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ABSTRACT 

The ethylamino side chain of serotonin can assxime many conformations 

due to unrestricted rotation about its two dihedral angles. The synthesis of rigid analogs 

of serotonin with rotational restriction of the side chain could lead to increased activity 

and/or selectivity at serotonin receptors. Derivatives 8, 9 and 10 substituted at the 4-

position of indole were sought as well as the bicyclo derivatives 11,12 and 13 substituted 

at the 3- position. 

The bicyclo derivative 11 was prepared by the direct condensation of the 

ketone precursor (quinuclidinone) with 5-methoxyindole under basic conditions. The 

reaction is thought to proceed through an intermediate similar to structure This 

procedure resiilts in the formation of the olefin \^ch can then be reduced to the desired 

compound. 

The derivatives substituted at the 4-position were prepared via halogen-

metal exchange reactions. Beginning with the 4-bromo derivative of indole and the 

^propriate piperidone derivative, compounds 32, 38 and ^ were generated. Birch 

reduction of the intermediate tertiary alcohol was necessary to derive the final 

compounds. Syntheses of 12 and 13 also utilized the halogen-metal exchange reaction. 

Direct condensation under basic conditions, as was utilized in the synthesis of 11, was 
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unsuccessful, possibly due to the formation of a double bond within a 5-membered ring, 

as seen in the [2.2.1] bicyclo derivative. Thus, the halogen-metal exchange reaction of 

the 3-bromo derivative of indole with the bicyclo derivative 22 and 26 yielded the tertiary 

alcohols ^ and 41, respectively. 

Molecular modeling of the bicyclo compoimds showed a 4- to 6-fold 

increase in the energy required to overcome the rotational barrier of the substituents about 

the indole nucleus as compared with the same dihedral angle of serotonin. This as well as 

the conformational restriction could increase selectivity at serotonin receptors. 
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1. INTRODUCTION 

In a continuing effort to investigate structure-activity relationships at serotonin 

receptors (Taylor, 1987, 1988), this study was initiated to design and synthesize 

confonnationally restricted serotonin analogs with side chains at either the 3- or 4-

position of indole. The two methods used to couple analogs at the indole 3- and 4-

positions were direct coupling and halogen-metal exchange reactions using tert-

butyUithitrai-

1.1 Historical Perspectives on the Pharmacology of Serotonin 

Serotonin acts as an endogenous vasoconstrictor in blood, but it was not known 

for some time what caused this physiological manifestation. The first group to recognize 

that the substance increased in clotted blood was Stevens and Lee (1884) and later Brodie 

(1900). It was not until a decade or more later that several investigators realized that their 

studies of epinephrine were complicated by the appearance of a vasoconstrictor substance 

found in senun. Erpsamer and colleagues (1933) identified a substance they termed 

"enteramine" in the intestine. However, the relationship of this compoimd to the serum 

factor was not yet known. 

Progress was slow at best in the identification of serotonin until the late 1940's 

when Rapport, Green and Page at the Cleveland Clinic Foundation were attempting to 
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rid their experiments of a serum vasoconstrictor. Ultimately they had purified the serum 

factor which they called "serotonin", a designation chosen to indicate its serum tonic 

abilities. Rapport (1949) later identified it as 5-hydroxytryptamine (Figure 1). 

Figure 1 

H 7 

1 

Three years following this discovery it was determined that the structure of enteramine 

foimd in the intestines was the same as serotonin found in the serum (Erpsamer and 

Asero, 1952). Not long after, in 1953, Twarog and Page (1988), using a sensitive 

bioassay (moUusk heart), detected serotonin in extracts of brain. Thus the three key 

locations (i.e. the peripheral and cerebrovascular (platelets), gastrointestinal and central 

nervous systems) of serotonin in animals were known. 

Because protein receptors which mediate the actions of 5-hydroxytryptamine (5-

HT) have existed in the membranes of a variety of animal cell types for millions of years, 

their ancestry being as old or older than that for the adrenoreceptors and receptors for 

some peptide mediators (Venter et al., 1988; Hen, 1992), it would be logical that there 

has been ample time for mutation and consequent evolutionary acceptance of multiple 
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variants of receptors for all these older neurotransmitters and hormones. This appears to 

be the case for 5-hydroxytryptamine as well as for noradrenaline. 5-HT receptors can be 

classified into at least three, possibly up to seven, classes of receptors (Bradley et al, 

1986; Zifa and Pillion, 1992; Peroutka, 1993). As more and more 5-hydroxytryptamine 

receptor genes are cloned, the amino acid sequences of the corresponding receptor 

proteins deduced, and the chromosome location for their genes identified, medicinal 

chemists are tantalized by the possibility of selectively activating these receptors. 5-

Hydroxytryptamine can potently activate all the receptors. However, because of the 

difference in protein stmcture, and consequent affinities for different synthetic chemicals, 

a basis for identifying selective ligands, either agonist or antagonist, for each receptor 

variant is provided. Figure 2 shows a dendogram analysis of 5-HT receptors of the G-

protein coupled family. The dendogram shows how 5-HT receptors cluster into 

subgroups according to amino acid sequence similarity. 

