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I. Introduction 
The Pictet-Spengler reaction has long been an 

important reaction for the synthesis of both indole 
and isoquinoline alkaloids. This condensation was 
discovered in 1911 by Am6 F'ictet and Theodor 
Spengler2 when they condensed phenethylamine (1) 
with methylal to provide tetrahydroisoquinoline (21, 
as illustrated in Scheme l . ' % x 4  The Pictet-Spengler 

reaction was originally utilized exclusively to prepare 
tetrahydroisoquinolines. Conceived upon biogenetic 
grounds, it was felt that isoquinoline alkaloids were 
formed in plants by the condensation of B-arylethyl 
amines with carbonyl  compound^.^ Soon after the 
initial report, the Pictet-Spengler reaction became 
the standard method for the formation of tetrahy- 
droisoquinolines. This process was first utilized with 
indole bases in 1928 by Tatsui during the preparation 
of l-methyl-1,2,3,4-tetrahydro-~-carboline (4).6 The 
enzymatically catalyzed Pictet-Spengler condensa- 
tion of tryptamine (3) with secologanin (6) to  provide 
strictosidine7-11 7 is the key step in the biogenetic 
pathway to monoterpene indole alkaloids and is 
depicted in Figure 1. This condensation also occurs 
biogenetically with tryptophan (5).12J3 The develop- 
ment of the enantiospecific Pictet-Spengler reaction 
in recent years has rendered this condensation an 
important synthetic method for the formation of 
macroline/sarpagine/ajmaline indole alkaloids. 

The interest in the total synthesis of indole alkaloid 
natural products stems from their complex structures 
and diverse medicinal properties. For example, vin- 
cristine and vinblastine from Catharanthus ~ y ) s e u s ~ ~ J ~  
have long been established as antitumor alkaloidsl6-ls 
of clinical significance, while r e ~ e r p i n e l ~ ~ ~ ~  as well as 
ajmaline2' exhibit very important cardiovascular 
 effect^.^^^^ In regard to the present work, three 
bisindole alkaloids macralstonine acetate (13), mac- 
rocarpamine (15), and villalstonine (16), illustrated 
in Figure 2, have been found to exhibit significant 
activity in vitro against both Entamoeba histolytica 
and Plasmodium f a l ~ i p a r u m . ~ ~  Macrocarpamine (15) 
was found to be the most active antiamoebic alkaloid 
with an activity one-fourth that of the standard drug 
emetine. Villalstonine (16) was found to be the most 
potent of the three alkaloids tested against P. falci- 
parum and was about 15 times less potent than the 
antimalarial drug chloroquine. Macralstonine ace- 
tate (13) was much more active against both types 
of protozoa when compared with the parent mac- 
ralstonine (14). The use of Alstonia angustifolia in 
traditional medicine has been well documented and 
is, presumably, due in large part to the activity of 
these three alkaloids.24 In addition, macralstonine 
(14) has also been shown to lower blood pressure in 
dogs.25g26 The development of an enantiospecific route 
to  these indole alkaloids, based upon a common 
intermediate, would therefore increase the amount 
of material available for study as well as provide the 
possibility for derivatization and greater potency. In 
addition, entry into the optical antipode of these 
bases would also be possible. Research on the 
stereospecific Pictet-Spengler condensation has led 
to the enantiospecific synthesis of such an intermedi- 
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ate, the tetracyclic ketone. This intermediate will be 
discussed in detail later in this report. Work in this 
area was preceded with the discovery that the F’ic- 
tet-Spengler reaction could be effected in nonacidic 
aprotic media as well as under the classical condi- 
tions of acid catalysis. Investigations to explore the 
scope of this reaction have led to an understanding 
of the factors which underlie the stereochemical 
control of this condensation. Detailed studies of the 
stereochemical and mechanistic factors which influ- 
ence this process have been elucidated and are 
presented here along with the enantiospecific total 
synthesis of a number of indole alkaloid natural 
products made possible utilizing the key tetracylic 
ketone mentioned above. 

The F’idet-Spengler condensation has been of vital 
importance in the synthesis of numerous B-carbolines 
in addition to its use in the formation of indole 
alkaloids of more complex structure. Tetrahydro-b- 
carbolines (THBC’s) have been isolated from Virola 
theiodoru and other plants of South American origin 
and employed by Indian tribes as a botanical source 
of intoxicating s n ~ f f s . 2 ~ . ~ ~  In addition, some THBC’s 
derived from tryptamine and 5-methoxytryptamine 
have been shown to inhibit monoamine oxidase A and 
bind with nanomolar affinity in the central nervous 
system (CNS) to serotonin  receptor^.^-^' Moreover, 
Langer et a1.32 have reported that 6-methoxy-THBC 
is present in high concentrations in the human pineal 
gland, and that it potently inhibited the high affinity 
binding of [3Hlimipramine in human platelets. There 
is also a substantial amount of work which has 
suggested the involvement of THBC‘s in the etiology 
of a l ~ o h o l i s m , 3 ~ ~ ~ ~  although, this has not yet been 
confirmed. The present work, however, represents 
the use of tryptophan alkyl esters in the Pidet- 
Spengler condensation and the tryptamine-related 
B-carbolines mentioned above will not be discussed 
in further detail. 

The use of B-carbolines has been instrumental in 
the development of the inverse agonist/agonist phar- 
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Scheme 1 

u c y  
4 

macophore of the benzodiazepine receptor (BzR) site. 
The BzR is located on the GABAA receptor ion 
channel and plays a central role in the molecular 
mechanisms controlling a n ~ i e t y , 3 ~ , ~ ~  convulsions, 
memory-learning,3’ and sleep.38 Positive or negative 
modulation of the GAB& receptor system by various 
structural classes of ligands has resulted in markedly 
different pharmacological effects. Agonist ligands are 
widely used as anxiolytics, anticonwlsants, and 
myorelaxants. In contrast, there are ligands which 
elicit pharmacological actions opposite to those of 
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need for benzodiazepine (Valium) receptor partial 
agonists which elicit anxiolytic and anticonvulsant 
effects but are devoid of the muscle relaxant and 
sedative side effects of classical 1,4-benzodiazepines. 
Moreover, partial or selective inverse agonists which 
enhance neuronal firing in the CNS in the absence 
of proconvulsant or c ~ n v u l s a n t ~ ~ - ~ ~  effects represent 
agents with potential therapeutic use as drugs to  
enhance cognition, to  reverse the effects of hepatic 
encephalopathy, or to  reverse the effects of barbitu- 
rate-alcohol-induced CNS depression (o~erdose) .~~ A 
thorough understanding of the factors affecting these 
site(s) will permit the development of highly selective 
psychoactive drugs. Extensive studies using com- 
puter graphics of the inverse agonist and agonist 
pharmacophores coupled with synthetic results has 
permitted the development of the partial inverse 
agonist 3-EBC and the partial agonist 6-PBC as well 
as the Bzl selective antagonist pCCt. The results of 
these studies will be presented in this review as well 
as h ture  plans regarding medicinal chemistry in the 
benzodiazepine receptor area. 

11. PicteCSpengler Condensations in Nonacidic 
Aprotic Media 

In the course of work directed toward the construc- 
tion of potential antihypertensive agents, the need 
arose for the preparation of Nb-benzyltryptophan 
methyl ester (21). This ester can be prepared by 
stirring tryptophan methyl ester 17 and benzalde- 
hyde 18 in benzene at room temperature, followed 
by reduction of the resulting imine 19 with sodium 
borohydride, similar to  the work of Yoneda (Scheme 
2).45 To improve the conversion of ester 17 into imine 
19, benzaldehyde and amine 17 were heated in 
benzene at reflux while a Dean-Stark trap was 
employed to remove water formed during the process. 
Although the imine 19 was initially observed, after 
prolonged heating the products of this reaction were 
the cis and trans diastereomers of l-phenyl-34meth- 
oxycarbonyl)-1,2,3,4-tetrahydro-~-carboline 20 in 95% 
yield. This result was surprising for generally the 
Pictet-Spengler reaction had been carried out in a 
protic solvent with acid catalysts. 1,46-52 Jackson et 
al. earlier reported that tryptamine (3) and benzal- 
dehyde (18) yielded only imine when heated in 
benzene at reflux.53 Presumably, the Pictet-Spen- 
gler reaction with tryptophan methyl ester 17 had 
occurred without the aid of acid catalysts, therefore, 
it was decided to make a detailed study of this 
~bse rva t ion .~~  
Scheme 2 

V H :  + H,,~OGlu 

\ o  
H CH,O& 

3 tryptamine 

5 L-tryptophan 6 secologanin R= H 

R-COtH 

/ 9 catharanthine 
astrychiin. \ 

10 almaline 

11 aynalicine 

OAc 

12 vindoline 

Figure 1. The strictosidine synthase-mediated Pictet- 
Spengler condensation of tryptamine with secologanin to 
provide the key biogenetic intermediate strictosidine. 

u 

13 macralstonine acetate, R=OAc 
14 macralstonine, R=H 

15 macrocarpamine 16 villalstonine 

Figure 2. Several important bisindole alkaloids isolated 
from Alstonia species. 
agonist ligands. These are known as inverse agonists 
and are represented here by /3-carbolines; they exhibit 
anxiogenic, somnolytic, convulsant, and proconvul- 
sant activity. At this time there is a need for 
selective inverse agonist and agonist ligands to be 
employed in the treatment of a variety of processes 
mediated in the CNS. More specifically, there is a U 
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Table 1. Pictet-Spengler Cyclization of Tryptophan Methyl Ester Derivatives 

Cox and Cook 

CO2CH3 - R ' L  q,, 
R R' I 

A 

amine R R2 aldeyde product R' aprotic % yield aqueous % yield 

17 H H 18 20 Ph 95 90 
17 H H 23 25 %HI1 85 
21 H Bn 18 26 Ph 95 
21 H Bn 23 27 C6Hll 87 
22 CH3 Bn 23 28 C6Hll 87 
21 H Bn 24 29 CHzCHzCOzCzHs 80 

73 

68 
50 

Table 2. Reaction of Amines with Acid Labile Aldehydes 

aprotic aqueous 
amine R R2 R3 aldehyde R' product % yield % yield 
22 CH3 Bn C02CH3 32 HC(OCzHd2 35 90 < 20 
30 H Bn H 32 HC(OC2Hd2 36 92 < 25 
31 CH3 H C02CH3 32 HC(OCzHd2 37 65 <15 
17 H H C02CH3 32 HC(OC2Hh 38 62 < 15 
21 H Bn C02CH3 32 HC(OCzHd2 39 75 <25 
22 CH3 Bn C02CH3 33 C2H4COCH2CH3 40 94 25 
22 CH3 Bn C02CH3 34 CH2CH2C02Hn 41 97 50 
22 CH3 Bn C02CH3 24 CHzCHL'OzCzHs 42 75 59 

Carbonyl substrate  was a-ketoglutaric acid. 

A variety of tryptophan methyl ester derivatives 
have been employed in this condensation and some 
of these are outlined in Table 1. Excellent yields of 
tetrahydro-P-carbolines were obtained with tryp- 
tophan methyl ester 17, Nb-benzyltryptophan methyl 
ester (2 1 ), and Na-me thyl-Nb-benzyl tryp tophan me th- 
yl ester 22. It was apparent from examination of the 
data in Table 1, that yields of the Pictet-Spengler 
reaction could be improved in nonacidic aprotic 
media. This was even more obvious when acid-labile 
aldehydes were used as substrates, as illustrated in 
Table 2. For example, the reaction of tryptophan 
methyl ester derivatives 17, 21, 22,30, and 31 with 
glyoxal diethyl acetal 32 in benzene at reflux resulted 
in good to excellent yields of the corresponding 
tetrahydro-P-carb~lines.~~ These same cyclizations 
carried out under aqueous acidic conditions resulted 
in considerably poorer yields of the tetrahydro$- 
carbolines. The yields were generally two to  three 
times better under nonacidic aprotic conditions than 
those obtained in an aqueous acidic medium. From 
the data in Table 2 it was obvious the Pictet- 
Spengler reaction could be extended to include alde- 
hydes containing functionality such as acetals, esters, 
amides, and acetonides, heretofore too labile to  be 
practical for this condensation. 

Jackson and co-workers have extensively studied 
two possible pathways for the Pictet-Spengler reac- 
tion between tryptamine derivatives and carbonyl 
c o m p o ~ n d s . ~ ~ , ~ ~ , ~ '  Regardless of which path occurs, 
it is the electrophilic nature of the imine double bond 
which is the driving force of the cy~l izat ion.~~ Per- 
forming the reaction in nonacidic, aprotic media 
permitted a study of the correlation between the 
electron density on the aliphatic nitrogen atom with 

the ease of cyclization since protonation of the 
nitrogen atom by solvent was no longer a complicat- 
ing factor. 

The reaction of tryptophan methyl ester (17) with 
benzaldehyde (18) in benzene at reflux resulted in 
the tetrahydro-P-carboline 20 in 90% yield. Con- 
versely, the reaction of tryptamine (3) under the 
analogous conditions resulted only in the formation 
of the Schiffs base 50 in quantitative yield, as 
illustrated in Table 3. These results can be rational- 
ized by examination of the PKa values of the two 
bases: tryptamine, PKa = tryptophan methyl 
ester, pKa = 7.29.59 The tryptophan methyl ester 
imine intermediate 19 is clearly more electrophilic 
than the imine 50, formed from tryptamine (3). In 
fact, even in the presence of small amounts of 
tryptophan or tryptophan methyl ester hydrochloride 
the tryptamine intermediate 50 failed t o  cyclize. 

It was reported in 1974 by Hamaguchi et al.46 that 
the condensation of salicylaldehyde (43) with tryp- 
tophan methyl ester (17) in acidic media provided the 
Pictet-Spengler product 46 (Table 3, eq 2) as a 
mixture of the cis and trans isomers 46a,b, albeit in 
3.5% overall yield. This same condensation carried 
out in benzene or toluene at reflux (Table 3, eq 1) 
provided only the imine 45. This imine was so 
unreactive in fact, that cyclization was only achieved 
by heating in toluene at reflux for 48 h in the 
presence of p-toluenesulfonic acid. These harsh 
reaction conditions failed to  provide the tetrahydro- 
@-carboline, but rather led to  the fully aromatic 
P-carboline 48 (Table 3, eq 1). These results can be 
rationalized by the mesomeric effect of the phenolic 
oxygen atom. The electron release by this atom 
rendered the imine double bond of tryptamine 45 less 
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Table 3. Influence of Electrophilic Character of Imine on Cyclization 
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0 
C02CH3 

(1) 
mR' R3'H pTS A, A 

H' \H 
A 

17, R1=C0&H3 18, R3=Ph, r.!. 19, R1=CqCH3, R3=Ph 48, R'=&hydroxyphenyl 
3, RI=H 18, R3=Ph, A 45, R'ICqCH3, R3=&hydroxyphenyl 

17, R'=CO&H:, 43, R3=o-HOPh 50, R'=H, R3=Ph 

0 

R3'H - 
R R3 

17, R'&O&H3, R2=H 18, F?=Ph,A 20, R'ICOzCk&. $=H, R3=Ph 
17, R'=CO&k&, $=H 43, P a - H O P h  46, R'=CQCk&, R2=H, R3=o-hydroxyphenyl 
21, R'=CO&&, #=En 4, R~+-HOP~ 47, R' =CQCH3, R2=Bn, R3-o-hydroxyphenyl 
17, R'=CWHa, R2=H 44, R3a-acetylphenyl 49, R'=CQCH3, R2-H, R3=o-acetylphenyl 
30, R ' d ,  &En 18 ,P=Ph,A  51, R1=H. $=en, R3-Ph 

alde- alde- 
hyde % hyde % 

amine R1 R2 (A) R3 !:, medium yield amine R1 R2 (A) R3 %% medium yield 

17 C02CH3 H 18 Ph 20 benzene 90 17 C02CH3 H 43 o-hydroxyphenyl 48 toluene/ 5 
DTSA 

17 C02CH3 H 43 o-hydroxyphenyl 45 toluene 100 17 C02CH3 H 44 o-acetylphenyl 49 benzene 40 
17 C02CH3 H 43 o-hydroxyphenyl 46 methanoV 3.5 3 H H 18 Ph 50 benzene 100 

21 C02CH3 Bn 43 o-hydroxyphenyl 47 benzene 62 30 H Bn 18 Ph 51  benzene 98.5 
21 C02CH3 Bn 43 o-hydroxyphenyl 47 toluene 97 17 C02CH3 H lS (r t )  Ph 19 benzene 100 

water 

electrophilic in comparison to the same bond in imine 
19. Further support for this hypothesis was obtained 
by the formation of cis and trans isomers of o-acetoxy- 
phenyl-l,2,3,4-tetrahydro-#I-carboline 49 prepared in 
moderate yield (Table 3) from the condensation of 
acetylsalicylaldehyde (44) and tryptophan methyl 
ester (17) in benzene at reflux. In this case the 
electron-withdrawing effect of the acetyl group re- 
tarded the electron-donating capability of the phe- 
nolic oxygen atom and permitted cyclization to occur 
in the desired manner to  provide the tetrahydro-#I- 
carboline represented by 49. 

As alluded to earlier, the electrophilicity of the 
imine double bond was the limiting factor which 
determined whether cyclization would be achieved in 
nonacidic aprotic medium. With this in mind, the 
use of the Nb-benZyl group would provide an electro- 
philic iminium ion intermediate which should readily 
undergo cyclization. In addition, the benzyl moiety 
could be easily removed later by catalytic hydrogena- 
tion. The results of this investigation are shown in 
Scheme 3 and the yields are listed in Table 3. The 
reaction of Nb-benzyltryptophan methyl ester (21) 
with salicylaldehyde (43) in toluene at reflux pro- 
vided tetrahydro-#I-carboline 47 in 97% yield. Cata- 
lytic debenzylation of 47 with Pd/C at 25 psi (Hz) gave 
the trans-tetrahydro-B-carboline 46a in 55-70% yield 
accompanied by the 2-benzyl derivative 46c, the 
product of a second hydrogenolysis. In every case in 
which Sandrin et al.55 examined the substitution of 
a benzyl group on the aliphatic nitrogen atom of 
either tryptamine (3) or tryptophan methyl ester (21), 
the effect has been to speed the rate of the cyclization 
and to improve the yield. Furthermore, cyclization 
of an imine which contained an Nb-isopropyl group 

Scheme 3 

(Table 1) resulted in lower yields of product which 
may be due to steric effects, electronic effects, or 
presumably, to  a mixture of both e f f e ~ t s . ~ ~ , ~ ~  

The utilization of high boiling solvents such as 
cumene or diglyme to facilitate the Pictet-Spengler 
cyclization without aldehyde decomposition is an 
advantage of the reaction in aprotic nonacidic me- 
dia.46152 The synthetic potential of the Pictet-Spen- 
gler cyclization in aprotic media with either tryp- 
tophan methyl ester derivatives or Nb-benzyl- 
tryptamines is quite general and can be employed 
with a variety of aldehydes which may contain acid- 
labile functional groups. The optimum conditions for 
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this modification appear to  be the use of &benzyl 
derivatives in benzene or toluene at  reflux. Care 
must be taken to assure that the boiling point of the 
aldehyde is higher than that of the solvent; aldehydes 
such as acetaldehyde readily distill off into the 
Dean-Stark trap and give poor yields of tetrahydro- 
8-carbolines. In these cases the use of a sealed tube 
provides improved yields.61,62 For substances that are 
not soluble in benzene or toluene, dioxane can be 
added to the reaction medium. 

Cox and Cook 

Assignments in the 1-phenyl-3-methoxycarbonyl 
series using carbon-13 magnetic resonance spectros- 
copy had been reported in preliminary fashion by 
Sandrin et al. in 1976.65 Moreover the use of 13C 
NMR for the stereochemical assignment and struc- 
ture proof of a number of yohimbinoid and ajmalici- 
noid alkaloid systems was also published in that 
same year by Wenkert et a1.'j6 It became clear that 
carbon NMR spectroscopy would be devoid of the 
complications observed in proton NMR; therefore, 
studies were initiated to determine the limits of the 
method described earlier.67 The 13C NMR method 
developed by Sandrin et al.65 employed the well- 
documented compression effecP observed in 13C 
NMR spectroscopy, and will be illustrated only briefly 
for the cis- and trans-tetrahydro-P-carbolines 20a and 
20b. 

The cis and trans isomers were prepared using a 
Pictet-Spengler condensation between tryptophan 
methyl ester (17) and benzaldehyde (18) in nonacidic 
aprotic mediaa or in an aqueous acidic media (Scheme 
4). The cis and trans diastereomers were isolated, 
separated, and the 13C NMR spectrum of each was 
recorded. The signal assignments were made on the 
basis of nuclear Overhauser effects (nOe), correla- 
tions with known compounds, and off-resonance 
decoupled spectra. The carbon signals for carbon 
atoms C-1 and C-3 for the compounds in Scheme 4 
are illustrated in Table 4. The carbon signals as- 
signed to the cis isomer 20a [C-1 (58.7 ppm) and C-3 
(56.9 ppm)] were downfield relative to those of isomer 
20b [C-1 (54.9 ppm) and C-3 (52.3 ppm)] which was 
then assigned as the trans diastereomer. Conforma- 
tional analysis and examination of molecular models 
indicated that of the two possible twist chair confor- 
mations (A or B, Scheme 5) for the trans isomer 20b, 
conformer A should represent the structure of the 
more stable species due to the 1,4-gauche interaction 
between the hydrogen atom at C-1 and the substitu- 
ent located at C-3 in conformer B. More importantly, 

A. Stereochemical Assignment of 
1,3-Disubstituted 1,2,3,4-Tetrahydro=/3-carbolines 

The use of nonacidic, aprotic media in the Pictet- 
Spengler reaction was a significant improvement 
upon standard reaction conditions for this condensa- 
tion. Because this process resulted in the formation 
of cis and trans isomers it became necessary to 
establish a general method for the assignment of 
stereochemistry to  differentiate between these dia- 
stereomeric 1,3-disubstituted 1,2,3,4-tetrahydro-P- 
carbolines. 

The use of ORDXD had been successfully em- 
ployed by Brossi et al.63 in the 1-methyl-3-carboxyl 
series; however, accurate assignments using this 
technique required pure samples and such diaster- 
eomers were often difficult to  separate. Inconsistent 
results often occurred with proton NMR due to the 
overlap of signals from the protons located at C-1. 
In addition, the assignment of stereochemistry by 'H 
NMR for the cis and trans isomers in the l-phenyl- 
3-methoxycarbonyl series (Scheme 4) has led to  
conflicting  assignment^.^^^^^ Chemical correlation 
(preferential cyclization of only the cis isomer) of 
stereochemistry carried out by Smith13 required the 
synthesis of specific compounds with the proper 
functionality at  carbon atoms 1 and 3 to permit cycli- 
zation. This chemical approach was considered too 
laborious to  be employed in a general sense, conse- 
quently attention turned to 13C NMR spectroscopy. 

