
leered (4~=:;20:5:44°; limited by weak diffraction), 31J8 were unique,
and 2238 were observed (Fu=4a(Fo)). For each molecule of 1, the lut-
lice contains a half-molecule of benzene. R(F)=O.0539, R(wj)=O.0652
for 292 variables. Further details of the crystal structure determination
are obtainable from the director of the Cambridge Crystallographic
Data Centre, Lensfield Road, Cambridge eB2 IEW (UK), on quoting
the names of the authors and the journal citation.
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Reduction with Yeast Cells,
the Key Step of au Efficient Synthesis of
(3S, 4S)-4-Amino-3-hydroxypentanoic Acids"

By Peter Raddatz, Hans-Eckart Radunz *
Giinter Schneider, and Harry Schwartz*'

Pepstati.n, II] a penta peptide first isolated by H. Umeza-
WQ, ~ontams the unusual y-amino acid statine ((3S, 4S)-
4-ammo-3-hydroxy-6-methylheptanoic acid). Statine and
Its .analogu~s are central building blocks for many highly
actl.ve,.sp~c~fic asrarty! protease inhibitors, inclUding even
remn Inhlbltors.1 J which are of interest as hypotensive
?rugs .. Kinetic studies have shown that the hydroxy group
In statlnes must be S-configurated. but the carbon chain at
C-4 can be chemically modifiedYI
The Current importance of such drugs warranted the

search f~r a synthetic strategy enabling a flexible, diaster-
eose!ectlve sy.nthesis of statine from readily accessible
s.t~rtmg mat~~:als. At best, the methods of synthesis pub-
lished so far only partly fulfill these requireinents if at
all. '

In principle, in th~ cas~ of the statine synthesis pre-
sented here any a-ammo aCld can be used as start'

d .. 109 com·
~oun . ThIS IS allowed to react with a malonic acid build-
I~g block, and the resulting y-amino-Il·ketoester can be
dJastereoselectively reduced to the A-hydroxy d . .
.• P envatlve

wtth certaIn yeasts. The strategy will be described here for

[*1 Dr. H.-E. Radunz, Dr. P. Raddatz, G. Schneider
E. Merd

Leilung Pharmazeutische Chemie

Frankfurter Strasse 250, D-6100 Darmstadt (FRO)
Dr. H. Schwartz
E. Merck

Zentrale Forschung und Entwicklung Chemie
Frankfurter Strasse 250, D·6100 Darrnsladt (FRG)
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raj All the compounds gave correct elemental analyses.
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Boc-HN H Boc-HN H

~

• "OC-"~ _ .,:IN~
OH H a

, "OC-"~ _ 0"IN~
H OHO

I::
Scheme I. Synthesis of 5. a) H02C-CHrC02Me. iPrMgBr: b) 15%HCI:t)
reduction with yeast; d) Rh/AI203. Boc = tert-butoxycarbonyl. ForphyJicai
and spectroscopic data of 2-5 see Table 1.

the synthesis of (3 S, 4S)-N-Boc-4-amino-3-hydroxy-5-cy,
c1ohexylpentanoic acid methyl ester 5 (Scheme 1).
The crucial step is the stereoselective reduction of 2,

which is formed from N-Boc-L-phenylalanine-imidazolide
1 and the magnesium enol ate of the malonic acid mono-
methyl ester,14bj to the alcohol 3 with S configurationat
C-3. The catalytic hydrogenation of 2 with Raney nickel
affords a 1: I mixture of the diastereomeric alcohols J and
4, Neither of the diastereomers is preferentially fonned,
even with complex, sterically bulky hydrides. In orderto
alter the conditions in favor of one of the diastereomers,
reduction of the ~-ketoester with bakers' yeast wasat·
tempted.'51 The attempts with commercially availableyea~t
(Saccharomyces cerevisiae) ~erely resulted in incomplete

. ·d3S4S,reachon (30-50%), but nevertheless the deslfe ,
diastereomer 3 was formed (de~60%).

Table 1. Selecled physical and spectroscopic data of the compound; 2-S~\~
[aJ~ values with c=0.68 to 1.26 g/l00 mL methanol. 500-MHz H-N
spectra ([D61DMSO, coupling constants J in Hz).

