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Abstract

Various O-protected glycol- and racemic lactaldehydgsand 6 as well asO-allyl protected racemic
«-hydroxyaldehydes? (R!=Et, Pr, Bu) have been prepared to investigate and perform a stereoselective
Kiliani—Fischer synthesis by hydroxynitrile lyase (HNL) catalyzed addition of HCN. From all protecting groups
investigated the allyl moiety was most suitablg)-PaHNL from bitter almondsRrunus amygdalysyielding the
(29)-cyanohydring-10, was found to be a more stereoselective catalyst tSapMEHNL from maniok Manihot
esculentq While (R)-PaHNL led to enantiomeric excesse83%, with §)-MeHNL the (ZR)-cyanohydring8-10
were obtained with enantiomeric excess&8%. © 1999 Elsevier Science Ltd. All rights reserved.

2,3-Dihydroxynitriles, readily accessible by addition of HCN a&ehydroxyaldehydes, are useful
synthetic intermediates for the preparation of numerous biologically active compounds. The nitrile group
can be converted by hydrogenating agents to the corresponding aldehyde which once again can be
reacted with HCN to afford 2,3,4-trihydroxynitrile. This systematic chain elongation of carbohydrates
has been known for more than 100 years as the Kiliani—-Fischer synthasib,is often used for the
preparation of polyhydroxy compounds. 1,2,3-Amino diols, also available from 2,3-dihydroxynitriles by
direct hydrogenation or by Grignard addition and subsequent hydrogedairenfound as components
in a number of important pharmaceuticals suchBaslockers? renin inhibitor§ as well as 3-amino-
2,3,6-trideoxyhexoses in anthracycline antibiofics.

Nearly all biologically active and pharmacologically relevant polyhydroxy and aminohydroxy com-
pounds have one or more stereogenic centres, and thus stereoselective syntheses of these compounds are
of particular interest. By addition of HCN to aldehydes to give cyanohydrins a new stereogenic centre is
generated. Thereby, as expected for reaction of a planar carbonyl function, the resultant cyanohydrins are
obtained as racemates. Starting from optically activieydroxyaldehydes the direct HCN additioas
well as the reaction of bisulfite adducts @fhydroxyaldehydes with alkali cyanides gives only very
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poor asymmetric induction in cyanohydrin formatih?® The cyanosilylation of optically activex-
hydroxyaldehydes affords 2,3-dihydroxynitriles with higher diastereoselectivities. The use of Lewis acid
catalyst8%improves thehrederythroratio of the trialkylsilyl cyanide addition.
In recent years many investigations have demonstrated that hydroxynitrile lyase (HNL) catalyzed
additions of HCN to aldehydes proceed with high enantioselec@i#i§epending on the applied HNL,
(R)- or (S-cyanohydrins are thereby easily accessible. Because of the importance of stereoselective
syntheses of polyhydroxy and aminohydroxy compounds, we were interested to extend the HNL
catalyzed HCN addition also ta-hydroxyaldehydes as substrates in order to perform, for example,
a stereoselective Kiliani—Fischer synthesis. All investigations of this reaction have not so far been
successful. Neither free n@-protectedx-hydroxyaldehydes were found to be substrates for the enzyme
from bitter almonds @®)-PaHNL).#2The (R)-PaHNL catalyzed HCN addition to phenoxyacetaldehyde
gave only the racemic produtt. Also under catalysis ofg)-HbHNL from the rubber treeHevea
brasiliensig O-protected hydroxyaldehydes reacted with HCN to give only racemic cyanohydrins.
Following our previous experience with the HNL catalyzed HCN addition to hydroxybenzaldehydes
where a strong dependence of enzymatic activity on the kind of protecting group has beek*faend,
have now investigated systematically the influence of protective groups on the HNL catalyzed addition
of HCN to O-protectedx-hydroxyaldehydes.

1. Preparation of the O-protected 2-hydroxyaldehydes 3, 6 and 7

The addition of HCN tox-hydroxyaldehydes bearing bulky-protecting groups is not catalyzed by
HNLs.”8211.12\e have therefore investigatétprotecting groups which are as small as possible and
which can be removed easily under mild conditions (Scheme 1).
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Scheme 1.

2-Benzyloxyacetaldehyd8a was prepared analogous to a literature metHfo@ihe protected gly-
colaldehydes 2-allyloxy- and ZB{methallyloxy)acetaldehyd&b and 3c could be synthesized starting
from 2,3O-isopropylideneglycerofl on the basis of a known procedifeor alternatively from 2-
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methoxymethylenoxy- antert-butyldimethylsilyloxyacetaldehyd8d and 3e by O-alkylation of ethyl
hydroxyacetate with alkyl halides2 and subsequent reduction with DIBALfas outlined in Scheme 1.
According to this methodology the corresponding protected lactaldet8adeswere prepared from-
ethyl lactateL-5a’ which, as desired for some of our investigations, is racemized by NaH during the
reaction (Scheme 1). With an amine instead of NaH as base, however, as describedrémemic
lactate5a has to be used as starting compodftd

Analogously the 2-allyloxyaldehyd&a—c (with R'=Et, Pr, and Bu) were obtained from the correspon-
ding methyl 2-hydroxycarboxylatésb—-d (Scheme 1) which were prepared from the respective racemic
cyanohydrins via a Pinner reaction.

