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P-Aryl-Diphenylphospholanes and their Phospholanium
Salts as Efficient Monodentate Ligands for Asymmetric
Rhodium-Catalyzed Hydrogenation

Cristian Dobrota, Jean-Claud Fiaud, and Martial Toffano*™

Enantiopure P-aryl-2,5-diphenylphospholanes and its corre-
sponding P-aryl-phospholanium salt appear as very efficient li-
gands for rhodium-catalyzed asymmetric hydrogenation reac-
tion with similar activities and enantioselectivities. The hydro-
genation product was obtained in good enantiomeric excesses

Introduction

The elaboration of new chiral phosphanes is of importance, as
they play a major role as ligands in transition-metal-based
asymmetric catalysis. Particularly, a large number a chiral di-
phosphines have been developed for enantioselective transfor-
mations."”’ However, a rich chemistry of monophosphanes as li-
gands or organocatalysts has been developed recently. This
has extended the organic chemist’s toolbox and contributed
to the development of new reactions.""? The design of novel,
useful, and efficient chiral phosphorus ligands still remains
a challenge. Therefore, it appears of interest to synthesize new
chiral dialkylaryl- and trialkylphosphanes in order to modulate
their electronic properties. Indeed, the dialkyl or trialkyl substi-
tution of the phosphorus atom provides an electron-rich envi-
ronment which could influence the reactivity and selectivity of
transition metal center in particular.”’! These electron-rich, basic
ligands differ from the usual chiral phosphines which usually
possess two or three aryl substituents on phosphorus. The in-
herent nature of monophosphane and the functionalization of
the phosphorus atom is likely to lead to interesting results in
terms of enantioselectivity, as well as activity in a catalytic pro-
cess. More precisely, the turnover frequency (TOF) in enantiose-
lective processes is an important parameter for the chemical
and pharmaceutical industry.”

It is well established that chiral diphosphanes offer excellent
enantioselectivities and TOF values for the Rh-catalyzed asym-
metric hydrogenation of functionalized alkenes. This is why
chiral diphosphanes have concentrated the attention of the
scientific community during several decades,”** in contrast to
chiral monophosphanes, which were thought to be “unsuit-
able” for applications in highly enantioselective hydrogenation
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(up to 93% ee) in only few minutes under an atmospheric
pressure of dihydrogen. The excellent activity of the catalyst
can be explained by a constant and high TOF value during the
reaction.

reactions. This relative lack of interest in these compounds was
reported at the beginning of the 20th century.®” This was fol-
lowed by the emergence of the synthesis and the use of new
monodentate phosphorus ligands. Phosphinites, phosphites,
and phosphoramidites became the best sellers of monophos-
phorous ligands for asymmetric hydrogenation reactions.””! In
comparison, the studies dealing with the rhodium catalyzed
hydrogenation of functionalized enamides in the presence of
chiral monophosphanes are scarce during the last decade.®”
As a consequence, the turnover frequency value of monophos-
phane activity is poorly available in the literature. This prompt-
ed us to develop chiral monophosphines as ligands for effi-
cient applications in rhodium-catalyzed asymmetric hydroge-
nation reaction of enamides. The development of efficient
chiral monophosphane for such process requires: 1) To have
a chiral environment close to the phosphorus atom to ensure
good enantioselectivity; 2) To have a sufficiently electron rich
phosphorus atom which should improve the catalytic activity.

The efficiency of electron-rich phosphane in asymmetric hy-
drogenation of alkenes was recently reported by Chen and co-
workers."” With this in mind, we propose to develop mono-
phosphane ligands and more precisely, 2,5-diphenylphospho-
lane ligands that offer an interesting structure and provides
the desired features: 1) A monodentate phosphorus nature
which presents a trialkyl or dialkylaryl substitution on phos-
phorus. The relative electronic richness of the phosphorus
atom is likely to offer efficient catalytic activity; 2) A non ste-
reogenic phosphorus atom, which should avoid all problem of
stereochemical integrity; 3) The chiral environment is close to
the phosphorus and provided by the 2,5-substitution of the
five-membered cyclic chain.

In previous works, we reported the preparation of chiral
enantiopure 1-r,2-¢,5-t-triphenylphospholane 3a® and its cor-
responding salt4a"" (Scheme 1). The monodentate phos-
phane 3a can be classified as dialkylarylphosphane (P-aryl-
phospholane) and shows high activity and selectivity (93 % ee)
in rhodium-catalyzed hydrogenation of (2)-methyl dehydrocin-
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Scheme 1. (5,5)-1-r,2-¢,5-t-triphenylphospholane 3a and (§,5)-P-alkyl-r,2-c,5-t-
diphenylphospholane 5a-c.

