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Optically active propargylic alcohols are versatile building
blocks in the synthesis of a broad variety of natural
compounds and drugs.[1] Therefore, numerous synthetic
approaches have been developed to obtain propargylic
alcohols with high enantiomeric excesses. Chemical methods
offer straightforward access to these compounds, for example,
enantioselective reductions[2] or asymmetric zinc-mediated
additions to aldehydes,[3] as well as enzymatic methods with
oxidoreductases[4] or lipases[5] . Nevertheless, most published
procedures do not give enantiomerically pure �,�-alkynyl-
substituted methanols. Moreover, there has been only one
report of a chiral �,�-alkynyl �-chloro- or �-bromohydrin.
Corey and co-workers obtained (R)-4-triisopropylsilyl-1-
chloro-3-butyn-2-ol by oxazaborolidine reduction of the
corresponding ketone. However, the authors indicated that
the bulky triisopropylsilyl group was essential for an ee of
95%.[2c] In general, reduction methods applied to �-chloro- or
�-bromo ketones need to be mild as a result of possible side
reactions at the activated � position. Furthermore, zinc-
mediated additions to aldehydes cannot be used for the
preparation of �,�-alkynyl �-chloro- or �-bromohydrins.[6]

Nevertheless, propargylic �-chlorohydrins could be easily
transformed, for example, into epoxides, thus offering novel
comprehensive applications in organic syntheses.

In preceding studies, we synthesized a broad variety of
enantiopure propargylic alcohols by the enzymatic reduction
of alkynones.[7] Thus, both enantiomers of �,�-alkynyl-sub-
stituted methanols are accessible. Our interest in a general
approach to obtain optically pure building blocks as inter-
mediates in organic syntheses encouraged us to continue our
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studies towards the reduction of �-halo propargylic ketones.
We report herein a straightforward approach to both enan-
tiomers of �,�-alkynyl �-chloro- or �-bromohydrins through
the enzymatic reduction of the corresponding ketones. By
subsequent treatment with a mild base, the alcohols were
converted into propargylic epoxides to give other highly
functionalized building blocks.

Our previous results provided evidence that in the reduc-
tion of propargylic ketones by oxidoreductases, one substitu-
ent of the substrate must not exceed a certain size.[7] Most
likely, this substituent has to be small enough to fit into a
cavity of the active site of the enzyme. Therefore, we
synthesized a number of alkynones with diverse steric
demands, and determined the ability of various alcohol
dehydrogenases to reduce these compounds. In a UV assay,
we identified three alcohol dehydrogenases (ADHs) that
accept propargylic substrates with substituents of the size of
chloro- and bromomethyl groups (data not shown). �-
Halogenated propargylic ketones 1, which were easily syn-
thesized in one step,[8] were reduced by horse liver alcohol
dehydrogenase (HLADH), Thermoanaerobium brockiiADH
(TBADH), and Lactobacillus brevis ADH (LBADH) (Ta-
ble 1). All these enzymes are commercially available.[9] Addi-
tionally, two are efficiently overproduced in a recombinant
Escheria coli strain (TEADH and recLBADH).[10, 11] All these
oxidoreductases reduce aromatic and aliphatic �-chloropro-
pargylic ketones with high activity. �-Bromopropargylic
ketones are also suitable substrates; however, the enzymatic

activity of TBADH and recLBADH decreases, probably as a
result of steric interactions. Interestingly, this characteristic
differs for HLADH. This enzyme generally prefers cyclic
ketones, whereas aliphatic compounds are known to be poor
substrates.[12] Applying propargylic ketones, the �-halogena-
tion increases the activity notably from nonhalogenated
through chlorinated to brominated derivatives, thus making
these compounds exceptional in the substrate range of
HLADH.

As a result of the low solubility of 1, about 25% of a short-
chain alcohol was added, surprisingly without any significant
loss of enzymatic activity of HLADH and recLBADH.[13]

Conveniently, as all the investigated ADHs recycle the
cofactor NAD(P)� by oxidation of the auxiliary alcohol, the
addition of a second NAD(P)�-reducing enzyme was not
necessary. The large excess of short-chain alcohol shifted the
substrate/product equilibrium towards the desired propargylic
alcohol 2, thus resulting in almost quantitative conversions
with high total turnover numbers (TTN) of the cofactor.[14]

