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Both, natural and non-natural antipodes of yohimbine (1) and P-yohimbine (2) have been 
synthesized from the tetracyclic keto ester 12 using second order asymmetric transformation 
in its resolution step. 

Synthese von Yohimbin-Derivaten, 54). - Enantioselektive Totalsynthese von Yohimbin- 
und P-Yohimbin-Antipoden 

Die beiden naturlichen und die nicht in der Natur vorkommenden Antipoden von Yohimbin 
(1) und P-Yohimbin (2) wurden aus dem tetracyclischen Ketoester 12 durch wahrend der 
Racematspaltung stattfindende asymmetrische Umwandlung zweiter Ordnung synthetisiert. 

Previously we reported on the total synthesis of yohimbine alkaloids, e. g. 
yohimbine1.2) (l), P-yohimbine',2) (2), cc-y~himbine~,~) (3), alloyohimbine2,3) (4), 17- 
epi-all~yohimbine~~~' (5), and 3-epi-a-yohimbine4) (6), furthermore on their non- 
natural stereoisomers, e.g. 17-epi-corynanthine2) (7), 17-epi-a-y0himbine~>~) (8), 
3-epi-all0yohimbine~~~) (9), 3,l 7-epi-alloyohimbine2) (lo), and 3,l 7-epi-cc-yohimbine4) 
(ll), all of them in racemic formh'. 
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According to our strategic concept, the key intermediate in the linear synthesis 
of all the above-mentioned yohimbine stereoisomers was the properly substituted 
indolo[2,3-a]quinolizine derivative lz7). Utilizing the reactivity of the ketone func- 
tion at C-2, a (methoxycarbony1)methyl group has been introduced into the ap- 
propriate relative steric position considering the C-3 side-chain, and then by ring 
closure the normal, allo, or epi-allo yohimbane skeletons, possessing the methoxy- 
carbonyl substituent at C-16 and the carbonyl group at C-17, have been obtained'). 

We now wish to report on the enantioselective approach to the natural and 
non-natural antipodes of yohimbine (1) as well as of P-yohimbine (2). 

So far, only two research groups have made attempts for the preparation of (-)-yo- 
himbone [( -)-131 using asymmetric induction. Kametani et aL9) described the synthesis of 
the key intermediate (-)-17-methoxy-hexahydroyohimbane starting from L-tryptophan, 
however the optical purity of the end product was only 17% due to the high degree of 
racemization of the intermediates during the reaction sequence. Okamura and Yamada") 
performed 1,3-transfer of chirality in a Pictet-Spengler reaction of methyl L-tryptophan and 
sodium 3-(3-methoxyphenyl)glycidate. Thus (-)-yohimbone [( -)-131 has been prepared in 
optically pure form. 

We decided to synthetize optically active yohimbine alkaloids from our previ- 
ously synthesized racemic key intermediate 12 by utilizing second order asym- 
metric transformation for the preparation of the laevorotatory and dextrorotatory 
antipodes of 12. 

Diastereomeric salt formation of racemic 12 with (+)-tartaric acid and crys- 
tallization from dichloromethane/methanol (10: 0.6) resulted in (+)-12 in 28% 
yield with 98% optical purity. When the remaining diastereomeric salt mixture 
was heated in methanol for eight hours and then the crystallization was repeated, 
a similar amount of (+)-12 was obtained. After the third repetition of the above 
procedure a 72% overall yield of (+)-12 could be obtained. The isolation of the 
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uniform antipode (+)-12 from the diastereomeric salt mixture can be explained 
as follows: tartaric acid is acidic enough to promote in an equilibrium the simul- 
taneous inversion at C-3 and C-12b of 12 in all intermediates shown in Scheme 
1, and in each equilibration process the less soluble diastereomeric salt formed 
with (+)-tartaric acid crystallizes. A similar case of second order asymmetric 
transformation has already been observed in the synthesis of ( -)-emetinell"b). 
Performing the procedure with (-)-tartaric acid, (-)-12 could similarly be ob- 
tained. 

To determine the absolute configuration of the dextrorotatory and the laevo- 
rotatory antipodes of 12 a comperative CD study has been performed. For ref- 
erence purposes (+)-yohimbinone [( +)-141 and (-)-yohimbone [( -)-131 were 
prepared from natural ( +)-yohimbine [( + )-11 via Pfitzner-Moffat oxidation12), 
followed by hydrolysis and decarboxylation. Having the three reference com- 
pounds [( +)-1, (+)-14, and (-)-13], all with S absolute configuration at stereo 
center C-3, we compared their CD spectra with those of (+)-12 and (-)-12. 
According to the sign of the characteristic Cotton effects (see Figure I), determined 
mainly by the C-3 stereo centers of the optically active yohimbine derivatives (+)-1, 
(+)-14, and ( -)-13139'4) and by the C-12b stereo center of (+)-12 as well as (-)-12, 
the absolute configuration of C-12b was assumed to be R in (+)-12 and S in 
(-)-12. 

