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ABSTRACT 

Synthesis and reactions of optically active phos- 
phine-boranes have been investigated. Optically 
active secondary phosphine-boranes, (Sp)-and 
(Rp)-menthyloxyphenylphosphine-boranes, and 
(S)-methylphenylphosphine-borane underwent palla- 
dium(0)-catalyzed electrophilic arylation with 0-, m-, 
or p-iodoanisole. The stereochemistry of this aryla- 
tion was largely dependent on the solvent and the base 
used. The reaction in acetonitrile proceeded with al- 
most complete retention of configuration at the chiral 
phosphorus, whereas inversion of configuration was 
observed in ethereal solvents or toluene. The phos- 
phorus-oxygen bond of (R,)-menthyloxy 
(methy1)phenylphosphine-borane and &)-menthy- 
loxy(o-methoxypheny1)phenylphosphine-borane was 
reductively cleaved at - 78°C by lithium naphtha- 
lenide or Li/NH, with virtually net retention of con- 
figuration at phosphorus, providing secondary or ter- 
tiary phosphine-boranes in excellent yields. New syn- 
thetic routes to optically pure C2-symmetric 
bisphosphine-boranes possessing chirality at phos- 
phorus have been developed on the basis of these 
stereochemical studies. 

Phosphine-boranes, adducts of phosphines with 
boranes, constitute a unique class of organophos- 
phorus compounds because of their unique chem- 
ical properties. The properties of phosphine-bor- 
anes have attracted the attention of many chemists, 
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and a number of investigations on these com- 
pounds have been made so far, revealing the in- 
herent nature of the phosphorus-boron bond [ 1,21. 
We have been interested in the characteristic prop- 
erties of phosphine-boranes and have investigated 
the syntheses and reactions of this class of com- 
pounds from the viewpoint of organic synthesis [3- 

It is known that optically active phosphorus 
compounds possessing a chiral center at phospho- 
rus occupy a central position in the study of the 
stereochemistry of reactions occurring at phospho- 
rus [ 6 ] .  Previous investigations in this area have 
utilized a great number of chiral phosphorus com- 
pounds. However, little attention has been paid to 
optically active phosphine-boranes. Recently, we 
have initiated the syntheses and stereochemical 
studies of optically active phosphine-boranes [7]. 
In this article, we describe new stereochemical as- 
pects of reactions occurring at a chiral phosphorus 
as well as novel synthetic routes to optically pure 
C2-symmetric bisphosphine-boranes [S] . 

51. 

RESULTS AND DISCUSSION 
Palladium-Catalyzed Cross-Coupling Reactions 
of Secondary Phosphine-Boranes with 
I odoa n isoles 
Recently, Xu et al. reported that palladium-cata- 
lyzed cross-coupling reactions of optically pure 
phosphinates with aromatic or vinylic halides 
proceed with almost complete retention of con- 
figuration [9]. We have been interested in palla- 
dium-catalyzed phosphorus-carbon bond forming 
reactions and have studied the reactions of opti- 
cally active secondary phosphine-boranes and re- 
lated substrates. Our initial experiments were con- 
ducted with the reactions of diastereomerically pure 

0 1992 VCH Publishers, Inc. 1042-7163/92/$3.50 + .25 563 



564 lmamoto et al. 

(Sp)-menthyloxyphenylphosphine-boranes (1,) [7] 
with o-iodoanisole (Scheme l), since the expected 
arylation products (zs or 2 R )  are key intermediates 
to optically pure 1,2-bis[(o-methoxy- 
phenyl)phenylphosphino]ethanes (diPAMP) which 
are among the most useful phosphine ligands in 
catalytic asymmetric hydrogenation [lo]. 

The reactions were carried out under various 
conditions. The results are summarized in Table 1. 
It was found that ls reacted smoothly with o-io- 
doanisole in the presence of a catalytic amount of 
palladium(0) complex in acetonitrile. Divalent pal- 
ladium salts, PdC12, PdC12(PhCN)2, and Pd(OAc),, 
also catalyzed the reaction, although the chemical 
yields of the product were not satisfactory (entries 
7-10) in comparison with the reactions brought 
about by the use of Pd(0) catalysts, such as Pd(Ph3% 
or Pd2(dba)3.CHC13. Use of o-bromoanisole or o- 
methoxyphenyl trifluoromethanesulfonate instead 
of o-iodoanisole provided no trace of the cross-cou- 
pling product under these conditions (entries 13, 
17, 18, and 39). 

It is noted that retention of configuration at  
chiral phosphorus was observed with acetonitrile 
as the solvent. These results are in accordance with 
previously reported results of palladium-catalyzed 
reactions of optically active isopropyl methylphos- 
phinate with aromatic or vinylic halides [9]. The 
optical purity of the product depended on the re- 
action temperature. Complete retention of config- 
uration was observed at 50°C (entries 1, 5, 6, 10, 
and l l) ,  while the optical purity of the product was 
slightly decreased at higher temperatures (entries 
2-4). 

The reactions in other solvents were also ex- 
amined. Retention of configuration was also ob- 
served for the reaction carried out in NJ-dime- 
thylformamide (DMF) although the yield was 
moderate (entry 16). The reaction in methanol re- 
sulted in the formation of a complex mixture. In 
sharp contrast, the use of ethereal solvents, such 
as tetrahydrofuran (THF), tetrahydropyran (THP), 
dioxane, and 1,2-dimethoxyethane (DME), caused 
a completely different stereochemical course; thus, 
the reactions in these solvents proceeded with in- 

version of configuration with a high degree of ster- 
eospecificity. It is particularly worthy to mention 
that the cross-coupling product 2 R  with 92% de was 
obtained in THF (entry 22). This unexpected ster- 
eochemical outcome was also observed when a hy- 
drocarbon solvent, such as toluene, was used (en- 
try 40). 

It is noted that stereospecificity in less polar 
solvents is largely dependent on the base used. Re- 
actions in THF in the presence of K2C03 or CH3C02K 
proceeded with a remarkably high degree of ster- 
eospecificity, while the use of a stronger base, such 
as K3P04 or 1,8-diazabicyclo[5.4.0]undec-7-ene 
(DBU), resulted in lower levels of specificity (en- 
tries 28 and 31). Overall retention of configuration 
occurred when NaH or Ag2C03 was employed (en- 
tries 30 and 32). 

