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Abstract

Both i of the diphosphine 2.2"-bis(diphenyiphosphi

hyl)-1.¥-bi

hthyl NAPHOS were prepared by resolution of the

racemic P, P'-dioxide and subsequently applied in the rhodi

highly water-soluble derivatives BINAS were prepared by direct

lyzed, ic hy ylation of styrene. Optically active,

of the . diohacnhi

phine NAPHOS and applicd in
active rhodi s HRh(CO)-(P_P) of both NAPHOS

agueous /organic, two-phase hydroformylation of styrene. The

and BINAS were prepared and characterized by infrared and NMR spectroscopy. Optical ylelds are lower in two-phase hydroformylation

d with the

[ single-phase (organic sofvent) technique.

Kevwords: Water-soluble phosphines; Rhodium; Biphasic catalysis; Hy

1. Introduction

Rhodium-catalyzed asymmetric hydroformylation, as
one of the most practical app h ioselective

hes to
carbon-carbon coupling, continues to be a major chal-
lenge in catalysis [1]. Academic interest in this topic
wis re-invigorated after Takaya ] brea.kthmugh in 1993
{2). Using biaryl-based hi

such as BINAPHOS A, various substrates were con-
verted into the desired aldehydes with enantioselectivi-
ties up to 95% ee and decent regioselectivity [3]. Simi-
lar chiral diphosphite ligands were successfully em-
ployed in styrene hydroformylation by van Leeuwen
and coworkers [4] after DuPont had disclosed compara-

* Comesponding author.
! Water-Soluble Metal Complexes and Calaly:ls Pan 9. Pant 8:
WA, G.P. Alb: R.B.

ble bisphosphite-type ligands based on (2R4R)-pen-
tane-2,4-diol B [5}.

By way of contrast, all chiral diphosphine ligands
tested so far in asymmetnc hydrofonnylanon as rhodium
catalysts gave disappointing enantioselectivities. For
styrene as the most thoroughly investigated substrate,
enantiomeric excesses remained below 30% [1], with
the best value resulting from an Rh/DBP-DIOP cata-
lyst [6]. As a matter of fact, almost all bisphosphines
applied up to now form five- to seven-membered chelate
rings with rhodium, while the diphosphites and phos-
phine-phosphite ligands mentioned above give rise to
eight- or nine-membered interchelate rings. To this day
only one bidentate phosphine capable of forming nine-
membered rings was examined in asymmetric hydro-
formylation of styrene and vinylacetate: in situ
rhodium-catalysts of the ligand (25.55)-NORBORNYL
C, for which a naiural bite angle of 123° was calculated,

and P. Lappe, Angew. Chem., 107 (1995) 893; Angm Chzm Inr.
Ed Engl.. 34 (1995) 811.
? Dedicated to the memory of the late Professor Hidemasa Takaya.

[ d styrene in 97% selectivity into the branched
aldehyde; however “no significant asymmetry’ was re-
ported for the product obtained at 30°C [7}.
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phosphine/phosphite

The natural bite angle concept was used to explain
the regioselectivity in the hydroformylation of aliphatic
olefins. According to Casey et al. [8], diphosphines with
a wide bite angle near 120° favour eg-eq coordination
and increase the fraction of the linear aidehyde.

The preferred coordination mode of chelating ligands
also seems to be of pivotal importance for the asymmet-
ric induction during hydroformylation [2,4].

Following our earlier work on biphasic hydroformy-
latien [9-14], we now report on enantiopure diphos-
phine ligands and their application in the hydroformyla-
tion of styrene.

2. Results and discussion

NAPHOS 1 was originally prepared by Kumada and
cowarkers [15] and it indeed represented tlie first

P.