Table 1. Rh-Catalyzed enantioselective hydrogenation of methyl (2)-2-

acetamidocinnamate using P-alkylphospholane.”’
Ph 1 mol % [Rh(cod),]BF4 Phj\

]\ 2.2 mol% ligand

H, (1 atm) / MeOH / RT

AcHN™ >CO,Me AcHN™ ~CO,Me
conv. 100%
Ligand Reaction ee! Conformer®
time [min] [%]
3a 8 93 R
5a 30 34 S
5b 60 47 R
5¢ 60 62 R

[a] All reactions were performed under one hydrogen atmosphere at
room temperature. [b] Determined by chiral HPLC analysis on a Chiralcel
OD-H column, with hexane/isopropanol 9:1 as eluent.

namate with a short reaction time (8 min) and under an atmos-
pheric pressure of dihydrogen (Table 1). We noticed that the
trialkyl-substitution on phosphorus atom diminished
the efficiency of the catalyst as the use of P-alkyl-
phosphane ligands 5a-c required longer reaction
time to reach full conversion as ligands."? Further-
more, we observed modest asymmetric inductions,
compared to P-arylphospholane 3a."® This observa-
tion was subsequently confirmed by the use of the
more electron-rich ligand 3j and its precursor 4j pre-
pared from oxide 1j (Scheme 2). 3j and 4j were both
ineffective for the Rh-catalyzed hydrogenation of
methyl-(2)-2-acetamidocinnamate since no reaction

-i 3a-i
MeOTf/ LAH
HBF4-Me,O
then BH3Me,S O‘ then4NaH2003
> Ph™ PP J
Ar/ BH;

This observation is in agreement with the interesting results
obtained by Beller et al.”! Rhodium-catalyzed asymmetric hy-
drogenation of various acetamides was studied in the presence
of P-substituted phosphepine under pressure of hydrogen. The
authors stated that: “for obtaining good enantioselectivity,
aryl-substituted phosphepine ligands are necessary, while alkyl-
substituted ligands showed significantly lower selectivity”. This
encouraged us to develop more P-arylphospholane ligands in
order to investigate the influence of the nature of the P-aryl
substituent in catalysis. In the presence of rhodium metal, we
propose that the phospholane structure and the well-balanced
richness of phosphorus atom in these ligands should give an
efficient catalytic system with a good activity (TOF) in asym-
metric hydrogenation reaction.

Previously we described the preparation of enantiopure sub-
stituted P-aryl-2-c,5-t-diphenylphospholane oxides 1a-i."¥ In
this paper, we describe the preparation of a range of P-aryl-2-
¢,5-t-diphenylphospholane 3a-i and their corresponding phos-
pholanium salts 4a-i from the oxides 1a-i. Preliminary evalua-
tion as ligands in Rh-catalyzed asymmetric hydrogenation has
been investigated to estimate the enantioselectivity, as well as
their efficiency.

Results and Discussion

P-aryl-2,5-diphenylphospholanes 3a-i were obtained via direct
reduction of phosphine oxides 1a-i (Scheme 3).! Treatment of
the oxide with methyl triflate followed by LiAlH, offers the

& MeOTF / LAH & HBF 4-Me,0 &
Ph*"Np” YPh ———  Ph™ ™p Ph " e ppw™ R“a Ph
2N DME A Et,0/0°C 7\
0" Ar Ar 2
quant. H A BF,
1a 4a-i

2a-i

Scheme 3. preparation of free phospholane ligands 3 a-i and phospholanium salts

4a-i from 1a-i.

took place after 10 h.

D oy MeOTH/LAR D o, _HBFsMe:0 D .
Cy" > p” "Cy ———— > Cy" ~p7"Cy ———— > Cy” “p7p"Cy
S ey DME X Et,0 v \g o
81% Y 93% BF4
1i 3 4j

Scheme 2. Preparation of (R, R)-1-r,2-c,5-t-triphenylphospholane 3j and its
phospholanium salt 4j.