2. HNL catalyzed reaction of O-protected racemic hydroxyaldehydes 3, 6 and 7 with HCN

The O-protected glycol- and lactaldehyd8sand 6 were reacted with HCN under catalysis &f){
PaHNL fromPrunus amygdalufEC 4.1.2.10] and$®)-MeHNL from Manihot esculentfEC 4.1.2.37] to
give the cyanohydrins &-, (2R)-8 and (Z,3RS-, (2R,3R9-9, respectively (Scheme 2, Tables 1 and 2).
In order to investigate the diastereoselectivity of the HNL catalyzed HCN add@iqumptected racemic
lactaldehyde$ as well as7, bearing the ethyl, propyl or butyl groups, were applied.
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R” \?/k’H <{R)-PariNL ) 2 R™ \’)J\H o Hon 2MeRNL ), R™ ﬁ’/\ CN
; CN iPr,0 ; iPr,0 , H
R R R
(25)-8a-e (R'=H) 3a-e (2R)-8a-e (R'=H)
(25,3RS)-9a-e (R' = Me) 6a-e (2R,3RS)-9a-e (R'=Me)
(25,3RS)-10a-c (R = allyl) 7a-c (2R,3RS)-10a-¢ (R = allyl)

8,9 a b c d e
)\/ . 10 a b ¢
R d Meo” >  BuMeSSi R" Et Pr Bu
Scheme 2.

Table 1 shows forK)-PaHNL a clear dependence of the enantiomeric excesses on the protecting
group. Aldehydesb and3d, with the small allyl- and methoxymethylene protecting groups, react with

Table 1
Preparation of (8)- and (R)-cyanohydrins3 by addition of HCN to theD-protected glycolaldehydes
3 catalyzed by R)-PaHNL and §)-MeHNL, respectively

Aldehydes | (25)-Cyanohydrins 8 (2R)-Cyanohydrins 8
3 8 R.-time (h) Yield (%) ee (%)% 8 R.-time (h) Yield (%) ee (%)%
3a 8a 24 84 19 8a 24 89 17
3b 8b 24 66 96> | 8b 9.5 65 38
3c 8c 5.5 36 78 8c 5.5 40 72
30 78 75 30 73 68
3d 8d 8.0 46 96 8d 8.0 57 6
24 quant. 91¢ 24 quant. 4
3e 8e 25 <3 - 8e 25 <3 -

@ ee-Values determined after acetylation by gas chromatography on a B-cyclodextrin phase. b [ot]f)0 =+20.2 (c 3.3, CHCly).

€[]} = +11.8 (¢ 1.23, CHCLy).
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Table 2
Preparation of (3 3R9- and (R,3RS-cyanohydrin® by addition of HCN to the protected lactalde-
hydes6 catalyzed by R)-PaHNL and §)-MeHNL, respectively

Aldehydes (2S8,3RS)-Cyanohydrins 9 (2R,3RS)-Cyanohydrins 9
6 9 R.-time (h) Yield (%) ee (%)% 9 R.-time (h) Yield (%) ee (%)%
6a 9a 24 96 83 9a 3 62 58
6b 9b 23 95 94b | 9b 6 84 78
6¢ 9c 24 76 84 9c 24 78 43
6d 9d 6 quant. 59 9d 6 quant. 15
6e 9e 24 - - 9e 24 - -

@ ee-Values refer to the new stereogenic centre generated at C-2 and are determined after acetylation by gas

chromatography on a p-cyclodextrin phase. b [a]ﬁ) =+17.1 (¢ 2.03, CHCI;).

high stereoselectivity to yield &-8b and (%)-8d with 96% ee Changing to the methallyl and the
benzyl protecting group the enantiomeric excess decreases significantly fron8@3%19% @a). On
the contrary, using3)-MeHNL as a catalyst, the methallyl-protected}zBc was obtained with the best
enantiomeric excess (72%) but in only 40% yield, whereas the allyl deriv@lbivesults with only 38%
ee(65% yield).

As can be seen from Table 1, cyanohydrin formation usRigRaHNL as catalyst is more enantio-
selective than$)-MeHNL catalysis. The dependence on protecting group is less pronounced with
(9-MeHNL as a catalyst. Table 1 reveals that neither ®Re (or the §-HNL catalyzes the reaction
with the silylated aldehyd8e An inhibition of both enzymes b$eitself can thereby be excluded, since
benzaldehyde, which is an excellent substrate for both enzymes, was converted to the re®)eatiek (
(9-cyanohydrin after addition to the reaction mixture3ef

The HNL catalyzed HCN addition to racemic lactaldehydeS§+6 is of interest not only with respect
to the enantioselectivity of cyanohydrin formation but also with respect to a kinetic resolution of the
racemate. Since, as shown later in Section 3, kinetic resolution does not occur. This problem, however,
will not be discussed further here.

Table 2 shows that the allyl protected lactaldehg§daevas converted by both enzymes with the highest
enantiomeric excess to the corresponding cyanohydrig8R8- and (R,3R9-8b, respectively. Also in
the case of lactaldehydesR)(PaHNL exhibits a higher stereoselectivity th&y-#eHNL. Again, both
enzymes do not accept the silyl protected aldetalas a substrate.

