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Abstract:The preparation of vicinal diols in up to 98% ec.c. and 98% vyield from the corresponding
(£)-2,2-disubstituted epoxides was achieved via an enantioconvergent two-step hydrolysxs Thus
enantioselective cnzymatlc hydrolysns of the (S)- epoxnde proceeded with retention of

vkt Frieeie Thing tha caeeaoeas atrm I

Cuiluz,dlauuu uuul:umg the uuucapunumg \o; diol. In a >uU>t:qut.1u siep, the remaining U()-
oxirane was hydrolyzed during workup under acid catalysis with complete inversion of
configuration yielding the (S)-diol. A detailed study of the latter reaction revealed that the
experimental conditions have to be carefully chosen with respect to (i) nature of the acid, (ii) the
solvent, and (iii) its water content to avoid racemization.

© 1997 Elsevier Science Ltd. All rights reserved.

Introduction

Chiral vicinal diols are important intermediates for the asymmetric synthesis of a wide range of bioactive
compounds. Several methods to prepare these diols are currently available to the synthetic chemist. A direct
blefins. Although the product
e.e.’s achieved by this method are high (up to 95%), the reaction is restricted to relatively simple olefins of
trans geometry. Furthermore, heavy metal catalysts are ecologically unsound, particularly on an industrial
scale. An alternative way of preparing chiral vicinal diols is the selective hydrolysis o
However, this sets the problem to the preparation of optically pure oxiranes. Among the chemical
asymmetric cpoxidation procedures most widel_y used, the Sharpless cpoxidatlion2 of olefins is limited to
allylic alcohols and Jacobsen catalysts™  give mainly good results with cis olefins. Only recently, the latter
group reported a kinetic resolution of racemic primary epoxides via catalytic hydrolysis using chiral cobalt

based complexes.3c This approach might become a useful method for the preparation of enantiomerically

In addition to the aforementioned chemical approaches, regio- and enantioselective biocatalytic hydrolysis of
racemic epoxides using epoxide hydrolases [EC 3.3.2.X] has been shown to be a powerful alternative. For
biotransformations on the preparative scale, epoxide hydrolases from fungal or bacterial sources have been
shown to be advantageous over mammalian enzymes. They are (i) highly selective, (ii) cofactor independent,
(iii) sufficiently available by fermentation and (iv) their production does not require sophisticated enzyme
induction.® As a consequence, these biohydrolyses can be easily performed on a multigram scale.

However, the enzymic hydrolyscs of epoxides reported so far operate via a classic kinetic resolution pattern
and provide the enantioenriched vicinal diol and enantiopure epoxide both in 50% theoretical yield. This is
often regarded as drawback and methods that would offer a solution to this intrinsic problem of kinetic
resolutions are highly desirable.’ In this study, we aimed at the development of a simple process to transform

a racemic epoxide into the corresponding vicinal diol in 100 % theoretical yield and 100% e.e.
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Opening of oxiranes involving nucleophilic attack at the less substituted carbon is generally denoted as
-hormal opening™ whereas attack at the more substituted carbon is termed as ,.abnormal openi
racemic 2,2-disubstituted oxiranes, the enzymic hydrolysis using bacterial epoxide hydrolases was shown to
proceed via attack at the less substituted (,,normal”) carbon atom with excellent regioselectivity, 7 thus
leading to complete retention of configuration at the stereogenic center. If this process could be followed by
a selective chemical hydrolysis of the remaining mirror image epoxide enantiomer with inversion at the
stereogenic (,abnormal®) center, one could overcome the classical kinetic resolution pattern by producing a
single enantiomerically enriched vicinal diol in 100 % theoretical yield. The regio- and/or stercoselectivity of
such a hydrolysis of an epoxide ring is very dependent on the reaction conditions.® Under basic or neutral
conditions, attack on the .,normal® position is nearly always the major (if not the only) process occurring.
Under acidic conditions, the reaction with most nucleophiles (including water) is considerably facilitated due
to initial protonation of the oxirane oxygen. The so-formed conjugate acid shows a marked tendency to open
at the ., abnormal™ carbon atom which is better suited to accomodate a positive charge during the transition

9 vy . . . . . .
state.” Furthermore, nucleophilic attack of water via an Sy2 mechanism involves the desired inversion of

a racemic product.” Thus, in order to accrue a maximum in optical vield, the acid catalyzed hydrolysis should
idcally proceed via a S,2-like (borderline) process.

Isolated reports on the y

monosubstituted'* oxiranes have been previously published. However, in this paper we present a detailed

study on the stereochemical outcome of the reaction depending on the conditions and we discuss some of the
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Biocatalytic Hydrolysis

2,2-Disubstituted epoxides 1a, 1b and 1d were prepared in racemic form as previously described."” Substrate
1¢ was synthesized as follows. Addition of a Grignard reagent prepared from methylallyl chloride to 1,3-
dibromopropane in THF afforded 6-bromo-2-methyl hexene. 1> After work-up, the crude material was
epoxidized with m-chloroperbenzoic acid (MCPBA) in CH,Cl; and (£)-1¢ was obtained in good yield.
Racemic epoxides 1a-d were resolved via biohydrolysis using lyophilized whole cells of Nocardia spp. EH1

or H8,'* bacterial strains exhibiting strong epoxide hydrolase activity (Scheme 1). The reactions were
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monitored by TLC and GC and the optical purities of the product diols 2a-d as well as those of the residual

enantioenriched epoxides la-d were determined by GC on a chiral station he

esults are
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-pentenyl (1b), or 4-br0m0butyi (ic) the selectivity was
0 -3, Tablel). In case of the
benzyl substituted substrate (+)-1d (entry 4, Table 1) the selectivity was slightly reduced (£ = 123) but still
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found to be virtually absolute showing an enantiomeric ratio (E) of >200 (entries 1

in a preparatively useful range
0 N di ) OH
. A ocardia spp N . /O\
> \I_\ + /L_\
R—/ R— OH R—/
(£)-1a-d (5)-2a-d (R)-1a-d
a. R = '(CH2)3CH3
b: R = -(CH.),CH=CH
. \\41 12}2L11 L112
¢: R =-(CH,);Br
d: R = C5H5
Scheme 1

Table 1. Kinetic Resolution of Racemic 2,2-Disubstituted Oxiranes 1 via Biohydrolysis.

Entry Substratc® Microorganism  Time Conversion Epoxide Diol Selectivity
M o1 fa 0/ fa ~ O/ /8 Y
LNy L] (e.€.0 7)) (€.€.[ 7o) (r.)
1 (t)-1a  Nocardia EH1 24 50 (R)-1a (>99)°  (§)-2a (>99)°  >200
2 (+)-1b  Nocardia EH1 24 40 (R)-1b (96)°  (S)-2b (97\*’ >200
3 (£)-1¢  Nocardia H8 20 50 (R)-1¢ (>99)° (S)-2¢ (>99) >200
4 (1)-1d  Nocardia EH1 48 39 (R)-1d (81)° (S)-24d (96)° 123

“ Biocatalytic reactions were performed on a gram scale (see experimental part). " The absolute configuration of this compound

was established by known methods and was in full agreement with those previously reported. " “ The absolute configuration of

inidntad nc fallawe: Intically 1o wag huvdealuzed ith aanaang NNy agive Yo Than tha hramida
\l\/ lL Was Cluuluatcu as i0udWwSs! Upuual\y a\.uvb 1$ was u_yuxul_chu with aucUud  ivassn to 5|vc . piien, the oromiac

functionality was removed with LiAlH, in THF to yield 2-methyl-1,2-hexanediol. The absolute configuration of the latter was
determined via com}ecnon on GC with an independently synthesized enantiopure sample, which was obtained via the procedure
of Hosokawa er al.'*" ¢ LiAIH, reduction of the bromide afforded enantiopure 2-methyi-1,2-hexanediol, whose absolute
configuration was determined as described in note c.

