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Abstract: Homochiral cis epoxides derived from asymmetrized 2-alkenyl-1,3-propanediols are efficiently opened by
a variety of hydride donors in the presence of Lewis acids to differently protected triols with a regioselectivity up to
99: 1.

Epoxides are very versatile intermediates that can be achieved from a variety of starting materials and by
very different strategies.! One of the most popular method involves the epoxidation of an olefinic bond and the
diastereo- and enantioselective version of this reaction has been thoroughly studied, either by starting from chi-
ral substrates! - 2 or by using chiral catalysts.! On the other side, the polarity and strain of the three-membered
ring makes these compounds susceptible to reaction with a large number of reagents, such as electrophiles, nu-
cleophiles, and reducing agents. Opening of oxiranes involving nucleophiles in neutral or basic medium usually
occurs at the less substituted carbon, while in acidic medium there is generally a greater tendency for nucle-
ophilic attack at the carbon atom that can better accommodate a positive charge. Walden inversion at the attacked
oxiranic carbon is usually observed, through a normal or ‘borderline’ SN2 mechanism. 12 - b Moreover, the
presence of an acid not only can modify the reaction mechanism, but also accelerates the ring opening. The
presence of an hydroxy or alkoxy group near the oxiranic ring usually affects the regiochemistry of the ring
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opening and can be also useful in the preceding step, that is the stereo- and enantioselective? synthesis of the
epoxides themselves.

Recently we reported? the enantio- and diastereospecific synthesis of cis epoxides 2 and 3 (Scheme 1).
These highly functionalized intermediates were prepared in any desired absolute configuration at the centres 2, 3
and 4 by epoxidation of asymmetrized 2-alkenyl-1,3-propanediols, in turn obtained from 1.3

Continuing our researches on.the exploitation of 1 and its synthetic equivalents in asymmetric synthesis,
we undertook a study on the reaction of chiral epoxides 2 with different hydride donors# - 9 with the purpose to
define the most suitable protocol for obtaining hydroxy alcohols 4 which are useful intermediates in the asym-
metric synthesis of some biological targets.

Extensive data are available in literature on the reaction of epoxides with a large variety of hydride donors,
in the absence® 5 or in the presence? 6 -9 of Lewis acids, and many of these methods have been successfully
applied to protected or non-protected epoxy alcohols.5.6.9

The reductive ring opening reaction of 2 to 4 and 5 (Scheme 1) has been studied by us under several
conditions, using different hydride donors in the presence or in the absence of Lewis acids. We examined in de-
tails also the effect of protecting groups. Most significant data are reported in Table 1.

Examination of these data reveals that, in general, both acidic (DIBAH) and basic [LiAlH4, LiBHy,
Zn(BHy)»] hydrides are scarcely reactive towards both diprotected and monoprotected epoxides, requiring large
excess of reagent, high temperatures and prolonged reaction times. The more encumbered basic hydride Red-
Al1® [sodium bis(2-methoxyethoxy)aluminiumhydride] did not react at all with the epoxide 2a. This behaviour
is not surprising® and can be related to the bulkiness of the two protected hydroxymethyl groups. The steric
hindrance is also responsible for the observed regioselectivity: in all cases the hydride attack occurs preferen-
tially on f carbon, with formation of 4 as the main regioisomer. 10

As above stressed, the accelerating effect of Lewis acids in the oxirane ring opening by a variety of nucle-
ophiles is well known, both in intramolecular® or intermolecular5 processes. Also in the case of 2, the addition
of a Lewis acid to the starting oxirane gives rise to an increase of the reactivity, generally accompanied by an in-
crease of regioselectivity (for example, ¢fr. entries 9 and 10).

Hardly reproducible results were obtained using lithium aluminiumhydride combined with AICIl3 (see en-
try 4): the outcome of this reaction proved to be dependent both on hydride to Lewis acid ratio%2 11 and on the
modalities of mixing the reagents (see Experimental) and some decomposition of starting epoxide (probably due
to protecting group deblocking) was observed. Moreover, in some cases considerable amounts of chlorohy-
drins 6¢ and 7¢ (X = Cl) were isolated in about 4 : 1 ratio4? Similar results were obtained using Et2AIC! as
Lewis acid (entry 5), both with diprotected (2¢) and with monoprotected (2b) epoxides: in the former case,
also a cyclic product (oxolane) was formed as a by-product.12. 13 It is apparent that epoxides 2 are attacked
more easily by the halogenide ions than by the hydride. Only BF3 Et20 did not transfer the halogen atom (see
entries 6, 22 - 23). Halohydrins were identified by NMR spectroscopy, by correlation with corresponding re-
duced product (via radical dehalogenation®: 14), and by correlation with starting epoxide (via basic treatment!5),
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Reductive ring opening of epoxides

Table 1. Reductive ring opening of epoxides 2.

Lewis acid®

AICI3f
EtAICI
BF3-Et0O
Ti(i -PrO)y
SiO2

SiOp

BF3-Et20
BF3-Et20
MgBr2-E120

DIBAH = (i-Buy AIH; DME = MeOCH2CH20Me; THF = tetrahydrofuran

Exp. cond.: solv.,, T, t

THF, r.t,2h

THF,r. t. — 60°C,24 h
THF, reflux, 20 h
Et720,r.t,2h

E0, -78°C —r. t.

Et20, reflux, 6 h

PhH, reflux, 20 h

PhH,r. t. = 50°C, 10 h
THF, reflux, 12 h

THE, r.t. = reflux, 6 h
THF, r. t. = reflux, 15h
EO, -40°C - r.t,40 h
DME,r. t. — 80°C, 15h
DME,r.t. —~ 80°C,15h
DME,r. t. - 80°C, 15h
PhMe, -40°C — 110°C, 1 h
PhMe, -40°C — 110°C, 1 h
PhH,r.t,8h

PhMe, r. t.