As shown in the following dendogram the classification of serotonin receptors is 

ever growing with the recent discovery of 5-ht5, S-ht^ and 5-ht7 receptors utilizing gene-

cloning work (lower case lettering is used to identify recombinant receptors, a convention 

recently proposed by the lUPHAR receptor nomenclature committee (Kenakin 1992)). 

These receptors, nonetheless, have yet to be fully characterized operationally and 

transductionally in intact tissue. There is much controversy over the identification of new 

receptors. However, biologists of all disciplines have definitive criteria which must be 

met in order to characterize a given receptor. The three main criteria are operational (i.e., 

drug-related characteristics), transductional (receptor-effect coupling events, i.e. G-
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protein or ligand gated ion channel linked), and structural (gene and receptor structural 

sequences for their nucleotide and amino acid components, respectively (Humphrey et al., 

1993)). Binding studies with a suitable radiolabelled ligand allow the reliable 

measurement of affinity for agonists as well as for antagonists. The amino acid sequence 

Figgre 2 

J 5-HT2A 

P 5-HT2C 

5-HT2B 

5-HT5A 

5-HT5B 

r 5-HTID 

M 5-HTIB 

r 5-HTIF 

I 5-HTIE 

5-HTi A 

5-HT7 

5-HT6 

is generally deduced from the cDNA. The length of the horizontal bars is inversely 

proportional to the sequence or group similarity. 

5-HTi, 5-HT2 and 5-HT3 receptors as well as the "uncloned" 5-HT4 and cloned 5-

hts, 5-ht6 and S-ht? receptors comprise the classes of serotonin receptors. All the 5-HTi 

receptors fiilly characterized so far are seven transmembrane domain receptors, which are 
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negatively coupled to adenylyl cyclase via regulatory G-proteins. The one exception is 

the 5-HTic receptor, which mediates activation of protein kinase C via increased 

phosphoinositide metabolism by phospholipase C, which actually makes it much more 

closely related to 5-HT2 rather than the 5-HTi receptor class (Hoyer et al. 1994). The 5-

HTI class is further divided into 5-HTIA-F (Amlaiky et al., 1992; McAllister et al. 1992; 

Adham et al., 1993; Lovenberg et al., 1993). The 5-HT3 receptors mediate the neuronal 

depolarizing actions of 5-HT in both the periphery and the brain, being structurally 

intrinsic to a cationic channel, analogous to the nicotinic receptor for acetylcholine 

(Derkach et al. 1989). 5-HT4 receptors have now been identified in a variety of tissues, 

including the brain (Bockaert et al., 1992). These receptors appear to be positively linked 

to adenylyl cyclase and may therefore be more closely related to the 5-HTi and more 

recently cloned 5-ht6 and S-hty receptors. S-Hts, S-hte and S-ht? receptors have only 

recently been cloned and further data are needed to allow their classification with 

confidence. 

The purpose for providing selective agonist and antagonist properties at serotonin 

receptors comes from the multitude of physiological activities resulting from serotonin 

release. As mentioned previously, 5-HT receptors are primarily distributed in the central 

nervous (CNS), cardiovascular (CV), and gastrointestinal (GI) systems in humans and 

animals. Numerous experiments have suggested that central 5-HT receptors are linked to 

syndromes in the central nervous system such as hypotension, hypothermia, sexual 

behavior, schizophrenia, migraine, depression, sleep and anxiety (Zifa, 1992; Cowen, 

1991; Jacobs, 1992; Robertson, 1988; Wikstrom, 1990). The main concentration of 
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serotonin in the CNS can be found in cells straddling the midline in the reticular 

formation of the meduUa, pons, and midbrain and are referred to separately as the raphe 

nuclei. Ascending fibers from the raphe enter the medial forebrain bundle and supply the 

major input of 5-HT terminals to the forebrain. Descending axons from the caudal raphe 

project to the dorsal and lateral homs and the interomediolateral cell colimm of the spinal 

cord. Within the cardiovascular system serotonin receptors are found in highest 

concentration within platelets but have been identified throughout the CV system, where 

serotonin is shown to be involved in platelet aggregation (Wang, 1990), vasodilatation 

(Trevethick, 1984; Bond, 1989; Schoefifter, 1990; Blauw, 1988), vasoconstriction 

(Saxena, 1990; Cohen, 1988; Connor, 1989; Chester, 1990) and bradycardia as well as 

tachycardia (Saxena, 1990). In the GI tract, although all major serotonergic receptors 

have been identified, the most prominent are 5-HTIA (Fozzard, 1985), 5-HT2, S-HTS 

(Sanger, 1985), and 5-HT4 receptors (Craig, 1990) and are involved in intestinal motility 

and gut transport. 

