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Abstract

Chelating diphosphines supported by biheteroaromatic compounds find increasing application in metal-catalyzed homogeneous catalysis.
This review describes recent development in the synthesis and characterisation of atropisomeric biheteroaromatic diphosphines and some of
their metal complexes by spectroscopic methods. The applications of the diphosphines in the asymmetric hydrogengi@amofio acid
precursors and ketones, 1,4-arylation of enones, bis-alkoxycarbonylation, Heck reaction and Diels—Alder reaction are also discussed.
© 2004 Published by Elsevier B.V.
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1. Introduction We are aware that Benincori et @] has recently published a
short review on the five-membered biheteroaromatic diphos-
The development of stereoselective organic transforma- phines, but for completeness, some of their material will be
tions mediated by the catalytic use of chiral transition-metal included here. The ligands to be discussed in this article are
complexes has been fuelled by both academic interests andisted inFig. 1
practical needs in recent decadies3]. Most chiral catalysts
are acombination of optically pure ligands and transition met-
als in different oxidation states. Often, the activity of a spe- 2. Synthesis of biheteroaromatic diphosphine ligands
cific metal species can be adjusted by varying the electronic
properties of the ligand. With regard to stereochemical con- 2.1. Synthesis of racemic biheteroaromatic diphosphine
trol, a multitude of structurally diverse phosphine ligands are dioxides
effective. Among which, the superiority ob&tropisomeric
diphosphines, such as BINAP and BIPHEMP, especially in  Earlier studies showed that rhodium and ruthenium ho-
the hydrogenation of prochiral ketonfls4], is commend-  mogenous catalysts containing pyridylphosphine were inef-
able. Despite this, modifications of the electronic properties fective in the hydrogenation of alkengg. It was considered
for these carbocyclic systems, and therefore the activity of the that the competitive coordination of the unprotected pyridyl
catalyst, are less flexible because regioselective introductiongroup to the metal center had rendered the complex coordi-
of other functional groups is not straightforward. Besides, nately saturated. Our quest in this area began with the re-
the robustness of many of these ligands or their transition alization that phosphines containing 2,6-dimethoxypyridy!
metal complexes, both well-defined and in situ generated, groups, a moiety in which the nitrogen atom was flanked by
has not been sufficiently verified in solution under ambient two methoxy groups to prevent complication arising from N-
conditions. ligation to the metal center, are effective in the Rh-catalyzed
Over the past few years, a new design concept has emergedhydrogenation of aldehydes, imines=C bond of enones
whereby biheteroaryls are utilized as supporting scaffolds for and arylacrylic acid§7—9]. The catalyst could be separated
the phosphine groups. The reasons for using heteroaromaticgrom the product by phase extraction into a concentrated
are that: (i) some sites on a given heteroarene are inherentlyaqueous solution of HCI, and the acidified catalyst could
more reactive than other positions, thus leading to more pre-be re-extracted from the aqueous solution with a water-
dictable regiospecificity, (i) heteroaromatic cycles can range immiscible organic solvent after the neutralization of the
from very electron-rich to very electron-poor, thereby flexi- HCI with an inorganic base. The activity of the recovered
bly adjusting the electron availability on the phosphorus atom rhodium—phosphine complex was proven to be intact as in-
and with the possibility of inducing extra stability on the re-  dicative in the ensuing hydrogenation reactjéh
sulting transition metal complex, and (jii) heteroarenes pos-  Emboldened by the above observations, we set out to de-
sessing basic sites may be amenable to recycling via a simplesign a family of atropisomeric diphosphine, P-Phos, whose
acidic extraction process. synthesis represents one of the two broad synthetic strate-
This article is a summary of the synthetic approach to bi- gies adopted for biheteroaromatic diphosphines. This ap-
heteroaromatic diphosphines and their transition metal com-proach involves the introduction of the phosphinoyl group
plexes, followed by their applications in asymmetric cataly- onto the heterocyclic ring before a Cu-mediated homo-
sis, with particular emphasis on the work from our laboratory. coupling process to afford the,@&ymmetric diphosphine
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Fig. 1. Various G-atropisomeric diphosphines.
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Scheme 1. Synthesis and resolution of the P-Phos family. (a)®2l, —30 to —40°C, 76%. (b) LDA, THF,—78°C, then PhPCI, —78°C, 55-95%. (c)
H»0,, acetone, 0C, 96—99%. (d) Cu, DMF, 140C, 80-85%. (e) (i) (+)-DBT or{)-DBT; (ii) fractional crystallization (iii) 10% aqueous NaOH. (f)43iH,
EtzN, toluene, 140C, 90-99%.

dioxide. The corresponding diphosphine was obtained by re-2.2. Resolution off)-biheteroaromatic diphosphines or
duction with trichlorosilane. Thus, the commercially avail- their dioxides
able 2,6-dimethoxypyriding was brominated between30
and—40°C in CCly using bromine. Regioselective lithiation No general optical resolution method is available to
of 2atthe 4-position with LDA at 78°C in THF followed by all racemic biheteroaromatic diphosphines. For reasonably
treatmentwith chlorodiarylphosphine g&;¢he oxidation of electron-rich diphosphine dioxides, resolution could be read-
which with H,O» led to the formation of the monophosphine ily achieved by fractional crystallization of the diastereomeric
oxide4. The racemic diphosphine dioxidevas obtainedvia  adducts formed from the racemic diphosphine dioxide with
Ullmann coupling o#4 (Scheme 1[10-12]. an enantiopure dibenzoyltartaric acid (DBT). The use-9f
The second approach is exemplified in the synthesis of DBT furnished the R)-isomer whereas the use of (+)-DBT
BITIANP (Scheme 2 in which the Cu-mediated homo- provided the §)-isomer for the non-benzocondensed diphos-
coupling of the heteroaromatic cycle takes place preced-phines, such as the P-Phos seri@sheme L and tetraMe-
ing the attachment of the phosphinoyl groups or phosphinyl BITIOP series, as the absolute configuration of their enan-
groups[13]. For the BITIANP type ligand, methyl groups tiomers have been experimentally corroborated by X-ray
(R=Me) were originally introduced at the indicated posi- crystallography or by inference from their CD spectra. The
tions to ensure hindered rotation about the interannular bond.opposite, however, applies to the condensed benzenoid-based
Later, it was found that the substitution is, in fact, not nec- diphosphines, such as BITIANP. The resolved, optically pure
essary as the parent compound (R =H) is configurationally diphosphine dioxide was freed via a base extraction process.
stable even at 140C in DMF solution. Subsequent reduction of the resolved diphosphine dioxides
using trichlorosilane in toluene in the presence of triethy-