PhMe, reflux, 124 h

PhMe, reflux, 20 h
CHpCly, -78°C — -30°C, 1 h
CHCi3, -78°C, 3.5 h
EnO, -78°C —+r. 1,48 h

Substrate (R2, R3)

2b
2¢
2d
2¢
2c
2d
2b
2b
2b
2b
2d
2¢
2b
2d
2e
2d
2¢
2c
2a
2b
2d
2c¢
2d
2d

(TIPS, H)
(PMBOM, BOM)
(TIPS, PMP)
(PMBOM, BOM)
(PMBOM, BOM)
(TIPS, PMP)
(TIPS, H)

(TIPS, H)

(TIPS, H)

(TIPS, H)

(TIPS, PMP)
(PMBOM, BOM)
(TIPS, H)

(TIPS, FMP)
(TIPS, Ac)
(TIPS, PMP)
(PMBOM, BOM)
(PMBOM, BOM)
(PMBOM, H)
(TIPS, H)

(TIPS, PMP)
(PMBOM, BOM)
(TIPS, PMP)
(TIPS, PMP)

Yield (%)P

364
£
e
s5d
£
traces
83 (92)
68
56 (83)
70 (79)
24374

27
3gm

21d
75 (97)
4

2221

4:5¢

69:31

68:32
82:18
62:38
80:20
>99:1
>99:1
>99:1

>99:1
92:8
78:22
>99:1
95 : 5

2 Unless otherwise stated, the order of mixing is: substrate + Lewis acid + hydride donor (direct addition). P Isolated total yield;
yield in parenthesis is referred to unrecovered substrate. ¢ Products identification rests on 1H and 13C NMR spectra, with the aid
of DEPT, COSY, and HETCOR experiments. Relative configuration of 4b was confirmed by conversion into 1,3-dioxane 8 (see

ref. 2); 44 and 4e were correlated to 4b by removing R2. Products ratio was usually determined by weighing isolated regioiso-

mers and in some cases confirmed by !H NMR spectra of the mixture of isomers. 9 Some decomposition (deblocking of pro-

tecting groups) of substrate was observed. € No reaction was observed. fLewis acid and hydride donor were premixed at r. t. before

adding substrate (inverse addition). When AICI3 and LiAlH4 were premixed at 0°C, chlorohydrins (X =

Cl) were formed (48%, 6¢ : Tc = 80 : 20). & Chlorohydrins (X = Cl) were formed (67%, 6¢ : 7¢ =90 :
10). h Using more reactive and more encumbered complex borohydrides [LiEt3BH, Li(s-Bu)3BH] re-
sulted in sluggish reactions and lower regioselectivity. T A substantial amount of 9 was isolated. Even

O

worse results were obtained with 2b (which did not react at all) and 2d (only traces of a product corre-
sponding to alkyl addition were detected). 1 AIBN was added as a radical initiator. ™ A substantial

amount of a cyclic product (oxolane) was formed. ™ Only a rearrangement product (ketone) was ob-

served. © When (Me38i)3SiH was used as reducing agent, similar results were obtained. P Only decom-
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conditions (entries 16 and 17) in the presence of Mgl2.9 In this case the iodohydrin (6¢c or 6d, X = 1) is formed
as an intermediate that can be isolated or directly reduced by BuzSnH/AIBN or (Me3Si)3SiH. i The advantage
of this methodology is that, since Mgl is not a strong Lewis acid, either TIPS-PMP (entryl6) or BOM-
PMBOM (entry 17) protections can be used. Commercially available Znl; gave definitely worse results, leading
to formation of large amounts of cyclic!2 or rearranged products (formation of ketones from epoxides in the
presence of Lewis acidic metal cation is well documentedl). High regioselectivity was observed also with
Zn(BHy)2 / 8iO; (entry 11), although the chemical yield is not satisfactory.

Interestingly, also the complex copper(l) hydride!7 (entry 12) reacts with the diprotected epoxide with
high regioselectivity, but unfortunately competition between hydride and alkyl transfer occurred, despite the re-
ported selectivity of this reagent as a hydride donor towards a series of electrophiles, like halogenoderivatives,
esters, and saturated and unsaturated carbonyl compounds.

On the basis of the collected data, we can conclude that the reductive ring opening of epoxide 2 is a rather
slow reaction that can be accelerated by Lewis acids, but in this case an accurate combination of acid, protec-
tion, and reducing agent must be used. The best results, with regard to both chemical and regiochemical out-
come, are obtained using DIBAH and BF3-Et20 or Mgl2 and (n -Bu)3SnH, the latter method being more gen-
eral for the larger flexibility in the protective group acceptance.

By this work, a new3 route for achieving polyols like 4 starting from 1 via epoxides has been disclosed.
The usefulness of this method is due to the fact that, thanks to the double stereodivergency of 1 and related
systems,3 any of the four stereoisomers of 4 can be achieved starting from a single chiral precursor 1.2 The
exploitation of polyols like 4 in the asymmetric syntyhesis of some biological targets is under development in
our [aboratory.

EXPERIMENTAL

General

NMR spectra were recorded as CDCI3 solutions on a Varian Gemini 200 spectrometer using tetramethyl-
silane (TMS) as internal standard; chemicat shifts (8) are in ppm, coupling constants (J ) are in Hz; a * means
that the value was obtained through double resonance experiments. 1H NMR data for epoxides 2 are reported in
Table 2, data for alcohols 4 in Table 4, data for alcohols 5 in Table 5, data for halohydrins 6 and 7 in Table 6.
Optical rotatory powers ([a]p) were measured as 1 - 2% CHCl3 solutions. IR specira were recorded as CHCl3
solutions on a Perkin Elmer 881 spectrometer. IR and analytical data for some selected compounds are reported
in Table 7.

‘Usual workup' means that the given reaction mixture was extracted (Et;0, CH2Clz, or AcOE), the or-
ganic layer was dried (NazSOy), filtered, and evaporated to dryness under reduced pressure.