Based on these results, thBR){PaHNL and §-MeHNL catalyzed HCN addition to th©-allyl
protected 2-hydroxyaldehydega-c, with R'=Et, Pr, and Bu, has been investigated. The results are
summarized in Table 3.

Table 3 shows stereoselective cyanohydrin formation viRjpRaHNL as a catalyst. Obviously owing
to steric demand of the substrate with increasing chain length of R, the reaction is markedly decelerated
going from7bto 7c. This tendency was also observed for reactions v8HMeHNL which again is less
stereoselective thaiRf-PaHNL.

3. PaHNL catalyzed addition of HCN to the pure enantiomers R)-6b and (S)-6b, respectively

The diastereoselectivity of cyanohydrin formation was investigated for Rp*@dHNL catalyzed
addition of HCN to enantiomerically pureR)- and §)-2-allyloxypropionaldehyde R)- and §)-6b,
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Table 3
Preparation of (83RS- and (R,3RS-cyanohydrins10 by addition of HCN to allyloxy protected
aldehyde¥ catalyzed byR)-PaHNL and §)-MeHNL, respectively

Aldehydes | (2S,3RS)-Cyanohydrins 10 (2R,3RS)-Cyanohydrins 10
7 10 R-time Yield ee [ 10 R.-time Yield ee
(h) (%) (%)% (c, CHCL) (h) (%) (%)
7a 10a 46 quant. >99  +6.8 (0.81) | 10a 46 quant. 37
7b 10b 48 98 96 +4.8(0.67) [10b 48 78 55
7c 10c 72 91 93  +10.7 (3.5) | 10c 72 29 23

a ee-Values refer to the new stereogenic centre generated at C-2 and are determined after acetylation by gc on a -

cyclodextrin phase.

respectively (Scheme 3), prepared from commerpigobutyl andL-ethyl lactate according to the
literature162

Me Me oN
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Scheme 3.

The course of the HCN addition to both enantiomers was followed by gas chromatography (Fig. 1).

The conversion of the optically active aldehydB¥ @nd §)-6b proceeds with nearly identical reaction
rates as can be seen from Fig. 1. After ca. 23 h, the amount of resul@85)(2b was ca. 90%
compared with ca. 80% of &3R)-9b. Gas chromatographic analysis gave the same product ratio for
the reaction of the racemic aldehy@lb. Thus, as shown fd8b, both HNLs investigated are not able to
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Figure 1. R)-PaHNL catalyzed addition of HCN tdR}-6b (m) and §)-6b (®), respectively
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convert selectively only one enantiomer in a racemic mixtur@-pirotectedx-hydroxyaldehydes to the
corresponding cyanohydrin.

Summarizing the HNL catalyzed additions of HCN @protectedo-hydroxyaldehydes, the allyl
moiety was found to be the most suitalileprotective group. UsingR)-PaHNL as a catalyst high
enantiomeric excesses 9$3%) could be achieved whereas a maximum enantiomeric excess of 78% was
reached with §-MeHNL as catalyst. These results show that it is possible to prepare stereoselectively
dihydroxynitriles in a Kiliani—Fischer type reaction. In the conversion of the pure enantiomers of
allyloxypropionaldehydeR)-6b and )-6b it could be demonstrated, for example, that both enantiomers
react with HCN underR)-PaHNL catalysis with comparable reaction rates. Thus, a kinetic resolution of
racemic hydroxyaldehydes does not occur.

The configuration at C-2 in cyanohydriBs10was confirmed by follow-up reactions 6&to a known
amino deoxy sugaf

4. HNL catalyzed HCN addition to O-protected (R)- and (S)-2,3-dihydroxyaldehyde 11

In order to perform a stereoselective Kiliani—-Fischer synthesis we have investigated the enzyme
catalyzed addition of HCN to isopropylidene-protectdR)- (and §)-glyceraldehydell (Scheme 4,
Table 4). Aldehyde R)-11 is easily available fronb-mannitol!® and ©)-11 can be prepared starting
from L-ascorbic acid by a three-step procedtfte.

\1 (S)-MeHNL
CHO

) H
o SN, _(RrPabNL - 4 + HoN =L o $LCN
3¢ iPr,0 iPr,0 3
OH OH
(2S,3R)-12 (R)-11 (2R,3R)-12
(25,39)-12 (S)-11 (2R,35)-12
Scheme 4.

The non-enzymatic addition of HCN to botR)¢ and §)-11 shows a stereopreference for tteeo
diastereomer R,3R)- and (Z5,39)-12, respectively, with 19%leand 16%de (Table 4). The R)-PaHNL
catalyzed reaction ofR)-11 with HCN yields the trihydroxynitrile (33R)-12 with 60% de, whereas
the enantiomerS)-11 reacts to give (339-12 with 82%de The higher diastereoselectivity of thg){
PaHNL catalyzed reaction 08)-11 can be explained by also taking into account the chemical addition.