R S a 5 lamine afforded the optically pure diphosphine.
J / ' An alternative procedure for the resolution of BITIANP
R has been reported by Andersen ef ], who found that the

diastereomeric phosphinimines derived from the Staudinger
reaction of a racemic mixture d?-chirogenic monophos-
phines with sulfonyl azidé were stable toward flash chro-
matography on silica gel and prolonged storage under an
ambient atmosphere. When the same method was applied
to the BITIANP racemate, the respective enantiomers were
_ . _ successfully resolved after chromatographic separati@a of
Scheme 2. Synthesis ot§-BITIANP dioxides. (a) Bg, CHCL. (b) (i) n- . .
BuLi, THF, (i) H20. (¢) (i) n-BuLi, THF, (iiy CuCly. (d) (i) n-BuLi, THF and7bfollowed by subsequent hydrolysis and then reduction

(iiy PhoPCl, (iii) H205. (€) CkSiH, E&N. (Scheme R
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(R)-BITIANP

(i) H*/H,0
R and
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(S)-BITIANP

7a 7b

Scheme 3. Resolution of+)-BITIANP via separation of diastereomeric phosphinimines.

Electron-poor diphosphines, such as BIMIPs, are not to the following discussion are shownig. 1 It is evident
amenable to the above resolutid’®]. A technique combin-  that the data follow an anticipated trend as the data should
ing kinetic resolution and fractional crystallization was called also relate to the rate of electrophilic substitution (ES) of the
forinstead16]. A quarter of amole of chiralaminopalladacy- supporting heterocycle at the position bearing the phosphinyl
cle8, the resolving agent, was reacted with a racemic mixture group[17]. Thus, BINP is the most electron-rich system (ca.
of the diphosphine to give a diastereomeric palladium com- indole displays a very fast rate of ES especially at the 3-
plex 9 with 30% de and the unreacted diphosphine with the position), followed by BITIOP and BITIANP, while BIMIP
same percentage eeqheme % Careful crystallization ofthe  isthe most electron-poor ligand. The presence ofthe electron-
latter from ethyl acetate led to the isolation of the enantiopure releasing methyl groups also enhances the electron density
(R)-(+)-BIMIP. on the heterocycle, and hence the connected diarylphosphinyl

In order to study the electronic properties of the five- group.
membered biheteroaromatic diphosphines, Sanmiewid
coworkers measured the electrochemical oxidation potentials
of the ligands using cyclic voltammetry. The measured value 3. Synthesis and characterisation of transition metal
reflects the ease of removing an electron from the phosphoruscomplexes containing a biheteroaromatic
atom. It is, therefore, obvious that more energy would be re- disphosphine
quired to dislodge an electron off an electron-poor ligand, as
reflected by a higher value Ef (V), and vice versa. Some of ~ 3.1. Rhodium complexes

these values associated with the appropriate ligands pertinent
The rhodium complexed FRh(COD)]BF4; 10-13 were

synthesized by simply stirring a solution of [Rh(CQIBF4
*)-BIMIP with the biheteroaromatic diphosphine in methanol or
dichloromethane at room temperatuBcleme 5Path A).
Diphosphine complexes of this type have been extensively
investigated and the in situ generated complexes were al-
ready effective in the asymmetric hydrogenation reactions,
therefore characterization was limited only%® NMR spec-
troscopy Table ). Chemical shifts fall within a narrow range
of 19.7-21.2 ppm. The P-Rh coupling constants of about

(+)-BIMIP Q\ 145 Hz are quite consistent for all the related complexes with
30% ee N-Me a Rh(l) atom in a square planar environment.
Pd/ Me
-§ Ph,P” PPh, 3.2. Ruthenium complexes
E N/*N—N*\N
*§ Coordination complexes of the type [RuCl(biaryl
S @ @ diphosphine)§8-arene)]Cl are well known for their effective-
ness in the asymmetric hydrogenation of functionalized ke-
Ph,P PPh, 9, 30% de . )
A _tones. The complexes cquld be gonvemently preparec_j by_mlx—
N“ N-N" N ing [RuCh(n®-arene)} with the biheteroaryl diphopshine in

a 8:1 mixture of ethanol-hexane at 50-@bfor 1-2 h accord-

ing to the method of Mashima et 4lL8] (Scheme 5Path

B). Because of the magnetic non-equivalence of the phos-
Scheme 4. Resolution of)-BIMIP. phorus atoms, two signals were displayed with a coupling
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[Rh(COD),]BF 4

[L*Rh(COD)|BF,  (Path A)

[RuX,(78-arene)],

8:1 EtOH-CgHg

AgOAc
[L*RuX(7®-arene)]X 9

L*Ru(OAc); X =Cl,| (PathB)

. - RuClLy(78-CgH R.R)-DPEN
2‘.2%?;8ﬁfé’é”?f'§—w ruchomey, ERPPEN | rucL{RR-DPENY  (Path ©)
DMF
Ru(acac); .
Zn powder L*Ru(acac), (Path D)
PACHL(RCN
| PACLROW_ipacy, 29O (Lpar,00,10T,  (Path )