The complexity of the serotonergic system (as a result of the multiple 5-HT 

subtype receptors, lack of agonist or ante^onist selectivity, other neurotransmitter systems 

(such as the adrenergic and dopaminergic systems), and the heterogeneity of the 

serotenergic systems (multiple 5-HT subtype receptors coexist with many different 

nevirophysiological pathways)) might be better understood with the development of 

agents that selectively interact with specific 5-HT receptor subtypes. As well as a better 

imdeistanding of this complex system, there may also be many clinically useful 

applications for the aforementioned disorders. 
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The Design of Target Compoonds for Pharmacological Evaluation 

Serotonin's flexibility in its rotation about the carbon-carbon and carbon-nitrogen 

bonds in the ethylamino side chain provides for multiple conformations in the activation 

of a receptor (Scheme 1). The energy barrier to rotation about both bonds is obviously 

low. Figure 3, generated using PCModel, represents the energy as rotation occurs about 

the dihedral angle labeled 1-2-3-4. The barrier to rotation, although exaggerated in the 

Scheme 1 

NH-

HO 

H 

HO 

H 

graph, is a little over two kilocalories per mole. Since at ambient temperature there is 

about 20 kilocalories per mole of energy one can imagine the variability in the structure 

of serotonin. For this reason rigid or conformationally restricted analogs would be 

beneficial in selectively activating various 5-HT receptors. Evidence of this is also 

provided by natural and synthetic dnigs v^ch are known to selectively activate receptor 

subtypes. Many semi and fiilly rigid analogs have been synthesized (Taylor, 1988; 

Romero, 1992; Audia, 1991; Wikstrom, 1990; Taylor, 1987) with some of them showing 
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selectivity toward 5-HT receptors (Ward, 1988; Amt, 1989; Glennon, 1986; Pierce, 1989; 

Leonhardt, 1989; Slaughter, 1990; Macor, 1990; Sills, 1984; McBride, 1990; Hillver, 

1990; Rasmussen, 1991). 

Figures 

Serotonin 
22.50 

NHj 22-00-

21.50 

Energy 21.00-
Kcal/mol 

20.50 

20.00 

19.50 

210 240 ,70 ^ zw 270 300 
Angle, Degrees 

Tetrahydropyridylindoles have been of interest since the initial reports showed 

that RU 24969 (© and RU 28253 (7) had high potency as 5-HT agonists and were able to 

differentiate between certain 5-HT receptors (Euvard, 1980; Hunt, 1981). RU 24969 (^, 

a cyclic homologue of 5-HT, is a potent 5-HTIA, 5-HTIB and 5-HTic agonist. When 

compared to 5-HT, 6 is more selective toward 5-HTIA and 5-HTIB receptors (Hoyer, 

1985). RU 28253 acts as an agonist at the 5-HT4 receptor, having selective activity over 

RU 24969. Many ergolines such as d-lysergic acid diethylamide (d-LSD, 2) and 

methylsergide (3) show high potency at most 5-HT recognition sites (Zifa, 1992). Some 

compounds which possess a partial ergoline structure such as 8-hydroxy-(2-di-n-
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propylamino)tetralin (8-OH-DPAT, 4) show serotonergic activity. 8-OH-DPAT is a 

potent 5-HTia agonist and has been used to characterize the recognition requirements of 

the 5-HTia binding site. However, derivatives of tetrahydro-beta-carboline (THBC, ^ 

have been found to have very low afGnities for both 5-HTI and 5-HT2 sites (Casio, 1982). 

Figure 4 

OH .n-E>r 

n-Pr 

d-LSD (2) Methylsergide ( 3) 8-OH-DPAT ( 4) 

NH 

•NH 
N-H 

THBC(^ RU 24969 (^ RU 28253 (7) 

