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Abstract: Asymmetric addition of alkyllithium and dialkylmagnesium to aldehydes was investigated by using the chiral amino 
alcohols 2, derived easily from (S)-proline, as  ligands. High optical yields (45-95%) of secondary alcohols were achieved by 
the reaction of alkyllithium (alkyl = ethyl, n-propyl, and n-butyl) and aldehydes in a 1:l mixture of dimethoxymethane and 
dimethyl ether a t  -123 “ C .  In  the reaction of methyllithium and benzaldehyde, bulkiness of the substituents, R’ and R2, in 
the ligand 2 remarkably affected the optical purity, and I-phenylethanol was obtained in 86% optical yield by employing 2d 
(R1 = H; R2 = n-Pr) as  a chiral ligand. Similarly, (R)-alcohols were obtained in 22-92% optical yields by the reaction of dialk- 
ylmagnesium and aldehydes in toluene at  -1 10 OC. 

Introduction 
Over the years there have been a number of studies on the 

synthesis of optically active secondary alcohols from achiral 
carbonyl compounds via asymmetric induction.’ Asymmetric 
reduction of ketones has been most widely investigated and 
relatively high optically pure alcohols have been obtained by 
the following methods: (a) the reduction of ketones with chiral 
aluminum alkoxides, magnesium alkoxides,’ or Grignard re- 
agent;’ (b) the reduction of ketones with chiral metal hydride 
reagents;2 (c) the hydrogenation3 or the hydr~s i ly la t ion~ of 
ketones by using a chiral rhodium(1) complex as a catalyst. On 
the other hand, the optical yields of secondary alcohols derived 
from aldehydes by the asymmetric addition of organometallic 
 reagent^^-^ in a chiral solvent, or by using a chiral ligand such 
as ( - ) - ~ p a r t e i n , ~ ~ ~ ~ ~ ~  (-)-N-meth~lephedrine,~.~ D-ghcofu- 
r a n o ~ e , ~ ~ ? ’  tartaric acid d e r i v a t i ~ e , ~ ~ ? ~ * *  or oxazoline deriva- 
tive,6d are  generally low (-40%). 

Recently, we reported that (S)-2-(anilinomethyl)pyrrol- 
idine is a very efficient ligand for the asymmetric reduction of 
various aryl ketones with LiA1H4.2b This prompted us to study 
the exploration of a new and useful ligand for the asymmetric 
addition of organometallic reagents to aldehydes. It was found 
that (2S,2’S)-2-hydroxymethyI-l-[( l-methylpyrrolidin-2- 
yl)methyl]pyrrolidine (2a) is a quite efficient ligand for the 
asymmetric addition of n-butyllithium to benzaldehyde, and 
(5’)- I-phenyl- 1-pentanol with 95% optical purity was obtained 
as briefly reported in the previous communication.lob We now 
wish to describe the scope and limitations of this method. 

Chiral Ligands 
All of the chiral ligands employed in the present study were 

derived from a readily available chiral amino acid, (S)-proline; 
that is, (2S,2’S)-2-hydroxymethyl- 1 -[( I-methylpyrrolidin- 
2-yl)methyl]pyrrolidine (2a) was obtained in 8 1% yield by the 
reduction of N-[(N-benzyloxycarbonyl)prolyl] proline methyl 
ester ( l ) ,  prepared in 92% yield from (S)-proline methyl ester 
and (5’)-N-benzyloxycarbonylproline. (25’,2’S)-2-( 1,l  -Dial- 
kyl- 1 -hydroxymethyl)- 1 -[( 1 -methylpyrrolidin-2-yl)methyl]- 
pyrrolidines (2b-e) were prepared by successive treatment of  
1 with Grignard reagents and LiAIH4. The dipeptide 1 was 
treated with HBr-AcOH, followed by reduction with LiAIH4 
to afford the amino alcohol (3). (2S,2’S)-2-Hydroxymethyl- 
1 - [ ( 1 -alkylpyrrolidin-2-yI)methyl]pyrrolidines (2f,g) were 
provided by the reduction of the corresponding amide of 3 with 
LiAIH4. (ZS,2’S,2”S)-2-Hydroxyrnethyl-l-([ I - (  l-methyl- 
pyrrolidin-2-yl)methyl]pyrrolidin-2-yl)methylpyrrolidine ( 5 )  
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Scheme I 

was prepared by the reduction of the tripeptide (4) with 
LiAIH4. 

These ligands could be easily separated from the product 
by washing the reaction mixture with aqueous hydrochloric 
acid and recovered in over 80% yield without any loss of optical 
purity. 

Results and Discussion 
In the first place, we examined the detailed reaction condi- 

tions such as molar ratio of reactants, temperature, and solvent 
in the asymmetric addition of n-butyllithium to benzaldehyde 
using 2a as a chiral ligand (see Table I). The molar ratio of the 
aldehyde:n-butyllithium:2a was found to be optimum a t  
1.0:6.7:4.0, respectively. The effect of solvents was remarkable, 
and after screening various solvents a t  a temperature of -78 
O C ,  the best result was obtained when the addition reaction was 
carried out in dimethoxymethane (entry 1 I ) .  It is apparent that 
lowering the temperature increased t h e  degree of asymmetric 
induction (entries 2, 3 ,  1 I ,  and 12). In order to carry out the 
reaction a t  - 123 O C ,  a mixed solvent of dimethoxymethane 
with a solvent of low melting point (methyl ether or pentane, 
entries 13 and 14) was employed, and (5’)- I-phenyl- 1 -pentanol 
was obtained in 95% optical yield by using a 1 : l  mixture of 
dimethoxymethane and methyl ether as  the solvent. 