Scheme 5. Synthetic methods for the transition metal complexes of biheteroaryl diphosphines.

constant of~62—63 Hz in the’lP NMR spectrum for each ~ neutral phosphorus atoms and two neutral nitrogen atoms on
of the complexes at arounti22.5-33.5 ppm for one signal  the equatorial plane, and the chloride ligands in the axial po-
ands 38.3—-40.0 ppm for the other. The analogous [Rul(biaryl Sitions. A dihedral angle of 3:2between the P-Ru—P and
diphosphine)¢®-arene)]l were also prepared by adopting N—Ru-N planes, a severely deviated N-Ru-N angle of’77.8
the same procedure. Further treatment of the cationic ruthe-(cf. 90" for a perfect octahedral complex), and an angle of
nium halide complex with silver acetate afforded the neutral 166.T formed by the twdranschlorides with the Ru-center
L*Ru(OAc), compoundl5-16. reveal that the octahedral geometry around the ruthenium
Using the same starting materials as above but perform- center is significantly distorted. Both Tol-P—Phos and DPEN
ing the reaction at 100C in DMF, complexes contain-  Chelate ligands coordinated to Ru adopt a distorted skew boat
ing a variable number of coordinated solvent molecules conformation oh-helicity. Atorsion angle of 109 %etween
were obtained as multiple phosphorus signals ranging from the least-squares planes of the two pyridyl planes and a nat-
17.7 to 69.4ppm, all appearing as doublets (37—-63Hz), ural bite angle of 94.4for P-Ru—P were observed.
were observed. These compounds can be further trans- Another Ru-complex of P-Phos was synthesized via a dif-
formed, using a Noyori procedurl9], into the six- ferent route §cheme 5Path D). In the presence of a reducing
coordinate diphosphine/diamino-Ru-complégR)-P-Phos  agent (e.g., zinc powder), ruthenium(l) complex Ru(agac)
membe}RuCh-{(R R)-DPEN} 30-32[20] by treating them which already contains the required anionic ligand, reacted
in the presence dfans(R,R)-1,2-diphenylethylene-diamine ~ With (R)-P-Phos in a non-diastereoselective fashion to yield
{(RR)DPEN}. 3P NMR spectroscopic analysis shows asin- compoundl4 as a mixture of two isomers with- or A-
glet at a chemical shift &f46.0 ppm for30, § 45.1 ppm for31 metal chirality in approximate 1:1 ratif?1]. The corre-
ands 44.4 ppm for32. The near G-molecular structure &1 sponding{(R)-BINAP}Ru(acac) synthesized by the same
(Fig. 2 was unambiguously determined by single-crystal X- method also behaves in a similar wi@]. This is to com-
ray diffractometry. The ruthenium center was ligated by two pare withthe analogous [R(R)-BINAP }(OCOCH),] com-

Table 1
The31P NMR data of biheteroaromatic diphosphines in various transition metal complexes

31p NMR § (Jin Hz)

Metal complex Metal complex 31p NMR$§ (Jin Hz)

[{(R)-P-Pho$Rh(COD)]BF; 10 21.1 (145) [(R)-P-Pho$RuCl(n8-benzene)]C26 32.4 (63), 39.5 (63)
[{(R)-Tol-P-Pho3Rh(COD)]|BR; 11 19.7 (145) {(R)-Tol-P-Pho3RuCl(n°-benzene)]CR7 31.2 (63), 38.3 (63)
[{(R-Xyl-P-PhogRh(COD)]BF 12 21.2 (145) [ (R-Xyl-P-Phog RuCl(n%-benzene)|CR8 33.5(63), 40.0 (63)
[{(S-tetraMe-BITIOP-Rh(COD)|BF, 13 20.5 (146) [(S)-tetraMe-BITIORRUCI(n%-benzene)]CR9 22.5(62), 38.7 (62)
{(R-P-Pho3Ru(acac) 14 56.6, 57.1 {(R)-P-Pho$RuChL{(RR)-DPEN)} 30 46.0
{(S-tetraMe-BITIANP}Ru(OAc), 15 60.7 {(R)-Tol-P-Pho3 RuChL{(R R)-DPEN)} 31 45.1
{(R-BITIANP}RuU(OACc), 16 59.6 {(R-Xyl-P-PhogRUCh{(RR)-DPEN)} 32 44.4
{(9-tetraMe-BITIOBRuCh(dmf), 17 53.9-69.4 (38-53) {(9-tetraMe-BITIORPdCh 33 25.7
{(S)-tetraMe-BITIANP}RuChk(dmf), 18 48.0-54.0 {(9)-tetraMe-BITIANP}PdCh 34 21.2

{(R)-BITIANP }RuCh(dmf), 19 26.5-56.5 (37-63) {(R)-BITIANP }PdCb 35 19.3
{(S-N-Me-BINP}RUCk(dmf), 20 17.7-53.4 (37-44) {(S-N-Me-BINP}PdC} 36 20.5
{(R)-N-MOM-BINP}RuCh(dmf), 21 46.0-48.0 {(R-BIMIP}PdC} 37 13
[{(9-tetraMe-BITIOR Rul(n®-p-cymene)]122 15.3 (63), 38.0 (63) {(R-Cy-BIMIP}PdC}, 38 33.1,29.8
[{(9-tetraMe-BITIANP}Rul(n®-p-cymene)]123 19.0 (58), 37.0 (58) {(R)-P-Pho3$Pd(H0),](OTf), 39 30.6
[{(9-N-Me-BINP}Rul(n®-p-cymene)]124 27.6 (40), 36.8 (40) {(R-Tol-P-Pho3Pd(H,0),](OTf)2 40 30.6
{(9-tetraMe-BITIOP.Ru(2-Me3-C3Hs), 25 36.3 K(R)-Xyl-P-PhogPd(H.O)2](OTf)2 41 32.2
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Fig. 2. X-ray structure of 31.

plex, prepared first by introducing the chiral ligand and later
the acetate anion, where theconfigured was exclusively
isolated[23]. The molecular structure of tha-isomer of

14 is shown inFig. 3 [10] The complex approaches closer
to a true octahedral geometry with a P(1)-Ru(1)-P(2) an-
gle of 93.4, an O(1)-Ru(1)-O(2) angle of 9T.4and an
0O(3)-Ru—0O(4) angle of 906Furthermore, the two pseudo-
axial phenyl groups are edge-exposed and one of the two
pseudo-equatorial phenyl groups is face-exposed with respec
to the P(1)-Ru(2)-P(2) plane.

