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Abstract. The enantioselective reduction ofAJ,S-heterocyclic 
imines, namely thiazolines la,b and 2H- 1,4-benzothiazine lc, 
via three different reduction methods is reported. The influence 
of reaction parameters, substituents, and the type of heterocycle 

was investigated. Reduction of the prochiral imines led to 
the corresponding amine derivatives 2, 10, 12 and 14. The 
best result was obtained by stoichiometric enantioselective 
reduction of l c  with 44% ee. 

Reductions belong to traditional, but nevertheless most 
important and well investigated research topics in or- 
ganic chemistry. In the course of the increasing attempts 
in stereochemical guidance of reactions in general, mile- 
stones in enantioselective synthesis have been reported 
especially in the field of reduction [ 11. In the past most 
of research with enantioselective, catalytic reduction of 
C=X-double bonds has dealt with carbonyl compounds 
whereas the behaviour of the corresponding imine sys- 
tems has been less investigated [2] and is often limited 
by low enantiomeric excesses [3]. Moreover, some effi- 
cient reduction methods are limited by the choice of start- 
ing components. For example enantioselective hydro- 
genation of prochiral imines in the presence of Pd cata- 
lysts [4] cannot be used for imines containing sulfur. 
Consequently, it was a challenge to search for a stereo- 
selective, catalytic approach to the reduction of a varie- 
ty of different S-containing, heterocyclic imines, well- 
known as precursor in pharmaceutical and biological 
applications [5] .  To the best of our knowledge stereose- 
lective reduction of N,S-heterocyclic imines have not 
yet been carried out until now [6]. In continuation of 
our research on stereoselective addition reactions to S- 
containing heterocyclic imines [ 7 ] ,  we wish to report a 
new regio- and enantioselective synthetic approach to 
paminothio-systems via C=N-reduction of thiazolines 
la,b and 2H-1,4-benzothiazine lc.  

Concerning the aliphatic cyclic thiazolines in gener- 
al, in 1959 Asinger first described the behaviour of these 

compounds towards several achiral reduction agents. 
Therefore, only the corresponding secondary p-ami- 
nothiol derivatives of type 2 were prepared by reduc- 
tion and ring opening of thiazolines with lithium alu- 
minium hydride [8]. The corresponding aminothioether 
derivatives of type 3 were not observed. Our search 
for a stereoselective preparation method of such sec- 
ondary thio analogues of amino alcohols led us to the 
chiral amino alcohol catalyzed borane reduction meth- 
od [9], which was very successful in enantioselective 
reduction of ketones [lo, 111 (method A). Treatment 
of the prochiral thiazoline l a  with borane in the pres- 
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ence of racemic or enantiomeric pure amino alcohols 
in THF gave the new secondary aminothiol2 in chem- 
ical yields up to 55%. 

This was proved by treatment of the purified reduc- 
tion product with phenylisocyanate which resulted in 
the disubstituted urea derivative 4. For the determina- 
tion of the enantiomeric excess of the chiral paminothi- 
01 2, the racemate of 2 was synthesized using the ra- 
cemic amino alcohol vac-valinol ruc-5. We successful- 
ly used optically pure (S)-0-acetylmandelic acid as chi- 
ral derivatizing agent [ 121. For the enantioselective re- 
duction of l a  the enantiomeric pure amino alcohol (S)- 
7 [13] was used as ligand (table 1). 

(S)-6 (n=2) 
(9 -7  (n= l )  

(S)-EL (R = Boc) 
(S)-9 (R = Z) 

rac-5 

The unsatisfactory result with low enantiomeric ex- 
cess (ee) for 2 (6% ee) led us to investigate an earlier 
reduction method described by Iwakuma [ 141 (method 
B). Thus, stoichiometric amounts of chiral sodium acy- 
loxyborohydrides of (S)-proline derivatives (S)-8 and 
(9 -9  were used as enantioselective reducing agent in 
the reaction with imine la .  As shown in table 1, the 
acyloxyborohydrides derived from (S)-acylproline (S)- 
8 or ( 9 - 9  and sodium borohydride led to improvedee's. 
In parallel, chemical yields increased up to 75%. Al- 
though stoichiometric amounts are necessary, (S)-9 is 
inexpensive and furthermore N-(Boc)-proline (S)-8 is 
recycable in nearly quantitative yield after the reduc- 
tion [ 141. The results obtained with catalytic versus sto- 
ichiometric enantioselective reduction method for the 
preparation of the secondary P-aminothiol 2 are sum- 
marized in table 1 (entries 1-4). 