AE 

+ 10 

c 

-10 

-20 

Figure 1. CD curves of the keto esters (-)-12 and (+)-12 as well as (+)-yohimbine 
[( +)-1], (+)-yohimbinone [( +)-141 and (-)-yohimbone [( -)-131 
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Having obtained both antipodes of 12 we followed the method developed pre- 
viously for racemic compounds to synthesize optically active yohimbine 
alkaloids1~2). Introduction of a (methoxycarbony1)methyl group at C-2 in relative 
trans position to the C-3 side-chain was performed by condensation of (-)-12 
with diethyl [(methoxycarbonyl)methyl]phosphonate in the presence of potassium 
tert-butoxide furnishing the unsaturated diester (+)-15. Hydrogenation of (+)-15 
over palladium catalyst (10% Pd/C) resulted in the corresponding saturated diester 
16 as a main product, however, complete loss of optical activity has been observed. 
Using a less active catalyst (palladium on calcium carbonate) or performing the 
reduction by transfer hydrogenation (formic acid, Pd/C) complete racemization 
occured, too. 

NaBH, - 1 + 2  
NiCI, 

13: R - H  C H , 0 2 C V  
1L:  R=CO,CH, 0 

17 

The loss of optical activity involves racemization of both stcreo centers at C-3 and 
C-12b. The inversion equilibrium of the angular carbon in the presence of palladium is well- 
known in the literature, e.y., in the case of some benzo[a]quinolizidine  derivative^'^! The 
simultaneous inversion of C-3 can be interpreted either by previous migration of the exo- 
cyclic double bond into position A 2 b 3  or by a radical split at the allylic C-3-hydrogen bond 
in which case the catalyst must play an important role as an intermediate complexing agent. 
To investigate the mechanism of the racemization, reduction of the exocyclic double bond 
has been accomplished by transfer hydrogenation using deuterated formic acid (DCOOD). 
Mass spectrometry revealed that one molecule of the racemic diester 16 incorporated 
2.6-2.7 deuterium atoms after reexchange of the indole proton. Two deuterium atoms entered 
at C-2 and C(a) position as a result of the saturation of the carbon-carbon double bond, 
and the difference can be found at C-12b and C-3. According to MS data the majority of 
the excess of deuterium was found at C-12b, deuterium could be detected at C-3 only in 
traces. This fact makes the racemization of ( +)-15 due to preliminary double bond migration 
unlikely. This unexpected result is supposed, therefore, to occur before the reduction of the 
C = C  double bond cia a radical ion or a palladium-complexed biradical intermediate in 
which both chiral centres are simultaneously and temporarily destroyed. This assumption 
is supported by a separate experiment in which a significant loss of optical activity has been 
observed when the solution of (+)-15 was strirred in the presence of palladium catalyst 
under inert gas atmosphere. The problem, however, remains puzzling, because the catalytic 
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reduction of the analogous unsaturated ester in the benzo[a]quinolizine series can be per- 
formed without any raccmization"".'h'. 

To avoid the racemization caused by the use of palladium catalyst we formed 
the E ring of the yohimbane skeleton by Dieckmann condensation of the unsat- 
urated diester (+)-15. Earlier findings') pointed out that the E geometric arrange- 
ment of the exocyclic C = C double bond assures high regioselectivity in the con- 
densation thus resulting in the exclusive formation of A15.'6-dehydroyohimbinone 
(17). Performing the condensation from ( +)-15 with sodium hydride in tetrahy- 
drofuran at ambient temperature, (-)-17 was obtained in about 72% yield. 

The simultaneous reduction of both the 16-keto function and the Al53l6 double 
bond of (-)-17, has been achieved with sodium tetrahydroborate-nickel chloride 
resulting in a 2:1 mixture of (-)-P-yohimbine ((-)-2, [a]D = -50.5 (c = 1, 
pyridine)) and (+)-yohimbine (( +)-1, [a]D = +42.7 (c = 1, EtOH)). The optical 
rotation measured for synthetic (+ )-1 and (-)-2 corresponds well with the values 
reported for the alkaloids isolated from natural sources (literature [aID values 
for (+)-1 and (-)-2 are +45.0 (c = 1, EtOH) and -54.0 (c = 1, pyridine), 
respectively17,'*)). 

