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Introduction 
Alkyl halides, especially iodides and bromides, are used 

for ionic or radical carbon-carbon coupling reactions. They 
are often the intermediates of choice in substitution re- 
actions, eliminations, and rearrangements. Alcohols are 
also easily transformed into the deoxy derivatives via the 
halides. Alkyl halides are readily available from the cor- 
responding alcohols by different procedures. For the direct 
conversion of alcohols into alkyl bromides or iodides, 
phosphorus-based reagents are the most commonly used. 

Rydon et al., in the 1950s, introduced triphenyl phos- 
phite based reagents such as methyltriphenoxy- 
phosphonium iodide and iodotriphenoxyphosphonium 
iodide for the iodination of alcohols.' These reagents have 
now generally been replaced by triphenylphosphine in 
combination with a halogen source such as carbon tetra- 
bromide,, N-bromosuccinimide or N-iodos~ccinimide,~ 
Recently triphenylphosphine together with triiodo- 
imidazole, or iodine and imidazole, or tribromoimidazole, 
have been used, giving high yields coupled with selectivity 
for polyhydroxy  compound^.^ All of these systems gen- 
erally require elevated temperatures and long reaction 
times. A major difficulty experienced with these reagent 
systems is due to the fact that triphenylphosphine and its 
oxide are difficult to remove from the reaction mixture by 
means other than precipitation and/or chromatography, 
which besides being cumbersome results in reduced yield. 
This is especially inconvenient in large-scale synthesis. 

The aim of this work was to find new iodination and 
bromination reagent systems in which the phosphorus- 
based reagents and products could be removed from the 
organic phase by extraction. Two halogenation reagent 
systems were designed with this requirement. They consist 
of iodine (or bromine), imidazole and one of the following 
reagents: A, chlorodiphenylphosphine (CDP) (1); or B, 
[p-(dimethylamino)phenyl]diphenylphosphine5 [ ( p -  
Me2NC6H4)P(Ph)2] (DAPDP) (2). Halogenation of alco- 
hols with these systems gives products in high yields under 
mild conditions, and the phosphorus-containing products 
are extracted from the organic phase into a basic (for A) 
or acidic (for B) aqueous phase during workup. 

halogenation reagent systems 
A: Cl-P(Ph), + I, (Br,) + imidazole 

B: (p-Me2NC6H4)P(Ph)2 + I2 + imidazole 

c: polymer-C6H4P(Ph), + 1, 4- imidazole 

Polymer-bound triphenylphosphine6 (3), which together 
with its oxide is removed from the reaction mixture by 
filtration, was also examined with use of similar reaction 
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conditions as earlier described for triphenylphosphine, 
iodine, and imida~ole .~  Yields were found to be compa- 
rable to those previously obtained. 

Results and Discussion 
The halogenations examined deal with the syntheses of 

iodides from alcohols, using different carbohydrates as 
substrates. To establish the extension of the halogenation 
reagent systems for the preparation of bromides, some 
selected brominations were also carried out. The halo- 
genations are generally performed in toluene, which is 
nonpolar and appears to promote reactivity by destabi- 
lizing the charged phosphonium halide intermediate, thus 
favoring decomposition to uncharged alkyl halide and 
phosphorus product. With toluene as solvent a two phase 
liquid-liquid reaction system is generally obtained. The 
amount of toluene used in these experiments can be sub- 
stantially reduced without adverse effects.' Other solvents 
such as acetonitrile, dichloromethane, or pyridine were also 
examined, but these solvents give lower yields. 

In previous work on halogenations using triphenyl- 
phosphine, the addition of imidazole was shown not only 
to neutralize liberated halogen acids but also to enhance 
rea~t iv i ty .~  Imidazole was therefore used in the present 
study. Other bases such as triethylamine or pyridine were 
also examined, but lower yields were generally obtained. 
Imidazole has the additional advantage of being only 
sparingly soluble in toluene but freely soluble in water and 
is thus extracted from the toluene phase by using either 
acidic or basic aqueous workup. 