O
Q c(s) ce6)]]
— o2n
R S
cafl G

( -
C(2! \
o
03 ‘. ‘
QA cm ()
\-—"\ e - —
o2 )
\ (1%)
\-\_
9,
C(u)
cus) ..
Cn(l6
cus
Q

Fig. 3. X-ray structure of 14.

n Chemistry Reviews 248 (2004) 2151-2164
3.3. Palladium complexes

The palladium dichlorides of the five-membered bi-
heteroaromatic diphosphines were prepared by reacting a
bis(nitrile)palladium dichloride with the appropriate diphos-
phine in dichloromethaneScheme 5Path E). They could
be used as catalyst precursors without purification; but suit-
able single crystals could be obtained by slow diffusion
of diethyl ether into the chlorinated organic solvent. This
had led to the determination of the X-ray structure of
(BITIANP)PACL 35 (Fig. 4) [13]. In this structure, two
of the diagonal P-phenyl groups are oriented almost paral-
lel to their respective proximate benzothiophene moiety ex-
hibiting a “quasi-graphitic” interaction, a phenomenon com-
monly observed with the triphenylphosphine ligafid].

The biheteroaryl torsion angle is 110.4or this com-
plex.

The microcrystalline hydratedR}-P-Phos-palladium tri-
flate complexes3941 were synthesized by first reacting
[PACR(PhCNY] with the corresponding P-Phos ligand in
toluene at 70C for 2.5h to give the chelates (P-Phos
member)PdGl (Scheme 5Path E)[25]. The latter com-
plexes, without further purification, were next treated with
2 equivalents of silver triflate in THF in the exclusion of light
at room temperature for 2 h to afford the desig8®d41. The
chemical shifts for these compounds fall within the range of
8 30.6-32.2 ppm in th'P NMR spectra. The X-ray crystal
structure of { (R)-P-Pho$Pd(H,0),](OTf),2 39was shown in
Fig. 5 The Pd atom is located on the two-fold rotation axes
and there are two independent half molecules in the crystal.
The square planar Pd complex is ligated by tRgR-Phos

{lgand in a bidentate fashion and the other two vacancies are

occupied by two water molecules icmanner. The torsion
angle of the pyridine rings of the bipyridine system in the lig-
and is 111.7(6) and the natural P-Pd-P bite angle is 91.7
The seven-membered heterometallacyclic ring involving the

3
T43

Fig. 4. X-ray structure of 35.
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R 10-13 or 26-28 R

B\ 1 atm H, ]\

AcHN CO,Me MeOH, rit, 2-18 h AcHN™* "CO,Me
(2)-configuration S/C =100

Fig. 7. Hydrogenation of-substitutedx-(acylamino)acrylate.

In the hydrogenation of tiglic acid precursdFig. 7),
the ruthenium diacetate complex of BITIANP or tetraMe-
BITIANP at SC=500 under 10atm } [13] was less
enantioselective than the corresponding BINAP complex at
S/C=160 under 4 atm K[26] while the ruthenium bis(allyl)
complex of tetraMe-BITIOP gave slightly better enantios-
election at a much lower catalyst loadin§@=3000) and
under 10 atm K [27]. The same trend was noted in the hy-
drogenation of atropic acid precursor.

4.1.2. Hydrogenation g#-substituted
a-(acylamino)acrylates

The Rh-catalyzed asymmetric hydrogenation gf-Z-
amido-3-substituted acrylic esters and acids has become an
indispensable way for access to many natural and unnatu-
. , .._ralamino acids, including bioconjugates and building blocks
(R)-P-Phos Ilga_nd ad(_)pts a skewed boat conformation with Afor drugs and natural products. Various classes of phospho-
A absolute configuration. rus ligands are suitable for this reactif8]; but that of
biaryl diphosphines are relatively less investigated. The reac-
tion involving the cationic Rh(l) complexes of P-PHi3-12
could be carried out in a variety of common organic sol-

Fig. 5. X-ray structure of 39.

4. Applications in asymmetric catalysis

4.1. Hydrogenation of prochiral substrates containing vents, although methanol was found to be the best solvent.

C=C bonds Thus, the reaction proceeded smoothly in methanol at am-
bient temperature with 1 atm initial Hpressure for 2h to

4.1.1. Hydrogenation af-substituted acrylic acids give a quantitative yield of the product with up to 94% ee for

Complex {(R)-P-Pho$Ru(acac) 14 was employed in para-substituted methyl4)-2-acetamidocinnamaté-ig. 8,

the synthesis of the nonsteroidal anti-inflammatory drug Table 2 [29].

naproxen via the hydrogenation of 2-{@ethoxy-2- [{(R-Xyl-P-PhogRh(COD)]BF 12was found to be bet-
naphthyl)propenoic acid derivatiy&l] (Fig. 6). An ee value ter than [(R)-Tol-P-Pho$Rh(COD)]BF 11 and the parent

of 95.3% for42 was obtained at OC under a 1000 psi # analogue{(R)-P-Pho$Rh(COD)]BF; 10in all the reactions
pressure in methanol after 13-18 h. A marginal improvement investigated. This is in good agreement with some of our pre-
(1—-2%) was seen when an 0.6 equivalent of phosphoric acidvious observations for BINAPOR0] and BDPAB-related
was further added to the reaction mixture. The results com-[31] bidentate ligands in Rh-catalyzed reactions—that lig-
pared favorably with the correspondirig){BINAP complex. ands bearing 3,5-xylyl groups on the phosphorus outper-

Ru(ll) cat. R?

