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1. Introduction 

Fundamental phenomena and laws of nature result from chirality. In this regard, two 

enantiomeric biologically active agents often behave differently in a chiral surrounding. For this 

reason and for “chiral” economy1 a lot of researchers are engaged in asymmetric synthesis2. 

Particularly stereoselective syntheses based on intramolecular asymmetric induction (diastereo- 

selective reactions) play an important role in organic chemistry and are well understood today. 

By contrast, our knowledge concerning intermolecular transfer of asymmetry3 (enantioselective 

reactions) is still at the beginning of understanding. The state of the art is the enantioselective 

homogeneous catalysis involving substoichiometric amounts of optically active auxiliaries. 

Among the various asymmetric reactions enantioselective reductions of prochiral kctoncs to 

opticaIly active alcohols have achieved great interesti. Homochiral alcohol products serve as 

useful starting materials for many syntheses and often they are the desired end product of a 

reaction sequence. Ztsuno et al. developed 1,3,2-oxazaborolidines as a new generation of 

homochiral reduction catalysts5. In the last ten years oxazaborolidine chemistry has become a 

powerful tool for the enantioselective reduction of unsymmetrical ketones. Recently other 

asymmetric syntheses catalyzed by these heterocycles have been reported. 

This review focusses on the historic and present results and applications of 1,3,2-oxaza- 

borolidines in enantioselective synthesis. 

2. General considerations 

Usually the reduction of prochiral ketones with an achiral reductant leads to racemic secondary 

alcohols. Without chiral modification of the reductant neither face of the carbonyl moiety is 

preferred for hydride attack. 

l-7 
0 HN:2;0 / BH,-THF 

achiral reductant :: 

RL 

racemate prochiral ketone (I?)-alcohol (S)-alcohol 

Beside the use of microbial processes6 or heterogeneous metal catalysts7 the enantioselective 

homogeneous catalytic reduction using chirally modified hydride reagents’ is the method of 

choice to introduce chirality. 

The modification of borane with homochiral compounds contaiuing an 1,3,2-oxazaborolidine 

moiety solves the problem of efficient enantioselective reductionss. Neither borane (stoichio- 
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metric reductant) nor the oxazaborolidine (catalyst) reduces ketones rapidly. But in combination 

these reagents form a complex which reduces ketones rapidly and gives the (S)- or (R)-alcohol 

in high chemical and optical yields 5~~. The phenomenon of this so-called “ligand acceleration”10 
has been observed with other asymmetric reactions as well’l. 

It was found that the rate difference between the catalyzed and non-catalyzed reduction leads to 

high enantiomeric excesses (ee) using only a substoichiometric quantity of the chiral 

auxiliary9a12. The reductions usually occur in a predictible manner depending on the absolute 

stereochemistry of the catalyst utilized. 

Because of the great interest in asymmetric reductions of prochiral ketones a large number of 

1,3,2-oxazahorolidines prepared from pamino alcohols (catalyst precursors) were tested as 

asymmetry inducing accelerators in borane reductions. 

3. Oxazaborolidines in the enantioselective reduction of ketones 

3.1. Stoichiometric application 

The beginning of asymmetric reductions with optically active borane complexes was defined by 

Fiaud and Kaganlf in 1969 who used homochiral amine borane complexes derived from 

desoxyephedrine in the asymmetric reduction of acetophenone. They obtained insignificant 

enantioselectivities in the range of 3.6 - 5 % ee. Increasing selectivities up to 20 % ee were 

achieved with amine and a-amino acid ester borane complexes as catalysts14. 

A mile stone was reached in 1981 by Irsuno et al. 5.15 who reported the first effective 

asymmetric borane reduction of aromatic ketones utiiizing stoichiometric amounts of optically 

active 1,3,2-oxazaborolidines @)-lb - (S)-4b prepared in situ from the Pamino alcohols (S)- 

la - (S)-4a and borane-THF. 

BH,-THF 

OH 
- 2 H, 

H 

(S)-la - (S)-4a @)-lb - (S)-4b 

As can he seen from Table 1 the best results were obtained with (S)-valine derivatives. 

Stereoselectivities up to 73 % ee (entry 6) in the presence of (S)-valinol (S)-3a were reached 

with aromatic ketones. In the reduction of aliphatic ketones the results were insignificant (entry 

7). In each case the (R)-enantiomer of the secondary alcohol was formed preferentially. The 

catalyst precursors were easily obtained from LiAlEQ reduction of homochiral @-a-amino 

acids. 
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Table 1: Stoichiometric asymmetric reductions of various ketones to related secondary (I?)- 

alcohols with borane-THF in the presence of oxazaborolidines prepared in situ. 

entry ketone amino alcohol R t R2 R3 ee [%la ref. 

1 EtCOPh (S)-la Ph H H 37 5 

2 EtCOPh (S)-2a C2H5 H H 41 5 

3 MeCOPh (S)-3a CH3 CH3 H 49 5 

4 EtCOPh (S)-3a CH3 CH3 H 60 5 

5 n-PropCOPh (S)-3a CH3 CH3 H 67-70 15 

6 n-BuCOPh (S)-3a CH3 CH3 H 73 15 

7 n-HexCOMe (S)-3a CH3 CH3 H 10 15 

8 MeCOPh (S)-4a CH3 CH3 Ph 94 16a 

9 EtCOPh (S)-4a CH3 CH3 Ph 94 16b 

10 n-BuCOPh (S)-4a CH3 CH3 Ph 100 16E 

~.,” ,n . .._I. . . . ^ ,. ” *. . .,.n _ - , __. 

In 1983 Irsuno er al.16 presented a more bulky derivative of (S)-valinol (S)-(-)-Z-amino-3- 

methyl- 1,l -diphenylbutan- l-01 (S)-4a which was obtained via Grignard reaction from (S)- 

valine methyl ester hydrochloride. The asymmetric borane reduction of prochiral aromatic 

ketones with the oxazaborolidme (S)-4b prepared from (S)-4a and borane in situ gave the 

corresponding aromatic secondary alcohols in 94 - 100 % ee and 100 % chemical yield (entries 

8-10). In every case increased enantioselectivity was reached with increasing length of the 

aliphatic side chain of ketone. With other /&amino alcohols containing phenyl goups in cr- 

position to the OH-function ee values rn the range of 67-95 % were reached. 

ffsuno and co-workers studied intensively the stcric influence of various catalyst substituents 

and reaction conditions on optical yields*5. Without knowing mechanistic details the ratio of p 

amino alcohol to borane was found to be optimum at 1 : 2-3. The reduction was complete in 30 

min at 30 “C. At lower temperatures the optical purities decreased. The effect of solvent was 

also studied. For efficient asymmetric reductions a donor solvent is essential. 