In a similar way, the whole synthetic sequence has been repeated starting from 
the dextrorotatory antipode of 12 having R absolute configuration at C-12b. As 
a result of the (+)-12 -+ (-)-15 + (+)-17 reaction steps the non-natural antipodes 
of the target alkaloids (-)-yohimbine ((-)-I, [a]D = -42.5 (c = 1, EtOH)) as 
well as (+)-P-yohimbine ((+)-2, [a]D = +50.7 (c = 1, pyridine)) have been 
obtained. 

Since the total syntheses of racemic yohimbine alkaloids with d o  (3, 4, and 5) 
and epi-allo yohimbane skeleton (6) as well as their non-natural stereoisomers 
(7 - 11) have already been ac~omplished~-~) starting from (&)-12, the preparation 
of both (-)-12 and (+)-12 antipodes by second order asymmetric induction pro- 
vides a tool to synthesize all the above-mentioned yohimbine stereoisomers in 
optically active form. 

The authors wish to thank E. Buitz-Gars for the NMR and J .  Tam& lor the mass spectra, 
M.  Kajtar for thc CD measuremcnts and G .  Diirnyei for helpful discussions. The Hungarian 
Academy of' Sciences and the Chinoin Pharmaceutical and Chemical Works (Budapest) are 
also acknowledged for financial support. 

Experimental 
The IR spectra were determined from KBr pellets with a Perkin-Elmer 421 and a Spec- 

tromom 2000 spectrophotometer. - NMR spectra were recorded on a Varian XL-100-15 
(100 MHz) instrument using TMS as internal standard in deuteriochloroform solution. The 
chemical shifts are given as 6 values. - Mass spectra (MS) were rccorded at 70 eV on an 
AEI MS-902 double-focusing instrument. - The optical activities of the samples were meas- 
ured with an automatically operating polarimeter Polamat A (Carl Zeiss). - The CD spectra 
were measured with a Roussel-Youan dichrograph (Jobin-Yvon) at room temperature in 
0.1-cm quartz cells. - Melting points are uncorrected. 

General Procedures: Thin-layer chromatography (tlc) was performed on silica gel 60 G 
(Mcrck), and silica gcl 60 PFZ54+366 (Merck) was used for preparativc layer chromatogra- 
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phy. - Usual work-up of the reaction mixtures was carried out by extraction of the aqueous 
solutions or suspensions at pH = 8.5-9 with dichloromethane. The combined organic 
layer was washed with water or saturated NaCl solution, dried with anhydrous MgS04, 
and finally the solvent was removed in vacuo. All reactions utilizing basic reagents were 
conducted under oxygen-free dry nitrogen. 

Preparation of dextrorotatory and laevorotatory antipodes of methyl 3- (1,2,3,4,6,7,12,12bc(- 
octahydro-2-oxoindolo[2,3-a]quinolizin-3~-yl)propionate [( +)-12 and (-)-121: Racemic 12 
(5.0 g, 15.3 mmol) was dissolved in dichloromethane (350 ml) and methanol (7 ml), and a 
solution of (+)-tartaric acid (2.3 g, 15.3 mmol) in dichloromethane (30 ml) and methanol 
(25 ml) was added. The homogenous solution was kept at room temperature for 4 d, then 
the crystals were filtered off. The free base of (1)-12 (1.40 g, 28%) with an optical activity 
of [ale = +92.2 [c = 1, CH2Cl2/CH30H (20: I)] was liberated from the salt by treatment 
with 5-% NaOH and extraction with dichloromethane (3 x 25 ml). Then the combined 
organic layer was washed with water (15 ml), dried, evaporated, and crystallized from me- 
thanol. 

The mother liquor was evaporated in vacuo and the remaining material was dissolved in 
methanol (150 rnl) and refluxed for 8 h. The solvent was removed and the residue was 
dissolved in dichloromethane (250 ml) and methanol (15 ml). The solution was kept at room 
temperature for 4 d and the crystals were collected. From these crystals an additional 
amount of (+)-12 (1.25 g, 25%) with an optical activity of [a]D = +91.8 was obtained. - 
The second mother liquor was treated as described above and thus a further amount of 
(+)-I2 (0.95 g, 19%) with an optical activity of [a]D = f91.2 was prepared. 

The maximal optical activity of (+)-12 was determined by subsequent recrystallizations of 
the (+)-O,O-dibenzoyltartarate of (+)-12 from acetone. 