Acidic Hydrolysis
d were treated with acid. In order to determine the reaction conditions best suited for the selective epoxide

hydrolysis, a range of different mineral acids was investigated under varying conditions. To obtain

temperature by maintaining a reaction time of 15 min in all cases. Thus, a rough estimate of the relative
reaction rates could be obtained by comparing the quantities of recovered starting material. Careful analysis
of all of the art 1) afforded detailed mechanistic information from which optimal

conditions for selective hydrolysis (without racemization) could be concluded. The results of this study are

summarized in Table 2 and 3.
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When the (R)-oxiranes 1 were treated with hydrochloric acid (Table 2, entries 1-8), chlorohydrin {ormation
was the main process observed, except for 4-bromobutyl oxirane 1¢ which gave a complex product mixture
(entries 3 and 7, respectively). In dioxane, (R)-1a and (R)-1b gave mainly the respective regio-isomeric
chlorchydrins 3 and 4 in a 1:1 ratio (62% and 76%, respectively; entries 1 and 2). Under the same conditions,
(R)-1d produced exclusively and with good regioselectivity a 9:1 mixture of 3d and 4d in 94% yield (entry
4). The presence of the chloride atom in compounds 3 and 4 was concluded from their MS data, which
showed a typical 3:1 ratio of the M signal in each case. The position, C(1)~Cl or C(2)-Cl, could be
elucidated from the 'H NMR spectra. Thus, in case of 3, the C(2)—-CH, proton signals appear at 3 1.24-1.29,
whereas these methyl protons appear at & 1.44-1.49 in the 'H NMR spectra of compounds 4. Together with
other NMR data this confirms the structural assignment of the regio-isomeric chlorohydrins. The reactions in
dioxane yielded a small amount of the £-configurated olefins 7 (26%, from 1a; 2%, from 1b; entries 1 and 2,
respectively; vide infra) indicating that an elimination process is also operating. In water such elimination
processes were not observed, but small amounts of diols 2a, 2b, and 2d (7-11%) could be found. although
selectivity was only moderate (entries 5, 6, and 8, respectively). Though less pronounced, in water

e e i o A_AADLY Tin aoiiaianiiom the reactions in £ A
1 formation is the major process (34-44%). In comparison the reactions in dioxane were found to

be complete whilst those reactions run in water showed varying amounts of residual (R)-epoxides (40-56%).

OH
/

N
— / Ol—l

R__.._/ R.__J CI K_._._J il
2a-d 3a,b,d 4a,b,d
H
N M N\
R_ﬁo RﬁOH Rw//_\OH
5a,b,d 6a-d Ta-d
a. = —(Cllz)JCH3
b - ‘(CI‘I'))z(‘HZ(:HZ
c¢: R=-(CIL);Br
d: R =-CgH;
Chart 1

Treatment of (R)-oxirancs 1a,b,d with perchloric acid (Table 2, entrics 9-16) resulted in the formation of

product mixture that was not further examined. In dioxane, no diols were formed and aldehydes were the

only products (75-94%, entries 9, 10, and 12). On the other hand, hydrolysis in water gave in addition to the

selectivity of the diol formation was low. From the reactions performed in dioxane only minor amounts
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(14%) of starting material were regained. In contrast, aqueous reactions yielded considerable amounts of (R)-

la-d (41-49%).
Table 2. Acid Catalyzed Hydrolysis of Oxiranes 1 using Hydrochloric, Perchloric, or Phosphoric Acid.

Entry Epoxide® Condi- Solvent Products Recovered
(R) tions® Diol Yield e.e. Other’ Yield Start uuat
(SN U O [%]° [%]°
1 1a HC!  dioxane' - 3a:da (1:1) 62 -
) 7a (F) 26
2 1b HCl dioxane' - 3b:4b (1:1) 76 -
7b (E) 2
3 lc HCI dmxanef - £ -
4 1d HCI dioxane' - 3d:4d (9:1) 94 -
5 ia HCi H,O 2a i1 65 3a:da (1:1) 36 40
6 Ib HCI H,O 2b 7 67 3b:4b (1:1) 34 56
7 1c HCI H0 - 51
8 1d HCI 1,0 2d 8 61 3d:4d (1:2) 44 42
9 la  HCIO, dioxane® - Sa 75 14
10 b HClO, dioxane - Sb 94 -
11 1c HCIO, dioxane - - -
12 1d HCIO, dioxane - S5d 81 14
13 Ia HCIO, H,0 Za 36 44 5b 11 41
14 ib HCIO, H,0O 2b 28 48 3b 19 46
15 e HCIO, H,0 - £ 44
16 1d HCIO, H,0O 2d 22 49 5d 21 49
17 la  H;PO,; dioxane' - 62 31 15
. Ta(E:Z=7:1) 36
18 1b H;PO, dioxane' - 6b 36 12
' 7b (E:Z=6:1) 41
19 lc H;PO, dioxane' - - - 6¢ 41 -
‘ Te (E:Z=7:1) 43
20 id H,PO, dioxane' - 6d 43 -
7d (E£) 45
21 la H,PO, H,O 2a 8 25 6a 3 32
Ta (£:2=6:1) 32
22 1b H;PO, H,0 2b 11 27 6b 4 29
7b (E:7=6:1) 36
23 lc H;PO, 1,0 2¢ 12 30 6¢ 7 31
Te(E:Z=7:1) 29
24 id H,P0, H,0 2d 17 34 6d 9 31
7d (E) 28
“{R)-oxirane] = 0.0145 M. " [Acid] = 0.18 M. © GC-yields “Dtermmcd by GC on a chiral stationary phase. © Ratios in
parcnthesis were determined by NMR, GC or HPLC '[H,0] = 0.63 M. # * Complex product mixture. "IH,0] = 0.42 M. [H,0] =
0.17 M.

Elimination is the main process when (R)-oxiranes la-d were treated with phosphoric acid (Table 2, entries
17-24). In dioxane as solvent, this is the only pathway (entries 17-24, 67-88%) whereas the analogous
treatment in water (entries 21-24) gave small amounts of diols 2a-d (8-17%, c.c. <34%). next to climination

products (35-40%).
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Overall, the elimination process results in a complex mixture of olefins. Thus, in dioxane, the ratio between

the A*® olefins 6a-d and their A isomers 7a-d is about 1:1. When water is used as

Fownsd

he solvent, the ratio
considerably increases in favour of the A2 product (6:7 ratio up to 1:10). Furthermore, in both solvents the
E/Z-ratio for 7a-c is more or less equal (ca. 6:1), whereas for the benzylic derivative 7d, only the E-isomer
was detected.'” The position of the C=C bond could be established after careful analysis of the NMR dat

Thus, the *C NMR spectra of 6a-d typically show a triplet at around 110 ppm whereas the isomers 7a-d
reveal a doublet between & 125 and 130. About 30% of the starting epoxides could be regained after reaction
with phosphoric acid in aqueous medium. Again, when the same conditions were applied in dioxane almost

complete reactions were observed.

Table 3. Acid Catalyzed Hydrolysis of Oxiranes 1 using Nitric or Sulfuric Acid.

Intry Substrate” Condi- Solvent Products Recovered

tions " Diol Yield e.e. Other” Yield  Startmat.
[%]° [%)° [%]° [%]°
1 1a HNO, dioxane' 2a 87 65 Sa 5 7
2 1b  [INO; dioxane' 2b 93 67 - - -
3 lc  1INO, dioxane' 2¢ 78 69 - - 11
4 1d HNO, dioxane' - 2 -
5 1a  HNO; IL,0 2a 45 45 - - 40
6 Ib  HNO; H,0 2b 56 41 - - 36
7 Ic HNO, H,0 2c 54 45 - - 35
8 1d  HNO; H,0 2d 25 44 - - 61
9  1a  H,S0, dioxane" 2a 90 84 - - -
10 b H,S0, dioxane" 2b 87 87 - - -
11 ic H,80, dioxane" 2¢ 55 93 -
12 1d 11,80, dioxane" 2d 45 77 6d:7d'(1:1) 41 .
13 la 1,SO, dioxane 2a 93 98 - - -
14 1 11,80, dioxane' 2b 98 98 - - -
15 le H,S0, dioxane’_ 2¢c 74 98 £ -
16 1d H,SO, dioxane' 2d 90 87 - - -
17 la H,S80, dloxanc 2a 71 77 - - 25
18 1b H,S0, dloxane 2b 77 76 - - 19
19 Ic H,SO, dioxane*  2¢ 55 71 - 26
20 td  H,SO, dioxane" 2d 43 69 6d:7d'(1:3) 22 21
21 la H,S0, H,0 2a 43 32 - 48
22 1b  H,80, H;0 2b 45 36 - . 45
23 lc H,SO, H,0 2¢ 55 29 - - 41
24 ld___H;SO, H,0 2d 21 58 - - 67