The first structurally more rigid (S)-proline-based pamino alcohol (S)-5 was introduced by 

Itsuno et al. in 1981 as wells. The borane reduction of aromatic ketones catalyzed by the 

oxazaborolidine prepared Ott situ from (S)-5 yielded the corresponding @)-alcohols with 

insignificant enantiomeric excess only (Table 2, entries l-2). 
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& po,+ BH,-THF 
- JB, 

Table 2: Stoichiometric asymmetric reductions of aromatic ketones to related secondary (R)- 

alcohols with borane-THF in the presence of (S)-proline-based &amino alcohols. 

entry ketone amino alcohol R ee [%]a ref. 

1 EtCOPh (S)-5 H 44 5 

2 MeCOPh (S)-5 H 44 5 

3 EtCOPh (S)-6 C-C6H11 64 17 

4 EtCOPh (S)-7 CH2Ph 67 17 

5 EtCOPh (S)-8 CH2-Ph-@ 52-80 17 

a.) The ratio of /.&muro alcohol : BH3 : ketone was 1 : 2 : 0.8. Reaction was carried out at 30” C for 48-72 h. 

Catalysts (S)-6 - (S)-7 with a tertiary amino and a primary alcohol function do not serve as 

efficient catalysts in asymmetric reductions l7 (entries 3-5). For good optical yields generally a 

tertiary hydroxy and a secondary amino function are essential. The &amino alcohols (S)-6 - 

(S)-7 can not form the oxazaborolidine moiety. Polymeric (S)-prolinol derivatives were shown 

to give alcohols of reasonably good optical purity (up to 80 %)17. 

3.2. Catalytic application 

Ztsuna er al. initiated the development of efficient carulytic asymmetric reductions with borane. 

In 1987 they reported the first enantioselective reduction 18 of ketoxime ethers using a catalytic 

amount of the (S)-valinedetivative (S)-4a in the presence of borane as stoichiometric reductant. 

They isolated the resulting oxazaborolidine (S)-4b as a “white powder of unknown com- 

position” and made the first attempts towards characterisation. On the basis of these 

observations Corey er nl. fully identified the catalytic efficient species as the optically active 

oxazaborolidine (S)-4b9. Beside Irsunos catalyst Corey et al. tested the catalytic behaviour of 

the more sterlcally hindered oxazaborolidines based on (S)-(-)-2-diphenylhydroxymethyl- 

pyrrolidine9.12 (S)-9a which was first introduced in borane reductions following Itsunos 

method by Kruatztg in 1986 and (S)-(-)-2-di-pnaphtylhydroxymethyl-pyrrolidine2o (S)-9b 

two derivatives of (S)-proline. 

The non-substituted oxazaborolidines (S)-lOa and (S)-10d20 with R = H were prepared by 

reaction of the respective pamino alcohol with excess borane and removal of solvent and 

borane in vacua In contrast to the non-substituted catalysts which are both air and moisture 
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sensitive, the B-alkylated products are more stable and can be stored at room temperature. 

Reaction of the respective amino alcohol (S)-9a or (S)-9b with methylboronic acid under 

dehydrating conditions (4A molecular sieves or Dean-Srark trap) afforded (S)-10b12a and (S)- 

lOfz0 as colourless solids. The corresponding B-rt-butyl oxazaborolidines (S)-10~21, (S)- 

10g20 and the B-phenyl derivative (S)-10d22a were prepared similarly. 

(S)-1Oa : R’= Ph. R*= H 

..d’ 

% 
R' 

BH3-THF / - 2 H, .+\ H 

_% 

(S)-lob : R’= Ph, R*= Me 

I? R’ 
or R2B(OH), / - 2 H,O N, 

R' 
(S)-IOc : R’= Ph, R*= n-Bu 

OH B-O 
R’ 

W’ (S)-IOd : R’= Ph, R*= Ph 

(S)-Ya : R’= Ph 

(S)-9b : R’= @Nap 

(S)-1Oe : R’= P-Nap, R2= H 

(S)-1Of : R’= P-Nap, R2= Me 

(Q-log : R’= PNap, R*= n-Bu 

The catalysts gave erratic results if water was not completely removed. For this reason 

Blacklock et al.23 modified the synthesis of the oxazaborolidines by using trialkylboroxine 

instead of alkylboronic acid followed by three successive azeotropic distillations with toluene to 

remove residual water. This method afforded the catalyst in higher purity which is important 

because any trace of unreacted educts decreased the enantioselectivity. Blacklock et al. reported 

that in the synthesis of MK-04 17, a carbonic anhydrase inhibitor, approximately 1 mg of water/ 

lg of the substrate ketone decreases the ee from 95 % to 50 %24. Recently Corey et al. 

described a simple synthesis of two more reactive alkylboronic acid equivalents the 

bis(trifluoroethyl)alkylboronates RB(OCH$F3)2 (R = ethyl, rr-butyl) and their use as reagents 

for the in situ formation of oxazaborolidines 25. The effectiveness of this method has been 

pointed out by applying it to asymmetric reductions. The results were comparable to those 

obtained by conventional methods. 

Acetophenone as the model substrate was reduced in the presence of the above mentioned (S)- 

configurated catalysts (S)-10 under different reaction conditions. In each case (R)-1-phenyl 

ethanol was formed preferentially. As can be seen from Table 3 the results obtained with (S)- 

4b and the more sterically hindered (S)-1Oa arc comparable with catalyst concentrations down 

to 2.5 mol %. Further reduction of catalyst amount led to dramatic decrease of enantioselection 

in the case of (S)-4b (59 % ee) whereas with (S)-1Oa a reasonably good result (80 % ee) was 

achieved9 (entries l-8). At low catalyst or high borane concentrations non-catalyzed reduction 

takes place. In regard of this, optimum conditions were found to depend extremely on catalyst 

concentration and amount of reductant. The more stable B-methylated oxazaborolidine (S)-lob 

gave equally good results. The results obtained with catalysts (S)-1Oe and (S)-1Of bearing p 

naphtyl substituents in a-position are comparable. The catalyst (S)-1Od with a phenyl group 

attached to the boron prepared from (S)-9a and the more readily available and cheaper phenyl 

boronic acid are less effective with acetophenone 24. In some other cases they arc equal or 
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superior to the B- alkyl derivatives at a substantially lower cost=. 22. 

The oxazaborolidine (S)-1Oc works good at decreased temperature either with BH3- 

dimethylsulfide (DMS) complex or with catecholborane as reductant. 

1. catalyst, reductant 
2. hydrolysis 

Table 3: Enantioselective reduction of acetophenone to (R)-1-phenyl ethanol in the presence 

of various oxazaborolidines. 

entry catalyst [mol %] reductaut [mol %] reaction conditions ee [%I 
- 

1 

2 

3 

4 

5 

6 

7 

8 

9 

14 

15 

10 

11 

12 

13 

(S)-4b [lOOI BH3-THF [120] 23” C / 1 min. 

(S)-4b [lo] BH3-THF [ 1201 23”C/lmin. 

(S)-4b 12.51 BH3-THF [ 1201 23’C/lmin. 

(S)-4b [OS] BH3-THE [120] 23”C/lmin. 

(S)-lOa [ 1001 BH3-THF [200] 25°C/lmin. 

(S)-1Oa [lo] BH3-THF [NO] 2YC/lmin. 

