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m A rhodium complex of a boron analog of DIOP, 
tailored bimetallic catalyst possessing dual functions, is 
hydrogenation and hydrosilylation. 

which is a model for a 
an active catalyst for 

Recently we described the synthesis of hydroxy NORPHOS 1, with the aim of 
using the hydroxyl group for the introduction of a Lewis acid while the diphosphine 
system is bonded to a soft metal such as rhodiums. Our intention is to prepare dual 
chiral ligands for achieving asymmetric catalysis with substrate specificity and 
increased enantioseleotivity, thanks to a secondary interaction between chiral 
ligands and substrates? Thus, a proohiral s-rate (a C-C double bond for example) 
with a distant basic funotion (ether, carbonyl group, etc...) should be able to interact 
with the tailored ligand not only at the catalytic center but also with the pendant 
Lewis aoid (as in A). We wish to present a first example of a chiral bimetallic 
catalyst 6 based on an analog of (R,R)-DRIP 26, namely boron compound 4 as 
illustrated in Scheme 17. 
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Acidic hydrofysis of MOP 2 with aqueous HCUMeOH gave 3, using the conditions 
descritW by Sfflle et air. This procedure is qulW simple, but provides a diphosphine 
whiih is always contaminated with wnsicierable amounts of oxidation products. The 
yield of pure compound &r mcryatalliition was quite low. An improved prooedun 
utilizing a catdytii amount of methanesulfonic acid was devised which gave after 
flash chromatography, (R,R)-3 as a crystalline compound [mp4244°C, [ulo--3S.8 

(c-1, WC&B)]. Thii d@hosphine haa ako been prepared by the method of Znang et a@. 
by double nucbophflic ring-openlng of (R.R)-f&diipoxybutane by LiPPh2. 

The preparation of the boron analog of MOP was easily achiewd by mixing 

(R,R)J with diibmphenyboron in diohbromethane at -78%. Dlphoephine (R,R)-I 
(mp-12%122% Ic++&~ (c-1, CHCb)) was iaolatid In 87%. Thii coqaound has 
bsen fully ohamcterized, indudlng 1 H, 31 P and 1% NMR. t gives a c&ionic rhodium 
complex 6, when treated with (RhCIC00)3 and NH4P Fs In a mixture of 
diiloromethane and water. The rho&m complex 6, [Rh(COD),rL]PF~ was isolated In 
good yleki after waporatbn of the organ& phDse and ohanrctsriced by If-f, 3tP and 
1% NMR. An k silu neutral complex, formulated as ~hC\(COD),41 has been prepared 
by mixlng (RhCICOD)n with two equivalents of 4 In methanol or dbhbromethane. 
Thii complex was U& dii in ddysis. A catIonic rhodium complex 8 derived 
from diiydroxydlphosphlne 3 was also prepared In a shnllar manner. 
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Catalytk properties 

The catalytic properties of the rhodium complexes derived from boron 
diphosphine 4 were examined under standard conditions with both the h situ neutral 
complex [RhCl(COD),4] and the cationic complex [Fth(COD),4]PFe (Scheme II). 
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Results on the hydrogenation of N-aoetyl dehydrophenylalanine and its methyl ester 

am indicated in Table 1, which also includes for comparison data obtained with the 



corresponding DIOP complex and with the complex 5 derived from the open 
diphosphine 3. 

Table 1. Asymmetric hydrogenation of 
phenylrlenlne 

N-acetyl 
(7) 

dehydro 
and the methyl ester of 

dehydrophenylalrnlne (8). 
N-acetyl 

Entry Ligands Substrate Solvent Yield (%)b 6e 
(time) (%)cld 

1e 2f 7 100 (3 h) 81 .O 
20 3f 7 Ef.W 109 (> 10 h) 38.8 
30 30 7 100 (> 8 h) 38.8 

4s af 7 97 (> 4 h) 29.0 
59 4f 7 100 (3 h) 73.0 
8e 4Q 7 100 (4 h) 51.3 

79 2f 8 WCH 100 (5 min) 88.9 
8e 2Q 8 100 71.3h 
9’ 2f 8 cc4 0 (18 h) 