In addition we were interested to avoid ring-opening 
by preparing the corresponding ring closed thiazolid- 
ine 10 as reduction product. The prevention of ring open- 
ing of the thiazolidine system afforded a smooth enan- 
tioselective reduction agent. 

10 l a  

+ p-CI-C6HH,-NC0 

We were pleased to find that a modification of the - 
in case of 2 - reported-borane reduction, in which the 
oxazaborolidines and catecholborane are used at room 
temperature in toluene [ 151 (method C), gave the thia- 
zolidine 10 in chemical yields up to 58%. The structure 
of 10 was proved by treatment with p-chlorophenyliso- 
cyanate resulting in the formation of compound 11. 
However, the reduction of l a  by catecholborane in the 
presence of a chiral oxazaborolidine (containing (S)-7) 
as catalyst produced almost racemic thiazolidine 10 [ 161 
(see table 1, entries 5 ,  6). 

The ring-opening depends not only on the reaction 
method but also on the nature of the substituents in thi- 
azolines l a  and 1b. This is underlined by the catechol- 
borane reduction of the C=N-double bond in l b  (meth- 
od C). Here, the saturated heterocyclic thiazolidine ring 
is completely opened upon work up and gave the amino 

Table 1 Enantioselective reduction of cyclic imines la-c by three different methods A-C 
entry imine reducing chiral product method time temp. yield ee 

1 l a  BH,.THF (9-7  0.2 equiv. 2 A 6 30 43 6 

3 l a  NaBH4 (9-9  b, 2 equiv. 2 B 10 20 75 28 
4 l a  NaBH4 (S)-9 b, 2 equiv. 2 B 15 20 71 30 

agent compound ( 4  ("C) (%I (%) 

2 l a  NaBH, (S)-8 h, 1 equiv. 2 B 10 20 58 12 

5 l a  Catecholboran 1.5 eq. ") (S)-7 ") 0.2 equiv. 10 C 2 20 58 4 
6 l a  Catecholboran 1.5 eq. ") (S)-6 a) 0.2 equiv. 10 C 2 20 20 2 
7 l b  Catecholboran 2 eq. a) (S)-7 a) 0.2 equiv. 12 C 2 20 58 12 
8 l b  Catecholboran 3 eq. ") ( 9 - 7  a) 0.2 equiv. 12 C 2 35 55 8 
9 l c  NaBH4 (S)-8 b, 3 equiv. 14 B 10 20 73 44 
10 l c  Catecholboran ( 9 - 7  ") 0.2 equiv. 14 C 2 20 96 2 O C )  

number of equivalents related to the amount of the imine compound; b, number of equivalents related to the amount of the 
reducing agent; c, compared with entry 9, the enantiomer with the opposite absolute configuration was formed as major enantiomer. 
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thiol 12. The structure of 12 has been proved by treat- 
ment of purified 12 with phenylisocyanate, which re- 
sulted in the formation of the substituted urea deriva- 
tive 13. However, if the boronates of the amino acids 
(S)-8 or (S)-9 were used as reducing agents (methodB), 
the ring opening was incomplete. 

l b  
12 

+ 2 PhNCO 

Ph 

13 

Enantioselective reduction processes were carried out 
by the methods B and C starting from 2,2-dimethyl-3- 
phenyl-2H- 1,4-benzothiazine 1c to give product 14. 