Further, the asymmetric addition of various alkyllithiums 
to benzaldehyde and an aliphatic aldehyde was carried out in  
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Table I. Asymmetric Addition of n-Butyllithium to Benzaldehyde 
Using the Ligand 2aa 

1 -phenyl-1-pentanol 
entry solvent temp, "C yield,b % opt purity,c 96 

1 hexane -78 49 20 
2 M e 2 0  -78 80 53 
3 M e 2 0  -123 80 82 
4 Et20  -78 1 6  44d 
5 Et20  -78 60 49e 
6 Et20  -78 51  55 
7 Et20  -123 60 12 
8 n-Pr20 -78 83 31 
9 THF -78 80 48 

I O  D M E ~  -78 94 53 
I 1  D M M g  -78 67 1 2  
12 D M M  -100 1 7  87 
13 DMM-pentane -123 57 77 

14 DMM-Me20 -123 17  95 
( 1 : l )  

(1: l )  

2a was treated with n-butyllithium at  0 "C for 30 min and cooled 
to the indicated temperature. Benzaldehyde was added and the re- 
action mixture was stirred for 1 h. The  molar ratio of benzaldehyde: 
n-butyllithium:2a was 1.0:6.7:4.0, unless otherwise noted. Isolated 
yields. Optical purity was calculated from optical rotation based 
upon the highest value ava i lab le , [a ]~  +31.3" (c 3, benzene). See ref 
5. All of the alcohols had the S configuration. The molar ratio of 
benzaldehyde:n-butyllithium:2a was 1.0:7.2:3.6. e The molar ratio 
of benzaldehyde:n-butyllithium:2a was 1.0:6.3:3.6. f 1,2-Dime- 
thoxyethane. g Dimethoxymethane. 

2a 

the presence of 2a as a chiral ligand, and the results a re  sum- 
marized in Table 11. The chiral ligand 2a was very effective, 
and much higher optical yields were achieved in comparison 
with the previous methods, and even in the case of the reaction 
of an aliphatic aldehyde, the corresponding alcohol was ob- 
tained in high optical yield (entry 8). It should be noted that 
the configuration of the alcohol obtained in the addition of 
ethyllithium to benzaldehyde depended on the solvent em- 
ployed (entries 3 and 4). 

Besides alkyllithium, there are  various organometallic re- 
agents, such as Grignard reagents, dialkylmagnesium, alkyl- 
copper, dialkylzinc, or trialkylaluminum, which may be ap- 
plicable to the synthesis of optically active alcohols by the 
asymmetric addition to aldehydes because of their strong af- 
finities to the heteroatoms of the present chiral ligands to form 
the key complexes. 

Various organometallic compounds were screened by 
employing the lithium salt of 2a as a chiral ligand in the re- 
action with benzaldehyde, and it was found that dialkylmag- 
nes ium was much more effective than Grignard reagents, 
dialkylzinc, alkylcopper, or trialkylaluminum, as shown in 
Table 111. 

Further, the effects of both solvent and temperature were 
studied in the reaction of dibutylmagnesium with benzaldehyde 
in the presence of the lithium salt of 2a. Greater optical purity 
was exhibited a t  lower temperature (entries 5, 6, 11, and 12 

n OH 

RLMg + R*OLi - LiMg(R),OR* 

R*OH:2a 

in Table 111) and toluene was found to be better than ether type 
solvents in contrast with the solvent effect observed in the re- 
action by using alkyllithium (see Table I ) .  

Various dialkylmagnesiums were employed for the reaction 
with benzaldehyde, and the results are  listed in Table IV. All 
of the alcohols thus obtained possessed the R configuration, 
whereas the alcohols, obtained in the similar reaction of alk- 
yllithiums, possessed the S or R configuration, depending upon 
the size of alkyllithiums. 

As shown in Tables I1 and IV, 1-phenyl-1-propanol, 1- 
phenyl-1-butanol, and 1-phenyl-l -pentan01 were obtained in 
high optical yields by the reaction of the corresponding alk- 
yllithiums or dialkylmagnesiums with benzaldehyde, but the 
optical purity of 1-phenylethanol was lower than that of the 
other secondary alcohols. Then, in order to increase the optical 
purity of 1-phenylethanol, we attempted to modify the chiral 
ligand 2a either by replacing the hydroxymethyl group with 
disubstituted hydroxymethyl groups (2b-e) or by changing the 
N-methyl group to more bulky alkyl groups (2f,g). 

The lithium salts of ligands 2e,f were employed for the re- 
action of either methyllithium or dimethylmagnesium with 
benzaldehyde, and it was found that 86% optical yield was 
attained by using 2d (R' = H; R2 = n-Pr) as a chiral ligand in 
the reaction of methyllithium (entry 4 in Table V). 

The ligands 2b-f were also employed for the reaction of 
n-butyllithium and benzaldehyde, and it was observed that the 
formation of the alcohol possessing the R configuration was 
preferred by employing the ligands with larger substituents, 
R1 and R2 (see Table V). In  addition, it should be noted that 
(R)-1-phenyl-1-pentanol was obtained in 68% optical yield by 
using 5 as a chiral ligand which has three pyrrolidine moieties 
(entry 15). 

As reported previously,Ioa when 2-hydroxymethyl-l- 
methylpyrrolidine or (2S,2'S)-2-methoxymethyl- 1 - [ ( 1 - 
methylpyrrolidin-2-yl)methyl]pyrrolidine was employed for 
the reaction of n-butyllithium with benzaldehyde, the optical 
yield of the (S)-alcohol was only 14% in both cases (see the 
Experimental Section). These results indicate that two pyr- 
rolidine moieties' and the lithiated hydroxymethyl groupi2 
are  essential for the asymmetric induction. A rigid complex 
7 might be formed by virtue of the coordination of oxygen and 

- R M = A l k y l l i t h i u r n  o r  

two nitrogen atoms to alkylmetal providing an effective chiral 
environment for asymmetric induction. 