No compounds lacking the basic amino group have been shown to have high 

afiini^ for serotonin receptors; the amino group in the side chain is considered essential 

for peripheral and CNS activities of 5-HT. A 5-methoxy group was found to enhance 

afiSnity at the 5-HTi site while reducing afBnity for the 5-HT2 site, thus enhancing 5-HTi 
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selectivity. A more basic amine might correlate to increased activity. Of particular 

interest is the basicity of enamines versus the fiilly saturated parent compoimd. Enamines 

have the distinct possibility of being protonated at two different sites, namely the nitrogen 

atom and the P-carbon atom (Scheme 2; Cook, 1988). The kinetically favored site for 

protonation is the nitrogen atom (A). The thermodynamically favored protonation site is 

the ^-carbon atom that forms the iminhim salt (B). The C-protonation product (B), 

therefore, predominates in solution at room temperature. The intrinsic C-protonation 

basicity of enamines as compared to that of the saturated amines is due to the stabilization 

afforded by the iminiiim ion (B) by delocalization of the positive charge between the 

carbon and adjacent nitrogen atom. The saturated amine and the N-protonated enamine 

(A) do not have that possibility. The protonation of the enamine nitrogen is less favorable 

than of the saturated amine nitrogen because of the inductive effect of the carbon-carbon 

double bond. This is exemplified by comparing the pKa values of quinuclidine and 

dehydroquinuclidine (Figure 5). Because the potential interaction orbitals are 

Scheme 2 

N-H 
I_ ^ >=^0 

^C=C.— + H"*" 

I I© 

H - C — H - C —  

B 

orthogonal in dehydroquinuclidine, resonance interaction between the lone pair nitrogen 

electrons and the alkene 7c-system is impossible. The pKa values for these amines are 
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11^9 for the saturated and 9.82 for the unsaturated bicycloamine (Grob, 1957). 

However, when this is not the case and the the nitrogen lone pair can be in a p orbital 

Figures 

parallel to the p orbitals of the double bond, conjugate interaction provides for 

stabilization via the iminium ion greater stability. When pyrrolidine was coupled with 

cyclopentanone to give the resulting enamine, the basicity of the enamine was greater 

than the basicity of the saturated amine (Scheme 3). Similar results were shown with 

amines which were exocyclic to bridged compounds. Thus, the pyrrolidino bicyclo 

[2.2.1] heptene in Figure 6 had a higher pKa than its corresponding saturated compoxmd. 

o —"• —*• O'—O 

Qiiinuclidine 

pBCa=11.29 
Dehydroquinuclidine 

pKa=9.82 

Scheme 3 

pKa^ll.32 pKa=8.75 
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Figare 6 

0 
pKa=8.49 pBCa=9.56 

Based on these data, the synthesis and phannacological evaluation of analogs 8-13 

were proposed (Figure 7). AU of the analogs, except possess an ethylamino side 

chain- Three utilize the piperidinyl moiety at the 4-position of indole to more closely 

mimic the ergoline type indoles such as 2 and 3. 

Figure 7 

10 

ri 

H 

CH30 CH3 

11 12 13 
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13 Overview of the Halogen-Metal Exchange Reaction 

Metalation by organolithiiim compounds has been known for quite some time and 

its importance is growing. Schlenk and Bergmaim (1928) first reported a metalation 

reaction after they discovered that ethyllithitmi reacts with fluorene by replacing an acidic 

hydrogen to produce fluorenyilithium and ethane (Scheme 4). This reaction has been 

Scheme 4 

expanded to include most compounds which contain an acidic hydrogen. Shordy 

thereafter, Ziegier (1930) discovered that alkyl halides reacted with lithium metal in ether 

or benzene to yield organolithiimi compounds making reagents such as t-, sec- and n-

butyllithium and phenyllithium. Butyllithium is the most commonly used compound 

because it is more reactive, aided by the fact that butane, the secondary product of 

metalation, escapes from the reaction medium as a gas and thus tends to drive the reaction 

towards completion. 

The discovery that led to the generation of organolithitmi compounds by exchange 

of lithium metal with alkyl halides was further exploited for organic synthetic purposes 

(Oilman, 1938). Aryl halides were used to generate the lithio derivatives from the alkyl 
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lithio derivatives (Scheme 5). The exact mechanism by which this occurs is not fully 

understood, but chemically induced dynamic nuclear polarization (CIDNP) has been 

Scheme 5 

ArX + RLi ^ ^ 

detected during these reactions. CIDNP results v^iien protons in a reacting molecule 

become coupled to an unpaired electron while traversing the path from reactants to 

products. Although CIDNP always means that a free radical is involved, its absence does 

not prove that a free radical intermediate is absent, since reactions involving free radical 

intermediates can also take place without observable CIDNP. Also, the presence of 

CIDNP does not prove that all of a product was formed via a free radical intermediate, 

only that some of it was. Ward and Lawler (1968) reacted ethyl iodide and ethyllithiirai 

together while performing a CIDNP e3q)eriment They were able to show that ethyl 

iodide formed in the exchange had CIDNP and hence was formed via a free radical 

intermediate. This evidence led to the proposal of the mechanism in scheme 6. Further 

evidence for this mechanism is the obtention of coupling and dispropordonation 

products from R* and R' * (Ward, 1968). 