In order to examine the ability of the 2-menthyl 
group to affect the stereospecificity, another dias- 
tereomer, (Rp)-menthyloxyphenylphosphine-bor- 
ane ( lR), was allowed to react with o-iodoanisole 
in acetonitrile or THF. The results are shown in 
Scheme 2. Complete retention occurred in aceto- 
nitrile, whereas nearly complete inversion was ob- 
served in THF. These results, which are almost the 
same as those of the reaction of ls, clearly indicate 
that the stereochemistry of the reaction is not af- 
fected by the chirality of the l-menthyl group. 

We next examined the reactions of (S)-methl- 
phenylphosphine-borane (3) with o-, m-, or p-io- 
doanisole under various conditions in order to 
evaluate the generality of this method (Scheme 3). 
The results are summarized in Table 2. The reac- 
tions in acetonitrile using K2C03 as the base af- 
forded the arylation products with retention of 
configuration to a highly stereospecific degree re- 
gardless of the substitution pattern of the iodoan- 
isole. On the other hand, the use of Ag2C03 resulted 
in an extremely poor yield of the product. The re- 
action in the presence of Cs2C03 provided virtually 
racemized product. The formation of racemized 
product may be ascribed to the rapid racemization 
of the starting material 3 by contact with Cs2C03. 
Inversion of configuration was observed in THF 
when K2C03 was employed as the base, although 

I dodoanlsole, base M e n O \ " > p d  + Meno&\ ph 
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Ph OMe 
Meno\\"f\H 

Ph 
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/ 

Ph / OMe 
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TABLE 1 Palladium-Catalyzed Cross-Coupling Reaction of 1 with o-lodoanisolea 

Enhy Catalyst Base Solvent e c )  (hours) (?lo) 

Temperature Time Yield 2 s : 2 ~ b  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3d 
14 
15 
16 
1 7" 
1 8e 
19 
20 
21 
22 
23' 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
3ge 
40 
41 

CH&N 
CH3CN 
CH3CN 
CH3CN 
CH3CN 
CH3CN 
CHBCN 
CH3CN 
CH3CN 
CH3CN 
CH3CN 
CH3CN 
CH3CN 
CH3CN 
CH3CN 
DMF 
DMF 
DMF 
MeOH 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THP 
dioxane 
DME 
DME 
diglyme 
toluene 
toluene 
toluene 
toluene 

50 
60 
70 
82 
50 
50 
82 
82 
82 
50 
50 
20 
50 
50 
30 
50 
60 
60 
50 
66 
50 
50 
90 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
70 
50 
50 

111 
90 
50 
40 

16 
14 
8 
2 

16 
16 
2 
2 
2 

16 
16 
16 
16 
16 
2 

16 
3 
2 
1 

20 
16 
48 
2 

48 
48 
24 
68 
16 
48 

68 
12 
48 
16 
16 
16 
16 
2 

24 
16 
4 

0.5 

96 
89 
78 
53 
50 
63 
35 
30 
29 
38 
72 
74 
0 
0 

61 
39 
0 
0 
0 

67 
60 
76 
59 
55 
36 
23 
60 
76 
9 

21 
24 
67 
56 
61 
52 
22 

trace 
41 
0 

17 
56 

1oo:o 
97:3 
94:6 
84:16 
1oo:o 
1oo:o 
84:16 

C 

C 

- 
- 

1oo:o 
1oo:o 
1oo:o 
- 
- 

99: 1 
80 : 20 
- 
- 
- 
6:94 
5:95 
4:96 
6:94 
3:97 

24:76 
16:84 
25 : 75 
47 : 53 
20 : 80 
82:18 
35 : 65 
99: 1 
13:87 
10:90 
8:92 
9:91 

45 : 55 

22 : 78 

- 

- 

1oo:o 
"All reactions were carried out with a molar ratio of 1,:o-iodoanisole: base:catalyst = 1 :2:2:0.05, unless otherwise stated. @The product 
ratios were determined by the HPLC analysis of (o-methoxypheny1)methylphenylphosphine-borane, which was obtained by the reaction of 
the arylation product with MeLi. See Experimental section. 'The substrate was a diastereomer mixture. The isomer ratio was not deter- 
mined. do-Bromoanisole was used instead of o-iodoanisole. "o-Methoxyphenyl trifluoromethanesulfonate was used instead of o-iodoanisole. 
'The reaction was carried out in a sealed tube. gK,C03:l&crown-6 = 1 :2. 

the degree of stereospecificity was not high (en- 
tries 7 and 8). Use of stronger bases in THF re- 
sulted in predominant retention of configuration 
(entries 10-12). 

We were deeply interested in the unprece- 
dented stereochemistry observed in this study, and 
tested the stereochemistry of the reaction of (Rp)- 
menthyl phenylphosphinate (5) whose structure 
closely resembles ls. Compound 5 [ l l ]  was al- 
lowed to react with o-iodoanisole (2 equiv) under 
the same conditions as shown in entry 23 in Table 

1. The 'H NMR (500 MHz) analysis of the product 
(6) by comparison with the spectra of authentic 
samples indicated that the reaction proceeded with 
retention of configuration at phosphorus (Scheme 
4). This result is in accordance with the previously 
reported results of the palladium-catalyzed reac- 
tion of optically active isopropyl methylphosphin- 
ate with aromatic or vinylic halides [9]. 