Compared with the enantioselectivity observed in the 
reduction of the C=N-double bond of la,b, the imine 
double bond of the benzothiazine l c  was reduced with 
an increasing ee value up to 44% (determined by chiral 
HPLC analysis). The best result was obtained using the 
convenient stoichiometric enantioselective reduction 
method B [ 141 with a boronate of the N-acyl amino acid 
(Sj-8 (see table 1,  entry 9j. Consequently, regarding the 
low to modest enantioselectivities, obtained with the 
thiazolines l a  and lb, respectively, the improved enan- 
tioselectivity in case of the aromatic heterocyclic ben- 
zothiazine l c  might be explained by the more disk like 
shape of the heterocycle lc .  
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Experimental 

All reactions were carried out in oven dried glassware, under 
argon atmosphere and using anhydrous solvents. Melting 
points were taken on a melting point apparatus according to 
Dr. Linstrom and are uncorrected. IR spectra were recorded 
on a Philips PU 9706 spectrophotometer. The NMR spectra 
were registered on a Bruker AM 300 spectrometer. Mass 
spectra were recorded on a Finnigan-MAT 212 (data system 
300; CI, i-butane). Elemental analyses (C, H, N) were per- 
formed on a Carlo Erba Stumentalione (MOD 1 104) analyzer. 
All new compounds gave satisfactory analytical data for C, H 
and N. Chiral HPLC analysis was performed on a MercW 
Hitachi Lichrograph, chiral column: Chiralpak AS, mobile 
phase: n-HexanelIsopropanol = 98 : 2, flow rate 0.5 ml/min., 
detection: UV 254 nm. Commercially available chemicals 
were used. The compounds l c  [17], rac-5 [18], ( 9 - 6  [19], 
( 9 - 7  [13],(5')-8[20],(S'-9 [21] andrac-14 [22] wereprepared 
according to the literature. 

Synthesis of the thiazolines la,b; General Procedure GP1 

At a temperature between 0 and 10 "C the a-chloroketone 
(0.30 mol), dissolved in 30 ml of CH2C12, was added dropwise 
over 0.5 h to a mixture of aqueous ammonia (25%, 65 ml), 
cyclopentanone (29.4 g, 0.35 mol) and sodium hydrogen 
sulfide monohydrate (25.9 g, 0.35 mol). Subsequently, CH,Cl, 
(100 ml) was added, and the mixture was stirred overnight. 
The organic phase was separated and the aqueous phase was 
extracted with CH2C12 (2 x 50 ml). Evaporation of the solvent 
of the dried (MgSOJ recombined organic phases under 
reduced pressure led to the formation of a yellow oil, which 
was distilled in vacuo to give a colourless liquid. 

Synthesis of the carbamoyl derivatives 4,11, and 13; Gen- 
eral Procedure GP2 

1.25 mmol of the corresponding reduction product was 
dissolved in 10 ml of Et20. Subsequently, 1.30 mmol (in case 
of 11) or 2.60 mmol (in case of 4, 13) of the isocyanate 
component was added dropwise. After addition of 5 ml 
cyclohexane the solution was stirred for 8 h. The solvent was 
removed and the solid was suspended in Et,O and light 
petroleum (40/60). The product was filtered, washed with Et,O 
and light petroleum (40/60) and dried in vucuo. 

Enantioselective reduction of l a  with borane-THF com- 
plex to 2; General Procedure GP3 (Method A) 

In a typical procedure a mixture of l a  (0.92 g, 5 mmol) in 5 
ml of dry THF was slowly added within 1 hour to a solution 
of the catalyst (20 mol%) and borane-THF complex ( 1  1 mmol, 
2 equiv.) in 5 ml of dry THF at 30 "C. After stirring for six 
days at this temperature the mixture was hydrolyzed with 30 
ml of H,O and extracted three times with 20 ml of tert- 
butylmethyl ether. The combined organic layers were 
successively washed with 10 ml of 2N NaOH and two times 
with 10 ml of NaCl solution, dried (MgS04) and concentrated 
under reduced pressure. The oily product was purified by bulb 
to bulb distillation under reduced pressure. 
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Enantioselective Reduction of l a  and l c  with Sodium 
Acyloxyborohydrides to 2 and 14, respectively; General 
Procedure GP4 (Method B) 