(S)-1Oa [2.5] BH3-THF [ 1201 25”C/lmin. 

(S)-1Oa [OS] BH3-THF [ 1201 25”Cflmin. 

(S)-lob IlO] BH3-THF [60] 2’C/2min. 

(S)-1oc [lo] BHj-DMS [70] -15” c 

(S)-1oc [ 101 catecholborane [ 1 SO] -78’=C/15h 

(S)-1Od [lo] BH3-DMS [70] -15” c 

(S)-1Oe [lo] BHj-THF [60] 23OC/5min. 

(S)-1Of [ 101 BH3-THF [60] 23°C/5min. 

(S)-1Of [5] BH3-THF [60] 23”C/Smin. 

94.7 

94.7 

99.9 

59 

97 

97 

95 

80 

96.5 

92 

94 

72 

97.8 

97.8 

96.1 

ref. 
__- 

9 

9 

9 

9 

9 

9 

9 

9 

12 

24 

21 

24 

20 

20 

20 

Irsunos original reduction procedure involving borane-THF complex as reductant was modified 

in some cases by Corey et al. because borane reacts with other functional groups which are 

sensitive to borane e. g. double bonds, amides etc.. Hydroborations or reductions lead to un- 

wanted side reaction products. Further the original procedure loses stereoselectivity at lower 

temperatures. In contrast, the catecholborane procedure functions well at low temperatures 

which allows high enantioselective reductions of important types of substrates e.g. or,penones. 

Because of the great interest in asymmetric reductions using (S)-2diphenylhydroxymethyl- 

pyrrolidine (S)-9a as the catalyst precursor, several EPC- ~nantiomerically cure sompound) 

syntheses26 for this Pamino alcohol are known. 
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Usually (S)-9a is prepared by an ex chiral pool syntheses starting from cheap (S)-proline (S)- 

11 or its expensive cnantiomer. 

The Grignard reaction of (S)-proline ester hydrochlorides 27, the free esterst9,2*, N-benzyl- 

oxycarbonyl-(S)-proline esters9,12b,l9 or the corresponding N-benzyl derivatives29 with 

phenylmagnesium halides led to (S)-9a. The published chemical yields were in the range of O- 

50 %, optical purities were between 80 and 100 %. Similarely other a-amino acid-based 

catalyst precursors were prepared. In our laboratories an alternative reaction led to optically 

pure (S)-9a with >95 % ee30. 

A more efficient new synthesis is based on [S)-proline-N-carboxanhydride (S)-12 as the key 

intermediate which is allowed to react with phenylmagnesium chloride to give (S)-9a in 73 % 

yield with 99.4 % e$. Reaction of (S)-proline-N-carboxanhydride with a range of other aryl 

Grignardreagents was also reported. 

1. COCI,, THF 1. PhMgCl 
2. Et,N 2. H+ 

H OH 95% overall -co2 H OH 

(S)- 11 (S)-1 2 (S)-9a 

Because of the high cost of (R)-proline (it is 50 times costlier than the (S)-enantiomer) Corey er 

ul.lza prepared racemic (RS)-9a in 51 % yield by addition of PhMgCl to cheap (RS)-methyl 

pyroglutamate followed by reduction with borane. The optical resolution was carried out by 

recrystallisation of the O-acetylmandelate salt to give (R)-9a or (S)-9a (30% yield from (RS)- 

9a). An earlier report dealt with the preparation of racemic (RS)-9a in 60 % yield by addition 

of lithiated N-nitrosopyrrolidine to benzophenone31. 

The elegant asymmetric version of this procedure was recently reported by Beak and KerrickJ2. 

Q - 
hoc 
13 (R)-9a 

sec. BuLi / 
(-)-sparteine 

Et@, -78OC (-)-sparteine : 

0 
1. C&5)$0 

N *LI 
2. CH,COOH 

w 70% yield, 99.3% ee 
1-BUO 

14 (R)-15 

The enantioselective deprotonation of Boc-pyrrolidine 13 with sec. butyllithium in the presence 
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of (-)-sparteine as chiral inducer yielded the organolithium reagent 14, which underwent 

reaction with benzophenone to give (R)-15 in 75% yield and 90% ee (70% yield, 99.3% ee 

after one recrystallisation). Cleavage of the Boc group with sodium hydroxide gave (R)-9a in 

90 % yield. 

3.3. New catalysts in comparison 

In the last five. years a flood of papers have appeared dealing with the synthesis and application 

of new Pamino alcohols from non proteinogenic a-amino acids or camphor. Several chiral 

1,3,2-oxazaborolidines (prepared in situ or isolated before application) have recently gained 

prominence as catalysts for a variety of moderate to highly efficient enantioselective reductions. 

Acetophenone as the model substrate was tested in almost every case. As can be seen from 

Table 4, the best enantioselectivities were obtained with (S)-2-diphenylhydroxymethyl 

azetidine33.34 (S)-17, the tricyclic oxazaborolidine 35 (lS,5R,8S)-20 and the (S)-indoline-2- 

carboxylic acid derivative36 (S)-22 as catalysts. The results are comparable to those achieved 

with oxazaborolidines obtained from (S)-9a and (S)-9b. The six-membered ring analogues’ 

(Q-18 is less efficient. The ee values of the derived alcohols are in all cases lower in the range 

of 5 - 10 % in comparison to the results obtained with (S)-9a and (Q-17. One can assume that 

this could be due to steric influence being less efficient with six-membered catalysts compared 

to five- and four-membered analogues. 

We envisioned that a bicyclic proline analogue would encompass the structural requirements 

necessary for efficient catalytic asymmetric reductions of prochiral ketone@. The synthesis of 

the catalyst precursor of (1/?,3R,5R)-19 was accomplished starting from the bicyclic unnatural 

proline analogue (lR,3R,5R)-2-azabicyclo[3.3.0]octan-3-carboxylic acid39 (lR,3R,5R)-16. 

(lR,3R,5R)-16 (lS,3S,5S)-16 

The (S)-enantiomer is the precursor of the highly potent angiotensin converting enzyme (ACE) 

inhibitor Ramipril40. Surprisingly we obtained only moderate enantioselectivities with 

(lR,3R,5R)-19 which could be due to steric influences of the second ring in the “cis”- 

conformation of this catalyst. Asymmetric reductions with the epimeric (lR,3S,5R)-19 with 

the opposite configuration in 3-position are under investigation. 
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1. catalyst, reductant 
2. hydrolysis 

Table 4 : Enantioselective catalytic reduction of aromatic ketones to related secondary 

alcohols in the presence of various catalysts. 

catalyst [mol %I reductant [mol %] ketone ee [%I ref. 