Inversion of configuration and dramatic sol- 
vent effects found in this study are characteristic 
reactivities of phosphine-boranes. The mechanism 
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BH3 r 
+ 

eiodoanisole, K2CO3 
\\\" p, 

1R 

Ph 
4 Ph Pd(PPh3)) (5 mol YO), 50 OC' 

H 

2 R  2s 

Solvent Time (h) Yield (YO) 2R3 28 

THF 48 67 4 : 96 

SCHEME 2 

TABLE 2 Palladium-Catalyzed Reaction of (S)-Methylphenylphosphine-Borane (3) with lodoanisolea 

Temperature Time Yield 4 R  : 4sb 
Entry lodoanisole Base Solvent ec, (hours) Po) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

ortho 
meta 
para 
ortho 
ortho 
ortho 
ortho 
meta 
para 
ortho 
ortho 
ortho 
ortho 
ortho 
ortho 

TI2CO3 
Cs2CO3 
CsF 

CH3CN 
CH&N 
CH3CN 
CH3CN 
CHSCN 
CH&N 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
DME 

40 
40 
40 
40 
40 
40 
40 
40 
40 
15 
15 
40 
40 
40 
40 

6 
6 
8 
4 

14 
1 

14 
15 
24 
24 
48 
18 
24 
15 
48 

77 
51 
73 
89 

1 
57 
79 
82 
65 
15 
64 
4% 
59 
3 

57 

99: 1 
98:2 
99: 1 
99: 1 
94:6 
52 : 48 
19:81 
40 : 60 
26:74 
98:2 
87:13 
60 : 40 
42 : 58 
51 :49 
25 : 75 

"All reactions were carried out with a molar ratio of 3:iodoanisole: base: Pd(PPh,), = 1 :2:2:0.05. T h e  enantiomeric excess was deter- 
mined by HPLC analysis using a chiral column. The ratio was corrected based on the enantiomeric excess (98% ee) of starting material 
3. 

lodoanisole, base 

Ph'"'7,H Pd(PPhg)4 (5 mol %) P h \ \ 8 s T q  + 
Me Me 

3 
4R 4s 

SCHEME 3 
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(38% de) 

5 

SCHEME 4 

accounting for the observed stereochemical out- 
come is not yet fully understood, but we suppose 
that the stereochemistry of the product is deter- 
mined at the transmetallation step in the catalytic 
cycle. Thus, as is shown in Scheme 5, in a polar 
solvent, acetonitrile, the proton abstraction from 
the secondary phosphine-borane by K2C03 occurs 
readily and the generated naked phosphorus anion 
attacks the palladium atom with retention of con- 
figuration at phosphorus. On the contrary, in a less 
polar solvent, THF, the proton abstraction and at- 
tack on the palladium atom occur simultaneously 
with inversion. 

Stereospecific Reduction of 
Menthyloxyphosphine-Boranes 
Chiral tetracoordinate organophosphorus com- 
pounds containing a leaving group are well-known 
to undergo nucleophilic substitution reactions, and 
numerous examples of this kind of reaction have 
been described in the literature [6]. However, com- 
paratively little work has been done on the reduc- 

(38% de) 

6 

tive removal of the leaving group [12], and a ster- 
eospecific cleavage of the bond between phosphorus 
and on alkoxy group has not yet been reported. We 
envisioned that diastereomerically pure menthyl- 
oxyphosphine-boranes might be converted into op- 
tically active secondary phosphine-boranes by re- 
ductive removal of the menthyloxy group. The 
initial trial was undertaken by treatment of dias- 
tereomerically pure (RJ-menthyloxy(methy1) 
phenylphosphine-borane (7) and (Sp)-menthyloxy 
(0-methoxypheny1)phenylphosphine-borane (2,) 
with various reducing agents, and it was found that 
the desired reductions could be accomplished by 
the use of one-electron reductants, such as lithium 
naphthalenide, sodium naphthalenide, lithium 4,4'- 
di-tert-butylbiphenylide (LDBB) [ 131, and lithium 
in liquid ammonia [14]. Thus, the reductions pro- 
ceeded rapidly at -78"C, and subsequent treat- 
ment with methanol or alkyl halides at the same 
temperature afforded optically active secondary or 
tertiary phosphine-boranes (Scheme 6) [ 151. The 
results obtained under various reaction conditions 
are summarized in Table 3. 



568 lrnarnoto et al. 

f I i -  I 

7 :  R'-Me 
1 2s: R - eMeOCeH4 

L -I 

M = Li or Na 

y 3  
MeOH 

R' 

3: R ' - M ~ . R ~ - H  
8 : R' = Me, R2 = PhCH2 
9 : R' - eMeOC6H4, R2 - H 

10 : R' 5 eMeOCgH4, R2 = Me 

SCHEME 6 

The reductions of 2s and 7 with lithium naph- 
thalenide or Li/NH3 provided products (3,8,9,  10) 
in almost quantitative yields with an excellent de- 
gree of stereospecificity (entries 1-3 and 13-15). 
Use of LDBB and lithium biphenylide, which pos- 
sess reducing power stronger than that of lithium 
naphthalenide, resulted in a slightly diminished 

degree of stereospecificity (entries 8, 9). Sodium 
naphthalenide also reduced these substrates in es- 
sentially quantitative yield, while the optical pu- 
rities of the products were slightly lower than the 
ones obtained by the use of lithium naphthalenide 
(entries 12 and 17). 

On the other hand, the reactions at elevated 
temperatures provided products with almost com- 
plete racemization (entries 4, 5,  and 16). Racemi- 
zed products were obtained also when reactions 
were carried out under the conditions of entries 6 
and 7.  These results indicate that the intermediate 
tricoordinate phosphorus species were readily ra- 
cemized at  elevated temperatures. 

The following two mechanisms may be pro- 
posed for the racemization. Scheme 7 illustrates a 
conceivable racemization process via pyramidal 
inversion. The other possible racemization path- 
way, which involves intermolecular borane trans- 
fer, is depicted in Scheme 8. 