1 AN

1 (NAPHOS)

Moreover, the highest yield synthesis of NAPHOS
occurs through the P, P'-dioxide 2 [20]. We found that
(+)-2 is efficiently resolved via complexation with
2.3-di-O-benzoyl-tartaric acid (Section 4). The effi-
ciency of the resolution step is proven by the X-ray
structure  determination of S —)-2-(~)-2,3-O-diben-
zoyl-L-tartrate, which elucidates that crystals are made
up of polymer chains and not, as one might have

phosphite/phosphite

|
Q
Q
[ ) PP,
' <|3 PhoP

c
phosphine/phosphine

diphosphine ligand based on the axially chiral 1,1-bi-
naphthyl backbone [16]. 5-(—)-1 has been prepared in a
multi-step reaction via S-(—)-2,2'-bis(bromomethyl)-
1,1-binaphthalene. but the asymmetric induction of the
chiral diphosphine was unsatisfactory in catalytic hydro-
genation, hydrosilylation and Grignard cross-coupling.

2.1. Separation of stereoisomers

We took a simple and efficient access to both enan-
tiomers of 1. Several routes via asymmetric synthesis
[17] or resolution [18] o optically pure precursors of
NAPHOS are known, but resoiution of phosphine ox-
ides is still the mast practical and promising method of
preparing chiral diphosphines [19].

NaOss. 2

AN

SOsNa

$03Na

48: R =Ry=H (BINAS-6)
4b: R, =11, R; = SO3Na (BINAS-7)

4e:Ry =R;=S0Na  (BINAS-B)

expected, of cyclic adducts which would correspond to
a chelating way of binding (Fig. 1). The diphosphine
dioxide and the tartaric acid are connected in a regularly
alternating way through two intermolecular hydrogen
bondings [P(1)-0(1) 1.50 A, O(1)-0(2) 2.495 A, O(1)-
H(1)-0(2) 164°] between the oxygen atoms at the
phosphorus and the hydrogen atoms of the carboxylic
groups. This arrangement results in a helical polymeric
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Fig. 1. SCHAKAL representation of §-( —)-(2)-( - )-2,3-0-dibenzoyl-L-tarirate. All hydrogen atoms except those contributing to hydrogen bonds or

indicating chirality are omitted for clarity.

structure, to which the low solubility of this 1:1 com-
plex can be autributed. Zhang et al. [21] obtained a
similar, but non-helical, adduct by reacting Cy-BI-
NAPO with (2 R,3 R)-dibenzoyltartaric acid (hydrogens
were not refined). The absolute configuration of (—)-
NAPHOSO was assigned as S, as indicated by the
refinement of the enantiopole parameter [22] and by
corvelation with the (2 R.3 R)-configuration of the diben-
zoyltartaric acid.

Reduction of the cnantiopure P, P'-dioxides by stan-
dard procedures (HSiCl;, HNEt,) affords §-(—) and

gelde ~ 33

2.2. Sulfonation

Direct sulfonation of enantiopure S5-(—)-NAPHOS
under conditions reported previously [24} yields the
cight-fold sulfonated species S-(—)-BINAS-8 4a (80—
90% yield) accompanied by small amounts of seven- 4b
and six-fold 4e functionalized derivatives as highly
water-soluble sodium salts.

The P-chirality of 4b and 4c in addition to atropiso-
merism gives rise to the formation of diastereomers,
thus complicating the P NMR spectra. The precise
ratios of different BINAS species 4a—c can be deter-

R-(+)-NAPHOS. The enantiomeric purity of the latter
was checked by equimolar reaction with the cyclometal-
lated dinuclear complex [Pd,Cl,((R)-o0-
C¢H ,CHMeNMe, ), ], known as ‘reporter complex’ (Eq.
(1)) [23]. The formation of the kinetically favoured
binuciear phosphine-bridged species 3 allows an easy
determination of optical purity by 'H NMR spec-
troscopy in this special case. Especially the di-
astereotopic methylene protons of 1 give rise to suffi-
ciently separated signals in the palladium complexcs
R.S.R-3 and R,R,R-3.

SN

o cn/
OO P:b‘ ()]

RSR-3

mined by capillary electrophoresis [25], even traces of
P-mono- and P,P’-dioxides (mainly due 1o sample
preparation under ic conditions) of different
BINAS i may be ds d and d by
virtue of this sensitive method.