A solution of 20 mmol or 40 mmol of (S)-N-tert-butyl- 
oxycarbonyl- or (5')-N-benzyloxycarbonylproline (S)-8 or (S)- 
9 in 25 ml of dry THF was added to a stirred suspension of 
NaBH4 (0.76 g, 20 mmol) in 5 ml of dry THE The mixture 
was stirred at room temperature for 2 h after which time a 
solution of l a  (0.92 g, 5 mmol) in 15 ml of THF was added at 
the respective temperature and stirred (reaction time see table 
1; in case of entry 9 a solution of 5.09 g Na(Boc-Pro),BH (7.5 
mmol), prepared from (S)-8 and NaBH4 in 40 ml of dry 
CH2C12, was added to l c  (0.76 g, 3 mmol) in 30 ml of dry 
CH2CI2). The reaction mixture was quenched with 20 ml of 
2N HC1 and heated at 60-70 "C for 0.5 h. The solution was 
made basic with K2C0, and extracted with AcOEt. The AcOEt 
extracts were washed with brine, dried with MgS04 and 
concentrated. The oily product 10 was purified by bulb to 
bulb distillation under reduced pressure. The product 14 was 
purified by chromatography (eluent: n-hexanelAcOEt = 9 : 1). 

Enantioselective Reduction of la-c with Catecholborane 
to 10, 12 and 14, respectively; General Procedure GP5 
(Method C) 

To the amino alcohol (20 mol%) in 5 ml of dry THF at 
- 70 "C was added borane-THF complex (3 eq.). The reaction 
mixture was stirred for 1/2 h at 20 "C and 2 h at 60 "C. 
Subsequently, the solvent was removed at room temperature 
under reduced pressure and a white solid remained. This 
oxazaborolidine was dissolved in 10 ml of dry toluene and la  
(0.55 g, 3 mmol), l b  (0.61 g, 2.5 mmol) or l c  (0.4 g, 1.6 
mmol) in 2 ml of dry toluene was added at the respective 
temperature. To this mixture a solution of freshly distilled 
catecholborane (for equivalents, see table 1) was added slowly 
(20 min) in 5 ml of dry toluene at room temperature and stirred 
(reaction time see table 1). The solution was quenched with 
1.5 ml of water. The organic layer was washed three times 
with 20 ml of 2N NaOH to remove catechol and washed with 
15 ml of NaCl solution. Drying with MgS04 and concentration 
in vucuo afforded the crude product. The oily products 10 
and 12, respectively, were purified by bulb to bulb distillation 
under reduced pressure. The product 14 was purified by 
chromatography (eluent: n-hexanelAcOEt = 9 : 1). 

2,2,3-Trimethyl-l-thia-4-uza-spiro[4.4~non-3-ene (la): 

Prepared according to GP1 from 36.2 g (0.3 mol) 3-chloro-3- 
methylbutan-2-one [23], Yield 31.9 g (58%); b.p. 51-53 "C 
(1.10-2mbar).-IR(NaC1): v =  1645cm-I (C=N).-'HNMR 
(CDC13): G/ppm = 1.04-2.13 (m, 8H, -(CH2)4-), 1.48 (s, 6H, 

&ppm = 14.71 (C2(cH3)2), 24.32,29.95 (4CH2), 43.73 (C3- 

Isobutane): d z  (%) = 184 (100) (MH+); CIOHI7NS (183.3). 

2,2-Dimethyl-3-phenyl-I -thia-4-uza-spiro[4.4jnon-3-ene 

Prepared according toGP1 from 54.6 g (0.3 mol) 2-chloro-2- 
methylpropiophenone [24], Yield 37.8 g (51%); b.p. 110 "C 
(4.10-3 mbar). -1R (NaCl): v =  1660cm-' (C=N). - 'HNMR 

C2(CH3)2), 1.93 (s, 3H, C3-CH3). - 13C NMR (CDC13): 

CH3), 65.15 (C2), 91.32 (C5), 172.07 (C3). - MS (CI- 

(1b) 