TI(R)-oxirane] — 0.0145 M. " [Acid] = 0.18 M. GC -yields. © Determined by GC on a chiral bldthﬂary phase. ° Ratios in

parenthesis were determmed by NMR, GC or HPLC.” [H,0] = 0.43 M. ¥ Complex product mixture. " [H,0] = 0.02 M.  Only the £
Y1 — A

enT AT ead JTLE VT =07 M Fr (v =002 A
ISOMCr was uuu.,u,u [RE SIS V.U/ VL. [ Tig\J] V.23 vl

(R)-oxirancs 1a-d showed a broad range of different reactions upon treatment with hydrochloric, perchloric,

and phosphor A .
ana pno

ic e Al
Spiit ic acid run in diox

H\
1

in the same solvents with nitric, or sulfuric acid were much simpler (Table 3). In general, the latter acids led
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to exclusive hydrolysis forming the vicinal diols 2a-d as products. Decomposition was only observed in
dioxane for 1d with nitric acid (entry 4), whereas minor side reactions were ohserved for the treatment of 1e
with sulfuric acid (entries 11, 15, and 19). When water was used as the solvent, the stercosclectivity of the
hydrolysis (e.e. of diol <58%) as well as the rate (recovery of la-d = 35-67%) was found to be modest or

low (entries 5-8 and 21-24). However, in dioxane the reaction

ates were consider. 1. which is

o]

reflected in the small amount of starting material that could be detected (entries 1-4 and 9-20). Only when
employing 70% sulfuric acid some starting material was regained (entries 17-20). In addition, also the

stereoselectivity was considerably enhanced, although the e.e. values of diols 2a-d were still modest (e.e.
<78%, entries 1-4) when nitric acid was used. However, treatment of (R)-epoxides 1a-d with concentrated
sulfuric acid in dioxane gave the desired high selectivity: Thus, high e.e.’s and excellent yields of the product
diols (entries 9-16) were obtained. In particular, optimal conditions were found by using concentrated
sulfuric acid in dioxane containing a minimum amount of water (entries 13-16), which afforded (S)-diols 2a-
d without detectable racemization.

These results show clearly that specific features of the different mineral acids have profound effects on the
reaction course for (R)-oxiranes 1a-d. Nitric and sulfuric acid show high chemoselectivity toward hydrolysis
(Table 3), whereas other pathways (such as rearrangement and/or elimination) are observed upon treatment
with hydrochloric, perchloric, or phosphoric acid (Table 2). Furthermore, it is demonstrated that the product
composition and also the reaction rate depend on the nature of the solvent employed. In general, reactions
performed in dioxane were found to be always considerably faster than those performed in water. Most
importantly, the results show clearly that the stereoselectivity of the hydrolysis with respect to inversion of
configuration of the stereogenic center increases significantly when the reactions are run in dioxane.
Additionally, the experiments with sulfuric acid indicate that the concentration of the nucleophile (i.e. water)
in the organic solvent has a profound influence on the extent of racemization during hydrolysis.

Nucleophilic cleavage of an epoxide under acidic conditions comprises of two idcalized steps (Scheme 2).
First, protonation of the oxirane oxygen takes place to form A. It is now generally accepted that this initial
step is a fast and reversible proces.s.18 The chemical consequence of this latter step is ring opening,lga which
can proceed via two limiting mechanistic pathways: Either a one-stage concerted opening of the carbon-—
oxygen bond with simultaneous formation of the carbon—nucleophile bond (proceeding through transition
states B), or a two-stage unimolecular break of the epoxide ring to form an intermediate carbonium ion (C),
tollowed by reaction with the nucleophile.g’18 Reactions involving intermediates C would result in the
formation of ,abnormal” ring-opening products, albeit with low stereoselectivity since either side of the
carbocationic spz-centcr is equally accessible. Both ,.abnormal® and .,normal” products would be the result of

reactions via S.2-like transition states B. One the one hand, steric restrictions would favor B(I), whereas
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proceed in a stereoselective fashion since the approach of the nucleophile is directed to only one side of the

molecule. With the above mechanistic view, most of the experimental findings can be explained as follow:

(A

ble influence on the rate and the direction of chemical reactions. The acid-

oy PR R, N

tion has considera
base equilibrium constant (pK,) is influenced by solvent,'® which consequently effects the rate of protonation
to form A. However, the rate-limiting step is the opening of the protonated (charged) intermediate (A).
According to greater "solvating power" will cause a
decreasc in the rate of the reaction.” Hence, the reaction rates observed in water are decreased as compared to

the rates in dioxane.

_H
/O\ _ /O ‘} H,0 e
R )| O
R— H |
(R)-1a-d C ]
N\
elim.\ (+)-4a,b,d
oa-d
7a-d

vast excess (55 M) and competes effectively with chlorohydrin formation, rearrangement and elimination. In
contrast, when dioxane is used as a solvent, water as a nucleophile is less readily available and therefore the
these three acids hecome more significant and hence the direction of the
reactions changes towards non-hydrolysis products. Chiorohydrin formation with hydrochloric acid can be
attributed to attack of chloride ion on the protonated epoxides A. It is known that chloride attack can become

due to special properties associated with the
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chloride ion.*'*? Nucleophilic attack at the less hindered oxirane carbon atom leads to the ,.normal*

favored tertiary center [intermediates B(I) and/or C] accounts for the formation of ,.abnormal*
chlorohydrins 4a,b,d. It was not possible to determine their e.e.’s and absolute configurations, hence it is
unclear whether their formation proceeds through carbonium ions C, or the more S,2-like transition states
B(II) (or both).

Racemic aldehydes 5a,b.d are predominantly formed under catalysis of perchloric acid. It has been observed
before that in media containing perchlorate anions rearranged products, such as aldehydes, are readily

. 18.23
formed.

This behavior is attributed to a propensity of the perchlorate ion (a large ion of low charge
densitym) to associate preferentially with carbonium ions.”* Consequently, charged intermediates like C
would be favored and a subsequent 1,2-H shift from either side of the plane accounts for the formation of
racemic aldehydes Sa,b.d. In a related fashion, the climination pathway to form allylic alcohols is also best
explained by proceeding via C. In particular reactions with phosphoric acid show a preference for
elimination.'™ Of the mineral acids investigated, phosphoric acid is the weakest, i.e. it has the highest pK,
value. This implies that its conjugate base is relatively better able to abstract a proton from intermediates C,
which ultimately results in the formation of one of the olefinic products. The nature of the microenvironment
would direct the carbonium ion toward the different elimination paths, thus determining the ratio of 6:7 as
well as the E/Z-ratio in 7. Furthermore, it is well known'®* that phosphate anions show no signifcant
nucleophilic attack on protonated epoxides like A, which explains the absence of substitution products.

Hydrolysis to give vicinal diols 2a-d is the (almost) exclusive reaction observed when nitric or sulfuric acid
were used. Anions of high charge density, like S()f“ and N()3',20 favor reactions that proceed via a S 2-like
pathway through transition states B(I) and/or B(II). From the results in Table 3 it becomes clear that each of
the hydrolyses of (R)-1a-d results in diols 2a-d possessing (S)-configuration. Consequently, regardless
which acid and whether water or dioxane is used, the pathway via B(II) is preferentially followed, though
not always to the same extent. After initial protonation of the oxirane oxygen the positive charge in
intermediate A is more effectively dissipated to the tertiary center, which becomes then more prone to
backside attack of a water nucleophile available.'® However, when water is abundantly present (or even the
solvent. entries 17-24, Table 3), charged species are better stabilized and the pathway via C becomes
dominant. As a consequence, addition of water may occur to either side of the flat spz-center and the
stereoselectivities of these hydrolyses are only modest. On the other hand, when water is only sparcely
available in an aprotic, apolar solvent like dioxane, every water molecule is nceded to solvate the acid-anion.
The steric demands of this solvated species"'3 directs attack more toward the ,normal” oxirane carbon atom
[viu B(I)]. which accounts for the small degree of racemization in reactions performed with neat
concentrated sulfuric acid (entries 9-12, Table 3). However, a minimum amount of added water (entries 13-

16. Table 3) - just enough to have water nucleophiles available in solution, but not enough to stabilize
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intermediates C - provides the optimal conditions for stereoselective addition of water via B(II) to form

e dicle 2a A Funs /D) 12 3
ure {5/-Gi0is £a&-a 1om (R/-1&-Q

z
=
[~
[o]
£
-
b 3
&
a
-
=
-
=

..normal® oxirane carbon atom while the absolute configuration at the chiral tertiary center is retained.’ In a
complementary fashion, acidic hydrolysis using the conditions described above, involves stereoselective

Le aerenoemic conto
ne stercogenic cente

la}

Combination of both hydrolysis methods in a resolution-inversion sequence provides a convenient and useful

procedure for the preparation of chiral vicinal diols (S)-2a-d in an enantioconvergent fashion.