Scheme 6 

RX + R'M - [K',X-,M^,R'-] ^ - RM + R-X 

Solvent Cage 
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Gilman extended the halogen-metal exchange reaction to the preparation of 

aryllithium reagents bearing electrophilic groups (Wittig, 1938; Oilman, 1947, 1948; 

Hofierth, 1952), although ^plication of this reaction in organic synthesis was postponed 

for two decades due to the unsatisfactory yields. A significant discovery was made by 

Kobrich and Buck who found that o-nitrobromobenzene exchanged rapidly and cleanly 

with butyllithiiun in tetrahydrofuran at -100°C (Scheme 7). This method provided 

Scheme 7 

BuLi, Tiff 1.C02 _ 

* ^O^Li 2. H3O+* ^^02H 

rapid lithium- halogen exchange while reducing the unwanted side reactions of the 

new organolithiimi reagent. Another dramatic example illustrating the importance of 

utilizing low temperature in order to achieve satisfactory yields was in the lithiation of 4-

cyanophenyl bromide (Scheme 8). With a decrease in temperature of only 30°C (from -

Scheme 8 

Temperature Yield 
-70OC 17% 

-lOOOC 83% 
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70 to -100°C), the yield in the iithiation reaction rose fix)m 17% (Gilman, 1948) to 83% 

(Parham, 1982). 

Application of the halogen-metal exchange reaction to heterocyclic chemistry is of 

great importance because of the wide variety of naturally occurring, biologically active 

compounds that can be synthesized utilizing this methodology. Of particular interest are 

the nitrogen heterocycles such as indole (14: Figure 8) which contain substituents in the 

benzenoid portion of the indole nucleus. There are over 1400 naturally occurring 

alkaloids (Pelletier, 1983) and many more synthetic compounds (Manske, 1950-1979; 

Glasby, 1975; Saxton, 1983; Suf&ess, 1985; Trudell, 1989; Zhang, 1990; Fu, 1990) 

which contain the indole nucleus. The synthesis and fimctionaiization of indoles has been 

a subject of research for more than a century and many versatile methods such as the 

Fischer indole synthesis (Ihsii, 1981; Robinson, 1982), reductive cyclization of ortho-

nitrobenzyl ketones (Dungberg, 1984), Batcho-Leimgruber indole synthesis from ortho-

nitrotoluenes and dimethylformamide acetal (Maehr, 1981; Kruse, 1981), the cyclization 

of ortho-haloaniline derivatives (Wender, 1981; Bard, 1980) and Nenitzescu indole 

synthesis (Allen, 1973; Bemier, 1981) have been very well developed. 

Figure 8 

7 H 

14 
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Nitrogen heterocycies have been shown to be the least reactive heterocycles in the 

series oxygen, sulfur and nitrogen. Metalation of nitrogen heterocycles lacking an acidic 

hydrogen proceeds in a normal fashion and the entering metal goes ortho to the nitrogen. 

This is consistent with the proposed mechanism, which considers that the initial step in 

the metalation is coordination of the metaiating agent with the lone parr of electrons on 

the nitrogen aided by the inductive effect of the nitrogen. However, some compounds 

which contain the azomethine linkage, such as pyridine and quinoline, are not 

metalated. Instead the organolithium adds to the azomethine bond to produce an a-

substituted lithium salt (Oilman, 1951; Scheme 9). Unsubstituted pyrrole is not 

Scheme 9 

RLi fv n 
Li H 

metalated, even with excess metaiating agent. Instead, only the lithium salt is fomied 

(Shirley, 1955). However, N-substituted pyrroles are smoothly metalated at the 2-

position of the ring (Scheme 10). 

Scheme 10 

c;?  ̂
k k 
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At least two conditions miist be strictly observed in order to take advantage of the 

halogen-metal exchange reaction in indole chemistry: a) the indole nitrogen must be 

protected, preferably with a group which can be easily removed and b) low temperatures 

should be employed to give preferential halogen-metal exchange over metalation at the 2-

positioiL It has been demonstrated (Scheme 11) that l-(phenylsulfonyl)-3-iodoindole 

undergoes quantitative lithiimi-halogen exchange upon treatment with 200 mol percent of 

/erf-butyllithium (Satilnier, 1982); however, if the reaction is allowed to warm to room 

temperature, the initial 3-lithio derivative smoothly rearranges to the more stable 2-lithio-

l-(phenylsulfonyl) indole. 