(CDC13): appm = 1.70 (s, 6H, C2(CH3)2), 1.77-2.32 (m, 8H, 
-(CH2)4-), 7.38-7.58 (m, 5H, aromat. H). - 13C NMR 
(CDC13): 8ppm = 24.7 (C2(CH3)2), 30.87,44.01 (4CH2), 65.7 
(C2), 90.74 (C5), 128.17-134.18 (aromat. C), 172.67 (C3). - 
MS (CI-Isobutane): m/z (%) = 246 (100) (MH+); C,5H19NS 
(245.4). 

ruc-3-Cyclopentylumino-2-methyl-b~itane-2-thiol (ruc-2) 

Prepared according to method A/GP3. Catalyst: rac-Valinol; 
Yield 0.50 g (55%);  b.p. 135-140 "C (15 mbar, short-path 
distillation). - IR (NaC1): v = 3300 crn-' (NH), 2550 (SH). - 
'H NMR (CDC1,): appm = 1.09 (d, J = 6.5 Hz, 3H, C3-CH,), 
1.27, 1.28 (s, 6H, C2(CH3),), 1.25-1.88 (m, 8H, -(CH2).,-), 
2.47 (q, J =  6.3 Hz, IH, C3-H), 3.17 (quint, J =  6.0 Hz, lH, 
cyclopentyl-CH). - I3C NMR (CDCl,): &ppm = 15.41 (C3- 
CH3), 23.59, 23.77, 32.52, 34.19 (4CH2), 28.04, 30.57 
(C2(CH3)2), 49.58 (C2), 57.70, 61.06 (2CHN). - MS (CI- 
Isobutane): d z  (%) = 188 (100) (MH+); C,oHziNS (187.3). 

N, S-Diphenylcarhumoyl-3-cyclopentylumino-2-methyl-b~- 
tune-2 -thiol (4) 

Prepared from 0.21 g ruc-2 (1.25 mmol) according to GP2. 
Yield 0.39 g (85 %); m.p. 166- 167 "C. - IR (KBr): v =  1645 
cm-I (C=O). - 'H NMR (CDC1,): G/ppm = 1.40, 1.79 (s, 6H, 
C2(CH3),), 1.48 (d, J = 6.7 Hz, 3H, C3-CH3), 1.75-2.37 (m, 
8H, -(CH2)4-), 3.55 (quint, J = 8.5 Hz, IH, cyclopentyl-CH), 
4.81 (q, J = 6.5 Hz, IH, C3-H), 6.95-7.64 (m, 11H, NH, 
aromat. CH), 8.50 (s, IH, NH). - 13C NMR (CDCl,): G/ppm= 
14.67 (C3-CH3), 24.34, 25.73, 28.99, 31.22 (4CH2), 25.87, 
26.14 (C2(CH3)2), 55.42 (C2), 55.86,56.95 (2CHN), 119.72- 
140.32 (aromat. C), 155.07, 167.00 (2C=O). - MS (CI- 
Isobutane): m/z (%) = 426 (15) (MH+), 307 (22) (MH' - 

(425.5). 
HSC,NCO), 188 (100) (MH+- 2H&jNCO). - C24H3iN302S 

ruc-2,2,3-Trimethyl-l -thia-4-uzu-spiro[4.4]nonune (rac- 10) 

Prepared according to method C/GP5. Catalyst: 2-Amino-2- 
methyl-I-propanol; Yield 0.32 g (34%); b.p. 130 "C (22 mbar, 
short-path distillation). - IR (NaCl): V =  3295 cm-1 (NH); 'H 
NMR (CDC13): appm = 1.08 (d, J = 6.5 Hz, 3H, C3-CH3), 
1.17, 1.39 (s, 6H, C2(CH3),), 1.33-2.20 (m, 8H, -(CH2)4-), 
3.09 (q,J=6.6Hz, lH, C3-H).-'3CNMR(CDC13): &ppm= 
13.44 (C3-CH3), 23.73, 24.20, 42.22, 44.30 (4CH2), 25.88, 
27.65 (C2(CH3)2), 59.64 (C2), 66.91 (C3), 81.29 (C5). - MS 
(CI-Isobutane): d z  (%) = 186 (100) (MH+). - CloHi9NS 
(185.3). 