101 2f 8 THF 88 (18 h) 38.0 

111 2f 8 CH2Ci2 100 (18 h) 29.4 

12’ 2Q 8 CH2Ci2 100 (18 h) 58.0 
139 20 8 CH2Ci2 100 (3 h) 78.2 

14e 3f 8 100 (> 7 h) 38.0 
15i 30 8 CH2Ci2 100 (23 h) 20.0 
188 30 8 CH2Ci2 100 (3 h) 30.0 
178 4f 8 100 (0.5 h) 87.0 
181 4Q 8 CHsCi2 100 (20 h) 48.4 

19e 4a 8 Ci-bCi7 100 (0.5 h) 73.0 

a (88) conftguratbn. hDetemrined by 1H NMR. c Meaeumd cn the ctuk product: QC wfth chiral columns for 
N-acetyi phenylalanine 0 after enterlficatbn with dbzonwthane and for methyl ester of N-aoetyl 

phenylalsnlne 10 with XE (IO-L-valine tert-butylamide, 150 *C. d conflguratbn (8). e p-l bar, T-25%. 

(Rh]=5x10-5 M, [Substratey[Rh]-50. f Neutral catalyst: prepared /n sttu from (RhCICOD)2 and 

dlphwphlne. 0 Catbnb oata@ prepared aa deeorbed In the experimental sectbn. h - ref. 10. i p-10 

bar, T-25%. [Rh]=SxlO-5 M, [Substratey[Rh]=SO. 

It is satisfying to see that the boron analog of DIOP produoes oataiytioaiiy 
active complexes for hydrogenation. Moreover, it consistently gives higher 
enantioseiectivities than the acyclic diphosphine (F&R)-3 (compare entries 5 and 4). 
it is slightly less stereoselective than (RR)-DIOP itself, but the absolute 
configurations of products are the same with the both iigands. 

Asymmetric hydrogenations are usually performed in alcohols (ethanol or 
methanol) or in solvent mixtures including an alcohol. Reactions in aprotic solvents 



or in solvents of low basiofty were sought in order to give to the boron site a better 
chance to provide a secondary interaotion with the substrate. We were pleased to 
see that catalytic hydrogenation is indeed possible in diohbromethane, toiuene or 
THF (entries S-19). 

The asymmetric hydrogenation and hydrosiiyiation, respectively, of ketones 
was also investigated (Table 2 and Table 3). Markc et al. showed that acetophertone 
can be reduced to 1-phenyi-ethane-l-cl with 88’s up to 80% by rhodium/DiOP 
complex in presence of a bass (entries l-3, Table 2)11-1s. 

Table 2. Asymmetric hydrogenation of acetophenone (1 l), ethyl 
pyruvate (13) and ketopantolactone (20). 

Entry Ligand Substrate Solvent Yield (%)a 6e 

lo (S,S)-2d 11 39 (100 h) 51 .o 
2s (S,S)-2d 11 14 (8 h) 53 
3f (S,S)-2d 11 84 (8 h) 80 
49 (R,R)-3d 11 75 (7 d) 3 
59 (R,R)Qd 11 41 (5 d) 3.8 
8” (R,R)-2d MeCOC02Me W 95 (90 h) 18.2 (R) 
7” (R,R)-2d MeCOC02Me MF 99 (20 h) 41.2 (R) 
8’ (S,S)-2d 13 MeCH/PhCi+ 100 24.0 (S) 
91 (S,S)-2k 13 CH2Ci2 97 (3 d) 38.8 (R) 
101 (S,S)-2d 13 THF 100 (2 d) 38.2 (S) 
11 I (R,R)-3d 13 MeWPhCH9 100 (3 d) 23.4 (R) 
121 (R,R)-3“ 13 CH2Ci2 99 (3 d) 21.7 (S) 
131 (R,R)-3” 13 THF 100 (3d) 34.9 (R) 
14] (R,R)W’ 13 MsWPhCFi9 92 (4 d) 15.7 (R) 
151 (R,R)-4“ 13 CH2Cl2 95 (3 d) 0.8 (S) 
181 (R,R)+’ 13 MF 100 (3 d) 32.0 (R) 
17’ (s,s)-2d 20 THF 100 52.0 (S) 
18m (R,R)-3d 20 lHF 80 (3 d) 51.9 (R) 
19m (R,R)-4d 20 MF 100 (3d) 54.3 (R) 