~-----_':-_-------=----:64:::8'· 'H·
2: m.p. 91°C (petroleum ether/methyl tert-butyl ether): [a][j1- . '3.~
NMR: 0= 1.35 (s, 9 H; qCHJ)J), 2.73 (dd, J= 10.2, 14, 1H; CH1P~CH~
(dd,J=4.6, 14, IH; CH2Ph), 3.26 (hr . .':i, 2 H; CH2CO), 3.65 (s, 3 f-I: J

4.25 (m, I H; CHN), 6.85 (be. m, 1 H, NH), 7.25 (m, 5 H; C~I-U S,

,. 99'C·· 'HNMR·J",IJ1(. m.p. (dllSOpropyl ether); [aHf= ~35.4o; - . 5 IH.
9 H; ceCH3)3), 2.30 (dd, J=9.2, 15, rH; CH2CO), 2.5 (dd, j",4, II], IH:
CH2CO), 2.60 (dd, J=9.5, 13, 1H; CH2Ph), 2.84 (dd, }=5.3, OHh4.9
CH2Ph), 3.55 (5, 3 H; OCH3), 3.68 (m, 1 H; CHN), 3.9 (m, IH: C~C H,j
(br. d, J=7, 1H; OH), 6.48 (br. d, J=7.5, ]H; NH), 7.23 (m,) H, 0 ·125

4: m.p. 139 °C (methyl ten-butyl eth~r); [aJiJ= -]7.1 0: IH-NM~:~~Co,
(~, 9 H; QCH3h), 2.30 (dd, J=9.3, [5, I H; CHzCO), 2.55 (m, 2 H'6(S J H:
CH2Ph), 3.05 (dd, J=3.5, 14, 1H; CH2Ph), 3.52 (m, I H; CHN), 3. d 'J"'~
OCH3), 3.80 (m, I H; CfJOH), 5.07 (br. d, J=7, I H; QH), 6.61 (br. ,
IH;NH),7.22(ffi,5H;C/>Hs) , ](111

5: m.p. 69 ~C (petroleum ether); fal~= -36.5~; IH_NMR: D=O.1~~.It!:
8H), 1.42 (5, 9 H; ceCH3h), 1.5-1.85 (m, 5 H), 2.25 (dd, J""9/60(;nt
CH1CO), 2.45 (dd, J=4, IS, I H; CH2CO), 3.55 (m, I H; CHN), 5 ·(d /",7.5,
OCHJ), 3.85 (m. I H; CJ-JOH), 4.75 (br. d, J=7,] H; OH), 6.2 ,
11:-1;NH) ______

Sincebaker's yeast behaves differently depending on its
originand strain we tried to improve the stereoselectivity
by usingpure cultures of selected yeast strains of the gen-
eraKloeckera,Hansenula, Candida, and Torutopsisv" Only
fiveof 74 yeast strains tested reduced the Bvketoester 2
completely.Four strains, including Hansenula anamala,
formedthe 3S, 4S-diastereomer 3 with de =92%, whereas
predominantly the 3R, 4S-diastereomer 4 was formed
(90%de) by the yeast Candida botdinii. Further optimiza-
tionattempts with resting cells of the yeast Hunsenuia ana-
mala during fermentation of glucose revealed that reduc-
lionof the [i-ketoester 2 proceeds almost quantitatively if
theglucose concentration is 10%, the yeast concentration
1%, and the substrate concentration 0.1%; this holds true
forsample volumes of 100 mL to 1000 L. Irrespective of
whetherintact cells, cells immobilized in polyacrylamide
ge[pI or cell-free crude extracts of the strain Hansenula
cnomala were used, 2 was reduced almost completely (90-
95%conversion) on a laboratory scale (100 mg to 1 g). The
procedureoptimized for small amounts was then extended
to larger substrate amounts (50 g to 1000 g). On using 50 g
of2, 96% was reduced after 48 hours' incubation; the ratio
ofthe alcohols 3 and 4 was 23:1. After work-up and re-
crystallizationfrom diisopropyl ether we obtained 35 g of
3 with 98% de. Subsequent recrystallization from cyclohex-
aneincreased the diastereomeric excess to > 99%.

Experimental

For the production of cell masses, yeasts or th~ genus Hansenula were incu-
bated under sterile conditions in 100-L fcrmenters with continuous aeration
at 28 °C in a medium consisting of 2% glucose, 0.3% malt extract, 0.3% yeast
emact and 0.5% peptone from casein. After reaching the stationary growth
Phase the cells were separated from the medium and washed with cold 0.9%
NaCl solution. The reduction was carried out in a tOO-L fennenter at 28 ~c.
500&ofyeRSt (wet weight) was suspended in 50 L of a 10% glucose solution.
After commencement of fermentation, a solution of 50 g of B-ketoester 2 in
500mL of ethanol was added and the mixture incubated for 48 h with con-
tinuous stirring (200 rpm) and gentle aeration.
For the extraction, the yeast suspension was treated twice with dichloro-

methane (a total of 35 L) and stirred for one hour. The separated organic
phase was filtered over diatomaceous earth and the filtrate dried over
Na1S04. After removal of solvent the residue was recrystallized from 500 mL
of diiSopropyl ether.