+ 
..\H Ph 

N Ph 
[lo mol %] BH3-THF [90 mol %] PhCOMe 98 (R) 33 

‘B-0 PhCOEt >99 (R) 
H 

(S)-17 (in situ) 

+ 
AH Ph 

N Ph 
‘B-0 
H 

(Q-17 

[ 10 mol %] BH3-THF [60 mol %] PhCOMe 95 ($)a 34 

Ph Ph 

cr( 
0 

N-B’ 

H 

(S)-18 

[ 10 mol %] BH3-THF [60 mol %,I PhCOMe 87 (R) 37 

& 
H Ph 

[l mol %J BH3-THF [ 100 mol %] PhCOMe 61 (S) 38 

H N’&, 
Ph PhCOEt 59 (S) 

H 

(lR,3R,5R)-19 (in siru) 

w N 
[lo mol %] BH3-TE1F [60 mol %] PhCOMe 97.5 (R) 35 

e-6 “Ph 

MCI 

(ls,5R,Ss)-20 

q0 
[lo mol %] BH3-THF [IO0 mol %] PhCOMe 8 (R) 36 

H 

(Q-21 (in situ) 

0q 
[IO0 mol%] BH3-DMS [200 mol %] PhCOMe 97 (R) 41 

[lo mol %] BH3-DMS [ZOO mol %] PhCOMe 59 (R) 
H 

(S)-2 1 
- 
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catalyst [mol %] reductant [mol %] ketone ee [%] ref. 

m& :;)moz ;“,‘~~~~l~rno~; PhCOMe 91 (R) 36 
B-0 3 0 PhCOMe 93 (R) 
H 

(q-22 (in situ) 
[ 10 mol %] BH3-THF [lo0 mol %] PhCOEt 88 (R) 

PhCOMe ap Wmol %I BW-TJJF Momol %I PhCOEt 1; ;; 42 

H 

(S)-23 (in situ) 

e 

[lo mol %] BH3-THF [lo0 mol %] PhCOMe 51 (R) 42 
P PhCOEt 35 (R) 

(S)-24 (in siru) 

z‘(c, 
,\H [lo mol %] BH3-THF [ 100 mol %] PhCOMe 80 (R) 36 

NB_0 
PhCOEt 85 (R) 

H 

(Q-25 (in sifu) 

% 
AH Ph 

[lo mol %] BH3-THF [lo0 mol %] PhCOMe 89 (R) 36 

N-e-O 
Ph PhCOEt 69 (R) 

H 

(Q-26 (in situ) 

A 

[5 mol %I 

0\+ ‘BH tie 

(lR,2&3R,4S)-27 (in siru) 

& 
oY?!Q 

[S mol %] 

tie 

(lR,2R,3S,4S)-28 (in situ) 

BH3-THF [70 mol %] 

BH3-THF [70 mol %] 

PhCOMe 73 (S) 43 

PhCOEt 77 (8 

PhCOMe 73 (R) 43 

PhCOEt 79 (R) 

a.) Because (I+17 was applied the stereochemistry is reversed. 

The synthesis of the tricyclic catalyst (lS,5R,8S)-20 was accomplished starting from 

commercially available (RS)-(2-cyclopentyl)-acetic acid 35. The reduction of the benzylamide led 

to the secondary amine (RS)-29 which upon treatment with N-bromosuccinimide (NBS) and 
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afterwards with a catalytic amount of CuBr cyclized stereoselectively and yielded the bicyclic 

diastereomeric amines 30 and 31 (1 : 30) and their enantiomers. Treatment with LiOH yielded 

the pamino alcohol rat-32 and unreacted rat-30 which was separated from the product. 

Swcrn oxidation of alcohol rat-32 afforded ketone rat-33 which after reaction with 

phenyllithium and debenzylation provided racemic amino alcohol rat-19a. 

m_zq k ~s~u%o_ & + ($-J LiOH/DME+ 

Ph--/ H Br PhJ H ‘Br 

rat-2 9 rat-30 rat-3 1 

1. PhLi 

rat-32 rat-33 rat-19a 

The optical resolution yielded (+)-(lS,SR,8S)-8-phenyl-2-azabicyclo~3.3.O]octan-8-o1 

(IS,SR$S)-19a and its enantiomer in 99 % optical purity. Reaction of this &amino alcohol 

with methyl boronic acid afforded the corresponding oxazaborolidine (lS,5K,&S)-19. This 

catalyst was shown to be highly effective in the borane reduction of various pmchiral ketones to 

optically active alcohols. With acetophenone 97.5 % ee was achieved. 

The non-a-substituted (S)-indoline-2-carboxylic acid derivative 40*41 (S)-21 gave high enantio- 

selectivities when a stoichiometric amount of the oxazaborolidine was applied to the reduction 

of acetophenone with borane-DMS. Reduced catalyst concentration resulted in only moderate 

enantioselectivities. In our hands this catalyst led to just 8 % ee when borane-TEE was used as 

reductant. With (S&2-diphenylhydroxymethyl-indoline (Q-22 much better results even with 

catalytic oxazaborolidine amounts were obtained40. 

The p-amino alcohol precursors 42 of (S)-23 and (S)-24 were prepared from (S)-porretine44 

another bicyclic cc-amino acid which was easily obtained via a Pitter-Spengler reaction from 

(S)-phenylalanine and formaldehyde under acidic conditions44b. The in situ formed chiral 

oxazaborolidine catalyst from (S)-23 gave better enantioselectivities than (.S&24. Both catalysts 

led to moderate stereoselectivities only compared with those obtained with the five-membered 

ring analogues (S)-21 and (S)-22. 

The two catalysts (S)-25 and (S)-26 from tert-(.S)-leucine are not as efficient as the 

corresponding (S)-valine derivative@. 

Sometimes it is difficult to synthesize both enantiomers of a catalyst, because both antipodes of 

a catalyst precursor are not always readily available or one is too expensive. In this case it is 

interesting to build up diastereomeric homochiral ligands based on only one optically active 
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educt. Tanaka et af.43 prepared exe- and e~~o-2-hy~oxy-3-(l-methyl-Z-2py~olyl)methyl- 

aminobornanes (lR,2S,3R,4S)-27 and (lR,2R,3S,4S)-28 from D-camphor. With these 

diastereomeric secondary p-amino alcohols both enantiomers of the desired optically active 

alcohols can be obtained. The reduction of propiophenone in the presence of 5 mol % exo- 

compound (lR,2S,3R,4S)-27 afforded (S)-1-phenyl propanol in 77% enantiomeric excess. In 

the presence of the diastereomeric endo-ligand (112,2R,3S,4S)-28 the stereoselectivity was 

reversed and the (R)-alcohol was obtained in 79 % ee. 

3.4. Mechanistic considerations 

A reasonable reaction mechanism for the catalysis has been suggested. Itsuno et al. postulated 

that at first the oxa~~rolidine reacts with a molecule BH3-TIFF to form the reducing species 

34 in situ9115. With (S)-lOa this was verified on the basis of NMR studiesg. Recently the three 

dimensional structure of the borane adduct from (S)-lob has been determined by X-ray 

crystallography+@a. The results of these studies provide additional evidence for transition state 

assembly 34. 

In the Lewis acid-base adduct 34 the boron of the oxazaborolidine moiety coordinates with the 

respective prochiral ketone cis to the BII3 molecule. In 35 an intramolecular hydride transfer 
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from the BH3 moiety on the re face of the carbonyl substrate takes place via a six-membered 

transition state yielding the (R)-alcoho145. 