Table 4
Formation of (&3R)/(2539)- and (R,3R)/(2R,39)-cyanohydrinsl2 by HCN addition to protected
glyceraldehydeR)- and §)-11 catalyzed by R)-PaHNL and §)-MeHNL, respectively

Aldehyde Hydroxynitrile lyase R.-time Trihydroxynitrile 12
11 (U/mmol 11) (h) 12 Conv. (%)  de (%)
(R) PaHNL 333 26 (25,3R) 85 60
(R) MeHNL 200 26 (2R,3R) quant. 22
(R) -a - 26 (2R,3R) quant. 19
) PaHNL 255 20.25 | (28,39 99 82
&) MeHNL 135 20.25 | (2R35) 99 7
(S) —a — 20.25 | (25,39) 85 16

@ Non-enzymatic chemical HCN addition for comparison.
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In the case of)-11the stereo-induction is in the same direction as ReRaHNL catalyzed reaction,
whereas in the case dR)-11it is inverse.

With (S)-MeHNL as catalyst the reaction dR)-11 with HCN gives (R,3R)-12 with 22% de, which
is in the range of the non-enzymatic chemical reaction (E#8owhereas with§-11 only a very low
diastereoselectivity (7%e) for (2R,39)-12 is observed. From these results a low activity of the enzyme
for the substratesR)- and §)-11 can be deduced. Therefore the diastereoselectivity of the non-enzymatic
reaction compensates the enzyme catalyzed reaction.

The configuration of the stereogenic centre generated at C-2 could be established by comparison of
13C NMR spectra of commercially available pupeerythronic acidy-lactone and that derived from
(2S3R)-12 by treatment with conc. HCI.

5. Experimental
5.1. Materials and methods

Benzyloxyacetaldehyd8a was prepared according to a literature metfod-Isobutyl lactate was
purchased from Degussa AGethyl lactate from Fluka, and-erythronic acidy-lactone from Aldrich.
Melting points were determined on a Biichi SMP-20 and are uncorré¢tedMR spectra were recorded
on a Bruker AC 250 F (250 MHz) and ARX 500 (500 MHz) with TMS as internal standard. Optical
rotations were determined in a Perkin—Elmer polarimeter 241 LC. GC for determination of enantiomeric
and diastereomeric excess: (a) Hewlett—Packard 5890 Series Il with FID, 0.45 bar hydrogen, column 30
mx0.32 mm, phase OV 1701, (b) Hewlett—Packard 6890 Series with FID, 0.9 bar hydrogen, column 30
mx0.32 mm, phase Chiraldex B-TA (ICT); (c) Carlo Erba MRGC 5300 Mega Series with FID, 0.4 bar
hydrogen, column 20 m, phase BondeX3ti 5-Et-105.

5.2. Preparation of allyl- and methallyloxyacetaldehy@®é&s from glyceroll: general procedure

(a) According to known metho#a solution ofl (0.11-0.2 mol) in THF (100-200 mL) was added
dropwise to a suspension of NaH (0.13-0.24 mol) in THF (250-500 mL), and the reaction mixture was
heated to reflux for 30 min. After cooling to room temperature, ca. 1.2 equivalertt of 2c were
added, and the reaction mixture was refluxed for a further 12 h. The solvent was removed, the residue
taken up in diethyl ether, and precipitated sodium halide filtered off. The filtrate was dried g1gSO
and concentrated. The residue was fractionally distilled to give 1-allyloxy- afidniethallyloxy)-2,3-
isopropylideneglycerol in 77% and 78% yield, respectively.

1-(B-Methallyloxy)-2,3-isopropylideneglycerol: bp 83°C/10 totl NMR (CDCls): §=1.37, 1.43
(each s, 3H, C(CHh)2), 1.73 (s, 3H, CH), 3.39-4.33 (m, 7H, 3 C} CH), 4.90-4.96 (m, 2H=CHy).

(b) For removal of the isopropylidene protecting group a solution of the respective acetal (see above)
(54-81 mmol) in 2N HCI/THF (10-30 mL/100-120 mL) was stirred at room temperature for 20-28 h
(TLC control). The reaction mixture was then neutralized with solid NaklG@d THF was removed.
Dichloromethane was added followed by an equimolar solution (based on acetal) of Nalkater
(100—-130 mL) under ice cooling. After being stirred for 12 h at room temperature, the organic phase was
separated and the agueous layer extracted three times with dichloromethane (70 mL each). The combined
organic phases were dried (Mgg@nd concentrated. The residue was distilled in vacuo to 3iéP°
and3cin 60 and 58% yield, respectively.
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5.3. Preparation of protected hydroxyacet- and propionaldehy@ied and 6a-d from 4 and L-5a,
respectively: general procedure

(a) According to Drewes et &l. a solution of4 or L-5a in THF was slowly added dropwise to a
suspension of NaH in THF, and the reaction mixture was heated to 60°C for 30 min. Then a solution of
2 in THF was added dropwise. After being heated to reflux for 12 h, THF was removed and the residue
taken up in diethyl ether. Sodium halide was filtered off, and the filtrate was dried (Wg&idcentrated
and distilled in vacuo.

Ethyl methallyloxyacetate: bp 75°C/10 toftd NMR (CDCl): §=1.29 (t,J=7.1 Hz, 3H, CHCH3),

1.76 (s, 3H, CH), 4.00, 4.05 (each s, 2H, GH 4.23 (q, 2H, ®1,CHj3), 4.94-4.99 (m, 2H=CHy).