RZ
3 E—— 3
R \/\COQW H, R \)*\002R1

MeQO

42

{(R)-P-Phos)}Ru(acac), 95.3% ee
{(R)-BINAP)}Ru(acac), 94.6% ee

tigli id )\ atropic acid
\),\COZH glic act Ph”*>CO,H

{(R)-BINAP}RU(OAC), 91% ee {(S)-BINAP}RuU(OAG), 92% ee

{(R)-BITIANP}Ru(OAc), 88% ee {(R)-BITIANP}Ru(OAc), 86% ee
{(S)-tetraMe-BITIANP}Ru(OAc), 89% ee {(S)-tetraMe-BITIANP}Ru(OAc), 90% ee
[{(S)-tetraMe-BITIANP}Rul(7®-p-cymene)]l 92% ee {(S)-tetraMe-BITIOP}Ru(2-Me-7°-C3Hs), 94% ee

{(S)-tetraMe-BITIOP}Ru(2-Me-73-C3Hs), 94% ee

Fig. 6. Hydrogenation o&-substituted acrylic acids.



2158 T.T.-L. Au-Yeung, A.S.C. Chan / Coordination Chemistry Reviews 248 (2004) 2151-2164

R' R?2 ee conv.
26 Me Et 89 85

AcHN R1 . AcHN_, R1 27 Me Et 94 100
C \[ Cat',4atmH, ° \[ 28 Me Et 97 100
Et Me 97 100

CO,R? MeOH, t,6-24h CO,R? iPr Me 97 100

S/C = 100 nPr Et 98 100

(E)-configuration t-Bu Me 99 100

R'=Me, R? = Et
10-12: 56-72% conv.; 29-41% ee

R'" R?2 ee conv.

AcHN_ _R' AcHN _, _R!

Cat*, 8 atm H, 12 Me Et 68 100
| —_ = Et Me 72 100
R20,C THF, rt, 30 h CO,R2 iPr Me 80 100

S/C =100 n-Pr Et 82 100

(2)-configuration t-Bu Me 79 100

Fig. 8. Hydrogenation of-substituted3-(acylamino)acrylate.

formed those bearing parent phenyl groups by a substantialbe effective in the asymmetric hydrogenation Bj-éthyl-
margin. 3-acetamido-2-butenoai85]. The presence of the methyl
On the contrary, the ruthenium compl@6 contain- group(s) in27 and 28 was apparently conducive to the en-
ing the parent P-Phos was the best catalyst for the hancement of reaction rate and enantioselectivity as they pro-
same hydrogenation reaction under identical conditions to moted faster reactions and optically purer products. QRher

those described above. Thetho-substituted methyl Z)- amino acid derivatives could also be obtained via enantios-
2-acetamidocinnamate gave a maximum 97% Fg. (7). elective hydrogenation of the correspondifg-g-alkyl-3-
Miyaashita et al[32,33] reported that the hydrogenation (acylamino)acrylates witB8. The resulting enantioselectivi-

of dehydroamino acid derivatives catalyzed By-BINAP- ties were in the range of 89-99% ee with ee increasing as the
Ru(ll) system led to the production of the hydrogenated prod- steric bulk of the3-position increasedg. 8). However, the

uct in 79-92% ee with arR)-configuration whereaq (R)- [L*Rh(COD)]BF4 catalyst systerh0-12of the P-Phos series

BINAP}Rh(CH;OH)2]ClO4 exhibited an opposite sense of worked much less efficiently. Interestingly though, the hydro-

stereoinduction. Thus, it is intriguing that the use of the same genation products catalyzed by the Rh- and Ru-complexes
(R)-configured P-Phos in either the Rh(l)- or the Ru(ll)- with the same chiral ligand were found to be of opposite con-

system gave products of the same absolute configuration figuration, in agreement with the observation by Lubell et al.

However, the origin of this incongruity with the BINAP case [36].

is not understood. For a comparison, theZj-isomer was also hydrogenated
with the Rh- and Ru-catalysts. The catalytic activity was
4.1.3. Hydrogenation qi-substituted strongly affected by the reaction solvent. For instance, the

B-(acylamino)acrylate hydrogenation of theZ)-isomer using28 was not at all ac-

Lately, the development of various methods to synthesize {ive in aprotic solvents such as THF and £, but quan-
chiral-amino acids have received considerable interest from titative conversion was observed in MeOH albeit with low
researchers due to their special structural properties, pharma€®- In contrast, the Rh catalysg was much more active
cological activities, and usefulness as building blocks for the in THF coverting £)-B-alkyl-B-(acylamino)acrylates to the
synthesis of numerous biologically active compounds such correspondings-amino acid derivatives under 8 atm hydro-
asp-lactams an@-peptideg34]. As such, thel[ *RuCl(n®- gen pressure and at ambient temperature. Nevertheless, the

CsHe)]CI catalyst system of the P-Phos series was found to enantioselectivity was only moderate (68-82% ee).

Table 2
Enantioselective hydrogenation @fsubstitutedx-(acylamino)acrylate
Catalyst R, ee (%)
Ph 2-CIPh 3-CIPh 4-CIPh 4-MePh 4-OMePh 1-Naphthyl
10 38 - - - - -
11 462 - - - - -
12 90 92 93 93 94 94
26 90 97 91 94 91 90
27 85 95 86 84 83 81
28 7P 92 82 81 74 76
13 94 944

2 70% conversion.

b 64% conversion.