Despite the good activities of P-alkylphospholane as ligand
in Rh-catalyzed hydrogenation of olefins, these ligands are not
as effective as the P-arylphospholane 3a. So it appears that
the best activity and enantioselectivity are closely linked to the
adequate electronic richness of the phosphorus atom. We con-
clude that P-arylphospholanes should, therefore, offer better
activities and enantioselectivities than their P-alkylphospholane
homologues.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

enantiomerically pure phosphine 3a-i in quantitative yields.
Nevertheless, these electron-rich phosphines are air-sensitive,
particularly in solution. It is important to isolate these ligands
as an air-stable form before purification of the crude product.
In first instance, we have isolated the corresponding phos-
phine-borane complexes 2a-i. These intermediates offer stable
materials for identification and analysis."” Deprotection of the
borane-complexes offers the free phosphanes in satisfying
yields (Table 2). To circumvent the problem of oxidation, we
prepared the corresponding stable phospholanium salts
4a-i from the free phosphanes. Preparation of phosphonium
salts 4a-i is performed by direct treatment of the correspond-
ing free phosphine 3a-i with tetrafluoroboric acid dimethyl
ether complex (HBF,Me,0) in diethyl ether at 0°C. After few
minutes, the salt precipitates in solution and filtration gives
the phosphonium as a white powder in good yield (Table 2).
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Table 2. Preparation of phosphines3a-i and their
salts 4a-i.

corresponding

Compound R Yield of 3% Yield of 4*
a Ph 70 920
b p-tolyl 56 94
4 o-tolyl 86 98
d 3,5-(Me),-CgH, 70 9%
e 3,5-(tBu),-CgH, 61 86
f 2-naphthyl 85 70
g 1-naphthyl 80 65
h 4-MeO-C4H, 73 80
i 2-MeO-CH, 69 77
[a] Isolated yield calculated from phosphine-borane 2a-i. [b] Isolated

yield calculated from phosphoniums 3 a-i.

The resulting salts 4a-i are air-stable and can be stored in air
for months without oxidation. The salt easily liberates the free
phospholane ligands 3a-i in MeOH to form the active catalytic
specie in the presence of Rh(COD)BF, complex and without
the presence of a base.”” Furthermore, the use of phosphoni-
um salt offers additional advantages concerning handling.
Indeed, phosphane 3i is a sticky semi-solid, difficult to manipu-
late, whereas the corresponding phosphonium salt 4i is an
easy-to-handle white solid."®

The asymmetric Rh-catalyzed hydrogenation of methyl-(2)-2-
acetamidocinnamate was investigated with complexes pre-
pared by mixing the phosphola-
niums 4a-i and the cationic

ligand) and quantitative yield."” The reaction does not require
heating or high dihydrogen pressure, thus proving the efficien-
cy of the phospholane structure as ligand for the hydrogena-
tion reaction rate.

We observed that ortho-substitution of the P-aryl group ap-
pears detrimental to the good reactivity (ligands 3-4¢, 3-4g
and 4i; entries 5-6; 13-14; 17) and particularly for ligands 3-
4.c and 3-4g for which low reactivity and enantiomeric excess-
es were obtained despite the total conversion after several
hours."®

Conversely, an excellent reaction rate when a more electron-
rich phosphine is used such as ligands 3-4d and 3-4h.
Indeed, in the presence of ligand 3 h, total conversion is ob-
tained in only 6 min. and the TOF is 1000 h~'. The TOF,, is
1000 h™' at half conversion suggesting a real efficiency of the
catalytic system over the whole reaction period. The corre-
sponding phosphonium salt 4h offers slightly longer reaction
time (6.5 min.) and the TOF is 920 h™". The TOF,,, is 860 h™'
half conversion and confirms the general real efficiency of the
catalytic system.

To the best of our knowledge, there is only one report deal-
ing with the measurement of the turnover frequency in rhodi-
um-catalyzed asymmetric hydrogenation of simple enamides
in the presence of chiral monophosphane as ligand.®' In that
report, Beller et al. described the rhodium-catalyzed hydroge-
nation of N-acyl enamides at 50°C under a pressure of 2.5 bars
in dihydrogen gas. The activity of phosphepine ligand was

