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Abstract: The reaction of epoxides with lithium halides was efficiently promoted on the surface of silica
gel in the absence of any solvent to give the corresponding §-halohydrins. The reactivity of lithium halides
was shown to follow the order Lil > LiBr>> LiCl, and the reactivity of LiCl wasdramatically increased by
adding an equivalent amount of water to this system. On the other hand, a similar reaction with a 8-
epoxyketones produces the a-haloenone derivatives, presumably via halohydrin intermediates. The
epoxide-opening reaction of (R)-(+)-styrene oxide was also investigated to clarify the stereochemical features
of this reaction. © 1998 Elsevier Science Ltd. All rights reserved.

Introduction

Organic reactions on supported reagents have recently received considerable attention from synthetic
chemists because of their high efficiency, environmentally benign conditions, and convenient work-up
procedures. ] In particular, silica gel has been shown to be the most useful inorganic solid for effecting a
variety of functional group transformations. 1> 2 The catalytic activity of silica gel is now recognized to be the
results of water present in this reagent as a form of silicic acid, a so-called Bremsted acid.12 One of the major
advantages of using silica gel as a supporting reagent is its weakly acidic character (pH 5.5-7.5).3, 4

In connection with our general interest in novel ring-opening reactions of epoxides with several
nucleophiles, we recently found that aminolysis with amino acid esters and reactions with nitrogen heterocycles
are both efficiently catalyzed by silica gel under solvent-free conditions.5 In view of the great utility of
epoxides as synthetic intermediates in organic chemistry, 6 it may be worthwhile to explore the versatility of silica
gel-catalyzed epoxide-opening reactions with some other nucleophiles. In this paper, we describe results that
successfully led to the development of a novel, simple method for the transformation of epoxides to f3-
halohydrins? using lithium halides supported on silica gel (eq. 1).8: 9

OH a: X=C1
O + LiX(3equiv) b: X=Br 1)
t X e X=I
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Results and Discussion

To determine the optimum conditions, we first investigated the conversion of phenyl glycidyl ether (1) to
the corresponding bromohydrin 2b in the presence of a variety of metal bromides. As expected, commercial-
grade chromatography silica gel (Wakogel C-300, 250 mg per mmol of epoxide)10 and 3 equiv of metal bromide
effectively triggered the desired reaction at room temperature (Table 1).

Table 1. Formation of Bromohydrin 2b from Phenyl Glycidyl Ether (1) and Metal Bromides

¢

" OH 0 "oPn
? GagD)
PRO_~ + MBr, (3 equiv) - PhO\/K/Br + Pho\)\ OH
1 it

2
- 2b Br

Entry MBr, Reaction Time, h Yield, %"

1 LiBr « H,0 1 100

2b LiBr « H,0 22 100

3¢ LiBr « H,0 48 449

4 NaBr 720 24 (73)

5 KBr 168 16 (59)°

6 CsBr 48 No reaction

7 MgBr, * 6H,0 3 100

8 CuBr, 240 71 (19)

* Isolated yield. Yields in parentheses are the corresponding diol. ° In CH,Cl, solution.
¢ Without using silica gel. % 25% recovery and 20% dimer (2i). © 19% recovery.

For present purposes, LiBr was the best choice from among several metal bromides, and 2b was obtained
quantitatively within 1 h (Table 1, entry 1). Comparable reactivity was also observed with MgBr2 (Table 1,
entry 7).  Although silica gel showed a moderate catalytic activity in dichloromethane solution, the reaction was
extremely slow (Table 1, entry 2). In a separate experiment, after standing for 48 h at room temperature, direct
exposure of 1 to LiBr produced a rather complex mixture: 2b was isolated from this mixture in 44% yield, along
with 25% of the starting material and 20% of dimer 2i11 (Table 1, entry 3). Interestingly, when other salts like
NaBr, KBr, and CuBr2, which have no hydrate form, were used, a considerable amount of the hydrolyzed
compound was obtained as a byproduct (Table 1, entries 4, 5, and 8).12

To clarify the effect of a wet environment, this reaction was also carried out under strictly anhydrous
conditions. The use of dry LiBr and freshly dried silica gel (120 °C, 1 day) resulted in complete recovery of the
starting material even after standing overnight.  Since the Li* ion has an exceptionally high hydration energy, 13
the water molecules in LiBr could conceivably loosen the jon pairing of Lit—Br~, leading to an increase in the
nucleophilicity of the bromide anion. In addition, a small amount of physisorbed water on the surface of silica
gel also facilitates coordination of the acidic silanol groups with the dispersed LiBr through hydrogen bonding.
This effectively polarizes the Lit+—Br~ bond.4 14 Based on these considerations, we concluded that the use of
silica gel under solvent-free conditions and the presence of water in both LiBr and silica gel played an essential
role in promoting this type of epoxide ring-opening reaction.
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The general applicability of this procedure was clarified for a variety of epoxides, as summarized in Table 2.
In most cases, the reaction proceeded smoothly to give the desired halohydrin derivatives in high yields. Due to
the low reactivity of lithium chloride, concomitant hydrolysis of epoxides was observed (Table 2, entry 1).
This difficulty was overcome by adding an equivalent amount of water to lithium chloride, and the reaction was
complete within a shorter reaction period (Table 2, entry 2). It should be emphasized that a precise amount of
water is required to produce optimal results; otherwise, the hydrolysis side-reaction is not suppressed.15 In
contrast, lithium iodide was sufficiently reactive and the desired iodohydrins were readily formed in excellent
yiekds at room temperature. These results demonstrate that the reactivity of lithium halides definitely follows the
order Lil > LiBr >> LiCl, which is in good agreement with previous observations.8¢

A systematic survey of reactions using a series of aliphatic epoxides 3, 4, and 5 revealed an important
aspect of this procedure (Table 2, entries 4-12). Thus, whereas 1-hexene oxide (3) and 1-decene oxide (4)
showed normal reactivity, a large decrease in the reaction rate was observed for the reaction of 1-hexadecene
oxide (5). 'The reaction with lithium chloride or lithium bromide took almost two weeks for completion (Table
2, entries 10 and 11). Treatment.of 5 with lithium iodide gave iodohydrin 19¢ in 84% yield after 4 days along
with a small amount of 2-hexadecanone (8%) via an epoxide-carbonyl rearrangement (Table 2, entry 12).16
Apparently, increasing the size of the hydrophobic side chain severely hinders the easy access of epoxides to the
silica gel surface. Similar behavior was observed for cyclooctene oxide (12), where no product was formed
even with lithium iodide (Table 2, entry 31).