Silica gel supported Zn(BHa) was prepared as described in ref. 8. About 0.2 M Mgl solutions in Et;0 /
PhMe were prepared as described!8 and used within 8 h.

Tetrahydrofuran (THF) was always freshly distilled from K / PhoCO; CH2Cl», Et20, PhMe, N, N-di-
methylformamide (DMF), 1,2-dimethoxyethane (DME), and PhH were purchased as dry solvents from Aldrich
and stored over 4 A molecular sieves. All reactions requiring dry conditions were run under an inert atmosphere

Na).
2 TLC analyses were carried out on silica gel plates, which were developed by spraying a solution of
(NH4)4MoO44H0 (21 g) and Ce(SO4)2:4H20 (1 g) in H2S04 (31 ml) and HyO (469 ml) and warming. Ry
were measured after an elution of 7 - 9 cm. Column chromatographies were run following the method of ‘flash
chromatography', 19 using 230 - 400 mesh silica gel (Merck).

4-(Dimethylamino)pyridine is abbreviated as DMAP, diisobutylaluminiumhydride as DIBAH, a, o’-azo-



Reductive ring opening of epoxides 2223

Table 2. IH NMR data for cis diprotected epoxides 2.

MeCH | CHCHO | MeCHO | CH2CHCH) CHZORZ CH20R3 Others
(d.3H)3] (dd, 1H)2| (dq, 1H)? (m, 1 H) (2HA (2HR
2c 132 |296 (4.1,] 3.13 1.73-1.90 3.68 & 3.74b (58,70, 380 (s, 3 H, MeO); 452 (s, 2 H,
(5.5) 9.3) (4.3*, 9.9). 3820 (44) CHZAI'). 461 (s, 2 H, CHZH'I), 4.72 (S,
54) ! 2 H, CH20CH2Ar); 479 (s, 2 H,

CH20Bn); 6.85-6.90 (m, 2 H, ArH);
7.23-7.40 (m, 7 H, ArH).

2d| 134 |3.05(42,|3.1544, 1.77-2.00 4.08-4.189  |3.94€(54)] 1.00-1.10 (m, 21 H, 3 x Me2CHSi);
54 9.5) 54) 3.77 (s, 3 H, MeO); 6.80-6.85 (m, 4 H,
ArH).
2e 132 1294 (42,]|3.10 (44, 1.75-1.90 428 & 434b | 3.80¢ (54)| 1.00-1.10 (m, 21 H, 3 x Me2CHSi);
5.5) 94) 5.5) (4.9,7.0,11.2) 2.06 (s, 3 H, MeCO).

2 Coupling constants J (Hz) are reported in parentheses. b AB Part of an ABX system. € Apparent doublet. 9 Multiplet.

isobutyronitrile [2, 2’-azobis(2-methylpropionitrile)] as AIBN, and petroleum ether (b. p. 40 - 60°C) as PE.
Synthesis and spectral data of optically active epoxides 2a, b have been already reported in Ref. 2b, as
well as the synthesis and spectral data of 1, 3-dioxane 8.

Synthesis of diprotected epoxide 2c. - Monoprotected epoxide 2a (1.0 mmol) was dissolved in
dry CH2Cl3 (8 ml) at 0°C and added with i-PraNEt (1.7 mmol) and (benzyloxymethoxymethyl)chloride (1.5
mmol). Cooling bath was removed and the reaction mixture was stirred at r. t. for 8 h. Additional portions of i-
PraNEt (0.85 mmol) and (benzyloxymethoxymethyl)chloride (0.75 mmol) were added, and stirring was con-
tinued for additional 15 h. EtoNH (1 mmol) was added, then reaction mixture was diluted with brine and sub-
jected to usual workup (Et20). After chromatographic purification (PE / Et20 6 : 4, containing 0.5% of Et3N),
pure 2¢ (97%) was obtained. Rf=0.39 (PE/EnO 6: 4); [a]p = +2.8°; 1H NMR: see Table 2.

Synthesis of diprotected epoxide 2d. - Monoprotected epoxide 2b (1.0 mmol) was dissolved in
dry CH2Cl3 (13 ml) and added with Ph3P (1.5 mmol), 4-methoxyphenol (3.0 mmol), and DEAD (1.5 mmol).
The reaction mixture was stirred ad r. t. for 15 h, then it was diluted with brine and subjected to usual workup
(Et20). After chromatographic purification (PE / Et2O 95 : 5, containing 0.5% of Et3N), pure 2d (87%) was
obtained. Rf=0.35 (PE/ Et,09: 1), 0.85 (PE/ E0 1 : 1); [a]p = +23.3%; IH NMR: see Table 2.

Synthesis of diprotected epoxide 2e. - Monoprotected epoxide 2b (1.0 mmol) was dissolved in
dry pyridine (9 ml) at 0°C and added with Ac20 (1.4 mmol). The reaction mixture was allowed to slowly reach
r. t. and stirred at the same temperature for 24 h. An additional portion of AcyO (1.4 mmol), along with a
catalytic amount of DMPA, was added, and reaction mixture was stirred for additional 6 h. Pyridine was
evaporated under reduced pressure and the residue was directly subjected to chromatographic purification (PE /
Et20 7 : 3, containing 0.5% of E3N) to give pure 2e (quantitative). Rf= 0.46 (PE/ EO 7 : 3); IH NMR: see
Table 2.

Reductive opening of epoxides using LiAlHy4. - Total reaction yields and products ratios can be
found in Table 1, chromatographic data in Table 3, and !H NMR data of products can be found in Table 4
(alcohols 4), Table 5 (alcohols 5), and Table 6 (halohydrins 6 and 7).