Rh(COD),-BF, complex (Table 3). i ) - . -
M icularl K Table 3. Rh-catalyzed enantioselective hydrogenation of methyl (2)-2-acetamidocinnamate using free phos-
ore particularly, we were inter- phines 3a-i or phospholanium salts 4a-i as ligand.”’
ested in evaluating phosphoni- on 1 mol % [Rh'(COD),]BF ] on
ums activities and enantioselec- | 2.2 mol %-L*
tivities compared to the corre- AcHN” >CO,Me MeOH / (1bar) H, AcHN” >CO,Me
sponding free phosphines 3 a-i. RT
Methyl-(2)-2-acetamidocinna- . ) o .
Entry Ligand Aryl Time [min]® ee'? Conformer TOF [h ]
mate appears as a substrate of ts t, (%] TOF, TOF
choice for our study, owing to
he wid £ thi d 1 (5,53 Ph 8 20 93 R 375 300
the wide use of this compoun 5 (S, 514 s 20 %0 R 375 300
as a test compound. 3 (R, R)-3 p-tolyl 12 30 79 S 250 200
The conversion was calculated 4 (R, R)- 4b 6 14 86 S 500 430
. - f] [c
by direct measurement of con- |° (R, R)-3¢ o-tolyl n.d. 2h 16 5 n.d. 50
. £ dihvd b 6 (R, R)-4c n.d. 4 h 18 S n.d. 25
su!'nptlon or dihydrogen Dby |, (s, 5)-3d 3,5-(Me),-C.H, 35 7 ) R 860 860
using graduated  glassware. 8 (s, 5)-4d 45 10 91 R 670 630
M NMR analysis confirmed the |9 (R, R)-3e 3,5-(tBu),-CeH, 5 1 81 S 600 550
complete conversion of sub- 10 (S, 5)-4e 7 15 82 R 430 400
he hvd d d 1 (S,5)-3f 2-naphthyl 35 7 83 R 860 860
strate to the hydrogenated prod- | ;, S, Sraf 7 16 88 R 430 380
uct only. Satisfactorily, the con- | 13 (s, 539 1-naphthyl nd.® 10h 35 R nd. 10
sumption of dihydrogen is fast. | 14 (S, 549 nd®  10h 36 R n.d. 10
Thus, complete conversions 15 (S, 5)-3h 4-(Me0)-CgH, 3 6 86 R 1000 1000
btained in f . 16 (S, S)>-4h 35 6.5 87 R 860 920
were obtained In few minutes | ,; s, S)-4i 2-(MeO)-C4H, nd®  10h 85 s n.d.@ 10
(t;,<8 min) at room tempera-
. a reactions were perrormea unaer one rogen atmosp ere at room temperature n e in the pres-
ture under the atmospheric pres- [ad Al : f d und hyd h in MeOH in th
R P P ence of 1 mol% of [Rh(COD),]BF,. [b] t,,, reaction time determined at 50% conversion of substrate in a minute
sure of dihydrogen (1 atm.). The unless otherwise noted; tg reaction time for complete conversion. [c] Determined by chiral HPLC analysis on
product is obtained with excel- a Chiralcel OD-H column, with hexane/isopropanol as eluent. [d] TOF,,, is calculated for 50% conversion of
lent enantiomeric excess in most starting material. [e] TOF is calculated for a complete conversion of starting material. [f] Not determined, due
to the long reaction time.
cases (for a monophosphane
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studied with a substrate/catalyst ratio from 100:1 to 2000:1
which corresponds to a TOF up to 2000 h™' under optimized
conditions. The similarity of these results with our data con-
firms the excellent activities of P-arylphospholanes and phos-
pholaniums, which do not require heating or pressure of dihy-
drogen gas, to attain complete substrate conversion with satis-
fying TOF values.™

We were able to gather some interesting information by
comparing the activity data for phosphonium salts 4a—i with
that of free phosphanes 3a-i. We observed only an usual but
very slight slowdown of the catalyst activity when the reaction
was performed in the presence of phosphonium as ligand pre-
cursor. This could be explained by a short latency time before
the beginning of the consumption of dihydrogen. It probably
corresponds to the time necessary to liberate the free phos-
phine and form the active complex. However, the TOF,,, values
are very close to the values at complete conversion for each
ligand. This provides further evidence of the high effectiveness
and stability of the catalytic system during the entire reaction
duration. Moreover, the enantiomeric excesses recorded using
as ligands free phosphanes 3 a-i are very similar with those ob-
served by utilizing the corresponding phosphonium salts 4 a-i.

Overall, these results confirm that the rhodium complex is
formed by the coordination of the rhodium precursor with the
phosphane obtained from of the dissociation of the salt in
polar solvent in absence of any base.*

Conclusion

P-aryl-2,5-diphenylphospholaniums salts 4a-i are useful pre-
cursors ligands of enantiopure P-aryl-2,5-diphenylphospho-
lanes. These air-stable salts were conveniently used in rhodi-
um-catalyzed enantioselective hydrogenation: Methyl-(2)-2-
acetamidocinnamate is hydrogenated to provide methyl-N-
acetyl-phenylalaninate in very short reaction time, and good
enantiomeric excesses for a monophosphine ligand (up to
93 % ee). We also demonstrated that by using the phosphoni-
um salts as ligands, same yields and enantioselectivities as for
the use of free phosphanes are obtained. The salt can be used
in the absence of base. TOF calculations show that the P-aryl
phospholane ligand offers an efficient and stable rhodium-cat-
alytic system during all the advancement of reaction without
significant loss of activity.