Scheme 4 
awoiic 

17 R = R2 = H 
21 R = H , R 2 = B n  aa R = R ~ =  H, R' = c8Hl, 25bR=R2=H,R '  =C6H11 
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Table 4. 13C NMR Signals for C-1 and C-3 
stereochemical I3C signal 13C signal 

compound configuration C-1 (ppm) C-3 (ppm) 
20a cis 58.7 56.9 
20b trans 54.9 52.3 
25a cis 57.7 56.6 
25b trans 55.4 53.4 
50 trans 54.8 51.1 
51 trans 54.5 52.8 
52 cis C(1) = 2H 57.0 
53 cis 58.8 56.4 
54 cis 57.9 55.8 
55 trans 55.9 51.3 
56 cis 53.1 56.5 
58 trans 52.8 52.7 
60 trans 49.9 52.9 
64a cis 53.8 56.5 
64b trans 51.7 52.8 
66 trans 51.1 52.2 
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indicated that the strain between the substitu- 
ent at C-1 and the Na-methyl group would permit 
only formation of the trans diastereomer under these 
conditions. In agreement with this, only one dias- 
tereomer was isolated from each synthesis (>85% 
yield); furthermore, the carbon signals for trans 
diastereomer 50 [C-l(54.8 ppm) and C-3 (51.1 ppm)] 
were virtually identical to those of the trans isomer 
20b [C-l(54.9 ppm) and C-3 (52.3 ppm)]. This same 
phenomenon was observed in the case of trans 
diastereomer 51. While the latter two experiments 
demonstrated indirectly the validity of this approach, 
additional experiments were necessary to accurately 
determine which signals in Table 4 were due to  the 
resonance at C-1. 

For this purpose tryptophan methyl ester 17 was 
condensed with deuter~benzaldehyde~~ in the pres- 
ence of p-toluenesulfonic acid (pTSA) to provide a 
mixture of two components, the Rf values of which 
were identical to  those of phenyl analogs 20a and 
20b. These diastereomers were separated by chro- 
matography and the 13C NMR spectrum (except at 
C-1) and melting point of the more accessible cis 
compound 52 (Table 4) were found to be in complete 
agreement with a structure such as 20a (52 l a ) .  The 
carbon spectrum of 52 l d  was d e ~ o i d ~ l , ~ ~  of the signal 
at 58.7 ppm due to C-1 in 20a; therefore, it was clear 
that the signal at 58.7 ppm in 20a resulted from the 
carbon atom at position 1 while that at 56.9 ppm 
corresponded to carbon atom (2-3. To further cor- 
roborate this assignment and to extend this to  the 
cyclohexyl bases 25a and 25b, cis-l-phenyl-2Oa, cis- 
l-cyclohexyl-25a, and trans 1-cyclohexyl-3-(methoxy- 
carbonyl)-1,2,3,4-tetrahydro-~-carboline (25b) were 
treated with LiAlH4 in THF. The 3-hydroxymethyl- 
substituted bases were isolated and subjected to 13C 
NMR spectroscopy (Table 4). In all cases [20a - 53 
(6 -0.5 ppm), 25a - 54 (6 -0.8 ppm), 25b - 55 (6 
-2.1 ppm) the signal for the carbon atom at C-3 was 
shifted upfield by 0.5 ppm or more; the same phe- 
nomenon had been observed on going from methyl 
acetate to  ethanol (6 -1.7 ~ p m ) . ~ ~  Having now 
determined the chemical shifts for carbon atoms 1 
and 3 in the 1-phenyl and 1-cyclohexyl series, direct 
chemical proof was required to establish that the 13C 
NMR spectroscopic method was correct in the most 
unequivocal sense. Smith and co-workers13 had 
shown that cis-l-(hydroxymethyl)-3-(methoxycarbo- 
nyl)-l,2,3,4-tetrahydro-,!?-carboline (as the Nb-amide) 
would cyclize to  a lactone, while the trans isomer 
would not. S p e n ~ e r ~ ~  had demonstrated, however, 
that these 1-hydroxymethyl derivatives were quite 
labile and consequently the cis- and trans-1-(0- 
nitrophenyl) bases depicted in Scheme 6 were chosen 
for study. A mixture of cis and trans diastereomers 
were obtained from the Pictet-Spengler condensa- 
tion of 17 with o-nitrobenzaldehyde, and the two 
compounds (56 and 60) were carefully separated by 
chromatography. The assignment of stereochemistry 
was initially based upon the carbon spectrum of these 
two molecules. When the trans isomer was subjected 
to catalytic hydrogenation, only 2-amino derivative 
58 was isolated; however, the cis diastereomer 56, 
under analogous conditions gave a complex mixture 
of products. According to  H ~ b s o n ' ~  the formation of 

Scheme 5 

H 

A 

H 

C 

conformer B undergoes an unfavorable interaction 
between the indole Na-H and the equatorial phenyl 
group located at C-1 The methoxy- 
carbonyl group at C-3 is located in the equatorial 
position in the more stable conformer A while the 
substituent at C-1, although now in the axial posi- 
tion, is devoid of the interaction between the sub- 
stituent at C-1 and the Na-indole hydrogen atom. A 
similar analysis of the cis diastereomer 20a led to 
the conclusion that conformer C (with no 13C-y 
gauche effect between atoms bonded to carbons 1 and 
3) should be much more stable than conformer D. 
Consequently, it would be expected that the signals 
for carbon atoms 1 and 3 in trans isomer 20b (with 
a 13C-y effect) would appear at a higher field in the 
carbon NMR spectrum, respectively, than those of the 
corresponding cis isomer. This was found to be the 
case in 1-cyclohexyl-3-methoxycarbonyl bases 25a 
(cis) and 25b (trans) (Scheme 4) as well as the 
1-phenyl compounds discussed above. Additional 
data were required, moreover, to  support the as- 
sumption that the assignment of cis and trans 
configurations to  the above indoles was correct and 
that the 1,3-disubstituted 1,2,3,4-tetrahydro-/?-car- 
bolines were not subject to  other subtle influences 
which might lead to erroneous conclusions. 

In this regard N,-methyltryptophan methyl ester 
31 was heated at  reflux in an aprotic solvent with 
either benzaldehyde (18) or cyclohexanecarboxyal- 
dehyde (23) which provided the corresponding l-sub- 
stituted derivatives 50 and 51, respectively, in ex- 
cellent yields. Examination of molecular models had 
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Scheme 6 

Cox and Cook 

5 6 R = H  
57 R = C(=O)CHj 

62 R = C(=O)CHs 

M R = H  5 8 R = H  
61 R = C(=O)CH3 59 R = C(=O)CH3 

an amide would flatten the twist chair conformation 
of ring C of a tetrahydro-P-carboline and would bring 
the two groups cis 1,3-disposed into closer proximity 
to permit more facile cyclization. In view of this, both 
o-nitro bases 56 (cis) and 60 (trans) were converted 
into the corresponding acetamide derivatives 57 and 
61, respectively, by treatment with acetic anhydride 
and pyridine. The trans amide 61 gave only amide 
59 when treated with hydrogen and PtOz while the 
cis isomer under the same reaction conditions was 
converted into the pentacyclic lactam 62 in 30% yield. 
This latter transformation clearly represented chemi- 
cal proof of the validity of the 13C NMR method for 
stereochemical assignments when position 1 was 
substituted with an aryl group. 

Attention now turned to tetrahydro P-carbolines 
which contained smaller substitutents at  C-1. In this 
vein, it was decided to synthesize the cis and trans 
diastereomers of 1-ethyl-substituted tetrahydro$- 
carboline (64a,b) from amino ester 63 and propional- 
dehyde 68, as illustrated in Scheme 4. BrossP3 had 
shown that 1,3-disubstituted 1,2,3,4-tetrahydro-P- 
carbolines which have a methyl group at C-1 are 
found predominantly as the cis isomer. It should be 
noted, however, that extrapolation to larger groups 
can lead to erroneous  conclusion^.^^ The condensa- 
tion of 63 with propionaldehyde (68) in acidic solution 
provided the 1, 3-disubstituted 1,2,3,4-tetrahydro-P- 
carbolines as a mixture of cis and trans isomers 
represented by 64a and 64b, respectively. The dia- 
stereomeric ratio depicted in Table 5 suggested that 
A(1, 2, strain was significant enough to favor the trans- 
1-ethyl diastereomer 64b. Separation of the two 
diastereomers followed by examination of their 13C 
NMR spectra led to  the initial assignment of stere- 
ochemistry. Following the initial assignment of 
stereochemistry attempts were made to corroborate 
the findings by another method. Chemical correla- 
tion of the cis isomer (via cyclization) was not 
possible, however, Ungemach et al.76 had reported 
earlier that Nb-benzyltryptophan methyl ester (21) 
reacted with either salicylaldehyde (43), glyoxal 
diethyl acetal (321, or propionaldehyde (68) to  provide 
only the trans-l,3-disubstituted P-carboline (e.g. 65, 
illustrated in Scheme 4). When the trans base 65 
was subjected to catalytic hydrogenation this resulted 

Table 5. Ratio of CislTrans Diastereomers 
CO~CHS 

H 

diastereomeric ratioQ 
compound R R' (cis:trans) ref 
20a,20b H Ph 40:60 46 
25a,25b H C6Hll 40:60 46 
50 CH3 Ph 0 : l O O  46 
51 CH3 CsHii 0 : l O O  46 
56,60 H 2-NOzCsHs 25:75 71 
&la,64b H CH2CH3 43:57 56 
66 CH3 CH2CH3 0: 100 56 

In a pair of diastereomers the second number represents 
the trans isomer in this table. 

in the formation of 1,3-disubstituted P-carboline 64b 
as the only isolable material. In addition, excellent 
agreement was observed when comparison of the 
chemical shifts for carbon atoms 1 and 3 in the 
spectrum of 64b (51.7,52.8 ppm) was made with the 
signals in the 13C NMR spectrum of trans 66 r51.1, 
52.2 ppm (N,-methyl)l. More importantly, the trans 
stereochemistry of the 1,3-disubstituted 1,2,3,4-tet- 
rahydro-P-carboline 64b was confirmed by X-ray 
~rystallography.~~ 

In all of the examples examined here, the signals 
for C-1 and C-3 of the cis diastereomers are clearly 
distinct from the analogous resonance lines for the 
trans diastereomers. The enantiospecific synthesis 
of indole alkaloids in the macrolinelsarpaginelajma- 
line series rests on the accurate assignment of the 
stereogenic centers at  C-1 and C-3 in the correspond- 
ing 1,3-disubstituted tetrahydro-P-carbolines. Al- 
though Bailey et al. have reported a 13C NMR method 
to differentiate between cis and trans diastereomers 
in the N,-hydrogen-Nb-benzyl series, this method is 
not 100% effective as noted by the  author^.?^ More- 
over, T6th et al. have examined this method for 
stereochemical assignments and also found excep- 
t i o n ~ . ? ~  To date, accurate stereochemical assign- 
ments for the cis- and trans-1,3-disubstituted &' 
benzyltetrahydro-P-carbolines in the above series can 
only be made in 100% of these cases by removal of 
the &-benzyl group [catalytic debenzylation (CTH): 
PdC, N&C02H, CH3CH20Hl followed by identifica- 
tion of the diastereomers by the 13C NMR method 
developed by Sandrin and U n g e m a ~ h . ~ ~ , ~ ~  In addi- 
tion, this 13C NMR technique?? provided for the first 
time a facile method to study the effects of A(1, 2, 
strain in the determination of configurational prefer- 
ence of 1,3-disubstituted 1,2,3,4-tetrahydro-P-carbo- 
lines in the Pictet-Spengler cyclization. With these 
results in hand, attention now turned to the ste- 
reospecific synthesis of trans-1,3 disubstituted-1,2,3,4- 
tetrahydro-P-carbolines. Many of these tetrahydro- 
,&carbolines have demonstrated interesting biological 
activity or are important intermediates in the total 
synthesis of indole alkaloids. 

B. Stereospecific Synthesis of 
frans1,3-Disubstituted 
1,2,3,4-Tetrahydro-j?-carboIines 

Several groups13,46J2,j4,64 had earlier investigated 
the ratio of cisltrans isomers in the Pictet-Spengler 
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reaction. In all of the reactions examined previously, 
mixtures of cis and trans isomers had been reported. 
During the preparation of 1,3-disubstituted /?-carbo- 
lines for 13C NMR studies77 Ungemach had discov- 
ered that the reaction of Nb-benzyltryptophan methyl 
ester (21) with salicylaldehyde (43) in toluene at 
reflux provided a single diastereomer, the Pictet- 
Spengler product 47 in 97% yield (Table 3). Exami- 
nation of the 13C NMR spectrum confirmed that only 
one diastereomer had been formed in this process; 
however, steric interactions in this 1,2,3-trisubsti- 
tuted P-carboline were too complex to permit an 
unequivocal assignment using 13C NMR spectros- 

Removal of the Nb-benzyl function of this indole, 
however, permitted comparison of the properties of 
this base with those of authentic cis- or trans-1,3- 
disubstituted ,8-carbolines previously prepared by an 
independent route.54 In this vein, the 2-benzyl 
derivative was subjected to catalytic hydrogenation 
(10% PdK, 25 psi) which resulted in a 75% yield of 
trans-tetrahydro-P-carboline 46a (Scheme 7). Earlier 
it had been r e p ~ r t e d ~ ~ , ~ ~  that treatment of tryptophan 
methyl ester with salicylaldehyde under the same 
conditions resulted in a mixture of cis and trans 
isomers (46b,a). The Nb-benZyl group clearly di- 
rected this condensation in a trans stereospecific 
manner.60,76 This represented the first completely 
stereoselective result in the N,-H tetrahydro-p-car- 
boline methyl ester series. The possibility that 
hydrogen bonding (hydroxyl group of the salicyl 
moiety 43) might play a role in the stereoselectivity 
of this reaction led to  the use of a second aldehyde, 
devoid of the hydroxyl group. 

Cyclohexanecarboxaldehyde (23) was heated with 
Nb-benzyltryptophan methyl ester (21) in benzene at 
reflux to provide the tetrahydro-P-carboline (27) in 
87% yield (Scheme 7). Again, examination of the 13C 
NMR spectrum of this base indicated the presence 
of only one isomer in the reaction mixture, therefore, 
it was clear that the hydroxyl group played no role 
in directing the stereochemical outcome of the con- 
densation. Catalytic debenzylation of 27 gave a 70% 
yield of trans-l-cyclohexyl-3-(methoxycarbonyl)-l,2,3,4- 
tetrahydro-8-carboline (25b). As in the previous 
example this reaction carried out in the absence of 
the Nb-benzyl function resulted in the formation of 
cis and trans isomers.54 The &benzyl sequence had 
again occurred with 100% trans diastereoselectivity. 

Previous studies had shown that A(1,2) strain be- 
tween position l of the tetrahydro-P-carboline and the 
N,-substituent was the dominant factor in determin- 
ing the cisltrans ratio in the Pictet-Spengler reaction 
in the Nb-H ~ e r i e s . ~ ~ , ~ ~  With this in mind it was 
decided to condense smaller aldehydes with amine 
21 and examine the cisltrans ratio. Glyoxal diethyl 

copy.77 

Scheme 8 

li 
69 

H A 
lmlne lntermedlate 

70 71 

acetal (32) was condensed with methyl ester 21 in 
refluxing benzene to furnish the desired tetrahydro- 
,&carboline 39 in 75% yield (Scheme 7). Catalytic 
debenzylation of the base provided the 1,3-disub- 
stitued 8-carboline 38 in excellent yield. Careful 
examination of the 13C NMR spectral data showed 
no evidence for the cis isomer. Even more important 
was the result when propionaldehyde (68) was treated 
with the hydrochloride salt of Nb-benzyltryptophan 
methyl ester (67) in methanovwater at reflux (cold 
finger condenser) for 48 h. Three compounds were 
isolated from this reaction, one of which was the 
desired t~UnS-Nb-benZyl derivative 65 (46%) and the 
other two products appeared t o  arise from attack of 
the indole nitrogen atom on the aldehyde. Treatment 
of the base 65 with hydrogen over palladium on 
carbon yielded the trans-l-ethyl-3-(methoxycarbonyl)- 
1,2,3,4-tetrahydro-P-carboline (64b) in 97% yield. 
These results clearly indicated the stereospecificity 
of this sequence was due largely to  the effect of the 
Nb -benzyl substituent and not solely the result of 

strain on the system.69 This result was later 
confirmed when ester 21 was condensed with butyr- 
aldehyde in a sealed tube to provide the trans diaster- 
eomer with 77:23 (translcis) diastereoselectivity.61*62 

An examination of the mechanism of this conden- 
sation with regard to diastereoselectivity is not a 
simple matter. The Pictet-Spengler reaction (see 
67-71) has generally been thought to  proceed via a 
spiroindolenine inter1nediate~2~~2~~ as shown in Scheme 
8 (path A), although Casnatiso has shown that 
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Figure 3. Steric interactions in the two possible iminium 
ion intermediates. 

cyclization can occur by direct attack at position 2 of 
the indole (path B) when very reactive electrophiles 
are employed. The benzyl imine intermediate (when 
using Nb-benzyltryptophan) can certainly be consid- 
ered a reactive electrophile; therefore, both pathways 
must be considered when discussing the stereochem- 
ical outcome of this cyclization. Molecular models 
have been used to examine the steric interactions on 
the benzyl iminium ion intermediates 72 and 73 
(Figure 3). These steric interactions which would 
develop in the transition state between the indole 
moiety and the phenyl group (or R group) in stere- 
oisomer 72 are much higher in energy than the 
interactions between the indole group and the hy- 
drogen atom of intermediate 73. In addition, attack 
of the indole double bond of 72 (2 isomer) would 
result in a 1,3-interaction between the group at  
position -1 and the methyl ester in the transition 
state as the electronic character of the iminium ion 
approaches sp3 hybridization. Conversely, this same 
unfavorable interaction would not develop in the E 
isomer 73; therefore, stereoisomer 73 is believed t o  
be the favored intermediate in this cyclization. 

The second factor which introduces stereospecificity 
into this sequence is the stereoelectronic control in 
attack of the indole double bond on the benzylium 
ion 73. Attack can occur from either C-2, or C-3 (see 
Scheme 91, but is expected to occur antiperiplanar 
to the methyl ester, similar to the attack of hydroxide 
ion on imidate salts reported by Deslongchamps.81 

The structures which result from attack of the 
indole double bond at  C-3 on the benzylium ion 73 
from the bottom face (A) and the top face (B) of the 
carbon-nitrogen double bond are illustrated in 
Scheme 9. Intermediate 75 is clearly more crowded 
due to the syn alignment of the substituents at  C-1, 
-2, and -3 than the anti spiroindolenine intermediate 
depicted in conformer 74. Attack of the indole 2,3- 
double bond on imine 73 is believed t o  occur from 
the face opposite the ester function which minimizes 
interaction with this group during cyclization. Ex- 
amination of Scheme 9 shows the stereospecificity of 
this sequence is even more obvious when intermedi- 
ates 76 and 77 are examined. Spiroindolenine inter- 
mediate 74 results from the intramolecular attack 
(in a stereoelectronic sense) on imine 73 from the bot- 
tom face of the iminium ion, anti to  the ester function. 
The result of this attack is occupation of the pseu- 
doequatorial position with the benzyl group while the 
phenyl group at  C-1 would be pseudoaxial. Rear- 
rangement of this intermediate leads to  carbocation 
76 which contains the two equatorial groups ac- 
companied by the 1-axial substituent. Compara- 
tively, attack on imine 73 from the top face of the 
iminium ion double bond would result in the more 
crowded spiroindolenine intermediate 75 which con- 

Scheme 9 

74 75 

. .  
77 76 

tains (after rearrangement) an axial benzyl function, 
an equatorial methoxycarbonyl group, and the equa- 
torial l-phenyl moiety. The cis diastereomer 77 is 
clearly the less stable diastereomer since the 2-benzyl 
function occupies an axial position in the transition 
state. In addition, the cis diastereomer 77 suffers 
from the additional unfavorable interaction between 
the equatorial substituent at position 1 and the indole 
N,-H function [A(1,2) strain]. It is therefore the 
combined influence of stereoelectronic control and 
conformational interactions which leads to  complete 
stereospecificity in this Pictet-Spengler reaction to  
provide the trans isomer 78. 

Evidence suggested60 that the Nb-benzyl group 
when used in conjunction with large aldehydes 
resulted in the stereospecific formation of trans-1,3- 
disubstituted 1,2,3,4-tetrahydro-P-carbolines. It was 
discovered, however, during the work of Ottenheijms2 
on the synthesis of eudistomin  alkaloid^,^^^^^ that the 
reaction of Nb-(benzy1oxy)tryptophan ethyl ester (81) 
with acetals 82 and 83 (Table 6) did not proceed with 
the same stereospecificity that had been earlier 
observed with Nb-benzyltryptophan methyl ester 
(21).'j0 Investigations in our laboratory have explored 
the reasons for variations in the stereospecificity of 
the Pictet-Spengler condensation. It was therefore 
of interest to  determine if the oxygen substituent in 
the Nb-hydroxyl- and Nb-(benzy1oxy)tryptophan ethyl 
esters (80 and 81, respectively) was responsible for 
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Table 6. Condensation of Nb-Oxytryptophan Ethyl 
Esters with Acetals 
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lectivity was realized when Nb-methyltryptophan 
methyl ester (90) was condensed with acetal 82. As 
expected, the size of the substituent on the Nb' 
nitrogen atom led to higher trans diastereoselectivity 
in the reaction as illustrated in Tables 6 and 7. The 
reaction of Nb-benzyloxytryptophan methyl ester (81) 
with 82 gave a 50:50 ratio of cis:trans diastereomers, 
while the corresponding reaction of the Nb-phenethyl 
base 91 led to  a high degree of trans selectivity (16: 
84). Comparison of the data in Tables 6 and 7 clearly 
shows that the electronic contributions from the 
oxygen atom decrease the stereoselectivity for the 
isosteric tryptophan methyl esters.@ 

The studies described in the preceding section have 
helped to  shed some light on the factors which affect 
the diastereoselectivity of this widely used reaction. 
Moreover, a short two-step sequence has been devel- 
oped to prepare trans-1,3-disubstituted 1,2,3,4-tet- 
rahydro-/?-carbolines in 100% stereoselective fashion. 
Easy removal of the 2-benzyl function employed to 
direct the trans diastereoselectivity via catalytic 
debenzylation (CTH) renders this method useful for 
the diastereoselective synthesis of many different 1,3- 
disubstituted tetrahydro-/?-carbolines and indole al- 
kaloids of complex structure. 

C. Carboxyl-Mediated Pictet-Spengler 
Condensation 

In the last several years an increasing number of 
/?-carboline alkaloids that contain an oxygen sub- 
stituent at position 4 have been i s ~ l a t e d . * ~ - ~ ~  The 
4-methoxy-~-carbolines86-88 and canthin-6-0nes,~~-~~ 
as well as several bisindolesgl serve as representative 
examples. The alkaloids 1-methoxycanthin-6-one 
(1061, and l,ll-dimethoxycanthin-6-one (106) and 
their congeners shown in Figure 4 have been reported 
to exhibit cytotoxic antileukemic activity via their 
inhibitory effects on DNA synthesis in GPK epithelial 
cells.92-93 Oxygenation of the canthin-6-one skeleton 
either at position 1 (C-4 in the ,&carboline numbering 
system) and/or ring A greatly enhanced the cytotoxic 
antileukemic activity of these  base^.^^,^^ 

The synthesis of the parent l-methoxycanthin-6- 
one (106) has been carried out and is described below. 
Efforts are currently focused on the synthesis of 
"unnatural products" such as 1,8,10-trimethoxycan- 
thin-6-one (107) to  investigate the mode of action of 
the cytotoxic activity of these unique oxygenated 
alkaloids. The approach to 106 or 107 requires a 
simple route to  oxy-substituted tryptamines, the most 
straightforward of which was reported earlier by 
Abramovitch and S h a p i r ~ . ~ ~ , ~ ~  This process suffered, 
however, because the decarboxylation of the trypt- 
amine-2-carboxylic acid to  provide the substituted 
tryptamine often occurred in low yield, depending on 

80, R-H 82, RICH:, 
81, R-CH2Ph 83, R'-C,Hs 

C U  

84, R-H, RICH3 
86, R-H, R-Ph 
86. R-CHzPh, R'-CH3 

lram 

85, R-H, R-CH3 
87, R-H, R'-Ph 
89, R-CHPh, RICH3 

products 
reactants R R cis trans time(h) yield(%) 
80+ 82 H CH3 84(67) 85(33) 72 95 
SO+ 83 H CsHs 86(40) 87(60) 6 77 
81 + 8 2  CHzPh CH3 88(50) 89(50) 3 96 

Table 7. Condensation of Nb-Alkyltryptophan Methyl 
Esters with Acetals 

I 82 R'=CH n 
R" 

83: R'=Cst& 

product ratiosa 
ester R R R cis (%) trans(%) 

17 H H CH3 93 (75) 94(25) 
90 H CH3 CH3 95(66) 96(34) 
21 H CHzPh CH3 97(16) 98(84) 
91 H CHzCHzPh CH3 99(16) lOO(84) 
21 H CHzPh CsHs lOl(0)  102(100) 
92 CH3 CH3 CH3 103(16) 104(84) 

time (h) 
48 
24 
72 

168 
48 

288 

"The stereochemistry and ratios of the cis and trans 
diastereomers were determined by 'H and 13C NMR 
spectroscopy. 