Epoxides 2b, 2¢, and 2d in THF (entries 1 - 3 in Table 1). - A solution of 2b (0.10 mmol) in dry THF
(1.5 ml) was treated at 0°C with a 1 M THF solution of LiAlH4 (0.20 mmol) and stirred at r. t. for 2 h. The re-
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Table 3. Chromatographic data for oxirane ring opening products 4, §, 6, and 7.
R2, B3 Eluant Rf R, R} |X Eluant Rf
4 § 6 7
4b & 5b TIPS, H PE/Et204:6]0.39] 0.19 6c & 7¢|PMBOM,BOM| Cl |PE/Et04:6 | 0.56| 0.44
4c & Sc | PMBOM,BOM| PE/Et204: 6] 0.33] 0.16 6c &7¢|PMBOM,BOM| I |PE/Et06:4 | 0.22]0.17
4d&5Sd | TIPS, PMP |PE/Et209:11035| - 6d&7d! TIPS, PMP | & JPE/E1p08:2 | 032]0.19
de & Se TIPS, Ac PE/Et207:3]0.19] - 6d & 7d| TIPS, PMP 1 |PE/Et09:1 | 042] -

action was cooled to 0°C and carefully quenched by addition of the stoichiometric amount of aqueous NaOH.
The mixture was stirred at r. t. for 1 h and filtered, washing the solid with Et20, and the filtrate was evaporated
to dryness to give a mixture of crude diols, which were separated by column chromatography to give pure diols
4b and 5b as colourless oils.

When a similar reaction was applied to 2¢ and 2d, no reaction was observed even if a large excess of
LiAlH4 was used and reaction mixture heated at refluxing temperature for several hours.

Epoxide 2¢ in Ety0, with the addition of AlCI3 (entry 4 in Table 1). - Anhydrous AlCl3 (0.25 mmol) was
suspended in dry EtO (2.5 ml) at ice-bath temperature and a LiAlH4 (0.75 mmol) suspension in dry Et20 (0.8
ml) was added. The temperature was allowed to slowly raise to r. t. and the clear solution was stirred at the
same temperature for 1 h. Substrate 2¢ (0.10 mmol) dissolved in dry Et20O (1 ml) was added at 0°C and the re-
action mixture was stirred at r. t. for 1 h, then cooled to 0°C and quenched by addition of water and subjected to
usual workup (Et20). Chromatographic separation (eluant contained 0.5% Et3N) gave pure 4¢ and 5Sc.

When the same reaction was run by premixing LiAlH4 and AICl3 for 30’ at ice-bath temperature, chloro-
hydrins 6c and 7c¢ were obtained after chromatographic purification (PE / Et2O 4 : 6, containing 0.5% Et3N).

Epoxide 2¢ in Et0, with the addition of Et2AlCl(entry 5 in Table 1). - To a solution of LiAlHy (0.21
mmol) in dry Et20 (2 ml) cooled at ice-bath temperature a 1.8 M solution of EtzAIC! in toluene (0.21 mmol)
was added. After stirring for 30’ at the same temperature, the reaction mixture was cooled to -78°C and a solu-
tion of epoxide 2¢ (0.10 mmol) in dry Et20O (2 ml) was added. The reaction mixture was allowed to slowly
reach r. t., while monitoring by TLC, then a second aliquot of EtzAICI (0.8 mmol) was added, and reaction
mixture stirred at r. t. for additional 5 h. Water was added, and, after usual workup (Et20) and chromato-
graphic purification (eluant contained 0.5% of Et3N), chlorohydrins 6¢ and 7c¢ were obtained.

Reductive opening of epoxides using LiBH4. - Total reaction yields and products ratios can be
found in Table 1, chromatographic data in Table 3, and !H NMR data of products can be found in Table 4
(alcohols 4) and Table 5 (alcohols §).

Epoxide 2b in benzene (entry 7 in Table 1). - A solution of 2b (0.10 mmol) in dry PhH (3 ml) was
treated at 0°C with a 2 M solution of LiBH4 in THF (0.38 mmol). The cooling bath was removed and the reac-
tion mixture was stirred at r. t. for 15 h, then it was heated to 50°C for 5 h. Additional LiBH4 solution (0.10
mmol) was added and the reaction mixture was refluxed for 15 h. After cooling to 0°C and quenching with satu-
rated aqueous NH4Cl, the reaction was diluted with Et2O and stirred until two clear layers separated. Usual
workup (AcOEt) and chromatography afforded pure diols 4b and 5b.

Epoxide 2b in benzene, with the addition of Ti(i-PrO)4 (entry 8 in Table 1). - A solution of Ti(i-PrO)4
(0.14 mmol) in dry PhH (2 ml) was added to a solution of substrate 2b (0.10 mmol) in PhH (1.5 ml) atr. t;
after stirring for 10°, a 2 M LiBHy4 solution in THF (0.35 mmol) was added and the mixture was stirred at 50°C
for 8 h, atr. t. for 15 h, and then at 50°C for 1 h. The reaction mixture was diluted with Et0 and quenched
with aqueous saturated NH4Cl under vigorous stirring until two clear layers separated. Usual workup (Etp0)
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and chromatographic separation gave pure diols 4b and 5b.

Reductive opening of epoxides using Zn(BH4),. - Total reaction yields and products ratios can
be found in Table 1, chromatographic data in Table 3, and 1H NMR data of products can be found in Table 4
(alcohols 4) and Table 5 (alcohols §).

Epoxide 2b in THF (entry 9 in Table 1). - A solution of 2b (0.10 mmol) in dry THF (1 ml) was treated at
0°C with a freshly prepared 1 M solution of Zn(BHg); in DME (1.0 mmol) and stirred at r. t. for 2 h. An addi-
tional aliquot of the same Zn(BH4)2 / DME solution (1.0 mmol) was added and stirring continued atr. t. for 2 h
and then at the refluxing temperature for 10 h. Another additional aliquot of Zn(BHg); / DME (1.0 mmol) was
added and reaction was refluxed for 2 h, then cooled to 0°C and quenched by cautious addition of water. The
resulting slurry was filtered and the filtrate was subjected to usual workup (AcOE#) to give, after chromato-
graphic separation, pure diols 4b and 5b.