Scheme 11 

t-BuLi 

I 
S02 

6 
Functionalization of the 4-, 5-, 6- and 7-positions of indole using the halogen 

metal exchange reaction is of important use. Many different electrophiles have been 

reacted with lithio derivatives at the 4-, 5- and 6-positions (Moyer, 1986; Yang, 1992), 

almost all of which did not contain an a-keto proton. As will be disctissed later, coupling 

of electrophiles which possess an acidic proton help to quench and subsequently lower 

Waim to 

Room Temp. 
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the yields of both halogen-metai exchange and Grignard reactions; thus there is a need to 

keep the temperature low. 

1.4 Objectives 

The objectives of this research were two-fold: a) the fimctionalization of the 4-

position of indole containing a 5-methoxy group was desired. Movement of the 

tetrahydropyridyl ring from the 3- to the 4-position would accomplish this, and b) the 

synthesis of confoimationally and rotationally restricted analogs with 2,2,2 and 2,2,1 

bicyclic substituents at the 3-position via direct coupling as well as halogen-metal 

exchange reactions. 
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2. CHEMISTRY AND DISCUSSION 

2.1 The Synthesis of 3- and 4-Bromomdoles 

Electrophilic substitutions are the largest and probably most important category of 

indole reactions. The high electron density (Figure 9) and low localization energy for 

electrophilic substitution render indoles susceptible to attack by a wide variety of 

electrophiles. If indole is unsubstituted at the 3-position, this atom is generally the 

preferred site of substitution. When substituted in the 3-position, products of 

electrophilic substitution reactions at the 2-position are generally found. The nitrogen is 

the next most reactive followed by the 4-position where substitution is practically 

irreversible. 

The bromination of indoles presents difficulties, in that indoles are unstable in the 

presence of hydrobromic acid. For a number of years the best method for the preparation 

of 3-bromoiiidole was bromination of N-benzoylindole with bromine (Weissgerber, 1913) 

or N-bromosuccinimide (NBS; Buu-Hoi, 1944) followed by hydrolysis of the benzoyl 

group. Mild brominating agents such as dioxane dibromide or pyridinium bromide 

Figure 9 

233 H 
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perbiomide in tiie presence of an acid scavenger such as pyridine at low temperatures 

gave the 3-bromoindole directly in moderate yields (Piers, 1963). More recent reports 

have made the synthesis of 3-bromoindoles straight-forward. For example, 5-

methoxyindole (IS, Scheme 12) can be dissolved in dimethylformamide at room 

temperature and to this solution is added dropwise a solution of 1 equivalent of bromine 

in dimethylformamide until the end point is reached, which is easily observable by the 

appearance of halogen color. The bromination proceeds through the intermediate 15a. 

yielding the desired product in near quantitative yields (98%). It is felt that the 

dimethylformamide plays an essential role by trapping the halogenic acid produced 

during the reaction, which favors high yields (Bocchi, 1982). The product, 3-bromo-5-

methoxyindole (16\ is not stable, however, in air and must be stored under nitrogen at 0°. 

Scheme 12 

15 16 

There are several ^}proaches to the synthesis of 4-halogen substituted derivatives 

described in the literature, some rather tedious. One of the first methods (Scheme 13) 

utilized the dyestuff intermediate 2-nitro-6-chlorotoluene, which was condensed with 
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ethyl oxalate. The pyruvic acid derivative was reduced with ferrous hydroxide and 

decarboxylated with concomitant replacement of the halogen substituent by ciiprous 

cyanide in refluxing quinoline to give 4-cyanoindole in a 19.7% overall yield (Uhle, 

1949). 

Scheme 13 

(COOC2Hs)2 

CU2(CN)2 

C9H7N. A 

In 1971, Leimgruber and Batcho (1971) introduced a new and efiScient indole 

synthesis based on the condensation of o-nitrotoluene with N^-dimethylformamide 

dimethyl acetal (DMFDMA) followed by reduction of the resulting trans-P-

dimethyIamino-2-nitrostyrene (Scheme 14). This reaction sequence has been used in the 

Me2NCH(OMe) ̂ 

DMF 
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preparation of many structurally diverse indoles. Using this method 4-bromoindoles were 

prepared in about 70% yield (Moyer, 1986). In another method (Scheme 15), 2-aniino-6-

nitrotoluene is converted by a Sandmeyer reaction to the 2-bromo compoimd, followed by 

free radical monobromination, phosphonium salt formation and Wittig reaction, reduction 

with iron and finally Pd(n)-cataly2ed cyclization, yielding the 4-bromoindole 

(Harrington, 1984). This too, is rather tedious and results in low overall yields. 