~~ 

the decreased stereospecificity when compared to the 
Nb-methyl- and Nb-phenethyltryptophan methyl es- 
ters (90 and 91, respectively), for a comparison see 
Tables 6 and 7. 

The reactions which had been carried out in re- 
fluxing benzene were carried out under the conditions 
of Ottenheijma2 in dichloromethane/trifluoroacetic 
acid (CH2ClDFA). The Nb-methyl- and Nb-pheneth- 
yltryptophan methyl esters 90 and 91 were prepared 
to be employed as the carbon analogs of the corre- 
sponding Nb-hydroxyl- and Nb-(benzyloxy)tryptophan 
derivatives 80 and 81. These derivatives permitted 
a comparison between the effect of size vs electrone- 
gativity (0 vs C) on the stereoselectivity of the 
Pictet-Spengler condensation. 

The reaction of Nb-hydroxytryptophan 80 with 
acetaldehyde dimethyl acetal (82, Table 6) resulted 
in substantial amounts of the cis diastereomer, (67: 
33, cis:trans) as reported.82 This same diastereose- 
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Figure 4. Methoxy-substituted canthin-6-ones. 
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resonance structure 113, Scheme 10). It is known 
that 6-alkoxy substituents facilitate attack at  C-280 
in the Fictet-Spengler reaction. If this were the case 
then resonance structure 114 might be expected to  
play a role in the stabilization of intermediate 111 
in the condensation reaction described herein. From 
Table 8 it is clear that the treatment of 6-methoxy- 
tryptamine-2-carboxylic acid (118) with a-keto ester 
123 provided a higher yield of tetrahydro-P-carboline 
than the 5-methoxy analog 117 in agreement with 
direct attack at C-2 for this process. 

The synthesis of the cytotoxic antileukemic alkaloid 
1-methoxycanthin-6-one 105 was completed by Hagen 
et al.99 and is illustrated in Scheme 11. This syn- 
thetic study also resulted in a general method for the 
synthesis of 4-alkoxy-P-carbolines from 4-oxo-1,2,3,4- 
tetrahydro-P-carbolines. The treatment of tryptamine 
hydrochloride 3 with the dimethyl ester of 2-keto- 
glutaric acid (123) in methanol at reflux provided the 
desired indolizino[8,7-b]indole lactam 134 in 92% 
yield; this same condensation occurs readily between 
115 and 123 as well. During this process a Pictet- 
Spengler cyclization had occurred and the y-lactam 
134 had formed in a one-pot reaction. The y-lactam 
contained the necessary carbon atoms for the syn- 
thesis of 105; moreover, both the &-nitrogen atom 
and C-1 carbon atom were protected from interaction 
with 2,3-dichloro-5,6-dicyano-l,4-benzoquinone (DDQ). 
The desired 3-acylindole 135 was obtained in good 
yield when the y-lactam 134 was stirred with DDQ 
(1:2) in aqueous THF at room temperature. The 
4-oxo-1,2,3,4-tetrahydro-~-carboline 135 was heated 
in HCI/HOAc, according to the procedure of H o b ~ o n , ~ ~  
to  remove the ester protecting group which resulted 
in the formation of 3-acylindole 136 in 88% yield. The 
y-lactam of 136 proved to be resistant to hydrolysis 
under a variety of c o n d i t i ~ n s . ~ ~ J ~ ~  

In order to facilitate cleavage of the y-lactam to pro- 
vide the d-lactam, it was decided to form the enol 
ether of the 3-acyl indole 136. This would provide a 
1,2-dihydro-P-carboline, congeners of which are known 
t o  readily undergo oxidation ( 0 2 ,  air) or dispropor- 
tionation to provide the fully aromatic P-carbo- 
l i n e ~ . ~ ~ J O ~  With this in mind, the keto lactam 136 
was heated with trimethyl orthoformate in methanol 
in the presence of pTSA to provide a 51% yield of 
4-methoxy-l-(3-carbomethoxypropyl)-~-carboline 137. 
The ester group of 137 was hydrolyzed in quantita- 
tive yield with aqueous ammonia, followed by heating 
of the residual solid in the presence ofpTSA to fur- 
nish l-methoxy-4,5-dihydrocanthin-6-one (138) in 
82% yield. Dehydrogenation of the d-lactam 138 was 
accomplished using DDQ in dioxane at reflux to pro- 
vide 1-methoxycanthin-6-one (105) in 70% yield. 
This seven-step synthesis of 105 proceeded in an 
overall yield of 20% starting from tryptamine 3 and 
dimethyl 2-ketoglutarate (123). This represented the 
first synthesis of any of the 1-methoxycanthin-6-one 
alkaloids and provides a route to  other alkaloids in 
this series. 

The carboxyl-mediated Pictet- Spengler reaction is 
an effective method for the direct synthesis of 1,2,3,4- 
tetrahydro-P-carbolines and hexahydro-3-oxo-indoliz- 
ino[8,7-b]indoles from tryptamine-2-carboxylic acids. 
It is no longer necessary to remove the 2-carboxylic 
acid function to provide tryptamines prior to the 
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the nature of the substituents on the indole ring.94,95 
It was this synthetic problem which led to the 
development of the carboxyl-mediated Pictet-Spen- 
gler r e a c t i ~ n . ~ ~ , ~ ~  With this in mind, the mechanism 
of the Pictet-Spengler r e a c t i ~ n ~ , ~ ~ , ~ ~  was reviewed. 
As outlined in Scheme 10, if the tryptamine-2- 
carboxylic acid (108) could be encouraged to  form the 
Schiffs base 109, and was then heated, this might 
provide the spiroinclolenine intermediate 110 ((2-3) 
or the carbocation 111 [path b (C-2) or from 1101. 
Loss of both the proton and the elements of COZ from 
111 to  satisfy the positive charge would provide the 
desired 1,2,3,4-tetrahydro-@-carboline 112. 

When a substituted tryptamine-2-carboxylic acid 
(108) was simply heated with the carbonyl compound 
in a solution of benzene/dioxane/trifluoroacetic acid 
at reflux with water removal (Dean-Stark trap) the 
desired tetrahydro-@-carboline was produced. The 
results of the condensation between various trypt- 
amine-2-carboxylic acids and a carbonyl component 
are summarized in Table 8. The process appears to  
be quite general for simple aldehydes such as benz- 
aldehyde 18 as well as more reactive electrophiles 
including a-keto acids and a-keto esters undergo the 
cyclization with ease. The carboxyl-mediated Pictet- 
Spengler cyclization employed herein represented a 
considerable improvement over the reported synthe- 
ses of indoles 125-133, and can be extended t o  
include many ring A-oxygen substituted tryptamine- 
2-acids which fail to  undergo decarboxylation during 
attempts to convert the tryptamine-2-carboxylic acids 
to  tryptamine^.^^,^^,^^ This is also important for acids 
119 and 120, the decarboxylation of which is very 
difficult under normal reaction  condition^.^^^^^ 

Mechanistically, the iminium ion 109 can undergo 
attack at  C-3 to provide the spiroindolenine inter- 
mediate5,56 110 or the ion 109 can undergo direct 
attack at  C-280 to provide the carbocation 111. The 
former intermediate is unlikely due to the localization 
of positive charge adjacent to  the carbonyl group (see 
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Table 8. Synthesis of Indolizino[8,7-b]indoles from Tryptamine-2-carboxylic Acids 
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tryptamine-2-acid carbonyl component product (% yield) 

116 
CHIO 

18 

:: 

:: 

H02CCCH2CH2C02H 

34 

CH~CCH~CHZCOZH 

122 

:: 
Me02CCCH2CH2C02Me 

123 

e 
MeOzCCCH2CH2CO2Me 

123 

e 
MeOzCCCH2CHzCO2Me 

123 

e 
PhCCHzCH2COzH 

124 

:: 
CH&CH&H&02H 

122 

f: 
Me02CCCH2CH2C02Me 

123 

125 bh 

execution of the Pictet-Spengler reaction for the 
elements of COZ are lost during the process of 
cyclization. This greatly enhances the use of the 
Abramovitch-Shapiro methodg4sg5 for the synthesis 
of substituted-/?-carbolines especially in the area of 
highly oxygenated ring A-substituted heterocycles. 
This method can be potentially extended to other 
indoles which contain a carboxyl function located at 
position-2. Heterocycles such as indole 2-esters are 
readily available through the Fischer,lo2 Reissert,lo3 
and Moody104J05 routes. 

D. Kinetic vs Thermodynamic Control 
Previous reports highlighted the variance in the 

diastereochemical product ratios obtained when em- 
ploying the Pidet-Spengler ~ondensa t ion .~@~~~ Three 
such examples are shown in Table 9. The ratios of 

diastereomers when acetaldehyde (157), propional- 
dehyde (68), and cyclohexanecarboxaldehyde (23) 
were heated with Nb-H tryptophan methyl ester 
under acidic conditions reportedly varied from 7525 
cisltrans (139/140) to a more equal ratio of 4357 cis/ 
trans (64a/64b), to  4159 cisltrans (25d25b). The 
only significant difference between these reactions 
was the size of the substituent at C-1 of the tetrahy- 
dro-/?-carboline. We have noted previously that as 
the size of the substituent at C-1 increases, so too 
does the degree of trans stere~select ivi ty .~~,~~ To 
examine the effect the steric bulk of the incoming 
aldehyde had upon the diastereomeric ratio realized 
in the Pictet-Spengler condensation in the presence 
of a benzyl group at the amino nitrogen, Nb-benZyl- 
tryptophan methyl ester was ~ r e p a r e d . ~ ~ J O ~  This 
base was treated individually with acetaldehyde, 
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Table 9. Cis:Truns Ratios” of (&)-1,2-Disubstituted 
and 1,2,3-Trisubstituted Tetrahydro-/%carbolines 

cis trans 

aprotic acidic 
compound R1 R2 R3 cis:trans &:trans 
139,140b CH3 H CH3 75:25 

25a, 25b C6Hll H CH3 40:6oC 4159 
141,142 CH3 Bn CH3 26:74 12:88 
143, 144d CHzCHzCH3 Bn CH3 23:77 11239 

145,146 CH3 Bn CH(CH3)z 23:77 13:87 
147,148 CHzCHzCH3 Bn CH(CH& 13:87 12:88 
149 C6Hll Bn CH(CH& 0:lOO 0 : l O O  
150,151 CH3 CH(Ph)Z CH3 10:90 0 : l O O  
152 CHzCH2CH3 CH(Ph)z CH3 0:lOO 0 : l O O  
153 C6Hll CH(Ph)z CH3 0:oe 0:lOO 
154 CH3 CH(Ph)Z CH(CH& 0 : l O O  0: lOO 
155 CHzCHzCH3 CH(Ph)Z CH(CH3)z 0:Oe 0:lOO 
156 C6Hll CH(Ph)Z CH(CH3)z 0:W 0:lOO 

64a,64b CH2CH3 H CH3 43:57c 

27 C6Hll Bn CH3 0 : l O O  0 : l O O  

(1 As determined by integration of the ‘H NMR spectrum 
(&3%). When a pair of numbers is present, the first is cis, 
the second trans. When only one number is present the 
reaction was 100% trans stereoselective. Reference 77. Car- 
ried out in the optically active series. e These transformations 
yielded only starting materials under nonacidic aprotic condi- 
tions but were converted into the l-substituted tetrahydro-p- 
carbolines upon addition of TFA to the reaction medium. 

butyraldehyde, and cyclohexanecarboxyaldehyde un- 
der the nonacidic aprotic conditions of Sandrin et 
a1.46,47,85 This afforded a series of l-alkyl-2-benzyl- 
3-(methoxycarbonyl)tetrahydro-~-carbolines with the 
substituent at position 1 varying in steric bulk from 

the relatively small methyl group, t o  propyl, to  the 
larger cyclohexyl moiety. 

The reactants were heated in benzene at  reflux 
under nonacidic aprotic conditions for 36 h. All 
reactions were stopped after 36 h to  provide uniform 
experimental conditions, thus enabling an unbiased 
comparison of the stereochemical effects of the vari- 
ous substituents. Chemical yields are thus unopti- 
mized. The reactions utilizing acetaldehyde were 
carried out in a sealed glass tube to avoid loss of the 
aldehyde. Each aldehyde was purified by vacuum 
distillation and the IR spectrum obtained to verify 
that the reactants were indeed free of acid. In all 
cases, after 36 h a small aliquot was removed and 
the proton NMR spectrum recorded. It was difficult 
to  accurately measure the diastereomeric ratio due 
to impurities which masked the signals necessary to 
determine the ratio of diastereomers which were 
formed. In these cases impurities were removed by 
running the reaction mixture through a short wash 
column of silica gel and measuring the NMR spec- 
trum once again. Comparison of the spectra before 
and after chromatography assured that the diaste- 
reochemical ratio had not been altered. Flash chro- 
matography on silica gel permitted separation of the 
cis and trans diastereomers and a close examination 
of the NMR spectra of the individual diastereomers 
clearly indicated the proton signals that differed 
significantly. These signals were then used to  de- 
termine the diastereomeric ratio of cis t o  trans 
isomers in the spectra of the mixtures. Although 
CDC4 was initially used as an NMR solvent it was 
found that the acidic impurities present were in high 
enough concentration to effect epimerization of the 
cis diastereomers to  their trans isomers. The cause 
of this epimerization will be expanded upon in a later 
section. These impurities could be removed but it 
was found easier to employ C6D6 as the NMR solvent. 
Catalytic transfer hydrogenation of the 1,2,3-trisub- 
stituted species afforded 1,3-disubstituted tetrahy- 
dro-P-carboline5 that are well-known  compound^.^^^^' 
Consequently, the stereochemistry of the individual 
diastereomers could be unequivocally established by 
comparison of their I3C NMR spectra to  previously 
published work. Determination of the stereochem- 
istry of these individual diastereomers had been 
carried out according to the carbon NMR method 
described earlier, a method which has been validated 
by independent  source^.'^-^^ 

The condensation of Nb-benzyltryptophan methyl 
ester (21) with acetaldehyde (167) or butyraldehyde 
(168) resulted in the formation of mixtures of cis and 
trans diastereomers 141-144, respectively. This 
same condensation employing cyclohexanecarboxal- 
dehyde 23 provided only the trans diastereomer 27 
as was expected.60 Examination of the product ratios 
(Table 9) for the nonacidic aprotic condensations with 
acetaldehyde (26:74 cis-141/trans-142) and butyral- 
dehyde (23:77 cis-143/trans-l#) revealed that the 
ratio of cis t o  trans diastereomers for each was 
essentially the same. As the steric bulk of the 
substituents increased to cyclohexyl, however, the cis 
isomer was excluded from formation. Ungemach had 
proposed that this phenomenon was the result of a 
steric interaction between the ester function and the 
alkyl group in addition to the effect of A(1,2) strain.60 
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Since aldehydes similar in size to an n-butyl group 
provided a mixture of diastereomers the synthetic 
potential of the process was limited. If Ungemach's 
hypothesis were correct, however, any increase in the 
steric interactions between the ester and alkyl groups 
should shift the diastereomeric ratios toward in- 
creased trans stereoselectivity. To this end, replace- 
ment of the methyl ester function with the larger 
isopropyl group was undertaken. After the Nb' 
benzyltryptophan isopropyl ester was synthesized in 
a fashion analogous to the methyl ester, the previ- 
ously mentioned series of condensations were re- 
peated and the diastereomeric ratios examined by 
NMR spectroscopy. In agreement with this hypoth- 
esis one of the condensations yielded an increased 
amount of trans isomer, the condensation of Nb- 
benzyltryptophan isopropyl ester with butyraldehyde 
(158). In the l-propyl methyl ester series (143 and 
144) the ratio of cis to  trans was 23:77 for this 
condensation while in the isopropyl ester series (147 
and 148) the amount of trans isomer was increased 
to 13:87 (cis:trans). 

The previous work in this area had clearly dem- 
onstrated that introduction of a benzyl group at the 
Nb-amino nitrogen function favored formation of the 
trans diastereomer. Substituents at  the amino Nb- 
nitrogen function have come under scrutiny previ- 
ously since it was shown by Ottenheijm et al.sz and 
Sandrin et al.s5 that electronic effects played a 
significant role in the stereochemical outcome of the 
reaction. The effect of the steric bulk of the Nb-alkyl 
substituent upon the diastereochemical ratio had not 
been fully studied. In order to  increase the size but 
not alter the electronic effects on the stereochemical 
preference of this condensation, the substituent at 
the Nb-nitrogen function, a diphenylmethyl group, 
was employed. Introduction of this group (Scheme 
12) was accomplished by transimination of the ap- 
propriate ester hydrobromide or hydrochloride salt 
with benzophenone imine, according to the procedure 
of Polt and O'D0nnel1.l~~ Reduction of the resultant 
imine with sodium cyanoborohydride in methanol or 
2-propanol under acidic conditions provided the 
desired Nb-diphenylmethyl-substituted tryptophan 
derivative 161 or 162, respectively. This facile 
reduction could be carried out in as little as 5 min 
(depending upon the scale of the reaction) with com- 
plete conversion of the imine. This protocol provided 
excellent yields, could easily be scaled up to the 10 g 
level, and was not subject to  disubstitution or the 
formation of quaternary ammonium salts. With the 
methyl and isopropyl esters of Nb-diphenylmethyl- 
tryptophan in hand, the series of condensations were 
repeated (benzene at reflux) and the diastereomeric 
ratios measured by NMR spectroscopy. 

In the methyl ester series the condensation with 
acetaldehyde reacted to  form the desired 1,2,3,4- 
tetrahydro-8-carbolines (150 and 151) as evidenced 
by lH NMR spectroscopy (1O:QO) after initial removal 
of the nonindolic byproducts. However, attempts to  
isolate the small amount of cis diastereomer which 
was present were unsuccessful. Only the trans 
diastereomer 151 was found upon examination of the 
chromatographic fractions. In the reaction of Nb- 
(diphenylmethy1)tryptophan isopropyl ester (162) 
with acetaldehyde, only the trans diastereomer 164 
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164 R' = CHI. R3= CH(CH3)z 
165 R' = CH2CHzCH3, R3= CH(CH3)z 
166 R' = C ~ H I I ,  R3- CH(CH3)z 

151 R' =CHI. R3 = CH3 
152 R' = CH2CH2CH3, R3 = CH3 
153 R' = C ~ H I , .  R3 = CH3 
154 R' - CH3, R3= CH(CH3)z 
155 R' = CH~CH~CHJ,  R3=CH(CH& 

was formed as determined by lH and 13C NMR 
spectroscopy. In the methyl ester series the reaction 
of butyraldehyde also provided only the trans isomer 
152. In three of the cases (153, 155, and 156) no 
reaction was observed under nonacidic aprotic condi- 
tions after 36 h presumably due to increased crowd- 
ing in the transition states. Prolonged heating only 
increased the amount of byproducts which were 
formed. In order to effect the Pictet-Spengler cy- 
clization it was necessary to add trifluoroacetic acid 
(TFA) to the reaction medium. The addition of TFA 
to catalyze the formation of 153, 155, and 156 
resulted in the isolation of only the trans diastere- 
omer in each case. Cleavage occasionally of diphen- 
ylmethyl groups is known to occur with TFA at low 
concentrations,lo8-'10 although it failed to  do so here 
as evidenced by control reactions devoid of aldehyde. 
In all the reactions employed with the Nb-diphenyl- 
methyl group, the chemical yields are somewhat 
lower than in the &-benzyl cases. This is not 
unreasonable since the presence of such bulky moi- 
eties hinders the formation of 1,3-disubstituted 1,2,3,4- 
tetrahydro-P-carbolines.62J08-110 

A comparison of the reactions which employed 
acetaldehyde showed a marked trend. In the Nb-H 
methyl ester case (139 and 140, 7525 cisltrans), the 
Pictet-Spengler reaction yielded the cis isomer as 
the major product. Introduction of a benzyl function 
at the amino nitrogen atom inverted the stereochem- 
ical outcome to provide the trans diastereomer under 
aprotic conditions (141 and 142, 26:74 cisltrans) as 
the major product. Furthermore, when the Nb sub- 
stituent was increased to the larger diphenylmethyl 
group under similar conditions, a 9: 1 stereoselective 
formation of the trans diastereomer 151 was observed 
(Table 9). When the methyl ester substituent was 
replaced with an isopropyl group a 100% stereose- 
lective formation of the trans diastereomer 154 was 
realized. 
As previously shown in Scheme 9, two distinct 

spiroindolenine intermediates may result from attack 
on the imine intermediate. In the Nb-diphenylmeth- 
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Scheme 13 
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Figure 6. Syn- and anti-spiroindolenine intermediates. 
yltryptophan methyl ester case, attack of the imine 
from the face opposite the ester function would 
provide the anti spiroindolenine 167a. Attack from 
the same face as that occupied by the ester would 
result in a spiroindolenine of syn configuration such 
as intermediate 167b, as illustrated in Figure 5.  
Molecular mechanics calculations combined with con- 
formational searching (MacroModel2.5-MM2 force 
field) revealed that the anti configuration is 2.1 kcall 
mol lower in energy than the all eclipsed syn config- 
uration.62 On rearrangement to  C-2 this anti spiroin- 
dolenine 167a can only provide the trans diastereomer. 

The data from these experiments under nonacidic 
aprotic conditions (benzene) reflect ratios which are 
the result of kinetic trapping experiments. Exami- 
nation of the data in Table 9 clearly indicated that if 
mixtures of Nb-alkyl diastereomers realized in the 
nonacidic aprotic Pictet-Spengler reaction were ex- 
posed to acid, the diastereomeric ratios in the Nb- 
alkyl cases shifted to further increase the amount of 
trans diastereomer formed. This generality was 
confirmed by either the addition of TFA to a small 
aliquot of the reaction mixture or as in cases with 
tetrahydro-P-carbolines 153, 155, and 156, by reac- 
tion in the presence of TFA to catalyze cyclization. 
Examination of ratios 141/142,143/144,145/146, and 
150/151, clearly indicated that the ratio of cis product 
to  trans product formed under nonacidic aprotic 
conditions was higher than that realized under acidic 
conditions. The method by which the conversion of 
the cis diastereomers into the more thermodynami- 
cally stable trans diastereomers took place can now 
be rationalized. 