The enantiomeric purity was determined HPL chromatographically and
NM.R spectroscopically via Ihe MTPA amides131 of 3 (MTPA = a-methoxy-
Cl-tnfl.uoromethylphenylacetic acid) and gave >98% ee. Subsequent hydro-
~ena1tonof the benzene ring of 3 with Rh on AbOl in methanol afforded 5
til 93%yield.l~l
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Formation of Dioxirane from Carbonyl Oxide"

By Dieter Cremer, * Thomas Schmidt, Jilrgen Gauss, and
T. P. Radhakr~hnan
Dedicated to Professor Emanuel Vogel on the occasion of
his 60th birthday
Dioxirane 1 is an effective oxygen carrier for regio- and

stereoselective epoxidations."! Spectroscopic investiga-
tions have provided evidence that 1 can be formed by ther-
mal or photochemical isomerization of carbonyl oxide 2,
e.g. in the ozonolysisl2,31 or the oxidation of carbenes.l4] Ac-
cording to ab initio calculations, the activation energy for
the isomerization in the gas phase is 22.8 kcal mol- 1.£51The
transition state 3 (Fig. 1) of this reaction resembles 2 more
closely than it does 1, as is clear from the calculated geom·
etries, in particular the large distance between C and the
terminal 0 atom in 3 (Fig. I).

H

rlH.mOl ~ -138.2°
rlHbCOO) ~ 47.10

Flg ] lsomenzatlon of carbonyl OXIde I to dloxlrane ,2 MP4(SDQ)/6-310*
energIes and geometnes for 1,2, and 3, distances In A 1·he values in brack-
ets are MP2/6-3IG* results [5].

Further the calculations show that the isomerization is
not initiat~d by rotation about the CO bond but by pyrami-
dalization at the central 0 atom. Negative charge is shifted
from the C atom to the neighboring 0 atom. resulting in a
weakening of the 00 bonding due to enhanced charge re-
pulsion (Fig. 1). The CO double-bond character, however,
is essentially retained, since back-bondmg between the or-
bital of a lone pair on the 0 atom and the depopulated 2p1t
orbital on the C atom is possible (see 3a). 161

1*] Prof. Dr. D. Cremer, Dr. T. S.chmidt, ~ipl.~~hem. J. Gauss
lnstitut rur Organische Chemle der UnJverslt~t
Greinstrasse 4, D-5OO0 KCiln 4 I (FRO)

Dr. T. P. Radhakrishnan
Department of Chemistry, University of Texas
EI Paso (USA)

[**l This work was supported by the Deutsche Forschungsgemeinschaft and
the Fonds der Chemischen Industrie.



3b

deactivation, leads to cleavage of the 0-0 bond and sub-
sequent decomposition of the molecule.
A thermodynamic stabilization of 1 is achieved by gem.

inal methyl groups. It can be estimated via the reaction en-
ergy tlE(c) to be 21 kcal mol-'."31 Geminal methyl groups

x + /\
0-0 L:',

1\-----'> 0-0 (c)

FacileReduction of t,2-Dioxetanes by Thiols
"Potential Protective Measure against
Photochemical Damage of Cellular DNA**

By WaldemarAdam, * Bernd Epe, Dietmar Schiffmann,
flanklin Vargas, und Dieter Wild
In recent biological studies'!' it was demonstrated that
1,2-dioxetanes are genotoxic. Since these strained four-
memberedring cyclic peroxides are known to be efficient
chemical sources of n,n*-excited triplet carbonyl prod-
ucts,11]we postulated that the observed DNA damage was
of photochemical origin. However, in view of the quite
moderate photo-genotoxicity displayed by the dioxetanes
studied,we suspected that these labile peroxides were effi-
cientlydetoxified in the cell through chemical action. For
example, the living cell guards itself against "oxidative
stress"ll]by engaging glutathione, a tripeptide which deac-
tivates reactive oxygen species including peroxides by re-
duction, itself being oxidized to its disulfide. We now re-
porton the quantitative reduction of dioxetanes to the cor-
responding vicinal diols by glutathione [Eq. (a)], a reaction
which also takes place with other thiols. The results are
listedin Table I.