35 

Summarized, the oxazaborolidine brings together the reductant and the carbonyl substrate. For 

this enzyme-like bchaviour the oxazaborolidines have been named “molecular robots” or 

“chemzymes”45b. 

Some details of the catalysis mechanism including the role of a Lewis basic solvent have been 

evaluated recently also by using computional methods 46. On the basis of ate initiu molecular 

orbital methods Nevalainen calculated energies of formation and structural parameters of some 

simpler analogous model systems and reactive intermediates of the oxazaborolidine catalysts. 

His results have provided further support for the proposed mechanism. In his calculations 

complexes in which the boraue and carbonyl moiety were cis about the B-N bond of the 

oxazaborolidine ring were found to be favoured 46a. In cis-complexes the hydride of the BII3 

moiety is closer to the carbonyl group than in the corresponding frans-complexes. Effects of 

ketone substituents RL and Rs also have been studied 46h. Nevalainen suggested and calculated 

the proposed reactive intermediates that occur after the hydride transfer happens. His studies 

reveal that an 1,3-oxazadi boretane system 37 could be involved in the regeneration of the 

oxazabornlidine~. 

The proposed oxazaboretane system 37 formed after the intramolecular hydride transfer could 

react further by eliminating the alkoxyborane moiety yielding (S)-lob or it could rearrange to 

the alkoxyborane adduct 38. This could then function as a reducing species in the same way as 

34 does. The alkoxyborane could after elimination coordinate back to the oxazaborolidine (S)- 

lob and serve as hydrogen donor as well. In most cases complete ketone reduction is achieved 
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when only 60 mol % of borane is applied l2. The relative energetic advantages of the formation 

of borane adduct 34 and alkoxyborane adduct 38 of oxzaborolidines have been lately studied 

also by means of a6 initio molecular orbital calculations *. A comparison of the structural and 

electronic properties of these complexes reveal of that the alkoxyborane adduct 38 could in 

some cases be a reducing species with a comparable or even better effect than the corresponding 

borane adduct 34. 

All the time the oxazaborolidine system has been dealt with as a monomer although the catalyst 

has been suggested to exist in a dimeric form on the basis of NMR studiesg. 

2 

‘CH3 

(Q-lob 39 

Nevakzinen calculated that in the case of the (S)-2-diphenylhydroxymethyl-pyrrolidine 

derivative (S)-1Oa the anti N,N-adduct was favoured 46f. In the presence of a Lewis basic 

solvent like THF monomers occur as indeed has been observed to be the case9. This context 

explains the influence of solvents on ee values. 

3.5. Special Applications 

Several syntheses have been carried out taking advantage of the recent advances in the 

enantioseiective reduction of prochiral ketones to secondary alcohols by means of catalytic 

amounts of oxazaborolidines. The oxazaborolidines have been used as powerful tools in key 

steps to synthesize various interesting compounds e. g. natural products, drugs or plant- 

protective agents, In almost every case efficient enantioselective reduction with predictible 

absolute stereochemistry of the product was achieved. 

Reduction and conversion of non-funcrionulized carbonyl compounds 

Optically active primary alcohols deuterated on the secondary carbon have been used for studies 

concerning the mechanism of chemical reactions and biochemical transformationd7. 

(R)-log [30 mol %] 
*H-catecholborane [150 mol %] D ,OH 

benzaldehyde 95 % ee 

Toluol, -126”C, -k 
R H 

cyclohexane carbaldehyde 92 % ee 

40 41 
n-octanal90 % ee 
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The reduction of aldehydes 40 with ZH-catecholborane in a non-coordinating solvent at low 

temperatures in the presence of 30 mol % (I?)-log led to the corresponding deuterated products 

41 in high chemical and optical yield@. 

lbe chiral sulfur compound (S)-44 (K = H) was obtained via conversion of the optically active 

secondary alcohol (R)-43 (R = H) with thio acetic acid under Mitsunobu reaction conditions 

with clean inversion of configuration 48. Reductive work up of the (S)-thioacetate (S)-44 led to 

the benzylic thiol (S)-46 (R = H), oxidation to (S)-a-phenylethane sulfonic acid (S)-45 (R = 

H). 

R oxidation _ R 

0 
R 

(S)-lob IlO mol %] 
CH, BH,-THF [SO mol %] 

>95 % ee 

42 CR)-43 (S)-46 

reduction 

(Q-47 (S)-48 

Prusad et al. transformed the reduction products of various a-arylketones 42 (R = Br, OMe, 

OH) into enantiopure a-arylethylamines (D-48 which play an important role in drug design**b. 

Displacement of the hydroxy function by an azide group under Mitsunnbu reaction conditions 

led to the corresponding azides (S)-47 with clean inversion of configuration. Conversion of the 

azides to the respective amines was achieved via reductive pathways. The a-arylethylamines 

(S)-48 (R = Br, OMe, OH) were obtained in 70-93 % overall yield with > 95 % ee. 

Reduction and conversion of a-functionalized carbonyt compounds 

Extremely useful chiral allylic alcohols (X)-50 and (R)-52 for many asymmetric syntheses can 

be obtained by reduction of a&unsaturated ketones. The catecholborane modification of 

ILSU~OS original reduction procedure is the method of choice for the synthesis of such alcohols. 

Catecholborane does not lead to side reaction products as borane does. Optically active allylic 

alcohols (R&SO or (RI-52 were produced in > 9.5 % yield with high ee values20,*1. 
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Table 5 : Enantioselective borane reduction of various cc-functional&d carbonyl compounds. 

educt catalyst reductant product ee [%] ref. 

[mol %] [mol %] 

0 

0 

R (S)-1Oc catecholborane OH 

0 

R R= Me 93 (R) 21 

[ 10 mol%] [ 150-200 mol%] i 
49 (R)-50 

,&& (S)-1Oc catecholborane R,&!&$ RI= Ph, Rz= Me 92 (R) 21 

51 
[lo mol%] [1.50-200 mol%] (R)_52 RI= I, R2= n-C5HlI 86 (R) 21 

A /1 

JQ2 

(S)-1Od BH3-THF RI= Bz, R2= Me 96 (R) 22a 

[ 15 mol%] [60 mol%] #2 R’= Ph, R== Me 90 (R) 22a 
0 93 (R) 22a 

53 (R)-:: 
R1= C3H7. R2= Me 

$kGI (S)-1Oa BH3-THF 

55 [ 1 mol%] [ 60 mol%] 

H OH 
PhK” 

(S)-56 

97 (S) 12t 

0 
AXIS 

(S)-1oc catecholborane HOkH 
R CCI, 

R= n-C5Ht t 95 (R) 49 

57 [lo mol%] [150 mol%] (R)-58 R= GiHdCH2)2 95 (R) 49 

R= c-C6H11 92 (R) 49 

R= r-C4H9 98 (R) 49 

R= 2-naphtylmethyl’ 93 (R) 50 

0 
&CF, 

(S)-1oc catecholborane HO H 
R*C F3 

R= 9-anthryl 94 (R) 21 

59 [IO mol%] [150-200 mol%] (R)_60 R= phenyl 90 (R) 21 

R= mesityl 100(R) 51 

One carbonyl group of 1,2-diketones can be reduced regioselectively in high chemical yields 

with moderate to excellent ee *2a when the 2-acyl- 1,3-dithianes 53 were applied to the reduction 

step. Ee values in the range of 90 - 96 % were reached. The alcohols (R)-54 produced could be 

hydrolyzed to the a-hydroxyketones or the dithiane group can be removed reductively. 