E. Epimerization at C-1 b Scission of the 
Carbon-Nitrogen Bond (r hermodynamic Control) 

For these studies optically active N,-methyl-Nb- 
benzyl-D-(+)-tryptophan methyl ester was synthe- 
sized from D-(+)-tryptophan (168, Scheme 13). Aury- 
lation of D-(+)-tryptophan with methyl iodide in 
sodium-liquid ammonia at -78 "C and esterification 
of the resultant solid by heating in methanolic 
hydrogen chloride at reflux provided ester 169. This 
indole was converted into N,-methyl-Nb-benzyltryp- 
tophan methyl ester (170) on stirring the free base 
with benzaldehyde at  18 "C for 2 h, followed by 
reduction of the imine with sodium borohydride at  
-5 "C. Racemization was observed if the benzylation 
process took too long or the temperature rose too 
high,lll although in the racemic series (17 h) it made 
no difference. The optical purity of the above com- 
pounds was verified by lH NMR spectroscopy in the 
presence of the chiral shift reagent tris[3-[(trifluoro- 
methy1)hydroxymethylenel-(+ )-camphoratoleuropium- 
(111) and later by HPLC analysis of diastereomeric 
ureas.24,106,112 

172 (trans) 171 (cis) 
chemical chemical 
shift 8 J (HZ),, shift 6 J (Hz), 

proton (ppm) multiplicity (ppm) multiplicity 
H (1) 3.51 15.715.2, dd 3.75 9.5, d 
H (3) 4.10 11.0/5.5, dd 3.92 6.312.1, dd 
H (4,) 3.05 15.815.5, dd 3.05 18.616.3, dd 
H ( 4 b )  3.12 15.8111.0, dd 3.37 18.612.1, dd 
H (5) 7.60 8.0, d 7.58 9.5, d 
CH3 (Ns) 3.84 S 3.69 S 
CH3 (ester) 3.65 S 3.65 S 
CH3 (ester) 3.50 S 3.56 S 
HE (aromatic) 7.12-7.40 m 7.10-7.48 m 

H (14d 3.81 13.1, d 
H (1'a) 1.85 m 1.50 m 
H (I 'b) 2.02 m 1.95 m 
H (2'd 2.38 17.515.6, d t  2.51 18.016.0, dt  
H (2'd 2.61 17.5,9.6/5.6, 2.81 18.0,9.8/6.0, 

H (14,) 3.39 13.1, d 3.89 S (14,114b) 

d, dd d, dd 

Reaction of optically active N,-methyl-Nb-benzyl- 
tryptophan methyl ester 170 with methyl 3-formyl- 
propionate in benzene at reflux provided a mixture 
of the optically active diastereomers 171 = 
-36.8" (e = 0.95, CHCls), and 172 [a125~ = +20.0° (e 
= 0.96, CHCls) in a translcis ratio of 72:28 (81%). The 
trans isomer 172 (mp 119-120 "C) was identical 
spectrometrically to  the (&)-trans isomer (mp 145- 
146 "C) whose structure had been confirmed by 
Yoneda by X-ray crystallographic ana1y~is . l~~  It was 
interesting to note that both the C-1 substituent and 
the Nb-benzyl function of the trans isomer occurred 
in the axial position in the solid state as confirmed 
by the X-ray analysis.'13 The coupling constants 
observed between H-3 and H-4a, H-4b (J = 5.5 and 
11.0 Hz) indicate that H-3 was located on the /?-axial 
position of the chair-like C-ring with a dihedral angle 
of 135" with respect to H-4a and 10" in regard to H-4b 
(Table 10). Hence the trans isomer 172 contained 
an axial substituent at C-1, an equatorial substituent 
at  C-3 and an axial benzyl group in the preferred 
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Table 11. 18C NMR Data for 171 and 172 
carbon atom 172 171 racemic" 
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53.32 
56.12 
20.25 

118.12 
119.11 
121.32 
108.90 
135.67 
106.29 
126.52 
137.46 
52.79 

139.25 
129.29 
128.14 
126.96 
27.90 
29.60 
29.71 
51.26 
52.00 

173.37 
173.87 

54.09 
57.44 
17.95 

118.25 
118.93 
121.28 
108.79 
134.65 
104.70 
126.58 
137.49 
61.16 

138.93 
129.07 
128.36 
127.31 
29.10 
29.66 
29.66 
51.30 
51.83 

174.07 
174.25 

53.5 
56.2 
20.4 

118.2 
119.2 
121.4 
108.9 
135.7 
106.4 
126.7 
137.6 
52.9 

139.2 
129.3 
128.2 
127.0 
28.0 
29.68 
29.74 
51.3 
52.0 

173.3 
173.9 

conformation in solution. This was further confirmed 
by 13C NMR spectroscopy. In the 13C NMR spectrum 
of the two diastereomeric 1,2,3,4-tetrahydro-p-car- 
bolines, it was well documented that the exocyclic 
benzylic methylene carbon atom (C-14) of the Nb- 
benzyl-cis- 1,3-disubstituted- 1,2,3,4-tetrahydro-p-car- 
boline resonated downfield from that of the corre- 
sponding trans i ~ o m e r . ~ ~ J l ~  As illustrated in Table 
11, the chemical shift of carbon atom 14 in the cis 
isomer 171 (6 61.16) appeared 8.37 ppm downfield 
with respect to the corresponding carbon atom in the 
trans diastereomer 172 (6 52.79). This phenomenon 
was due to the y-gauche The preferred 
position of the Nb-benZyl group in the cis isomer 171 
must be trans to  the two 1,3-substituents, while in 
the corresponding trans isomer, any position occupied 
by the benzyl group will necessarily be cis either to  
the substituent at C-1 or (2-3. Consequently, this 
carbon atom (C-14) is compressed in the 13C NMR 
spectrum of trans isomer 172, and resonates up field 
with respect to the corresponding carbon atom in the 
cis isomer 171. The coupling constants between H-3 
and H-4a, H-4b (J = 6.3 and 2.1 Hz) indicate that 
hydrogen atom H-3 of the cis isomer 171 was located 
in the a, equatorial position with a dihedral angle of 
35' with respect to  H-4a and 85" with regard to H-4b 
(Table 10). The benzyl group in the cis diastereomer 
should be in the p, axial position in order to  reduce 
the steric repulsion with the cis 1,3-substituents. This 
was confirmed by the 13C NMR spectrum as described 
previously on the Nb-H  analog^.^ The acids corre- 
sponding to the trans 172 and cis 171 diastereomers 
were also obtained (58:42) in optically active form 
when the Pictet-Spengler reaction of 170 was ex- 
ecuted with a-ketoglutaric acid (84%) in benzene- 
dioxane.'l' The mechanism of diastereoselectivity in 
the Pictet-Spengler condensation of a-keto acids is 
different from the mechanism which has been dis- 
cussed thus far.lJ1l 

There were a number of reports in the literature 
regarding the synthesis of analogs of the cis isomer 

Scheme 14 

r 1 

L 

171.45J13J15-120 However, little was known about the 
effect of the substituents located 1,3 on the tetrahy- 
dro-/3-carboline ring with regard to inversion of 
configuration in these molecules. It was observed 
that the cis isomer (+)-171, could be converted into 
the thermodynamically more stable trans diastere- 
omer (-)-172 (85%), = -36.6' (c = 1.0, 
CH3C1), by heating cis isomer 171 in a 1% anhydrous 
HC1-methanol solution at reflux. The optically 
active trans isomer 172 remained unaffected when 
treated under the analogous conditions. The epimer- 
ization must have occurred at C-1 of the cis diaste- 
reomer since only optically pure trans ester 172 was 
isolated from the reaction. If epimerization of the 
cis diastereomer had occurred at the C-3 carbon atom 
(ester) of 171, it would have resulted in the formation 
of the enantiomer of 172 with an expected specific 
rotation ([aIz5~ = +36') equal and opposite to  that of 
172. This was contrary to  the observed results. 
Further evidence for the epimerization of cis 171 at 
C-1 to provide trans 172 was obtained on isolation 
of intermediates 176 and 177 (Scheme 14). Both the 
methyl ether 176 and alkene 177 were minor prod- 
ucts (7%) obtained from the acid promoted conversion 
of cis 171 into trans 172. The structures of 176 and 
177 were determined on the mixture by COSY NMR 
and mass spectroscopy.lll When a mixture of inter- 
mediates 176 and 177 was heated in methanolic HC1 
(l%), the trans diastereomer 172 was isolated as the 
sole product (70%), = -36.6' (c = 1.0, CHC13). 
None of the cis isomer 171 was observed. On the 
basis of the above experiments, the epimerization of 
(1R,3R)-(+)-cis-171 to provide (1S,3R)-( - )-trans-172 
had occurred regiospecifically at C-1 and could be 
rationalized, as illustrated in Scheme 14. Under the 
conditions of heat and acid the Nb-nitrogen atom of 
cis isomer 171 can be protonated, followed by ring 
cleavage across the 1,2(C-N) bond to furnish the 
carbocations 174 or 175. The carbocation 174 (or 
175) may either react with methanol to  give 1-sub- 
stituted ether 176 or lose a proton t o  furnish alkene 
177. These carbocations, 174 or 175, which occupy 
a central position in the equilibrium, may also cyclize 
via a sterically favored conformation 175 to furnish 



1814 Chemical Reviews, 1995, Vol. 95, No. 6 

Scheme 15. Alternate Mechanism for the Cis to 
Trans Epimerization at C-1 Does Not Operate 
Here 
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the optically active trans diastereomer 172. Presum- 
ably, an equilibrium between the cis 1,3-diaxial 171 
and cis 1,3-diequatorial 173 conformers existed at  
high temperature. The driving force for the ring 
scission between C-1 and N-2 was presumed to result 
from relief of ~ t r a i n ~ ~ J ~ l  between substituents 
located at  C-1 and N-9 in the diequatorial conformer 
173 or the 1,3-diaxial interactions between substit- 
uents at  C-1 and C-3 in the corresponding diaxial 
conformer 171. 

Another possible mechanism for this cis-trans 
epimerization involved the initial protonation of the 
indole 3-position and subsequent formation of an 
olefinic species (Scheme 15). This olefin could then 
be protonated from either face of the double bond to 
yield the more thermodynamically stable trans dias- 
tereomer 182. Although Zhang provided strong 
evidence with a-ketoglutaric acid that this olefinic 
equilibration was not involved,"l recent results have 
further confirmed this earlier work. 

In order to  test the model for carbon-nitrogen bond 
cleavage versus the olefinic protonation model in the 
absence of an Na-methyl function, two experiments 
were carried out. In the first, optically active Nb- 
benzyltryptophan methyl ester was synthesized from 
D-(+)-tryptophan according to the method employed 
for the related N,-methyl compound, as described 
above. This material was stirred under the nonacidic 
aprotic conditions of benzene at reflux under a 
nitrogen atmosphere with freshly distilled butyral- 
dehyde 158 to  kinetically trap the optically active 
diastereomers as a 23:77 cisltrans mixture. Separa- 
tion of the diastereomers on silica gel with CH&h 
by gravity chromatography provided the pure cis and 
trans diastereomers 143 and 144. The specific rota- 
tion [a125~ of the trans diastereomer 144 was mea- 
sured as -50.4' (c = l, benzene) and the cis 143 as 
[a125~ = -13.3' (c = 1, benzene). The (-)-cis diaste- 
reomer 143 was then taken up in CH2C12 and stirred 

Scheme 16. Proposed Mechanism for the 
Acid-Catalyzed Epimerization of the Cis to Trans 
Tetrahydro-/%carboline 

0 

cis I 183 

1 4 3 ( a $ = - 1 3 . 3 ' ( ~ -  1,c~He)  

bond rotation 

trans I 
144 [a]& -50.4' ( c  = 1.6. C&) 184 

with 2 equiv of TFA. Examination of the mixture 
by TLC after 12 h revealed that the cis isomer had 
been completely converted into the trans diastere- 
omer 144 (Scheme 16). Workup with mild base 
(NaHC03) and chromatography on a short wash 
column of silica gel (CHzC12) yielded the (-)-trans 
enantiomer 144. The specific rotation [a125~ of this 
sample was -50.4' (c = 1.6, benzene). Since the 
specific rotations of the two (-)-trans compounds 
were identical (as well as the NMR and mass spectra) 
the epimerization that Zhang observed across the 
C(l)-N(2) bond had occurred here as well. 

To test the alternate mechanism of cis-trans 
epimerization, the same experiment was repeated 
with 2 molar equiv of pure CF3COOD (Scheme 15). 
If the olefin protonation mechanism had operated, 
then deuterium would have been incorporated into 
the tetrahydro-/%carboline at  C-1 upon protonation 
of the olefin 180 to  re-form the trans tetrahydro-p- 
carboline 144. Repke et al. in an ibogaine derivative, 
have shown that incorporation of deuterium at posi- 
tion 1 was found to occur when an olefinic mechanism 
of isomerization was in operation.lZ2 We found no 
evidence for deuterium incorporation at C-1 of 144 
by integration of the 'H NMR spectrum nor by mass 
spectroscopy. 

It was clear that the isomerization of the cis 
diastereomers to the more thermodynamically stable 
trans diastereomers (in both cases-Scheme 14 and 
Scheme 16) did not take place by the olefinic inter- 
mediate 180 (Scheme 15), but presumably by cleav- 
age across the C(l)-N(2) bond (Schemes 14 and 16). 
In the experiments which involve Na-H derivatives 
143 and 144, it was observed that upon treatment 
of the cis isomer 143 with acid, 143 was completely 
converted into the trans diastereomer 144, as il- 
lustrated in Scheme 16. After examination of the 
reaction mixture by TLC, cis isomer 143 was not 
observed and the reaction mixture was then heated 
to reflux and followed hourly by TLC. After pro- 
longed heating no cis isomer (143) was observed in 
the mixture. Furthermore, there was no evidence of 
the original starting material (N,-hydro-Nb-benzyl- 



The Pictet-Spengler Condensation 

tryptophan methyl ester) which would be indicative 
of a retro-Pictet-Spengler-type process. From these 
experiments it has been concluded that the trans 
diasteromers are thermodynamically more stable 
than their cis counterparts in the N,-hydro-Nb-alkyl 
series as well. Hence, exclusive formation of the 
trans isomer would occur if the cis diastereomer were 
allowed to react under acidic conditions. Massiot and 
M ~ l a m b a ' ~ ~  reported that a trans tetrahydro+car- 
boline was formed exclusively when methyl 4-formyl- 
2,2-bis(phenylthio)butyrate and tryptophanamide were 
heated to form an imine after which cyclization was 
effected with TFA at room temperature in CH2C12. 
On the basis of the results under aprotic conditions 
which yielded diastereomeric mixtures (Table 9), it 
seems more reasonable that a mixture of the cis and 
trans diastereomers had been formed by Massiot et 
al. and that upon introduction of TFA the cis dias- 
tereomer had epimerized to the more thermodynami- 
cally stable trans diastereomer. When optically 
active &-benzyl-D-(+)-tryptophan methyl ester and 
butyraldehyde were again heated in benzene at 
reflux until TLC indicated the consumption of all the 
indolic starting material, it was found that the trans 
diastereomer 144 could exclusively be formed upon 
addition of 10 equiv of TFA at room temperature to 
the reaction mixture. The epimerization of the cis 
diastereomer 143 to  the trans diastereomer 144 was 
monitored by TLC (74% yield). This has important 
implications for the enantiospecific synthesis of in- 
dole alkaloids. The use of Nb-benzyl or Nb-diphenyl- 
methyl substituents in the tryptophan methyl ester 
series can provide the trans diastereomer kinetically 
with 100% diastereoselectivity. In cases where a 
mixture of the cis and trans diastereomers are 
formed, the thermodynamic preference for the trans 
isomer in the Nb-alkyl series can be employed to 
convert the entire mixture into the desired trans 
isomer with 100% diastereoselectivity. Moreover, if 
the Pictet-Spengler reaction is carried out in ben- 
zene at  reflux followed by the addition of TFA 
afterward, this will provide the trans isomer ste- 
reospecifically (substituent at  C-1 greater than CH3). 
Since both D-(+)- and L-(-)-tryptophan are com- 
mercially available, both optical antipodes of the 
alkaloids are available enantiospecifically. Further- 
more, the realization of the recent enantiospecific 
synthesis of both 5-methoxy- and 6-methoxy-~-(+)- 
or L-(-)-tryptophans provides enantiospecific entry 
into over 70 different alkaloids via this method. 
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the identification of specific, saturable, high-affinity 
binding sites for tritiated diazepam by two indepen- 
dent research groups, Mohler and Okada,129 as well 
as Squires and B r a e s t r ~ p , l ~ ~  generated a tremendous 
interest in benzodiazepine receptor (BzR) sites. It 
was later determined through various biochemical 
techniques that the BzR comprises a portion of the 
GABAA receptor chloride ion complex. In addition 
to the benzodiazepine binding site, there exists at  
least three other modulatory binding domains on the 
complex corresponding to sites for barbiturates, pi- 
crotoxin, and anesthetic steroids.126 

More recently, the GABAA receptor has been shown 
to be a heterooligomeric family of ligand-gated ion 
channels which constitutes the major inhibitory 
neurotransmitter system in the central nervous 
system (CNS).125,126i131-134 This membrane-bound 
protein complex plays a central role in the molecular 
mechanisms which underlie anxiety, sleep, convul- 
sions, memory-learning, and consequently it repre- 
sents an important target for the design of selective 
agents to treat specific disease states in the CNS.131-139 
The inhibitory GABA neurotransmitter or ligand, 
acts by binding to its receptor site which is followed 
by the opening of an intrinsic chloride ion channel. 
The increase in chloride ion flux results in hyperpo- 
larization of the neuronal cell membrane with a 
concomitant decrease in neuronal transmission. The 
biological activity of modulatory BzR ligands of 
interest here encompasses a wide range of physi- 
ological responses ranging from full agonist (anxi- 
olytic, muscle relaxanuataxic, amnesic, sedative/ 
hypnotic, and anticonvulsant) to  full inverse agonist 
(anxiogenic, proconvulsant, and convulsant). Clini- 
cally, there is a need for partial agonists which 
exhibit anxiolyWanticonvulsant activity in the ab- 
sence of myorelaxant, ataxic, and sedative-hypnotic 
activity. Moreover, there is a need for partial (or 
selective) inverse agonists which enhance neuronal 
firing in the CNS but are devoid of the proconvulsant' 
convulsant activity of full inverse agonists. These 
latter ligands would be useful for treatment of 
barbiturate-alcohol induced CNS depression (over- 
dose), hepatic encephalopathy, and cognition en- 
hancement among ~ t h e r s . ' ~ ~ - l ~ ~  Recent studies have 
shown that many P-carbolines do elicit these phar- 
macological proper tie^.^^ 

A. Molecular Biology 
In 1987 Seeburg, Schofield, and co-workers re- 

ported the cloning and functional expression of a 
GABA/Bz receptor complex from bovine brain.140 It  
was initially proposed the complex was composed of 
a- and /3-subunits. Subsequent to  this report, several 
other subunits of the GABAA receptor have been 
characterized including y-, 6-, and ~ - s u b u n i t s . ~ ~ ~ J ~ ~ - ~ ~  
The identification of multiple a-, p-, and y-subunits 
is consistent with the pharmacological evidence of 
multiple GABAA receptor isoforms in the CNS.144 
Recent molecular biological studies have established 
that expression of at least two (a, y )  and preferably 
three (a, /3, 7) subunits is necessary to constitute a 
functional receptor which mimics many of the phar- 
macological, biochemical, and electrophysiological 
properties of native r e ~ e p t o r s . l ~ ~ - l ~ ~  Previous studies 
of site-directed mutagenesis have shown that changes 

Ill. Modeling the Pharmacophore of 
Benzodiazepine Receptor Sites 

The study of benzodiazepine receptors has been one 
of the most rapidly increasing areas of research in 
molecular neuropsychopharmacology in recent 
years.lZ4-lz7 Benzodiazepines exhibit a wide range 
of clinical uses including the treatment of anxiety and 
related emotional disorders as well as sleep disorders 
and as anticonvulsants. They behave as centrally 
acting muscle relaxants. In 1975 examination of 
evidence from behavioral, electrophysiological, and 
biochemical experiments, indicated that benzodiaze- 
pines act at  synapses in which y-aminobutyric acid 
(GABA) is the acting neurotransmitter.128 In 1977 
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in the a-subunit altered the activity of the benzodi- 
azepine receptor-mediated response.37J38J48J49 It is 
now known that changes in the y-subunit also alter 
this response.147J50-152 However, neither the stoichi- 
ometry, nor the composition of native GABAA recep- 
tors in the CNS has been unequivocally established. 
It appears now, on the basis of preliminary evi- 
d e n ~ e , ~ ~ ~ , ~ ~ ~ l ~ ~ ~ , ~ ~ ~ , ~ ~ ~ , ~ ~ ~  that the BzR binding site lies 
between the a- and y-subunits. 

B. Receptor Subtypes 
Initially it was proposed that the type-I BzR was 

responsible for the anxiolytic and anticonvulsant 
effecW3 of the benzodiazepines while the type-I1 
BzR mediated the muscle relaxant, sedative-hypnotic 
properties of these ligands. Structure-activity re- 
lationship (SAR) data from a variety of recently 
synthesized BzR ligands,44J43J54-156 however, dem- 
onstrated that the actual pharmacological situation 
is much more complicated. Bz type-I selective ligands 
(i.e. CL 217872) have now been shown to exhibit some 
sedative e f f e c t ~ , l ~ ~ J ~ ~  in contrast to previous re- 
p o r t ~ . ~ ~ ~  In fact zolpidem is now marketed as a 
sedative-hypnotic. Receptor isoforms whose phar- 
macology resembles that of previously reported 
Bz-I and Bz-I1 receptors have recently been ex- 
pressed: the type-I BzR was constructed from an 
alP2y2 [alP2y2=wl=all combination of subunits 
while the type-I1 BzR was comprised of a2/32y2 
[a2P2y2=w2=a21, a3/32y2 [a3#?2y2=03=a3], and 
a5P2y2 [a5B2y2=w5=a51 (zolpidem insensitive)156 
receptor isoforms. Moreover, photolabeling experi- 
m e n t ~ ~ ~ ~  with I3H1Ro 15-4513 have identified a site 
termed the "diazepam-insensitive" (DI) receptor which 
is made up of the subunits designated a4B2y2 
[a4@2y2=04=a41 and a6B2y2 [a6p2y2=06=a61,158J59 
the latter of which has been studied e~ tens ive ly .~~  
The physiological activity of agonists and inverse 

agonists at benzodiazepine receptors in the CNS is 
therefore a consequence of action at one or more of 
the receptor subtypes. Studies are currently under- 
way to correlate receptor subtype selectivity with a 
biological response. 

C. Biology of Selected 3-Substituted PCarbolines 
It was originally proposed by Braestrup that p-car- 

boline-3-carboxylic acid ethyl ester (PCCE, 188) 
shown in Scheme 17 was the endogenous ligand 
associated with the BzR.160J61 Subsequent studies, 
however, have shown this ligand was formed during 
the isolation p r ~ c e d u r e . l ~ ~ J ~ ~  Nonetheless, the dem- 
onstration that certain ,f3-carbolines potently inhibit 
[3Hldiazepam binding with high affinity (5 nM) has 
led to numerous studies of ligands which bind to 
benzodiazepine receptors as well as the development 
of potential new therapeutic agents. 