(0)

fide 1,2-dithiane was isolated and small amounts (ca. 3%)
of the dioxetane cleavage productsfacetone and hydroxy-
acetone) were detected by 'H-NMR. Such cleavage prod-
ucts gain greater importance for the simple thiols (Entries
6-9, Table I). although the reactioos were conducted at
subambient temperatures, at which thermal decomposition
of the dicxetane is negligible. For example, with thiophe-
nol (Entry 9 in Table I) the extent of dicxetane cleavage
was as much as 50%, even at - IOO"C, thus seriously com-
peting with reduction to the triol 2, Similar results were
obtained for tetramethyl-I,2-dioxetane, undergoing quanti-
tative reduction by glutathione to pinacol, but appreciable
cleavage into acetone with rhiopbeool.
That glutathione is an efficient reagent for the reduction

of peroxides is well establishedP' but that the labile dioxe-
tanes can be so cleanly transformed into vicinal diols is
somewhat astonishing, since in [he few reported studies
with divalent sulfur compounds, oxygen transfer prevails,
Thus, the dioxetane is converted into an epoxide and/or a
ketone, while the sulfide is oxidized to the sulfoxide!"
Furthermore, dialkyl sulfoxylates S(OR), are transformed
via intermediary tetraalkylorthosulfites S(OR)4 into dialkyl
sulfites.I'" These oxygen transfer reactions have been me-
chanistically interpreted in terms of either a nucleophilic
attack by the sulfidel" on the peroxide linkage or a biphilic
insertion by the dlalkylsulfoxylate.''" Consequently, we
likewise expected oxygenated products rather than disul-
fides in the reaction with thiols. Indeed, when only equi-

Accordingly, a substituent X with n-dcnor properties
should stabilize the transition state (see 3b), while rt-ac-
ceptors should have a slight or noticeable destabilizing in-
fluence. These predictions are confirmed in the case of the
mooofluorocarbonyl oxides 4. and 4b (Fig. 2). whose
isomerization to monofluorodioxirane 6 via Sa and 5b re-
quires activation energies of 8 and 17 kcal mol- ', respec-
tively, according to ab initio calculations."! On the basis of
these findings the formation of epoxides observed in the
ozonolysis of fluoroalkenes!" can be explained in terms of
an enhanced formation of fluorodioxiranes, which epoxid-
ize unchanged alkene.

7

also increase the kinetic stability of 1 ; they fix the ece
bond angle at a value of 1170 by steric interaction and
thereby render difficult a rehybridization at the C atom
during cleavage of the 00 bond. This explains the rela-
tively high stability of dimethyldioxirane, which was re-
cently prepared by oxidation of acetone with KHSOs.114]
Fluorine as substituent also increases the thermody-

namic stability of 1, but at the same time it reduces its ki-
netic stability, as manifested in the relatively large 0-0
distance (1.56 A.) and the reduction in the exocyclic angle
to 1 t 0_8 ". Intermediary f1uorodioxiranes are therefore
probably stronger epoxidizing agents than dialkyl dioxi-
ranes.
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CAS Registry numbers:
1, 157-26-6; 2, 78894-19-6; 4a, 112897-49-1; 6, 76694-11-6; dimethyldiox-
irane, 74087-fl5~7; dioxirane, 157-26-6.
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H,C CH,
I I

",C-C-C-CH OH +
I I z
0-0

H,3C CH3
I I

2 R-SH -----'> H,C-C-C-CH,OH + RS-SR
I I

HO OH

2

Table 1. Reaction of 1 with thtols.

Product yields [mol] [b, c]Reaction conditions Product

Thiol raj Solvent nOCI ' [hi balance
No. R-SH [%]

L-Glutalhione H,O 5 0.16 91
1. L-Cysteine H2O 20 0.16 95
).

LPenicillamine H,O 20 0.16 93•.
Ihreo-I,4-Dimercapto_ MeOH 10 , 99

i.
2,3-butanediol

971,3-Propanedithiol MeOh -40 24
6.

Thiobenzyl alcohol MeOH -50 72 89
I.

Mercaptoacetic Acid MeOH -40 72 78
1.