¢ Hydrogenation of the acid in EtOFSI(C =90, 3 atm H) instead of the methyl ester.
d Reaction in THF/MeOHS/C =80, 20 atm H.
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4.2. Hydrogenation of simple and functionalized ketones  tion, without prior degassing and pre-drying, was exposed to
air for 10 h before charging hydrogen into the system, both

4.2.1. Hydrogenation gi-ketoesters the activity (100% conversion) and enantioselectivitp6%

Optically pure-hydroxy carboxylic esters are an impor- ee for both catalysts) were essentially unchanged in the hy-
tant class of intermediates for the synthesis of many bioactive drogenation of the prescursor ketoested8f Although lit-
or natural compounds. The first efficient asymmetric catalytic tle change in activity was noted fof (R)-BINAP}RuCI(n°®-
transformation of th@-ketoesters to thg-hydroxy estersvia ~ CgHg)]Cl under the same conditions, a sharp decrease in ee
transition metal complexes in homogeneous hydrogenationfrom 92 to 66% was observed.
reaction was demonstrated by Noyori effal] utilizing the We also attempted to recycle the catalyst by passing
BINAP/Ru(ll) system. Following this success, various ruthe- the reaction mixture through a silica gel-based cation ex-
nium(ll) complexes of the five-membered biheteroaromatic change column. Both{[R)-P-Pho$RuCI(nG-CGHg)]CI and
diphosphine series and the P-Phos family were found to be[{(R)-BINAP}RuUCI (n®-CsHg)]Cl could be recovered by this
well-suited also for this transformation, achieving enantios- method. In the hydrogenation of methyl acetoacetate, the P-
electivity of up to 99% ee with the use of Tol-P-Plb§] Phos catalyst gave 99% ee in the initial run and BINAP gave
and the BITIANP family[13] (Fig. 9). The useful pharma-  98% ee. While the recovered catalysts were equally active
ceutical intermediate §-3-hydroxy-3-phenyl propionat3 after three recycling processes, the enantioselectivity of the
[38], was synthesized previously via hydrogenation with the BINAP system dropped much more rapidly than the P-Phos
BINAP/Ru(ll) system with unsatisfactory enantiopurity (ca. counterparf40] (Fig. 10. These experiments serve to high-
85% ee]37]. With a switch to the use of the P-Phos members, light the merits, namely recyclizability and air-stability, of
the compound was obtained in far better ee’s. P-Phos from an industrial perspective.

While enantioselectivity is a major concern in asymmetric
synthesis, the demonstration of high substrate-to-catalyst ra-4.2.2. Hydrogenation of simple ketones
tio with consistently high enantioselectivity is an important Among the most sought after chiral intermediates are sim-
measure of the commercial feasibility of a reaction. Using ple chiral secondary alcohols. A number of methods em-
[(P-Phos member)RuG{f-CsHg)]Cl and at a catalyst load-  ploying organometallic reagents have been developed for this
ing of 7500:1,43 was obtained after 15 h with only slight purpose[41,42) but none live up to the expectations of in-
reduction in enantioselectivity on a 30 g scdl2]. However, dustrial requirements because sub-stoichiometric amount of
under these conditions, marked differences in the reactiv- ligands are often used. In another development, frustrations
ity of the catalyst were observed, with Xyl-P—Phos impart- were frequently met in attempts to achieve high enantiose-
ing the best activity (98% conversion) when compared with |ectivities in the hydrogenation of simple ketones due to the
Tol-P—Phos and P-Phos (90 and 84% conversion, respectack of a contiguous ancillary chelating group in the sub-
tively). This observation is in good agreement with that of strate. An important breakthrough had appeared in recent
the Sannica group where electron-rich biaryl diphosphine years when the Noyori group unveiled complexes of the type
enhances catalyst activif$9]. RuCh(diphosphine)(diamine34 [43], coupled with a cat-

Another critical issue is the stability of the metal phos- alytic amount of a strong base, can efficiently hydrogenate
phine catalyst under a normal atmosphere since many of thea diverse array of unfunctionalized simple ketones with a
existing systems are sensitive to air in solution, and exposuresubstrate-to-catalyst ratio of over two million, and yet, re-
to only trace amounts of air may seriously hamper its activ- taining high stereoselectivity. The best catalyst was found
ity and enantioselectivity. The rigorous degassing of reaction to betransRuCh{(S-Xyl-BINAP) }{(S)-DAIPEN)}. While
systems using nitrogen gas is essential to keep the activi-the optimal P-Ar substituent (compl@2) was still the 3,5-
ties of many catalysts alive, which makes industrial applica- xylyl group in our P-Phos cad&9,44], a much cheaper di-
tions more difficult. We are therefore delighted to learn that amine rans-1,2-diphenylethylenediamine, DPEN) was suf-
when [{ (R)-Tol-P-Pho$RuClm8-CgHe)ICI 27 or [{ (R)-Xyl- ficient to attain extremely high enantioinduction, thereby ob-
P-Pho$RuCl(n°-CsHe)ICI 28in a 1:1 EtOH:CHCI; solu- viating the use of the exotic DAIPEN diamine. Excellent

o O OH O

L*/Ru(ll)
R\)\/U\ORZ . R‘MORZ

Hy
OH O OH O OH O OH O

Me™* OCH,Ph  CIH,C™* OEt Me™* OEt Ph™~ “OEt
43

(S)-P-Phos 96.6% ee 98.0% ee 98.6% ee 95.2% ee (85.0% ee)’
(90.6% ee)®
(R)-Tol-P-Phos 98.2% ee 97.9% ee 96.2% ee (92.0% eef
(91.3% ee)d
(R)-Xyl-P-Phos 96.6% ee 94.8% ee 97.1% ee 96.5% ee (93.2% eep
(-)-BITINAP 99.0% ee
(+)-tetraMe-BITIANP 99.0% ee o
(#)-tetraMe-BITIOP 98.0% ee 83:842 P
(-)-N-Me-BINP 95.0% ee 93.0% ee