In order to determine the mechanism of the rac- 
emization, (Rp)-menthyloxy[methyl(d3)]phenyl- 
phosphine-borane(d3) (1 1) was prepared from (Sp)- 
menthy loxyphenylphosphine-borane(d3). This 
compound was mixed with compound 7 in a 1 : 1 
molar ratio, and the mixture was allowed to react 
with lithium naphthalenide at 25°C for 5 minutes, 
followed by treatment with benzyl bromide. The 
product was analyzed by field desorption (FD) mass 
spectroscopy [16]. The mass spectrum showed that 
the product consisted of compounds 8 [m/e 229 
(M++l)] and 12 [m/e 235 (M++l)]; no traces of 
crossover compounds 13 [m/e 232 (M++ l)] and 14 

TABLE 3 Stereospecific Reduction of Menthyloxyphosphine-Boranes with One-Electron Reducing Agentsa 

Temperature Yield ee 
Entry Substrate Reductant PC) Electrophile Product ("/.) P O P  

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 

7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
2s 
2s 
2s 
2s 
2s 

Li+[CloH8]~ 
Li-NH3 
Li+[CloH8] 
Li+(CloH8]~ 
Li+[CloH8]~ 
Li+[CloH8]-. 
Li+[CioH8]- 
LDBBe 
LDBBe 
LB' 
LAg 
Na+[CloHelT 
Li+[Cl0H8]- 
Li+[CloH8lT 
Li+[CloH8]-' 
Li+[CioH8]~ 
Na+[CloH8] T 

- 78 
- 78 
- 78 
25 
65 

-78; 65' 
65; -78d 
- 78 
- 95 
- 78 
- 78 
- 78 
- 78 
- 95 
- 78 
65 
- 78 

MeOH 
MeOH 
PhCH,Br 
PhCHpBr 
PhCH,Br 
PhCHPBr 
PhCH,Br 
PhCH,Br 
PhCH,Br 
PhCH,Br 
PhCH,Br 
PhCH,Br 
MeOH 
Me1 
Me1 
Me1 
Me1 

3 
3 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
9 
10 
10 
10 
10 

95 
94 
100 
93 
76 
92 
92 
100 
100 
100 

trace 
1 00 
100 
97 
100 
66 
96 

95 
98 
95 
3 
2 
5 
3 
81 
88 
85 

93 
93 
94 
93 
3 
88 

- 

"All-reactions were carried out in THF. bEnantiomeric excesses were determined by HPLC analysis with a chiral column. 'The reduction 
was carried out at -78"C, the mixture was warmed to 65°C and then benzyl bromide was added. T h e  reduction was carried out at 65"C, 
the mixture was cooled to -78"C, and then benzyl bromide was added. "Lithium 4,4'-di-tert-butylbiphenylide. 'Lithium biphenylide. gLithium 
anthracenide. 
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SCHEME 7 

[m/e  232 (M++l)] were detected in the spectrum 
(Scheme 9). These results demonstrate that inter- 
molecular borane transfer does not take place un- 
der these conditions, and they strongly suggest that 
the racemization occurs via pyramidal inversion. 

Synthesis of' Optically Pure C2-Symmetric 
B is(phosp h ine- boranes) 
Based on the stereochemical studies described ear- 
lier, we have explored new synthetic routes to op- 

0 BH3 
f 

SCHEME 8 

7 11 

8 12 

L l 3  l 4  1 
SCHEME 9 

tically pure C,-symmetric bis(phosphine-boranes), 
since they are excellent precursors to chiral biden- 
tate phosphine ligands [7]. Our synthetic routes to 
compounds 16a-c, 18a-c, 19a-c, and 20a-c are il- 
lustrated in Scheme 10. 

The key intermediates 15a-c were derived from 
compound Is. The reaction of ls with 1,3-diiodo- 
propane and lP-diiodobutane in the presence of 
NaH afforded 15b and 15c in 66% and 85% yield, 
respectively. Synthesis of 15a was accomplished via 
compound 7 [7]. Thus, the metallation of 7 with 
sec-butyllithium, followed by oxidative coupling by 
copper(I1) chloride, afforded 15a in 73% yield. 

The nucleophilic substitution reactions of 15a- 
c with methyllithium in benzene proceeded with 
complete inversion of configuration to give 16a-c 
in 57%, 57%, and 82% yield, respectively. 

Compounds 15a-c were converted to other in- 
termediates 17a-c by the reduction with lithium 
naphthalenide at -78°C. The secondary phos- 
phine-boranes obtained were readily subjected to 
electrophilic alkylation. Thus, treatment of 17a-c 
with iodomethane in the presence of NaH afforded 
18a-c in good yields. It is noted that these com- 
pounds are enantiomers of 16a-c. Similarly, com- 
pounds 19a-c were synthesized in reasonable yields 
by the reactions with 1-iodo-Zmethoxyethane. 
However, the ease of arylation with o-iodoanisole 
in the presence of Pd(PPh3)4 was largely dependent 
on the structure of 17. The reaction of 17a in the 
presence of K2C03 in acetonitrile afforded no trace 
of the expected compound 20a, although the start- 
ing material was completely consumed [17]. Un- 
der similar conditions, 17b and 17c were con- 
verted to 20b and 20c in 19% and 71% yield, 
respectively. This method is advantageous over the 
previously existing one [7] in the overall yield [ 181. 

In summary, we have established a new method 
for the synthesis of optically pure C2-symmetric 
bis(phosphine-boranes) by utilizing stereospecific 
reactions occurring at chiral phosphorus. This 
method is applicable to the synthesis of other anal- 
ogous phosphine-boranes and phosphine ligands. 

EXPERIMENTAL SECTION 
General 
The NMR spectra were recorded on JEOL GX-270 
('H NMR at 270 MHz and I3C NMR at 68 MHz), 
Varian VXR-300 ("B NMR at 96 MHz and 31P NMR 
at 121 MHz), JEOL JNM-GSX-400 ('H NMR at 400 
MHz), and JEOL JNM-GSX-500 ('H NMR at 500 
MHz and 13C NMR at 126 MHz) spectrometers. 
Chemical shifts (6) are expressed in parts per mil- 
lion relative to tetramethylsilane (CDC13). The 
chemical shifts of "B and 31P NMR spectra are 
quoted relative to external (CH,O),B and (PhOhPO, 
respectively. The IR spectra were recorded on a 
Hitachi-IR2 15 spectrophotometer. Optical rota- 
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tions were measured with a JASCO DIP-370 digital 
polarimeter with a 10-cm-long cell. Analytical high- 
performance liquid chromatography (HPLC) was 
performed on a Hitachi L-6000 pump and Hitachi 
L-4000 UV detector. Mass spectra were obtained 
on JEOL JMS-HX1 10 and JEOL JMS-DX-300 (FD- 
Mass) instruments. Microanalyses were performed 
on a Perkin-Elmer 240B instrument at  the Chem- 
ical Analysis Center of Chiba University. Tetrahy- 
drofuran and DME were distilled from potassium 
benzophenone ketyl under argon prior to use. Ether 
was distilled from LiAlH, under argon prior to use. 
Acetonitrile, benzene, diethylene glycol dimethyl 
ether (diglyme), and diqxane were distilled from 
CaH, and stored over 4-A molecular sieves. All ex- 
periments were carried out under an argon at- 
mosphere. The products were isolated by prepar- 
ative TLC on silica gel (Wakogel B-5F) or column 
chromatography on silica gel (Wakogel C-200 or C- 
300). 