Halogenation Reagent System A: Chlorodi- 
phenylphosphine (CDP), Iodine (or Bromine), and 
Imidazole. This reagent system appears to be the most 
reactive and versatile. Primary alcohols are converted into 
alkyl iodides or alkyl bromides at room temperature in less 
than 10 min and in essentially quantitative yields. Sec- 
ondary alcohols react a t  40-90 "C in 0.5-2 h. After com- 
pletion of the reaction the resulting diphenylphosphonic 
acid is extracted into saturated aqueous sodium carbonate 
or aqueous sodium hydroxide, yielding an organic phase 
essentially devoid of phosphorus-containing compounds. 
I t  has been shown that 1-substituted n-alkyl diphenyl- 
phosphinites react with halogens to produce alkyl halides 
with inversion of configuration.8 We have compared the 
reactivity of chlorodiphenylphosphine and 1-(diphenyl- 
phosphino)imidazoleQ and found that essentially identical 
yields of alkyl halides are obtained under similar reaction 
conditions. In order to study halogenations using CDP, 
reactions were followed by 31P NMR spectroscopy. CDP 
in toluene gives a peak a t  81.9 ppm. When 3 equiv of 
imidazole are added at  room temperature, 1-(diphenyl- 

(1) (a) Landauer, S. R.; Rydon, H. N. J .  Chem. SOC. 1953, 2224. (b) 
Coe, D. G.; Landauer, S. R.; Rydon, H. N. J.  Chem. SOC. 1954, 2281. (c) 
Rydon, H. N.; Tonge, B. L. J. Chem. SOC. 1956, 3043. 
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J. B.; Nolan, T. J. Can. J .  Chem. 1966, 44, 1331. (c) Haylock, C. R.; 
Melton, L. D.; Slcssor, K. N.; traccy, A. S. Carbohydr. Res. 1971, 16,375. 
(d) Verheyden, J. P. H.; Moffatt, J. G. J .  Org. Chem. 1972, 37, 2289. 
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Table I 
halogenation reagent 

systems (isolated 
yields, %) 

formula substrate product A B C 

O X "  

R 
/ 

A c O W A c  AcO 

OAc 

JJ.53 

OMe 

R' 

R 2  

6: R = O H  

9: R = O H  

12: R = OH 

14: R' = OH; R2 = H 

16: R' = OH; R2 = H 

18: R' = OH; R2 = H 

20: R' = OH; R2 = H 

22: R' = R2 = OH 

24: R' = R2 = OH 

26: R' = R2 = OH 

7: R = I  
8: R = Br 

10: R = I 
1: R = Br 

13: R = I 

15: R' = H; R2 = I 

17: R' = H; R2 = I 

19: R' = H; R2 = I 

21: R' = H; R2 = I 

23: R' = I: R2 = OAc 

25: R' = I; R2 = OAc 

27: R' = I; R2 = OAc 

98 92 
91 

95 90 
90 

91 88 

67 62 

86 81 

69 

63 

81 

67 

72 

91 

84 

89 

45 

68 

78 

75 

67 

61 

64 

phosphino)imidazole is formed (-25%, -5.2 ppm), and 
when 1,2:3,4-di-0-isopropylidene-c~-D-galactopyranose (1.4 
equiv) is added, a mixture of CDP (-50%), 1-(di- 
pheny1phosphino)imidazole (-20% 1, and diphenyl phos- 
phinite (-30%, 20.1 ppm) is obtained. It is evident from 
these results that  the main reactive intermediate is gen- 
erated after the addition of iodine (bromine) and that i t  
is formed equally well from CDP, 1-(diphenyl- 
phosphino)imidazole, or the diphenyl phosphinite as is 
shown in Scheme I. 

The chloride present in chlorodiphenylphosphine does 
not give rise to competitive chlorination, as no incorpo- 
ration of chlorine in the reaction products was observed 
within the detection limits of NMR and combustion 
analysis. 

CDP is commercially available and inexpensive, making 
large-scale halogenations using this reagent system espe- 
cially attractive. 

Acid-sensitive groups such as triphenylmethyl ethers, 
acetals, and glycosidic linkages are stable under the re- 
action conditions. The CDP, iodine (or bromine), imid- 
azole system was unsuitable for substrates having a free 
amino group and also for unprotected polyhydroxy com- 
pounds, which gave complicated reaction mixtures. 

Scheme Io 
(Ph)2PCI + X2 + ROH + imidazole 

\ 
4 / 

(Ph)2P "3 + X 2  -t ROH - R-X 

(Ph)2POR + X p  

" X  = I or Br. 

Dichlorophenylphosphine 5 was also investigated as a 
halogenating reagent with iodine and imidazole in toluene. 
After completion of reaction the phosphorus-containing 
products were removed from the toluene phase by a basic 
aqueous wash. 

Cl,P(Ph) 
5 

Also with this reagent system, no incorporation of 
chloride into products during iodination was observed. A 
major limitation of the dichlorophenylphosphine reagent 
system is, however, that yields are consistently low. 