For the terminal epoxides such as 1-6, 9, and 10, the ring-opening reaction was highly regioselective and
gave the corresponding 1-halo-2-alkanols, indicating that halide anions attacked predominantly from the less-
hindered side (Table 2, entries 1-15 and 22-27). The only exception was styrene oxide (7), from which 2-halo-
2-phenylethanols (22) were produced in appreciable amounts, 17 which suggests that preferential cleavage of the
benzylic C-O bond provided a stabilized benzylic cation species during the reaction (Table 2, entries 16-18).
For the reaction of benzoate 6 with lithium iodide, a very small amount of benzoyl migration was observed
(Table 2, entry 15). 'The successful results for 10 and 13 demonstrate the feasibility of this method for acid-
sensitive substrates with an acetonide function (Table 2, entries 25-27 and 32-34). The normal trans-opening
stereochemistry was demonstrated for cyclic epoxides 11 and 13 (Table 2, entries 28-30 and 32-34).6

Interestingly, o,B-epoxyketones such as 14-16 produced a-haloenone derivatives in moderate yields
along with unidentified minor byproducts (Table 2, entries 35-43). These results can be explained by the
mechanism depicted in Scheme 1.

Scheme 1

O [ ,‘-I',.'J 0
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14-16 | AP HPMPIP PP S P PR R G _[ 30-32

On the silica gel surface, halide anions first regioselectively attack the a-carbon of the epoxide to produce
the corresponding halohydrin intermediates, which are then spontaneously dehydrated to give the enone products
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Table 2. Reaction of Epoxides with Silica Gel-Supported Lithium Halides®

Entry  Epoxide Lix Time Product(s) Yield, %°
1 o LiC 22 days OH aX=C 50033
2 PO La+Ko 6ays PO L _x wx=a o
3 1 Lil " 15min 2 c:X=1I 9%

4 o LiCI+H0 17h OH axX=Cl 7
5 CHr <]  LBrH0 6h G A _Xx mX=B 75
6 3 Lil 15 min - 17 et X=1I 74
7 o LICL+HO  12days OH ax=C 97
8 CHis <] LBrH,0  19h CTHﬁ\/I\/x b:X=Br 97
9 4 Lil 15 min 18 ciX=I 97
10 o LCI+HO 15dsys OH aX=C 9
11 Gl <] LiBeH,0  14dsys  CpHy, A _X b:X=Br 88
12 85 Lil 4 dﬂys 19 cX=1 84c
13 0 LiCi + Hzo 34h OH axX=0qa 95
14 B0 L] LBcHO  3h BzO \/k/ x  biX=Br 9
15 Lil 15 min e X=1 g
6 20
° OH X
o< NS S N
2 21 22
16 LiCl+ H;0  5days a:X=Cl{21:79) 80 (1)°
17 LiBrel,O  3h b: X = Br (36 : 64) 91°
18 Lil 3h c:X=1(47:53) 96°
o OH ax=Cl )=(
o - X biX=Br . A_OH
8 23 cX=1 24
19 LiCl+ H,0  7days (100% ee)t 23:77 (18%ee)l 76 (5)°
20 LiBeH;0  5h (100% ee)f 47:53 (6%ee))  81°
21 Lil 2h 4% ee)l 59:41 (0%ee)  79°
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8All reactions were performed using 3 equiv of LiX and silica gel (250 mg / mmol). Pisolated yield. Yields in
g:;enﬂmes&s are the corresponding diol. °2-Hexadecanone (8%) was also obtained as a major byproduct.

e regicisomer through benzoyl migration was also obtained in 5% yield. °A very small amount of
(E)-2,4-dipheny]-2-butenal was also detected. See ref. 17. {Opical purity was determined by HPLC analysis.

See Experimental Section.
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30-32.18 Unfortunately, all of our efforts to isolate the halohydrin intermediates were unsuccessful and no
other products caused by reverse regioselective opening were detected. Due to the synthetic importance of a-
haloenone derivatives as a-acylvinyl anion equivalents,19 several methods are available for deriving these
molecules.20  Accordingly, the present method can serve as an alterative pathway to a-haloenones, since the
starting epoxides are readily available by simple epoxidation of conjugated enone precursors.21

Due to our general interest in understanding the stereochemical outcome of epoxide ring-opening, (R)-(+)-
styrene oxide (8) was subjected to the above transformations (Table 2, entries 19-21). The optical purity of
each product was determined by chiral HPLC analyses. Unlike 23¢, the primary halides 23 retained the
asymmetric character presentin 8. The specific rotations for 23a, [a]p?5 -39.1 (¢ 1.2, CHC13) {1it.22 [a]p -
47.8 (c 2.8, cyclohexane)}, and 23b, [alp?6 -39.6 (c 1.1, CHCI3) {lit.23 [¢)p?0 -39.0 (c 8.0, CHCI3)},
established their correct stereochemistry. On the other hand, the optical purities of 24 showed quite confusing
results: 24a, b, and ¢ exhibited 18, 76, and 0% ee, respectively.24

To confirm the absolute configuration of 24a and b, the independent synthesis of these compounds was
achieved starting from commercially available (R)-(-)-styrenediol (33) by analogy with our previous
investigation (Scheme 2).5P Careful exposure of 345P to CCly or CBrg4 with n-Bu3P in toluene at room
temperature followed by desilylation gave 24a and b in overall yields of 11 and 23% and in 67 and 72% ee,
respectively.25  Although the SN2 inversion at halogenation onto 34 was incomplete, the retention time for
each of the major isomers was consistent with those of the samples obtained by epoxide ring-opening (vide
supra).

Scheme 2
H OH X H
1S Ref. 4b 1. CClorCBr, n-Bup %
oH =R OTBDMS £__OH
Ph/a:/ /cj/ 2. aq HF, CH,CN i

24a X =Cl(67% ee)
b X = Br(72% ee)

The complete retention of the stereochemistry in 23 can be rationalized by considering that the reaction
proceeded by cleavage at the methylene carbon via a protonated intermediate A (Scheme 3).

Scheme 3
LiX: smca | + ' X"
/<? __——fe 0‘) (BH — Y OH
Ph AL PN
8 ™A P s c
X xX----- B
Sy2-type 1SN2-type lSNl -type
cleavage inversion racemization
OH X X
X o A OH o A_OH
23 A

24
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At present, we cannot clearly account for the loss of optical purity in 23¢. The unusual fluctuation of
optical purity in 24 may reflect a competitive SN1- and SN2-type epoxide ring fission (path B and C), similsr ©
that suggested by Umezawa et al. for hydrofluorination of epoxides.26  These results can be explained simply
by considering the difference in nucleophilicity and the size of the halide anion. The nearly racemic mixture of
24 ¢ indicates that the SN1-type process via a benzylic carbenium ion C predominated because of the unfavorable
approach by the buly iodide anion. The relatively high enantioselectivity of 24b implies the borderline
nucleophilicity and steric bulkiness of the bromide anion.