As shown in Table I, with respect to solvent effects in the 
reaction using n-butyllithium, dimethoxymethane was the 
superior medium, while the use of n-propyl ether and hexane 
gave poor optical purity of alcohols. On the contrary, the use 
of toluene in the reaction using dialkylmagnesium gave higher 
optical yield than that of ether-type solvents. 

Another important fact is that the use of methyllithium, 
prepared from methyl bromide and lithium metal, in the re- 
action with benzaldehyde gave only 6% optical purity of the 
(R)-alcohol, while the use of methyllithium prepared from 
methyl iodide and lithium metal gave 86% optical purity of the 
(R)-alcohol (entry 4 in Table V). These results indicate that 
the interaction of iodide ioni3 with metallic species in the 
complex formed between methyllithium and the ligand 2d may 
contribute to the effective asymmetric induction. 

Moreover, the size of alkylmetal and the bulkiness of the 

Dlalkylrnagnebiurn 
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Table 11. Asymmetric Addition of Alkyllithium to Aldehydes Using 2a:a R'Li + R 2 C H 0  -+ RIRqCHOH 

1457 
2a * 

alcohol 
temp, opt 

entry R '  R2 solvent " C  yield,b % [a]D (c, solvent) purity,c % c0nfig.d 

1 M e  Ph E t20  0' 82 [ a ] 2 6 ~  +9.2' (6.00, cyclopentane) 21f R 
2 Me Ph DMMg O e  81 [ C X ] ~ ~ D  +16.7' (6.1 1, cyclopentane) 40 R 
3 Et Ph E t20  -123 32 [ a I z 7 ~  +17.5' (0.86, CHC13) 39h R 
4 Et Ph D M M  -100 59 [O!]23D -24.7' (5.15, CHCI3) 54 S 
5 Et Ph DMM-Me20 -123 70 [ a I 2 ' ~  -20.6' (5.15, CHC13) 45 S 

6 n-Pr Ph DMM-Me20 -123 64 [.]'*D -27.7' (5.93, benzene) 60' S 

7 n-Bu Ph DMM-Me20 -123 77 [CI]"D -29.8' (3.02, benzene) 95 S 

8 n-Bu i-Pr DMM-Me20 -123 57 [ a I 2 ' ~  -22.1' (9.27, EtOH) 8 o j  S 

(1: l )  

(1:l)  

(1:l)  

(1 : l )  

The molar ratio of aldehyde:alkyllithium:2a is 1.0:6.7:4.0. Isolated yields. Optical purity was calculated from optical rotation based 
Absolute configurations are based on the literature. e When the reaction was carried out at lower temperature, 

Based on [a]D $45.45' (c 
upon the highest value available, 
the optical purity decreased. f Based on [a]"D 43.1' (c 7.19, cyclopentane). See ref 14. g Dimethoxymethane. 
5.15, CHCI3). See ref 15. i Based on [.ID +45.9' (c 6, benzene). See ref 16. Based upon [a]D $27.67' (c 10, EtOH).  See ref 17. 

Table 111. Addition of Alkylmetals to Benzaldehyde Using the Lithium Salt of 2a' 

alcohol 
entry alkylmetal solvent temp, 'C (time, h) yield, % h  opt purity,c % 

1 n-BuCu E t20  -78 (1) 22 0 
2 EtzZn E t20  -78 + 0 (3) 76 0 
3 Et3AI E t20  r.t. (6) d 
4 n-BuMgBr E t20  -78 (1) 90 47 
5 n-BuzMg E t20  -78 (1) 93 68 
6 n-Bu2Mg E t20  -123 (1) 89 73 
7 n-Bu2Mg Me20 -123 (1) 84 43 
8 n-Bu2Mg T H F  -110 (1)  91 59 
9 n-Bu2Mg D M M e  -78 (1) 87 51 