DeNinno et al. found that the dithiane group enhanced the enantioselectivity since the reduction 

of the des-dithiane derivatives of 53 (Rl=Bz, R2=Me) afforded the corresponding alcohol in 

43 % ee only. 
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a-Halogenated ketones were applied sucessfully to asymmetric reductions. The reactive 

halogen of the resulting alcohols makes them useful as intermediates for further reactions. Via 

Cyclisation of the reduction product (Q-56 from a-chloroacetophenone 55 (S)-(-)- 

phenyloxirane was obtained. 

Some trichloromethyl ketones 57 were reduced enantioselectively with catecholborane (150 

mol 70) in the presence of 10 mol % (S)-1Oc at different optimum temperatures. Further 

reaction steps led to (S)-a-hydroxy acids 49 (S)-62 or (S)-a-amino acid@ (Q-64 (for details 

see Table 5). 

NaOH, 1. esterification 
p-methoxy phenol , ) ;~j~o~-Ph 2. WLd&WN0& ~ ;xTooH 

Ho+.*H --I (S)-62 

R-ccl, 
(R)-58 1 NaOH, Nab _ pJ3 H2, Pd _ ~JNH,+_ 

COOH coo 
(S)-63 (S&64 

Optically active cr-hydroxy acids (S)-62 were produced on treatment of the trichloromethyl 

carbinols (R)-58 with p-methoxy phenol in basic aqueous dimethoxyethane via the 

corresponding esters with clean inversion of configuration 49. Recrystallisation of these esters 

increased the opttcal purities up to 100 % ee. Treatment of the (R)-(trichloromethyl)carbinols 

(I?)-58 with NaOH and sodium azide led to the (S)-a-azido acids (S)-63 with inversion of 

configuratton which upon reduction yielded the desired (S)-a-amino acids (Q-64. Some 

widely different a-amino acids were synthezised in high chemical and optical yields50. 

Further, some trifluoromethylketones 59 were reduced sucessfully to the corresponding 

alcohols (R)-60 in excellent enantioselectivitics51. 

Synthesis of biologically active compounds 

The oxazaborolidine-catalyzed reduction of ketones has been used as a key step in syntheses of 

a wide variety of chiral targets on the pathway to natural products. 

Racemic trans-2,5-diatylfurans have been found to be potent antagonists of platelet activating 

factor (PAF)5*. 

H&O 
OCH, 

(2R,5R)-65 (2R,5R)-66 

Corey et al.12a reported the first enantioselective route to the chiral trans-2,5diarylfurans 
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(2R,5R)-65 and (2R,5R)-66. The key step was the reduction of ’ p ketoes ter 

borane in the presence of 2 mol % (Q-lob yielding (R)-6s with 95 % ee. 

67 with 60 

0 

-(d” I CO&H3 (S)-lob [2 mol%] 

H&O BH,-THF 160 n-lo1 %] 

OCH, THF, 0°C 
98 % yield, 95 % ee 

OCH3 

67 (R)-6 8 

The chiral ketoester lactone 69, a standard intermediate in prostaglandin synthesis underwent 

selective reductionlza of the keto group upon treatment with 60 mol % BH3-THF in the 

presence of 10 mol % (S)-1Ob as catalyst to give the (15R)-alcohol (lSR)-70 and the (15S)- 

diastereomer in a ratio of 9 1:9. 

0 

4&t %t (S)-10b [l 0 mol%] 
BH?=I’HF [60 mol%] 

(I%)-70 

Aplysiatoxins and oscillatoxins are a class of natural products which are produced by some 

species of tropical marine bluegreen algae. These natural products are known to have a tumor 

promoting activity. In regard of this, the synthesis of these compounds is of great synthetic 

interest. The synthesis of the C9-C21 subunit involving a borane reduction step catalyzed by 

(R)-1Ob was demonstrated by Waikup et ~1.53. 

The total synthesis of (-)-bilobalide 73, a Cl5 ginkgolide is also based on an enantioselective 

reduction step 54. The desired epimer 72 was obtained with 10 : 1 selectivity from 71. 

71 

ROC t-6~1 (I?)-10b [cat.] ROC 

M 

t-Bu 
BH,-THF 

THF, 23”C, 45 % yield 
- 1 

w 
----_) 

ROC O RCX bH 

(Xc = (+)-menthoxy) 72 
0 

73 

An optically active alcohol is the key intermediate on the enantioselective pathway to ginkgolide 
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B, a potent antagonist of platelet activating factor. It was also achieved via enancioselective 

borane reductionss. Ginkgolide B mikes accessible ginkgolide A which posseses insect 

antifeedant activitysb. 

Two important key intermediates in the total synthesis of the diterpenoid forskolin 76, an 

activator of ATP-AMP-cyclase, were synthesized involving an asymmetric reduction step57. 

Treatment of the dienone 74 with borane-THF in the presence of 25 mol % (Q-oxazaboro- 

iidine (I?)-lOb afforded enantioselectively the corresponding (S)-alcohol (S)-75 in 94 % yield 

and 93 70 ee. 

(f?)-lob [25 mol%] 
BH,-THF 165 mol%] 

THF, 35°C 
94 % yield, 93 % ee 

Recently an effective route for the total synthesis of antheridic acid involving an asymmetric 

borane reduction step with (S)-1Oc as catalyst to generate the initial stereogenic center was 

developed58. 

Isoproterenol (f?)-79, a padrenoreceptor agonist was synthesized enantioselectively with 97 % 

ee from 77 via borane reduction utilizing @)-log as catalysts9. 

,O 
R,Si, 

0 

0 (R)-109 [lo mol%] 
BII,-THF [60 mol%] ,O HO 

* R,Si, 

96 % yield, 97 % ee 
0 HO 

77 (R = i-Prop) (R)-78 (I?)-79 

One of the most widespread antidepressants, the serotonin-uptake inhibitor fluoxetine (R)-82 is 

sold in its racemic form. Corey et al. demonstrated an enantioselective pathway to this 

important druga. 

Cl 
@)-lob [IO mol%] 
BH3-THF [60 mol%] 
THF. 0°C 
99 % yieId, 94 % ee 

(R)-81 (R)-82 

Arylethanolamines are key intermediates of /&adrenoreceptor drugs. The enantioselective 

reduction of the choromethyl ketone 83 to the corresponding alcohol (R)-84 was achieved in 
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96 % yield witb 97 % ee~t.Enan~ome~cally pure (R)-den~pamine CR)-85 (R = 3,4-methoxy 

phenyl) was obtained via few reaction steps. 