It has been shown that the full inverse agonist 
PCCE (188) antagonized the anticonvulsant actions 
of diazepam, lowered the seizure threshold of the 
convulsant pentylenetetrazole, and antagonized the 
sedative actions of f l~razepam.l~~-l@ More impor- 
tantly, when BCCE (188) was administered to pri- 
m a t e ~ ~ ~  it elicited a profound behavioral and physi- 
ological syndrome reminiscent of "fear" or "anxiety" 
related to the same effects experienced in man. For 
example, in Rhesus monkeys this substance produced 
dramatic elevations in heart rate, blood pressure, 
plasma cortisol, and  catecholamine^.^^ These effects 
were blocked by benzodiazepines and the specific 
benzodiazepine receptor antagonist Ro 15-1788 (flu- 
mazenil). The results of this study demonstrated 
that the administration of BCCE (188) to  animals 
may represent a reliable and reproducible model of 
human anxiety and as such, could be valuable in 
studying the postulated role of anxiety and stress in 
a variety of human diseases, including cardiovascu- 
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lar, ulcerative, and neoplastic disorders. In a beauti- 
ful series of experiments with PCCE (188) Mueller 
has shown that a BzR mechanism participates in the 
physiological regulation of P-endorphin-like immu- 
noreactivity (P-END-LI) secretion from the AL of the 
rat pituitary gland. Accordingly, the ability of the 
anxiogenic /3-carbolines BCCE (188) and PCCM (meth- 
yl ester) to  stimulate rapid and pronounced increases 
in plasma P-END-LI indicates that anxiety, per se, 
is a stimulus for P-END-LI release. Furthermore, the 
findings raise the possibility that pituitary P-END 
peptides may have functions related specifically to  
anxiety and separate from pain.166 

Although PCCE (188) is a potent inverse agonist, 
it has several serious drawbacks when used for in 
vivo studies. PCCE (188) is readily susceptible to  
esterase hydrolysis43 to the inactive acid (especially 
in rodents), and thus large quantities of this com- 
pound are needed for pharmacological studies. In 
addition, PCCE (188) is only sparingly soluble in 
water, making administration of this compound 
difficult. Therefore, the search for water-soluble, 
long-lived partial inverse agonists led to the synthesis 
of 3-ethoxy-P-carboline (3-EBC, 1931, 3-(hydroxy- 
methyl)-P-carboline (3-HMC, 189) and P-carboline- 
3-carboxylic acid tert-butyl ester (PCCt, 196), as 
shown in Scheme 17. The biology of these 3-substi- 
tuted P-carbolines is discussed below. 

Pharmacological studies on 3-HMC“j7 (189) have 
shown this ,&carboline inhibited I3H1diazepam bind- 
ing in vitro (Ki = 1470 nM), and antagonized both 
the anticonvulsant and anxiolytic actions of diazepam 
at doses which did not elicit overt behavioral effects. 
This ,&carboline also inhibited the sleep-inducing 
effects of f l ~ r a z e p a m ~ ~  and was oxidized to the active 
aldehyde (IC50 = 62 nM) in vivo. Thus the hypnotic 
actions of flurazepam were strongly felt to  originate 
through interaction with the benzodiazepine receptor. 
At slightly higher doses, 3-HMC (189) increased 
wakefulness in rodents by significantly increasing 
sleep latency and reducing non-REM (but not REM) 
sleep. Consequently 3-HMC (189) was not merely a 
benzodiazepine antagonist but exerted a pharmaco- 
logical action opposite to  that effected by 1,4-benzo- 
diazepines. Although often drugs such as amphet- 
amines and methylxanthines can reduce sleep, they 
also invariably cause profound alterations in behavior 
and motor activity. Compounds that reduce sleep 
without eliciting major changes in motor activity 
may, therefore, be more properly termed “somnolyt- 

BzR was involved in both physiological and pharma- 
cologically induced sleep38 could lead to the develop- 
ment of P-carbolines or related compounds for treat- 
ing human sleep disorders, especially those charac- 
terized by excessive somnolence. 

3-Ethoxy-/3-carboline (3-EBC, 193) bound with high 
affinity to  the BzR (IC50 = 24 nM). Trullas et al.43 
have shown that 3-EBC (193) potentiated the con- 
vulsant actions of pentylenetetrazole in mice conse- 
quently, it is proconvulsant. Furthermore, this com- 
pound reduced both the time spent and the total 
entries in the open arms of an elevated plus maze. 
Moreover 3-EBC (193) inhibited stress-induced ulcer 
formation in mice. These effects are common to 

its" . 38 The suggestion (with 3-HMC, 189) that the 
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benzodiazepine receptor inverse agonists, suggesting 
this compound is an inverse agonist at benzodi- 
azepine receptors. Although 3-EBC (193) is procon- 
vulsant, even at doses as high as 40 mgkg it does 
not exhibit convulsant effects, consequently, it is 
termed a partial inverse agonist. In addition, this 
ligand has a higher affinity for benzodiazepine recep- 
tors and better water solubility (13 mg/mL of H2OP8 
as a hydrochloride salt than the commonly employed 
inverse agonist FG 7142 (<l mg/mL of H20), making 
this P-carboline an attractive ligand for in vivo 
studies in models of anxiety. 

The P-carboline PCCt (195) was synthesized to 
provide a BzR ligand which would possess a longer 
duration of action than either ethyl ester PCCE (188) 
or methyl ester PCCM. This P-carboline 195 did bind 
tightly to BzR (IC50 = 10 nM) obtained from synap- 
tosomal membranes and was much longer lived in 
vivo than the related ethyl or methyl esters.39 The 
ability of PCCt (195) to  antagonize the anticonvul- 
sant, anxiolytic, ataxic, and muscle relaxant effects 
of diazepam (Valium) was evaluated by Shannon.39 
In mice PCCt (195) at doses of 3 and 10 mgkg 
produced a dose-related antagonism of the anticon- 
vulsant effects of diazepam against pentylenetetra- 
zole (80 mgkg) induced seizures. A dose of 30 mg/ 
kg of PCCt (195) did not produce a further shift in 
the diazepam dose-effect curve, apparently because 
PCCt (195) failed to block the muscle relaxant effects 
of diazepam. Furthermore, 195 (30 mgkg) failed to  
antagonize the ataxic effects of diazepam in the 
inverted wire screen test. 

PCCt (195) did selectively antagonize the effects 
(anxiolytic) of diazepam on punished behavior as well 
as the anticonvulsant effects of Valium; however, 195 
failed to antagonize the rate-decreasing and ataxic 
effects of diazepam. These results suggested that 
PCCt (195) was a selective BZI benzodiazepine recep- 
tor antagonist employing the earlier terminology of 
Beer and Lippa.153J69 

The response-rate-decreasing effects of diazepam 
under both the punished and unpunished compo- 
nents of the multiple schedule occurred at doses 
which produced ataxia as measured on the rotarod 
in rats and are likely a direct result of the sedative, 
muscle relaxant, and ataxic effects of diazepam. 
Consequently, the ineffectiveness of PCCt 195 in 
blocking the rate-decreasing effects of diazepam is 
further evidence that 195 failed to  block the ataxic 
and sedative effects of diazepam. This selectivity of 
the antagonist actions of PCCt (195) distinguished 
it from PCCE (188) or PCCM (218). The latter two 
P-carbolines antagonized the diazepam- or phenobar- 
bitol-induced impairment of motor performance in 
the horizontal wire test in mice. 

In summary, PCCt (195) antagonized the anticon- 
vulsant and antipunishment (anxiolytic) effects of 
diazepam but not the ataxic, sedative, and muscle- 
relaxant effects. It was proposed in the early 
1980s153J69 that BZI receptors mediated the anxiolytic 
and anticonvulsant properties of benzodiazepines, 
whereas BZII (type 11) receptors mediated the depres- 
sant and ataxic effects of the benzodiazepines. Within 
the framework of this early constraint, PCCt (195) 
appeared to be a BZI receptor antagonist. Although 
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the antagonist properties of 195 are as efficacious as 
those of the clinically employed flumazenil (Ro 15- 
1788) BCCt (195) appeared to be more BZI selective 
than the Roche antagonist. 

The long half-life in vivo of PCCt (195) when 
compared to PCCE (188) rendered 195 an important 
pharmacological probe of sleep170 and other processes 
mediated by the CNS.171 Because physostigmine had 
been reported to reverse the sedation and paradoxical 
delirium induced by the 1 ,Cbenzodiazepines, Hoff- 
man employed PCCt (195) to  study this phenomenen. 
Hoffman171 found that physostigmine increased ce- 
rebral blood flow (CBF) and cerebral oxygen con- 
sumption (CMFb,) in the CNS as reported previously. 
The increase in CBF was linked primarily to  in- 
creases in CMRo, and a normal coupling between 
blood flow and metabolism. The benzodiazepine 
agonist midazolam, decreased CBF and CMRo, in a 
dose-related manner, and this decrease was antago- 
nized by physostigmine. BCCt (195) increased CBF 
and CMRo, but this change was further potentiated 
by physostigmine.171 The additive effects of BCCt 
(195) and physostigmine suggested that physostig- 
mine antagonized the central action of benzodi- 
azepines by a central stimulatory action, and not by 
a direct competitive effect at the BzR as previously 
suggested by others. If physostigmine produced 
stimulation by an action at  the central BzWGABAA 
complex, this action was probably independent of the 
BzR and in keeping with the cholinergic properties 
of physostigmine. 

D. Pharmacophore Models of the Benzodiazepine 
Receptor Site 

The practice of incorporating biofunctionality into 
a rigid framework to enhance activity or selectivity 
of action is often employed when trying to define a 
pharmacophore for a specific receptor site. The early 
work of Bentley et a1.172J73 in the morphine area is 
an excellent example of this. Previous structure- 
activity relationship ( S A R )  s t ~ d i e s l ~ ~ - l ~ ~  suggested 
that one necessary criteria for high-affinity binding 
of ligands to  benzodiazepine receptors was the ability 
of these molecules to  assume a planar or pseudopla- 
nar t ~ p o g r a p h y . l ~ ~ J ~ ~  With these goals in mind 
Trudell et al.178 in 1987 first reported the biological 

activity of the rigid planar 7,12-dihydropyrido[3,2-b: 
5,4-b'ldiindole (202) the synthesis of which is il- 
lustrated in Scheme 18. 

The tetrahydro-P-carboline 196 required for this 
synthesis was prepared in 84% yield from tryptamine 
3 via a Pictet-Spengler reaction with glyoxylic acid 
monohydrate (Scheme 18). Protection of the amine 
function at N-2 by treatment of the tetrahydro$- 
carboline 196 with benzoyl chloride furnished the two 
rotomeric benzoyl-1,2,3,4-tetrahydro-~-carbolines rep- 
resented by 197 in 79% yield. The benzamide 197 
which resulted was then oxidized179 regioselectively 
at C-4 with dichlorodicyanoquinone (DDQ) in aque- 
ous THF at -78 "C to furnish the 2-benzoyl-4-oxo- 
1,2,3,4-tetrahydro-B-carboline 198, in 56% yield.99 
The execution of this procedure at low temperature 
provided the regioselectivity of this process; however, 
it required reaction with DDQ as a slurry. Treat- 
ment of the 4-OXO ketobenzamide with phenylhydra- 
zine resulted in the formation of hydrazone 199 in 
excellent yield. When the hydrazone 199 was heated, 
the obligatory [3,31 sigmatropic rearrangement of the 
Fischer indole reaction took place to  provide the 
indole analog 201, Removal of the amide functional- 
ity was accomplished by heating indolobenzamide 
201 in the presence of hydrazine to  furnish the fully 
aromatic dihydropyridodiindole (202) in excellent 
yield. 

The dihydropyridodiindole (202) was found to bind 
tightly to the BzR (4 nM) and exhibited inverse 
agonist activity reminiscent of the activity of PCCE 
(188) and FG 7142. The rigid nature of this ligand 
permitted the effective superposition (using a tem- 
plate approach) of 12 other inverse agonists via the 
active analog approach of Marshall,180J81 to arrive at 
the topography of the inverse agonisUantagonist site 
in the binding cleft at the BzR (Figure 6). An 
included volume analysis of these ligands resulted 
in the inverse agonistlantagonist pharmacophore 
illustrated in Figure 7. In addition to the pyridodi- 
indoles, > 100 3-substituted /3-carbolines have been 
synthesized and modeled40-42144 in our laboratory to 
define the topography of the inverse agonisUantago- 
nist BzR pharmacophore receptor model illustrated 
in Figure 7. 

The results of this study suggested for potent 
inverse agonist activity the involvement of an indole 
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Figure 6. The superposition of 12 inverse agonist ligands at the benzodiazepine binding site (BCCE, DMCM, 3-EBC, 
3-propionyl-fi-carboline, CGS-8216,7,12-dihydropyrido[3,2-~5,4-b'ldiindole, 2-metho~-7,12dihydroxypyrido[3,2-b:5,4-b'1- 
diindole, 2-thienylpyrazolo[3,4-clquinolin-3-one, 2-(4'-methylthienyl)pyrazolo[3,4~]quinolin-3-one, 3-thienylpyrazolo[3,4- 
clquinolin-3-one, 3-(5'-methylthienyl)pyrazolo[3,4-c]quinolin-3-one, and 3-(4'-methylthienyl)pyrazolo[3,4~lquinolin-3-one~. 
The inverse agonist pharmacophoric descriptors HI and Hz represent hydrogen-bond donor sites on the protein; A2 represents 
a hydrogen-bond acceptor site on the protein. The illustration on the right side of the picture (orthographic stereoview) 
originates from rotation of the pharmacophore 90" to the right. 

Figure 7. The included volume analysis of 12 inverse agonist ligands at the benzodiazepine binding site. 
N(9)-H in a hydrogen-bond interaction of the ligand 
with a hydrogen-bond acceptor site (Ad on the recep- 
tor was necessary, in contrast to several other phar- 
macophore mode1~.4'. '~~-'~ In addition, the proposed 
model required the pyridine N-2 nitrogen atom of a 
j3-carboline or N-5 of a diindole to exhibit hydrogen 
bond acceptor (N) properties and interact with a 
receptor hydrogen bond donating site (HI) on the 
protein.40Ja6 Lastly, it was proposed there existed a 
hydrophobic pocket (Ll) in the receptor protein near 
position 3 of the ,&carboline framework. The affinity 
of various 3-substituted /3-carbolines suggested this 
pocket has a definite length and ~idth.4 ' , '~ It was 
also noted by Allen et a1j2 that substituents a t  the 
3-position of B-carbolines have a strong influence on 
both the affinity and type of activity. The synthesis 
of the long-lived water-soluble partial inverse agonist 

3-ethoxy-fi-carboline 193 (whose biology was de- 
scribed above) resultd from this m0deling.4~-~~ With 
the development of the inverse agonisUantagonist 
pharmacophore, attention then focused on modeling 
the agonist pharmacophore of the BzR. It should be 
noted that controversy existed in the literature as to 
whether inverse agonists and agonists bound to the 
same receptor or to different receptor 
Inverse agonists and agonists were treated as sepa- 
rate entities in our work although the common sites 
of overlap between the two pharmacophores were 
established from molecular modeling in agreement 
with the previously reported domain model of 
Skolnick.134 

There are a wide variety of compounds which 
exhibit full agonist activity a t  the BzR but are 
structurally unrelated to 1,4-benzodiazepines (e.g. 
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Valium). There had only been one ,!?-carboline re- 
ported to date'" which exhibitedfull agonist activity 
a t  the BzR, i.e. the &carboline derivative &(benzyl- 
oxy)-4-(methoxymethyl)-~-carboline-3-ca1boxylic acid 
ethyl ester (ZK 93423,212) (Scheme 19). The ,%car- 
boline ligands are some of the most difficult to 
m 0 d e 1 ' ~ ~ ~ ' ~ ~  due to the conformational flexibility of 
substituents located at positions 3, 4, 5, and 6, 
therefore, the use of ZK 93423 (212) was important 
in establishing the points of electronic interaction 
necessary for agonist activity. The development of 
the agonist pharmacophore was camed out in our 
laboratory by Diaz-Arauzo et al.lgl and then over- 
lapped with the inverse agonisvantagonist model. 
The strategy employed was analogous to that re- 
ported for the inverse agonistlantagonist receptor 
model and employed 36 different ligands which 

_. . . . . . . ._ _.... -... :.. .... . ... 

Zl2 RrCHzPh (ZK 83423) 

belonged to  10 different structural families (now 13) 
and represented 136 different l i g a n d ~ . ~ ' J ~ J ~ ~  The 
alignment of the agonist ligands and the included 
volume analysis of these ligands is illustrated in 
Figures 8 and 9. 

The data from the synthetic and computer-assisted 
analvsis of the agonist oharmacoohore at the BzRlg' 
suggested that tl& sitecontained*two hydrogen bond 
donating sites (HI and Hz), as illustrated in Figure 
8. These two sites are located about 6.7 A from each 
other. The binding site HI is common to both the 
agonist and inverse agonist pharmacophores, but 
region HZ (agonist model, Figure 8 )  corresponded to 
the 4-position of B-carbolines or interaction at N-4 of 
the 1,4-ben~odiazepines.4~ With respect to 6-carbo- 
lines it was believed the oxygen atom at  this position 
was of critical importance for agonists in the p-car- 

Figure 8. The superposition of 31 agonist ligands to define the agonist pharmacophore at the benzodiazepine binding 
site (diazepam, flunitrazepam, brotizolam, midazolam, triazolam, norflunitrazepam, 7-aminoflurazepam, 7,Y-dichloro- 
thieno[2,3-el[l,4lbenzdiazepine, l-methyl-8-ehloro-2'fluoro-s-triazolo[4,3al[l,4l~nzodiazepine, 2,9-dichlompyrimido[5.4- 
dl[2lhenzazepine, 4-methoxy-6-~alkyla~no~-3-aryl-l,2,4triazolo~3,4alphthalazine, 4-chloro-6-(alkylamino)-3-aryl-1,2,4- 
triazolo[3,4alphthalazine, 4-methoxy-6-~alkylamino~3-aryl-l,2,4triazolo[3,4ulphth~azine, 4-fluoro-6-(alkylamino)-3-aryl- 
1,2,4-triazolo[3,4alphthalazine, 2-benzoyl-5-methoxy-7-ethylimidazo[1,2alquinoline, 2-henzoyl-5-(methylthio)-6-ethyl-7- 
methylimidazo[l,2-clpyrimidine, 2-(4'-chlorophenyl)pyrazolo[3,4-clquinolin-3-one, 2-(4'-methoxyphenyl)pyrazolo[3,4- 
clquinolin-3-one, 2-(2'-methylthienyl)pyrazolo[3,4-clquinolin-3-one, 2-(5'-ethylthienyl)pyrazolo[3,4-clquinolin-3-one, N5'- 
hutylthienyl)pyrazolo[3,klquinolin-3~ne, 2-(4',5'-dimethylthienyl)pyrazolo[3,4clqu, 2-(5'-butylthienyl)pyrazolo[3,4- 
clquinolin-3-one, ZK 93423, ZK 9 3 4 2 6 , 6 - ( b e n z y l o x y ) - 4 - ( m e t o ~ e t h y l ) - ~ - c ~ ~ l i n e - 3 ~ ~ ~ x y l i c  acid isopropyl ester, 6PBC, 
loprazolam, delorazepam). The agonist pharmacophoric descriptors HI and H2 represent hydrogen-hond donor sites on the 
protein. The illustration on the right side of the picture (orthographic stereoview) originates from rotation of the 
pharmacophore 90" to the right. 
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Figure 9. The included volume analysis of 31 agonist ligands at the benzodiazepine binding site. 

boline series and directed the ligand into the active 
site of the agonist receptor region through the fonna- 
tion of a hydrogen bond between the ether oxygen 
atom at C-4 and H2 of the receptor protein. In 
addition there are three areas of lipophilic interaction 
(L1,L2, and L3). Occupation of the areas L A 3  and 
interaction at  HI, H2, and LI are important for full 
agonist activity; full agonist activity appears to  
require complete occupation of L2 and L3. This is in 

Substituents which occupy L3 cannot lie in the 
same plane as HI, H2, and L1 for they would interfere 
with the hydrogen bonding protein-ligand interac- 
tion at H2 which would eliminate agonist activity. 
Areas of negative steric interaction (SI, S2, and S3) 
between the ligand and receptor-binding protein have 
also been defined and are illustrated in Figure 10. 

With regard to this pharmacophore, it is felt the 
alignment rule for agonist /?-carbolines is different 
from that which elicit inverse agonist activity. Ex- 
amination of Figure 11 shows the overlap of the 
inverse agonist (light-colored area) and agonist (dark- 
colored area) pharmacophores. It is now clear from 
molecular graphics that inverse agonists bind to the 
same domain as a g o n i ~ t s . ~ ~ J ~ ~ J ~ ~  As illustrated, the 
inverse agonist pharmacophore is planar while the 
agonist pharmacophore contains a lipophilic pocket 
(L3) out of the plane. It is also apparent that the 
inverse agonist pharmacophore is considerably smaller 
in size relative to  the agonist receptor/pharmacophore 
model. As alluded to earlier, it has been proposed 
that these pharmacophores bind to the same area at 
the receptor site, but contain different pharmaco- 
phoric descriptors in order to  elicit the opposite bio- 
logical response. As evident from the included vol- 
umes the interaction at  the pharmacophoric descrip- 
tors required for agonist activity (HI, H2, LI, Lz, and/ 
or L3) and inverse agonist activity (HI, A2, and LI) 
are clearly different although HI and L1 are common 
descriptors for both types of ligands. Evidence to 
date suggests that ligands which exhibit full agonist 
activity (diazepam, ZK 93423, etc.) fully occupy 
lipophilic regions Lz and L3 as well as interacting at 
L1, HI, and Ha. Analysis of limited evidence suggests 
that the target partial agonists do not fully occupy 
both L2 and L3, but that one or more interactions is 
diminished in this class of ligands with respect to  the 

agreement with previous ~ork~~,41,176,177,1~2,1~-186,192-194 

Figure 10. The pyrazolo[3,4-clquinolin-3-one ligand CGS- 
9896 (dotted line), diazepam (thick line), and pyridodiindole 
(thin line) fitted to  a schematic representation of the 
inclusive pharmacophore model for the BzR. The sites HI 
and Hz designate hydrogen-bond donor sites on the receptor 
protein while A2 represents a hydrogen-bond acceptor site. 
Interaction with the lipophilic pocket L1, as well as with 
HI and AZ is required for potent inverse agonist activity. 
Agonist activity requires interaction with HI, Ha, L1, Lz, 
and/or L3. Receptor descriptors SI, Sz, and S3 are regions 
of negative steric repulsion. 
binding of full agonists. Receptor site selectivity of 
course plays a critical role in this behavior. 

Clinically, there is a need for partial agonists which 
exhibit anxiolytidanticonvulsant activity but are 
devoid of the ataxidmuscle relaxant effects associated 
with full agonist ligands. As stated earlier, there are 
only a few B-carboline ligands reported which elicit 
full agonist activity, and these compounds are the 
most challenging to model since the multiple rota- 
mers produced by the substituents at  positions 3,4, 
5, and 6 present diffi~ulties.~~ In addition, the 
modeling studies suggested that /?-carboline full 
agonists completely occupied lipophilic pockets Lz and 
L S . ~  On the basis of modeling and the CGS 9895/ 
9896 series it was postulated by D i a z - A r a u ~ o , ~ ~ ~  
therefore, that partial occupation of L3 may result 
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Figure 11. Superposition of the inclusive volumes of inverse agonists (Figure 7) and agonists (Figure 9). The agonist 
pharmacophore is depicted in gray while that of inverse agonists is the darker region. 

in a partial agonist response. As a result of this, the 
synthesis" of a new anxiolytidanticonvulsant, 6-n- 
propoxy-4-(methoxymethyl)-~-carboline-3-carboxy- 
lie acid ethyl ester (6-PBC, 211), which bound to the 
BzR with an IC50 value of 8.1 nM, was designed. This 
compound was found to be devoid of the undesired 
myorelaxant and ataxic effects normally found with 
full agonist ligands. The synthesis of this compound 
via the method of Neef et al.'% is illustrated in 
Scheme 19. 