10 n-Bu2Mg DME.f -78 (1)  96 28 
1 1  n-Bu2Mg toluene -78 (1) 93 60 
12 n-Bu,Mg toluene -110 ( 1 )  94 88 

~~~ 

The molar ratio of benzaldehyde:alkylmetal:the lithium salt of 2a was 1:4:4, and this ratio was optimum. Isolated yields. Optical purity 
was calculated from optical rotation. I-Phenyl-I-pentanol obtained had the R configuration. (1 Benzyl alcohol was obtained in 28% yield. 
(' Dirnethoxymethane. Dimethoxyethane. 

Table IV. Asymmetric Addition of Dialkylmagnesium to Aldehydes Using the Lithium Salt of 2a" * 
R' rMg + R'CHO- R 'R 'CHOH ( R ) - ( + )  

alcohols 
entry R '  R' yield, % h  [(?ID (c. solvent) opt purity,<% 

I Me Ph 56 [ m ] " ~  $14.7' (4.21, cyclopentane) 34 
2 Et Ph 74 [m]'ho +41.8' (5.19, chloroform) 92 
3 n-Pr Ph 90 [c?]'4D $32.3' (6.03, benzene) 70 
4 i- Pr Ph 59 [a]",, + 19.2' (4.78, ether) 40d 
5 n-Bu Ph 94 [m]'?~ $27.5' (2.98, benzene) 88 
6 i - B u  Ph 81 [ f l I z 5 ~  + 13.6' ( I  5.2, heptane) 42' 
7 ~ - B u  i -Pr  70 [ O ] ? ~ ~ I  +6.0° (10.0, ethanol) 22 

(' The reaction was carried out in toluene at - I  I O  'C for I h .  The molar ratio of aldchyde:dialkylinagnesium:the lithium sals of 2a was 1:4:4. 
Based All alcohols possesses the R configuration.h Isolated yields. ' Optical purity was calculated by optical rotation. See footnotes in  Table I I .  

upon [.I2"D $47.7' (c 7, Et'O). See ref 18. [' Based upon [(?IzhD $32.3' (c 16.6. heptane) see ref 14. 

substituents, R '  and R2, of the ligands seem to play an im- 
portant role for the asymmetric induction. In the reaction of 
alkyllithiums and benzaldehyde in ether, the formation of the 
(S)-alcohols was preferred by employing n-butyl- or n-pro- 
pyllithium, while the (R)-alcohols were formed by employing 
ethyl- or methyllithium (Table 11). The optical purity of the 
(R)-alcohol, derived from the reaction of n-butyllithium and 
benzaldehyde, was increased by using the ligands with larger 
substituents, RI and R2 (Table V). 

In conclusion, it is noted that the ligand 2, easily prepared 

from (S)-proline, is very efficient for the asymmetric addition 
of alkyllithium and dialkylmagnesium to aldehydes, and higher 
optical yields of either (S)- or (R)-alcohols were achieved in 
comparison with the previous methods. 

Experimental Section 
General. Melting points and boiling points are uncorrected. N M R  

spectra were taken on a Hitachi R-24 spectrometer. Infrared spectra 
were taken on a Hitachi EPI-G2 spectrometer. Optical rotation was 
taken on a Jasco DIP-SL automatic polarimeter. T H F ,  dimethoxy- 
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* 
Table V. Effect of the Substituents, R '  and R2, in 2:a P h C H O  - P h R C H O H  

alcohol 
entry ligand alkylmetal yield,b % opt purity,c % configd 

1 2b (R'  = H ;  R 2  = Me) MeLi 62 5 R 
2 2b Me2Mg 82 43 R 
3 2c ( R '  = H ;  R 2  = Et) MeLi 79 77 R 
4 2d ( R '  = H; R 2  = n-Pr) MeLi 82 86  R 
5 2d Me& 77 21 R 
6 2e (RI = H ;  R 2  = n-Bu) MeLi 69 70 R 
7 2f ( R 1  = Me; R 2  = H )  MeLi 61 17 R 
8 2g ( R '  = t-Bu; R 2  = H )  MeLi 79 20 R 
9 2a (R '  = H; R 2  = H )  BuLi 60 72 S 

10 2b BuLi 77 0 
1 1  2c BuLi 80 1 1  R 
12 2e BuLi 85 23 R 
13 2f BuLi 78 5 S 
14 2g BuLi 85 54 R 
15 5 BuLi 80 68 R 

a In the case of the reaction using alkyllithium, the molar ratio of benzaldehyde:alkyllithium:2 was 1.0:6.7:4.0, and the reaction was carried 
out in Et20  at  -123 "C for 1 h. In the case of the reaction using dimethylmagnesium, the molar ratio of benzaldehyde:dimethyImagnesium:the 
lithium salt of 2 was 1:4:4, and the reaction was carried out in toluene a t  -1 10 " C  for lh .  Optical purity was calculated 
by optical rotation. 

Isolated yields. 
Absolute configurations are  based on the literature values. 

ethane, dimethoxymethane, ethyl ether, and n-propyl ether were 
distilled from LiAIH4 prior to use. Methyl ether was dried by passing 
the gas through a tube packed with calcium chloride. Pentane and 
hexane were dried over molecular sieves 4A. Toluene was dried over 
sodium wire. Reactions involving air-sensitive compounds were carried 
out under an atmosphere of argon. For evaporative bulb-to-bulb dis- 
tillation, a Biichi Kugelrohrofen was used. 

Materials. Methyllithium was prepared from methyl iodide and 
lithium metal in ether according to the general procedure.19 Ethyl- 
and n-propyllithium were prepared from the corresponding alkyl 
bromide and lithium metal in pentane.20 A hexane solution of n- 
butyllithium and a hexane solution of triethylaluminum were supplied 
from Tokyo Kasei Co. Ltd. Diethylzinc was prepared from zinc and 
ethyl iodide.21 n-Butylcopper was prepared in situ from butyllithium 
and cuprous iodide in ether a t  -20 "C.  Ethereal dialkylmagnesium 