Table 4. Deracemization of (+)-Oxiranes 1.

1]

Entry Substrate Product Yield (%) ee (%)
1 (*)-1a (S)-2a o8 98
2 (+\_1h VAN Pg ) ° q7 Qo
“ \-L i {13 =&uy 7 77
3 (+)-1¢ (S)-2¢ . 98
4 (+)-1d (S)-2d 94 92

a . . h .
Deracemization was performed on a gram scale. ” Isolated yields.

Thus, enzymic hydrolyses of (£)-1a-d were carried out as the initial step and the crude reaction mixtures
were directly treated with H,SO, in dioxane containing trace amounts of added water as described above. In
thic tirat; raramiir anavidac Aa 1A o Alen
D> wday, 1acCiliv CPU‘\IUCB LCOUUIU UC U1IT

2a-d in good yields and excellent e.e.’s, even on a preperative scale (Table 4). The selectivities achieved in

the resolution of (x)-1a-c¢ with Nocardia spp. is virtually absolute which is indicated by the fact that the

2]

T

-y
or

before the acidic hydrolysis was started. In this way, the maximum obtainable e.e. of the final product diol

2d was achieved.

Optically pure vicinal diols were produced in high chemical yields via a two-step resolution-inversion
sequence. Thus, racemic 2,2-disubstituted cpoxides resoived with a highly selective biocatalyst showing
epoxide hydrolase activity (lyophilized cells of Nocardia spp.) afforded the enantiopure (R)-epoxide and the

corresponding vicinal (S)-diol. In a subsequent step, the remaining (R)-epoxide was hydrolyzed with sulfuric
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cid under carefully controlled conditions to the same (S)-diol. Careful mechanistic analysis of the results of
acid catalyzed hydrolysis using different solvents and mineral acids made it possible to select conditions -

concentrated suifuric acid in dioxane containing a minimum amount of waier - that led to the formation of
the (S)-diol without notable racemization. Furthermore, the biocatalytic and acidic hydrolyses could be
successfully combined in a preperative scale procedure. The method described in this study

intrinsic drawback of a classic kinetic resolution pattern, and it is generally applicable on a large scale.

-c
1]
b |
-

Experimental
General
Bacterial strains of Nocardia spp. were a kind gift of J. de Bont (Wagenmgen The Netherlands) and C.
Syldatk (Stuttgart, Germany). The strains were grown as previously described. 214 and *C NMR spectra
were recorded in CDCly unless otherwise noted on a Bruker MSL 300 at 300 and 75. 47 Mhz, respectively.
Chemical shifts are relative to TMS (8 0. OO) with CHCl, as internal standard [5 7.23 ( H) and & 76.90 (”C)]
and coupling constants are given in Hz. YC NMR multiplicities are determined by using a DEPT pulse
sequence. Low resolution MS data were determined at 70 eV via DI-LI on a KRATOS-profile spectrometer.

FT-IR (in vcm™) spectra were recorded on a Bomem-Michelson M100 S“ectremeter as a neat film on a
NaCl disc, unless otherwise noted. Optical rotation values were measured on a Perkin-Islmer 341 polarimeter

at 589 nm (Na line) in a 1 dm cuvette. TLC plates were run on silica gel Merck 60 F,s, or aluminium oxide
150 F,s4 neutral (type T), compounds were wqualwed by spraying with vanillin/H,S80, conc. (5 g/1), Mo-
reagent [(NI1,),Mo,0,,04H,0 (1.1 g/L), Ce(SO,),#4H,0 (4g/L) in H,80, (10%)] or KMnO, reagent
[KMnQ, (2.5 g/1.), Na,CO; (20 g/L) in H,0]. GC analyses werc carried out on a Shimadzu GC-14A
equipped with FID and a RSL 1701 capillary column (30m, 0.25 mm, 0,25 pm film, H,). Enantiomeric

TNTNEF TS

€XCESSES were anal» zed on the same £as Ll’lr()ll]dt()grdph Lqu1pp(.(1 with FID, USII’I& a CP-Chirasil-DEX CB

column (25m, 0.32 mm, 0.25 pm film, H,). HPLC analyses were performed on a JASCO system containing
a 880-PU pump with UV detection, and cquipped with a CHIRALPAK AD column (cluent heptane / 2-
propanol 95:5). Flash chromatography was performed on silica gel Merck 60 (230-400 mesh). Petroleum

ether had a boiling range of 60-90 °C.

Solvents were dried and freshly distilled by standard techniques. For dry reactions, flasks were dried at 150
°C and flushed with dry argon, just before use, and reactions were carried out under argon. Mineral acids
(37% HCI, 70% HCIO,, 85% H;PO,, 60% HNO,, 98% H,S0,) were obtained from commercial sources and
used without further purification. Product solutions were dried over Na,SO,, and then the solvent was
¢vaporated under reduced pressure. Compounds la 22 1h,% 16,77 14, 22,7 2b.'%° 2d.7" 32.77¢ 52,7

5b.77¢ 50,7 62,272 6b,”" 6d.”” 7a,”" 7b.*"" and 7d*”' have been synthesized previously.

(+)-2-(4-Bromobutyl)-2-methyl onrane ( lc) *Toa vigorously stirred mixture of 50 mL of dry THF and

=7 AR $Isciity Al Al

14.03 ¢ (577.1 mmol) of activated®® magnesium turnings, cooled to 0 °C, was added dropwise a solution of
18.25 g (201.5 mmol) of 3-methylallyl chloride in 150 mL of dry THF. After the addition was complete, the
mixture was stirred at 0 °C for an additional 2 h and then allowed to warm to r.t. The resulting Grignard
reagent was filtered under argon atmosphere and then added dropwise to a solution of 36.71 g (181.8 mmol)
of 1,3-dibromopropane in 450 mL of dry THI'. The reaction mixture was stirred at r.t. for 20 h, after which
the excess of Grignard reagent was cautiously destroyed by addition of saturated agqucous NH,Cl at 0 °C.
After dilution with 150 mL of water, the two phases were separated and the aqucous layer was extracted with
three 100-mL portions of CH,Cl,. The combined organic layers were washed with 150 mL of brine, dried,
and partially evaporated at 15 °C. The crude product was uscd directly for the next reaction in order to
reduce losses due to the volatility of the product.

To a vigorously stirred solution of the crude product in 500 mL of CH,Cl, was added 29.56 g (213.9 mmol)
of K,CO;. After the mixture was stirred at r.t. for 1 h and then cooled to 0 °C, m-CPBA (36.75 g, 212.9

mmol) was added slowly. The reaction was allowed to warm to r.t. and stirred for an additional 20 h, after
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which the white suspension was filtered. The resulting yellowish solution was treated with 250 mL of 10%
aqueous Na,8,0; to destroy excess peracid. The two-phase system was stirred for 30 min and then the layers
were scparakd The organic phase was washed with 100 mL of saturated aqueous NaHCO,, dried, and

LVdeldlCU I'ldb.[l uuuuluwgmpuy \gldun:m llUIll JU l to .) l ‘pclrulcum Glﬂer/E[U[\(,) dIIor(leCl l() 43 g
(68%) of (x)-1c as a clear liquid. Spectroscopic data are given below.

General Procedure for the Preparative Biohydroelysis of (+)-1a-d. Racemic Epoxides 1a-d (2.00 g, 10.37-
15.87 mmol) were hydrolyzed using rehydrated lyophilized microbial cells (2.00 g) in Tris-buffer (100 mL,
0.05 M, pH 7.5) by shaking the mixture at 30 °C with 120 rpm. The reactions were monitored by TLC and
GC and after an appropriate degree of conversion was reached (20-48 h) the mixtures were continuously
extracted with CH,Cl,. The organic layers were washed with 100 mL of brine, dried, and evaporated. The
remaining residues were flash chroma‘tograp'ned (gradient of 10:1 to 5:1 petroieum ether/EtOAc) to give
cuaﬁhﬁmeﬁcauy enriched ep0x1des (R)-1a-d and the COi’i‘eSpOﬁuulg vicinal diols ( {(S)-2a-d.