Conclusion

Although several methods are available for transforming epoxides into the corresponding ﬁ-halohydﬁm,7
we believe that the present method offers considerable advantages in terms of simplicity, high efficiency, and
very mild conditions. 'The relative reactivity of the lithium halides was rigorously esteblished to be Lil > LiBr
>> LiCl, and the reactivity of LiCl was dramatically increased by the addition of an equivalent amount of water to
this system. The similar treatment of a,f3-epoxyketones provided a-haloenone derivatives, presumably via
halohydrin intermediates.  Finally, it should be emphasized that these solvent-free conditions could be valuable
given the increasing demand for environmentally benign technology.27

Experimental Section

General Procedure.

All melting points and boiling points are uncorrected. NMR spectra were recorded on a Hitachi R-90H
(90 MHz for 1H NMR analysis and 22.6 MHz for 13C NMR analysis) spectrometer in CDCl3 solution and are
reported in parts per million (8) downfield from TMS (6 = 0) or CDCI3 (6 = 77.0) as an internal standard. The
FT-IR spectra were measured with a JASCO Model FT/IR-5300 Fourier transform infrared spectrometer and are
reported in wavenumbers (cm-!). High resolution mass spectra were obtained with a JEOL HX-100
spectrometer. Optical rotations were recorded on a JASCO DIP-370 polarimeter. HPLC analyses were
carried out using a Hitachi L-6200 HPLC system. Thin-layer chromatography (TLC) was performed using
Merck Kiesegel 60F-254 plates (0.25 mm). Column chromatography was done on Wakogel C-300.

Commercially available reagents were used without further purification.

Typical Procedure for the Reaction of Epoxides on Silica Gel Supports. With LiBr or Lil:
To a mixture of epoxide (1.0 mmol) and LiBr or Lil (3.0 mmol) in a few mL of CH2Cl2 was added silica gel
(250 mg).lo The suspension was shaken at rt for a while and evaporated to dryness.  After allowing to stand
at rt for the lengths of time shown in Tables 1 and 2, silica gel was removed by filtration and the crude product
was purified by preparative TLC or by silica gel column chromatography.

With LiCl: To a mixture of epoxide (1.0 mmol), LiCl (3.0 mmol), and water (3.0 mmol) in a few mL
of CH2CI2 was added silica gel (250 mg),10 and the mixture was treated as described above.

1-Chloro-3-phenoxy-2-propanol (2a):8¢ 28 Colorless oil; IR (neat) v 3407, 1599, 1497; LH NMR
82.59 (1H, d, J = 5.5 H2), 3.74 (2H, m), 4.10 (3H, m), 6.8-7.1 3H, m), 7.1-7.4 (2H, m); 13C NMR &
45.90, 68.52, 69.83, 114.50 (x 2), 121.30, 129.41 (x 2), 158.07.
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1-Bromo-3-phenoxy-2-propanol (2b):8¢. 28 Colorless oil; IR (neat) v 3409, 1599, 1495; 1H NMR
5271 (1M, d, J = 4.6 Hz), 3.60 (2H, m), 4.09 (3H, m}, 6.8-7.1 (3H, m), 7.1-7.4 H, m); 13C NMR &
34,74, 69.07, 69.23, 114.35 (x 2), 121.06, 129.20 (x 2), 157.83.

1-Iodo-3-phenoxy-2-propanol (2¢):8¢. 28 Colorless oil; IR (neat) v 3409, 1599, 1495; LH NMR &
2.52 (1H, m), 3.43 (2H, m), 4.05 (3H, m), 6.8-7.1 (3H, m), 7.1-7.4 H, m); 13C NMR 5 9.16, 69.44,
70.38, 114.53 (x 2), 121.30, 129.41 (x 2), 157.98.

1-Chloro-2-hexanol (178):2% Colorless oil; TR {(neat) v 3380, 1466, 1046; 1H NMR & 0.92 (3H, m),
1.1-1.8 (6H, m), 2.26 (1H, d, J = 4.4 Hz), 347 (1H, dd, J = 10.9, 6.4 Hz), 3.62 (1H, dd, J = 10.9, 3.2 Hz),
3.80 (1H, m); 13C NMR 6 13.95, 22.61, 27.70, 33.98, 50.50, 71.45.

1-Bromo-2-hexanol (17b):30 Colorless oil; IR {neat) v 3378, 1466, 1036; 1H NMR & 0,92 (3H, m),
1.2-1.8 (6H, m), 2.18 (1H, d, J = 4.8 Hz), 3.37 (1H, dd, J = 10.2, 7.0 Hz), 3.53 (1H, dd, J = 10.2, 3.4 Hz),
3.74 (1H, m); 13C NMR & 13.89, 22.51, 27.70, 34.77, 40.29, 70.99.

1-Todo-2-hexanol (17¢):31 Colorless oil; IR {neat) v 3383, 1464, 1009; 1H NMR & 0.91 (3H, m),
1.1-1.8 (6H, m), 2.13 (1H, br), 3.23 (1H, dd, J = 9.5, 6.2 Hz), 3.38 (1H, dd, J = 9.5, 3.5 Hz), 3.4-3.7 (1H,
m); 13C NMR 6 13.92, 16.33, 22.45, 27.73, 36.20, 70.81.

1-Chlero-2-decanol (18a):8¢, 32 Colorless oil; IR (neat) v 3374, 1464, 1059; 1H NMR & 0.88 (3H,
m), 1.28 (14H, m), 2.19 (1H, br d, J = 4.4 Hz), 3.46 (1H, dd, 7 = 11.0, 7.0 Hz), 3.62 (1H, dd, J = 11.0, 3.3
Hz), 3.80 (1H, br); 13C NMR 5 13.98, 22.58, 25.47, 29.16, 29.44 (x 2), 31.78, 34.19, 50.14, 71.36.

1-Bromo-2-decanol (18b):8e. 32 Calorless oil; IR (neat) v 3380, 1464, 1028; 1H NMR & 0.88 (3H,
m), 1.28 (14H, m), 2.12 (1H, d, J = 5.4 Hz), 3.37 (1H, dd, J = 10.3, 7.0 Hz), 3.53 (1H, dd, J = 10.3, 3.3),
3.77 (LH, br); 13C NMR & 13.95, 22.51, 25.47, 29.10, 29.37 (x 2), 31.72, 35.02, 39.95, 70.90.

1-1odo-2-decaneol (18¢):8¢. 32 Colorless oil; IR (neat) v 3380, 1464, 1013; LH NMR & 0.88 (3H, m),
1.28 (14H, m), 1.98 (1H, d, J = 4.6 Hz), 3.22 (1H, dd, J = 10.1, 6.8 Hz), 3.38 (1H, dd, J = 10.1, 3.3 Hz),
3.4-3.7 (1H, m); 13C NMR 5 14.07, 15.99, 22.61, 25.62, 29.19, 29.44 (x 2), 31.81, 36.60, 71.05.