Epoxides 2b and 2d in THF, using Zn(BH 4) supported on SiO; (entries 10 and 11 in Table 1). - To a
solution of 2b (0.10 mmol) in dry THF (2 ml) silica gel supported Zn(BHz)2 (0.30 mmol) was added and the
reaction mixture was stirred at r. t. for 3 h. Another aliquot of silica gel supported Zn(BHg)5 (0.30 mmol) was
added and reaction mixture stirred at r. 1. for 15 h and then refluxed for 6 h. The reaction mixture was cooled to
0°C and quenched by cautious addition of water, filtered, and subjected to usual workup (AcOEt).
Chromatographic purification gave pure diols 4b and 5b.

The same procedure was applied to 2d, except that refluxing was prolonged for 15 h. Final chromato-
graphic purification gave pure 4d.

Reductive opening of epoxide 2c using BuCuHLi (entry 12 in Table 1). - The mixed cop-
per(I) hydride was prepared as described in ref. 17a. A solution of epoxide 2¢ (0.10 mmol) in dry EtzO (1.5
ml) was added to a solution of the hydride (1.5 mmol) in dry EtyO at -40°C under a helium atmosphere. After
stirring at the same temperature for 3 h, reaction mixture was allowed to reach r. t. and stirred at the same tem-
perature for additional 40 h. Saturated aqueous NH4Cl was added; usual workup and chromatographic purifi-
cation gave 4e, along with a substantial amount of 9. See Tables 1, 3 and 4 for other details. 9: Rf=0.56 (PE/
Et;0 4: 6); TH NMR: 0.88 (d, 3 H, J 6.7 Hz, MeCH), 1.00 - 1.80 (m, 7 H, CHCH,CH>CH:Me), 2.04 -
2.13 (m, 1 H, CHCH0), 3.42 - 3.53 (m, 1 H, CHOH), 3.76 - 3.89 (m, 4 H, CH,0R & CH,0R"), 3.80 (s,
3 H, MeQ), 4.53 (s, 2 H, CH,Ar), 4.60 (s, 2 H, CH,Ph), 4.74 (s, 2 H, OCH20CH?2Ar1); 4.75 (s, 2 H,
OCH20CH2Pb), 6.85 - 6.89 (m, 2 H, ArH), 7.25 - 7.34 (m, 7 H, ArH).

Under the same reaction conditions, 2b did not react at all, as well as 2d, even when a catalytic amount
of BF3-Etz0 was added. In the latter case, only a trace of a product probably due to alkyl transfer was ob-
served.

Reductive opening of epoxides using Bu3SnH. - Total reaction yields and products ratios can be
found in Table 1, chromatographic data in Table 3, and 1H NMR data of products can be found in Table 4
(alcohols 4), Table 5 (alcohols 5), and Table 6 (halohydrins 6 and 7).

Epoxides 2b, 2d, and 2e in DME, with the addition of Znl (entries 13 - 15 in Table 1). - Epoxide 2b
(0.10 mmol) was dissolved in dry DME (1 ml) and Znl> (0.23 mmol) and n-Bu3SnH (0.23 mmol) were se-
quentially added, along with a catalytic amount of AIBN. The reaction mixture was refluxed for 7 h, then addi-
tional n-Bu3SnH (0.23 mmol) and AIBN (catalytic) were added, and refluxing continued for 8 h. Solvent was
evaporated under reduced pressure and the residue directly chromatographated, eluting first with PE and then
with PE/Et20 6 : 4. Diol 4b was obtained, along with a substantial amount of a by-product that was identified,
on the basis of the spectroscopic data, as oxolane 10 (62%). 10: Ry=0.54 (PE/E,06: 4); IH NMR: 1.03 -
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Table 4. 1H NMR data for alcohols 4.

MeCH;| MeCH, | CHOH |CH2CHCH2| CH,0R?2 CH>OR3 Others
G3Hf | eHp |@I1B| aHp QH? @H2
4b| 092 1520 |3.72-383| 1.66°(5.0) 3864 (1.9,5.3);3.86 & 3.94¢ | 1.07-1.11 (m, 21 H, 3 x Me2CHSi).
4) 73) (45.6.7,99)
4c| 099 1.570 |3.68-387| 196°(5.4) 3.68-3.871 3.80 (s, 3 H, MeO); 453 (s, 2 H,
74 74 CH2Ar); 4.60 (s, 2 H, CH2Ph);

474 (s, 2 H, CH20CH2Ar); 4.75
(s, 2 H, CH20CH2Ph); 6.85-6.90
(m, 2 H, AtH); 7.24-7.40 (m, 7 H,

ArH).
4d 1.00 160 & 1384-396| 2028(3.8) 4.08-4.24:0 336 & 4.17¢ 2.1, | 1.00-1.10 (m, 21 H, 3 x Me2CHSi),
(73) l164° (73, 2.1,99). 3.77 (s, 3 H, MeO); 6.80-6.90 (m, 4
8.0, 11.2) H, ArH).
de| 091 |[1.52 (55 |366380] 175188 | 4.19&420¢ | 3.81 &3.95 | 0.90-1.05 (m, 21 H, 3 x MexCHSi);
74 7.1) (4.6, 8.4, 11.2)| (3.9, 4.0, 10.0) | 1.98 (s, 3 H, MeCO).

4 Coupling constants J (Hz) are reported in parentheses. b Apparent quintuplet. © Apparent sextuplet. d Apparent doublet of dou-
blet. © AB Part of an ABX system. f Multiplet, 4 H. 8 Apparent heptuplet. h Multiplet, 2 H. | Apparent doublet of quartet.
! Multiplet.