Halogenation Reagent System B, [ p  -(Dimethyl- 
amino)phenyl]diphenylphosphine (DAPDP) (2), Iod- 
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i n e  (or Bromine) ,  and Imidazole,  and  Halogenat ion 
Reagent  S y s t e m  C, P o l y m e r - B o u n d  Tr ipheny l -  
phosphine  (3), Iodine (or Bromine) ,  and Imidazole.  
The reactivity of these two reagent systems resembles 
those with triphenylphosphine.4 They show good reactivity 
and give high yields of halogenated products but require, 
compared to the CDP system, longer reaction times and 
higher temperatures. [p-(Dimethy1amino)phenylldi- 
phenylphosphine (2) and its oxide are conveniently re- 
moved from the toluene phase by extraction with aqueous 
hydrochloric acid (pH -1). Substance 2 is not commer- 
cially available, but is a crystalline compound prepared in 
a single step from CDP.5 Polystyrene polymer supported 
phosphine resin used in reagent system C is commercially 
available. The phosphorus component of the reagent 
system is removed from the reaction mixture by filtration. 
The reaction mechanism for these two reagent systems 
appears to be similar to that proposed for the triphenyl- 
phosphine, iodine, and imidazole ~ y s t e m , ~  which has been 
studied by 31P NMR.*O 

Experimental  Sec t ion  
General Methods. Melting points are corrected. Concen- 

trations were performed under diminished pressure (1-2 kPa) a t  
a bath temperature not exceeding 40 'C. Optical rotations were 
measured with a Perkin-Elmer 241 polarimeter. NMR spectra 
were recorded at  25 'C unless otherwise stated, with a JEOL JNM 
FX-100 or a JEOL GSX-270 instrument. Chemical shifts are given 
in ppm downfield from tetramethylsilane. 31P NMR spectra were 
recorded in a 10-mm tube with a JEOL FX 400 spectrometer 
operating a t  161.70 MHz. Chemical shifts are reported relative 
to 2% phosphoric acid in D,O (inner tube). NMR spectra for 
all compound were in accordance with the postulated structure, 
and only selected data are reported. Thin-layer chromatography 
was carried out with precoated silica gel plates (F 250 Merck), 
and the spots were detected by UV light and/or charring with 
80% aqueous sulfuric acid. All reactions were monitored by TLC. 
Column chromatography was performed on silica gel 60 
(0.04-0.063 mm Merck). The loadings were in the range 1/ 
25-1/100. Organic solutions were dried over anhydrous mag- 
nesium sulfate. The yields given below are for purified products. 
Chlorodiphenylphosphine was obtained from Aldrich Chemical 
Co. and distilled (bp 130 "C a t  0.5 mmHg) before use. Poly- 
mer-bound triphenylphosphine was obtained from Aldrich 
Chemical Co., and [p-(dimethylamino)phenyl]diphenylphosphine 
was prepared according to  the literature p r ~ c e d u r e . ~  

Workup Procedure a: For Halogenation Reagent System 
A. The reaction mixture was poured at  room temperature into 
an equal volume of saturated aqueous sodium carbonate or 
aqueous sodium hydroxide in a separating funnel. The funnel 
was shaken for 5 min during portionwise addition of iodine, until 
the toluene phase remained iodine-colored. The aqueous phase 
was separated, and the organic phase was washed with aqueous 
sodium thiosulfate to remove the excess iodine and then washed 
with water, dried, and concentrated. The residue was purified 
by silica gel column chromatography (ethyl acetate-toluene, 1:3) 
to obtain analytically pure compounds. 

Workup Procedure bl: For Halogenation Reagent System 
B and Products Soluble in Toluene. The reaction mixture 
was cooled and poured into an equal volume of saturated aqueous 
sodium hydrogen carbonate in a separating funnel. The funnel 
was shaken for 5 min during portionwise addition of iodine, until 
the toluene phase remained iodine-colored. The aqueous phase 
was separated, and the organic phase was washed with aqueous 
sodium thiosulfate to remove the excess iodine. The organic phase 
was washed with aqueous hydrochloric acid (pH =l )  until all 
lo-(dimethylamino)phenyl]diphenylphosphine oxide was removed 
from the toluene. The organic phase was washed with water, dried, 
and concentrated. Silica gel column chromatography (ethyl 
acetate-toluene, 2:l) yield the pure product. 

Notes 

(10) Garegg, P. J.; Regberg, T.; Stawinski, J.; Stromberg, R. J .  Chem. 
SOC., Perkin Trans.  2 1987, 271. 