Scheme IS 

DNaNOZHBr 

(PhC0)202 

Fe/AcOH 

A more attractive approach to the synthesis of 4-bromo-5-methoxyindoles was 

sought It was found that the readily available starting material, ethyl 5-methoxyindole-2-

carboxylate (17). can be monobrominated at the 3- or 4-position or 3,4-dibrominated 

utilizing acetic acid as a solvent (Scheme 16). Normally, acidic environments cause 

protonation and subsequent polymerization of indoles. However, electron-withdrawing 

substituents in the pyrrole ring retard protonation and hence polymerization of indoles. 
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These electron-withdrawing groups also decrease reactivity toward the electrophile in the 

pyrrole ring and direct it into the benzene ring. Selective bromination (72%) was 

obtained after reaction for 24 hours followed by quenching with water (Kruse, 1984). 

Initial rapid and readily reversible electrophilic attack by bromine on 17 occurs by a 

transition state resembling a-complex 17a. retaining maximum aromatic resonance. A 

subsequent slower bromination via a transition state with lower resonance energy 

resembling cr-complex 17b occurs less readily but eventually leads to 18. Subsequent 

removal of the ester was normally by first conversion to the acid utilizing saponification 

followed by decarboxylation. It has been shown, however, that compound 18 has low 

reactivity and extreme instability toward copper-catalyzed decarboxylation (Kruse, 1984). 

The 2-carboxylate was thus removed by a rhodium-catalyzed decarbonylation of the 

corresponding aldehyde under mild, neutral, nonoxidizing conditions. To do this the 

ester 18 was first converted to the alcohol using lithiirai aluminum hydride and then 

Scheme 16 

CHj 

H H H 

17 I7b 

18 
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oxidized to the aldehyde 19 using manganese dioxide. Numerous examples of 

stoichiometric decarbonylations under mild conditions have been described using 

(PPh3)3RhCl (Tsuji, 1969). However, a more convenient catalytic decarbonylation 

(Scheme 17) has been described (Doughty, 1978; Kruse, 1984) whereby Rh(dppp)2^Cr is 

generated in situ from (PPh3)RhC0Cl and 13-bis(diphenylphosphino)propane. The 

reaction proceeds readily in xylene at 140°C using 1-5 mole % of the rhodium catalyst 

under nitrogen for 24 hours yielding the desired product 20 in yields of approximately 

Scheme 17 

:-H Rh(dppp]B^CI; 
xylene, A 

19 18 

20 

92%. Thus utilizing the readily available starting material ethyl 5-methoxyindole-2-

carboxylate (17), the desired 4-bromo-5-methoxyindole (20) could be obtained in yields 

averaging 66%, a much higher yield of a 4-halogenated indole than previous reports and 

in fewer steps. 
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2,2 Synthesis of 2 .̂1-bicycIoamiiio derivatives. 

l-Azabicyclo[2.2.1] heptane (21: Figure 10) was first prepared by Prelog and 

Clemo (1938). Over the past few years there has been great interest in this skeleton for 

preparing rigid structural analogues of bioactive amines in both acetylcholine analogues 

and serotinergic analogues (Swain, 1991). For the synthesis of compound the 

bicyclo-derivative 2-ben2yl-2-aza-bicyclo [2.2.1] heptan-6-one (22) had to be made 

(Figure 11). Synthesis of the corresponding alcohol had been previously described by 

Figure 11 

Portoghese and co-workers (1973). However, a more efficient route provides first the 

basic skeleton by a Diels-Alder reaction. It was found that unactivated iminium salts, 

generated in situ under Mannich-like conditions, react with dienes in an exceptionally 

mild reaction (Scheme 18; Larsen, 1985). Thus, cyclopentadiene can be added to an 

aqueous solution of benzylamine hydrochloride and aqueous formaldehyde. The resulting 

heterogeneous mixture is stirred at room temperature and workup yields a near 

Figure 10 

21 

22 
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quantitative amount of the bicyclic amine 23. Hydroboration of intermediate 23 followed 

by a hydrogen peroxide workup gives the 6-exo alcohol 24 and the 5-exo alcohol 25 

Scheme 18 

ori- '] -Q-
23 

(Scheme 19; Carroll, 1992) in a ratio of approximately 2:1. These can be separated by 

column chromatography. Following isolation of the 6-exo alcohol 24 Swem oxidation 

using dimethyl sulfoxide and trifluroacetic anhydride gives the desired product 22. 