2 Result obtained with (BINAP)RuBr,(dmf),. ® At S/C = 7500 with 84% conv. ¢ Result obtained from the analogous BINAP/Ru(ll) complex under the same conditions. ¢ At S/C = 7500 with 90% conv. © At S/C = 7500 with 90% conv

Fig. 9. Hydrogenation of-ketoesters.
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—— P-Phos
—— BINAP

%ee

85 5 T 1
R1 R2 R3 R4

Number of Runs

Fig. 10. Recycling experiments using){P-Phos andR)-BINAP in the Ru-catalyzed hydrogention of methyl acetoacetate.

ee’s have been obtained for the hydrogenation of a variety of found that §)-P-Phos is an alternative outstanding chiral
Ar-substituted acetophenondS§, heteroaryl methyl ketones  ligand for the Rh(l)-catalyzed 1,4-addition of arylboronic
46 and aryl cyclopropyl ketone47 with up to >99.0% ee  acids to an assortment of cyclic and acyclic enofég. (12
atS§/C=100,000 Fig. 11). As for unsymmetrical benzophe- [46]. Thus, at 100C in a 20:1-10:1 mixture of diox-
nonesA8-50, the position of the substituent has an enormous ane/water and in the presence of 3 mol% of the P-Phos/Rh(l)
effect on enantioselectivit@rtho-substituent on the benzene catalyst and 1.4-5.0 equivalents of the organoboron reagent,
ring usually provides enough steric bias for excellent stere- o-, m- and p-substituted aryl groups were successfully
ocontrol. Howevermeta or para-groups are too distant to  introduced at theB-position of an enone in remarkable
exert significant stereodiscrimination, resulting in extremely yields and ee’s up to 99% (Fig. 13). Apart from obtaining
low to moderate ee. In addition, a profound electronic ef- comparable results, the P-Phos/Rh(l) catalyst system had
fect was observed f@0. When R in50was a normal methyl  overcome some of the problems that were encountered by
group, ee of just 3.9% was resulted; whereas when this methylthe analogous BINAP/Rh(l) system. For example, while
group was fully fluorinated, the ee rose up to 77.2%. either no or low yields were obtained f&2, 55, 57 and

59 using the BINAP system, the P-Phos system remained
highly active providing the addition products in excellent

4.3. C-C bond-forming reactions X . L
g yields and enantioselectivities.

4.3.1. 1,4-Addition of arylboronic acids to

a,B-unsaturated ketones 4.3.2. Bis-alkoxycarbonylation of styrene
Enantioselective Rh-catalyze@-arylation of «,3- Pd-catalyzed bis-alkoxycarbonylation of olefins was re-
unsaturated compounds, particularly with BINAP, has ported by Heck back in the early 197R&]. To achieve an
enjoyed great success within the last several ygik We asymmetric version of this type of multiple carbonylation of
o {(R)-Xyl-P-Phos}RUCL{(R,R)-DPEN} OH R' H,Cl
- Pe N T . p
R'7OR? KOBUY, i-PrOH, H, RI™R? R2 N,R"u\PD
R® H,Cl a4
OH OH OH (diphosphine)RuCl,(diamine) complex
Xy * X7+
R-T R-T
45 46 47
93.3->99.9% ee 97.0 - 99.0% ee 92.0-97.6% ee
O NH,
MeO NH .
OH R OH OH e O 2 © NH,
Me
R
48 49 50 (S)-DAIPEN (R,R)-DPEN

95.9-97.6% ee 43.2% ee 3.9-772% ee

Fig. 11. Hydrogenation of simple ketones.
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o (S)-P-Phos/[(C,H,),Rh(acac)] Ar O

AB(OH), +
R/\)LR' H,O/dioxane, 4-5 h R)‘\/U\R'

o 0 0 o o
F 7 CF, Me ZoMe
51 52 53

54 55
99% vyield 97% yield 97% vyield 99% yield 90% yield
98% ee 96% ee 99% ee 99% ee 99% ee
o
(e} (e} (e} o
OMe
OMe N\ d
Ph .
Ph i-Pr Ph n-
Ph Pent
56 57 58 59 60 61Y!
95% yield 44% yield 89% vyield 88% yield 90% yield 86% yield
99% ee 99% ee 97% ee 98% ee 90% ee 96% ee

Fig. 12. Eanantioselective 1,4-addition of arylboronic acids,gpunsaturated ketones.

olefins remains a formidable challenge, the successful devel-four times higher than that of the most electron-rich BITIOP

opment of which may open up an excellent opportunity for among the tested ligands. In addition, BITIANP produced

the synthesis of optically active butanedioic acid derivatives. 62aas the exclusive product, but BINAP and BITIOP showed

These are important intermediates for certain pharmaceuti-a somehow less effective regiocontrol, giviégb as a side

cals[48], building blocks for renin inhibitor§49] and chiral product with low ee value. Exhibiting good enantioselectivity

polyketoneg50,51] In this regard, we used 0.8 mol% of the in the preliminary study, the use of the kinetically efficient

Pd-complexe89-41to catalyze the bis-alkoxycarbonylation BITIANP further led to a variety of chiral Heck products with

of styrene in methanol in the presence of 2 equivalents of anup to 96% ee and 93% yield.

oxidant (benzoquinone) at an initial CO pressure of 125bar  With a view to synthesize non-racemic benzazepines via

(Scheme B[25]. Apart from the desired product dimethyl- an intramolecular Heck reaction, BITIANP and BITIOP

2-phenylsuccinate (DMPS), the reaction also produced by- were again employed along with the standard ligands MeO-

products methyl cinnamate (MC), methyl phenylpropionates BIPHEP and BINAH53] (Scheme 8 Contrary to the fore-

(MP) and some unidentified oligomeric compounds. It was going Heck case, BITIOP displayed a much better stereose-

found that complete conversion was difficult to achieve, rang- lectivity (92%) and chemoselectivity giving3b as the sole

ing only between 56 and 67%. It was interesting to note that product, whereas the rest of the other ligands tested@éfzae

all three ligands showed the same level of stereoinduction.in variably low yields and3b with poor ee’s.