Workup Procedure b2: For Halogenation Reagent System 
B and Products Soluble in Water. The reaction mixture was 
cooled and transferred to a separating funnel and extracted re- 
peatedly with water. The combined aqueous phase was con- 
centrated, and water was removed by codistillation with toluene. 
The residue was acetylated a t  room temperature in acetic an- 
hydride-pyridine (l:l),  concentrated, and partitioned between 
toluene and water. The organic phase was washed with water, 
dried, and concentrated. Silica gel column chromatography (ethyl 
acetate-toluene, 4:l) yielded the pure product. 

Workup Procedure cl:  For Halogenation Reagent System 
C and Products Soluble in Toluene. The reaction mixture was 
cooled and filtered through Celite, and the Celite layer was washed 
with toluene. The filtrate was washed with saturated aqueous 
sodium hydrogen carbonate and water, dried, and concentrated. 
Silica gel column chromatography (ethyl acetate-toluene, 2:l) 
yielded the pure product. 

Workup Procedure c2: For Halogenation Reagent System 
C and Products Soluble in Water. The reaction mixture was 
cooled and filtered through Celite, and the celite layer was washed 
with water followed by methanol. The combined aqueous 
methanol phase was concentrated, and water was removed by 
codistillation with toluene. The residue was acetylated at  room 
temperature with acetic anhydride-pyridine (l:l),  concentrated, 
and partitioned between toluene and water. The organic layer 
was washed with water, dried, and concentrated. Silica gel column 
chromatography (ethyl acetate-toluene, 4:l) yielded the pure 
product. 

Methyl 5-Deoxy-5-iodo-2,3- 0 -isopropylidene-&D-ribo- 
furanoside" (7). Halogenation Reagent System A. To a 
solution of methyl 2,3-0-isopropylidene-fi-~-ribofuranoside (6) 
(0.50 g, 2.45 mmol), chlorodiphenylphosphine (0.70 g, 3.19 mmol), 
and imidazole (0.37 g, 5.39 mmol) in toluene (40 mL) was added 
iodine (0.81 g, 3.19 mmol) portionwise at  room temperature. After 
5 min, the TLC indicated that the reaction was complete. Workup 
(procedure a) yielded the title compound (0.75 g, 9870), [aIz2D 
-71" (c 1.0, CHC13) [lit." [a]  -68' (CHCIJ]. 

Halogenation Reagent System B. A mixture of methyl 
2,3-0-isopropylidene-P-~-ribofuranoside (6) (0.50 g, 2.45 mmol), 
[p-(dimethylamino)phenyl]diphenylphosphine (0.97 g, 3.19 mmol), 
imidazole (0.50 g, 7.35 mmol), and iodine (0.81 g, 3.19 mmol) in 
toluene (30 mL) was stirred a t  50 "C for 3 h. Workup (procedure 
b l )  yielded the title compound (0.71 g, 92%). 

Halogenation Reagent System C. A mixture of methyl 
2,3-O-isopropylidene-P-~-ribofuranoside (6) (0.50 g, 2.45 mmol), 
polymer-bound triphenylphosphine (1.76 g, 5.39 mmol), imidazole 
(0.42 g, 6.13 mmol), and iodine (0.81 g, 3.19 mmol) in toluene (50 
mL) was stirred at  50 "C for 4 h. Workup (procedure cl) yielded 
the title compound (0.70 g, 91%). 

Methyl 5-Bromo-5-deoxy-2,3- 0 -isopropylidene-@-~-ribo- 
furanoside3 (8). Halogenation Reagent System A. Bromine 
(0.51 g, 3.19 mmol) was added dropwise at  room temperature to 
a solution of methyl 2,3-0-isopropylidene-P-~-ribofuranoside (6) 
(0.50 g, 2.45 mmol), chlorodiphenylphosphine (0.70 g, 3.19 mmol), 
and imidazole (0.37 g, 5.39 mmol) in toluene (40 mL). After 10 
min, TLC indicated that the reaction was complete. Workup 
(procedure a) yielded the title compound (0.60 g, 91%), [(Y]"D 
-78" (c  1.0, CHC13) [ l k 3  [a] -80' (CHClJ]. 

6-Deoxy-6-iodo-1,2:3,4-di-O -isopropylidene-a-D-galacto- 
pyranose12 (10). Halogenation Reagent System A. 1,2:3,4- 
Di-0-isopropylidene-a-D-galactopyranose (9) (0.50 g, 1.92 mmol) 
was reacted in the same way as for 7. Workup (procedure a) 
yielded the title compound (0.68 g, 95%): mp 66 "C (crystallized 
from ligroin); [aIz2D -53' (CHC13) [lit." mp 72 'C; [a ]  -50' 
(1,1,2,2-tetrachloroethane)]. 