1-Chloro-2-hexadecanol (19a): Mp 42.5-43.0 °C (from pentane); IR (KBr) v 3380, 1468, 1074; 1H
NMR 5 0.88 (3H, m), 1.25 (26H, m), 2.12 (1H, d, J = 4.8 Hz), 3.4-3.9 (3H, m); 13C NMR (CDCI3) 5 14.16,
22.76, 25.59, 29.41, 29.59 (x 3), 29.71 (x 5), 32.00, 34.31, 50.53, 71.48. Anal. Caled for C16H33C10: C,
69.41; H, 12.01. Found: C, 69.20; H, 11.87.

1-Bromo-2-hexadecanol (19b): Mp 46.5-47.0 °C (from pentane) (lit.33 48-49 °C); IR (KBr) v 3383,
1468, 1046; 1H NMR & 0.88 (3H, m), 1.26 (26H, m), 2.11 {1H, d, J = 5.1 Hz), 3.3-3.9 (3H, m); 13C NMR &
14.13, 22.73, 25.66, 29.41, 29.56 (x 3), 29,71 (x 5), 31.97, 35.17, 40,47, 71.08.

1-Todo-2-hexadecanol (19¢): Mp 50.5-51.5 °C (from pentane); IR (KBr) v 3389, 1466, 1074; 1H
NMR & 0.88 (3H, m), 1.26 (26H, m), 1.91 (1M, d, J = 5.3 Hz), 3.2-3.6 3H, m); 13C NMR 5 14.19, 16.75,
22.76, 25.75, 29.41, 29.56 (x 2), 29.62 (x 2), 29.71 (x 4), 32.00, 36.69, 71.05. Anal. Calcd for C16H33I0:
C, 52.17; H, 9.03. Found: C, 52.52; H, 8.89. '

3-Chloro-2-hydroxypropyl benzoate (20a):34 Colorless oil; IR (aeat) v 3459, 1723, 1277; 1H
NMR 5 2.89 (1H, d, J = 5.5 Hz), 3.69 (2H, m), 4,23 (1H, sextet, J = 5.3 Hz), 4.46 (2H, m), 7.3-7.7 (3H, m),
7.9-8.2 (2H, m); 13C NMR & 45.93, 65.63, 69.59, 128.28 (x 2), 129.32, 129.53 (x 2), 133.16, 166.43.

3-Brome-2-hydroxypropyl benzoate (20b):35 Colorless oil; IR (neat) v 3459, 1721, 1275; 1H
NMR 5 2.89 (1H, d, J = 5.7 H2), 3.56 (2H, m), 4.24 (1H, m), 447 H, m), 7.3-7.7 3H, m), 7.9-8.2 (2H,
m); 13C NMR 5 34.68, 66.21, 69.07, 128.19 {x 2), 129.26, 129.44 (x 2), 133.04, 166.24.
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2-Hydroxy-3-lodopropyl benzoate (20c):36 Colorless oil; IR (neat) v 3445, 1719, 1275; 1H NMR
5 2.86 (1H, d, J = 5.5 Hz), 3.33 (1H, dd, J = 10.5, 6.2 Hz), 3.41 (1H, dd, J = 10.5, 5.0 Hz), 3.99 (1H,
sextet, J = 5.5 Hz), 4.44 (H, m), 7.3-7.7 (3H, m), 7.9-8.1 (ZH, m); 13C NMR 5 8.76, 67.21, 68.98, 128.16
(x 2), 129.14, 129.38 (x 2), 133.01, 166.21.
2-Chloro-1-phenylethanol (21a):80, 37 Colorless oil; IR {neat) v 3407, 1454, 1065; 1H NMR &
2.69 (1H, br), 3.67 (1H, dd, J = 11.2, 7.9 Hz), 3.72 (1H, dd, J = 11.2, 4.4 Hz), 4.88 (IH, dd, J = 7.9, 4.4
Hz), 7.35 (5H, 5); 13C NMR & 50.84, 74.07, 126.00 (x 2), 128.38, 128.59 (x 2), 139.93.
2-Bromoe-1-phenylethancl (21b):8d Colorless oil; IR (neat) v 3395, 1454, 1061; 1H NMR 5 2.64
(1H, d, 7 = 3.1 Hz), 3.53 (1H, dd, J = 10.8, 8.4 Hz), 3.63 (1H, dd, J = 10.8, 4.3 Hz), 491 (IH, m), 7.36
(5H, 8); 13C NMR & 40.20, 73.86, 125.94 (x 2), 128.41, 128.65 (x 2), 140.30.
2-Todo-1-phenylethanol (21¢):8¢ Colorless ail; IR (neat) v 3407, 1453, 1175, 1055; 1H NMR 5 249
(1H, br), 3.39 (1H, dd, J = 10.3, 7.9 Hz), 3.48 (1H, dd, J = 10.3, 4.6 Hz), 4.81 (1H, m), 7.34 (5H, s); 13C
NMR & 15.26, 74.01, 125.69 {x 2), 128.25, 128.59 (x 2), 141.09.
2-Chloro-2-phenylethanol (22a):80, 37 Colorless oil; IR (neat) v 3383, 1453, 1067; 1H NMR &
222 (1H, m), 3.91 (1H, br t, J = 6.6 Hz), 4.96 (1H, 1, J = 6.6 Hz), 7.36 (5H, 5); 13C NMR & 64.68, 67.82,
127.40 (x 2), 128.68 (x 2), 128.74, 137.89.
2-Bromo-2-phenylethanol (22b): Mp 35.0-36.5 °C (from EtpO-pentane) (1it.38 38 °C); IR (KBr) v
3401, 1454, 1022; 1H NMR & 2.22 (1H, br 5}, 3.93 (1H, dd, J = 12,5, 6.5 Hz), 4.04 (1H, dd, J = 12.5, 7.2
Hz), 5.04 (1H, dd, J = 7.2, 6.5 Hz)}, 7.36 (SH, m); 13C NMR 5 56.88, 67.55, 127.86 (x 2), 128.47, 128.80
{x 2), 138.22.
2-Todo-2-phenylethanol (22¢):8¢ Mp 75.0-76.0 °C (from Et20-hexane) (lit.39 77-78 °C); IR (KBx) v
3252, 1453, 1011; LH NMR & 2.10 (1H, br), 4.02 2H, m), 5.19 (1H, t, J = 7.2 Hz), 7.2-7.5 (5H, m); 13C
NMR & 35.63, 68.58, 127.89 (x 2), 128.47, 128.86 {x 2), 139.99.
(R)-2-Chloro-1-phenylethanol (23a): [alp23 -39.1 (¢ 1.2, CHCI3) (tit.22 [x]p -47.8 (c 2.8,
cyclohexane)) (100% ee by HPLC analysis).
(R)-2-Bromo-1-phenylethanol (23b): [a]p26 -39.6 (¢ 1.1, CHCI3) (.23 [a]p20 -39.0 (¢ B,
_CHC13)) (100% ee by HPLC analysis).
(R)-2-Todo-1-phenylethanol (23¢): [a]p26 -15.8 (c 1.2, CHCI3) (82% ee by HPLC analysis).
(5)-2-Chlero-2-phenylethanol (24a): [a]p27 +30.7 (c 1.1, CHCI3) (18% ee by HPLC analysis).
(5)-2-Bromo-2-phenylethanol (24b): [a]p27 +102.1 (¢ 1.0, CHCI3) (76% ee by HPLC analysis).
Enantiomeric Analyses of 23 and 24: The absolute configurations of 23 and 24 were determined by
the sign of the specific rotation or by independent synthesis (vide infra). The enantiomeric excess (ee) values of
23 and 24 were determined by HPLC analysis (254 nm, flow rate: 0.5 mL/min). This analysis was carried out
with CHIRALCEL OB for 23a (eluent: hexane/2-propancl 88:12, ¢R 15.3 min for § isomer and rg 20.2 min for
R isomer), 23b (eluent: hexane/2-propanol 90:10, R 15.7 min for R isomer and (R 19.3 min for § isomer), and
23c (eluent: hexane/2-propanol 88:12, R 14.1 min for R isomer and (R 15.8 min for § isomer), with
CHIRALCEL O for 24a (eluent: hexane/2-propanol 88:12, rR 21.0 min for R isomer and /R 25.4 min for §
isomer) and 24b (eluent; hexane/2-propanol 90:10, ¢R 35.5 min for § isomer and /R 41.8 min for R isomer), and
with CHIRALCEL OD for 24¢ (eluent: hexane/2-propancl 99:1, tR 29.5 and 33.9 min),
1,3-Dichloro-2-propanol (258):40 Colorless liquid; IR (neat) v 3387, 1431, 1053; !H NMR & 2.73
(1H, br), 3.69 {4H, d, / = 5.1 Hz), 4.07 (1H, m); 13C NMR & 45.69 (x 2), 70.81.
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1-Bromo-3-chloro-2-propanol (25b):8d. 41 Coloriess liquid; IR (neat) v 3407, 1427, 1042; I1H
NMR & 2.51 (1H, d,J = 6.8 Hz), 3.56 (2H, d, J = 5.0 Hz), 3.70 (2H, d, J = 4.8 Hz), 402 (1H, m); 13C NMR
& 34.71, 46.45, 70.41.