Yields, e.e. values, and optical rotation data for all compounds are listed below. Compounds 1a, 1b, 1d, 2a,
2b and 2d have been characterized before (vide supra).'*" The enantiomeric excess of these compounds
was determined by GC on a chiral stationary phase as previously described.? The characteristic data of 1c
and 2¢ are shown below. N B

(R)-1a: Yield 45%, e.e. >99%, [a]"p —4.2 (¢ 3.6, CIICL;) {Ref*™ [a]*y —7.4 (neat, c.c. 88%)}; (R)-1b:
weld 43%, e. e. 96% [a] D -—5 4 (c l (H(l;) (R)-lc yleld 46%, 7. 05 (?) and 7. 24 (R) min (90°C 150,

Yy
Yo NMMQ g /e (ralativo in
1), VID, BU/Z (ICialive in

(35) 99(12) 85(100) 43 (59): (R)-1d: yield 47%, c.c. 81%, [a ]3 —8.2 (¢ 1, CHCL,).
(S)-2a: Yield 47%, e.e. >99%, [a]”p —1.4 (¢ 1, CHCI,) {Rcfz To ]20 ~1.8 (¢ 0.98, CHCl,. e.e. 88%)}; (S)-
2b: yield 40%, e.e. 97%, [l 2.3 (c 1, FtOH) {Ref." [a]p 2.1 (¢ 0.92, EtOH, c.c. 94%)}; (S)-2e:
vield 45%. 6.75 () and 7.02 (R) min (145°C iso, 1 bar), c.c. »99%, [a]*’s —3.1° (¢ 1, EtOH); '"H NMR: 1.15
(s. 3H). 1.41-1.54 (m, 4H). 1.82-1.93 (m, 2H), 2.70 (br s, 2H), 3.39 (d, J = 2.78, 1H), 3.41 (d, J = 2.78, 1H),
3.44 (t, J = 6.64, 2H); PC NMR: 22.60 (), 23.40 (1), 33.34 (1), 33.86 (1), 37.79 (1), 69.88 (1), 73.08 (s); MS,
m/= (relative intensity) 197 (M" -lb 0.9), 195 (M'-15, 0.9), 181 (73), 179 (75), 99 (12), 75 (84). 43 (100):

LY U4 I v\ %4 N/ N L TUATTY (D r 120 11 ™/ N L ToaNIT o "IL0/3\)

(Sj-2d: yield 39%. e.e. 96%, [a]”p =17.9 (¢ 0.5, EtOH) .KCI. [a]'n—11.7 (¢ 0.56, EtOH, e.e. 75%)}.

General Procedure for the Acid Catalyzed Hydrolyses of (R)-1a-d. Reactions were performed in water or
dioxane at a concentration of 0.0145 M of epoxide. Mineral acid was added dropwise until the concentration
of acid reached 0.18 M. The water concentration varied between 0.63 M and 0.02 M. and was dependent on
which acidic conditions werc chosen. The reaction mixture was stirred at r.t. for 15 min, and then the
reaction was quenched by ncutralization with saturated aqueous NaHCOj;. Then EtOAc was added, and the
resulting biphasic mixture was stirred vigorously for an additional 30 min. The organic layer was separated,
dried and evaporatcd Isolation of products, product ratios and yields were obtained by standard

VISP, . I

chromatographical techniques,
Analvtical Scale Reactions of (R)-1a-d with Mineral Acids. The ceneral nroccdure was emploved by
nllalJ VAl DIJVALILV ANLVAaAVUIVIET Ul “‘/ “aTer vy ll«ll AVEREAW A 68K [ AW lud i Biv b\tl wa s l!l\l\d\vu A VYo Ulllylv] A 4

1

using 0.0075-0.01 g (R)-1a-d in ca. 4 mL of solvent and 0.06 ml. of 37% aqueous HCI, 0.06 mL of 70%
aqucous HCIQy, 0.048 mL of 85% aqueous H;PO,, 0.052 mL of 60% aqueous HNO;, 0.04 mL of 98%
aqueous H,SO,, 0.043 mL of 93% aqueous 1,804, or 0.056 mL of 70% aqueous H,S0,. After workup, a
sample from the organic layer was directly analyzed by GC and/or HPLC.

Preparative Scale Reactions. In order to obtain pure compounds for characterization and as reference
material, as well as to demonstrate thc general applicability, several reactions were performed on a
preparative scale:

Chlnveohydein Fammatiaon The genaral nracedure wage emnlaved hy ncinoe 0278 o (2 1 mmol of 7/R)-1a in
AN 1Y )] Ull]ul m r Ul ASRCALIWUIER 11V BViIvidl Prutluuic Was VHIPIUYLU Uy Uolilg V.o /0 5 (& 3 LIVLy VL {4/ T A& 1

150 mlL of dioxane and 2.25 mL of 37% aqueous HCl. Workup and flash chromatography (petroleum
ether/EtOAc, 1:1) gave (in order of elution) 0.215 g (60%) of a 1:1 (NMR) mixture of chlorohyduns 3a and

4a, respectively, dﬂd 0.072 (26%) of (E)-Ta. Fhe spectroscopic data for (E)-7a were identical with those
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reported previously.27j Careful column chromatography on silica gel (gradient 50:1 to 20:1, petroleum
ether/EtOAc) afforded pure samples of 1-chloro-2-methyl heptan-2-ol (3a): H NMR: 0.88 (t, J = 7, 3H),

124(s 3H), 1.28-1.61 (m, 8H), 2.31 (br s, 1H), 3.45 (d, J = 10.9, 1H), 3.48 (d, J = 10.8, 1H): ’C NMR:
(q) 22.65 (t) 23. 63 (1), 24.52 (q), 32.12 (1), 39.87 (1), 54.41 (1), 76.02 (s); MS, m/z (relative intensity)
C\

A
(M', 1.5), 148 (0.3), 146 (0.9), 128 (3), 95 (60), 43 (100), and 2-chloro-2-methy!
)

87 (t,J =7, 3H), 1.19-1.54 (m, 6H) 149 (5, 3H), 1.61-1.83 (m, 211), 2.6 (brs,

It 4 Li2), &9

S

64
)_- '"H NM

/\

. J=4.9, 1H) 364(d.} 4.9, 1H), 0 NMR: 1412(q) 1(t), 24.19 (1), 9676(0) 32.39 (1),
40.64 (1), 7118 (1), 72.27 (s); MS, m/z (relative intensity) 166 (M, 0.7), 164 (M", 2.0), 148 (0.9). 146 (0.3),
95 (67), 43 (100).

The general procedure was employed by using 0.275 g (2.18 mmol) of (R)-1b in 150 mL of dioxane and 2.25

mL of 37% aqueous HCI. Workup and flash chromatography (petroleum ether/EtOAc, 1:2) gave (in order of

SATE ATy ANnm rAan

elution) 0.266 g (75%) of a 1:1 (NMR) mixture of chlorohydrins 3b and 4b, respectively, ana 0.005 (2%) of

(E)-Th. The qpectroqcopl ¢ data for (£)-7b were identical with those reported prewously ¥ Careful column
radient 100:1 to 25:1. petroleum ether/EtQOAc) afforded pure samples of 1-

I3
slauivl LW &Jid, PYUuy SIS/ LA AL Auaviucu pu Sanipits Ui oa

(3b): 'H NMR: 1.21 (s, 3H), 1.31-2.23 (m, 6H), 2.26 (br s, 1H), 3.51 (s,
2H), 4. 91 -5.06 (m. 2 D, 5.88 (m, 1H); °C NMR: 23.66 (1), 26.13 (1), 33.71 (q). 38.77 (t). 54.27 (1),
75.62 (s), 114.91 (1), 138.20 (d), MS, m/z (relative intensity) 164 (M", 0.1), 162 (M, 0.3), 146 (0.2), 144
(0.6), 93 (60), 55 (61), 43 (100), and 2-chlore-2-methyl 6-hepten-1-ol (4b): 'H NMR: 1.19-1.65 (m, 2H),
1.49 (s, 3H), 1.75-1. 25(m 4H), 2.6 (br s, 1H), 3.61 (d, J= 1.5, 1H), 3.66 (d, J = 1.5, 1H). 4.85-5.16 (m, 2H).
5.47-5.93 (m, 1H); *C NMR: 23.09 (1), 24.39 (1), 33. 98 (q), 39.89 (1), 71.05 (t), 72.07 (s), 115.03 (d), 138.35
(t); MS, m/z (relative intensity) 164 (M", 1.5), 162 ( (M7, 4.5), 146 (0.9), 144 (0.3), 93 (66), 55 (67), 43 (100).