L4

2.3. Catalysis

The diphosphines S-(—)>-NAPHOS 1 and §- ( )—Bl-
NAS 4a were applied in h i
{water /organic) rhodlum-ca!a]yzed asymmetric hydro—
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Table 1
Rhodium-catalyzed hy of styrene
Ligand Solvent §/C* L/[Rh] p(bar} ® T(°C) Time (h) % Converted © Gi © Foee
1 toluene 300 3 100 40 24 53 83 345
1 toluene 500 3 70 40 40 89 9% 32085
4 tolvene

MeQOH. H,0 300 4 100 40 25 92 95 18(5)
R-{+)}BDPAP toluene 500 3 80 50 24 98 97 4]
R«(+)-BDPAP toluene 300 3 100 25 18 52 98 4]
R(+)}:-BPNAP?  toluene 80 LS 7 110 20 96 100 4}

* §/C: substrate /[Rh] ratio.

" 1:1 mixture of H, and CO.

* Conversion and i/n ratio determined by GLC and 'H NMR.
¢ Ref. [28], substrate o-methylstyrene.

formylation of styrene. When S-(—)-1 is used as cata-
lyst ligand in the homogeneous phase (toluene,
dichloromethane) the desired branched aldehyde showed
up with selectivities of up to 96%, while the enantiose-
lectivity {S-hydratropaldehyde) was in the range 32—
34% ee. Although far too low for practical purposes,
comparison with other diphosphines shows these values
to be the highest ever achieved with a chiral diphos-
phine ligand. Moreover, as mentioned above, only one
chiral bisphosphine with comparable large bite angle,
flexibilty and chelate ring size has been tested in this
reaction before.

Two-phase hydroformylation of styrene (CH,OH-
H,O/toluene) with in situ catalysts prepared from
RW(CO),(acac) and S-(—)-BINAS 4a proceeds with
good regioselectivity for 2-phenylpropionaldehyde
(95%) and an enantioselectivity of 18% ee. This result
follows the trend observed in almost all other catalytic
asymmetric reactions, where application of water-solu-
ble catalysts normally lowers optical induction [9].
However, our study shows that enantioselective hydro-
formylation is generally feasible in a biphasic reaction

2.4. Speciroscopy of rhodium complexes

The solution structuses of catalytically active hydri-
dorhodium{(I) complexes HRWCO),(P-P) with the
diphosphine NAPHOS 1 and the water-soluble deriva-
tive 4 were established by means of NMR and infrared

medium. Catalyst recovery and recycling is easily
achieved by phase separation. Activity and asymmetric
induction show no significant decrease after two runs.
Asymmetric hydroformylation with a chiral sulfonated
phosphine ligand was in fact attempted before [26}, but
only racemic aldehydes were obtained under conditions
similar to those reported in the present paper.

We also prepared the axially chiral diphosphine R-
(+)-BDPAP, which is easily obtained from commer-
cially available R-(+)-2,2"-diamino-1,1-binaphthalene.
1t is similar to NAPHOS in terms of bite angle and
chelate ring size. Although this aminophosphine ligand
provides good enantioselectivity in asymmetric hydro-
genation of a-acylaminoacrylic acids and esters [27] (up
to 89% ee), it failed in our hands with regard to
asymmetric styrene hydroformylation (Table 1). Recent
work of Gladfelter and coworker [28] shows poor per-
formance of the phosphite ligand R-(--)-BPNAP de-
rived from 1,I"-binaphthol in hydroformylation of viny-
larenes; with o-methylstyrene as substrate 3-phenyl-
butyraldehyde was formed exclusively, but the product
was racemic in all cases [28].