Halogenation Reagent System B. 1,2:3,4-Di-O-iso- 
propylidene-a-D-galactopyranose (9) (0.20 g, 0.77 mmol) was re- 
acted in the same way as for 7. Workup (procedure b l )  yielded 
the title compound (0.26 g, 90%). 

Halogenation Reagent System C. 1,2:3,4-Di-O-iso- 
propylidene-a-D-galactopyranose (9) (0.20 g, 0.77 mmol) was re- 
acted in the same way as for 7. Workup (procedure c l )  yielded 

(11) Kissman, H. M.; Baker, B. R. J .  Am. Chem. SOC. 1957, 79,5534 

(12) Schmidt, 0. Th. Methods Carbohydr. Chem. 1962, 1 ,  191. 
and ref 3. 
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yielded the title compound (0.20 g, 81%). 
Halogenation Reagent System C. A mixture of methyl 

2,3-di-O-methy1-6-0-( triphenylmethy1)-a-D-glucopyranose ( 16) 
(0.20 g, 0.43 mmol), polymer-bound triphenylphosphine (0.31 g, 
0.94 mmol), imidazole (0.09 g, 1.29 mmol), and iodine (0.14 g, 0.56 
mmol) in toluene (20 mL) was stirred under reflux a t  a bath 
temperature of 120 "C for 8 h. Workup (procedure cl)  yielded 
the title compound (0.17 g 68%). 

Methyl 4,6- 0 -Benzylidene-3-deoxy-3-iodo-j3-~-allo- 
pyranoside (19). Halogenation Reagent System B. A mixture 
of methyl 4,6-O-benzylidene-~-~-glucopyranoside (18) (0.20 g, 0.70 
mmol), [p-(dimethylamino)phenyl]diphenylphosphine (0.49 g, 1.61 
mmol), imidazole (0.19 g, 2.80 mmol), and iodine (0.36 g, 1.40 
mmol) in toluene (30 mL) was stirred at 50 "C for 3 h. Workup 
(procedure b l )  yielded the title compound (0.19 g, 69%): mp 

CDC1,) 6 38.9 (C-3), 57.6 (OCH,), 67.2, 68.6, 69.0, 76.1, 101.6 
151-152 "C; [ a ] " ~  +1.62" (C 2.22, CHClJ; 13C NMR (270 MHz, 

(PhCO), 104.0 (C-1); 'H NMR (270 MHz, CDC13) 6 2.94 (1 H, dd, 
51,2 = 7.6 Hz, J2,3 = 3.6 Hz, H-2), 3.05 (1 H, dd, 53,4 = 3.4 Hz, 54.5 
= 9.3 HZ, H-4), 3.55-3.57 (8 H, m, OCH,), 3.87 (1 H, t, 5 ~ 6 ,  = 56,,6" 

56',6" = 10.1 Hz, H-6'9, 4.60 (1 H, d, 51,~ = 7.6 Hz, H-1), 4.89 (1 
H, t, J2,3 = 53,4 = 3.5 Hz, H-3), 5.67 (1 H, S, PhCH), and 7.26-7.54 

= 10.1 Hz, H-6'),4.01 (1 H, m, H-5), 4.38 (1 H, dd, 55,6" = 4.8 Hz, 

(5  H, m, Ar). Anal. Calcd for C14H17105: C, 42.6; H, 4.3. Found 
C, 42.5; H, 4.3. 

Halogenation Reagent System C. A mixture of methyl 
4,6-O-benzylidene-~-~-glucopyranoside (18) (0.20 g, 0.70 mmol), 
polymer-bound triphenylphosphine (0.69 g, 2.12 mmol), imidazole 
(0.14 g, 2.12 mmol), and iodine (0.23 g, 0.90 mmol) in toluene (50 
mL) was stirred at  70 "C for 6 h. Workup (procedure cl)  yielded 
the title compound (0.22 g, 78%). 

Methyl 4,6- 0 - (  4-Methoxybenzylidene)-j3-~-gluco- 
pyranoside (20). A solution of methyl P-D-glucopyranoside (5.0 
g, 25.8 mmol), 4-methoxybenzaldehyde dimethyl acetal (7.0 g, 38.4 
mmol), and p-toluenesulfonic acid monohydrate (0.091 g, 0.48 
mmol) in dimethylformamide (30 mL) was rotated under aspirator 
pressure at  50 OC for 2.5 h. The temperature was raised to 70 
"C, and solvent was distilled off until about 10 mL remained, after 
which the solution was poured into a stirred mixture of ice (13 
g) in saturated aqueous sodium hydrogen carbonate (30 mL) and 
diethyl ether (30 mL). After 0.5 h the solid residue was filtered 
off, washed successively with petroleum ether and water, and dried 
in a vacuum to give the title compound (6.80 g, 85%): mp 171-173 
"c (crystallized from ethyl acetate); [aIzD -8.8" (c 6.35, methanol); 

72.8, 80.5, 100.5, (PhCO), 104.4 (C-1). Anal. Calcd for C&2& 
C, 57.7; H, 6.5; 0, 35.9. Found: C, 57.6; H, 6.5; 0, 36.0. 