1.08 (m, 21 H, 3 x Me;CHSI), 1.26 (d, 3 H, J 6.3 Hz, MeCHO), 2.41 - 2.59 (m, 1 H, CHCH,OS1), 3.68 -
4.04 (m, 6 H, OCHMe & CHOH & CH>OCH & CH,0Si); 13C NMR: 11.68 (3 x CHSi), 17.83 (3 x
Me,CHSI), 18.65 (MeCHO), 43.59 (CHCHCH3), 61.58 & 68.02 (OCH2CHCH?20), 78.97 & 81.90
(OCHMe & CHOH).

When the same procedure was applied to 2d, the ketone 11 (19%) was obtained as the main product,
along with traces of 4d. 11: Ry= 0.55(PE/ Ep0O 8: 2); IH NMR: 1.06 - 1.09 (m, 21 H, 3 x Me;CHSi), 2.65
(app dq, 2 H, J 2.7 & 7.3 Hz, CH>CO), 3.21 (app quint, 1 H, J 5.1 Hz, CHCO), 3.80 (s, 3 H, MeO), 4.02
(app d, 2 H, J 6.2 Hz, CH,0R), 4.10 & 4.20 (AB part of an ABX system, 2 H, J 6.1 & 7.0 & 9.3 Hz,
CH,0R"), 6.85 (s, 4 H, ArH).

When the same procedure was applied to 2e, again a by-product, probably the O-acetyl derivative of 10,
was obtained as the main product, along with traces of de.

Epoxides 2¢ and 2d in toluene, with the addition of Mgl (entries 16 and 17 in Table 1). - A solution of
the epoxide 2¢ (0.10 mmol) in dry toluene (2 ml) was cooled to -78°C and added with a ~ 0.2 M Mgl solution
in Etz0 / PhMe (0.20 mmol). After stirring 40' at the same temperature, a 25% aqueous solution of NazSO3
was added (1 ml) and the reaction mixture was worked up as usual (Et20) to give, after chromatographic purifi-
cation, iodohydrins 6¢ (87%) and 7¢ (7%), which were dissolved in dry toluene (2 ml), added with n-BuzSnH
(0.20 mmol) and AIBN (catalytic) and refluxed for 30". Solvent was distitled off under reduced pressure and
the residue subjected to column chromatography to give pure 4c and Se.

The same procedure was applied to 2d, so that iodohydrin 6d was isolated in quantitative yield and then
reduced to give 4d.

Alternatively, after stirring the mixture of epoxide 2d and Mgl at -78°C for 40", n-Bu3SnH and AIBN
were directly added to the reaction mixture, which was then refluxed for 30'.

/OTIPS _/OTIPS (0) "

o
10 H :
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Table 5. IH NMR data for alcohols 5.

MeCH | CHOH |CHCH,CH|CH;CHCH2 CH20R? | cH,0R3 Others
4.3H?| QB (m, 2 H) (1HP? (2H)? 2
5b| 122 |396b(33,| 1.50-1.70 1.98¢ (6.0) 3.699 24) & 3724 (5.4); | 1.00-1.10 (m, 21 H, 3 x Me2CHSi).
(62) | 62,88) 3.77 & 3.83€ (5.7,63,9.8)
sc| 121 |3sef20,| 155170 | 210857 3.50.3.700 380 (s, 3 H, MeO); 4.53 (s, 2 H,
6.2) 6.4) CH2Ar); 4.60 (s, 2 H, CHoPh); 4.73

(s, 2 H, CHYOCHA1); 4.76 (s, 2 H,
CH20CH2Ph); 6.80-6.90 (m, 2 H,
ArH) ; 7.20-7.40 (m, 7 H, ArH).

Sd| 122 |370-420 | 146-1.76 1.96.2.081 3.70-4.20h 1.00-1.10 (m, 21 H, 3 x Me>CHSi),
7.1) 3.77 (s, 3 H, Me0O); 6.83-6.86 (m, 4
H, ArH).

4 Coupling constants J (Hz) are reported in parentheses. b Apparent doublet of doublet of doublet. © Apparent sextuplet.
d Apparent doublet, 1 H. € AB Part of an ABX system. f Apparent triplet of quartet. & Apparent heptuplet. h Muttiplet, 4 H.
I Multiplet.

Reductive opening of epoxides using DIBAH. - Total reaction yields and products ratio can be
found in Table 1, chromatographic data in Table 2, and !H NMR data of products can be found in Table 4
(alcohols 4), Table 5 (alcohols 8), and Table 6 (halohydrins 6 and 7).

Epoxide 2¢ in benzene (entry 18 in Table 1). - A solution of epoxide 2¢ (0.10 mmol) in dry benzene (4
ml) was cooled to 0°C, treated with a 1 M DIBAH solution in PhMe (0.20 mmol), allowed to reach r. t., and
stirred at the same temperature for 4.5 h. An additional aliquot of the DIBAH / PhMe solution (0.20 mmol) was
added, and stirring continued for 3.5 h. The reaction mixture was cooled to 0°C, quenched by the addition of a
saturated aqueous solution of NH4Cl (2 ml), diluted with a saturated aqueous solution of sodium potassium
tartrate, and stirred for 15', until two clear layers separated. Usual workup (Et20) and chromatographic
purification (eluant contained 0.5% of Et3N) gave pure 4¢ {[a]p = -1.0°} and S¢ {[a]p = +1.2°}.

Epoxides 2a, 2b, and 2d in toluene (entries 19 - 21 in Table 1). - When similar conditions applied to 2¢
in benzene were applied to 2a in toluene, only decomposition products were observed. Both 2b and 2d did not
react, even when a large excess of reagent was added and reaction mixtures were refluxed for several hours.