The general procedure was employed by using 0.327 g (2.21 mmol) of (R)-1d in 150 mL of dioxane and 2.25
mL of 37% aqueous HCL. Wnr}(qn and flash r‘hrnmnrnorqnhv (hptrnlenm ether/EtQAc, 1:2) gave 0. 371 ¢

qusus IR 118 11801 MnRnaily PRl LAl &

{91%) of 2 9: 1 (HPLC) mixture of chlorohydrins 3d and 4d Careful column chromatos_ranhv on silica gel
(gradient 25:1 to 51 petroleum ether/EtOAc) afforded pure samples of 1-chlore-2-methyl-3-phenyl
propan-2-ol (3d): "H NMR: 1.29 (s, 31T), 2.06 (brs, 1H), 2.90 (d, /= 11.0, 1H), 2.92 (d, J=11.0, 1H), 3.44
(d. J=10.3, 1H), 3.47 (d. J = 10.3, 1H), 7.20-7.39 (m, 5H); >C NMR: 24.79 (q), 45.09 (t) 52.97 (1), 72. 40
(s), 126.94 (d), 128.48 (2d), 130. ’38 (2d), 136.48 (s); MS, m/z (relative intensity) 186 (M', 0.3). 184 (M

PaVa s ¥ T

0.9), 171 (0.2), 169 (0.6), 148 UD) 135 (11), 117 (10), ‘)1 (100), 43 (28), and 2-chioro-2-methyi-3-phenyi

1
1 A TT ANIAATY . | 3 8 ANNES o V-ayd MIWRUEEE B 8 AN 1774 7--120Q 1 — 2
propan-i-oi {(4d): H NMR: 1.51 (s, 3H), 2.26 (br s, 1H),3.12(d, /= 13.8, 1H), 3.17(d, /= 14.0, 1H), 5.59

u
(s. 111), 3.63 (s, 1H), 7.11-7.40 (m, SH); °C NMR: 26.09 (q), 46.24 (t). 70.01 (1), 74.42 (s). 127.08 (d),
128.22 (2d). 130.89 (2d), 136.08 (s); MS, m/z (relative intensity) 186 (M",0.4), 184 (M™, 1.2), 171 (0.1), 169
(0.3), 148 (15), 135 (12), 117 (9), 91 (100), 43 (31).
Rearrangement. The general procedure was employed by using 0.280 g (2.19 mmol) of (R)-1a in 150 mL
of dioxane and 2.25 mL of 70% aqueous HClO,. The reaction was allowed to stir until completion (25 mm)

The usual workup and careful evaporation yielded 0.238 g (85%) of crude 2- methyl heptanal (5a)'°:

(KBr): 2922, 2852 (s, C-H), 1728 (s, C=0), 1468 (s, C-H,/C-H3). 1372 (m, C-Hj;). 718 (s, C- Hz), 'NMR: 6
1.05 (d. J = 6.7, 3H), 1.09-1.42 (m, 9H), 1.47-1.71 (m, 2H), 2.18-2.36 (m, 1H), 9.55 (d, .7 = 2.0, 1H). Crude
5a was stirred with 0.08 g (2.11 mmol) of NaBH, in 25 mL of MeOH at rt. After completion of the reaction,

excess NaBH, was destroyed with saturated aqueous Na,SO,, the organic layer was dricd and c¢vaporated.
Flash chromatography (petroleum ether/LtOAc, 1:1) afforded 0.230 g (81%) of 2-methyl heptan-1-ol, which
spectroscopic data were identical to those reported previously. 302

The general procedure was employed by using 0.280 g (2.22 mmol) of (R)-1b in 150 mL of dioxane and 2.25
mL of 70% aqueous HCIO,. The reaction was allowed to stir until completion (15 mm) The usual workup

and careful evaporation yielded 0.263 g (94%) of crude 2-methyl 6-hepten-1-al (5b)'*: 3072 (w, alkenyl

C-H). 2927. 2864 (s, C-T1), 1708 (s, C=0), 1640 (m, C=C), 1455 (s, C-Hy/C-Hj), 993 (5, aiken‘yl C-H,), 910
1 N

(s, alkenyl C-11,); 'H NMR: 0.79-0.91 {m, 2H), 1.06 (d, J = 7.0, 3H), 1.08-1.72 (m, 11}, 1.96-2.09 (m, 2H),

2.23-2.36 (n“ 1H), 4.88-5.03 (m, 2H), 5.61-5.84 (m, 1H), 9.57 (d, J = 1.9, 1H). Crude 5bh was stirrcd with
1

)

]. -~ W7 a 2 » <
NaBH, (0.0 g, 2.11 mmol) as described for crude 5a. Workup and flash chromatography (petroleum
cther/EtOAc, 1:1) afforded 0.244 g (87%) of 2-methyl 6-hepten-1-ol, which spectroscopic data were
identical to those reported previously.mb
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The general procedure was employed by using 0.250 g (1.69 mmol) of (R)-1d in 110 mL of dioxane and 1.75
mlL of 70% aqueous HCIO,. The reaction was allowed to stir until completion (35 min). The usual workup

and careful evaporation yielded 0.199 g (79%) of crude 2-methyi-3-phenyl propanal (Sd) IR: 3062 (w,
aryl C-H), 2933, 2863 (s, C-H), 1728 (s, C=0), 1603 (w, aryl C-H), 1495 (m, aryl C-H), 1434 (s. C-H,/C-

H 742 700 (¢ arvl C_H)- ey nR - 1 H'\(A f——(Q THY 2862 72 (m 2HY 211 /(dd 7=4Q 1274 1)

i3y 156y /UUAS, QlYs omriy, £1 0NIVANG 1. i, £.20=£.7/6 11, 41t O R L Y TS WAL S S w § N
7.17-7.37 (m, 5SH), 9.73 (d, J = 1.4, 1H). (‘mde 5d was ctlr}red with NaBH, (0}“ g, 1?32 mmol) in 20 mL r;f
MeOH as described for Sa. Workup and flash chromatography ( petroleum ether/EtOAc, 1:1) aftorded 0.192
g (76%) of 2-methyl-3-phenyl propan-1-ol, which spectroscopic data were identical to those reported
previously.’”

Elimination. The general procedure was employed by using 0.270 g (2.14 mmol) of (R)-1a in 150 mL of
dioxane and 1.8 mL of aqueous 85% H;PO,. Workup and flash chromatography (petroleum ether/[:tOAc,

5:1) gave (in order of elution) 0.039 g (14%) of unreacted (£)-ia and 0.181 g (67%) of a 1:1 (GC) mixture of
olefins 6a and 7a (£/Z ratio 7:1, NMR), respectively. Careful column chromatography on silica gel (gradient

100:1 to 75:1, petroleum ether/I f()Ar‘\ afforded a nure samnle nf ﬂn which showed snectrosconic data

praivicul AW e ariiucu a gy vyl SPLALIUSLUIY udlG

identical to those previously reported,“73 a pure sample of (E)- -7a,"" and a 2:1 mixture of (E)-7a and (Z)-Ta.
The presence of (Z)-7a was proven by comparison of the NMR data with thosc from the literature.’
The general procedure was employed by using 0.285 ¢ (2.26 mmol) of (R)-1b in 150 mL of dioxane and 1.8
mL aqueous of 85% H;P0,. Workup and flash chromatography (petroleum ether/EtOAc, 7.5:1) gave (in
order of elution) 0.043 g (15%) of unrcacted (R)-1b and 0.190 g (67%) of a 1:1 (GC) mixture of olefins 6b
and 7b (E/Z ratio 6:1, NMR), rcspccti\ cly. Careful column chromatography on silica gel (gradient 250:1 to

1AN, T IOy A 1A Nn0A e Iiy x1vm

100:1, petroleum ether/EtOAc) afforded 0.097 g of pure 2-methylenc 6-hepten-1-ol (6b): H NMR: 1.41-
2.33 (m, 6H), 3.76 (br s, 1H), 4.00 (s, 2H), 4.76-5.37 (1, 4H), 5.42-6.01 (m, 1H); C NMR: 27.05 (1), 28.75
(1), 33.60 (1), 68.97 (1), 111.72 (1), 114,75 (1), 138.39 (d), 145.79 (s); and 0.116 g of a 6:1 mixture of (E)-7b

and (Z)-7b, respectively. The identity and the E/Z ratio of 7b was established by comparison of the NMR
data with those from the literature.””**