solution was prepared by treating alkylmagnesium bromide with 
equimolar amounts of dioxane in ether a t  room temperature for 12 
h. 

(2S,2'S)-N-(N-Benzyloxycarbonylprolyl)proline Methyl Ester (1). 
To a stirred mixture of dicyclohexylamine salt of (S)-N-benzyloxy- 
carbonylproline22 (21.5 g, 50 mmol) and (S)-proline methyl ester 
h y d r ~ c h l o r i d e ~ ~  (8.3 g, 50 mmol) in chloroform (1 50 mL) was added 
a chloroform (50 mL) solution of dicyclohexylcarbodiimide (10.4 g, 
50 mmol) a t  0 "C; the mixture was stirred a t  0 "C for 3 h, and then 
at room temperature overnight. After evaporation of chloroform, ethyl 
acetate (200 mL) was added. Insoluble dicyclohexylurea and dicy- 
clohexylamine hydrochloride were removed by filtration. The filtrate 
was washed successively with 10% citric acid (100 mL), water (100 
mL), 4% sodium bicarbonate (100 mL), and water (100 mL), and 
dried over anhydrous sodium sulfate. The ethyl acetate solution was 
concentrated to give 1 (16.5 g, 92%) as a viscous oil which crystallized 
on standing: mp 77-78 "C (ethyl acetate-hexane) (lit.24 76-78 "C); 
[CY]26D -1 16" (c 1, MeOH) [lit.24 [aI2O~ -120" (c I ,  MeOH)];  I R  
(neat) 1740,1700, 1650 cm-I; N M R  (CDC13) 6 1.45-2.55 (m, 8 H),  
3.15-4.20(m,7H),4.30-4.80(m,2H),5.10(s,2H),7.33(s,5H). 
Anal. (C19H2405N~) C ,  H ,  N. 

(2S, 2'S)-2-Hydroxymethyl- 1-[( l-methylpyrrolidin-2-yl)methyl]- 
pyrrolidine (2a). A T H F  (50 mL) solution of 1 (16.5 g, 46 mmol) was 
added to a stirred suspension of LiAIH4 (6.08 g, 160 mmol) in T H F  
(200 mL) at  0 "C, and then the reaction mixture was heated to reflux 
for 3 h. Aqueous sodium sulfate was added dropwise to the reaction 
mixture. after it was cooled to 0 "C. The resulting white precipitate 
was removed by filtration. The filtrate was dried over anhydrous po- 
tassium carbonate, and concentrated. Distillation gave 2a (7.34 g, 
81%) as  a colorless oil: bp 112 "C (4.5 mm); [CYI2*D -130" (c 0.36, 
EtOH);  IR (neat) 3360,2950,2875,2775, 1450, 1345, 1205, 1155, 
1 105,1080,1050,910 cm-I; N M R  (CDC13) 6 1.4-2.8 (m, 11 H), 2.32 
(s, 3 H),  2.85-3.33 (m, 2 H),  3.43 (d o f d , J  = 4.5 Hz, 2 H) ,  4.72 (s, 
1 H). Anal. ( C I I H ~ ~ O N ~ )  C ,  H,  N. 

(2S,2'S)-2-( 1-Hydroxy-1-methylethyl)-1-[( l-methylpyrrolidin-2- 
yl)methyl]pyrrolidine (2b). To a T H F  (65 mL)  solution of 1 (13.9 g, 
38 mmol) was added a T H F  (100 mL) solution of methylmagnesium 
bromide (93 mmol) a t  -20 " C ;  the mixture was stirred a t  0 "C for 1 
h. The reaction mixture was poured into cold, aqueous ammonium 
chloride, and the organic layer was extracted with ether. The ethereal 
extract was dried over anhydrous sodium sulfate and concentrated. 
The resulting solid was dissolved in T H F  (50 mL), and the T H F  so- 
lution was added to a suspension of LiAIH4 (9.79 g, 258 mmol) in 
T H F  (200 mL) a t  0 "C, and then heated to reflux for 3 h. Similar 
workup as  described in the preparation of 2a gave 2b as a colorless oil: 
bp 85 "C (1  mm); [ a ] I 9 ~  -50.8" (c 1 ,  EtOH);  I R  (neat) 3350,2930, 
2860,2775,1445, 1360,1175, 1130,935 cm-l; N M R  (CDCI3) 6 1.10 
(s, 6 H) ,  1.23-2.15 (m, 8 H) ,  2.22-3.45 (m, 9 H),  2.30 (s, 3 H) .  Anal. 
(C13H260N2) C,  H, N. 

(2S,2'S)-2-( 1-Ethyl-1-hydroxy propyl)-1-[( l-methylpyrrolidin-2- 
yl)methyl]pyrrolidine (2c). To a T H F  (60 mL) solution of 1 (18 g, 50 
mmol) was added a T H F  (150 mL) solution of ethylmagnesium 
bromide ( I  27 mmol) a t  -20 "C; the mixture was stirred at  room 
temperature overnight. The reaction mixture was poured into cold, 
aqueous ammonium chloride. The organic layer was extracted with 
ether. The ethereal extract was dried over anhydrous sodium sulfate 
and concentrated. The residual, viscous oil was dissolved in T H F  (100 
mL), and the T H F  solution was added to a suspension of LiAIH4 (1 1.4 
g, 300 mmol) in T H F  (250 mL) at  0 "C, and then heated to reflux for 
3 h. After we cooled the reaction mixture to 0 "C, aqueous sodium 
sulfate was added dropwise. The resulting white precipitate was re- 
moved by filtration. The filtrate was dried over anhydrous potassium 
carbonate and concentrated. The residue was chromatographed on 
an alumina column. Elution with methylene chloride-ethyl acetate 
gave 2c (12.7 g, 56%): bp 95 "c (1  mm); [CY]22D -88.7' (c I ,  EtOH); 
IR (neat) 3400, 2950, 2860, 2775, 1450, 1355, 1205, 1160, 1130, 
1070, 1040, 955 cm-I; N M R  (CDC13) 6 0.65-1.15 (m, 6 H), 1.15-2.0 
(m, 12 H) ,  2.0-3.95 (m, 9 H) ,  2.35 (s, 3 H ) .  Anal. ( C I S H ~ ~ O N ~ )  C ,  
H,  N. 

(2S,2'S)-2-( 1-Hydroxy-1-propylbutyl)-1-[( l-methylpyrrolidin-2- 
yl)methyl]pyrrolidine (2d) and (2S,2'S)-2-( 1-butyl-1-hydroxypentyl)- 