1-Chloro-3-iodo-2-propanol (25¢):42 Colorless liquid; IR {neat) v 3387, 1424, 1034; 1H NMR &
2.6 (1H, by), 3.38 (2H, d,J =5.1 Hz), 3.71 (3H, m); 13C NMR 8 9.10, 47.85, 70.48.

1,6-Dideoxy-1,6-dichlore-3,4-0-isopropylidene-D-mannitol (26a): Colorless oil; lalp2!
+12.8 (¢ 1.4, CHCl3); IR (neat) v 3364, 1375, 1074; 1H NMR 5 1.38 (6H, s), 3.5-4.0 (10H, m); 13C NMR &
26.91 (x 2), 47.73 (x 2), 72.70 (x 2), 79.99 (x 2}, 110.14; MS m/z (rel intensity} 261 (48), 259 (M* + 1, 74),
245 (26), 243 (40), 201 (18), 179 (100), 165 (16), 147 (15}, 59 (95); HRMS caled for CoH16C1204 + H
259.0504, found 259.0507.

1,6-Dideoxy-1,6-dibromo-3,4-0-isopropylidene-D-mannitol (26b): Colorless oil; [alp2?
+15.9 {c 1.1, CHCI3); IR (neat} v 3364, 1375, 1078; 1H NMR 5 1.38 (6H, s), 3.4-4.0 (10H, m}; I3C NMR 5
26.87 (x 2), 37.33 (x 2), 72.24 (x 2), 80.72 (x 2), 110.08; MS m/z {rel intensity) 351 (41), 349 (80), 347 (M*+
+ 1, 44), 333 (21), 273 (26), 225 (30), 223 (30), 129 (100), 59 (30); HRMS calcd for CgH16Br204 + H
346.9494, found 346.9473.

1,6-Dideoxy-1,6-diiodo-3,4-0-isopropylidene-D-mannitel (26¢): Colorless oil; [431.]1;.21 +17.7
(c 1.0, CHCI3); IR (neat) v 3362, 1375, 1078; LH NMR 5 1.37 (6H, s), 3.3-3.9 (10H, m); 13C NMR & 12.45
% 2), 26.94 (x 2), 72.30 (x 2), 81.97 (x 2), 110.02; MS m/z (rel intensity) 442 (M*+ + 1, 1), 427 (24), 297 (5),
271 (96), 257 (3), 239 (4), 213 (31), 169 (13), 101 (9), 86 (19), 59 (100); HRMS calcd for C9H16I204
4419138, found 441.9119.

trans-2-Chlorocyclohexanol (27a):43 Colorless oil; IR (neat) v 3385, 1451, 1074; 1H NMR § 1.0-
2.4 (8H, m), 2.59 (1H, s), 3.3-4.0 (2H, m); 13C NMR & 23.95, 25.62, 33.16, 35.14, 67.30, 75.20.

trans-2-Bromocyclohexanol (27b):43D Coloriess oil; IR (neat) v 3387, 1451, 1073; 1H NMR 5 1.1-
25 (8H, m), 2,53 (1H, d, J = 2.2 Hz), 3.61 (1H, m), 3.91 (1H, ddd, J = 9.5, 9.3, 4.4 Hz); 13C NMR &
24.07, 26.60, 33.55, 36.17, 61.57, 75.17.

trans-2-lodocyclohexanol (27c): Mp 38.0-38.5 °C (from pentane) (1it.43b 40.0-41.7 °C); IR (KBr) v
3206, 1449, 1071; 1H NMR & 1.2-2.6 (8H, m), 2.38 (1H, br), 3.67 (1H, m), 4.05 (1H, ddd, J = 117, 9.7,
4.4 Hz); 13C NMR & 24.25, 27.76, 33.67, 38.40, 42.79, 75.60.

trans-6-Chloro-2,2-dimethyl-1,3-dioxepan-5-0l (29a): Colorless oil; IR {neat) v 3443, 1379,
1221; 1H NMR & 1.35 (6H, s), 3.21 (1H, br}, 3.4-4.1 (6H, m); 13C NMR & 24.34, 24,56, 61.02, 61.15,
62.30, 73.59, 101.67; MS m/z (rel intensity) 183 (20), 181 (M* + 1, 67), 165 (30), 163 {46), 145 (37), 105
(20), 87 (28), 59 (100); HRMS calcd for C7H13C103 + H 181.0631, found 181.0603.