Ethyl methoxymethylenoxyacetate: bp 66°C/13 tdi; NMR (CDCl): §=1.30 (t,J=7.2 Hz, 3H,
CH,CH3), 3.41 (s, 3H, CHO), 4.16 (s, 2H, CHl), 4.24 (q, 2H, G1,CHs), 4.72 (s, 2H, OCHO).

Ethyl 2-methallyloxypropionate’H NMR (CDCl): §=1.29 (t,J=7.1 Hz, 3H, CHCH3), 1.42 (d,

J=6.8 Hz, 3H, CH®l3), 1.76 (s, 3H, CH), 3.81-4.08 (m, 3H, CH, C}), 4.21 (g, 2H, E,CHg),
4.91-4.98 (m, 2H=CH)).

(b) Analogous to known proceduré&&Cto a solution of the respective protected ester in diethyl ether
or n-hexane:THF (95:5) at —=78°C a 1 M solution of DIBALH mhexane (ca. 1.1-1.4 equivalents) was
slowly added dropwise, and the reaction mixture was stirred for 4—-6.5 h at —=78°C. After hydrolysis with
water, the reaction mixture was allowed to warm to room temperature. Aluminium hydroxide was filtered
off through a glass frit and washed with diethyl ether. The combined filtrates were dried Y130
concentrated. The residue was distilled in vacuo to yield alder3gdsand6a-d.162.d.17

5.4. Preparation of silylated hydroxyaldehyd&sand 6efrom 4 and5a: general procedure

To a solution of4 or 5aand diisopropylethylamine in dichloromethane at @&was added dropwise.
The reaction mixture was allowed to warm to room temperature (12 h) and washed with 1N HCI, water,
sat. NaHCQ@ solution and water (50 mL each). The organic phase was dried (Mg&@d concentrated.
The residue was distilled in vacuo. The reduction to aldel3gdeand6e,¢ respectively, was performed
as described above under Section 5.3.b.

5.5. Preparation of allyl protected hydroxyaldehyd&sc

(a) A solution of the respective racemic cyanohydrin in methanolic HCl was heated in a sealed tube to
90°C for 8 h. After being cooled to room temperature, the reaction mixture was hydrolyzed with water
(20 vol%) and extracted with diethyl ether (50 mL each). The combined extracts were washed with sat.
NaHCQ; solution until neutral, dried (MgS%), and concentrated. The residue was distilled in vacuo to
give esterdb-d.

(b) The allyl protecting group was introducedShb—d as described above in Section 5.3.a.

Methyl 2-allyloxybutyrate: bp 63°C/10 tortH NMR (CDCl): §=0.97 (t,J=7.4 Hz, 3H, CH),
1.72-1.85 (m, 2H, €H,), 3.75 (s, 3H, OCH), 3.80-4.20 (m, 3H, CH CH), 5.17-5.33 (m, 2H=CH,),
5.84-5.99 (m, 1H=CH).

Methyl 2-allyloxypentanoate: bp 75°C/10 toftd NMR (CDCl): §=0.93 (t,J=7.3 Hz, 3H, CH),
1.36-1.79 (m, 4H, (CH2), 3.75 (s, 3H, OCH), 3.83-3.94 (m, 2H, C}), 4.11-4.19 (m, 1H, CH),
5.17-5.33 (M, 2H=CH,), 5.83-5.99 (m, 1H=CH).
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Table 5
Physical andH NMR data of protected hydroxyaldehydgss and 72

Compdb bp (°C/torr) 'H NMR (250 MHz, CDClL;, &)

3c 51/15 1.77 (s, 3H, CH;), 4.01 (s, 2H, CH,), 4.06 (d, J = 0.6 Hz, 2H, CH,CO), 4.96-5.00
(m, 2H, =CH,), 9.75 (t, 1H, CHO)

3d 31/10 3.42 (s, 3H, CH;50), 4.20 (d, J = 0.7 Hz, 2H, CH,), 4.72 (s, 2H, OCH;0), 9.75 (t,
1H, CHO)

6¢ 63/30 1.31 (d, J = 7.0 Hz, 3H, CH,), 1.77 (s, 3H, CH;), 3.83 (dq, J/ = 1.8 Hz, 1H, CH),

3.96 (d, J = 12.4 Hz, 1H, CH,H,), 4.04 (d, 1H, CH.H}), 4.94-5.00 (m, 2H, =CH>),
9.68 (d, 1H, CHO)

7a 64/33 0.99 (t, J = 7.5 Hz, 3H, CH;), 1.65-1.80 (m, 2H, C*H,), 3.63-3.68 (m, 1H, CH),
4.00-4.18 (m, 2H, CH,), 5.21-5.36 (m, 2H, =CH,), 5.86-5.99 (m, 1H, =CH), 9.65
(d, J=2.1 Hz, 1H, CHO)

7b 81/35 0.94 (t, J = 7.2 Hz, 3H, CHa), 1.37-1.69 (m, 4H, (CH,),), 3.72 (dt, J, = 2.2, J> =
6.4 Hz, 1H, CH), 3.97-4.19 (m, 2H, CH,), 5.20-5.35 (m, 2H, =CH,), 5.84-6.00 (m,
1H, =CH), 9.66 (d, 1H, CHO)

Tc€ 92/30 0.91 (t, J = 7.1 Hz, 3H, CH3), 1.32-1.41 (m, 4H, (CH.),), 1.63-1.68 (m, 2H, C’H,),
3.71 (dt, J, = 2.2, J, = 6.3 Hz, 1H, CH), 3.98-4.20 (m, 2H, CH,), 5.21-5.34 (m,
2H, =CH,), 5.87-5.97 (m. 1H, =CH), 9.65 (d, 1H, CHO)

@ The data of the other hydroxyaldehydes 3 and 6 correspond with those in the literature. 14b,16,22 b Aj) compounds gave

correct elemental analyses or mass spectra. € 300 MHz spectrum.