Methyl 4 ,6 -0  -(4-Methoxybenzylidene)-3-deoxy-3-iodo-j3- 
D-allopyranoside (21). Halogenation Reagent System B. 
Methyl 4,6-0-(4-methoxybenzylidene)-~-~-glucopyranoside (20) 
(0.40 g, 1.28 mmol) was reacted in the same way as for 19. Workup 
(procedure b l )  yield the title compound (0.34 g, 63%): -27" 
(c 0.89, CHCI,); 13C NMR (270 MHz, CDCl,) 6 39.2 (C-3), 55.4, 

'H NMR (270 MHz, CDCl,) 6 2.93 (1 H, m, J1,2 = 7.4 Hz, J2,3 = 

13C NMR (100 MHz, DMSO-&) 6 55.0, 56.2 (2 OCH,), 56.2, 65.7, 

57.5 (2 OCH,), 67.2, 68.4, 68.8, 75.9, 101.4 (PhCO), 103.9 (C-1); 

3.8 Hz, H-2), 3.02 (1 H, dd, 53,4 = 3.6 Hz, 54,5 = 8.7 Hz, H-4), 3.56, 
3.80 (6 H, S, S, 2 OCH,), 3.85 (1 H, t, 55,6' = 5(3',6" = 10.1 Hz, H-69, 
3.98 (1 H, dd, 5 5 , y  = 4.9 Hz, J6,,6,, = 10.1 Hz, H-6"), 4.59 (1 H, 
d, 51.2 = 7.4 Hz, H-1), 4.87 (1 H, t ,  51.3 = 53,4 = 3.7 Hz, H-3), 5.63 
(1 H, s, PhCH), and 6.88-7.42 (4 H, m, Ar). Anal. Calcd for 
C15H19106: C, 42.4; H, 4.5. Found: C, 42.7; H, 4.6. 

Halogenation Reagent System C. Methyl 4,6-0-(4-meth- 
oxybenzy1idene)-P-D-glucopyranoside (20) (0.40 g, 1.28 mmol) was 
reacted in the same way as for 19. Workup (procedure cl)  yielded 
the title compound (0.41 g, 75%). 

Methyl 2,3,4-Tri-0-acetyl-6-deoxy-6-iodo-a-~-gluco- 
pyran~s ide '~  (23). Halogenation Reagent System B. A 
mixture of methyl a-D-glucopyranoside (22) (0.20 g, 1.03 mmol), 
[p- (dimethylamino)phenyl]diphenylphosphine (0.47 g, 1.54 mmol), 
imidazole (0.15 g, 2.26 mmol), and iodine (0.36 g, 1.44 mmol) in 
toluene (20 mL) was vigorously stirred at  70 "C for 3 h. Workup 
(procedure b2) yielded the title compound (0.36 g, 81%): mp 
151-152 "c (crystallized once from ethanol); [a Iz2D +115" (c 1.0, 

the title compound (0.25 g, 84%). 
6-Bromo-6-deoxy- 1,2:3,4-di-O-isopropylidene-a-~-galacto- 

pyranose', (11). Halogenation Reagent System A. 1,2:3,4- 
Di-0-isopropylidene-a-D-galactopyranose (9) (0.60 g, 2.30 mmol) 
was reacted in the same way as for 8. Workup (procedure a) 
yielded the title compound (0.67 g, 90%), [aIzD -51" (c 1.0, CHC1,) 
[lit. [a]  -58.9" (CHCl,)]. 

1,2,3,4-Tetra-O -acetyl-6-deoxy-6-iodo-j3-~-glucopyranose'* 
(13). Halogenation Reagent System A. Iodine (0.28 g, 1.12 
mmol) was added a t  room temperature to a mixture of 1,2,3,4- 
tetra-0-aCetyl-P-D-glUCOpyranOSe (12) (0.30 g, 0.86 mmol), chlo- 
rodiphenylphosphine (0.25 g, 1.12 mmol), and imidazole (0.13 g, 
1.89 mmol) in toluene (40 mL), and the reaction mixture was 
stirred at 50 "C for 1 h when TLC indicated that the reaction 
was complete. Workup (procedure a) yielded the title compound 
(0.36 g, 91%): mp 149 " c ;  [&""D +15" (C 1.0, CHC13) [lit.'4 mp 
148 "C; [a] +9.5" (CHCl,)]. 