Experimental Section

Data for compounds 3a and 4a were already described in Referen-
ces [9b] and [9a] respectively. Data for compounds P-aryl-1-oxo-
2,5-diphenylphospholane 1a-j were already described in our previ-
ous paper.™ The experimental procedure for the preparation of
phosphane-borane complex 2a-j is described in Ref. [14]. Data for
compounds 3 b-i and 4b-i were collected in the Supporting Infor-
mation.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Preparation of enantiopure P-aryl-2,5-diphenylphospholane
(3a-i)

Method A (from direct reduction of phosphine oxide 1a-j): To the
appropriate P-aryl-phospholane oxide 1a-j (1 mmol) dissolved in
distilled DME (10 mL), were added methyl trifluoromethanesulfo-
nate (1.1 mmol) under argon atmosphere. After 2 h the mixture is
cooled down to 0°C and lithium aluminum hydride (1.5 mmol)
were added. The mixture was allowed to warm to room tempera-
ture and stirred for additional 15 h. After hydrolysis with a mini-
mum of water, the mixture was filtered under argon through Celite
via cannula. DME was evaporated under vacuum to give the free
P-aryl-phospholane 3 a-j.

Method B (from deprotection of borane complex 2a-j): To a solu-
tion of phosphane-borane complex 2a-j (1 mmol) in freshly de-
gassed dichloromethane was added tetrafluoroboric acid dimethyl
ether complex (4 mmol) at 0°C. The mixture was allowed to warm
to room temperature and stirred overnight at ambient tempera-
ture. The mixture is cooled down to 0°C and a solution of saturat-
ed NaHCO; was added carefully under argon atmosphere until the
effervescence ceased. The aqueous phase was extracted three
times with degassed dichloromethane under argon via cannula.
The organic layers were combined and washed with brine. The
aqueous phase was eliminated via cannula and the organic layer
died over magnesium sulfate, filtrated under argon. The solvent
was evaporated by vacuum to give the free P-aryl-phospho-
lane 3 a-j.

Preparation of P-aryl-2,5-diphenylphospholanium
tetrafluoroborate salt (4a-i)

To a solution of enantiopure P-aryl-2,5-diphenylphospholane 3a-
i (1 mmol) in dry degassed diethyl ether (5 mL) were added three
equivalents of HBF,-Me,O complex at 0°C. After a few minutes the
precipitate was collected by filtration, washed with diethyl ether
(3x10 mL) and dried, to give the phospholanium salt as a white
powder.

Rhodium-catalyzed asymmetric hydrogenation

General method: A Schlenk tube was charged with free P-aryl-
phospholane 3a-i or phospholanium salt 4a-i (0.024 mmol) and
bis(1,5-cyclooctadiene) rhodium(l)tetrafluoroborate (10 umol). The
tube was purged with argon and degassed, anhydrous methanol
(5 mL) was added. The solution was stirred for 10 min, and the
yellow solution obtained was cannulated into a Schlenk tube con-
taining methyl-(2)-a-acetamidocinnamate (1 mmol) under a hydro-
gen atmosphere. The uptake of hydrogen began immediately
upon stirring. The conversion was calculated by direct measure-
ment of consumption of dihydrogen by using graduated glass-
ware. After completion of the reaction (no further hydrogen
uptake), the resulting solution was concentrated in vacuo, taken
up in dichloromethane (10 mL) and stirred with activated carbon
for 1.5 h. Filtration over celite and removal of the solvent afforded
the hydrogenated product. The conversion was evaluated by
'H NMR analysis. Enantiomeric excesses were determined by chiral
HPLC on a Chiralcel OD-H column, with hexane/iPrOH (9:1) as
eluent.

Keywords: asymmetric catalysis - homogeneous catalysis -
hydrogenation - P-ligands - turnover frequency
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FULL PAPERS

C. Dobrota, J.-C. Fiaud, M. Toffano* Ph_ COMe
EE-EE NHAcQ
”
P-Aryl-Diphenylphospholanes and Ph\"‘%Ph 5 Ph“"Q‘Ph — Bl ( Rheg P
their Phospholanium Salts as Efficient H A 8F, A N ‘

Monodentate Ligands for Asymmetric

. ) TOF up to 1000h™" Ph  CO,Me

Rhodium-Catalyzed Hydrogenation S CEr A s
Would you like a phospholanium with responding phospholanium salt are very
that? A family of enantiopure mono- efficient ligands for the rhodium-cata-
dentate ligands based on P-aryl-2, 5-di- lyzed asymmetric hydrogenation reac-
phenylphospholane has been devel- tion and show similar activities and
oped. The phospholanes and their cor- enantioselectivities (up to 93 % ee).
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