Enzymatic reductions could be carried out on a preparative
scale by using deionized water instead of buffer[15] and were
easily scaled up by using fed-batch technique. Thus, mmol
quantities of substrate 1a were converted by using as little as
0.005 mol% of cofactor, which corresponds to a TTN of
20000, and small amounts of recLBADH (�100 units
enzyme g�1 substrate).[16] After a reaction time of 24 ± 36 h,
the pure product (NMR and GC analysis) was easily isolated
by extraction without further purification in �95% yield.
HPLC analysis revealed �99% conversion and, additionally,
only one single enantiomer could be detected (ee �99%).[17]

Currently, investigations into the reduction of 1-(chloro or
bromo)-3-butyn-2-one are in progress. recLBADH converts
these substrates into enantiopure R alcohols 2 (X�Cl, Br;
R�H), thus resulting in an interesting switch of the
enantioselectivity of the enzymatic reduction. As the enan-
tiomers (S)-2 (X�Cl, Br; R�H) can be obtained by
recLBADH reduction of 1b ± d and subsequent removal of
the silyl protecting group, this enzyme offers unique access to
a pair of enantiomers.

Propargylic alcohols 2 can easily be converted in good yield
into the corresponding epoxides 3 without racemization.
Treatment with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in
EtOH/H2O (4:1) at ambient temperature led to ring closure
(Scheme 1). After workup by extraction, no further purifica-
tion was necessary since by-products could not be detected.
This general approach to enantiomerically pure terminal
propargylic epoxides[18] offers multifaceted applications in
organic chemistry as has been shown, for instance, by Hiyama
and co-workers in the synthesis of HMG-CoA reductase
inhibitor NK-104.[19] For this purpose, epoxide (R)-3b was
obtained by ex-chiral pool synthesis in six steps and with an
overall yield of 20%.[18a,b] Since terminal propargylic epoxides

Scheme 1. Conversion of chlorohydrins 2 into epoxides 3.

Table 1. Relative enzymatic activities of HLADH, TBADH and
recLBADH.

Alcohol HLADH[a] TBADH[a] recLBADH[a]

activity [%][b] (configuration)

2a X�Cl 32 (R) 53 (R) 70 (S)
R�Ph

2b X�Cl 24 (R) 51 (R) 37 (S)
R�TBS

2c X�Cl 15 (R) 74 (R) 28 (S)
R�TMS

2d X�Br 35 (R) 4 (R) 18 (S)[c]

R�TMS
2e[d] X�H 6 (S) 47 (S) 142 (R)

R�Ph

Assay conditions: substrate (2 m�), NAD(P)H (0.25 m�), MgCl2 (1 m�),
TEA/NaOH buffer (100 m�), pH� 7.0. [a] All alcohols have an enantio-
meric excess of �99% as determined by HPLC (2a, e) or GC (Moshers
ester of 2b ± d) on chiral stationary phase. The configuration of 2a and b
was determined by comparison of the optical rotation of the corresponding
epoxide with literature data. The configuration of 2c, d was determined
with respect to mechanistic aspects of enzyme catalysis and by comparison
of the NMR data of the corresponding R and S Mosher×s ester. The
configuration of 2e was determined by comparison of the optical rotation
with literature data. [b] The enzyme activity was determined by the
decrease of the NAD(P)H extinction at 340 nm relative to the 100%
standard (HLADH: cyclohexanone; TBADH: 2-butanone; recLBADH:
ethyl 5-oxohexanoate). [c] ee 98.5%. [d] The change in configuration is
because of the different CIP priorities. TMS� trimethylsilyl, TBS� tert-
butyldimethylsilyl.
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and chlorohydrins can be selectively modified at C1 or C2 at
their particular functionalities as well as at C3 or C4 at the
triple bond,[20] these compounds are of great use in synthetic
chemistry.

In conclusion, we have developed an efficient method to
obtain halogenated propargylic alcohols 2 as well as terminal
propargylic epoxides 3 with excellent enantiomeric excesses.
The commercial availability and the easy handling of all
components offers ready access to building blocks that were
hardly known previously. The multifunctionality of these
enantiopure C4 units allows highly flexible synthetic trans-
formations, thus making them interesting intermediates in the
synthesis of natural compounds and drugs.