aDeterminedbygconWeaudoproducfb~~onthecrudeproductbygcvrllhdriralcolumns:l- 
phenyt-ethane-l-al 12, ethyl lactab 15 and penloisztons 21 with 5uin Cycbdex IP st 19W& 1WO snd 
1~ respecthre~y. o ~-SO bar, T-S, ref. I 1. d ~9s~ for the neti cstsfysu pepa~ in suu hum 

(RhCICOD)9 and d@hosPhlne. s p-70 bar, T-!WC, NEQ, ref. 12 r p-70 bar. Tm, NE@, ref. 18.9 
~-50 bar, T-29°C, fRhl-2.8xl~ M, [SubstmteMRh]-170. h p.sOtw, T-25%. ref. 14. ' p-20 bar, 
T-WC. ref. 15. ] ~-20 bsr, T-2S’c. [Rhl=2SxlO~ M, [8ubstratey[Rh]l50. k Ugand for the catknk 

cntalyst:prepared as desubed in the experimental sectkn.tp-50 bar.T&0%.ref.l6.m pabar, 

T-50%. [Rhl-2.6x1 O-9 M, [Substratey[Rh]-loo. 



Rhodium complexes 5 and 6 are much less efficient (entries 4 and 5, Table 2). 
Asymmetric reduction of methyl or ethyl pyruvate in presence of rhodium/DIOP 
complexes has been also described (entries 6-8. Table 2)14*1a with w’s up to 40%. 
The behavior of wmplexes 5 and 6 in various aprotic solvents was checked (entries 
12, 13, 15 and 16 in Table 2), 88’s remained low (~35%). Interestingly, the use of 
dlchloromethane gives the opposite configuration of the product, compared to 
reaction performed in THF or methanol (for example entries 9, 10 and 12, 13 in 
Table 2). Ketopantolactone 20 was also reduced in presence of a rhodium/DlOP 
catalystls. The use of complexes 5 and 9 with this substrate gives similar results 
to the DIOP catalyst (entries 17-19, Table 2) 

Table 3. AsymmetrIc hydrorilylation of ketone8 with dlphenylrllano 
Entry Ligand Substrate Solvent Yiiid (%)a 6e 

(time) (%lb 
1c (S,S)-2 1 1 99 (24 h) 28.5 (R) 

2d (S,S)-2 1 1 P; 90 (3 h) 29.8 (S) 

3d (RR)-3 11 PhCHs 63 (2 h) 13.7 (R) 
4o (S,S)-4 1 l Pha 93 (1.5 h) 21.0 (S) 

5s (S,S)-2 14 PM-I 82 79.5 (S) 
sd (S,S)-2 14 PKl-l3 85 (8 d) 32.0 (S) 
7d (R,R)-3 1 4 PhM 98 (8 d) 10.1 (R) 
8d (R,R)4 14 PhClia 100 (7 d) 10.4 (R) 

9e (S,S)-2 17 PlH 100 38.1 (S) 
10f (S,S)-2 1 7 PhQ+ 98 31.9 (S) 

llf (R,R)-3 17 Phm 100 7.3 (R) 
12f (S,S)-4 17 PhCHs 100 18.9 (S) 

a petwmlned hy gc on we crude product. bMeawredonLeaudeproductbygcwithchbalcolumns:t- 

phenyl-elhane-l-01 12 with 50m Cydodew IP. n-propyl lactate 15 with 25m Upodex E and 4-methyly 

butyrolactone 12 with 5Om Upodex C. C ret. 17. d T-25%, [Rh]9.3xlO-3 M, [SubstrateV[Rhl-500, 

[8llene]l[8ubstrate]-1 .l. eRef.18. fIRhI=5.5x1 O-3Y, [Substrate]/[Rh]=300. [8llaneM8ubstratel-1 .l . 