In the case of 2b, addition of Ti(i-PrO)4 resulted in formation of allyl alcohol20 12 (62%, 70% based
on unrecovered substrate). Rg=0.29 (PE/ERO 1: 1); 1H NMR: 1.06 - 1.11 (m, 21 H, 3 x Me,CHSi), 1.85
(app sextuplet, 1 H, J 5.2 Hz), CHCH>OSi), 3.89 (app d, 2 H, J 5.1 Hz, CH>0R), 3.89 & 3.97 (AB part of
an ABX system, 2 H, J 5.1 & 5.5 & 10.0 Hz, CH>0OR"), 4.44 (app tt, 1 H, J 1.3 & 5.5 Hz, CHOH), 5.18 -
5.38 (m, 2 H, CH,=CH), 594 (ddd, 1 H, ] 5.9 & 10.5 & 16.4, CH=CHj>); 13C NMR: 11.87 (3 x CHSi),
17.98 (3 x Me2CHSI), 47.36 (CH2CHCHa»), 62.19 & 64.04 (CH,OH & CH708Si), 73.69 (CHOH), 115.62
(CH3=), 139.37 (CH=).

Epoxides 2¢ and 2d in dichloromethane, with the addition of BF 3-Et20 (entries 22 and 23 in Table 1). -
A solution of epoxide 2d (0.10 mmol) in dry CH,Cl3 (3 ml) was cooled to -78°C, added with BF3-Et20 (0.20
mmol) and stirred at the same temperature for 5. A 1 M solution of DIBAH in CH2Cl3 (0.30 mmol) was added
and stirring continued for 3.5 h. A saturated aqueous solution of NH4Cl was added, followed by a saturated
solution of sodium potassium tartrate, and reaction mixture stirred at r. t. until two clear layers separated. Usual
workup (Et20) and chromatographic purification afforded 4d and 5d.

Epoxide 2¢ was subjected to the same reaction conditions, except that reaction temperature was allowed
to slowly reach (within 1 h) -30°C. Ring opening product 4¢ was isolated, along with a cyclic oxolane by-
product (Rs=0.39, PE/ Et20 1 : 1), that was identified as oxolane 13 (71%) on the basis of spectroscopic
data. 13: 1H NMR: 1.09 (d, 3 H, J 6.6 Hz, MeCH), 2.00 - 2.14 (m, 1 H, CHCH;0), 3.45 - 4.00 (m, 6 H,
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Table 6. 1H NMR data for halohydrins 6 and 7.

X | MeCH] CHX CHOH | CH2CHCH [ CH;0R?2 (2 Hy? Others
el | amb (1Hp (LHP CH,0R3 (2 H)2
6c|Cl| 1570 [428¢45, | 3754 2.17¢(57) | 3.69f (2.1, 5.4); |3.80 (s, 3 H, Me0), 4.52 (s, 2 H, CH2A),
6.8) 6.7) (3.9%,54) 3.78-3.922 (9.7%) | 4.60 (s, 2 H, CH2Ph), 4.72 (s, 2 H,
CH20CH3Ar), 4.76 (s, 2 H, CH20OCH,Ph)
6.85-6.95 (m, 2 H, ArH), 7.24-735 (m, TH,
ArH).
6cf I | 1.98b |441c(42, [3.011 46| 2.09h(53, 3641 (5.1); [3.81(s, 3 H, MeO), 4.52 (s, 2 H, CH2Ar),
(7.0 7.0) 6.5) 6.4) 382 &380m |4.61 (s, 2 H, CH2Ph), 470 (s, 2 H,
(52,6.1,9.8) | CH20CH2Ar), 4.76 (s, 2 H, CH20CH2Ph)
6.85-6.95 (m, 2 H, ArH), 7.20-735 (m, 7H,
ArH).
6d} Br| 180b |451¢¢5.1,| 3740 225¢(5.4) 3.89 &3.98m | 1.00-1.10 (m, 21 H, 3 x Me2CHSi), 2.69 (d,
638) 6.8) C)) (44,48,10.1); |J 6.2 Hz, 1 H, OH), 3.77 (3, 3 H, MeO),
4.10 & 4.23m 6.83 (broad s, 4 H, ArH).
(5.7, 6.5,9.3)
6d| I | 201b |4as4c(50, | 3.24n 2.19¢ (5.4) 3.87 &3.97 | 1.00-1.10 (m, 21 H, 3 x Me2CHSi), 2.74 (d.
a0 7.0) (6.0) 4.0,4.6,102); |J 6.0 Hz, 1 H, OH), 3.77 (s, 3 H, MeO),
4.14 & 423m | 6.83 (broad s, 4 H, ArH).
(5.5.6.6,93)
T¢| Cl| 1.25b | 4024120 | 3.45385¢] 232¢(53) 3.45-3.85P 3.73 (s, 3 H, Me0), 4.46 (s, 2 H, CH2Ar),
6.1) 4.53 (s, 2 H, CH2Ph), 466 (s, 2 H,
CH20CH2Ar), 4.70 (s, 2 H, CH20CH;Ph)
6.78-6.85 (m, 2 H, ArH), 7.20-7.30 (m, 7 H,
ArH).
Te| I | 1270 | 4484850 13.18330¢| 1.962.020 3.49-3.87P 3.80 (s, 3 H, MeO;}, 4.48-485 (m, 8 H,
59 CH20CH2Ar & CH20CHPh), 6.85-6.91
(m, 2 H, ArH), 7.24-7.36 (m, 7 H, ArH).
7d| Br| 133b | 4364 (24, [3.83-4.01¢] 238-2.500 3.83-4.015; 1.00-1.10 (m, 21 H, 3 x Me2CHSi), 3.71 (d,
6.1) 42) 3.88 & a.10m |J 3.2 Hz, 1 H, OH), 3.77 (s, 3 H, MeO),
4.5,7.0, 10.4) 6.83 (broad s, 4 H, ArH).

3 Coupling constants J (Hz) are reported in parentheses. b Doublet. € Doublet of quartet. d Doublet of doublet. © Apparent sextu-
plet. { Apparent doublet of doublet, 1 H. & Multiplet, 3 H. ! Apparent doublet of quintet. i Apparent doublet of triplet. | Apparent
doublet, 2 H. ™ AB Part of an ABX system. ™ Apparent quartet. © Multiplet. P Multiplet, 4 H. 4 Multiplet, 2 H.