N-(4-Chlorophenyl)curbumoyl-2,2,3-trimethyl- I -thiu-4-uzu- 
spiro-[4.4]nonane (11) 

Prepared from 0.23 g ruc-10 (1.25 mmol) according to GP2. 
Yield 0.35 g (81%); m.p. 190-192 "C. - IR (KBr): v = 1620 
cm-I (C=O). - 'H NMR (CDCl,): G/ppm = 1.31, 1.62 (s, 6H, 
C2(CH&), 1.43 (d, J = 6.4 Hz, 3H, C3-CH3), 1.67- 2.14 (m, 
6H, -(CH2)4-), 2.79-3.00 (m, 2H, -(CH2)4-), 3.87 (9, J = 
6.4 Hz, lH, C3-H), 6.26 (s, lH, NH), 7.23-7.38 (m, 4H, 
aromat. H). - I3C NMR (CDCl,): G/ppm = 17.35 (C3-CH3), 
23.51, 31.87 (C2(CH3)2), 24.85,40.90, 41.48 (4CH2), 51.66 
(C2), 67.79 (C3), 80.65 (C5), 121.47- 137.42 (aromat. C), 
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151.97 (GO) .  - MS (CI-Isobutane): m/z (%) = 339 (100) 

(338.9). 
(MH'), 186 (34) (MH+- H,C,jClNCO). - Ci,H,,ClN,OS 

YUC- 1 -Cyclopentylamino-2-methyl-l -phenyl-propane-2-thiol 
(rac-12) 

Prepared according to method C/GP5. Catalyst: 2-Amino-2- 
methyl-l-propanol; Yield 0.35 g (56%); b.p. 185-195 "C 
(21 mbar, short-path distillation). - IR (NaCl): v = 3300 cm-' 
(NH), 2540 (SH). -'H NMR (CDCl,): apprn = 1.24, 1.39 (s, 
6H, C2-(CH3),), 1.25-1.95 (m, 10 H, -(CH2)4-, NH, SH), 
2.30 (quint, J = 6.2 Hz, 1H, cyclopentyl-CH), 3.57 (s, IH, 
Cl-H), 7.28-7.37 (m, 5H, aromat. H). - 13C NMR (CDCI,): 
6/ppm = 23.72, 32.02, 34.07 (-(CH,),-), 28.34, 31.70 (C2- 
(CH3)2), 49.06 (C2), 57.01 (cyclopentyl-CH), 71.21 (Cl), 
127.16-128.99 (aromat. C), 140.50 (9. aromat. C). -MS (CI- 
Isobutane): m/z (%) = 250 (1 00) (MH'). - C,,H2,NS (249.4). 

N,S-Diphenylcarbamoyl-I -(cyclopentylamino)-2-methyl- I - 
phenyl-propane-2-thiol (13) 

Prepared from 0.12 g rac-12 (0.5 mmol) according to GP2. 
Yield 0.20 g (83%); m p .  144-146 "C. - IR (KBr): v = 1650 
cm-' (C=O). - 'H NMR(CDC13): 6/ppm = 1.77, 1.88 (s, 6H, 
(CH3)2), 0.92-2.25 (m, 8H, -(CHZ)4-), 3.72-3.85 (m, IH, 
cyclopentyl-CH), 6.08 (s, 1H, CH-Ph), 6.97-7.60 (m, 16H, 
NH, aromat. H), 9.46 (s, lH, NH). - I3C NMR (CDC1,): 
6/ppm = 25.44,25.75,29.80,29.94 (-(CH2)4-), 26.89,27.11 

139.62 (aromat. C), 155.39, 166.18 (2C=O). - MS (CI- 
Isobutane): m/z (%) = 488.5 (52) (MH'), 269.5 (19) (MH+- 

(487.7). 

((CH3)2), 56.53 (C(CH3)1), 58.76, 65.33 (ZCHN), 119.65- 

H.jC,NCO), 250.3 (87) (MH+ -2H5C6NCO). - C,gH,,N,O,S 
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