Methyl 2-allyloxyhexanoate: bp 92°C/10 toft{ NMR (CDCl): §=0.90 (t,J=5.8 Hz, 3H, CH),
1.28-1.46 (m, 4H, (Ch)2), 1.64-1.79 (m, 2H, &H,), 3.75 (s, 3H, OCH), 3.83-4.19 (m, 3H, CH CH),
5.17-5.33 (m, 2H=CHy), 5.83-5.99 (m, 1H=CH).

(c) Aldehydes7 were prepared from allyl protected esters (Section 5.5.b) as described above in

Section 5.3.b.
The NMR data and elemental analyses for compoués10 are given in Tables 5 and 6.

5.6. Enzyme catalyzed preparation of optically active cyanohy@i46

Compounds (3-8 and (Z,3R9-9, 10 as well as (R)-8 and (R,3R9-9, 10 were prepared byR)-
PaHNL [EC 4.1.2.10] andd)-MeHNL [EC 4.1.2.37] catalyzed addition of HCN to aldehy@:$ and7
analogous to literature procedurés.

5.7. Determination of enantiomeric excesses

A solution of cyanohydrin (10uL), pyridine (10 uL) and acetic anhydride (5@iL) in 0.5 mL
dichloromethane was heated to 60°C for 5 h. The reaction mixture was filtered through a silica gel
column (3<0.5 cm) with ca. 4 mL dichloromethane. Enantiomeric and diastereomeric excesses were
determined by gas chromatography directly from the filtrate. The acetylated derivatives were also used

for elemental analyses.
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Table 6

NMR data of protected cyanohydriBs10 and elemental analysis of acetylated cyanohydrir3-46

'H NMR (250 MHz, CDCl;, &)