BPiNAF

spectroscopy. They were prepared from equimolar mix-
tures of diphosphine and Rh(CO),(acac) under typical
hydroformylation conditions in appropriate solvents
(Section 4). In both cases only a single rhodium species
with bis-equatorially coordinating diphosphine was ob-
served under atmospheric pressure of H,/CO. In the
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5: 5 33.8(d,\Jp.pna144H2)
8: 5 34.7 (d, a5

5:X=H:
&: % = SO;Na: (BINAS-8)HRh{CO), in CDs0D

Fig. 2. '*Rh{'H}-* P-HMQC NMR, *'P{' H} NMR, "*C{'H} NMR and 'H NMR of diphosphine rhodium complexes § and 6.

q

52 5-9.63 (OLbr Wp = 7HE, Wanu=2.
@ & 108 (dtbr. 2oy =7 He. Vs = 2 Ha)

(NAPHOSIHRN(CO), in C;Dy

times with ( R)-(+ )-2-phenylpropanol. Hydro-

presence of syngas no decomposition is d over
several days. 'p, 'H, *C NMR and IR data of com-
plexes of 1 and 4a (S and 6; Fig. 2) compare well with
those reported for HRh(CO),(BISBI) [8], which was
observed among other species after displ of
triphenylphosphine from HRh(COXTPPXBISBI) with
carbon monoxide.

Spectroscopic data of rhodium complexes of 1 and
4a are quite similar; even the '“’Rh chemicai shifts
differ only a little (A8 = 19 ppm).

3. Conclusion

The present work provides the first example of an
asymmetric hydroformylation with a water-soluble
rhodium catalyst. Comparison with the non-functional-
ized, lipophilic diphosphine NAPHOS shows again that
two-phase conditions influence the stereochemical resuit
in a negative way. Nevertheless, NAPHOS and its
water-soluble counterpart perform better than hitherto
tested phosphine ligands based on the pi ic

formylation reactions were carried out in a Roth 250 mi
and Haage 200 ml stainless-steel autoclave. Commercial
styrene (99%) was filtered through Al,O; prior to use.
[Pd,C1,{{R)-0-C(H ,CHMeNMe,),] [29].
RH(CO),(acac) [30] and (+)-NAPHOSO (NAPHOS-
P, P'-dioxide) [15,20] were prepared as described previ-
ously. Elemental analyses were performed in the micro-
analytical laboratory of our institute.

4.1. Resolution of (% )-2,2'-bis(diphenyl-
hosphij hyl)-1,1 -binaphthalene ( + )-2

oxypnosp
To a boiling solution of 30g (43.9mmol) racemic
NAPHOSO 2 in 250 ml CHCI, was added a solution of
15.75 g (—)-R, R-Di-O-benzoyl-tartaric acid (43.9 mmot,
1 equiv.) in 130 ml ethylacetate. The mixture was boiled
for 15 min and then concentrated on a hot plate to about
70% of its volume and allowed to cool to ambient
temperature. The next day colourless crystals of S-
(—)>NAPHOSO-R, R{ — )-dibenzoyltartrate 2a were

1,1"-binaphthyl backbone.

4. Experimental section

AH reactions were performed with standard Schlenck
techniques in oxygen-free nitrogen atmosphere. Sol-
vents were dried with standard methods and distilled
under N,. Infrared spectra were recorded on a Perkin—
Elmer 1600 series FTIR spectrometer, the 'H, BC and
P NMR spectra at 400, 100.5 and 161.8 MHz respec-
tively on an FT Jeol JNM GX 400 and Bruker AMX
400 instrument. Optical rotations were measured on a
Perkin—Elmer 241 polarimeter. Enantiomeric excesses
of the aldehydes were measured on a Chrompack CP
9000 gas chromatograph (split/splitless injector, 50m
Lipodex A column, flame ionisation detector) after re-
duction to the comresponding alcohols and the absolute
configuration was determined by comparison of the