Experimental Section

(S)-2a : A solution of 1a (1.56 g, 8.76 mmol) in 2-propanol (30 mL) was
added over 20 h (25 �L min�1) to a stirred solution of NADP� (3.6 mg,
4.2 �mol; 0.05 mol%), 2-propanol (30 mL) and recLBADH (150 U) in
triethanolamine ±HCl buffer (150 mL; 100 m� ; 1 m� MgCl2; pH 6.5) at
room temperature. After stirring for an additional 28 h, deionized water
(600 mL) was added, and the reaction mixture was extracted with CH2Cl2
(3� 200 mL). The combined organic layers were dried over MgSO4 and
concentrated in vacuo to give analytically pure (NMR, GC-MS) alcohol
(S)-2a as a yellow oil (1.55 g, 8.60 mmol, 98% yield). �99% ee ;[17] [�]20D �
�25.4 (c� 1.4, CHCl3); 1H NMR (300 MHz, CDCl3): �� 2.56 (d, J�
6.1 Hz, 1H; OH), 3.76 (dd, J� 11.1, 6.5 Hz, 1H; CHCl), 3.83 (dd, J�
11.1, 4.1 Hz, 1H; CHCl), 4.84 (m, 1H; CH), 7.36 (m, 3H; ArH), 7.47 (m,
2H; ArH); 13C NMR (75.5 MHz, CDCl3): �� 49.3 (C1), 63.2 (C2), 86.1,
86.6 (C3, C4), 122.0, 128.6, 129.1, 132.0 (ArC); HR-MS (EI): calcd for
C10H9ClO: 180.0342, found: 180.0344.

(R)-2a : A solution of 1a (1.56 g, 8.76 mmol) in ethanol (45 mL) was added
over 2 h (15 mLh�1) to a stirred solution of NAD� (6.0 mg, 8.42 �mol;
0.10 mol-%), ethanol (75 mL), and HLADH (250 U) in triethanolamine ±
HCl buffer (500 mL, 100 m� ; pH 7.0) at room temperature. After stirring
for an additional 34 h, deionized water (1000 mL) was added and the
reaction mixture was extracted with CH2Cl2 (3� 300 mL). The combined
organic layers were dried over MgSO4 and concentrated in vacuo to yield
analytically pure (NMR, GC-MS) alcohol (R)-2a as a yellow oil (1.53 g,
8.50 mmol, 97%). �99% ee);[17] [�]20D ��25.2 (c� 1.3, CHCl3);[17]
1H NMR and 13C NMR: as for (S)-2a.

(R)-3a : Alcohol (R)-2a (588 mg, 3.3 mmol) was added to a solution of
DBU (1.5 mL, 10.0 mmol) in EtOH/H2O (20 mL, 4:1). The mixture was
stirred for 90 min at room temperature, followed by addition of H2O
(100 mL) and extraction with ethyl acetate (3� 30 mL). The organic layers
were dried over Na2SO4 and concentrated in vacuo to yield analytically
pure (NMR, GC-MS) epoxide (R)-3a as an orange oil (441 mg, 3.1 mmol,
93%). Purification by flash chromatography (−Iso-hexane×/ethyl acetate
30:1; −Iso-hexane×: Fluka 34969, mixture of isomers) yielded (R)-3a as a
colorless oil (376 mg, 2.6 mmol, 80%) �99% ee ;[21] [�]20D ��47.0 (c� 1.3,
acetone);[18c] [�]20D ��42 (c� 2.0, acetone 78% ee). 1H NMR (300 MHz,
CDCl3): �� 3.02 (d, J� 3.3, 2H; CH2), 3.60 (t, J� 3.3, 1H; CH), 7.34 (m,
3H; ArH), 7.47 (m, 2H; ArH); 13C NMR (75.5 MHz, CDCl3): �� 40.4
(C2), 49.3 (C1), 83.6, 85.9 (C3, C4), 122.1, 128.5, 129.0, 132.1 (ArC).
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Aqueous Hydrogen Peroxide**
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Few catalysts have been truly efficient in alkene epoxida-
tion with aqueous hydrogen peroxide. Development of such
catalysts is an important goal since with regard to desirability,
this oxidant comes only second to oxygen itself.[1] Currently,
the best catalyst in this field is the synthetic titanium-
containing zeolite, titanium silicalite-1 (TS-1),[2] which is
active for a wide range of oxidation reactions, including
epoxidation.[3] For TS-1, activity seems to originate from a
combination of a robust active Ti(OSi�)n site (n� 3, 4),[4] and
its location in a hydrophobic channel or cavity in the MFI
(ZSM-5) structure.[5] The resulting catalytic ensemble pre-
vents poisoning of the active site by water as well as
unproductive decomposition of the oxidant. A series of
titanium silsesquioxane complexes with structural elements
that are very similar to the active TS-1 site have been reported
to function as homogeneous catalysts.[6] Although some of

these complexes are stable in aqueous media,[7] none could
perform alkene epoxidation with hydrogen peroxide. It is
tempting to ascribe this to the lack of a combination of the
active titanium site with a suitable hydrophobic environment.
The same phenomenon can acount for the lack of catalytic
activity in a study by Sherrington and Alder on TiIV-grafted
polysiloxane networks prepared from silanol-rich supports.
These materials, showed no activity in alkene epoxidation
with 30% aqueous H2O2.[8] This can be ascribed to either the
presence of residual silanol groups that make the materials
more hydrophilic thus rendering unsuitable catalytic ensem-
bles or to the presence of Ti centers with inappropriate
structures.