Number of 
recrystallizations 

[ a ] D  of 12 (base) 
[c = 1, CH2CI2/MeOH (20: I)] 

+ 92.2 
+ 93.8 
+94.1 
+94.1 

(+)-12: m.p. 213-214°C (methanol), [a]D = f94.1 [c = 1, CH2C12/MeOH (20:1)], CD 
(MeOH): h,,, (AE) = 293 (+1.4), 266 (-1.7), 231 (-5.3), 205 nrn (+9.3). 

CI9HZZN20 (326.4) Calc. C 69.92 H 6.79 N 8.58 Found C 69.88 H 6.70 N 8.49 

When the same procedure was carried out using (-)-tartaric acid as resolving agent, (-)- 
12 has been obtained in 66% yield: m.p. 213-214°C (methanol), [alD = -94.0 [c = I, 
CH2C12/MeOH (20: I)], CD (MeOH): ha, (AE) = 292 (- 1.6), 265 (+ 1.7), 232 (+ 5.6), 205 nm 

C19H22N203 (326.4) Calc. C 69.92 H 6.79 N 8.58 Found C 69.83 H 6.70 N 8.43 

Spectroscopic data (IR, ‘H NMR) of (+)-12 and (-)-12 were identical with those reported 
for racemic 12 (see lit.’)). 

Preparation of ( +)-yohimbinone [( +)-141 and (-)-yohimbone [( -)-131 from ( + ) - y o -  
himbine [( +)-11 for  CD comparison: (+)-Yohimbinone [( +)-14) was prepared according to 
the procedure reported by Albright and Goldman”) in 81% yield via Pfitzner-Moffat oxi- 
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dation of (+)-yohimbine [( +)-11 using N,N-dicyclohexylcarbodiimide and orthophosphoric 
acid in dimethyl sulfoxide. (+)-14: m.p. 254-256°C (methanol), lit.") m.p. 250-254"C, 
[%ID = +11.7 (c = 1, pyridine), CD (MeOH): h,,, (A&) = 298 (-2.4), 271 (+1.9), 233 
(+ 6.1), 208 nm (- 10.6). Hydrolysis of (+)-I4 in refluxing 5-% HCl afforded (-)-yohimbone 
[(-)-131 in 92% yield. ( - ) -I3 m.p. 264-266°C (methanol), [a],, = -95.0 (c = 1, pyri- 
dine), CD (MeOH): A.,,,,,, (As) = 298 (- 5.8), 269 (+ 3.6), 233 (+ 14.8), 206 nm (-21.7). 

-. 

Preparation of the two antipodes of methyl 3-( 1,2,3,4,6,7,12,12bci-octahydro-2-[ (rnethoxy- 
carhonyl)1~ethylene]indolo(2,3-alquinol~zin-3~-yl)prop~onate [( +)-15 and (-)-15]: To a 
cooled and vigorously stirred solution of diethyl [(methoxycarbonyl)methyl]phosphonate 
(23 ml, 207 mmol) and sublimed potassium tert-butoxide (9.2 g, 80.5 mmol) in absol. DMF 
(60 ml) (-)-I2 (7.0 g, 21.4 mmol) was added at 0°C. The reaction mixture was allowed to 
stand for 20 h in the refrigerator (at 10°C), diluted with cold water (500 ml), and extracted 
with ether (3 x 200 ml) at pH = 8.5-9. The combined organic layer was washed, dried, 
and evaporated in vacuo affording (+)-I5 (8.0 g, 95%); m.p. 123 - 124°C (methanol), [a]D = 

CZ2HZ6N204 (382.5) Calc. C 69.09 H 6.85 N 7.32 Found C 69.04 H 6.79 N 7.08 

Following the same procedure described above starting from (+)-12, the antipode (-)-15 
has been prepared in 85% yield, m.p. 122-123°C (methanol), [ a ] ~  = -92.4 (c = 1, 

+93 (C = 1, CH2C12). 

CH2Cl2). 
C22H26N204 (382.5) Calc. C 69.09 H 6.85 N 7.32 Found C 69.01 H 6.74 N 7.13 

Study on the reduction of (- j-15: The unsaturated diester (0.4 g, 1 mmol) was dissolved 
in methanol (15 ml) and hydrogenated over Pd/C catalyst (0.2 g) at room temperature. When 
the calculated amount of hydrogen was consumed (2 h), the solution was filtered and evap- 
orated in vacuo yielding optically inactive ($-)-I6 (0.3 g, 75%), m.p. 154- 155°C (methanol), 
lit.') m.p. 155 - 156°C. - Hydrogenation performed over Pd/CaC03 catalyst afforded also 
racemic 16. 