1-[( l-methyIpyrrolidin-2-yl)methyl]pyrrolidine (2e) were prepared in 
an identical procedure as  that described for 2c. 2d (33%): bp 1 I O  'C 
(0.7 mm); [ c u ] ~ ~ D  -70.3" (c 1 ,  EtOH);  IR (neat) 3360,3125,2930, 
2840, 2770, 1430, 1125, 1035,990 cm-I; N M R  (CC14) 6 0.7-2.05 
(m, 22 H),  2.05-3.60 (m, 8 H ) ,  2.37 (s, 3 H),  4.45 (s, 1 H,exchange 
with DzO). Anal. (C)7H340%2) C,  H ,  N .  2e (21%): bp 120 "C (0.8 
mm); [CY]24D -60.6" (c 1 ,  EtOH); IR (neat) 3180,2950,2860,2775, 
1455, 1445, 1370, 1355, 1205, 1130, 1040 cm-l; N M R  (CDC13) 6 
0.63-1.08 (m,  6 H),  1.08-2.05 (m, 20 H),  2.05-3.24 (m, 9 H),  2.50 
(s, 3 H). Anal. (C19H380N2) C,  H ,  N .  

2-Hydroxymethyl-l-[(pyrrolidin-2-yl)methyl]pyrrolidine (3). To an 
acetic acid ( 1  70 mL) solution of 1 (21.6 g, 60  mmol) was added 25 
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m L  of 30% HBr-acetic acid; the mixture was stirred for 1 h. Acetic 
acid was removed as the heptane azeotrope at  room temperature under 
reduced pressure. The residue was washed three times with ether (100 
mL) by decantation, and the solvent was removed under reduced 
pressure. To  the residue was added T H F  (160 mL),  and the powder 
of LiAIH4 (17 g, 450 mmol) was slowly added at  -10 "C. The reaction 
mixture was stirred overnight a t  room temperature and heated to 
reflux for 3 h. Similar workup as  described in the preparation of 2a 
gave 3 (6.72 g, 62%) as  a colorless oil: bp 115 "C (0.9 mm); [ c Y ] ~ ~ D  
-52.8" (c 1.01, EtOH);  IR (neat) 3330, 1400, 1065, 1045 cm-I; 
N M R  (CDCI,) 6 3.80 (s, 2 H), 3.45 (d, 2 H),  3.34-2.15 (m, 8 H), 2.09 
(m, 8 H). Anal. (CloHzoON2) C,  H ,  N.  

2-Hydroxymethyl-l-[(l-ethylpyrrolidin-2-yI)methyl]pyrrolidine (2f). 
To an acetonitrile (50 mL) solution of 3 (5.52 g, 30 mmol) was added 
an acetonitrile ( I O  mL) solution of acetyl chloride (2.59 g, 33 mmol) 
a t  0 "C; the mixture was stirred at  room temperature for 30 min. The 
reaction mixture was concentrated in vacuo. The resulting solid was 
treated with 10% N a O H  (20 mL), and extracted with ether. The 
ethereal extract was dried over anhydrous potassium carbonate and 
concentrated to give the crude amide. A T H F  (50 mL) solution of the 
crude amide was added to  a stirred suspension of LiAlH4 (2.0 g, 53 
mmol) in T H F  (50 mL) a t  0 "C and heated to reflux for 1 h. Similar 
workup as  described in the preparation of 2a gave 2d (4.45 g, 70%) 
as  acolorlessoil: bp 102 OC (0.8 mm); [aIz6D -103.2" (c 1, EtOH);  
IR (neat) 3360, 2950, 2875, 2775, 1450, 1345, 1205, 1155, 1105, 
1080, 1050, 910 cm-l; N M R  (CC14) 6 1.06 ( tq  J = 6 Hz, 3 H),  
1.35-3.60 (m, 20 H) ,  4.44 (s, 1 H ,  exchange with D20).  Anal. 
( C i ~ H z 4 0 N z )  C,  H ,  N.  

(2S,2'S)-2-Hydroxymethyl-l-[( 1-neopentylpyrrolidin-2-yl)meth- 
yllpyrrolidine (2g) was prepared in 72% yield from pivaloyl chloride 
and 3 according to the procedure for 2f: bp 114 "C (0.6 mm); [ c Y ] ~ ~ D  
-163" (c 1.02, EtOH); IR (neat) 3400,2945,2860,2780, 1470, 1450, 
1390, 1355, 1195, 1 1  I O ,  1035 cm-I; N M R  (CC14) 6 1.83 (s, 9 H ) ,  
1.4-2.8 (m,  18 H )  2.8-3.6 (m, 3 H) .  Anal. ( C ~ ~ H ~ O O N ~ )  C,  H ,  N .  
(2S,2'S,ZNS)-2-Hydroxymethyl-l-(l-[( I-methylpyrrolidin-2-yl)- 

methyl]pyrrolidin-2-yl)methylpyrrolidine (5). To a methanol ( 150 mL) 
solution of 1 (37.4 g, 100 mmol) was added 1 N N a O H  (1 I O  mL); 
then D M F  was added (100 mL).  After being stirred a t  room tem- 
perature overnight, the reaction mixture was concentrated in vacuo. 
To the residue was added 4% N a H C O j  solution (100 mL); the mixture 
was washed with ethyl acetate. The aqueous solution was acidified 
with 5 N HC1 to pH 3, and the resulting white precipitate, N - ( N -  
benzyloxycarbonylprolyl)proline, was collected by vacuum filtration 
and washed successively with water (30 mL), ethanol (50 mL), and 
ether (50 mL), and then dried in vacuo. To a mixture of the precipitate 
(27.9 g), dicyclohexylamine ( 14.5 g, 80.5 mmol), and (S)-proline 
methyl ester hydrochloride (13.2 g, 80.5 mmol) in CHC13 (200 mL) 
was added a chloroform (70 mL) solution of dicyclohexylcarbodiimide 
(16.7 g, 80.5 mmol) a t  0 OC; the mixture was stirred at  0 "C for 3 h 
and then kept at room temperature overnight. Similar workup as  
described in the preparation of 1 gave the crude tripeptide 4 as  a vit- 
reous solid (26.9 8) :  mp 109-1 I O  OC (ethyl acetate-hexane); [aI2'D 
-157.6' (c 1.01, EtOH):  IR (KBr)  1745, 1690, 1645 cm-I; N M R  
(CDCI,) 6 1.6-2.4 (m, 12 H),  3.25-3.90 (m, 9 H) ,  4.23-4.83 (m, 3 
H ) ,  5.03 (m, 2 H), 7.20 ( s ,  5 H).  Anal. (C24H3106N3) C ,  H ,  N .  

To a suspension of LiAIH4 (12 g, 316 mmol) in T H F  (70 mL) was 