0 (RI-1Og [car.) OH 
BHs-THF [60 mol%] 

I THF, 23°C 
96 % yield, 97 % ee 

83 (TBS: r~Bu(Me}2Si) (Rf-84 (R)-85 

Enantiome~cally pure MK-0417, a water soluble carbonic anhydrase inhibitor which has been 

used tberape~t~~a~~y for treating glaucoma patients has been prepared in nine steps from 

thiophene. 

0 (S-l@b 12 moi%l OH !-I~+-Prop 

few steps 
THF. O=‘C, 98 % yield SOaNti, 

02 02 
86 (R)-87 (R)-88 

The key step is the asymmetric reduction of sulfone 86 with borane and (S)-lOb as catalyst24. 

{S)-lOa f145 no1 %I 
BET,-THF &?90 1~01% 1 _ 
THF, 2W’C 
87 % yield, 83 96 ee 

{S)-90 

The plant growth regulator triapenchenol (S)-90 was obtained via reduction af the (E)-carbonyi 

substrate 89 with in situ prepared (S)-1Oa and borane-THF with 83 % eet9. 

4. ~xaza~r~l~dines in various asymmetric reactions 

4.1. Asymmetric reduction of ketoxime ethers 

Much attention has been focusscd on as~rne~c syntheses of optically active amines. They 

play an important role as starting materials for many biologically active compoundsa. 

Although the enantioselective C=Gv reduction which is complementary to the asymmetric C=O 

reduction should lead to optically active primary amines this concept has been relatively 
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neglected. In 1985 Itsuno and co-workers developed the first effective enantioselective 

reduction of ketoxime ethers so far reported Iha. The in situ prepared oxazaborolidine (S)-4b 

from (S)-valine was sucessfully applied to borane reductions of various ketoxime ethers in 

stoichiometric and even catalytic amounts. As can be seen from Table 6 the asymmetric 

reduction of acetophenone oxime O-methyl ether was most efficient. Even with 25 mol % 

catalyst the reduction occured sucessfully with 90 % ee. With lower catalyst concentration the 

enantioselectivity decreased to 52 % ee only 18. In any case the (S)-enantiomer of l-phenyl 

ethylamine was formed preferentially. Other reducing agents were investigated but only poor to 

moderate ee values were reached. 

NOR 
(S)-4 b + BHs-THF 

3 3 

Table 6: Asymmetric reductions of acetophenone oxime O-alkyl ethers to (S)-phenyl 

ethylamine with borane-THF in the presence of in situ prepared (S)-4b. 

entry R BH3-THF [mol %] catalyst [mol %] ee [o/o] ref. 

1 Me 125 125 99 16a 

2 PhCH2 125 125 91 16a 

3 Et 125 12.5 81 16a 

4 CHzPh 400 100 95 18 

5 CHzPh 100 25 90 18 

6 CHzPh 100 10 52 18 

Because of coordination of the boron with the ketoxime ether nitrogen complete reduction 

usually required 24 h under the same conditions as appplied to ketones. Itsuno et al. overcame 

this problem by addition of AIC13 as Lewis acid to the oxime ether before the reaction. 

Complete reduction then occured within three hours’&. 

4.2. Asymmetric reduction of imines 

Cho and Chun reported the first asymmetric reduction of N-substituted ketimine derivatives in 

the presence of stoichiometric amounts of chiral oxazaborolidines (S)-4b and (S)-1Oa and 

borane-THF63. In the reduction of N-phenyl aromatic ketimines the best enantioselectivity with 

up to 88 % ee was achieved when (S)-1Oa was utilized as catalyst. In each case the (R)- 

configured amine was formed preferentially (Table 7). 
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Table 7: 

(S)-1Oa [llO mol %] 
BHs-THF [l 10 mol %] 

Asymmetric reduction of ketimines to related (H)-configurated amines with borane- 

THF [ 110 mol %] in the presence of oxazaborolidine (S)-1Oa [l 10 mol %]. 

entry R’ R2 

1 Et Ph 

2 Et Ph 

3 nC3H7 Ph 

4 Me n-C7H13 

ee [%I 

78 

87 

88 

52 

With increasing steric bulk of R* the optical yields increased. Aromatic N-alkyl ketimines 

provided moderate results only (entry 4) and N-substituted alkyl ketimines were even less 

effective (Z-butanone N-phenylimine gave 9 % ee only). 

Metalochlor 93 one of the most widely used herbicides posesses a stereogenic center and the 

atropisomerism of the phenyl-N axis. Because of this, four stereoisomers are theoretically 

possible. The two diastereomers with the (S)-configurated carbon (aS.S)-93 and (aR,S)-93 

exhibit higher herbicidal activity than the (R)-compounds. 

C’-‘3 

* 

(S)-4b [llO mol %] 
- CH,OCH, 

C”3 

-<CH 

BHs-THF [ 110 mol %] 

3 THF, 30 “C, 2d, 62 90 -G- 

$cLs 

ee H 
C2H5 C,“, 

91 (Q-92 

CICOCHZCl / Na,CO, 

(aS,S)-93 (a&S)-93 

Cho and Chun developed an asymmetric synthesis to metalochlor 93 which is based on the 

enantioselective reduction of imine 91 to the optically active amine (S)-9264. The atropisomers 

(a RS,S)-93 were obtained in 62 % ee when (S)-4b was used as catalyst. With (S)-1Oa only 

52 % ee was obtained. 
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4.3. Atrop enantioselective ring opening 

Bringmann et al. reported the first atrop enantioselective ring opening of axial prochiral lacton 

bridged biaryl compounds giving bridged biaryls 65. The prostereogenic lactones 94 and 95 

were opened via reduction of the lactone with borane-THF in the presence of the three-fold 

amount of (S)-valine-derived oxazaborolidines (S)-4b, the B-methyl and B-n-b@ derivatives 

and the (S)-proline-based catalyst (S)-lOa, (S)-LOb and (S)-1Oc as asymmetry inducers in 

high chemical and optical yields. The B-substituted oxazaborolidines gave the highest 

asymmetric inductions. 

oxazaborolidine [ 300 mol%] 
BH,-THF [400 mol%] 

94 (R = OCII3) 

95 (R = CH3) 

96a 

97a 

96b (R = OCH3) 

97b (R = CH3) 

In each case the alcohols 96a and 97a were obtained preferentially in high enantioselectivities. 

The best result was achieved with lactone 95. It was opened reductively with 98.5 : 1.5 

selectivity in the presence of the bicyclic oxazaborolidine (S)-IOc (one crystallisation step 

increased the ratio of 97a : 97b up to 99.9 : 0.1). 