CHMe & CHOH & OCHCHCH0), 3.72 (s, 3 H, MeO), 4.51 (s, 2 H, OCHATr), 4.67 (s, 2 H, OCH,0),
6.76 - 6. 81 (m, 2 H, ArH), 7.19 - 7.23 (m, 2 H, ArH).

Epoxide 2d in ethyl ether, with the addition of MgBry-Et0 (entry 24 in Table 1). - Magnesium bromide
etherate (0.10 mmol) was quickly added as a solid to a solution of epoxide 2d in dry Et0 (2 ml) at -78°C.
After ageing for about 10' at the same temperature, a 1.5 M DIBAH solution in PhMe (0.20 mmol) was added
and reaction mixture was stirred at the same temperature for 30". Then the reaction mixture was allowed to
reach r. 1. and stirred at the same temperature for 48 h. Saturated aqueous NH4Cl and saturated aqueous sodium
potassium tartrate were sequentially added, and reaction mixture was stirred until two clear layers separated.
Usual workup and chromatographic separation gave bromohydrins 6d and 7d, along with a substantial amount
of ketone 11.

Synthesis of diol 4b from 4d. - A solution of 4b (0.10 mmol) in MeCN / H,0 4 : 1 (8 ml) was
cooled to 0°C and added with CAN (5.1 mmol) and pyridine (10 mmol). Reaction was stirred while allowing to
slowly reach r. t. (3 h), then brine and a 5% aqueous solution of NaS,03 (4 ml) were added. Usual workup
and chromatographic purification afforded 4b in 27% yield (some removal of silylated protecting group oc-
curred as well under reaction conditions, that were not optimised).
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Table 7. IR and analytical data.

Formula Calculated Found
IR (CHCl3): viax (em-1)
H C H C

2¢ C23H3006 751] 6864] 760| 6936] 2951 & 2880 (str. CH)

2d Caai3g04Si | 9.71] 6696] 9.79| 66.66] 2942 & 2865 (str. CH).

4b C15H340381 | 11.80] 62.02] 11.66] 62.15] 3437 (str. OH), 2932 & 2875 (str. CH).
4c C3H3206 797] 6929| 7.80| 69.22] 3522 (str. OH), 2932 & 2880 (str. CH).
ad CaoHagO45i | 10.16] 66.62| 10.23| 66.60| 3471 (str. OH), 2933 & 2866 (str. CH).
6c (X=Cl) | C23H3;Cl0g | 7.12] 62.94] 7.11| 63.01] 3497 (str. OH), 2956 & 2870 (str. CH).
6c (X=1) | Cy3H3;I0¢ 589 52.08] 5.81] 5196|3497 (str. OH), 2035 & 2880 (str. CH).

6d (X = Br) | C2oH30Bir0451] 827] 5557| 8.16] 56.00| 3549 (str. OH), 2043 & 2866 (str. CH).

6d (X =I) | C2H39l04Si 7.52} 50.57| 7.50] 50.45] 3523 (str. OH), 2944 & 2860 (str. CH).

9 C27H400¢ 8.75| 7041] 8.84| 69.99]3516 (str. OH), 2929 & 2870 (str. CH).

12 C15H32038i 11.18] 62.45] 11.20] 63.04 | 3472 (str. OH), 2941 & 2865 (str. CH), 1459 (str. C=C).

Synthesis of diol 4b from 4e. - A solution of 4e (0.10 mmol) in absolute MeOH (1 mi) was treated
with a 0.2 N methanolic solution of KOH (0.15 mmol) at r. t. for 2 h. A saturated aqueous solution of NH4Cl
was added. Usual workup and chromatographic purification gave 4b (91%).

Reductive dehalogenation of halohydrins 6b (X = Cl, Br), 6d (X = Cl, Br, I), and Ge
(X = Cl). - Chromatographic data are reported in Table 3.

Using n-Bu3SnH. - A solution of bromohydrin éb (0.20 mmol) in dry toluene (5 ml) was added with n-
Bu3SnH (4 mmol) and AIBN (catalytic amount) and refluxed for 1 h. More nBu3zSnH (4 mmol) and AIBN
(catalytic amount) were added, and refluxing continued for one additional hour. Reaction mixture was concen-
trated and directly subjected to column chromatography (PE, then PE / Et20) to give pure diol 4b (52%).

When chlorohydrin 6d was subjected to the same procedure (but crude product was taken up in MeCN
and extracted with hexane in order to remove by-products containing tin before column chromatography), 4d
was obtained in 77% yield.

When chlorohydrin 6e was subjected to the same procedure, pure 4e was obtained in 76% yield.

Using (Me3Si)3SiH. - A solution of chlorohydrin 6b (0.10 mmol) in dry toluene (2 ml) was added with
(Me3Si)3SiH (0.12 mmot) and AIBN (catalytic amount) and heated to about 80°C for 2 h. More (Me38i)3SiH
(0.10 mmol) and AIBN (catalytic amount) were added, and heating continued for 2 h, then more (Me3Si)3SiH
(0.10 mn.ol) and AIBN (catalytic amount) were again added, and heating continued for 2 h. Reaction mixture
was concentrated and directly subjected to column chromatography to give 4b (64%). [a]p = -2.1°.

When chlorohydrin 6d was subjected to the same procedure [but using a larger total excess of silane
(about 20 eq) and longer total reaction time (24 h)], 4d was obtained in 58% yield (quantitative, based on unre-
covered substrate).

When bromohydrin 6d was subjected to the same procedure, 4d was obtained in 20% yield (58%, based
on unrecovered substrate).

When iodohydrin 6d was subjected to the same procedure, 4d was obtained in 71% yield.

Synthesis of epoxide dc from chlorohydrins 6c and 7c. - Chlorohydrin 6c or 7e (0.10 mmol)
was dissolved in absolute MeOH (1 ml) and treated with K2CO3 (0.30 mmol) at r. t.. Formation of the epoxide
dc was monitored by TLC.
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