collected by jon filtration, washed with cold eth-
ylacetate and dried at room temperature (0.1 mm). Yield
18.7g (82% based on $-(—)NAPHOSO). M.p. 234~
235°C (decomp.). [a]® —60° {c 0.5, EtOH). 'H NMR
(CDClL,): §=3.13-3.26ppm (m, CH,, 4H), 5.93ppm
(s, CHOCO, 2H), 6.73~7.99 ppm (m, 46H), 12.34ppm
(br, COOH, 2H). *' P{*H} NMR (CDC1,): 5=32.2ppm
(s, 2P). IR (KBr, cm™'): »{Aryl-H): 3048(m), 745(st),
690(m); »{(Aryl-P): 1433(st). Anal. Found: H, 4.95; C,
73.36; P, 5.82. Co H,,O, P> Calc.: C, 73.84; H, 4.84;
0, 15.37; P, 595%. This complex was suspended in
400ml NaOH (0.8N), extracted twice with chloroform
(200 ml) and the combined organic layers washed with
100ml of NaOH (0.8N), twice with water and dried
over anhy gnesium sulfate. Evaporation of sol-
vent yielded 11.9g S-(—)}-NAPHOSO (white foam,
97% based on 2a). M.p. 237-238°C. [a]® —134° (c
0.4, benzene). Analogous treatment of the mother liquor
from the first crystallization to remove R,R-(—)-DBT
yielded 16.8¢g of R« +)-2 enriched NAPHOSO: [a]®
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+98° (c 0.4, benzene), which was treated with 8.8g
5.5-(+)-Di-O-benzoyltartaric acid (24.6 mmol, [ equiv.)
in 60ml ethylacetate. Work-up of crystalline material
afforded 19.2g of tartrate 2b (84% based on 2). M.p.
234-235°C (decomp.). [« ]Z +59° (c 0.5, EtOH). Sep-
aration of acid furnished 12.3g R-(-)-2 (98% based on
complex 2b). M.p. 237-238°C. [a]F +130° (c 0.4.
benzene).

4.2. X-rav structure of 2a

Orthorhombic crystal system, space group (222,
(No. 20), a = 1537.7(2), b= 1681.9(1), ¢ =
2137.7(2)pm, V=55281) X 10°pm’, Z=4. p =
1251gem™, p=14cm™!, Fy,=2176; (graphite
rnonochromated Mo K ), measurement at - 80°C. En-
raf-Nonius CAD-4, range of measurement 2° < 26 <
50°, w-scan, scan width (1.0 + 0.2tan ©)° (+25%) be-
fore and after each reflection to determine the back-
ground, 7, = 60s, 5503 measured reflections (h,k,+
{). 4581 independent reflections with >0, structure
determination with direct methods and subsequent dif-
ference Fourier syntheses, empirical absorption correc-
ton based on ¥-scan data, transmission coefficients
0.958-1.0, 443 least-squares parameters, all 38 heavy
atoms with anisotropic thermal parameters, all 25 hy-
drogen atoms found and independently refined (iso-
tropic). anomalous dispersions accounted for, shift/er-
ror <00001, R=X(IF|-|FI/LIF|=0044, R,
= [Ew(F,| — IF.D*/ZwlF,I'1/% = 0.023, residual
electron density +0.34 AeA™* (87 pm besides P1)/ —
0.35Ae A™?, weighting scheme according to Prince [31]
with four refined parameters. All calculations were per-
formed on a DECstation 5000/25 using the programs
crysTALS [32] and pLaTon [33). Further details of the
crystal structure investigation can be obtained from the
Fachinformationszentrum Karlsruhe, Gesellschaft fir
wissenschaftlich-technische Information mbH. D-76344
Eggenstein-Leopoldshafen, Germany on quoting the de-
pository number CSD-406233, the names of the authors
and the journal citation.

4.3. Di-p-chloro-p-{2,2"-bis(diphenylphosphinometiiyl)-
1, I'-binaphthalene)-bis{(R)-N,N-dimethyl-a-phenyleth-
lamine-C* N]-dipalladivm(11) (3)

'"H and *'P NMR determination of enantiomeric pu-
rity of 1: 15mg (0.025mmol) of [Pd,CL.U(R)-0-
C.H CHMeNMe,),] and 16 mg (0.025 mmol, 1equiv.)
of S«{—)1 or R{+)1 were dissolved in 3ml of
CDCl,. The solution was then filtered through Celite.