Methyl Mercaptoacetate MeOH -40 72 80
•• Thiophenol MeOH 100 22 50

Disulfide 2

0.97 0.96
0.98 0.92
0.96 0.90
0.99 0.99

0.98 0.93
0.78 0.82
0.56 0.56
0.59 0.58
0.49 0.49

Ketone ld]

0.03
0.18
0.44
0.42
0.51

[a1Stoiehiometry 2:' except entries 4 and 5 for which it was 1:1.lbl 100% conversion; normalized 101.00 mol:
spectroscopically and/ur isolated. [d] Aceton~ and hydroxyacetone formed in equal amounts.

o '. .
. n lnJxmg aqueous solutions of the hydroxydlOxetane 1
~Ith glutathione at 5 °C in a I: 2 stoichiometry, a fast reac-
tlOt) (100% conversion in 10 min monitored by IH-NMR)
;~.sued, leading essentially qu~ntitatively to the gluta-
18~~e dimer [m.p. 178-180"C (decomp.)'41, m.p'ob,. 178-

I - C (decomp.)] and the trial 2. Both produets were 1S0-
ated and·d . .. . t'
I . I enttfied by companson WIth authentic rna en-
as. S'm'l . .' '11. I ar results were obtamed for cystellle, pemci a~
mine and th· . E . 2 4.' reo-l,4-dlmercapto-2,3~butanedlOl ( ntnes -
In Table I)· . d' I, except that In the latter case the cyclIc ISU-

1.970,"'-
1.506

2.00V·
1.521
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±2% error limits. Ie] Determined IH_NMR

olar amounts of glutathione and dioxetane 1 were used,

tmh lutathione was converted quantitatively in a fast reac-eg I .
tion into its dimer, and in a subsequent s ow r~actlon
(h urs) the disulfide was oxidized to its S-monoxIde, as
an~icipated for an oxygen transfer rea.cti~n. With L-me-
thionine (in H20, 20°C, 20 min, 1: t s~OIchJOm~try), 1 was
quantitatively converted into the. ep?xI~e 2,3~dlmethyl-2,3-
epoxy-l-butanol, while the methlonme ~tself was convert~d
into the sulfoxide. In the case of dImethyl sulfide (In
CHCI -5'C,3 h, I, I stoichiometry) nxygen transfer was
the m~jor reaction (ca. 85%), affording 60% sulfoxide an?
12% sulfone as sulfide derived products, and 44% 2,3~dl~
methyl-2,3-epoxy-l-butanol and 41% of lhe rearranged, ke-
tone l_hydroxy-3,3-dimethyl-2-butanone as dlDxetane de-
rived products. Dioxetane cleavage mto equal amounts of

lone and hydroxyacetone was observed as secondary= . dh'reaction (ca. 15%), A control expertmen~ showe t. a.t In
a much slower reaction dimethyl sulfOXIde was OXIdized
by dioxetane 1 to its sUI~one._ Cle~rly, th~ sUI~des. be-
have differently than the thlOls III theIr reaction WIth dlOX-

etanes.

5.
Sb

H
119.0°

mae 1.J70
110.8" 1.559
1.J45 "11~6.~7°~'" t:.f = -4lQ kcat mot"

Fig. 2. Isomerization of monofiuoroc<Jrbonyl oxide 4 to monofiuorodioxi-
rane 6. MP2/6-3 IG"' energies and geometries for 4,5, and 6; distances in A.
The dihedral angles T(FCOO) and T(HCOO) calculated for Sa are -143.0
and 42.2"; for 5b they are 53.6 and -137.3°, respectively.

Although 1 is 31.3 keal mol-' more stable than 2, it
cannot be detected under normal conditions.121 Ring strain
and the repulsiop of lone pairs lead to a weak 00 bond
(R(OOJ-1.521 A, Fig. I), which is readily cleaved, either
homolytically or. in the presence of Lewis acids, heterolyti-
~I~ .

The strain energy (SE) of 1 is estimated by ab initio cal-
culations for the homodesmotic reaction (a) to be 24.7 kcal
mol-'.{91

(a)

F~r the comproportionation of 1 and cyclopropane 7
leading to 8 [Eq. (b)l. a reaction energy tlE of -38.2 kcal

1+7-----jo28
(b)

mol-
r

is calculated.llllIf one assumes that M(b) is deter-
mined by the difference in the SE values of the three-mem-
bered rings (SE(l)~24.7, SE(7)~27.5 ''''I SE(8)~26 9
k I 1- ""'I) d '.ca _":0 an the bond energies (B E) of C-C (80 kcal
mol ), C-O (78 kcal mol- ""h and 0 0 b d h., }, - on s, t en
BE(O-O) IS eShmated at 36 kcal mol- " a value which is
close to [he calculated dissociation energy of 31 k I
tnol- 1 1121 I th· " ca

. n -e Isomenzatton, 2 is formed with an excess
energy of 54 kcal mol- \ which, if not reduced by collision
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