8a 3.64-3.74 (m, 3H, CH,, OH), 4.55 (t, J = 4.4 Hz, 1H, CH), 4.63 (s, 2H, CH,Ph), 7.25-7.41 (m,
SH, Hpy)
8b 3.10 (bs, 1H, OH), 3.72 (d, J = 4.2 Hz, 2H, CH,), 4.11-4.15 (m, 2H, CH,), 4.59 (t, 1H, CH),
5.25-5.38 (m, 2H, =CH,), 5.83-5.99 (m, 1H, =CH)
8c 1.77 (s, 3H, CHa), 3.13 (bs, 1H, OH), 3.68 (d, J = 4.2 Hz, 2H, C*H,), 4.03 (s, 2H, CH,), 4.59 (t,
1H, CH), 4.90-5.00 (m, 2H, =CH,)
8d 3.50 (s, 3H, CH;0), 3.77 (dd, J, = 3.2, J, = 11.7 Hz, 1H, CH,H,), 3.98 (dd, J = 3.9 Hz, 1H,
CH,Hy), 4.56 (t, 1H, CH), 4.69-4.77 (m, 2H, OCH,0)
9ad 1.33 (d, J = 6.3 Hz, 3H, CH3), 1.34 (d, J = 6.3 Hz, 3H, CH3), 3.09 (bs, 1H, OH), 3.74-3.86 (m,
IH, C°H), 4.32 (d, J = 4.4 Hz, 1H, C?H), 4.36 (d, J = 3.9 Hz, 1H, C’H), 4.49-4.76 (m, 2H,
CH,Ph), 7.30-7.41 (m, SH, Hpp)
9ba 1.31 (d, J = 6.3 Hz, 3H, CH,), 1.32 (d, J = 6.3 Hz, 3H, CH;), 2.99 (bd, 1H, OH), 3.14 (bd, 1H,
OH), 3.71-3.82 (m, 1H, CBH), 3.97-4.40 (m, 3H, CH,, C’H), 5.22-5.36 (m, 2H, =CH,), 5.84-
6.00 (m, 1H, =CH)
9cd 1.31(2d, J=6.3 Hz, 3H, C*H,), 1.78 (s, 3H, CHa), 3.07 (bs, 1H, OH), 3.20 (bs, 1H, OH), 3.69-
3.80 (m, 1H, C3H), 3.91-4.13 (m, 2H, CH;), 4.34 (d, J = 4.4 Hz, 1H, C’H), 4.39 (d, J = 4.0 Hz,
1H, CZH), 4.95-5.01 (m, 2H, =CH,)
9d4 1.36 (d, J = 6.4 Hz, 3H, CH3), 3.20 (bs, 1H, OH), 3.46 (s, 3H, CH;0), 3.55 (s, 3H, CH;0), 3.84
(dq, J, =24, J, = 6.5 Hz, 1H, CBH), 3.95(dq, J, =4.8, , = 6.4 Hz, 1H, C3H), 432d,J=24
Hz, 1H, CZH), 439 (d, J=4.8 Hz, 1H, C?H), 4.74 (s, 2H, OCH,0), 4.76 (s, 2H, OCH,0)
10a9 098 (2t,J=7.4 Hz, 3H, CH3), 1.56-1.90 (m, 2H, C4H2), 3.15 (bd, 1H, OH), 3.24 (bd, 1H, OH),
3.48-3.57 (m, 1H, CH), 4.05-4.28 (m, 2H, CH,), 4.40 (bs, 1H, C?H), 4.48 (bs, 1H, C’H), 5.21-
5.37 (m, 2H, =CH,), 5.85-6.02 ( m, 1H, =CH)
10b4 0.96 (t, J = 7.2 Hz, 3H, CH3), 0.97 (t, J = 7.2 Hz, 3H, CH3), 1.30-1.83 (m, 4H, (CHy).), 3.25
(bs, 1H, OH), 3.53-3.65 (m, 1H, C*H), 4.05-4.26 (m, 2H, CH,), 4.37 (d, J = 3.5 Hz, 1H, C™H),
447 (d,J=4.1 Hz, 1H, C?H), 5.23-5.37 (m, 2H, =CH,), 5.85-6.01 (m, 1H, =CH)
10c4 0.92 (t, J = 5.9 Hz, 3H, CH3), 0.93 (t, J = 5.7 Hz, 3H, CHj;), 1.33-1.82 (m, 6H, (CH>)3), 2.96
(bs, 1H, OH), 3.53-3.63 (m, 1H, C3H), 4.03-4.26 (m, 2H, CH,), 4.37 (d, J = 3.2 Hz, 1H, CZH),
447 (d,J=39Hz, 1H, C2H), 5.23-5.37 (m, 2H, =CH,), 5.86-6.01 (m, 1H, =CH)
Mol. formula Calculated/found Mol. formula Calculated/found
(Mol. weight) C H N (Mol. weight) C H N
ac 8a [C;H;3sNO; 65.74 5.98 6.39 |ac9c |C,oHisNO; 60.90 7.67 7.10
(219.2) 65.50 5.98 6.02 (197.2) 60.68 7.66 6.93
ac 8b [CsH; NO; 56.80 6.55 8.28 |ac9d |[CsH;3sNO4 51.33 7.00 7.48
(169.2) 56.70 6.58 8.02 (187.2) 51.08 7.03 7.51
ac 8¢ | CoH 3NO; 59.00 7.15 7.65 |ac10a |C,oH;sNO; 60.90 7.67 7.10
(183.2) 59.02 7.18 7.48 (197.2) 60.70 7.79 6.97
ac 8d |[C;H; NO, 48.55 6.40 8.09 |ac10b |C, H\7NO; 62.54 8.11 6.63
(173.2) 48.36 6.38 7.83 (211.3) 62.53 8.19 6.66
ac9a [C;3H;sNO; 66.93 6.48 6.00 |ac 10c |C;;H;9NO; 64.00 8.50 6.22
(233.3) 66.73 6.55 5.89 (225.3) 64.03 8.57 6.22
ac 9b [CoH|3NO; 59.00 7.15 7.65
(183.2) 59.06 7.23 7.77

a Diastereomeric mixtures; the proton signals partially interfere and cannot be assigned separately.
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5.8. Enzyme catalyzed preparation of trihydroxynitidi2 from protected R)- and (§)-glyceraldehyde
11

(@) R)- and ©-11 was reacted with HCN in diisopropyl ether und&)-PaHNL and §-MeHNL
catalysis as described in the literatfréo yield the respective diastereomé

(2S3R)-12 [«]3"=-15.5 € 1.15, CHC}), 60% de 'H NMR (CDCl): §=1.39, 1.51 (each s, 3H,
CHjz), 3.37 (bs, 1H, OH), 3.99-4.21 (m, 2H#8; interfered), 4.32—4.38 (m, 1H,%@ interfered), 4.42
(d, J=5.6 Hz, 1H, CH).

(2539-12: [«x]3=+9.43 € 1.4, CHC}), 82%de 'H NMR (CDCl): 6=1.40, 1.51 (each s, 3H, G}
3.23 (bs, 1H, OH), 4.02 (ddl=5.1, 9.3 Hz, 1H, ¢H,), 4.18 (dd,J=6.6 Hz, 1H, CH,), 4.35 (dt, 1H,
C3H), 4.49 (d,J=4.5 Hz, 1H, CH). MS (Auto ClI, 70 eV) for GH11NO3: calcd (MH") 158.0817; found
158.0814. MSm/z(%): 158.1 (1) [MHT], 142.1 (52) [M—-CH], 101.0 (29) [dioxolane], 43.0 (100), 28.0
(25).

5.9. Preparation ofb-erythronic acidy-lactone from (3&,3R)-12

A solution of (Z53R)-12 (146 mg, 0.93 mmol) in conc. HCI (6 mL) was heated to 60°C for 3 h. The
reaction mixture was evaporated, and the residue was extracted three times with ethyl acetate (5 mL
each). The combined extracts were concentrated to give 77 mg @E¥gthronic acidy-lactone.