The general procedure was employed by using 0.420 g (2.18 mmol) of (R)-1c¢ in 150 mL of dioxane and 1.8
ml. of 83% aqueous H;PO,. Workup and flash chromatography (petroleum ether/EtOAc, 10.1) gave 0.353 g
(84%) of a 1:1 (GC) mixture of olefins 6¢ and 7e (£/Z ratio 7:1, NMR), respectively. Careful column
c'nromatography on silica gel (gradient 75:1 to 50:1, petroieum ether/EtOAc) afforded (in order of elution)

N NTOQ 5 ~F e anfa 7.0 1 ININATIN vansvrtrina AfF&a /TY Mo arnd 77V Ta vagrepts ANNAT o ~F
V.U/7 g O1 PUIC UL U AJJ s Ul a 77 \JVlVll\} uu)uulc OL oL, (1 "IL aluu {(4L/=7/¢, lL\})LLLlVLl)/, ana U val g Ul

7e¢ (E/Z ratio 3:1). The NMR data are g1ven below.

6-Bromo-2-methylene heptan-1-ol (6¢): 'H NMR: 1.29-1.96 (m, 4H), 2.18 (br t, J = 7, 2H), 3.36 (t, J = 6.6,
2H). 4.33 (s, 2H). 5.06 (d, ./ = 1.4, 1H), 5.14 (d, J = 1.4, 1H); °C NMR: 25.92 (1), 31.17 (1). 32.27 (1), 32.71
(1). 67.63 (1), 111.72 (1), 146.39 (s). '

(E)-6-Bromo-2-methyl 2-hepten-1-o0l (7¢): 'H NMR: 1.60 (s, 3H), 1.71-2.27 (m, 4H), 3.36 (t, J = 7.7, 2H),
3.80 (s, 21). 4.06 (br s. 1H), 5.54 (1, J = 7.4, 1H); °C NMR: 13.70 (q). 24.47 (1), 32.47 (1), 32.97 (1). 69.00
(1). 123.24 (d), 136.31 (s).

l'l" NN

Vir SOV R » ] — s 3 a4l -.I ~ L 4. 1 I I""A\ AD. 1 £ 7. QLIN 1T 7777 Y NDNT L ATIN Y YL ¢ T 7N NDLIN
(Z)-6-Bromo-2-methyl 2-hepten-1-oi ( ¢): i NMR: 1.00 (s, 3n), 1./7-2.27 (mm, 411), 3.26 {t. /= /.U, 2n)
108 (5. 2H). 4.06 (br s. 11D, 5.41 (t. J= 7.3. 1TH) “C NMR: 15.36 (q). 21.47 (). 32.91 (t). 37.47 (). 67.20
J3.TO NS, L1, 2.0 \OL 5, 141, ..'. 1o, /.35 101y, OINGVARL 1030 (), 2157 (1), 3270 1y, 37570\, ULV
(1), 126.04 (d), 135.38 (s).

The general procedure was employed by using 0.325 g (2.20 mmol) of (R)-1d in 150 mL of dioxanc and 1.8
mL of 85% aqueous H;PO,. Workup and flash chromatography (petroleum ether/EtOAc, 2:1) gave 0.280 g
(86%) of of a 1:1 (HPLC) mixture of olefins 6d and (E)-7d, respectively. Purc samples of both compounds
were obtained after careful column chromatography (gradient 25:1 to 5:1, petroleum ether/EtOAc). The
spectroscopic data of 6d”" and (£)-7d*" were identical to those reported previously.

Hydrolysis. The general procedure was employed by using ca. 2.20 mmol of (R)-1a-¢ in 150 mL of dioxane
A A l QX ]l AF AN/ Aania LINOY, Wark s onr] flach chramataoranhy (Mmatralonim athar/FtHOYA~ D:1) aavua
lUslalJllJ \ LUIVULIEL CUIIVE/ RN —-1] Eu\r\.

aliu S 1 UL UU /0 aqu»uuw llL‘U3 YYULIRUPD allu uuou “i uuuxa
oa

diols (S)-2a-¢ (76%-85%, e.e. =~ 65%), next to some (~ l()o/n\ re

LIULS (s oL i S 70 s 22 AL WV SUVEIIN { 5

The general procedure was employed by using ca. 2.20 mmol of (R) la d in 15() mL of dioxane and 1.61 mL
of 93% aqueous H,SO,. Workup and flash chromatography (petroleum ether/EtOAc, 2:1) gave diols (S)-2a-
d (76%-97%. e.e. ~ 87-98%).
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General Method for the Chemoenzymatic Deracemization of Oxiranes (+)-1a-d. The general method for
the preparative biohydrolysis (vide supra) was empioyed by using 1.00 g (5.19-7.94 mmol) of (+)-1a-d and

1.00 g of rehydrated 1y0pnumea microbial celis in Tris-buffer (50 mL, 0.05 M, pH 7.5). At 50% conversion
{GC) or slightly beyond this value,” the reaction was quenched by continuous extraction of (R)-1a-d and
(S)-2a-d using CH,Cl,. The resulting bright orange oil (ca.1.2 g) was treated as described in the general
procedure for the acidic reactions by using 1.95-2.95 mL of 93% aqueous H,SO, in 180-275 mL dioxane.
Workup and flash chromatography (petroleum ether/EtOAc, 2:1) afforded 0.773-1.124 g (71-98%) of

optically pure (e.e. >90%) diols (S)-2a-d.

Acknowledgements

The authors would like to express their thanks to U. Felfer and D.V. Johnson for helpful discussions and
critically proofreading the manuscript. Furthermore, we gratefully acknowledge H.J. Weber and C.
Illaszewicz for recording the NMR spectra, C. Mirtl for measuring the MS spectra, and W. Kern for
recording the IR spectra. This research was performed within the Spezialforschungsbereich Biokatalyse
(SFB-A4) and was financed by the Fonds zur Férderung der wissenschaflichen I'orschung (Austrian

™A PV Yo Ty

Minisiry of Science, Vienna F104) and the European Commission (BIO4-CT-0005)
References and Notes

1. a) Kwong, H. L.: Sorato, G.; Ogino, Y.; Chen, H.; Sharpless, K. B. Tetrahedron Lett. 1990, 31, 2999. b)
Kolb, H. C.; van Nieuwenhze, M. S.; Sharplcss, K. B. Chem. Rev. 1994, 94, 2483.

2. a) Katsuki, T.; Sharpless, K. B. J. Am. Chem. Soc. 1980, 102, 5974. b) Johnson, R. A.; Sharpless, K. B.
In C aml)n( Asvmmelr:c Synthesis, Ojlma 1., Ed.; VCH: New York, 1993; pp. 103-159.

Y AN Tann~lhoasa Tlnmor 17 AA- -~ A D D,.I.A.. T B . Naw~s T r A VA AP ~ 10401 112 INLD

J d) JdLUUbCU D l‘l ., LJA1allE. VY., l‘/lubl, A, K., LOKCL, J. IN, DCHE, L. J. AN, ChncninL OUL LI¥71, 115, 7UDD.

b) Kutsuki, T. Coord. Chem. Rev. 1995, 140, 189. ¢) Tokunaga Larrow. J. F.- Kakiuchi. F.:

UL UR I T $14 . AV, a . LTU, . J 1LURUNGEA, Vi, LailUvy, J. 1., IxaniuGill, § .,

h(‘nhqen E. N. Science .
4. a) Faber, K.; Mischitz, M.; Kroutll W Acta Chem. Scand. 1996, 50, 249. b) Pedragosa-Moreau, S.;
Archelas, A.; Furstoss, R. Bull. Soc. Chim. Fr. 1995, 132, 769.
For a review sec: Stecher, H.; Faber, K. Synthesis 1997, 1.
Rao, A. S.; Paknikar, S. K.; Kistane, J. G. Tetrahedron 1983, 39, 2323
Mischitz, M.; Mirtl, C.; Saf, R.; Faber, K. Tetrahedron: Asymmetry 1996, 7, 2041.
Parker, R. E.; Isaacs, N. S. Chem Rev. 1959, 59, 737; and references cited therein.

n: T Chanvan N R Finesh A E‘ ‘Xfrn‘y \7 I ("ho T Y1071 S8 £
Diggs, v.; viapman, (N, 0.0 rinén, Al x ay, oo LNeM, DSOC. (D) 1771, 33, 035,

a) Zhang, X. M.: Archelas, A.; Ft [&toag R..J Org. Chem. 1991, 56, 3814, b) Behrens, C. H.; Sharpless,

«y Lilaiy Adlnias, f AFT L, U, vy DRIl

urst

K. B. Aldnchtm:ca Acta 1983, 6,67, no C\D(,I'lml.ﬂldl details, ¢) Pedragosa-Moreau, S.; Morisseau, C.;
Baratti, J.; Zylber, J.; Archelas, A.; Furstoss, R. Tetrahedron 1997, 53, 9707, 51gn1hcant racemlzanon
was observed.