Materials 
PdC1, and Pd(OAc), were commercial products. 
PdC12(PhCN)2 [19], Pd(PPh,), [20], and 
Pd2(dba), . CHCl, [21] were prepared according to 
the reported procedures. o-Methoxyphenyl trifluo- 
romethanesulfonate was prepared from o-meth- 
oxyphenol and trifluoromethanesulfonic anhy- 
dride according to the procedure described in the 
literature [22]. 4,4'-Di-tert-butylbiphenyl (DBB) was 
prepared according to the literature procedure [23]. 
(S,)-Menthyloxyphenylphosphine-borane ( 1,) and 
(R,) menthyloxyphenylphosphine-borane ( lR) were 
prepared according to the procedure described in 
the previous article [7]. 

Reaction of (Sp)-Menthyloxyphenylphosphine- 
Borane (Is) with o-Iodoanisole in the Presence 
of Pd(PPhJ4 and Determination of the 
Diastereomeric Excess of the Product 
A mixture of finely powdered, anhydrous K2C03 (1 .O 
g, 7.2 mmol), (S,)-menthyloxyphenylphosphine- 
borane (I,) (1.00 g, 3.59 mmol), Pd(PPh,), (0.21 g, 
0.18 mmol, 5 mol %), o-iodoanisole (1.68 g, 7.2 
mmol), and acetonitrile (10 mL) was stirred at 50°C 
under argon for 16 hours. The reaction mixture was 
acidified with 1 M HCl and extracted with ether. 
The combined extracts were dried over anhydrous 
MgSO, and concentrated in vacuo. The residual oil 
was purified by column chromatography on silica 
gel using hexane-acetone (9 : 1) to give diastereo- 
merically pure (Sp)-menthyloxy(0-methoxy- 
pheny1)phenylphosphine-borane (2,) as a white 
powder (1.32 g, 96% yield). 

The coupled product was transformed via 
complete inversion of configuration to o-(methoxy- 
pheny1)methylphenylphosphine-borane by treat- 
ment with excess methyllithium. Thus, a flame- 

dried 20 mL, two-necked flask equipped with a 
magnetic stirrer was flushed with argon and 
charged with the coupled product (77 mg, 0.2 mmol) 
and dry benzene (2 mL). Methyllithium (0.6 mmol, 
0.4 mL of 1.5 M diethyl ether solution) was added 
to the resulting solution. The solution was stirred 
at  room temperature for more than 2 hours until 
the reaction was complete. The mixture was treated 
with 1 M HCl(5 mL) and was extracted with ether. 
The combined extracts were dried over MgS0, and 
concentrated. The residual oil was purified by pre- 
parative thin layer chromatography on silica gel 
using benzene-hexane (2 : 1). The enantiomeric ex- 
cess of the product was determined by HPLC anal- 
ysis (column, CHIRALCEL OJ (Daicel Chemical In- 
dustries, Ltd); eluent, hexane-2-propanol (9: 1); flow 
rate, 1.0 mL/min; detection, UV 254 nm). The ab- 
solute configuration was determined according to 
the literature [3]. 

Reduction of (Rp)- 
Menthyloxy(methy1)phenylphosphine-Borane 
(7) and (Sp)-Menthyloxy(0- 
methoxypheny1)phenylphosphine-Borane (2J 
with a Radical Anion. Synthesis of (S)- 
Benzylmethylphenylphosphine-Borane (8) and 
(R)-o-Methoxyphenyl(pheny1)phosphine-Borane 
(9) 
A solution of compound 7 (146 mg, 0.5 mmol) in 
THF (2.5 mL) was added dropwise with vigorous 
stirring to a preformed solution of lithium naph- 
thalenide (2 mmol) in THF (10 mL) at  -78°C. After 
5 minutes, benzyl bromide (180 pL, 1.5 mmol) was 
added at the same temperature and the stirring was 
continued for an additional 5 minutes. The reac- 
tion was quenched with 1 M HCl, and the mixture 
was extracted with ether. The combined extracts 
were dried over MgS0, and concentrated on an 
evaporator. The residue was passed through a short 
column of silica gel using hexane-benzene as the 
eluent to remove naphthalene. The crude product 
obtained was subjected to preparative TLC [ben- 
zene-hexane (2: l)] to give 8 (1 14 mg, 100%). Mp 
8586°C; [a]:: - 13.5" (c 1 .OO, CH30H) (98% ee). IR 
(KBr): 3010,2350, 1490, 1430, 1290, 1060,910 cm-I. 
'H NMR (CDCl,) 6 1.50 (d, J = 10.1 Hz, 3H), 3.23 
(d, J = 11.2 Hz, 2H), 6.85-7.93 (m, 10H). MS (70 
eV), m / e  214 (M+-BH3); FD-MS m/e  229 (M++l). 
Anal.: Calcd for Cl4Hl8BP: C, 73.73; H, 7.95; Found: 
C, 73.93; H, 7.80. Enantiomeric excess of this com- 
pound was determined by HPLC analysis (column, 
CHIRALCEL OJ; eluent, hexane-2-propanol (9 : 1); 
flow rate, 1.0 mL/min; detection, UV 254 nm). 