added a T H F  (20 mL) solution of 4 (26.9 g, 70 mmol) a t  0 "C; the 
mixture was heated to reflux for 8 h. Similar workup as described in 
the preparation of 2a gave 5 as a viscous oil (17.1 g, 61%): bp 135 "C 
(0.6 mm); [CYIz4D -200" (c 0.5, EtOH);  IR (neat) 3350, 2960,2860, 
2775, 1450, 1355, 1345, 1205, 1130, 1 1  I O ,  1080, 1045, 910 cm-I; 
N M R  (CDC13) 6 1.3-2.2 (m, 12 H),  2.2-2.9 (m, I O  H), 2.33 (s, 3 H), 
2.0-3.9 (m, 6 H) .  Anal. (C16H310N3) C ,  H ,  N .  

Asymmetric Addition of Alkyllithium to an Aldehyde in Ether. To 
an ether (18 mL) solution of 2 (4.05 mmol) was added alkyllithium 
(6.75 mmol) a t  0 "C under an argon atmosphere. After 30 min, the 
reaction mixture was cooled to - 123 "C.  An ether solution (2 mL) 
of an aldehyde ( 1  mmol) was added, and the mixture was stirred for 
1 h a t  -123 "C.  The reaction was quenched with 3 N hydrochloric 
acid, and the product was extracted with ether. The ethereal extract 
was dried over anhydrous sodium sulfate and concentrated. The al- 
cohol was separated by silica gel T L C  using methylene chloride as  a 
developing solvent and the isolated product was further purified by 
bulb-to-bulb distillation. The product was identified by N M R ,  IR, 
and VPC analyses, and optical purity was calculated by optical 
rotation. 

In a similar manner, asymmetric addition of alkyllithium to an 
aldehyde in various solvents, such as  hexane, n-propyl ether, T H F ,  
dimethoxymethane, or dimethoxyethane was carried out. In the case 
of using methyl ether, the preparation of the lithium salt of 2 was 
carried out a t  -78 "C.  

Asymmetric Addition of Alkyllithium to an Aldehyde in a 1:l Mix- 
ture of Dimethoxymethane and Methyl Ether. Immediately after 
evaporation of a solution of alkyllithium (6.75 mmol) in vacuo at  0 
OC, dimethoxymethane (10 mL) and 2 (4.05 mmol) in 2.5 m L  of di- 
methoxymethane were added successively at  -78 "C under an argon 
atmosphere. The reaction mixture was stirred for 30 min, and 13 mL 
of methyl ether was introduced. After cooling the reaction mixture 
to -123 "C,  a dimethoxymethane (0.5 mL) solution of an aldehyde 
(1 mmol) was added. After stirring for 1 h a t  -123 "C, the reaction 
was quenched with 3 N hydrochloric acid, and the product was ex- 
tracted with ether, Similar workup as  described above gave the cor- 
responding pure alcohol. 

Asg mmetric Addition of Various Organometallic Reagents (Except 
Alkyllithium) to Benzaldehyde in Ether. A mixture of an organome- 
tallic reagent (4 mmol) and the lithium salt of 2 (4 mmol) in ether (18 
mL) was stirred for 30 min and then cooled. An ether (2 mL) solution 
of benzaldehyde (0.106 g, 1 mmol) was added and stirred for 1 h. 
Similar workup described above gave the corresponding pure alco- 
hol. 

Asymmetric Addition of Dialkylmagnesium to an Aldehyde in Tol- 
uene. To an ether (7 mL) solution of 2 (4  mmol) was added n-butyl- 
lithium (4 mmol), followed by addition of an ether solution of dialk- 
ylmagnesium (4 mmol) a t  0 "C. The solvent was removed by evapo- 
ration first with aspirator pressure and then with the vacuum pump 
( 1  mm) a t  room temperature for 20 min, and then toluene (18 mL) 
was added. After the reaction mixture was cooled to -1 I O  OC, a tol- 
uene (2 mL) solution of an aldehyde was added dropwise, and the 
stirring was continued for 1 h at  -1 I O  "C. The reaction was quenched 
with 3 N hydrochloric acid. Similar workup as  described above gave 
the pure alcohol. 

Recovery of Chiral Amino Alcohols 2. The acidic solution from 
above was neutralized with solid N a H C 0 3  and then concentrated in 
vacuo. The  residue was treated with a small amount of 10Y0 N a O H  
and the crude amino alcohols were extracted with ether. The ethereal 
extracts were dried over anhydrous potassium carbonate, and con- 
centrated. Distillation afforded the pure amino alcohols in over 80% 
recovery and examination of the [a]D values indicated, in every case, 
that no racemization had occurred. 

2-Methoxymethyl-1-[( l-methylpyrrolidin-2-yl)methyl]pyrrolidine. 
A T H F  (40 mL) solution of 2a (3.75 g, 18.9 mmol) was added to a 
stirred suspension of potassium hydride (0.8 1 g, 20 mmol) in T H F  ( I O  
mL) at room temperature and stirred for an additional hour. A T H F  
(20 mL) solution of methyl iodide (2.68 g, 18.9 mmol) was added 
dropwise over 3 h and stirred overnight. The reaction mixture was 
poured into cold saturated brine (50 mL), extracted ui th  ether, dried 
with anhydrous potassium carbonate, and concentrated. Distillation 
gave 2.59 g (60%) of a clear oil: bp 75 OC (0.6 mm); [.UI3OD -156.3' 
(c 1.027, EtOH); IR (neat) 3400,2960,2875, 2780, 1455, 1350, 1200, 