11. a) A related resolution-inversion sequence of (£)-1-methylcyclohexene oxide was published by: Archer,
[. V.1.; Leak, D. J.; Widdowson, D. A. Tetrahedron Lett. 1996, 37, 8819. b) Orru, R. V. A.; Kroutil, W.;

Faber, K. Tetrahedron Lett. 1997, 38, 1753.

12. a) Mischitz. M.; Kroutil, W.; Wandel, U.; Faber, K. Tetrahedron: Asymmetry 1995, 6, 1261. b) Osprian,
1+ Krantil Ww.: \/ﬁcchu—l M - thpr V Tntrnho/]rnn Amyw1mnirn]0‘)7 Q 1. ¢Y Kroutil. W.: Osprian I.,

1., InIUULLL, .y Ly iViy K LoD, VY L, S PEQl,

Mischitz, M.; Faber, K. Synthesis 1997 156.
13. The preparatmn of 6 bromo-2-methyl hexene via a more elaborate thrce-step procedure has been
prevmuﬂy described: Lakner, F. J.; Cain, K. P.; Hager, L. P. J. Am. Chem. Soc. 1997 119 443.
14. a) [a]n " —0.97 (¢ 1, CHCL,, e.e. 96%) [et]zes —11.2 (¢ 0.5, CHCly, c.c. 96%){Ret [a];(,\ -12 (¢ 0.5,
CHCI;, e.e. »99%, S).
b) Hosokawa, T.; Makabe, Y.; Shinohara, T.,; Murahashi, S.

3
Tetrahedron Lett. 1987, 28, 2801 Cervantes-Cucvas, H.; Jos
5535.

= 00N W

=



874

15.

=)

R. V. A. Orru et al. / Tetrahedron 54 (1998) 859-874

Although reactions performed in THF gave similar products, side reactions were more significant and
the selectivity was generally decreased as compared to the reactions run in dioxane.

The 'H NMR spectra of the crude reaction mixtures revealed the typical doublet (/= 1.7+0.2 11z) for an
aldehydic proton at ca. 8 9.5. The aldehydes are quite volatile and sensitive compounds. Purification is

therefore cumbersome Hnwpvpr treatment of the crude reaction mixture with NaRH. afforded the

UiwiwiVis VWU wiISUiiav.e 13V iU GIiIvIIT UL aiv Liuul 1UCALRIVIL AT O INGRIUR4 LU

corresponding stable primary alcohols, which showed spectroscopic data identical to those reported
. 30 .
previously”™ and confirmed our structural assignments.

. The E/Z configuration could be established by comparison of the spcctroscopic data with those

previously reported.

. a) Pocker, Y.; Ronald, B. P. J. Am. Chem. Soc. 1978, 10() 3122. b) Pocker, Y.; Ronald, B. P. J. Am.

-y

Chem. Soc. 1986, /102, 5311. ¢) Pocker, Y.; Ronaid, B. P. Ferrin, L. J. Am. Chem. S . 1980, /102, 7725.
..’. oy I 100N AN WINLLE LY DY T 1) n
d} U)’UllldCV l\ 1Vl . I\Ul CV D. A. l\ub.). \,ﬂellt. I\(:’V Drlgl 1rur 170V, 47, JU0O. V) DOIAWCH], I'. U.

Ace. Chem. Res. 1988, 21, 456.
Bunton, C. A.; Crabtree, J. H.; Robinson, L. J. Am. Chem. Soc. 1968, 90, 1258.

I ,..._v. VVVVV

21. a) Addy, J. K.; Parker, R. E. J. Chem. Soc. 1965, 644. b) Whalen, D. L.; Ross, A. M.; Dansette, P. M;

9
3]

9 9 K2 I
ON L b 9

§9]
~

28.
29.

(8]
o

3. Rogers, D. Z.; Bruice, T. C. J. Am. Chem. Soc. 1979, 101, 4713.
. Bunnett, J. F.; Mcdonalid,
. Vinttinen, E Kanerva, L.

e

. Fermentation on a lar

Jerina, D. M. J Am. Chem. Soc. 1977, 99, 5672.

). For a study on the behavior of HCI in dioxane see: Bodot. H.; Jullien, J.; Leblanc, E. Bull. Soc. Chim.

Fr. 1962, 41, and 45.

1 Ay
/

A Ns Nagg
Ulbel’l, F.P.J Am. Chem. Soc. 19 4, Y0, L83DD.

R.L.;
T. Tetrahedron: Asymmetry 1995, 6, 1779.
scale (70 L) afforded ca. 700 g of l\/l\n]’n]llf‘l“ cells of Nocardia EHI, see:

mentation on a larg ed cel

Kroutil, W.; Genzel, Y ; Pletzsch. M.: Syldatk, C.; Faber, K. J. Biotechnol. 1997, to be submitted.

a) Wu, T.-C.; Rieke, R. D. Tetrahedron Lett. 1988, 29, 6753. b) Frye, S. V.; Ellel, E. L. J Org Chem.
1985, 50, 3402. ¢) Sato, T.; Yonemochi, S. Tetrahedron 1994, 50, 7375. d) Meyers, A. 1.; Kovelesky, A.
C.. Jurjevich, A. F. J. Org. Chem. 1973, 38, 2136. ¢) Koster, R.; Zimmermann, H.-J.; Fenzl, W. Liebigs
Ann. Chem. 1976, 1116. f) Chin, C. S.; Lee, B. .J Chem. Soc., Dalton Trans. 1991 1323. g) Wiegand,

S.; Briickner, R. Synthesis 1996, 475. h) Salomon, R. G.; Coughiin, D. J.; Ghosh, Lagorsm M. G.J
Am. Chem. Soc. 1982, 104, 998. i) Ferraboschi, P.; Brembilla, D.; Uusenh P. oantai‘ut:uu E. J Org
Chem. 1991, 56, 3478. j) Lakomy, I.; Scheffold, R. Helv. Chzm. Acta 1993, 76, 804. k) Lee, E. R.;
Lakomy, L.; Bigler, P.; Scheffold, R. Helv. Chim. Acta 1991, 74, 146. 1) Brownbridge. P.; Warren, S. J.
Chem. Soc., Perkin Trans. 11977, 1131.

The magnesium turnings were stirred for 20 h under an argon atmosphere.

a) Takahashi, O.; Umczawa, J.; Furahashi, K.; Takagi, M. Tetrahedron Letr. 1989, 30, 1583. b)
Sharpless K B ; Ambcrg, W' Bemani Y L' Crispina G A' Hartung, 1.; Jeong, K.-S.; Kwong, L.;

a) uooncrg, i.-E.; Hedenstrém, E.; ragemag, J Org. Chem.

T
J.
W amamait V.vm-..,l 7. Ta o ]l (hone Cnn Tnm 1079
Nanemitsuyad, K., Yasudaa, ri.; 1cuu H. Bull Chem. Soc. Jpn 1978

A.. Orena, M.; Sandri, S. J Org. Chem. 1988, 53, 2354.

. a) Bhalerao, U. T.; Rapoport, H. J Am. Chem. Soc. 1971, 93, 4835. b) White, J. D.; Takabe, K.;

Prisbylla, M. P. J. Org. Chem. 1985, 50, 5233.

. a) Cahiez, C.; Alexakis, A.; Normant, J. F. Synthesis 1978, 528. b) Niwa, H.; Miyachi, Y.; Okamoto, O.;

Uosaki, Y.; Kuroda, A.; Ishiwata, H.; Yamada, K. Tetrahedron 1992, 48, 393.