In a similar manner, compound 9 was pre- 
pared in 95100% yield. Mp 67-69°C; [aID 99.8" (c 
1 .O, C6H6). This compound underwent racemiza- 
tion gradually on standing at  room temperature. 
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Reduction o (Rp)- 
Menthyloxy f methy1)phenylphosphine-Borane 
(7) with Lithium-Ammonia. Synthesis of (R)- 
Methylphenylphosphine-Borane (3) 
A solution of optically pure 7 (600 mg, 2.05 mmol) 
in THF (4 mL) was added dropwise to a preformed 
solution of lithium/ammonia in THF (2 mL) with 
vigorous stirring at -78°C. The mixture was stirred 
for 5 minutes at -78"C, and methanol (1.5 mL) was 
then added. After having been stirred for an ad- 
ditional 5 minutes, 2 M HCI (10 mL) and 6 M HC1 
(5 mL) were added successively. After the usual 
workup, the residue was subjected to short column 
chromatography using benzene as the eluent to give 
practically pure 3 (245 mg, 94%). The enantiom- 
eric excess of this compound was determined to be 
98% by HPLC analysis (column, CHIRALCEL OJ; 
eluent, hexane-2-propanol(9: 1); flow rate, 1 .O mL/ 
min; detection, UV 254 nm). 

(Sp)-Menthyloxyphenylphosphine-Borane (d3) 
A mixture of (-)-menthol (7.71 g, 50 mmol) and 
pyridine (4.2 mL, 52 mmol) in 40 mL of dry ben- 
zene was added during 3 hours to a solution of 
dichlorophenylphosphine (7.3 mL, 54 mmol) in dry 
benzene (30 mL) at  room temperature. The reac- 
tion mixture was stirred for 12 hours, and it was 
filtered quickly to remove the pyridinium salt. The 
filtrate was added to a solution of LiBD, [24,25] 
(5.70 g, 0.222 mol) in dry ether (50 mL) at 0°C. Af- 
ter having been stirred at room temperature for 15 
minutes, the reaction mixture was poured into a 
vigorously stirred mixture of concentrated HCl (5 
mL), ice (ca. 20 g), and hexane (50 mL). After the 
usual workup, the residue was subjected to col- 
umn chromatography [benzene-hexane (1 : 3)] to give 
a diastereomer mixture as a white powder. It was 
recrystallized from hexane twice to give a pure 
diastereomer 5 (0.91 g). Mp 100-101°C; [a]g -115.4" 
(c 1.0, ClCH2CH2C1) (100% de). IR (KBr): 2900, 2320, 
1790, 1440, 1120, 1000 cm-I. 'H NMR (500 MHz) 
(CDC13) 6 0.62-1.65 (m, 7H), 0.63 (d, J = 7.15 Hz, 
3H), 0.886 (d, J = 6.60 Hz, 3H), 0.893 (d, J = 7.15 
Hz, 3H), 2.01-2.08 (m, 2H), 3.85-3.93 (m, lH), 7.48- 
7.60 (m, 3H), 7.77-7.81 (m, 2H). 13C NMR (126 
MHz) (CDC13) 6 15.8, 20.9, 22.0, 23.0, 25.6, 31.5, 34.0, 
42.2,48.8 (d, J = 6.4 Hz), 80.1 (d,J = 6.4 Hz), 128.9 
(d, J = 8.6 Hz), 129.5 (d, J = 64.5 Hz), 132.2 (d, J 
= 10.8 Hz), 132.6 Anal.: Calcd for C16H2,D40BP: C, 
69.08; H, 10.14; Found: C, 69.03; H, 9.93. 

(R p)-Menthyloxymethyl(d3)phenylphosphine- 
Borane(d,) (1 1) 
Sodium hydride (135 mg of 40% oil dispersion, 3.4 
mmol) was added to a mixture of (Sp)-menthyloxy- 
phenylphosphine-borane (d3) (476 mg, 1.69 mmol) 
and iodomethane (d3) (160 pL, 2.54 mmol) in 6 mL 

of THF at 0°C under argon. After having been stirred 
at room temperature for 1 hour; the reaction mix- 
ture was treated with water. The organic layer was 
separated, and the aqueous layer was extracted with 
ether. The combined extracts were washed with 
aqueous Na2S203 and dried (Na2S04). The solvent 
was removed under reduced pressure, and the re- 
sidual oil was subjected to preparative TLC (ben- 
zene/hexane 1 : 4) to give 11 as a white crystalline 
solid (502 mg, 100%). Mp 64-65°C; -3.6" (c  
1.0, C6H6) (100% de). IR (KBr): 2900, 2330, 1790, 
1440, 1120, 1000 cm-I. 'H NMR (500 MHz) (CDC13) 
6 0.40-1.80 (m, 8H), 0.77 (d, J = 6.60 Hz, 3H), 0.86 

2.13 (m, IH), 4.08-4.16 (m, lH), 7.44-7.53 (m, 3H), 
7.77-7.82 (m, 2H). 13C NMR (68 MHz) (CDC13) 6 16.0, 
21.0, 22.0, 23.0, 25.8, 31.3, 34.2, 43.3, 48.9 (d, J = 
6.8 Hz), 79.7 (d , J  = 2.9 Hz), 128.5 (d , J  = 10.7 Hz), 
130.3 (d, J = 10.8 Hz), 131.6 (d, J = 2.0 Hz), 134.8 
(d, J = 59.7 Hz). FD-MS m/e, 297 (M+-1). Anal.: 
Calcd for Cl7H2,D60BP: C, 68.46; H, 12.16. Found: 
C, 69.82; H, 10.07. 

(d , J  = 6.87 Hz, 3H), 0.94 (d,J  = 6.87 Hz, 3H), 2.06- 

Benzyl(methyl(d3))phenylphosphine-Borane(d3) 
mp 85-86°C; [a]g -12.6" (c 1.0, CH30H) (97% ee). 
IR (KBr): 3000, 2320, 1780, 1490, 1430, 1020, 910 
cm-'. 'H NMR (CDC13) 6 3.23 (d, J = 11.2 Hz, 2H), 
6.85-7.93 (m, 10H). FD-MS m/e ,  235 (M++l). 