The 5-(benzyloxy)indole (203) was treated with 
ammonium formate in the presence of a palladium 
catalyst to provide the 5-hydroxyindole (204) in 92% 
yield. The indole 204 was alkylated with propyl 
iodide and potassium carbonate in acetone at  reflux 
to furnish 3-(n-propoxy)indole (205) in excellent yield. 
A Michael reaction between nitro ester 206 and 
indole 205 in toluene a t  reflux yielded the 3,5- 
disubstituted indole 207. Reduction of this com- 
pound using Raney nickel in ethanol under hydrogen 
at  atmospheric pressure yielded the desired amino 
compound 209. The Pictet-Spengler condensation 
of glyoxylic acid and 209 in ethyl acetate a t  pH = 4, 
followed by decarboxylation and subsequent oxida- 
tion furnished 6-PBC (211). This same procedure 
had been employed earlier by Neef et al.'% to prepare 
the full agonist ZK 93423 (212). 

The synthesis and biological activity of 211 has 
important implications for the development of ,%car- 
bolines as partial agonists and anxioselective anxi- 
olytics. The proper lipophilic substituent at position 
4 of j3-carbolines directs the ligand into the agonist 
pharmacophore, the alignment of which is clearly 
different from that for inverse agonists. This new 
anxiolytic agent exhibited anticonvulsantlanxiolytic 
activity, but was devoid of the muscle relaxantlataxic 
effects often associated with the classical 1,4-benzo- 
diazepines.lgO More importantly, 211 actually an- 
tagonized the myorelaxant actions of diazepam, one 
of the most widely prescribed benzodiazepines cur- 
rently in use. The design, synthesis, and pharma- 
cological actions of 211, based on computer-assisted 
analysis of the agonist pharmacophore, support the 
validity of this model. 

E. BenzodiazeDine ReceDtor SubtvDe Selectivitv .. 
Recently, Zhang et al.M have shown with pyrazolo- 

quinolines and imidazobenzodiazepines that the phar- 
macophoric descriptors H1, Hz, and LI appear to be 
common to all six recently cloned [wl, w l ,  w3, w4, 
w5, w6 (DIN benzodiazepine receptor sites in agree- 
ment with Doble and Martin.I5' The difference 
between these six major subsites is felt to originate 
from the size of (or interactions with) the lipophilic 
pockets, two of which have been designated Lz and 
L3 (see Figures 6-11). Molecular modeling studies 
using w l  and w5 selective ligands suggest that the 
lipophilic pocket (LJ in the w5 site is larger than the 
analogous pocket in the Bzl(wl) site. Moreover, 
Zhang et al. have shown via chemical synthesis and 
molecular modeling that the lipophilic pocket desig- 
nated L3 in the DI (w6) site is much smaller or 
nonexistent when compared to the same pocket in 
the wl, 02, w3, and w5  site^.^.'^^ With these six 
cloned subtypes (McKeman et al.'&) it is now possible 
to pursue the synthesis of ligands selective for one 
subsite over the other and to  correlate the pharma- 
cology with an interaction at  that specific subsite. For 
the purposes of this review, illustrated in Table 12 
are some selective j3-carbolines, as well as imidazo- 
benzodiazepines (Ro 15-1788 and Ro 15-4513) and 
their corresponding subsite selectivities. 

The receptor subsite binding data for the full 
agonist B-carboline ZK 93423 (212) is given in Table 
12. Clearly, there is no selectivity demonstrated 
between the a l ,  a2, a3, and a 5  BzR subsites for this 
full agonist. The a 4  site is felt to be very similar to 
the a 6  site and is not discussed here.145 The binding 
affinity of ZK 93423 at  a6, however, is very poor (Ki 
> 1000 nM). As discussed above, modeling studies 
suggest this is due to the lack of the lipophilic pocket 
L3 at  the a 6  (DI) site, it is this pocket which would 
interact with the 6-benzyloxy substituent.'g1 This 
same trend is observed with respect to the affinity 
of 6-PBC (211) a t  the a6 site (Ki = 1343 nM). 
Presumably, the 6-propyloxy substituent cannot bind 
at the diazepam insensitive site [a6B2y2, (w6)I for 
this group would need to occupy LB. More interest- 
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Compound 
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21 2 (ZK 93423) 

CH~CH~CH~~.&%~HZ~H~ ON 

H 
211 (6-PBC) 
m c O 2 c r c H 3 h  

N 
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195 (BCCt) 
~ c o 2 c H 2 C H 3  

0 

H 
188 (BCCE) 

m0cH2cH3 N 
H 

193 (3-EBC) 

ROl5-4513 

RO15-1788 
cH3 0 

OZN% flunitrazepam 

a1 a2 a3 05 a6 

4.1 

0.49 

0.72 

1.2 

6.43 

3.3 

0.8 

2.2 

26.7 

4.2 

1.21 

15 

4.9 

25.1 

2.6 

0.9 

2.5 

156 

6 

2.2 

18.9 

5.7 

ND 

2.5 

1.05 

4.5 

383 

4.5 

2.39 

110.8 

26.8 

826 

0.26 

0.6 

2.1 

>10,000 

> 1000 

1343 

>5000 

2700 

> loo0 

3.8 

148 

s2000 

>10.000 

ingly, 6-PBC (211) which is a partial agonist devoid 
of muscle relaxant activity, binds with a greater 
selectivity for Bzl ( w l = a l )  receptor sites. This is in 
agreement with the earlier work of Beer and Lip- 
pa153J69 which supports the hypothesis that muscle 
relaxant activity may arise from interactions a t  Bz11 
(Bz2, BZQ, and Bzg) sites. 

The three j3-carbolines j3CCt (195), BCCE (188), and 
3-EBC (193) demonstrated a1 selectivity, in fact 
j3CCt (196) is the most Bzl (al) selective antagonist 
(20 fold) reported to date. This now confirms why 
j3CCt 195 antagonized the anxiolytidanticonvulsant 
activity of diazepam but not the muscle relaxant or 
ataxic properties of this agent. Although more data 
is needed before an accurate correlation can be made, 
these results coupled with the biological profiles of 
these ligands, strongly suggest that receptor subsite 

selectivity and pharmacological action are related. In 
agreement with Lippa and Beer it appears that BZII 
receptors (Bzg, BZQ, and perhaps Bzg) are responsible 
for the muscle relaxant effects of diazepam rather 
than the Bzl sites.44 

In conclusion, BzR pharmacology is complicated by 
the existence of multiple receptor isoforms. The 
inclusive pharmacophore model (Figures 6-1 1) for 
the “diazepam sensitive” (DS) BzR is based upon the 
weighted average of these receptor subtypes. Nu- 
merous j3-carbolines, diindoles, 1,4-benzodiazepines, 
1,6benzazepines, triazolobenzodiazepines, imidazo- 
benzodiazepines, and pyrazoloquinolines have been 
employed to  model the inclusive pharmacophore at 
the benzodiazepine receptor site. In addition, recep- 
tor isoforms whose pharmacology resembles that of 
previously reported BzR-I (Bzl) and BzR-I1 (Bz2, BZ3, 
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and Bz5) receptors have been expressed: the type-I 
BzR was constructed from an alp272 combination 
of subunits as described previously while the type-I1 
BzR were composed of a2a2y2, a3/32y2, and a5/32y2 
(zolpidem insensitive)156 receptor i s o f o r m ~ . ~ ~ ~ J ~ ~  As 
receptor-selective SAR data is accumulated for each 
of the cloned receptor isoforms, separate pharmaco- 
phore models will need to be developed for each. 
While these individual models may differ in detail 
from the inclusive model (inverse agonist'antagonist, 
and agonist) presented here, these models will never- 
theless share many features in common with the in- 
clusive model. The S A R  and pharmacophore models 
which will result from future studies will permit the 
design of more selective ligands for each receptor sub- 
type and may allow one to decouple the broad spec- 
trum of effects exhibited by the current class of non- 
selective ligands. An outgrowth of this approach will 
be new therapeutic opportunities. A direct result of 
the BzR pharmacophore/receptor model has been the 
design and synthesis of a new partial agonist,lgO as 
well as partial inverse agonists.41 The data obtained 
from these new ligands will be useful in refining the 
model and may ultimately lead to better drugs for 
treatment of anxiety disorders and of other maladies 
associated with neurotransmission in the CNS. 

IV. Indolamine 2,3=Dioxygenase inhibition in 
Inflammatory Diseases 

Although 3-substituted /3-carbolines have been 
shown to  interact at  benzodiazepine receptors, a 
number of related /?-carbolines have proven to  be 
effective noncompetitive inhibitors of the indolamine- 
2,3-dioxygenase (IDO) enzyme system.200 Further- 
more, the most interesting two agents studied to date 
(3-n-butyl-/3-carboline and 3-nitr0-/3-carboline)~~ bind 
with poor affinity to  BzR sites which decreases 
possible side effects in regard t o  ID0 inhibition. 

The metabolism of L-tryptophan (232) in mammals 
proceeds by the serotonin pathway,201,202 the kynure- 
nine pathway,201,202 and a third proposed path- 
way203-205 which involves the reversible conversion 
of L-tryptophan (232) into indole-3-pyruvic acid and 
subsequent transformation into kynurenic acid. The 
initial process in the kynurenine pathway involves 
the conversion of L-tryptophan 232 and other indole- 
amines into formylkynurenines by indolamine 2,3- 
dioxygenase (IDO) or tryptophan 2,3-dioxygenase 
(TDO). The conversion of tryptophan (232) into 
formylkynurenine (233) by ID0 is depicted in Scheme 
20. The affinity (K,) of L-tryptophan for ID0 is 13 
pM.206 Eventually the kynurenine pathway produces 
a variety of bioactive metabolites; the most significant 
of these are kynurenic acid, quinolinic acid (QA) and 
nicotinamide adenine dinucleotide (NAD). Quinolinic 
acid has been shown to be present in the mammalian 
brain, to  be an agonist for the excitatory amino acid 
receptors of the N-methy1-D-aspartate (NMDA) re- 
ceptor ion channel complex and to cause excitotoxic 
brain lesions when present in high concentra- 
t i o n ~ . ~ ~ ~ - ~ ~ ~  This overstimulation of NMDA receptors 
can lead to a variety of neuropsychologic dis- 
o r d e r ~ . ~ ~ ~ , ~ ~ ~ - ~ ~ ~  Recently, Heyes and co-workers have 
shown that only macrophage-derived cells and cer- 
tain liver cells synthesize labeled QA from labeled 
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L-tryptophan following immune stimulation and that 
macrophages may provide a means for the production 
of large amounts of quinolinic acid in the brain fol- 
lowing inflammation.213 The activity of later stage 
enzymes which directly produce QA have been iden- 
tified in brain tissue. Thus, metabolites from the 
kynurenine-pathway are manufactured by cells other 
than the brain and may enter the brain to  be later 
metabolized to quinolinic acid in vivo. Kynurenic 
acid, however, is a noncompetitive agonist which 
interacts with the same receptor system that is 
affected by QA but can also cause seizures at high 
levels.213,214 

Indolamine 2,3-dioxygenase is a 41 kD, monomeric 
heme-containing e n ~ y m e , ~ l ~ - ~ ~ O  that utilizes super- 
oxide to  cleave the 2,3-double bond of indole- 
amines.221-224 A mechanistic model of the conversion 
of indolamines to  formylkynurenines by IDO, analo- 
gous to  the mechanism of photolytically derived 0 2  
with tryptophan, has been proposed.225 Unlike tryp- 
tophan 2,3-dioxygenase, an enzyme that is isofunc- 
tional to  ID0 but found only in the liver,226 ID0 is 
found in a variety of tissues, such as the brain, lung, 
and small intestine.227 Furthermore, ID0 is induced 
by i n t e r f e r ~ n - y ; ~ ~ ~ - ~ ~ O  consequently, ID0 assumes a 
major role in immunological responses, as well as 
being a key factor for the in vivo production of bio- 
active metabolites which can be toxic at  high levels. 

Upon severe infection, large quantities of interfer- 
on-y are produced which subsequently activate ID0 
to high levels.231,232 This activation of ID0 can lead 
to aberrant tryptophan metabolism and has been 
implicated in immunological diseases which affect the 
central nervous system. It has been demonstrated 
by Heyes and co-workers that quinolinic acid is 
produced from L-tryptophan by human macrophages 
and that the central nervous system could be affected 
by macrophages which have entered the CNS.233 
Aberrant tryptophan metabolism is characterized by 
the removal of tryptophan from the amino acid pool 
and the production of high levels of kynurenine, 
kynurenic acid and quinolinic a ~ i d . ~ ~ ~ - ~ ~ ~  This condi- 
tion has been implicated in many inflammatory 
diseases, including acquired immune deficiency syn- 
drome (AIDS),234-236 hepatic en~ephalopathy ,~~~ polio 
virus,238 and others.239-242 

Norharman (213, 91% inhibition of rabbit small 
intestine IDO, K, = 120 pM) was shown to function 
as an uncompetitive inhibitor for ID0,243 but a 
noncompetitive mechanism of inhibition for this 
compound was later established on the basis of 
kinetic and spectroscopic Moreover, this 
later work demonstrated that norharman competed 
with oxygen for the heme-iron site. Several other 
examples of noncompetitive inhibitors have been 
discovered which are not P - c a r b ~ l i n e s . ~ ~ ~ , ~ ~ ~  

The results of this present study were intended to 
illustrate some of the structural requirements of the 
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Table 13. B-Carbolines Evaluated for ID0  Inhibition 
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noncompetitive binding site of human monocyte/ 
macrophage I D 0  for the purpose of developing a 
potent inhibitor of this enzyme and are presented in 
Table 13, A series of 3-substituted P-carbolines 213- 
227 and four 3,6-disubstituted P-carbolines 228-231 
were prepared and evaluated for in vitro human 
monocyte/macrophage indolamine 2,3-dioxygenase 
(IDO) inhibition.200 Of these, 3-n-butyl-/?-carboline 
(223, Ki = 3.3 pM) was found to be the most potent 
inhibitor of I D 0  reported from any source to  date to 
these authors’ knowledge. Substitution of position 
6 of 3-(methoxycarbonyl)-~-carboline (218, BCCM) 
with fluoro or isocyanate substituents (Ki = 7.4 and 
8.5 pM) furnished derivatives 228 and 231 which 
were more potent inhibitors of I D 0  than the parent 
PCCM (218, Ki = 259 pM). The 6-fluor0 ethyl ester 
derivative 230 (Ki = 21.0 pM) was found to be less 
potent than the methyl ester analog 228. The 
inhibition was negated with substitution of position-6 
of PCCM (218) with bromine. Moderate inhibition 
was produced by ,6-carboline-3-carboxylate (217, Ki 
= 40.6 pM) and 3-nitro-P-carboline (226, Ki = 37.5 
pM). When the 3-substituent of norharman (213) 
was replaced with a polar hydroxyl, amino, hy- 
droxymethyl, or hydroxyethoxy group, only weak 
inhibition was observed. All of the P-carbolines 
which were investigated by kinetic methods were 
found to  be noncompetitive or uncompetitive [in the 
cases of P-carboline-3-carboxylate (217) and 3-(hy- 
droxymethy1)-P-carboline (222)l inhibitors with re- 
spect t o  the substrate L-tryptophan (232). The 
natural products camalexin and brassilexin (Ki = 5.4 
pM) were also found to be noncompetitive inhibitors 
of I D 0  and provide important structural leads for 
further investigations. Both 3-n-butyl-P-carboline 
(223) and 3-nitro-P-carboline (226) are being evalu- 
ated by Heyes et al.238-241 in in vivo models of I D 0  
at the present time. 

V. Enantiospecific Total Synthesis of Indole 
Alkaloids 

Bisindole alkaloids comprise a major portion of the 
macrolineharpagine class of indole alkaloids and 
these natural products as a class have been the 
subject of several reviews, most notably those of 
Kutney, Lounasmaa, and Bisindoles 
in general, whether macroline related or not, are a 
class of alkaloids that present a significant synthetic 
challenge for the natural products chemist. The 
biomimetic synthesis of the macroline-related Alsto- 
nia bisindoles was pioneered by L e Q ~ e s n e ~ ~ ~  and 

235 pleiocarpamine 

0.2N HCI I- H 

16 villalstonine 

their isolation and structure determination have been 
reviewed.24 As alluded to earlier in this review, three 
of these alkaloids, macralstonine (14), macrocarpam- 
ine (15), and villalstonine (16) possess interesting 
biological activity. As such, these three alkaloids are 
obvious synthetic targets and progress toward their 
total synthesis will be presented. 

Many of the bisindole alkaloids from Alstonia 
species are comprised of two units directly related 
to the monomeric derivative macroline, while others 
originate from the condensation of macroline with 
another alkaloid. The biomimetic synthesis of AZ- 
stonia alkaloids involves the Michael addition of a 
monomeric alkaloid to C-21 of the a, P-unsaturated 
enone moiety of (+)-macroline (234).248 The biomi- 
metic coupling of macroline (234) and pleiocarpamine 
(235) t o  form villalstonine (16) is represented in 
Scheme 21. The C-7 carbon atom of pleiocarpamine 
was activated by the lone pair of electrons on the 
indole nitrogen atom. This activation facilitated the 
Michael addition to  the C-21 enone of macroline 
(234). The iminium ion which formed in this process 
was then attacked nucleophilically by the oxygen 
atom of the developing hemiacetal to  provide villal- 
stonine (16) in a stereospecific coupling process.248 
Since the total synthesis of (+)-macroline (234) has 
been completed and coupled to natural pleiocarpam- 
ine (2351, a partial synthesis of villalstonine (16) has 
recently been c ~ m p l e t e d . ~ ~ ~ ~ ~ ~  Macralstonine (14), a 
ring A-oxygenated bisindole, was formed biomimeti- 
cally by a similar process; however, the Michael 
addition took place between the C-10 carbon atom of 
alstophylline (236) and C-21 of macroline. Again, 
hemiketal formation followed the Michael addition 
and macralstonine 14 resulted (Scheme 22). 

The structure of macrocarpamine (15), composed 
of the subunits of pleiocarpamine (235) and an 
alstonerine derivative 237, was reported in 1978 by 
Hesse et al.250,251 A biomimetic coupling process 
between pleiocarpamine (235) and olefin 237 has 
been proposed by Hesse to  account for the formation 
of 15 in Alstonia species. This process, recently 
confirmed by Gan in our laboratory, serves as the 
foundation for the total synthesis of 15 and is 
depicted in Scheme 23. 

The total synthesis of these bisindoles in optically 
active form therefore requires the enantiospecific 
preparation of the following monomeric indole alka- 
loids: macroline, alstophylline, deoxydehydroalston- 
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erine, and pleiocarpamine. The first three of these 
alkaloids have very similar carbon skeletons; conse- 
quently, an ideal approach to these target bases 
might rest upon the multigram synthesis of a com- 
mon, optically active intermediate which could be 
employed for the synthesis of many related natural 
products. This common intermediate would at  the 
very least contain the requisite tetracyclic ring sys- 
tem which could be readily functionalized for further 
transformations. The (-)-tetracyclic ketone 240 
(Figure 12) was synthesized in 1988 with these goals 
in mind45,54J06,252,253 while the racemic compound had 
been prepared on kilogram scale in the late 1 9 7 0 ~ . ~ ~ ~  

A. Enantiospecific Synthesis of the 
(-)-Tetracyclic Ketone 

The synthesis of (i)-5-methyl-9-oxo-l2-benzyl- 
6,7,8,9,10,1l-hexahydro-6,10-imino-5H-cyclooct[blin- 
dole (240) was first reported by Y ~ n e d a ~ ~  and was 
improved by S ~ e r e n s . ~ ~ ~  The enantiospecific prepa- 
ration of the tetracyclic ketone 240 in optically active 
form was developed by Zhang106,252 and is illustrated 
in Scheme 24. The synthesis of 240 began with D-(+)- 
tryptophan since it had been found earlier that the 
Pictet-Spengler reaction of aldehydes with Nb-ben- 
zyl-substituted tryptophan methyl esters exhibited 
a strong preference for the enantiomerically pure 
trans diester. The 1,3-transfer of chirality from 
position 3 to  position 1 of 172 would impart the 
correct configuration at C-1 for the synthesis of all 
the macroline, sarpagine, and ajmaline alkaloids. 
Hence, as depicted earlier in Scheme 13, methylation 
of D-(+)-tryptophan 168 was accomplished with so- 
dium in liquid ammonia and methyl iodide in 92% 
yield. Fischer esterification of the methylated D-(+)- 
tryptophan gave N,-methyltryptophan methyl ester 
(169) in 87% yield. The benzylation of the Nb- 
nitrogen function was carried out without racemiza- 
tion if care was taken to keep the imine intermediate 
cold during the reduction and to limit the time of 
reaction (3 h). The tryptophan methyl ester 169 was 
treated with benzaldehyde at  22 "C, and the imine 
which resulted was reduced with sodium borohydride 
(at -5 "C) to  provide N,-methyl-Nb-benzyltryptophan 
methyl ester 170 (greater than 98% eel in 88% 
yield.252 The Pictet-Spengler condensation of 170 
with a-ketoglutaric acid in benzene/dioxane, ac- 
companied by removal of water via a Dean-Stark 
trap, was followed by esterification in 1% methanolic 
HC1 to afford the required trans diester 172 enan- 
tiospecifically. In the synthesis of the optically active 
tetracyclic ketone 240, the Pictet-Spengler reaction 
was employed to set the stereochemistry at  C-1 of 
the tetrahydro ,&carboline ring system in stereospe- 
cific fashion. Y ~ n e d a ~ ~  had earlier reported the 

Scheme 24 
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synthesis of a mixture of the racemic diesters 171 
and 172 via the Pictet-Spengler reaction. The cis 
isomer 171 was originally reported to be the main 
c ~ n s t i t u e n t ~ ~  but this was later corrected255 to consist 
of a mixture of trans-172 and cis-171 diastereomers 
in a ratio of 54 ,  respectively (89.1% yield). In the 
optically active series, Sakai255 and co-workers ex- 
tended the study of the Pictet-Spengler reaction to 
include the synthesis of (-1-trypargine. Although the 
synthesis by Sakai et al. was in the Na-H series, use 
of the method developed by UngemachGo with an Nb- 
benzyl group provided a remarkable trans to  cis 
preference.255 In the Na-methyl series, however, 
Zhang252 observed a 72:28 diastereomeric ratio of 
trans-172 to  cis-171 isomers when Na-methyl-Nb- 
benzyltryptophan was treated with methyl 3-formyl- 
propionate under nonacidic aprotic conditions (90% 
yield). More importantly, there was no racemization 
at C-3. Under the protic conditions involving a-ke- 
toglutaric acid, Zhang observed almost complete 
trans stereospecificity aRer esterification (1% metha- 
nolic HC1 at reflux). The remaining small amount 
of cis isomer had been converted, with no loss of 
optical activity, into the trans diastereomer upon 
heating in 1% methanolic HC1. Hence, a sequence 
had been developed to provide the trans isomer in 
high enantiomeric purity even in the N,-methyl 
series in the absence of time-consuming separations. 

