation of an olefin (dimeth-
ylitaconate). The hydrogenations were performed in
methanol at 2 bar hydrogen pressure with a substrate/cat-
alyst ratio (S/C) of 180 (Scheme 4).
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Scheme4

Scheme5

Table2 Hydrogenation of Dimethyl Itaconate Using Rhodium
Complexes of Ligands 142

Rh precursor  Ligand Temp Time ee Conver-
o (%) sion (%)
Rh(cod),BF, 1 22 3 2 100
Rh(cod),BF, 2 22 15 24 60
Rh(cod),BF, 3 22 2 30 100
Rh(cod),BF, 4 22 15 89 57
Rh(cod),BF, JOSIPHOS® 22 3 71-97¢ 100

@ Reaction carried out with S/C of 180.

b 1-(9-[1(R)-(Dicyclohexylphosphany!)ethyl]-2-(diphenyl phos-
phanyl)ferrocene.

¢ The eeis highly dependent on the hydrogen pressure. Reaction at 1
bar gave 97% ee, at 2 bar 71% ee.

A remarkably high diversity of theinvestigated ligandsin
terms of enantioselectivity as well as reactivity could be
observed. While the ligands 1 and 3 give afast and com-
plete reaction with low eg, it isthe complementary ligand
4, which leads to a high enantioselectivity, albeit with a
clearly lower hydrogenation rate. The all-akyl ligand 2
performs poor in both respects, indicating that at least one
electron-poor phosphorus atom needs to be present in the
catalyst.

The third benchmark system, the hydrogenation of 2-
acetaminocinnamic acid (Scheme5), was performed in
methanol according to the conditions given in Table 3.

2-Acetaminocinnamic acid was hydrogenated over Ru
catalysts at elevated temperature and pressure. The enan-

tioselectivities were only moderate with the al-alkyl
ligand 2 performing best, followed by the all-aryl ligand
1. Use of the mixed ligands 3 and 4 resultsin very poor ee.
A completely different picture was found upon hydro-
genating 2-acetaminocinnamic acid methyl ester over Rh
catalysts at low pressure and room temperature. Here, the
mixed aryl-alkyl ligand 3 performs very well, giving high
eeaswell asfast reaction rates (94% ee and 100% conver-
sion, better than MeDUPHOS). Use of the aternative
mixed ligand 4 results in a slower hydrogenation and
lower enantioselectivity (Table 3).

In summary, strategies have been devised and applied
enabling the modular assembly of chiral biarylbisphos-
phines. The four model compounds 14 are just meant to
illustrate the almost inexhaustible possibilities for creat-
ing structural diversity. The aiphatic or aromatic substit-
uents at phosphorus may be varied at will, the methoxy
entity may be replaced by any other carbon or hetero unit
and additional groups may beintroduced. All the methods
employed were straightforward and expedient enough to
provide the bisphosphines 14 rapidly and in sufficient
amounts.

The four ligands 1-4 behave very differently in the cata-
Iytic hydrogenation and their relative performance is
strongly dependent on the substrate. It is interesting to
note that each ligand has the best ee performancein one of
thetest reactions and that ligands 1 and/or 3 are among the
best concerning reaction rates in al cases. The findings
underline the importance to be able to prepare biarylbis-
phosphine ligands in a modular way in order to answer
rapidly and efficiently on catalytic needs.

Table3 Hydrogenation of Acetamino Cinnamates Using Ruthenium and Rhodium Complexes of Ligands 1-4

R Ligand S/IC Temp (°C) P (bar) Time (h) ee (%) Conversion (%)
H 12 500 40 50 5 43 100
H 28 500 40 50 15 66 34
H 3 500 40 50 6 8 100
H 42 500 40 50 15 13 84
H BINAP? 500 40 60 15 45 100
Me 2b 100 25 2 33 90 100
Me P 100 25 2 47 94 100
Me 4b 100 25 2 15 81 93
Me MeDUPHOS" 100 25 2 10 91 100

2 Catalyst precursor was Ru,(benzene),Cl ,.
b Catalyst precursor was Rh(cod),BF,.
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