Halogenation Reagent System B.  A mixture of 1,2,3,4- 
tetra-0-aCetyl-P-D-glUCOpyranOSe (12) (0.20 g, 0.57 mmol), [p -  
(dimethylamino)phenyl]diphenylphosphine (0.26 g, 0.86 mmol), 
imidazole (0.12 g, 1.71 mmol), and iodine (0.17 g, 0.68 mmol) in 
toluene (30 mL) was stirred at  50 "C for 4 h. Workup (procedure 
b l )  yielded the title compound (0.23 g, 88%). 

Halogenation Reagent System C. A mixture of 1,2,3,4- 
tetra-0-acety~-~-D-g~ucopyranose (12) (0.20 g, 0.57 mmol), poly- 
mer-bound triphenylphosphine (0.41 g, 1.25 mmol), imidazole (0.12 
g, 1.72 mmol), and iodine (0.19 g, 0.74 mmol) in toluene (30 mL) 
was stirred a t  50 "C for 5 h. Workup (procedure cl)  yielded the 
title compound (0.24 g, 89%). 

3-Deoxy-3-iodo- 1,2:5,6-di- 0 -isopropylidene-a-D-allo- 
furanose15 (15). Halogenation Reagent System A. A mixture 
of 1,2:5,6-di-0-isopropylidene-a-~-glucofuranose (14) (0.30 g, 1.15 
mmol), chlorodiphenylphosphine (0.51 g, 2.31 mmol), imidazole 
(0.59 g, 8.68 mmol), and iodine (0.24 g, 3.46 mmol) in dry toluene 
(50 mL) was stirred a t  90 "C for 2 h when TLC indicated that 
the reaction was complete. Workup (procedure a) yielded the 
title compound (0.29 g, 67%), [ c Y ] ~ ~ D  +65" (c 2.0, CHC1,) [lit.'5 
[a]  +66" (CHCI,)]. 

Halogenation Reagent System B. A mixture of 1,2:5,6-di- 
0-isopropylidene-a-D-glucofuranose (14) (0.30 g, 1.15 mmol), 
b-(dimethy1amino)phenylldiphenylphosphine (0.70 g, 2.31 mmol), 
imidazole (0.31 g, 4.60 mmol), and iodine (0.59 g, 2.31 mmol) in 
toluene (30 mL) was stirred under reflux a t  a bath temperature 
of 120 "C overnight. Workup (procedure b l )  yielded the title 
compound (0.27 g, 62%). 

Halogenation Reagent System C. A mixture of 1,2:5,6-di- 
0-isopropyhdene-a-D-glucofuranose (14) (0.20 g, 0.77 mmol), 
polymer-bound triphenylphosphine (0.50 g, 1.54 mmol), imidazole 
(0.13 g, 1.92 mmol), and iodine (0.25 g, 0.99 mmol) in toluene (20 
mL) was stirred under reflux a t  a bath temperature of 120 "C 
overnight. Workup (procedure c l )  yielded the title compound 

Methyl 4-Deoxy-4-iodo-2,3-di-O-methyl-6-O-(triphenyl- 
methyl)-a-D-galactopyranoside (17). Halogenation Reagent 
System A. To a mixture of methyl 2,3-di-O-methyl-6-0-(tri- 
phenylmethyl)-a-D-glucopyranoside'6 (16) (0.40 g, 0.86 mmol), 
chlorodiphenylphosphine (0.38 g, 1.72 mmol), and imidazole (0.18 
g, 2.59 mmol) in toluene (50 mL) was added iodine (0.44 g, 1.72 
mmol) portionwise at  room temperature. The reaction mixture 
was then stirred a t  60 "C for 2 h. Workup (procedure a) yielded 
the title compound (0.43 g, 86%): [(.]22D +85" (c 2.8, ethanol); 
13C NMR (100 MHz, CDCl,) 6 39.5 (C-4), 55.0,56.5,59.2 (3 OCH,), 
67.4,68.3,77.3, 79.8, 87.0,97.9 (C-1). Anal. Calcd for C28H31105: 
C, 58.2; H, 5.41. Found: C, 58.3; H, 5.40. 

Halogenation Reagent System B. A mixture of methyl 
2,3-di-0-methyl-6-0-(triphenylmethyl)-a-~-glucopyranoside (16) 
(0.20 g, 0.43 mmol), [p-(dimethylamino)phenyl]diphenylphosphine 
(0.19 g, 0.65 mmol), imidazole (0.09 g, 1.29 mmol), and iodine (0.13 
g, 0.52 mmol) in toluene (20 mL) was stirred under reflux at  a 
bath temperature of 120 "C for 6 h. Workup (procedure b l )  

(0.12 g, 45%). 