We are cutfpntly studying the asymmetric hydrogenation of bifunctional 
substrates with vmabls distances between the prochiral double bond and a basic 

group1 s, with tihe hope to see enhanced reactivity and stereoselectivity for 
substrates able to mteract at both rhodium and boron. 
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General Data: All reactions were performed under argon, using conventional 
Schlenk techniques cwning to the asnsitivlty ot compounds to oxygen. Solvents were 
purified and dried by standard techniques. All glassware used was oven dried. 1 H, 
31 P, lsC and 116 NMR were recorded on a Bruker AM 250 instrument operating at 
250, 101, 83 and 80 MHz respectively. Chemical shifts are reported in ppm 
downfield from internal TMS (1 H and 13C), external 85% Hap04 (91P) and external 
BFe-Et20 (11 B). Mass spectra (chemical ionleation by NHe) were obtained with a 
Riber Mag RlO-10 instrument. Elemental analysis were performed by the Service de 
Microanalyse, Glf-sur-Yvette, France. GC analysis of chiral products were performed 
at Restock on a HP 5890 Series II gas chmmatcgraph. IR spectra were recorded on a 
Perkin Elmer 88 instrument. Substrates for catalytic reactions were synthesized by 
known methods or purchased by commercial suppliers. A conventional apparatus for 
hydrogenation under atmospheric pressure was used. Hydmgenations under lo-50 
bar pressure were performed in a 50 mL autoclave. 

(-)-(R,R)-2,3-dlhydroxy-l,4-bls(dlphenylphosphino)-butans [(-)-31 
(R,R)-DIOP (-)-2 (1.7 g, 3.4 mmol), methanol (50 mL), water (5.8 mL) and 

methanesulfonic acid (85 mL) were refluxed for 4 h under argon. The solution was 
cooled to room temperature and the solvent was removed under reduced pressure. 
The white foamy residue was purified by flash chromatography utilizing a mixture 
of CHpClp/ethyl acetate (9/l) as eluent to yield 3 (1.42 g, 71%): mp. 92-94 “C. [alp- 
-35.8 (C 1, CHCl3) [lit: mp. 99-lOO”C, [alp- 84.2 (c 0.78, CHCl3)]9.1H NMR (5, CDCls): 
7.42-7.10 (m. 20H, ammat), 3.85 (m, 2H). 2.35 (d, 4H, J9~15.0 Hz). 2.20 (s, 2H, 
exchange with DsO): tsC NMR (5, CDCls): 1335128.0 (ammat), 72.0 (q, CH, 2Jcp_14.8 
Hz, 3Jcp18.3 Hz), 33.7 (d, C&, tJcp_13.2 Hz); 3tP NMR (5, CDCls): -23.0 (s, 2P). IR 

(KBr): 3377, 2925, 1839, 1433, 998, 738, 894, 552, 505, 380 cm-t. Mass Spectrum, 
m/8 (lonkelatlve intensity): 48O(MH++1;25.0) 459(MH+;78.4) 273(10.5) 202(15.4) 
188(15.4) 187(100). klal. Calcd. for C28H2802P2: C, 73.35; H, 8.11; P, 13.64; 0, 8.88.‘ 
Found: C, 73.70; H, 8.20; P, 13.15; 0, 8.80. 

(+)-(S,S)-2,3-dlhydroxy-l,4-bis(diphsnylphosphlno)-butane I(+)-31 
The prOcedure described for (-)-3 was applied: mp. 9598OC. [alp- +32.0 (o 1, 
CHCls). 