Dieckmann cyclization (Scheme 24) of the trans 
diester 172 afforded the P-ketoester 242 (92%).252,256 
After acid-mediated decarboxylation of 242, the (-1- 
tetracyclic ketone 240 was obtained in 91% yield. The 
enantiomeric purity of this ketone (-1-240 was shown 
to be greater than 98% ee by use of both lH NMR 
spectroscopy with the chiral shift reagent112 tris[3- 
[ (heptafluoropropyl)hydroxymethylenel-(+)-camphor- 
ato]europium(III) and by HPLC on a diastereomeric 
urea derivative of 240.256 The utility of this enan- 
tiospecific sequence rests on the fact that these 
reactions can be run on multigram scale to provide 
the (-)-tetracyclic ketone 240, which can now be 
considered a readily available starting material for 
the synthesis of the macroline, sarpagine, and ajma- 
line related alkaloids. In addition, D-(+)-tryptophan 
and L-( -)-tryptophan are both readily available from 
commercial sources permitting entry into either 
antipode of the natural products for screening. 

B. (-)-Suaveoline 
In 1972 Potier et al. isolated suaveoline 252 from 

the trunk bark of Rauwolfia suaveolens S. and 
reported the specific rotation [ a ]25~  = 0" f 2" for this 
base. The structure of 252 was elucidated on the 
basis of mass and proton spectroscopy, as well as a 
partial synthesis from ajmaline.257j258 In 1989 Trudell 
reported the total synthesis of (A)-suaveoline (252)253 
and in 1992 Fu completed the first enantiospecific 
total synthesis of ( - ) - s u a v e ~ l i n e . ~ ~ ~ ~ ~ ~ ~  A specific 
rotation of [a]25~ = -9.3" (c = 0.30, CHCl3) was deter- 
mined for pure 262 in contrast to  earlier  report^.^^'^^^^ 

The total synthesis of (-bsuaveoline (Scheme 25) 
will be described beginning from ( -)-Na-methyl-&- 
benzyltetracyclic ketone (240), the synthesis of which 
was illustrated in Schemes 13 and 24. Conversion 
of the carbonyl function of (-)-240 into the a ,  
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,!?-unsaturated aldehyde 243 via the spirooxirano- 
phenyl sulfoxide was accomplished in 87% yield by 
the method of T r ~ d e 1 1 ~ ~ ~ , ~ ~ ~  in the racemic series and 
of Zhanglo6 in the (-)-&-methyl series. The pseu- 
dosymmetric Grignard reagent, available from 5-bro- 
mo-3-heptene (2441, was then added to the a, p-un- 
saturated aldehyde 243 at low temperature to provide 
the products of 1,2- (245) and 1,4-addition (246-248) 
in a combined yield of 90%. When this sequence was 
repeated at room temperature, only the product of 
1,2-addition 245 was isolated and in high yield (88%). 
The alcohol 245 was purified and subjected to condi- 
tions that promote an oxyanion-Cope rearrangement 
(150 "C) to  furnish the same C-15 functionalized tet- 
racyclic systems 246,247, and 248 obtained from the 
1,4-addition in a ratio of 3:2. Although the stereo- 
selectivity in the oxyanion-Cope process was only 3:2 
with the preferred attack from the desired bottom 
face of the C(15)-C(16) olefinic bond, the mixture of 
aldehydes 246-248 could be employed in the syn- 
thesis of (-)-suaveoline (252). The 1,4-addition of 
244 to  243 was unprecedented in these systems and 
provided the diastereomeric aldehydes 246 and 247 
with the ajmaline configuration at C-15 and C-16 in 
a ratio of 3:1246,247/240. Previous attempts115,254,262 
to effect 1,Caddition to a,p-unsaturated aldehyde 243 
had proven unsuccessful; therefore, this example 
serves as the first case of such an addition in this 
hindered ~b-benzy~azabicyclo[3.3.l]nonane system. 
Since the configurations of the newly formed stereo- 
centers in aldehydes 246-248 will eventually be 
destroyed, the aldehyde functions of the mixture of 
246-240 were protected by treatment with hydroxy- 
lamine hydrochloride in ethanol at reflux. A diaster- 
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eomeric mixture of oximes represented by 249 was 
obtained in 95% yield. The mixture of oximes was 
osmylated and subsequently hydrolyzed reductively 
with NaHS03 to provide the desired diol which was 
subjected directly to the oxidative cleavage sequence 
(NaI04). The desired dialdehyde 250 was obtained 
in 80% overall yield based on recovered starting 
oxime 249. The mixture of dialdehydes 260 was 
cyclized in situ with hydroxylamine hydrochloride to  
provide Nb-benzylsuaveoline (251) in 70% yield. 
When 251 was subjected to the conditions of catalytic 
debenzylation with excess 10% Pd/C (151 w/w) and 
hydrogen in methanol, a 98% yield of (-)-Nb-meth- 
ylsuaveoline (253, [a125~ = -89.5", c = 0.35, CHCls) 
was realized in greater than 98% ee. Although the 
exact mechanism of the benzyvmethyl transforma- 
tion is still not clear, it provided a simple manner in 
which to execute a benzyvmethyl transfer in the 
latter stages of the synthesis. This process can be 
employed in the preparation of a number of macro- 
line/sarpagine/ajmaline  alkaloid^.^^,^^^ Catalytic de- 
benzylation of the hydrochloride salt of (-)&- 
benzylsuaveoline (251) with 10% Pd/C (0.7:l.O w/w) 
and hydrogen in ethanol provided a 96% yield of (-)- 
suaveoline (252).2591260 

This sequence represents the first enantiospecific 
total synthesis of (-)-suaveoline and provides mate- 
rial upon which an accurate optical rotation could be 
obtained. Since the intermediates in this route are 
closely related to those previously reported in the 
synthesis of W-ajmaline, the strategy employed in 
the macroline series can be extended to alkaloids of 
the ajmaline family. Later in 1993, Baileyz64 de- 
scribed a formal synthesis of (-)-suaveoline (from 
L-tryptophan) which rested on the preparation of the 
optically active N,-methyl-Nb-benzyl tetracyclic ke- 
tone 240. This (-)-ketone is identical with that 
reported earlier by Zhang252 in 1988 and Fu259 in 
1992. 

Cox and Cook 

C. (-FAlstonerine 
Alstonerine (261) was first isolated from Alstonia 

muelleriana Domin by Elderfield and Gilman265,266 
and its structure was elucidated by LeQuesne et al.267 
The indole alkaloid alstonerine 261 is closely related 
to the oxindole alkaloid alstonisine (294).268 ZhanglOG 
reported the synthesis of (-balstonerine in 1990 
starting from the (-)-tetracyclic ketone 240 which 
was prepared earlier in enantiospecific f a s h i ~ n . ~ ~ ~ , ~ ~ ~  
The Nb-benZyltetraCyCliC ketone 240 was methylated 
with methyl trifluoromethanesulfonate followed by 
catalytic debenzylation with Pd/C and hydrogen to  
afford the &methyltetraCyCliC ketone 241 in high 
yield (Scheme 26). The ketone 241 was converted 
into the a,b-unsaturated aldehyde 254 in 80% overall 
yield using conditions analogous to those reported by 
T r ~ d e 1 1 . ~ ~ ~  The a,p-unsaturated aldehyde 254 was 
then transformed into the allylic alcohol 255 with 
lithium aluminum hydride in ether at -20 "C. 
Michael addition to 3-butyn-2-one in the absence of 
light gave the desired enone 256 in excellent yield. 
The Claisen rearrangement (256 to 257) proceeded 
via the preferred chair transition state primarily from 
the bottom face of the double bond to afford the 
desired /3-dicarbonyl compound 257 with a diaste- 
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reoselectivity in cumene (150 "C) of greater than 4:l 
in 82% yield.lo6 The 8-dicarbonyl compound 257 was 
then reduced with sodium borohydride to the diol 258 
as illustrated in Scheme 27. Hydroboration of the 
exocyclic methylene function of 258, with an excess 
of 9-BBN occurred stereospecifically from the p-face 
of the double bond and after oxidative workup 
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provided the triol 259. One equivalent of 9-BBN 
complexed to the Nb-nitrogen function which hin- 
dered attack from the bottom face of the double bond 
and resulted in exclusive hydroboration from the 
,&face of the exocyclic methylene function. Upon 
stirring with tosyl chloride (1 equiv) in pyridine fol- 
lowed by treatment with triethylamine, the triol 259 
was regioselectively cyclized to the desired monol 260 
in 60% yield, accompanied by recovered starting triol 
259 (33%). Additional quantities of 260 could be 
obtained by subjecting the recovered triol 259 to  the 
same tosylation process. The alcohol 260 underwent 
a modified Swern oxidation to provide (-)-alstonerine 
(261) in 51% yield, accompanied by dihydroalston- 
erine (262, 31%). A proposed mechanism for this 
transformation has been reported by Bi et The 
dihydroalstonerine intermediate 262 could be re- 
cycled to provide additional quantities of 261 by 
sodium borohydride reduction, the monol of which 
was subjected to the conditions of the modified Swern 
oxidation. This procedure may provide a general 
method for the conversion of hydroxy-substituted 
tetrahydropyrans into enones which are commonly 
found in other Alstonia alkaloids such as alstophyl- 
line (236) and alstonisine (294). The enantiospecific 
synthesis of the tetracyclic ketone (-1-240 coupled 
with the Claisen rearrangement (C-15) and the 
hydroboration process (C-16) provided a route of high 
diastereoselectivity for the enantiospecific synthesis 
of the macroline/sarpagine alkaloid, (-)-alstonerine 
261. Substitution of the 6-methoxy derivative of 
tryptophan alkyl ester (172) for the parent ester will 
provide a route to  alstophylline (236), the monomeric 
unit required for the synthesis of macralstonine. 
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D. (+).Macroline 
The synthesis of (+)-macroline (234) has recently 

been completed (Schemes 28 and 29) in enantiospe- 
cific fashion starting with D-( + ) - t r y p t ~ p h a n . ~ ~ ~ ~ ~ ~  The 
significance of this synthesis becomes apparent when 
one considers that '70 macroline related alkaloids 
have been isolated.24 Macroline is not stable over 
long periods of time; therefore, the synthesis of the 
stable macroline equivalent 266 which can be em- 
ployed for the synthesis of Alstonia bisindoles is 
presented in Scheme 28. The conversion of 266 into 
(+)-macroline (234) follows in Scheme 29. The tet- 
racyclic ketone (-)-240 was employed for the syn- 
thesis of ( -)-alstonerine106 and the required allylic 
alcohol 255 had been prepared by the route shown 
in Scheme 26. The synthesis of macroline 234, as 
illustrated in Scheme 28, began with the intermedi- 
ate allylic alcohol 255. Michael addition of 255 to 
3-butyn-2-one in the absence of light provided the 
enone 256 in excellent yield. The Claisen rearrange- 
ment of 256 took place stereoselectively from the 
desired a-face (4:l) in cumene at 150 "C to afford the 
same dicarbonyl compound 257 employed for the 
synthesis of (-1-alstonerine (261). Although the 
stereoselectivity was reported to be 4:1, it may be 
much higher because the three byproducts formed in 
this pericyclic event were inseparable, rendering 
their structure determination difficult at this junc- 
ture. Reduction of dicarbonyl compound 257 pro- 
duced the diol 258. The diol 258 was converted into 
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the triol previously described in Scheme 27; however, 
attempts to  utilize the triol 259 for the synthesis of 
macroline proved impractical. Consequently, 258 
was protected as the acetonide 263 before the hy- 
droboratiodoxidation process with 9-BBN/OHP/Hz02 
was carried out. Hydroboration of 263 occurred 
exclusively from the p-face of the C(16-17) olefinic 
bond, as planned, to  provide the desired primary 
alcohol 264. The primary hydroxyl moiety of 264 was 
converted into the tert-butyldimethylsilyl ether, after 
which the acetonide was selectively removed upon 
stirring this compound with p-toluenesulfonic acid in 
dry methanol under argon. Acetic anhydride was 
then used to protect the primary alcohol in diol 265, 
and the acetate which resulted served as the desired 
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Scheme 30 

02NHCI  ~ 

235 

- 16 

leaving group. This protection of the primary hy- 
droxyl group of 265 was followed by oxidation with 
pyridinium dichromate (PDC) to  provide the stable 
macroline derivative 266 in a one-pot process. After 
the oxidation of the secondary alcohol of 265 to  the 
corresponding ketone had occurred, the pyridine 
present in solution promoted the loss of the ,$keto- 
acetate function to provide the stable macroline 
enone 266. When 266 was stirred in THF with 
tetrabutylammonium fluoride, (+)-macroline (234) 
was obtained (Scheme 29). Macroline is known to 
cyclize to dihydroalstonerine 262 when exposed to 
base; therefore, the synthesis of the macroline equiva- 
lent 266 was designed to facilitate its use in the 
synthesis of bisindole alkaloids. 

The (-)-tetracyclic ketone 240 has been converted 
into the macroline equivalent 266 by a series of 
stereocontrolled steps as described above. When the 
synthetic macroline equivalent 266 was stirred with 
plant-derived pleiocarpamine in 0.2 N aqueous hy- 
drochloric acid in the presence of fluoride ion, vil- 
lalstonine (16) was the only observable product, as 
illustrated in Scheme 30.250 

E. (-)-Raumacline 
Since the complete structure of (+)-ajmaline has 

been well d o ~ u m e n t e d ~ ~ ~ - ~ ~ ~  and confirmed by X-ray 
~rys ta l lography~~~ this commercially available alka- 
loid has been widely used as a starting material for 
the preparation of other alkaloids. Stockigt and 
Sakai, et a1.273-275 isolated several new alkaloids, 
termed the raumaclines, from cell cultures of Rau- 
wolfia serpentina Benth after feeding experiments 
with ajmaline. Raumacline (273) and Nb-methylrau- 
macline (274) were first detected as products of these 
feeding experiments in 1990. The structures of these 
alkaloids were elucidated by spectroscopic methods 
and partial synthesis from ajmaline.275 Later, Stock- 

Cox and Cook 
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igt et al. four more raumacline alkaloids 
from Rauwolfia serpentina Benth cells cultivated in 
the presence of (+)-ajmaline. 

Soon after the isolation of this new class of alka- 
loids, Fu259 completed the total synthesis of (-)- 
raumacline (273) and (-)-Nb-methylraumaCline (274). 
The enantiospecific nature of the total synthesis of 
273 and 274 is important for several reasons. The 
relationship between raumacline 273 and ajmaline 
has now been established chemically by Sakai et al.; 
therefore, entry into other ajmaline alkaloids includ- 
ing the total synthesis of the unnatural antipode (-)- 
ajmaline can be envisaged. The synthetic route 
executed by Fu employed the same oxyanion-Cope 
rearrangement developed for the total synthesis of 
(-)-suaveoline (252Ix9 and Nb-methylsuaveoline (253). 

The formyl group of the mixture of aldehydes 246 
and 247 was protected as the ethylene acetal, fol- 
lowed by oxidative cleavage of the double bond to 
provide two epimeric aldehydes 269 and 270 in 
excellent yield (Scheme 31) which were separated by 
flash chromatography. Aldehyde 269 possessed the 
desired chirality (SI at (2-20 for the synthesis of (-)- 
raumacline (273) and Nb-methylraumacline (274). 
For this reason the epimer 270 was treated with base 
and converted into an equilibrium mixture of 269 and 
270 (l:l), which was easily separated by flash chro- 
matography on silica gel. The combined (-)-(SI- 
aldehyde 269 was then reduced to the alcohol 271. 
This was followed by deprotection of the aldehyde 
function and cyclization under acidic conditions to  
provide (-)-Nb-benzylraumacline (272). It is worth 
noting in this last sequence that the formation of 272 
from aldehyde 269 was stereospecific. Catalytic 
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debenzylation of the hydrochloride salt of (-1-272 in 
ethanol furnished (-1-raumacline (273) in 91% yield. 
When the base (-1-273 was subjected to catalytic 
debenzylation with excess PdC and hydrogen in 
methanol, an 85% yield of (-)-Nb-methylraUmaCline 
(274) was realized. These two syntheses of (-1-273 
and (-)-274 and that of (-huaveoline (252) repre- 
sent the first enantiospecific synthesis of members 
of the ajmaline family of indole alkaloids and dem- 
onstrate that the strategy employed for the prepara- 
tion of the macroline related sarpagine alkaloids can 
be extended to other families of indole alkaloids. 
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VI, Enantiospecific Synthesis of 5-MethO~y-D-(+)- 
or L-(-)-tryptophan 

Over the past several years the isolation of a 
number of (2-10 ring A-oxygenated indole alkaloids 
in the macrolineharpagine series have been reported 
(Figure 13)24>276 including 18-hydroxylochnerine (275), 
spegatrine (276), lochneram (277), 10-methoxyvello- 
simine (2781, sarpagine (2791, lochnerine (280), N,- 
methylsarpagine (281), neosarpagine (2831, verticil- 
latine (2841, and 19,20-dehydro-10-methoxytalcarpine 
(285). Interest in the synthesis of N,-methyl- 
sarpagine (281) as well as 19,20-dehydro-lO-meth- 
oxytalcarpine (285) has prompted the need for a 
preparative synthesis of 5-alkoxy-~-(+)-tryptophans 
via a route which would also provide the ~ 4 - h  
enantiomers, if desired. Since, the enantiospecific 
synthesis of a number of Alstonia macrolinelsarpagine 
alkaloids has been d e m o n ~ t r a t e d ~ ~ , ~ ~ ~  by employing 
the trans 1,3-transfer of chirality during the Pictet- 
Spengler condensation, the use of D-(+)-tryptophan 
would provide the natural indole alkaloid while the 
L-( -) enantiomer would furnish the unnatural anti- 
pode for biological screening. Recently, a general 
method for the enantiospecific synthesis of 5-meth- 
oxy-D-(+)-tryptophan (293) or the L-(-) optical anti- 

275 1 8-hydroxylochnerine 276 R - H, spegatrine 
2TI R = CHI, iochneram 

H3c0737@&& ,i H i  

OH 

278 R e H, R' = CH1, R" - CHO 10.memoxyvello~Imine 
279 R - H. R' I H. R" = CH2OH sarpsglne 
280 R - H. R' = CH3, R" I CH20H lochnerlne 
281 R = CH3, R' = H. R" = CH20H N.-melhylsatpagine 

282 21-hydroxycyclolochnerine 

H H 
283 neo-sarpagine 284 venidlla!lne 

285 19.20.dehydro-l O-memoxytalcatpine 

Figure 13. Ring A-oxygenated indole alkaloids. 
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pode was completed by Zhang277 and is illustrated 
in Scheme 32. 

In regard to the total synthesis of alstophylline and 
macralstonine, the preparation of 1-(phenylsulfonyl)- 
6-methoxy-~-(+)-tryptophan ethyl ester had already 
been carried out in our laboratories278 by employing 
the Schollkopf chiral auxiliary.279 The Schollkopf 
chiral auxiliary had been chosen for the desired D-(+)- 
tryptophan would be available from L-valine while 
the L-(-) enantiomer would originate from D-Vahe. 
The success of this sequence rested upon the ability 
to  scale up the first few steps to  multihundred gram 
scale. For this reason, the well-known Fischer indole 
cyclization,lo2 via the thermally mediated [3,3lsig- 
matropic rearrangement, was chosen as the method 
by which to generate large quantities of 5-methoxy- 
3-methylindole (288). 

Ethyl 5-methoxy-3-methylindole-2-carboxylate (287)- 
was prepared on a large scale from p-anisidine and 
ethyl a-ethylacetoacetate by the Fischer indole cy- 
clization via a Japp-Klingman azo-ester intermedi- 
ate (Scheme 32).280 This process has been fully 
explored by Abramovitch and Shapiro as well as 
r e v i e ~ e d . ~ ~ ~ ~ * ~  Alkaline hydrolysis of ester 287 and 
subsequent copper/quinoline-mediated decarboxyla- 
tion of the carboxylic acid furnished the 5-methoxy- 
3-methylindole (288) in excellent yield. Care must 
be exercised on decarboxylation of the corresponding 
acid on a large scale. The best yields were obtained 
when the carboxylic acid was carefully dried and the 
decarboxylation was executed at reflux in a well- 
stirred minimum amount of distilled quinoline (1.5-2 
equiv of quinoline with respect to  the carboxylic acid). 
Only a catalytic amount of copper powder was 
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required to  ensure yields of 288 in excess of 90%. 
In order to  employ the Schollkopf chiral auxiliary 

in the indole series, protectioddeactivation of the 
indole N(H) group was required. This was accom- 
plished by treatment of indole 288 with n-BuLi and 
benzenesulfonyl chloride in THF at -78 "C to  provide 
sulfonamide 289 in 94% yield.2793282 The protected 
indole 289 was then treated with NBSZs3 under free 
radical conditions (AIBN) to  afford the protected 
3-(bromomethy1)indole 290 in excellent yield. The 
alkylation of the anion of the Schollkopf chiral 
auxiliary derived from L-valine was performed under 
conditions analogous to those described in the litera- 
t ~ r e ~ ~ ~ , ~ ~ ~  and afforded the protected tryptophan 
derivative 291 stereospecifically. The substituted 
pyrazine group was hydrolyzed under acidic condi- 
tions (aqueous 2 N HC1, THF) to provide the desired 
l-(phenylsulfonyl)-5-methoxytryptophan ethyl ester 
(292) as the hydrochloride salt. Alkaline hydrolysis 
of both the 1-phenylsulfonyl protecting group and the 
ethyl ester moiety furnished 5-methoxy-D-(+)-tryp- 
tophan (293). Racemization of the chiral center of 
the amino acid 293 was not observed under the condi- 
tions of hydrolysis (8 h) for even prolonged heating 
under equivalent reaction conditions (OH-) returned 
the same amino acid 293 with the identical optical 
rotation observed on hydrolysis of 293 for only 8 h. 

The applicability of this route rests on the ease of 
execution of each moreover the optically 
active 5-methoxytryptophan was obtained in only five 
steps from 5-methoxy-3-methylindole (288). Recently 
we reported the enantiospecific synthesis of 6-meth- 
oxy-~-(+)-tryptophan~~~ which was being employed 
for the total synthesis of macralstonine as stated. The 
recent work of Zhang277 however can be employed to 
provide 6-methoxy-~-( +)-tryptophan via a much 
shorter route than the previous ~ e q u e n c e . ~ ~ ~ ? ~ ~ ~  In 
addition, the route by Zhang has been applied to o- 
and m-anisidine to provide 7-methoxy-3-methylindole 
and 6-methoxy-3-methylindole, respectively, in good 
yields. Attempts to  convert these indoles into opti- 
cally pure 7-methoxy- and 6-methoxytryptophans are 
currently underway. The sequence by Zhang repre- 
sents the first synthetic entry into either 5-methoxy- 
D-(+)- or ~ - ( - ) - t r y p t o p h a n ~ ~ ~ , ~ ~ ~  and makes these 
materials available on multigram scale for total 
synthesis. 

VI/. Oxindole Alkaloids 
The first macroline-related oxindole alkaloid alsto- 

nisine (294), was isolated from Alstonia muelleriana 
Domin and reported by Elderfield and Gilman (Fig- 
ure 14).265,266 The structure of this alkaloid was 
reported by Nordman,286 unfortunately an error in 
transposition of this to  paper resulted in an incorrect 
representation of the structure of alstonisine.286 The 
absolute configuration of this base at (2-3, C-5, (2-15, 
and C-16 was later determined by Le Quesne et al.287 
when alstonisine (294) was biomimetically trans- 
formed into talpinine; however, direct confirmation 
of the stereochemistry at the spirocenter ((2-7) has 
not been reported to date. The establishment of the 
stereochemistry at the spirocenter C-7 therefore 
constitutes one of the principal reasons for interest 
in the enantiospecific total synthesis of alstonisine 

.P 

CH3 CH3 

294 R' = R~ = H; alstonisine 297 macroxine 

295 R' = OCH3, R2 = H; 
Nb-demethylalstophylline oxindole 
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296 R' = OCH~, = OH; 

Figure 14. Macroline-related oxindoles. 
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Figure 16. Oxindoles isolated from Gardneria multiflora 
Makino. 
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Figure 16. The tetracyclic oxindole ring system. 