Herein, epoxidation catalysts are reported that, like TS-1,
epoxidize 1-octene but also substrates that are too large for
TS-1 such as cyclooctene and cyclododecene. In this ap-
proach, ensembles are made from robust titanium silsesqui-
oxane complexes. These are grafted on commercially avail-
able linear methylhydrosiloxane ± dimethylsiloxane copoly-
mers and then cross-linked by reaction with vinyl-terminated
polydimethylsiloxanes. The resulting titanium polysiloxane
materials are hydrophobic, three-dimensionally netted poly-
mers that enclose the titanium sites in cavities that can, in
principle, be varied according to the choice of the starting
materials. Since titanium polysiloxanes are found to epoxidize
alkenes with aqueous hydrogen peroxide, while titanium
silsesquioxane complexes alone do not have this ability, we
demonstrate the need for catalytic ensembles in this area of
science.

Vinyl silsesquioxane trisilanol [(H2C�CH)(c-C6H11)6-
Si7O9(OH)3] (1)[9] can be easily converted to new titanium
silsesquioxane complexes [(H2C�CH)(c-C6H11)6Si7O12TiX]
(2a, X� 
5-C5H5 (Cp), 2b, X�OiPr) by reaction with
[Cl3TiCp] or [Ti(OiPr)4], respectively. These reactions are

similar to those previously described for the related, unfunc-
tionalized silsesquioxane trisilanol [(c-C6H11)7Si7O9-
(OH)3].[6b, 10] For both new complexes, the 13C NMR spectra
(400 MHz, CDCl3) are particularly informative, showing four
peaks for the cyclohexyl methine carbon atoms (ratio 2:1:1:2
for 2a and 1:1:2:2 for 2b) characteristic for C2-symmetric,
monomeric silsesquioxane titanium species. Attempts to
obtain crystals of 2 suitable for X-ray analysis were unsuc-
cessful thus far.

Vinyl-bearing metallosilsesquioxanes readily undergo plat-
inum-catalyzed hydrosilylation,[11] thus for the immobilization

[18] Chiral nonracemic terminal propargylic epoxides have been described
in: a) M. Lopp, T. Kanger, A. M¸raus, T. Pehk, ‹. Lille, Tetrahedron:
Asymmetry 1991, 2, 943; b) T. Kanger, P. Niidas, A.-M. M¸¸risepp, T.
Pehk, M. Lopp, Tetrahedron: Asymmetry 1998, 9, 2499 (one example
derived from tartaric acid derivative is given); c) R. Sa¬nchez-
Obrego¬n, B. Ortiz, F. Walls, F. Yuste, J. L. GarcÌa Ruano, Tetrahedron:
Asymmetry 1999, 10, 947 (3 examples with ee×s up to 88% are given);
synthetically useful enantioselectivities with terminal olefins are yet to
be achieved with chiral (salen)Mn��� systems: E. N. Jacobsen in
Catalytic Asymmetric Synthesis (Ed.: I. Ojima), Wiley-VCH, New
York, 1993, p. 178.

[19] K. Takahashi, T. Minami, Y. Ohara, T. Hiyama, Bull. Chem. Soc. Jpn.
1995, 68, 2649.

[20] Alcohols (R)- and (S)-2a were converted into the corresponding E-
and Z allylic alcohols by using Red-Al or Lindlar catalyst, respec-
tively. The olefinic products were obtained in high yield, without
racemization (ee �99%) and excellent E/Z ratios (Red-Al:
E/Z 100:0; Lindlar catalyst : E/Z 5:95). Thus, another class of hardly
known highly functionalized synthetic intermediates is easily acces-
sible; T. Schubert, M. M¸ller, unpublished results.

[21] The ee values were determined by conversion of epoxide (S)-3a and
rac-3a into the terminal nitrile, by treatment with a threefold excess of
KCN in ethanol/water (4:1) at 50 �C for 4 h. The nitrile obtained was
separated by means of HPLC on a Chiralcel OB column (20 �C,
0.5 mLmin�1, −Iso-hexane×/2-propanol 95:5), Rt� 68.6 min ((R)-3a),
79.3 min ((S)-3a).
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