(+)-(R,R)-2,8-O-phenylboron-dihydroxy-l,4-bls(dlphenylphosphln~ 
butane [(+)-4]. In a Schlenck tube was placed (1)-3 (194 mg, 0.42 mmol) In CH2Cl2 
(10 ml) and cooled at -78’C. To this solution was transferred dmpWi8e with 
stlrrlng PhBCl9 (58 PL, 0.43 mmol) in CH2Cl2 (5 ml), which had been cooled in 
another Schlenck tube alac at - 78°C. The mixture was stirred for 45 min at -78 “C. 



ABoRNaRaaL 

Stirring was continued for 2 h after warming up to room temperature. The solvent 

and the formed HCI were evaporated under vacuum. The resulting product was 

washed with hexane and dried to give 4 (166 mg, 87%) as a white solid: mp. 121- 
122OC. [a]~- 3.8 (0 1, CHCls). ‘H NMR (8, CDCls): 7.80-7.20 (m, 25H, aromat), 4.51 (q, 

2H), 2.52 (AB, 4H, JAx-5.7 Hz, J8x-6.3 Hz, JAB-18.8 Hz): ‘sC NMR (8, CDCB): 136.0- 

127.6 (aromat), 81.5 (q, CH, 2J6P118 Hz, sJcP_8.3 Hz), 35.5 (d, CHa, ‘JCPS.5 Hz); s’P 
NMR (8, CDCI3): -24.0 (s, 2P); ltB NMR (8, CDCl8): 30.4 (8). IR (KBr): 3431, 2827, 
1603, 1434, 1403. 1361, 1311, 1217. 1098. 1027, 987, 741. 696, 845, 501 cm-‘. 

Mass Speotrum, m/e (ion/relative intensity): 582(MNH4+;3.0) 547(MH++2;12.7) 

546(MH++1;48.8) 545(MH+;70.0) 544(19.1) 382(13.4) 381(34.4) 380(15.9) 359(16.5). 

Anal. Calod. for CsrHa’B02P2: C, 75.03; H, 5.70; P, 11.40; B, 1.98. Found: C, 75.00; H, 

5.71; P, 11 .lO; 8, 1.36. 

(-)-(S,S)-2,3-O-phenyIboron-dihydroxy-l,4-bla(diphenylphosphlnc 
butane [(-)-4]. The procedure described for (+)-4 was applied: mp. 118-12OOC. 
[alo= 4.3 (c 1.5, CHCls). 

[Rh(COD),(-)-S]PFg 151. The catalyst was prepared by the classic method 
starting from (RhCICOD)p (75 mg, 0.15 mmol), NH4PF6 (220 mg, 1.2 mmol) and (-)-3 
(137 mg, 0.3 mmol) to give the rhodium complex (99 %): mp. 210-213 OC 
(decomposition). [a]~= - 7.7 (C 0.5, CHCIa); [a]o= -7.5 (~-0.35, EtOH). 1 H NMR (6, 

CDCl3): 7.70-7.21 (m, 20H, aromat), 4.61 (m, 2H), 4.20 (m, 2H,); 3.81 (m, 2H), 3.20 (8, 
2H, exchange with D20), 2.81-2.04 (m, 12H); ‘SC NMR (6, CDCIs): 134.1-128.0 

(arornat), 100.2, 97.7, 71.3 (CH), 33.0, 31.9, 28.4 (CH2); s’P NMR (8, CDCb): 14.7 (d, 

2P, JpRh-142.4 Hz). Anal. Calod. for CssH4008PaFsRh: C, 53.08; H, 4.91. Found: C, 
52.74; H, 4.91. 