4.4. Catalytic asymmetric addition of diethylzinc to aldehydes 

The first example of an oxazaborolidine-catalyzed enantioselective addition of diethylzinc to 

aldehydes was reported by Brown et al.&. Diethylzinc reacts with aldehydes very sluggisly at 

room temperature in non-coordinating solvents 67. Oguni and Omi found that optical active 

amino alcohols accelerate the reaction and induce asymmetry68. From mechanistic 

considerations Brown et al. chose the oxazaborolidines from ephedrine and pseudoephedrine as 

catalysts. The highest enantiomeric excess was obtained with the B-non-substituted boron 

compound (4S,X)-98 from ephedrine. 

H3C%-uph _. 
H,C’N.~-o 

(4.&-98 
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With B-substituted oxazaborolidines decreased ee were obtained. The application of 5 mol % 

oxazaborolidine (4S,5R)-98 in the reaction of diethylzinc with benzaldehyde 99 led to (R)-l- 

phenyl propanol (R)-100 in 95% ee. 

(4S,5R)-98 [5 mol o/o] 

99 (R)-100 

Other aromatic aldehydes gave comparable results, with an aliphatic aldehyde the enantlomeric 

excess was moderate (heptanal gave 52 % ee). With the diastereomeric oxazaborolidine 

(4S,5S)-98 only insignificant enantioselectivities (2 % ee) were achieved. 

4.5. Rhodium-catalyzed asymmetric hydroboration 

In 1990 Brown and Lloyd-Jones reported that the same homochiral oxazaborolidines 98 

derived from ephedrine and pseudoephedrine undergo rhodium complex-catalyzed asymmetric 

hydroboration reactions with styrenes 69. In these transformations the oxazaborolidines 

functioned as homochiral borane equivalents in overstoichimetric concentrations. 

OH 
1. R,BH, catalyst 

.,,r 2. Hz02 
R,BH : 

‘-GdP” 

H,CN@ 

82 % yield, 76 % ee * Me0 H 

101 (S)-102 (4R,5R)-98 

In the hydroboration reaction of 4-methoxystyrene 101 both the regiochemistry and the 

enantioselectivity depended strongly on the structure of the rhodium catalyst and the respective 

oxazaborolidine. 

P”, 

catalyst : SOsCFs- SOsCFs- 

103 104 

The most promising results were obtained with the ferrocenebiphosphine rhodium complex 

103 in connection with the oxazaborolidine (4R,5R)-98 derived from (4R,SR)-pseudo- 
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ephedrine. The analogous (I?)- and (S)-BENAP catalyszs 104 afforded the products in high 

enantioselectivitjes depending on the stereochemistry of oxazaborolidine as well but 

regioselectivities were low. 

4.6. Catalytic asymmetric Diels-Alder reaction 

Optically active boron compounds are known as efficient catalysts for asymmetric Dieis-Aider 

reactions70. In recent times oxazaborolidines have been utilized as chiral Lewis acids in 

asymmetric cycloadditions. The first examples have been reported by Helmchen et ~1.~~ and 

Yamamofo ef ~1.7~ who prepared B-non-substituted oxazaborolidines from N-sulfonamides of 

a-amino acids and borane that catalyze various asymmetric Diets-Aider additions. 

The best results were obtained with the (S)-ethylglycine-derived 2,4,6+iisopropylbenzene- 

sulfonamide (S)-105 as catalyst. The cycloaddition of methacrolein 107 and 2,3-dimethyl-1,3- 

butadiene 106 in the presence of 10 mol % (S)-105 proceeded wirh 74 % ee. 

1 + &o cH@, -78°C 
10 mol% (S)-105 

73 % yikid, 74 o/o ee 
* D&O 

106 107 108 

Helmchen er al. utilized the analogous mesitylsulfonamide of (.S)-valine. They achieved the 

highest ee in the reaction of (E)-crotonaldehyde and cyclopentadiene in the presence of 20 

mol% catalyst (72 8 ee, endo/exo= 97 : 3). 

The same authors investiga?ed the influence of various experimental parameters on the 

enantioselectivity73. Maximum enantioselectivity (methacrylaldehyde 86 % ee endnlexo = 1 : 

99, crotonaldehydc 81 % ee endo/exo = 5 : 95) was achieved in donor solver:ts e. g. THF or 

acetonitrile. The transition state model 109, which explains the stereochemical outcome of the 

reaction, was proposed. 
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The model in which a donor-acceptor interaction favours coordination of the dienophile at the 

face of the boron which is cis to the RI substituent was suggested. The amino acid moiety 

directs the sulfonyl group on the opposite face of the ring. This group controls the 

configuration of the boron stereogenic centre. The s-cis conformation is preferred. This leads to 

preferential attack of the diene at the Co-S enal face. 

The highest ee so far achieved in asymmettic Diels-Alder reactions was reported by Corey et al. 

who utilized the (S’)-trytophane-derived oxazaborolidines Q-110 as catalyst74. 

\ 
NH 

% 

(S)-1lOa 
R=n-Bu 

HI 0 

PhSO.f-N-B*o 

(S)-1lOb 
R=H 

A 

The catalysts were tested in the enantioselective cycloaddition of 2-bromoacrolein 112 and 

cyclopentadiene 111 yielding carbonyl compound (Q-113. 

(S)-1lOa [5 mol %] 

- ‘IEFC, lh, 95 % yield - &;o 

(R)-113 

In the presence of only 5 mol % of (S)-1lOa (RR)-bromo aldehyde (R)-113 was obtained in 95 

% yield and 200 : 1 enantioselectivity (exolendo = 96 : 4). With (S)-1lOb as catalyst 

comparable results were achieved. 

5. Conclusion 

In the field of asymmetric synthesis involving homochiral 1.3,2-oxazaborolidines as catalysts 

spectacular progress has been made over the last decade. 
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It has been shown that oxazaborolidines serve as excellent homogeneous catalysts for the 

enantioselective reduction of prochiral carbonyl compounds to optically active secondary 

alcohol products. Since the C=O group is a key function in organic chemistry this interesting 

new reduction procedure has attracted much attention over the last five years. Increasing 

demand for optically pure biological agents make oxazaborolidines important in asymmetric 

catalysis. The new reduction concept posesses a wide scope and predictable stereochemistry 

has been achieved in almost every case. Generally the catalyst precursors @amino alcohols) 

are easily prepared from readily available a-amino acids. The reductions usually occur within a 

few minutes with high chemical and optical yields. The catalyst precursors can be recovered 

quantitatively. 

The rapidly growing number of other asymmetric reactions (C=N reductions, Diefs-Alder 

cycloadditions, hydroborations, addition of diethyl zinc to aldehydes) catalyzed by oxaza- 

borolidines shows the wide application scope of these heterocycles. 

Our knowledge concerning the limitations and potentials of this fascinating young area of 

chemistry is still at the beginning. Further mechanistic and synthetic efforts have to be devoted 

to the investigations in the field of oxazaborolidine chemistry for the comprehensive under- 

standing of enantioselection. 

In conclusion, the use of oxazaborolidines as homogeneous chiral catalysts is at the forefront of 

asymmetric synthesis. One can expect to see in the future more examples of enantioselective 

reactions involving homochiral oxazaborolidines as catalysts. 
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