Acknowledgements

This work was supported by the Bundesministerium fur Bildung und Forschung (Zentrales Schwer-
punktprogramm Bioverfahrenstechnik, Stuttgart).

References

1. Enzyme-Catalyzed Reactions. Part 37. Part 36: Gaupp, S.; Effenberfetrafedron: Asymmetd999 10, 1777-1786.

2. (a) Kiliani, H.Ber. Dtsch. Chem. Ge$885 18, 3066—3072. (b) Kiliani, HBer. Dtsch. Chem. Ge$887, 20, 339-346. (c)
Fischer, EBer. Dtsch. Chem. Ge&889 22, 2204—-2205.

3. (a) Effenberger, FAngew. Chem., Int. Ed. Endl994 33, 1555-1564. (b) Brussee, J.; Dofferhoff, F.; Kruse, C. G.; van
der Gen, ATetrahedronl99Q 46, 1653-1658.

4. Forth, W.; Henschler, D.; Rummel, \Wharmakologie und Toxikologi&th ed.; Wissenschaftsverlag: Mannheim, 1988.

5. Sham, H. L.; Rempel, C. A.; Stein, H.; CohenJ.JChem. Soc., Chem. Comm89Q 666—667.

6. (a) Arcamone, F.; Franceschi, G.; Orezzi, P.; Cassinelli, G.; Barbieri, W.; Mondelli, Rm. Chem. Sod 964 86,
5334-5335. (b) Arcamone, F.; Cassinelli, G.; Orezzi, P.; Franceschi, G.; Mondeli, &n. Chem. Socl964 86,
5335-5336.

7. Effenberger, F.; Hopf, M.; Ziegler, T.; HudelmayerChem. Ber1991 124, 1651-1659.

8. (a) Hopf, M. Dissertation; Universitat Stuttgart, 1990. (b) Althoff, W.; Karsdorf, R.; Tinapprdh. Pharm 1981, 314,
518-524.

9. Matthews, B. R.; Gountzos, H.; Jackson, W. R.; Watson, KlgBahedron Lett1989 30, 5157-5158.

10. (a) Reetz, M. T.; Kessler, K.; Jung, Angew. ChemInt. Ed. Engl 1985 24, 989-990. (b) Reetz, M. T.; Fox, D. N. A.
Tetrahedron Lett1993 34, 1119-1122. (c) Ipaktschi, J.; Heydari, 8hem. Ber1993 126, 1905-1912. (d) Gu, J.-H.;
Okamoto, M.; Terada, M.; Mikami, K.; Nakai, CThem. Lett1992 1169-1172.

11. Brussee, J.; Loos, W. T.; Kruse, C. G.; van der Gerlelrahedronl99Q 46, 979-986.

12. Schmidt, M.; Hervé, S.; Klempier, N.; Griengl, Fetrahedronl996 52, 7833-7840.

13. (a) Jager, J. Dissertation; Universitat Stuttgart, 1996. (b) Effenberger, F.; Jdg&rgl. Chem1997, 62, 3867-3873.



2828 J. Roos, F. Effenberger/ TetrahedroAsymmetry10 (1999) 2817-2828

14. (a) Grob, C. A.; Reber, Helv. Chim. Actal95Q 33, 1776-1787. (b) Sumitomo, H.; Hashimoto, K.; Kitao,JDPolym.
Sci 1975 13, 327-336.

15. Shiao, M.-J.; Yang, C.-Y,; Lee, S.-H.; Wu, T.-8ynth. Commuri988 18, 359-366.

16. (a) Aurich, H. G.; Biesemeier, F.; Boutahar, ®hem. Ber1991 124, 2329-2334. (b) Hoppe, D.; Tarara, G.; Wilckens,
M. Synthesi4 989 83—-88. (c) Massad, S. K.; Hawkins, L. D.; Baker, D.JCOrg. Chem1983 48, 5180-5182. (d) Banfi,
L.; Bernardi, A.; Colombo, L.; Gennari, C.; Scolastico,JCOrg. Chem1984 49, 3784-3790.

17. Drewes, S. E.; Manickum, T.; Roos, G. HSynth. Commuril988 18, 1065-1070.

18. Effenberger, F.; Roos, J. in preparation.

19. Schmid, C. R.; Bryant, J. D.; Dowlatzedah, M.; Phillips, J. L.; Prather, D. E.; Schantz, R. D.; Sear, N. L.; Viancd, C. S.
Org. Chem 1991, 56, 4056—4058.

20. Hubschwerlen, CSynthesid 986 962—964.

21. Sodeoka, M.; Yamada, H.; Shibasaki, MAm. Chem. S0d99Q 112 4906—-4911.

22. Solladié-Cavallo, A.; Bonne, Fetrahedron: Asymmetr}996 7, 171-180.

23. (a) Forster, S.; Roos, J.; Effenberger, F.; Wajant, H.; Sprauekngew. Chem., Int. Ed. Engl996 35, 437-439. (b)
Effenberger, F.; Eichhorn, J.; RoosTétrahedron: AsymmetrdQ95 6, 271-282.