(294). Several other macroline-related oxindole al- 
kaloids have recently been isolated from Alstonia 
macrophylla Wall including Nb-demethylalstophyl- 
line oxindole (295),288 16-hydroxy-Nb-demethylalsto- 
phylline oxindole (296),289 and macroxine (297, Fig- 
ure 14).290 The configuration of oxindole alkaloids 
295 and 296 at C-7 has been determined by NOE 
spectroscopic  experiment^.^^^,^^^ The biological im- 
portance of these bases is unclear at this time due to 
limited amounts of material available for study. 

The monomeric base chitosenine (298)291 as well 
as the bisindoles gardmultine (299) and desmethoxy- 
gardmultine (300)292 isolated from Gardneria multi- 
flora Makino have been shown to exhibit short-lived 
inhibitory activity in vivo of ganglionic transmission 
in both rats and rabbits (Figure The config- 
uration of the spirocyclic carbon ((2-7 in alstonisine 
294) of these oxindoles, however, is opposite to  that 
found in the Alstonia oxindoles 294-297. The isola- 
tion of alkaloids 298-300 in addition to oxindoles 
294-297 suggests that alkaloids which contain the 
substructure 301 (Figure 16) may be more prevalent 
in plants than previously realized. The development 
of a stereochemically complementary method into 
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Scheme 33 
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oxindoles related to 301 of either chirality at the 
spirocyclic carbon would provide material to further 
the study of these unique oxygenated bases. 

Recently Peterson2@ has developed a method to 
convert Na-methyltetracyclic ketones into their cor- 
responding oxindoles with a high degree of diaste- 
reoselectivity. During the synthesis of (-)-rauma- 
cline (273),259 Fu discovered that the treatment of the 
synthetic Nb-benzyltetracyclic monoketal 302 with 
osmium tetraoxide in pyridine followed by periodate 
oxidation provided the oxindole 306, as illustrated 
in Scheme 33. This conversion occurred with com- 
plete diastereoselectivity with a configuration identi- 
cal to that proposed for alstonisine 294. Esmond and 
Le Quesne had also observed a similar formation of 
an oxindole during dihydroxylation of a key inter- 
mediate during their biomimetic synthesis of mac- 
r ~ l i n e . ~ ~ ~  Attack of the osmium tetraoxide was 
proposed to occur from the less hindered convex face 
of the indole 2,3-double bond to furnish an intermedi- 
ate bisosmate ester 303, as illustrated in Scheme 33. 
It was believed that the apically positioned acetal 
group effectively blocked the concave face of the 
double bond to attack by the OsOdpyridine reagent. 
Conversion of intermediate 303 into the diol-aldehyde 
304 and subsequent pinacol rearrangement provided 
oxindole 305. The recently developed method of 
Peterson employing the Sharpless osmylation se- 
quence converts Na-methyltetracyclic ketone252 ana- 
logs into their corresponding oxindoles with a high 
degree of diastereoselectivity. These substrates are 
devoid of a group other than hydrogen situated at  
either the equatorial position at C-16 or the axial 
position at  C-15 to direct the stereoselectivity. More 
importantly, this approach provides entry into either 
spirocyclic oxindole, diastereomeric at C-6 (see Figure 
16), from the same (-)-antipode of the tetracyclic 
ketone 240. 

Optically active (-)-Nb-benzyketracyclic ketone 240 
was treated with osmium tetraoxide in THF at room 
temperature, followed by reductive workup with 
aqueous NaHS03 and flash chromatography, the 
oxindoles 310 and 316 were produced in a 91:9 ratio 
in 42% yield (Scheme 34; Table 14). It is believed 
that the osmium tetraoxide first complexed with the 
piperidine nitrogen atom of ketone 240 to  furnish 
complex 318 (Figure 17). This complexation was 
presumably favored due to  the axial preference (with 
respect to  the D ring) of the benzyl group. Single- 
crystal X-ray analysis of an Nb-benzyl tetracyclic 
derivative indicated that the benzyl group rested in 
the axial position of the D ring in the The 
concomitant complexation of osmium at the equato- 
rial position (with respect to  ring D) facilitated 
intramolecular attack of the osmium reagent to  
furnish osmate ester 322 (Figure 18) upon heating 
at reflux. If complexation occurred at the axial 
position (with respect to  the D ring) to  give complex 
320, intramolecular delivery of the osmium reagent 
would be unlikely. The osmate ester 322 was then 
reduced by sodium bisulfite, and the cis-diol 308 
which resulted underwent a pinacol rearrangement 
to  furnish oxindole 310 with a 1O:l overall diaste- 
reoselectivity. The configuration about the spirocy- 
clic C-6 in oxindole 310 was found to be the same as 
in alstonisine 294 (C-7) by NMR spectroscopy.268 

Further evidence for the advent of the complex- 
atiodintramolecular delivery of osmium tetraoxide 
in the previous example was obtained by attempted 
conversion of Nb-benzoyl ketone 323 into Nb-benZOyl- 
oxindole 324 or its diastereomer (Scheme 35). Only 
the starting ketone 323 was recovered (95% recovery) 
from this sequence. Clearly, the benzoyl group of 
substrate 323 was approximately the same size as 
the benzyl group in ketone 240. However, the lone 
pair of electrons of the piperidine nitrogen are 
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delocalized into the carbonyl group of the amide 
function and not readily available to  coordinate with 
osmium tetraoxide. This example demonstrated that 
neither the complexation of os04 (and subsequent 
intramolecular oxidation of the indole 2,3-double 
bond) occurred nor uncomplexed os04 reacted with 
substrate 323 even from the concave face of the indole 
double bond at room temperature. Evidently in these 
systems the Os04 was not reactive enough at room 
temperature to  oxidize the indole double bond with- 
out previous ligation to a nitrogen atom. 

310 R = CH2Ph 

319 R = C H 3  

320 R = CHzPh 

321 R = C H 3  

Figure 17. The complexation of osmium tetraoxide to the 
piperidine nitrogen atom. 
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Figure 18. Intermediate osmate ester. 
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When a solution of the same (-)-ketone 240 was 
treated with dihydroquinine 4-chlorobenzoate in THF 
(Scheme 36, Table 14, entry 21, ketone (-)-240 was 
converted into oxindole 316 with 30:l diastereose- 
lectivity in 91% isolated yield. Employment of the 
bulky Sharpless phthalazine ligands,296 (DHQ)zPHAL 
and (DHQDhPHAL (Table 14; entries 4 and 5) ,  
resulted in reduced facial discrimination. Some 
matching of configurations between the Cinchona 
derivative and the substrate were necessary to 
optimize the diastereoselectivity. In the cases im- 
mediately above (OsO&’inchona derivative) attack 
of the osmium reagent occurred preferentially from 
the concave face of the indole 2,3-double bond of 
substrate 240 to  provide osmate ester 325 (Scheme 
36). Hydrolysis of ester 325 (aqueous NaHS03) and 
subsequent pinacol rearrangement provided oxindole 
316. More importantly, attack of the osmium re- 
agents which contain bulky amino ligands on the 
indole 2,3-double bond occurred preferentially from 
the concave face without regard to asymmetry in the 
pendent ligand.268 

When i&,-methyl ketone 241 was treated with 
osmium tetraoxide, osmium tetraoxide/pyridine, or 

324 R = CH3 (not observed) 
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Scheme 36 
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Table 14. Results from the Treatment of Ketones 323,240, and 241 with Osmium Reagents" 
entry ketone ligandb Os01 (equiv) T ("C) t (days) oxindole yield (%I 310:316' 

1 (-)-240 1.0 reflux 3 3101316 42 91:9 
2 ( -)-240 DHQ-CLB 1.5 rt 3 3 1013 16 91 3:97 
3 (-)-240 DHQD-CLB 1.5 rt 3 3 1013 16 77 20:80 
4 (-1-240 (DHQhPHAL 1.5 rt 3 3 1013 16 81 25:75 
5 (-)-240 (DHQDIzPHAL 1.5 rt 3 3 1013 16 82 20:80 
6 (4Z)-323 1.0 rt 3 (f)-324 0 
7 (&I-241 1.0 reflux 3 (4Z)-3 17 36 0:lOO 
8 (11-241 DHQ-CLB 1.5 rt 3 (k1-3 17 66 0: 100 

a Reactions conducted in THF under a nitrogen atmosphere. Ligands: DHQ-CLB, dihydroquinine 4-chlorobenzoate; DHQD- 
CLB, dihydroquinidine-4-chlorobenzoate; (DHQhPHAL, dihydroquinine 1,4-phthalazinediyl diether; (DHQDIzPHAL, dihydro- 
quinidine 1,4-phthalazinediyl diether. Ratios of diastereomers were obtained by 'H NMR spectroscopy using a pulse delay of 15 
s. The diastereomeric ratios of the mixtures of &-benzyl oxindoles 310 to 316 were determined by 'H NMR spectroscopy (500 
MHz, CDC13) on the purified mixture (flash chromatography) by integration of the N,-methyl singlets (6 3.23 for 316 and 6 3.19 
for 310) and confirmed by integration of the H-7a protons (6 2.54 for 316 and 6 2.91 for 310). For most reactions the diastereomeric 
ratios were also determined on the crude product mixtures. No significant difference in the 310:316 ratio was observed between 
crude and purified mixtures. 

osmium tetraoxide/dihydroquinine 4-chlorobenzoate, 
only one diastereomer, Nb-methyloxindole 317 was 
produced and in 36-66% yields (Scheme 36 Table 14, 
entries 7 and 8). The smaller Nb-methyl substituent 
in 241 and other macroline-related indoles is believed 
to preferentially occupy the equatorial position of the 
D ring.297 As a result, the ligation and subsequent 
attack of the osmium reagent on the double bond 
would be hindered by the Nb-methyl substituent and 
only osmate ester 313 (or 326 in the case of OsOJ 
DHQ-CLB or 321 in the case of os04 alone) and 
subsequently diol 315 were formed regardless of the 
osmium reagent. Diol 315 underwent a pinacol 
rearrangement to furnish spirocylic oxindole 317 with 
complete diastereoselectivity. The chirality at C-6 
of Nb-methyloxindole 317 is identical to  that of the 
spirocyclic carbons present in chitosenine 298. To 
date, no previous examples are known in which 
stereoselective osmylation of the 2,3-double bond of 
indole alkaloids has been reported to take place in 
an intramolecular fashion. Stereoselective intramo- 
lecular osmylations have, however, been demon- 
strated for acyclic olefins containing an allylic func- 
tion that is capable of coordination to osmium.298,299 

Examination of the results of this study demon- 
strated that oxindole 310 which is related to alsto- 
nisine (294) can be prepared with a 1 O : l  diastereo- 
selectivity from the (-)-Nb-benzyltetracyclic ketone 
240 by an intramolecular os04 complexation-control 
mechanism. An Nb-benzyloxindole related to chito- 
senine (298), which exhibited the opposite configu- 
ration t o  that of alstonisine (294) about the spiro- 

juncture (C-7), was also prepared by treatment of (-)- 
Nb-benzyltetracyclic ketone 240 with osmium tetra- 
oxide reagents that contain bulky amino ligands. 
From the same optical antipode of tetracyclic ketone 
(-9-240 the synthesis of either the Alstonia oxindoles 
or the Gardneria and Voacanga oxindole alkaloids 
(diastereomeric at (2-7) can be pursued. Further- 
more, this approach via the inter- vs intramolecular 
complexation of osmium reagents may be applicable 
to  the diastereoselective conversion of other classes 
of indole alkaloids into their respective oxindoles. 

Vlll. Epimerization in Natural Products by 
Cleavage Across the Carbo* Nitrogen Bond 

The epimerization of the stereocenter at  C-1 of 
tetrahydro P-carbolines by acid catalyzed cleavage 
across the C(l)-N(2) bond may be more general in 
scope than was first thought. Reddy has shown that 
the natural product (-)-1,2,3,4-tetrahydroroeharmine 
(331) can be epimerized to racemic material by 
stirring with acid. The synthesis of 331 (Scheme 37) 
began with the treatment of indole 327 with oxalyl 
chloride in ether which furnished the (5,6-dimethoxy- 
indole-3-glyoxalyl chloride as an insoluble solid. On 
reaction with (S)-a-methylbenzylamine hydrochloride 
in the presence of excess triethylamine in dichlo- 
romethane, glyoxamide 328 was formed in 75% 
yield.300 Reduction of both oxygen functions of gly- 
oxamide 328 with AlH3, generated in situ in THF, 
provided the desired tryptamine 329 in yields rang- 
ing from 85 t o  90% without racemization of the chiral 
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Scheme 37 
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auxiliary. Pictet-Spengler condensation of 329 with 
acetaldehyde under the nonacidic aprotic conditions 
furnished 1-methyltetrahydro-P-carboline 330 as a 
mixture of diastereomers in a ratio of 2:l. Chro- 
matographic separation of the major diastereomer of 
330 followed by catalytic transfer hydrogenation 
provided (PdC, NH~COZH, EtOH) (-)-1,2,3,4-tet- 

Scheme 38. Cleavage across the C(l)-N(2) Bond 

D' " " . W N &  CHJO 

H k H 3  

331, [a]g5=-lg.(c= 1.04,CH30H) 332 

bond rotation 
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c H 3 0 w N , H 4  ana reclosure 
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333 

336 335 

Alternate mechanism does not operate here 
m+i 

rahydroroeharmine (331), the spectral properties of 
which were identical to  the natural product except 
for the specific rotation. The specific rotation [a]% 
of synthetic 331 was found to  be -18" (e = 1.04, CH3- 
OH), while that reported for the natural product was 

It was believed that (-)-1,2,3,4-tetrahydroroe- 
harmine (331) had undergone partial racemization 
during the acidhase mediated isolation procedure of 
Gozler et al.301 To test this hypothesis, optically pure 
331 was exposed to  deuterated trifluoroacetic acid in 
dichloromethane at room temperature, as illustrated 
in Scheme 38. The proton NMR spectrum and the 
Rf value of the alkaloid which resulted were un- 
changed; however, the optical rotation of this mate- 
rial was now -0.8". On the basis of this experiment, 
it is believed that the mechanism of racemization of 
331 occurred as illustrated at the top of Scheme 38. 
Racemization, we believe has occurred by cleavage 
across the C(l)-N(2) bond in agreement with previ- 
ous work from this laboratory. Although deuterium 
incorporation occurred at C-5 and (2-8, no deuterium 
was found at C-1 of 331, consequently epimerization 
could not have occurred by the alternate olefinic 
protonation mechanism illustrated at the bottom of 
Scheme 38. 

-4" (C = 0.12, CH30H).301 

Scheme 39. Previously Proposed Mechanism of 
Isomerization of Reserpine into Isoreserpine 

OCH3 
338 CH302C 
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342 
isoreserpine 

The results observed here are important for all 
chemists who employ acidic conditions during isola- 
tion of ring A-methoxylated indole alkaloids. Care 
must be taken to avoid exposure of these natural 
products to  acid to  prevent the opportunity for 
racemization. In addition, it is strongly believed the 
racemization of ( - Metrahydroharmine reported by 
Brossi302 occurred in a similar fashion to that depicted 
in Scheme 3EL3Oo 

The natural product, reserpine (339), which was 
originally isolated from the Indian snake root Rau- 
wolfia serpentina Benth,121j303s304 is the preeminent 
member of the yohimboid class of indole alkaloids 
because of its structural complexity coupled with its 
clinical importance as a hypotensive agent.305-310 This 
base also exhibits significant activity as a sedative 
and tranquilizer.311 Over the years, reserpine has 
been the subject of extensive chemical and synthetic 
i n v e ~ t i g a t i o n s . ~ l ~ - ~ ~ ~  It has been reported that the 
epimerization of reserpine (339) to  isoreserpine (342) 
can be effected under either acidic or basic conditions, 
moreover under acidic conditions 342 has been found 
to predominate over 339 in a ratio of 3.5:1.318-321 
Woodward suggested three possible mechanisms to 
account for this e q ~ i l i b r a t i o n ~ l ~ , ~ ~ ~  one of which is 
similar to  that reported by Wenkert and Liu for the 
epimerization of alloyohimbine t o  epialloyohim- 
bine.322 Joule, however, reported that the mechanism 
involving initial protonation at  C-2 followed by 

reverse Mannich fission of the C(2)-C(3) bond through 
iminium ion intermediate 341 was responsible for the 
isomerization between 339 and 342, as illustrated in 
Scheme 39.321 

Observations by Martin317 during the total synthe- 
sis of 339 prompted a reinvestigation of the equili- 
bration in our laboratory. In brief, Martin formed 
iminium ion 341 by Hg(OAc)2 oxidation of its corre- 
sponding dihydro derivative. Cyclization of the imi- 
nium ion 341, proceeded via a half-chairhhair con- 
formation to provide reserpine (339) as the major 
product accompanied by isoreserpine in a ratio of 4.3: 
1. If iminium ion 341 was indeed an intermediate 
in the conversion of 339 into 342, as proposed earlier 
by Joule321 then isoreserpine should have been iso- 
lated as the major contrary to  the experi- 
mental findings of Martin.317 The Joule intermedi- 
ate, iminium ion 341, therefore cannot be the 
predominant species in the acid-catalyzed isomer- 
ization. 

The reader will recall that cis-l,3-disubstituted 
1,2,3,4-tetrahydro-p-carboline 171 could be converted 
into the thermodynamically more stable trans isomer 
172 by bond cleavage across the C(l)-N(2) bond 
followed by intramolecular recyclization, as discussed 
above (Scheme 13).252 Encouraged by these results, 
reserpine 339 was heated in methanolic hydrogen 
chloride (1% HCl), under conditions analogous to 
those employed to convert 171 into 172. This process 
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gave a mixture of isoreserpine (342) and reserpine 
(339) with 342 predominating in the product mixture 
(3: 1). Moreover, when isoreserpine (342) was heated 
in methanolic hydrogen chloride it remained the 
major alkaloid isolated from this equilibration in 
agreement with its thermodynamic stability. 

Upon the basis of the cyclization of 341 reported 
by Martin,317 numerous  experiment^,^^^^^^^ and ster- 
eochemical considerations, it was felt that the epimer- 
ization of reserpine at  C-3 occurred via the pathway 
outlined in Scheme 40. Protonation of 339 at N-4 
followed by ring scission of the C(3)-N(4) bond would 
afford the carbocation intermediate 343. This car- 
bocation can then cyclize to  furnish isoreserpine 
(342), a thermodynamically more stable molecule 
with the indole group in an equatorial position 
relative to  ring C.323 In agreement with the mech- 
anism of cleavage across the C(l)-N(2) bond for the 
epimerization of cis-l,3-disubstituted diastereomers 
into the trans isomers, Hamaker has recently syn- 
thesized the key 6-methoxy analog 347 required for 
the enantiospecific synthesis of alstophylline and 
macralstonine. When 6-methoxy-Nb-benzyl-~-(+)- 
tryptophan ethyl ester (345) was treated with a-ke- 
toglutaric acid in benzene at reflux only the required 
trans diastereomer 347 was isolated in 95% yield 
(>98% ee). Presumably the ring A alkoxy group 
stabilized the intermediate carbocation at C-1 (Scheme 
41) permitting the conversion of any cis diastereomer 
so generated into the desired trans diastereomer.324 

IX, Conclusion 
The detailed study of the Pictet-Spengler reaction 

has progressed from the discovery of improved non- 
acidic aprotic reaction conditions to probing the 
mechanistic phenomena involved. We have been able 
to explore the scope of the condensation including the 
underlying causes for stereospecificity, the mecha- 
nism of epimerization of the C-1 carbon atom, and 
the optimal conditions for effecting highly stereose- 
lective reactions. Although these studies are impor- 
tant, their purpose was to provide a gateway through 
which to access pharmacologically interesting indole 
alkaloids. 

It is clear that enantiomerically pure &-benzyl- 
tryptophan alkyl esters can be condensed with alde- 
hydes (acid labile or otherwise) to  provide trans-1,3- 
disubstituted 1,2,3,4-tetrahydro-P-carbolines in ster- 
eospecific fashion. In those cases in which a small 
amount of the undesired cis diastereomer is formed, 
addition of excess TFA converts the mixture into the 
enantiomerically pure trans diastereomer. Pictet- 

234 R s OH, (+)-macroline 
266 R = ObBDMS 

H 

252 R I H, (-)-suaveoiine 
253 R = CHJ. (-)-hk-melhylsuaveoline 16 (t).viilaislonine 

Figure 19. Indole alkaloids prepared from the (-)- 
tetracyclic ketone. 

Spengler reaction of these same aldehydes and esters 
under acidic conditions should also provide the trans 
isomer with 100% diastereoselectivity, albeit with 
slightly lower yields. 
As such, the enantiospecific synthesis of (-)-al- 

stonerine (261) and (+)-macroline 234 have been 
completed in greater than 98% ee starting from the 
optically active tetracyclic ketone 240 which had been 
prepared by an asymmetric Pictet-Spengler reaction. 
The syntheses of 234 and 261 are the first enan- 
tiospecific syntheses of members of the Alstonia class 
of indole alkaloids. Since the three intramolecular 
reactions (the Pictet-Spengler reaction, the stereo- 
controlled Dieckmann cyclization, and the Claisen 
rearrangement) employed in the syntheses provide 
an intermediate 240 which possessed the same 
stereochemical configuration at  C-3, (2-5, and C-15 
as those in the macroline, sarpagine, and ajmaline 
alkaloids with high stereoselectivity, a general ap- 
proach for the preparation of these alkaloids has been 
developed (Figure 19). The significance of the syn- 
thesis of (+)-macroline (234) becomes apparent when 
one considers that > 70 macroline related alkaloids 
have been isolated and that macroline is known to 
serve as a biogenetic precursor for many of the 
bisindole alkaloids as well. Macroline (234) is known 
to cyclize to dihydroalstonerine when exposed to base 
and is not stable in a vial for long periods of time; 
therefore, the synthesis of the stable macroline 
equivalent 266 described herein will obviously facili- 
tate the synthesis of bisindole alkaloids which exhibit 
greater biological activity than the monomers that 
constitute them.24J76 Synthetic (+)-macroline (234) 
has now been coupled stereospecifically with natural 
pleiocarpamine (235) to  furnish the antiprotozoal 
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alkaloid villalstonine (16) which contains 11 chiral 
centers and 11 carbocyclic rings. The macroline 
intermediate 234 Will further provide a means to 
achieve the total synthesis of other dimeric indole 

(39) Shannon, H. E.; Guzman, F.; Cook, J. M. Life Sci. 1984,35,2227. 
(40) Allen, M. S.; Hagen, T. J.; Trudell, M. L.; Codding, P. W.; 

Skolnick, P.; Cook, J. M. J .  Med. Chem. 1988, 31, 1854. 
(41) Allen, M. s.; Tan, Y. C.; Trudell, M. L.; Narayanan, R; Schindler, 

L. R.; Martin, M. J.; Schultz, C.; Hagen, T. J.; Koehler, K. F.; 
Codding, P. W.; Skolnick, P.; Cook, J. M. J.  Med. Chem. 1990, 
33. 2343. alkaloids in this series. 
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