(RP, Rp)-1,3- 
Bis[boranato(menth 1oxy)phenylphosphinol 
pro ane (15b) and &,, Rp)-1,4- 
Bisfboranato(menthy1oxy)phenylphosphinol 
butane (15c) 

NaH (60% dispersion in mineral oil, 160 mg) was 
added with stirring at 0°C to a mixture of ls (558 
mg, 2 mmol) and 1,3-diiodopropane (0.9 mmol) or 
1,4-diiodobutane (0.9 mmol) in THF (5 mL). After 
having been stirred for 10 minutes, the mixture was 
treated with 1 M HCl (10 mL) at O"C, and it was 
extracted with ether. The combined extracts were 
washed with aqueous Na2S203 and brine and dried 
over MgSO,. The solvent was evaporated in vacuo, 
and the residue was subjected to preparative TLC 
on silica gel with benzene-hexane (1 : 2) to afford 
practically pure 15b or 15c. Yields of products 15b 
and 15c were 66% and 85%, respectively, based on 
diiodoalkanes. 15b: mp 130-131°C; [.ID -2.9" (c 1.2, 
CHC13), +2.6" (c 1 .O, ClCH2CH2Cl). IR (KBr): 2930, 
2350, 1440, 1110, 1070, 990, 970 cm-'. 'H NMR 

0.80 (m, 4H), 0.83 (d, J = 6.9 Hz, 6H), 0.92 (d, J = 
6.9 Hz, 6H), 0.94-1.03 (m, 4H), 1.28-1.36 (m, 4H), 
1.57-1.68 (m, 4H), 1.76-1.83 (m, 2H), 1.90-1.99 (m, 
2H), 2.05-2.11 (m, 2H), 4.07-4.13 (m, 2H), 7.40- 
7.70 (m, 10H). Anal. Calcd for C35H60B20ZP2: C, 
70.48; H, 10.14; Found: C, 70.47; H, 9.86. 

(CDC13) (500 MHz) 6 0.77 (d, J = 6.6 Hz, 6H), 0.75- 

15~: mp 112-113°C; [(.ID -1.7" (C 1.2, CHC13), 
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+2.0 (c 0.9 ClCH,CH,CI). IR (KBr): 2920,2380, 1440, 
11 10, 1060, 990, 820 cm-'. 'H NMR (CDC13) (500 
MHz) 6 0.73 (d, J = 6.3 Hz, 6H), 0.76-0.82 (m, 4H), 
0.84 (d, J = 6.9 Hz, 6H), 0.94 (d, J = 7.2 Hz, 6H), 
0.97-1.00 (m, 2H), 1.29-1.46 (m, 8H), 1.58-1.76 (m, 
8H), 1.82-1.87 (m, 2H), 2.08-2.12 (m, 2H), 4.08- 
4.13 (m, 2H), 7.41-7.72 (m, 10H). Anal.: Calcd for 
C36H62BZOZPZ: C, 70.83; H, 10.24; Found: C, 70.85; 
H, 9.99. 

(RP, Rd-12- 
B is[ boranato(menthyloxy)phenylphosphino] 
ethane (15a) 

sec-Butyllithium (0.9 M/L cyclohexane solution, 8.2 
mL) was added dropwise to a solution of 7 (1.72 g, 
5.85 mmol) in THF (12 mL) at -78°C. The mixture 
was stirred for 2 hours, whereupon the color of the 
mixture turned from colorless to yellow. Finely 
powdered copper(I1) chloride (1.18 g), which was 
dried prior to use in vacuo at 120°C for 1 hour, was 
added at -78°C with vigorous stirring. The tem- 
perature was gradually raised to 0°C during 20 
minutes. The reaction was quenched with 1 M HCl 
(10 mL), the organic layer was separated, and the 
aqueous layer was extracted with ether. The com- 
bined extracts were dried over Na2S04. The sol- 
vent was evaporated in vacuo, and the residue was 
subjected to column chromatography on silica gel 
using benzene-hexane (1 :2) as the eluent to afford 
a white solid (1.25 g, 73%). Recrystallization from 
pentane gave pure product. Mp 150-153°C; [a]D 
-9.3" (c  2.4, CHC13). IR (KBr): 2900, 2300, 1440, 
1120,990, 740 cm-'. 'H NMR (CDC13) (500 MHz) 6 
0.68-1.02 (m, lOH), 0.73 (d, J = 6.6 Hz, 4H), 0.87 
(d, J = 6.9 Hz, 6H), 0.95 (d, J = 7.2 Hz, 4H), 1.25- 
1.38 (m, 4H), 1.58-1.68 (m, 6H), 1.81-1.87 (m, 2H), 
2.04-2.14 (m, 4H), 4.07-4.13 (m, 2H), 7.41-7.72 (m, 
10H). Anal.: Calcd for C34H58BZOZPZ: C, 70.12; H, 
10.04; Found: C, 69.99; H, 9.81. 

Reduction of 15a-c by Lithium 
Naphthalenide: Preparation of 17a-c 

A solution of lithium naphthalenide (1 .O M/L, 4.8 
mL) was added dropwise at  -78°C to a solution of 
15a (124 mg, 0.2 mmol) in dry THF (4 mL) over a 
10 minutes period. After having been stirred for 10 
minutes, the reaction mixture was treated with 1 
M HCl at the same temperature. The organic layer 
was separated, and the aqueous layer was ex- 
tracted with CH,Cl,. The combined extracts were 
dried over MgSO,, and the solvent was evaporated 
under reduced pressure. The residue was subjected 
to preparative TLC on silica gel with benzene-hex- 
ane (5: 1) to afford 17a (55 mg, 91%). In a similar 
manner, 17b and 17c were obtained in 88% and 
83% yield, respectively. 