trans-6-Bromo-2,2-dimethyl-1,3-dioxepan-5-ol (29b):8d Colorless oil; IR (neat) v 3430, 1377,
1219; 1H NMR & 1.36 (6H, s), 2.79 (1H, d, J = 5.3 Hz), 3.4-4.1 (6H, m); 13C NMR & 24.53, 24.59, 55.60,
61.27, 61.66, 73.95, 101.73; MS m/z (rel intensity) 227 (97), 225 (M+ + 1, 100), 209 (35), 207 (26), 145 (38),
115 {28), 87 (14), 59 (54); HRMS caled for C7H] 3BrO3 + H 2250126, found 225.0118,

trans-2,2-Dimethyl-6-iode-1,3-dioxepan-5-0l (29¢): Colorless oil; IR (neat) v 3428, 1217, 1080;
1Y NMR & 1.37 (6H, 8), 2.75 (1H, d, J = 5.7 Hz), 3.54.2 (6H, m); 13C NMR 5 24.68, 24.83, 37.82, 62.27,
62.58, 75.23, 101.79; MS m/z (rel intensity) 273 (M* + 1, 63), 255 (38), 215 (31), 197 (96), 169 (16), 145
(63), 115 (42), 87 (21), 59 (100); HRMS caled for C7H)3103 + H 272.9988, found 272,9961,
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2-Chloro-2-cyclohexenone (30a): Mp 73.0-73,5 °C (from Et20-hexane) (tit.44 67-68 °C); IR (KBr)
v 1686, 1607; 1H NMR & 1.8-2.3 (2H, m), 2.4-2.7 (4H, m), 7.15 (1H, t, J = 4.4 Hz); 13C NMR & 22561,
27.03, 38.46, 132.00, 146.39, 191.09. :

2-Bromo-2-cyclohexenone (30b): Mp 74.5-76.0 °C (from Et20-hexane) (1it.18 74-76 °C); IR (KBr)
v 1682, 1597; 1H NMR & 1.9-2.8 (6H, m), 7.42 (1H, t, J = 4.4 Hz); 13C NMR & 22.61, 28.28, 38.22,
123.59, 150.91, 190.70.

2-lodo-2-cyclohexenone (30¢): Mp 46.0-47.0 °C (from Et)O-hexane) (1it.20a 48.48 5 °C); IR (KBr)
v 1676, 1586; 1H NMR & 1.9-2.9 (6H, m), 7.77 (1H, t, J = 4.3 Hz); 13C NMR & 22.79, 29.86, 37.18,
103.65, 159.20, 191.70.

2.Chloro-3-methyl-2-cyclohexenone (31a):45 Colorless oil; IR (neat) v 1686, 1611, 1279; 1H
NMR & 1.9-22 (2H, m), 2.13 (3H, s), 2.4-2.7 (4H, m); 13C NMR & 21.54, 22.30, 33.25, 37.73, 128.65,
156.64, 190.54; MS m/z (rel intensity) 147 (33), 145 (M*+ + 1, 100), 116 (7), 81 (4); HRMS calcd for C7H9CIO
+ H 145,0420, found 145.0414.

2-Bromo-3-methyl-2-cyclohexenone (31b):18 Calorless oil; IR (neat) v 1680, 1605, 1271; 1H
NMR & 1.9-2.2 (2H, m), 2.17 (3H, 5), 2.3-2.7 (4H, m); 13C NMR & 21.72, 25.75, 34.04, 37.52, 122.46,
160.18, 190.54.

2-lodo-3-methyl-2-cyclohexenone (311:):20‘l Colorless oil; IR {neat) v 1676, 1593, 1263; !H NMR
8 1.97 (2H, quintet, J = 5.9 Hz), 2.25 (3H, 5), 2.54 (2H, 1, J = 5.9 Hz), 2.60 (2H, t, J = 5.9 Hz); 13C NMR 5
22.18, 31.91, 34.25, 36.36, 106.85, 166.27, 191.79.

2-Chiore-2-cyclopentenone (328):44 Colorless oil; IR (neat) v 1723, 1599, 1294; 1H NMR 6 2.5-
2.8 (4H, m), 7.58 (1H, t, J = 2.9 Hz); 13C NMR & 25.81, 32.97, 136.15, 156.94, 200.73.

2-Bromo-2-cyclopentenone (32b): Mp 35.0-36.0 °C {from Et20-pentane) (lit.198, 44 36.37 °C); IR
{(KBp) v 1709, 1586, 1302; 1H NMR & 2.4-2.8 (4H, m), 7.78 (1H, t, / = 2.9 Hz); 13C NMR & 27.97, 32.36,
126.06, 161.58, 201.31.

2-Todo-2-cyclopentenone (32¢c): Mp 74.0-74,5 °C (from Et20-hexane) (1it.202 71 °C); IR (KBr) v
1707, 1564, 1281; 1H NMR 52.4-2.9 (4H, m), 8.01 (1H, t, J = 2.9 Hz); 13C NMR 5 3093, 31.23, 102.82,
169.26, 203.59.

Preparation of 24a and 24b: To a solution of 345b (0,98 mmol) and CX4 (X = Cl or Br; 1.5 mmol) in
toluene (8 mL) at rt was added dropwise n-Bu3P via a microsyringe, and the mixture was stirred for 2 days.
Conventional workup (AcOEt extraction) gave the crude product, which was roughly separated by silica gel
column chromatography (hexane/AcOEL, 19:1 to 9:1). This sample was dissolved in CH3CN (5 mL) and treated
dropwise with 48% aqueous HF (ca. 3 mL). After being stirred for 4 h at rt, the mixture was quenched with
pyridine?S to around pH 3 and then diluted with AcOEt. Conventional workup followed by purification by silica
gel column chromatography (hexane/AcOEt, 4:1 to 2:1) gave the desired compound as a colorless cil (23% yield
for 24a, 11% yield for 24b).25 24a: [a]p25 +113.9 (c 1.6, CHCI3) (67% ee by HPLC analysis, vide supra).
24b: (a]D?5 +97.5 (¢ 1.0, CHCI3) (72% ee by HPLC analysis, vide supra).