Transfer hydrogenation: Formic acid (10 ml) was added dropwise to dry Pd/C catalyst 
(0.4 g) under inert gas. (-)-I5 (0.5 g, 1.3 mmol) in formic acid (2 ml) was added to the stirred 
suspension of the catalyst, and the temperature was increased to 80°C. After 5 h the catalyst 
was filtered off, and the solvent was removed in vacuo. The remaining material was basified 
with 5-Yo NaHC03 and extracted with dichloromethane (3 x 20 ml), the combined organic 
layer was washed with water, dried, evaporated, and finally purified by tlc to give (2)-16 

The transfer hydrogenation has also been performed with deuterioformic acid (DCOOD), 
and the distribution of the deuterium content of the product was investigated by mass 
spectrometry. - Distribution of deuterium in the fragments of 16 Type of ion [number of 
D atoms (percentage)] = M +  [3(15), 2(70), 1)15)], M - 15 [3(15), 2(70), 1(15)], M - 31 

(0.28 g, 56%). 

[3(15), 2(71), 2(14)], M - 73 [2(20), 1(75)], M - 75 [2(22), 1(73)], M - 87 [3(14), 2(71), 
1(15)], M - 115 [3(15), 2(75), 1(15)], M - 130 [3(15), 2(75), 1(15)]. 

Spectral data (IR, 'H NMR) of (+)-16 were identical with those reported in lit.'). 

Antipodes of d'5~'6-didehydroyohimbinone [( -)-17 and (+)-171: To a solution of (+)-15 
(0.23 g, 0.6 mmol) in absol. THF (10 ml) sodium hydride (0.03 g, 1.2 mmol) was added 
during 15 min at room temperature. After stirring intensively for 2 h, the excess of sodium 
hydride was destroyed by somc drops of methanol, and the reaction mixture was diluted 
with ether (200 ml). At pH = 8.5 the etheral phase was washed with water, dried, and 
evaporated in vacuo to give crude (-)-17 (0.19 g, 92%) which was purified by preparative 

Liebigs Ann. Chem. 1986 



662 G. Blaskd, H.  Knight, K. Honty, and C. Szantay 

tlc using chloroform/methanol/acetic acid (100: 10: 0.5) as eluent yielding crystalline (-)-17 

(-)-IT m.p. 187-188°C (methanol), [a]D = -11 (c = 1, EtOH) 

When the same procedure was carried out starting from (-)-15, crude (+)-17 was obtained 
in 89% yield m.p. 186-188°C (methanol), [a],, = f10.8 (c = 1, EtOH). 

Spectral data (IR, 'H NMR, and MS) of the optically active antipodes of 17 were identical 
with those reported for (+)-17 in lit2). 

(+)- Yohimbine [( +)-11 and (--j-P-yohimbine [( -)-21: To a stirred solution of (--1-17 
(0.2 g, 0.6 mmol) in methanol (30 ml), nickel chloride (0.26 g) and sodium tetrahydroborate 
were added at 10- 15°C. The black precipitate formed in the reaction mixture was filtered 
off, and the solvent was removed in uacuo. The residue was extracted at pH = 8 with 
chloroform (3 x 30 ml), the combined organic layer was dried and evaporated in uacuo. 
The mixture obtained was separated by preparative tlc on AI2O3 60F254 (neutral, typ E) 
plates (Merck) using chloroform/methanol (100:2) as solvent system. In this way 25 mg of 
(+)-yohimbine [( +)-11 and 47 mg of (-)-P-yohimbine [( -)-21 were obtained after recrys- 
tallization from methanol. 

(+)-1: m.p. 224-225°C (methanol), lit.'7) m.p. 241-242"C, [a]D = +42.7 (c = 1, EtOH), 
lit.'7) [WID = +45.0 (c = 1, EtOH). 

(-)-2: m.p. 222-223°C (methanol), lit.") m.p. 235"C, [ale = -50.5 (c = 1, pyridine), lit.'8) 
[&ID = -55.4 (c = 1, pyridine). 

The spectral data (IR, 'H NMR, MS) of (+)-1 and (-)-2 were identical with those reported 
for racemic yohimbine (1) and P-yohimbine (2) in lit.',21. I3C NMR data of (+)-yohimbine 
[( +)-11 and (-)-P-yohimbine [( -)-21 can be found in lit?,'9J. 

(- j -  Yohimbine [( -)-13 and (+ )-P-yohimbine [( +)-21: Repeating the above reduction of 
the dextrorotatory antipode of 17, (-)-yohimbine [( -)-11 and (+)-P-yohimbine [( +)-21 
have been obtained. (-)-1: 222-224"C, [ale = -42.5 (c = 1, EtOH). (+)-2: 224-226"C, 
[a],, + 50.7 (c = 1 ,  pyridine). 

(0.15 g, 72%). 
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