(S, S)-l,2-Bis[boranatophenylphosphino]ethane 
(174 
mp 97-100°C. IR (KBr): 2370, 1495, 1440, 1070,920 
cm-'. 'H NMR (CDC13) (500 MHz) 6 2.01-210 (m, 

7.36-7.69 (m, 10H). 
2H), 2.17-2.27 (m, 2H), 5.57 (d, 'Jp.H = 373 Hz, 2H), 

(S, S)-1,3- 
B is [ borana top hen y lp hosp h ino]p ropa ne ( 1 7 b) 
Oil; IR (neat) 2350, 1490, 1440, 1410, 1060,930, 750 
cm-'. 'H NMR (CDC13) (500 MHz) 6 1.79-1.89 (m, 

7.42-7.67 (m, 10H). 
2H), 1.94-2.1 1 (m, 4H), 5.44 (d, '1p.H = 366 Hz, 2H), 

(S ,  S)-1,4- 
Bis[boranatophenylphosphino]propane (17c) 
Oil; IR (neat) 2370, 1495, 1440, 1120,1070,920 cm-'. 
'H NMR (CDCl,) (500 MHz) 6 1.61 (br s ,  4H), 1.91 

(m, 10H). 
(br S ,  4H), 5.41 (d, zJp.H = 366 Hz, 2H), 7.45-7.67 

Alkylations of 17a-c (General Procedure) 
Sodium hydride (60% dispersion in mineral oil, 160 
mg) was added to a mixture of 17a-c (0.5 mmol) 
and iodomethane (2 mmol) or 1 -iodo-2-methoxy- 
ethane (2 mmol) at  0°C. After having been stirred 
for 10 minutes, the reaction was quenched with 1 
M HC1 at the same temperature. The organic layer 
was separated, and the aqueous layer was ex- 
tracted with CH2C12. The combined extracts were 
dried over MgSO,, and the solvent was evaporated 
under reduced pressure. The residue was subjected 
to preparative TLC on silica gel with benzene-hex- 
ane (5: 1) to afford the alkylation product. Yields: 
Ma, 79%; 18b, 88%; 18c, 89%, 19a, 89%, 19b, 97%, 
19c, 85%. 

(R. R)-1.2- 
Bis[boranato(methyl)phenylphosphino]ethane 
(184 
mp 170-172°C; [aID -34.7" (c 1.2, CHC13). IR (KBr): 
2380, 1060, 920, 740 cm-'. 'H NMR (CDC13) (500 
MHz) 6 1.55 (d, 3Jp.H = 9.6 Hz, 6H), 1.79-1.86 (m, 
2H), 1.99-2.06 (m, 2H), 7.42-7.62 (m, 10H). Anal.: 
Calcd for CI6Hz6BZPZ: C, 63.64; H, 8.68; Found: C, 
63.56; H, 8.47. 

(R, R)-l,3- 
B is[boranato(methyl)phenylphosphino]propane 
(1 8b) 
mp 66-68°C; [a]D -36.5" (c 1.0, CHC13). IR (KBr) 
2370, 1435, 1405, 1070, 760, 700 cm-'. 'H NMR 
(CDC13) (500 MHz) 6 1.53 (d, 3Jp.H = 10.2 Hz, 6H), 
1.49-1.68 (m, 2H), 1.82-1.99 (m, 4H), 7.40-7.64 (m, 
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10H). Anal.: Calcd for CI7HzsB2P2: C, 64.62; H, 8.93; 
Found: C, 64.70; H, 8.73. 

(R, R)-l,4- 
Bis[boranato(methyl)phenylphosph ino] butane 
f 184 
mp 99-102°C; [(r]D -18.2" (c 1.2, CHCI,). IR (KBr): 
2360, 1435, 1405, 1060, 745 cm-'. 'H NMR (CDCI,) 
(500 MHz) 6 1.38-1.44 (m, 2H), 1.45-1.56 (m, 2H), 
1.52 (d, 3Jp.H = 10.1 Hz, 6H), 1.74-1.84 (m, 4H), 7.42- 
7.68 (m, 10H). Anal.: Calcd for C,8H3J32P2: C, 65.51; 
H, 9.16; Found: C, 64.56; H, 8.95. 

(R, R)-l,2-B is[ bovanato(2- 
methoxyethy1)phenylphosphinolethane (1 9a) 

mp 108-109°C; [a]D -28.2" (c 1.0, CHC13). IR (KBr): 
2365, 11 10, 1060, 960, 740 cm-'. 'H NMR (CDC13) 
(500 MHz) 6 1.87-1.93 (m, 2H), 2.09-2.25 (m, 6H), 
3.25 (s, 6H), 3.39-3.46 (m, 2H), 3.58-3.65 (m, 2H), 
7.42-7.52 (m, 10H). Anal.: Calcd for C30H34B202P2: 
C, 61.59; H, 8.79; Found: C, 61.44; H, 8.63. 

(R, R)-l,3-Bis[boranato(2- 
methoxyethyl)phenylphosphino]propane (19b) 
Oil; [.ID -32.1" (c 1.1, CHC13). IR (neat): 2900, 2380, 
1440, 1120, 960 cm-'. 'H NMR (CDC13) (500 MHz) 
6 1.57-1.63 (m, 2H), 1.91-2.00 (m, 2H), 2.18-2.30 
(m, 6H), 3.24 (s, 6H), 3.26-3.44 (m, 2H), 3.54-3.56 
(m, 2H), 7.02-7.37 (m, 10H). Anal.: Calcd for 
C31H36B202P2: C, 62.42; H, 8.98; Found: C, 62.68; H, 
8.77. 

(Rp, Rp)-l ,4-Bis[boranato(Z- 
methoxyethy1)phenylphosph ino] butane (1 9c) 

Oil; [a]D -7.5" (c 1.4, CHC13). IR (neat): 2900,2380, 
1440, 1380, 1120, 1070 cm-'. 'H NMR (CDC1,) (500 
MHz) 6 1.32-1.36 (m, 2H), 1.83-1.90 (m, 2H), 2.06- 
2.17 (m, 2H), 3.26 (s, 6H), 3.37-3.44 (m, 2H), 3.59- 
3.65 (m, 2H), 7.42-7.71 (m, 10H). Anal.: Calcd for 
C32H38B202P2: C, 63.20; H, 9.16; Found: C, 63.56; H, 
8.87. 
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