2720

H. Kotsuki et al. / Tetrahedron 54 (1998) 2700-2722

Acknowledgment. This work was supported in part by a Grant-in-Aid for Special Scientific Research from
Kochi University. The authors are grateful to Prof. Y. Fukuyama of Tokushima Bunri University for
MS/HRMS measurements,

References and Notes

1.

a) McKillop, A,; Young, D. W. Syathesis 1979, 401-422, 481-500. b) Bram, G.; d'Incan, E.; Loupy,
A, Nouv. J. Chim. 1982, 6, 689-694. ¢) Laszlo, P. Acc. Chem. Res. 1986, 19, 121-127, d} Clark, J.
H.; Kybett, A. P; Macquarrie, D. J. Supported Reagents: Preparation, Analysis, and Application, VCH,

- New York, 1992. e) Solid Supports and Catalysts in Organic Synthesis, Smith, K., Ed.; Ellis Horwood,

Chichester, 1992. f) Clark, J. H. Catalysis of Organic Reactions by Supported Inorganmic Reagents,
VCH, New York, 1994,

Hojo, M. J. Syn. Org. Chem. Jpn. 1984, 42, 635-642; Smith, K. Bull. Soc. Chim. Fr. 1989, 272-278;
Nishiguchi, T. J. Syn. Org. Chem. Jpn. 1993, 51, 308-316; Basiuk, V. A. Russ. Chem. Rev. 1995,
64, 1003-1019.

Reagents for Chromatography, 6th ed., Wako Chemicals Inc., Osaka, May 1996.

For some examples using silica gel as the acid catalyst, see: Kropp, P. J.; Breton, G. W,; Craig, S. L,;
Crawford, S. D.; Durland, Jr., W. F.; Jones, 1IL, J. E.; Raleigh, J. 8. J Org. Chem, 1995, 60, 4146-
4152 and the references cited therein. See also: Breton, G. W ; Fields, J. D.; Kropp, P. J. Tetrakedron
Lett. 1995, 36, 3825-3828; de la Cruz, P.; Diez-Barra, E.; Loupy, A.; Langa F. ibid. 1996, 37, 1113-
1116; Patil, V. J.; Mivers, U. ibid. 1996, 37, 1281-1284; Pérez, J. M.; Lopez-Alvarado, P.; Alonso, M.
A.; Avendaiio, C.; Menéndez, J. C. ibid. 1996, 37, 6955-6958; Matsumoto, Y.; Mita, K.; Hashimoto,
K.; lio, H.; Tokoroyama, T. Tetrahedron 1996, 52, 9387-9398.

a) Kotsuki, H:; Shimanouchi, T.; Teraguchi, M.; Kataoka, M.; TatsukaWa. A.; Nishizawa, H. Chem.
Letr. 1994, 2159-2162. b) Kotsuki, H.; Hayashida, K.; Shimanouchi, T.; Nishizawa, H. J. Org. Chem.
1996, 61, 984-990. See also: Raubo, P.; Wicha, J. Synlett 1993, 25-26; Bennett, F.; Patel, N. M.;
Girijavallabhan, V. M.; Ganguly, A. K. Synletr 1993, 703-704; Kotsuki, H.; Arimura, K. Tetrahedron
Lert. 1997, 38, 7583-7586.

Parker, R. E.; Isaacs, N. 8. Chem. Rev. 1959, 59, 737-799; Buchanan, J. G.; Sable, H. Z. Selective
Organic Transformations; Thyagarajan, B. S, Ed.; Wiley, 1972; Vol. 2, pp 1-95; Rao, A. §.; Paknikar,
S. K.; Kirtane, J. G. Tetrahedron 1983, 39, 2323-2367; Smith, J. G. Synthesis 1984, 629-656;
Pienninger, A. Syathesis 1986, 89-116; Hanson, R. M. Chem. Rev. 1991, 97, 437-475.

Review: Bonini, C.; Righi, G. Synthesis 1994, 225-238. See also, Larock, R. C. Comprehens:ve
Organic Transformations, VCH, New York, 1989; pp 508-509.

For the use of LiX as a halide source for the preparation of -halohydrins, see: a) Dawe, R. D.; Molinski,
T. F.; Turner, J. V. Tetrahedron Lett. 1984, 25, 2061-2064. b} Ciaccio, J. A.; Addess, K. J,; Bell, T.
W. ibid, 1986, 27, 3697-3700. ¢) Bajwa, J. S.; Anderson, R. C. ibid. 1991, 32, 3021-3024. d)
Ciaccio, J. A.; Heller, E.; Talbot, A. Synlest 1991, 248-250. e) Chini, M.; Crotti, P.; Gardelli, C.;
Macchia, F. Tetrahedron 1992, 48, 3805-3812.

For a preliminary report see: Kotsuki, H.; Shimanouchi, T. Tetrahedron Lett. 1996, 37, 1845-1848,
During the course of this study, a closely related study using FeCl3+6H20 supported on SiO2 was
reported: Iranpoor, N.; Tarrian, T.; Movahedi, Z. Synthesis 1996, 1473-1476.



10.

11.

12.

13.

14,

15.
16.

17.

18.
15.

20

21.

H. Kotsuki et al. / Tetrahedron 54 (1998) 2709-2722 prpal

Wakogel C-300 (200-300 mesh) was used throughout this study. No significant differences in reactivity
were observed for other types of commercial-grade chromatography silica gel.

2i: IR (neat) v 3428, 1599, 1495; 1H NMR 5 2.79 (1H, d, J = 4.4 Hz), 3.5-4.4 (8H, m), 6.8-7.4 (10H,
m); MS m/z (rel intensity) 382 (53), 380 (M*, 53), 288 (17), 286 (16), 215 (36}, 213 (37, 133 (100),
107 (90), 94 (64), 77 {67); HRMS caled for C18H21 BrO4 380.0623, found 380.0593.

The addition of an equivalent amount of water to the salts gave somewhat better results. For example,
KBr (72 h): 2b (36%), the hydrolyzed diol (3%), and 61% recovery; NaBr (72 h): Zb (45%), the
hydrolyzed diol (4%), and 51% recovery; CsBr (72 h): 2b (45%), the hydrolyzed diol (4%), and 51%
recovery.

Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry, 5th Ed., Wiley-Interscience, New York,
1988; p 124,

For a similar finding, see: Ando, T.; Kawate, T.; Yamawaki, J.; Hanafusa, T. Chem. Len. 1982, 935-
938. The silica surface also exerts an extraordinarily "polar" effect on some organic transformations:
Leffler, J. E.; Barbas, J. T. J. Am. Chem. Soc. 1981, 103, 7768-7773; Leffler, J. E.; Barbas, J. T;
Flowers, G. C.J. Org. Chem. 1982, 47, 2286-2287; Lindley, 5. M.; Flowers, G. C.; Leffler, J. E.
ibid. 1985, 50, 607-610; Spange, S.; Keutel, D.; Simon, F. J. Chim. Phys. 1992, 89, 1615-1622. For
a review of the surface structure of silica gel, see: Kndzinger, H. In The Hydrogen Bond. Il Dynamics,
Thermodynamics and Special Systems, Schuster, P.; Zundel, G.; Sandorfy, C., Eds.; North-Holland,
Amsterdam, 1976; Chapter 27.