R,R,R<3). "H NMR (CDCl,): 5= 1.80ppm (6H. d,
*J(H.H) = 6.0Hz, CHCH,), 2.74ppm (6H, s, NCH,),
2.97ppm (6H, s, NCH,), 3.31 ppm (2H, 1", *J(H,H)
= 14.7Hz, *{P.H) = 15.3Hz, CH,H,), 3.83 ppm (IH,
m. CHCH,). 4.02ppm (2H, “tr"", *J(H,H) = 14.7Hz,

2J(P,H) = 153Hz, CH,H,), 6.0-7.3ppm (m, 30H),
741ppm (4H, *‘w*, “J(HH) =8.0Hz, *JHH)=
7.5Hz), 7.75ppm (2H, d, “J(H,H) = 8.0Hz), 7.95ppm
(2H, d, *J(H,H) = 9.0Hz), 9.50ppm (2H, d, *J(H,H) =
8.5Hz). *'P{'H} NMR (CDCI,): &= 30.0ppm (s, 2P).

R.S,R<(3). "H NMR (CDCI,): 8= 1.90ppm (6H, d,
*J(H.H) = 6.0 Hz, CHCH,), 2.82ppm (6H, 5, NCH,),
2.88ppm (6H, s, NCH,), 3.19 ppm (2H, "™, *J(HH)
= 14.7Hz, “J(P.H) = 15.3Hz, CH_ H,), 4.34 ppm (2H,
i, 2J(HH) = 14.7Hz. *J(P.H) = I5.3Hz, CH,H,).
6.0~7.3 ppm (m, 48H), 7.55 ppm (4H, ““tr"", "J(HH) =
8.0Hz, “J(HH) = 7.5Hz), 7.73 ppm (2H, d, */(HH) =
8.0Hz), 7.91 ppm (2H, d, *J(HH) = 9.0 Hz), 9.60 ppm
(2H. d, */(H.H) = 8.5 Hz). *'P{'"H} NMR (CDCl,). 8 =
30.5ppm (s, 2P).

4.4. Preparation of diphosphine rhodium(1) complexes

A solution of 8 mg (0.03 mmol) acetylacetonatodicar-
bonyl-rhodium(I} and 1.1 equiv. of the diphosphine (1
in [*H,]-toluene; 4a in [*H,)}-methanol) in a Smm
NMR tube (equipped with a Young valve) was degassed
by three freeze~thaw cycles and afterwards purged with
syngas (H,/CO 1:1). After heating to 50°C for 2h,
NMR spectra were recorded. Alternatively an equimolar
mixture of diphosphine and Rh(CO),(acac) in an appro-
priate solvent was transferred into an evacuated auto-
clave and preformed as above. After depressurizing.
NMR and infrared spectra were recorded immediately.

5 HRh(CO),(NAPHOS). *'P{'H} NMR (C,D,): 6=
33.8ppm (d. 'J(RhP)=144Hz). 'H NMR: 8=
—9.,63ppm (dt, *J(PH) = 7Hz, 'J(Rh,H) = 2Hz, Rh-
H), 3.8 ppm (d, 2H, CH_, *J(H,H) = 12.7 Hz), 3.99 ppm
(m, 2H, CH,), 6.5-7.7 ppm {m, 28H). ""C{'H} NMR:
§=199.6ppm (**dt”’, “J(P,C)=11.3Hz, LIC.R) =
60.6 Hz, 2C, CO). "Rh{*H} NMR: 8 = —901 ppm *'P
(HMQC). IR (CHCI;, cm™'): »g, 2077 (vs), 2014
(vs); wpy_yy 1978 (st).

6 HRK(CO),(BINAS-8). *'P('"H} NMR (CD,0D):
5=347ppm (d, 'J(RhP)=152Hz). '"H NMR: 6=
—10.8ppm (dt, */(P,H) = THz, 'J(Rh,H) = 2Hz. Rh-
H), 3.8 ppm (d, 2H, CH,, *J(H,H) = 12.7Hz), 3.99 ppm
(m. ZH, CH,), 6.5-7.7ppm (m, 20H). "C{'H} NMR:
§=1992ppm (“*dt”, “J(P.C)=11.3Hz, 'H(CRh) =
61.6 Hz, 2C, CO). "*Rh(' H} NMR: 8= —920ppm *'P
(HMQO). IR (KBr, cm™'): v, 2041 (vs), 1981 (vs).

Assignments of NMR data of 5 and 6 are given in
Fig. 2.
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