[Rh(COD),(+)-4]PFs [8]. The complex was prepared as described for 

[Rh(COD),(+3]PFa starting from (RhCICOD)8 (43 mg, 0.086 mmol), NH4PFa (130 mg, 

0.7 mmol) and (+)J (94 mg, 0.17 mmol) to give the rhodium complex (91 %): mp. 
165170 “C (deoomposition). [alp= 4.8 (c 0.35, CHC&). tH NMR (5, CDCl8): 6.1-7.2 (m, 
25H, aromat), 4.6 (m, 2H), 4.45 (m, 2H), 4.15 (m, 2H), 3.15-2.05 (m, 12H). tsC NMR 
(8, CDCls): 134.6-1~27.6 (aromat). 103.0. 99.4. 79.8 (CH), 34.8, 31.0. 29.4 (CHa): 8’P 

NMR (8, CDCls): 13.8 (d, 2P, JpRh-143 Hz). “B NMR (8, CDCls): - 0.8 (s). Anal. Calod. 

for C42H~B08PaFsRh: C, 58.03; H, 4.78; P, 10.33; 8. 1.20. Found: C, 55.70; H, 4.77; P, 
9.91; 8, 0.93. 

General procedure for aaymmstrlc catrlysls 
Preparation of the cata/yst sohtion 

Neutral complex: to a solution of (RhCtCOD)s in the appropriate solvent under 

argon, was added 2.1 equivalent of ligand. The solution was stirred 15 min. 
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Cationic complex: the isolated cationic complex was dissolved in the 

appropriate solvent. 
Asymmetric hydrogenation 

For hydrogenation at atmospherio pressure, the catalyst solution Was placed in 
the hydrogenation flask under hydrogen, then the substrate, dissolved in the 
indicated solvent under argon, was added to the flask with a syringe; 
([Rhl/(Substrate] as defined in Tables 1 and 2). Any contact with air was avoided. For 
hydrogenation under pressure (10-50 bar), the reaction was performed ln an 
autoclave and the procedure is the same as above. 
isolation of the hydrogenation prvducts 

- N-acetyl phenylalanine Q: after evaporation of the solvent, the residue was 
dissolved in 0.5 M NaOH and separatsd from the insoluble catalyst by filtration. The 
filtrate was acidified with dilute HCI, extracted with ether, and washed with a 
little water. The ethereal phase was dried over sodium sulfate and evaporated to 
dryness (isolated product 88-98%). The conversion was determined by NMR. After 
treatment with CHsN2. the ee’s wers determined by GC analysis as described in 
Table 1. 

- N-acetyl phenylalanine methyl ester 10: after evaporation of the solvent, the 
product was isolated by flash chromatography on silica gel with ethyl acetate as 
eluent (isolated product 9598%). The wnversion was determined by NMR. The 88’s 
were determined by GC analysis as described in Table 1. 

- 1-phenyl-ethane-l-01 12, ethyl lactate 15 and pantolactone 21: after 
evaporation of the solvent, the conversion and the 88’s were determined by GC on the 
crude product as described in Table 2. 
Hydrosiiylation of acetophenone 11. n-propyl pyruvate 14, and ethyl levulinate 17 

A mixture of substrate and diphenylsilane (1 :l .l ) in the appropriate solvent 
was added to the catalyst solution and stirred (neutral complex, [Rhy[Substrate] as 
described in Table 3). The mixture was initially cooled with an ice-water bath for 
n-propyl pyruvate and ethyl levulinate; hydrosilylation of acetophenone and ethyl 
acetoacetate was performed at room temperature. The completion of the reaction 
was determined by GC analysis and 1H NMR. 
Isolation of the hydrosilylation products 

- acetophenone: to the reaction mixture was added a mixture of acetone/lO% 
I-ICI (8WO). After stirring for 2 h, the solvent was evaporated and the r&due was 
extracted with ether and the extract was washed with water, dried and 
concentrated. The conversion to 1-phenyl-ethane-l-01 12 and the ee’s were 
determined by GC analysls on the crude product as described in Table 3. 

- n-propyl Pyruvate and ethyl levulinate: to the reaction mixture was added a 
0.1% methanol solution Of p-toluenesulfonic acid and the mixture was stirred for 10 
mln at 0°C and then at room temperature (05 h and 2 h respectively) before the 
SOlVSnt was evaporated. The conversion to n-propyl lactate 16 and 4-methyl-y 
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butyrolactone 18 and the ee’s were determined by GC analysis on the crude product 
as described in Table 3 
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