1 1  57, 1130 cm-l; N M R  (CC14) 6 2.2 (s, 3 H),  1 .O-2.7 (m? 14 H),  3.2 
(s, 3 H ) ,  2.7-3.4 (m, 4 H). Anal. (C12H240N~) C ,  H, N .  

Reaction of n-Butyllithium with Benzaldehyde in the Presence of 
2-Methoxymethyl-l-[(l-methylpyrrolidin-2-yl)methyl]pyrrolidine. To 
an ether (1 8 mL) solution of 2-methoxymethyl-I-[( I-methylpyrrol- 
idin-2-yl)methyl]pyrrolidine (0.849 g, 4.0 mmol) was added n-bu- 
tyllithium (2.75 mmol) a t  0 "C. After 30 min, the reaction mixture 
was cooled to - I  23 "C. An ether (2  mL) solution of benzaldehyde 
(0.106 g, 1 mmol) was added and stirred for 1 h a t  - 123 OC. The usual 
workup gave (S)-1-phenyl-I-pentanol (0.106 g, 65%): [ a ] 2 9 ~  -4.3O 
(c 3.01, benzene) (14%, optical purity). 

2-Hydroxymethyl-1-methylpyrrolidine. A T H F  (100 mL) solution 
of N-tert-butyloxy~arbonylproline~~ (21 S O  g, 100 mmol) was added 
to a stirred suspension of LiAIH4 (15.18 g, 400 mmol) in T H F  (100 
mL) at  0 OC and then heated to reflux for 16 h. Similar workup as 
described in the preparation of 2a gave 9.94 g (87%) of a colorless oil: 
bp 94 "C (48 nun);  [aI2*0 -50.7O (c 1.021, EtOH);  IR (neat) 3360, 
2950, 2875, 2775, 1450, 1345, 1205, 1155, 1105, 1080, 1050, 910 
cm-l; N M R  (CCIL) 6 1.4-2.5 (m, 6 H) ,  2.3 (s, 3 H), 2.7-3.15 (m, 1 
H) ,  3.40 (d, J = 2 Hz, 2 H),  4.70 (s, 1 H).  Anal. (C6H130N)  C ,  H. 
N.  

Reaction of n-Butyllithium with Benzaldehyde in the Presence of 
2-Hydroxymethyl-I-rnethylpyrrolidine. To an ether (1 8 mL) solution 
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of 2-hydroxymethyl- 1 -methylpyrrolidine (0.466 g, 4.05 mmol) was 
added n-butyllithium (6.75 mmol) a t  0 'C. After 30 min, the reaction 
mixture was cooled to - 123 "C. An ether (2 mL) solution of benzal- 
dehyde (0.106 g, 1 mmol) was added and stirred for 1 h a t  - 123 'C. 
The usual workup gave (S)-I-phenyl-1-pentanol (0.146 g, 89%): 
[ c Y ] * ~ D  -4.3' (c 2.99, benzene) (14%, optical purity). 
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Oxyphosphorane and Monomeric Metaphosphate Ion 
Intermediates in Phosphoryl Transfer from 
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Abstract: The reactions of 2,4-dinitrophenyl dihydrogen phosphate, ArPHl ,  and of salts of type (ArPH)-(R4N)+, 
(ArPH)-(RjNH)+,  ( F J P ) ~ - ( R ~ N ) + ( R ~ N H ) + ,  and (ArP)2-2(R3NH)+,  where R4N+ = (n-C4H9)41\iC and R3N = 
(i-C3H7)*C*H5N, have been studied in aprotic and protic solvents. in  the absence and in the presence of alcohols or water, 
ROH, following the release of phenol and the fate of the phosphorus. The results are  interpreted as follows. ( I )  The acid and 
the monoanion react via oxyphosphorane intermediates, P(5). (2 )  The dianion reacts via a monomeric metaphosphate ion in- 
termediate, PO3-. In the absence of R O H ,  acid, monoanion, and dianion generate cyclic trimetaphosphoric acid or its salts, 
(CP3)3- in aprotic solvents. Phosphoryl transfer to R O H  by the P(5) mechanism proceeds at  a relatively slow rate, the ratede-  
pends on alcohol size, and the reaction does not generate tert-butyl phosphate from rert-butyl alcohol. Rates are  faster and in- 
dependent of alcohol size, and rrrr-butyl phosphate is formed from ter[-butyl alcohol by the PO3- mechanism. Formation of 
(CP3)3- is not an indication of P o l -  intermediacy in  phosphorylation. The conclusions are  limited to aminium salts of ArPH2 
where the amine is sterically hindered. 

This work is concerned with the mechanisms by which 
phosphomonoesters transfer their phosphoryl group to nucle- 
ophiles in solutions: 

XP(O)(OH)1+ R O H  + ROP(O)(OH),  + X H  ( I )  
We have studied the behavior of anhydrous 2,4-dinitrophenyl 
phosphate* in aprotic and protic media, in the absence of bases 
and in the presence of one or more molar equivalents of the 
sterically hindered diisopropylethylamine, and have compared 
the results with those obtained utilizing the anhydrous mo- 
notetra-n-butylammonium salt of the acid, (ArPH)-(R4N)+. 

From such studies, we have obtained compelling evidence for 
the participation of oxyphosphorane, P(5), and of monomeric 
metaphosphate ion, PO3-, intermediates in these reactions, 
depending on experimental conditions. 

The participation of P(5) intermediates in reactions of 
phosphotriesters and phosphodiesters is widely a ~ c e p t e d . ~ - ~  
The  intervention of PO3- intermediates in the hydrolysis of 
alkyl phosphates was proposed to account for a maximum 
reaction rate a t  the pH which corresponds to a maximum 
concentration of monoanion, (RPH)-'O-I3 (eq 2).1°-" 

A r y l  phosphates, XP(O)(OH)2, derived from phenols, XH,  
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