For a similar finding, see: Onaka, M.; Sugita, K.; Izumi, Y. J. Org. Chem. 1989, 54, 1116-1123.
Rickborn, B.; Gerkin, R. M. J. Am. Chem. Soc. 1971, 93, 1693-1700; Magnusson, G.; Thorén, S. J.
Org. Chem. 1973, 38, 1380-1384. See also: Reo, T. B.; Rao, J. M. Synth. Commun. 1993, 23, 1527-
1533. No detectable amount of hexadecanal was observed in the crude mixture.

In this case, a very small amount of (E)-2,4-diphenyl-2-butenal was also detected: IR (neat) v 1692, 1634,
1601, 1495, 702; 1H NMR (400 MHz) & 3.70 (2H, d, J = 7.6 Hz), 6:87 (1H, t, J = 7.6 Hz), 7.15-7.49
(10H, m}, 9.66 (LH, s); 13C NMR (100 MHz) & 35.82, 126.81, 128.21, 128.39 (x 2), 128.47 (x 2),
128.87 (x 2}, 129.46 (x 2), 132.19, 138.06, 144.15, 153.38, 193.48; MS m/z (rel intensity) 222 (M+,
100), 205 (90), 193 (16), 145 (39), 131 (15), 117 (22), 105 (39}, 91 (36), 77 (4), 65 (4), 51 (4).
Probably this compound was formed by spontaneous self-condensation of phenylacetaldehyde after
epoxide-carbony] rearrangement6 of 7 or 8, See also: Coxon, J. M.; McDonald, D. Q. Tetrahedron Lett.
1988, 29, 2575-2576; Axelsson, O.; Becker, H. D.; Skelton, B. W,; Serenson, H.; White, A. H, Aust.
J. Chem. 1988, 41, 727-733.

For a similar finding, see: Mandal, A. K.; Mahajan, S. W. Tetrahedron 1988, 44, 2293-2299.

See, for example: a) Smith, A. B, IIl; Branca, S. J.; Guaciaro, M. A.; Wovkulich, P, M.; Kom, A. Org.
Synth. 1990, Collect. Vol Vi1, 271-275. b) Bachki, A.; Foubelo, F.; Yus, M. Tetrahedron 1997, 53,
4921-4934 and the references cited therein.

a) Johnson, C. R.; Adams, J. P,; Braun, M. P.; Senanayake, C. B. W.; Wovkulich, P. M.; Uskokovic,
M. R. Tetrahedron Letr. 1992, 33, 917-918. b) Sha, C.-K; Huang, S.-1. ibid 1995, 36, 6927-6928.
c) Dieter, R. K.; Nice, L. E.; Velu, ibid. 1996, 37, 2377-2380. d) S. E. Whang, J. P.; Yang, S. G.;
Kim, Y. H. Chem. Commun. 1997, 1355-1356.

Larock, R. C. Comprehensive Organic Transformations, VCH, New York, 1989; pp 460-461.



2722

22,

23.
24,
25.
26.

27.

28.
29.
30.
31.
32.
33.
34,

35.
36.
37.
38.
39.
40.
41.
42,
43.

45.
46,

H. Kotsuki et al. / Tetrohedron 54 (1998) 2709-2722

Hartgerink, J. W.; van der Laan, L. C. J.; Engberts, J. B. N.; de Boer, T. J. Tetrahedron 1971, 27,
4323-4334.

Imuta, M.; Kawai, K.; Ziffer, H. J. Org. Chem. 1980, 45, 3352-3355.

Very careful workup procedures could establish these optical purities for 24a and b.

The sparingly low overall yields are due to incomplete halogenation using CX4 with n-Bu3P.

Umezawa, J.; Takahashi, O.; Furuhashi, K.; Nohira, H. Tetrahedron; Asymmetry 1993, 4, 2053-2060.
See also: Detty, M. R.; Seidler, M. D. Tetrahedron Lett. 1982, 23, 2543-2546.

Clark, J. H.; Macquarrie, D. J. Chem. Soc. Rev. 1996, 25, 303-310; Clark, J. H.; Mncquarrie, D. J.
Org, Proc, Res. Dev. 1997, 1, 149-162.

Ronda, J. C.; Serra, A.; Mantecon, A.; Cidiz, V. Macromol. Chem. Phys. 1995, 196, 599-609.

Nakai, H.; Kurono, M. Ckem. Lett. 1977, 995-998.

Kraus, G. A,; Gotischalk, P, J. Org. Chem. 1983, 48, 2111-2112.

de Mattos, M. C. S.; Sanseverino, A. M. J. Chent. Res. (S) 1994, 440-441.

Eisch, J. J.; Liu, Z-R.; Ma, X,; Zheng, G.-X. J Org. Chem. 1992, 57, 5140-5144.

Broxton, T. J.; Chung, R. P.-T. J. Org. Chem. 1986, 51, 3112-3115.

Glass, B. D.; Goosen, A.; McCleland, C. W. J. Chem. Soc., Perkin Trans. 2 1993, 2175-2181;
Zakerinia, M.; Davary, H.; Hakimelahi, G, H. Helv. Chim. Acta 1990, 73, 912-915.

Pero, R. W.; Babiarz-Tracy, P.; Fondy, T. P. J. Med. Chem. 1977, 20, 644-647.

Pan, B. C.; Chen, Z. H.; Rowe, E. C.; Chu, S. H. J. Heterocycl. Chem. 1992, 29, 683-689.

Bovicelli, P.; Mincione, E.; Ortaggi, G. Tetrahedron Lett. 1991, 32, 3719-3722.

Cowell, A; Stille, J. K. J. Am. Chem. Soc. 1980, 102, 4193-4198.

Snyder, E. L. J. Am. Chem. Soc. 1966, 88, 1155-1160.

Conant I. B.; Quayle, O. R. Org. Synth. 1941, Collect. Vol. I, pp 292-294.

Kouzi, S. A.; Nelson, S. D. J, Org. Chem. 1993, 58, 771-773.

Ingold, C. K.; Rothstein, E. J. Chem. Soc. 1931, 1666-1683.

a) Coleman G. H.; Johnstone, H. F. Org. Synth. 1941, Collect. Vol I pp 158-159. b) Fujimoto, E.;
Takeoka, Y.; Kozima, K. Bull. Chem. Soc. Jpn. 1970, 43, 991-995.

Ponarss, A. A.; Zaim, O. J. Org. Chem. 1986, 51, 4741-4743,

Chem. Abstr. 1964, 60, 10568h.

Quenching with aq NaOH solution at this stage caused spontaneous hydrolysis, and only the
corresponding 1-phenyl-1,2-ethanediol was obtained,