The best chemoselectivity being 76% was attained by using  Although the relatively electron-pooR)-BITIANP gave

39. rise to the most active catalysts in the above cases, there is
no clear relationship between enantioselectivity and kinetic
efficiency.

4.3.3. Heck reaction

In the intermolecular asymmetric Heck reaction between

dihydrofuran and aryltriflate or alkenyltriflatess¢heme y 4.3.4. Diels—Alder reaction

[52], Tietze found that the reaction proceeded at a rate de- Early reservation for the use ob&liphosphines in com-

pending upon the electronic property of the diphosphine. The bination with a transition metal is probably a repercus-

relatively electron-deficient BITIANP promoted the reaction sion of an early report in which DIOP and CHIRAPHOS

with a rate comparable to that of BINAP and a rate almost showed only poor to mediocre enantioinduction in the Ru(ll)-

MeQ,C Ph Ph
L*/Pd(OTf),, CO (125 bar), o Ph \
Ph/\ 2 equiv. benzoquinone + / + + \> |
MeOH Ph MeO,C /
CO,Me CO,Me
S/C = 125,50°C, 20 h MeO,C 2 2
DMPS MC MP
* = (R)-P-Phos 47 6% (83% ee) 13.4% 1.8%
L* = (R)-Tol-P-Phos 30.1% (82% ee) 13.9% 2.6%
L* = (R)-Xyl-P-Phos 23.5% (82% ee)  15.7% 1.0%

Scheme 6. Asymmetric bis-alkoxycarbonylation of styrene.
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Pd,dbaydba, L*,

oL , /@/Oﬁ base,DMF,00°C "~ | o "\ o
o =7 ") ="

62a 62b
Yield (%) ee (%)

L* R t(h) 62a 62b 62a 62b
(R)-BINAP H 18 58 20 42 33
(S)-tetraMe-BITIOP? H 72 73 12 4 0
(R)-BITIANP - H 18 84 - 91 -
(R)-BITIANP Cl, OMe, CN, COMe 18-24 84-93 90-96°

@ Reaction in benzene at 70 °C.  Only 62a was detected. ° Ee for 62a.

Pd,dbasdba,
(R)-BITIANP, PS,

= oTt DMF, 90 °C Y
o o Q
\/

76% yield, 86% ee

Scheme 7. Asymmetric intermolecular Heck reaction.

Meom o  PddbagCHCIs, L*, MeO N%O MeO._~ o
AgsPO,, DMF, 80 °C
N_/< - = MeO _/ CFy + | N
MeO b CFs . Me0” N/ CFs
| A
™S ™S
63a

63b

Yield (%) _ee(%

L* t(hy 63a 63b 63a 63b
PPh3? 6 4 70
(R)-BINAP 40 7 72 18 64
(R)-MeO-BIPHEP 65 15 42 5 25
(R)-BITIANP 19 2 42 - 20
(S)-tetraMe-BITIOP 58 - 7 - 92

2 Pd(OAc),, KOAc and PryNBr were used instead of Pdydbas.CHCI3 and AgsPO,.

Scheme 8. Enantioselective synthesis of benzazepines via intramolecular Heck reaction.

catalyzed hetero-Diels—Alder reactifBv]. Apparently, the

. . . . . L*/Pd(ClOy),,
choice of the transition metal and ligand is critical. Follow- j\ j’v . CHoCly, 40 °C ﬁ% o Lbi 0
ing recent successful work on the catalytic BINAP/Pd(Il)- <o~ "N \/ A NA
/ 07 'N™ g o}
L s

and Pt(ll)-promoted Diels—Alder reactiofd5], the San-
nicold group utilized the palladium(ll) (perchlorate) com-

endo

exo

plexes of their biheteroaromatic diphosphine complexes in Scheme 9. Pd-catalyzed asymmetric Diels—Alder reaction.

the cycloaddition ofN-acryloyl-1,3-oxazolidin-2-one with

cyclopentadiene, obtained by thermal retro-Diels—Alder re- reaction. Thus, high endo-to-exo selectivity and enantiose-
action, in dichloromethaneS¢cheme P [56]. Carrying out lectivity were achieved at40°C with further improvement
the reaction at low temperatures was essential in order toat —60°C but at the sacrifice of ratd4ble 3. It was dis-
slow down the competitive, non-stereoselective background covered that the electron-poor phosphorus ligands, such as

Table 3

Asymmetric Diels—Alder reaction catalyzed by biheteroaryl diphosphine-palladium complexes

L* E° (V) Time (h) Conv. (%) de (98 ee (%
(—)-R-BIMIP 1.15 40 60 59 48
(+)-Cy-BIMIP 1.00 110 50 85 20
(—)-SBITIANP 0.83 15 100 82 72
(+)-R-BINAP 0.63 15 100 86 (90) 89 (99.7%
(+)-StetraMe-BITIOP 0.57 15 100 81 (84) 90 (94f
(—)-SN-Me-2-BINP 0.52 15 100 87 (92) 91 (96f

2 The endo-isomer was the major product.

b Enantiomeric excesses were determined by chiral HPLC (chiralcel OD; eluant: hisggmepanol, 85:15.
¢ Reaction at-60°C.
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