(13) Bundle, D. J. Chem. SOC., Perkin Trans. 1 1979, 2751. 
(14) (a) Ambrose, M. G.; Binkley, R. W. J. Org. Chem. 1983,48, 674. 

(b) Hardegger, E.; Montavon, R. M. Helv. Chim. Acta 1946, 29, 1199. 
(15) Kunz, H.; Schmidt, P. Tetrahedron Let t .  1979, 2123. 
(16) Robertson, G. J. J. Chem. SOC. 1933, 737. (17) Helferich, B.; Himmen, E. Ber. Dtsch. Chem. Ges. 1928,61, 1825. 



6130 J .  Org. C h e m .  1988, 53, 6130-6133 

CHCl,) [lit." mp 150-151 "C; [a]  +116" (CHCl,)]. 
Halogenation Reagent System C. A mixture of methyl 

a-D-glucopyranoside (22) (0.40 g, 2.06 mmol), polymer-bound 
triphenylphosphine (1.0 g, 3.09 mmol), imidazole (0.31 g, 4.53 
mmol), and iodine (0.73 g, 2.88 mmol) in toluene (50 mL) was 
vigorously stirred at 70 "C for 4 h. Workup (procedure c2) yielded 
the title compound (0.60 g, 67%). 

Methyl 2,3,4-Tri-O -acetyl-6-deoxy-6-iodo-(3-~-gluco- 
pyranoside18 (25). Halogenation Reagent System B. Methyl 
6-D-glucopyranoside (24) (0.20 g, 1.03 mmol) was reacted in the 
same way as for 23. Workup (procedure b2) yielded the title 
compound (0.30 g, 67%): mp 113-114 "C (crystallized once from 
ethanol); [C?~]*~D +2" ( c  3.0, CHC1,) [lit.'' mp 114-115 " c ;  [a]  + 
1' (methanol)]. 

Halogenation Reagent System C. Methyl p-D-glUC0- 
pyranoside (24) (0.40 g, 2.06 mmol) was reacted in the same way 
as for 23. Workup (procedure c2) yielded the title compound (0.54 
g, 61%). 

Methyl 2,3,4-Tri- 0 -acetyl-6-deoxy-6-iodo-cr-~-manno- 
pyran~s ide '~  (27). Halogenation Reagent System B. Methyl 
a-D-mannopyranoside (26) (0.20 g, 1.03 mmol) was reacted in the 
same way as for 23. Workup (procedure b2) yielded the title 
compound (0.32 g, 72%): mp 90-91 "C (crystallized once form 
ethanol); [ a I z 2 D  +48" (c 1.2, CHC1,) [lit." mp 91-92 "c; [a]  +37" 
(CHC13)l. 

Methyl a-D-manno- 
pyranoside (26) (0.40 g, 2.06 mmol) was reacted in the same way 
as for 23. Workup (procedure c2) yielded the title compound (0.57 
g, 64%). 
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In recent years enzymatic catalysis in organic solvents 
has been the subject of extensive investigat,ions.' Lipases 
have been successfully used as transesterification catalysts 
for stereoselective acylation2 and kinetic resolution of 
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Figure 1. Lipase-catalyzed transesterification of 1-hexanol with 
vinyl acetate (O), isopropenyl acetate (O), vinyl butyrate (A), vinyl 
octanoate (w), 2,2,2-trichloroethyl acetate (A), and ethyl acetate 
(0). Conditions: 1-hexanol (10 mmol), enol esters 1 (10.5 mmol), 
lipase Amano P (500 mg), dry diisopropyl ether (20 mL), 25 "C. 
Detection: GC (2% XE-60,2 m, 70 "C, ethyl benzene as internal 
standard). 
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 alcohol^.^ The enzymatic process, however, is reversible 
and often requires long reaction times and a large excess 
of esters as the acyl donor in order to achieve a reasonable 
degree of  onv version.^,^^,^ 

Recent application of vinyl or isopropenyl esters as the 
acylating agent to a lipase-catalyzed esterification5 appears 
to offer an effective solution to this problem because the 
enol, product, is immediately transformed irreversibly into 
acetaldehyde or acetone. However, not all of the com- 
mercially available lipases are necessarily effective for 
transesterification with enol esters; moreover, the irre- 
versibility (equilibrium) has not yet been clearly demon- 
strated, although high reactivity (reaction rate) of enol 
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