Scheme 19 

V--Ph 

1.BH3.THF ^ 
2.Na0H/H20 
3. Sqiaration 

HO. b —N 

HO, 

V-Ph 

1.24 

V-'Ph 2. DMSO/TF.AA 

23 24 25 

22 

Two approaches to the synthesis of the bicyclo derivative 26 (Figure 12) needed in 

the synthesis of compound 12 have been reported. A recent synthesis started with methyl 
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Figure 12 

K 

26 

N-benzylpyrroIidine-3-carboxylate (27) readily prepared by cycloaddition of N-

benzyiazamethine ylide to methyl acrylate (Scheme 20). Qviatemization with methyl 

bromoacetate followed by hydrogenation gives the diester 28. Dieckmami cyclization 

using potassium /err-butoxide in toluene, hydrolysis and decarboxylation afford the 

ketone26 (l-azabicyclo[2.2.1]heptan-3-one; Jenkins, 1992). 

Scheme 20 

02Me C02Me |\ 
l.BrCHiCOiMe j ( KOtBu/ToIuene 

3. K2CO3 cr 
C02Me 

27 28 26 

Another method (Scheme 21) wiiich has slightly better yields and inexpensive 

starting materials but utilizes the same intermediate  ̂was chosen. Intermediate 29. 

prepared by condensation of dimethyl itaconate with glycine methyl ester hydrochloride, 

was reduced utilizing borane-tetrahydrofiiran. This reduction was not completely 
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selective for the amide, but yields of 28 were sufficient (50%). Intermediate 28 was ^ain 

subjected to a Dieckmann cyclization using potassium rerf-butoxide to yield the desired 

product 26 (Street, 1990). 

Scheme 21 

r02Me 

C02Me ^ — 
C02Me 

28 

With two bicyclo derivatives 22 and 26, a coupling reaction could be used to synthesize 

the products 12 and 13. However, as will be explained later, direct coupling was 

unsuccessful so halogen-metal exchange was the preferred method. 

23 Direct coupling of indole with electrophiles. 

Direct couplings of indoles with ketones under acidic conditions are well 

documented (Houlihan, 1972; Guillaume, 1987; Taylor, 1988) and proceed through 

:02Me 
NaOMe, MeOH 

TOaMe 

k. •C02Me 
29 

26 
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electrophilic attack by the carbonyl carbon at the indole 3-position and can lead via 

indolyl-3-carbinols and 3-methyleneindolenes to diindolylmethanes (Scheme 22). 

Scheme 22 

R 

HO 

or 

C-R 

As mentioned previously, the indole nucleus itself can also form dimers under 

acidic conditions via the generally accepted pathway in Scheme 23. Protonation of indole 

at the 3-position initiates the sequence of reactions generating indoleninium cation 30. 

This cation is a good electrophile and accepts electrons at the 2-position. Electrophilic 

attack by this cation can then occur at the 3-position of an unprotonated indole molecide. 

Loss of a proton affords the indole dimer M. 
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Scheme 23 

IL 

Freter foimd that indoles could be directly coupled to ketones under basic 

conditions as well (1975). The reaction is thought to proceed through intermediate 32 

(Scheme 24). Notice, however, that the ketone condensed in Scheme 24 is symmetrical 

Scheme 24 

N 1 
R 

[ 
32 

-H2O. 



45 

and thus dehydrates to a single product. If the ketone were imsymmetrical, and for 

example X=Nitrogen, the dehydrated product could potentially give rise to an enamine ^ 

or allylamine M (Scheme 25). Such a problem has been addressed in our lab. From the 

condensation of 5-substituted indoles Avith N-allQfl-3-piperidones we noted selective 

formation of the allylamine product This was determined using proton NMR to 

identify the characteristic vinyl proton chemical shift at 66.1-6.2. The enamine product 

33 was not observed, suggesting that deprotonation of the 3-methyleneindoline 

intermediate is regioselective. It is believed that deprotonation of the 2'-proton is 

disfavored due to the unfavorable interaction between the generated anion and the 

nitrogen lone pair. The alcohol intermediate could not be isolated (Dahlgren, 1995). The 

Scheme 25 
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details of the mechanism are not clear, but it is known that compound 35 completely 

dehydrates when subjected to basic conditions for 24 hours and compound ^ does not 

dehydrate when exposed to basic conditions for several days (Figure 13). 

Figgre 13 

In the preparation of compoimd however, only one product could be formed because 

of the unlikelihood of forming a double bond at a bridgehead. It was therefore possible to 

condense [2.2.2] bicycloquinuclidone with 5-methoxyindole directly in the presence of 

freshly prepared sodium methoxide (Scheme 26). After refluxing for 72 hours a near 

quantitative yield of the unsaturated product was formed. This was then reduced using 

palladium on carbon under hydrogen with acetic acid as catalyst to give the title 

compoimd 11. 

Because of the success of this coupling reaction it was felt that the bicyclo 

derivatives 22 and 26 could be directly coupled in the same way (Scheme 27). This, 

however, was not the case. The strain of a double bond within a 5-membered bridged 

heterocycle could be an explanation for the reaction not to proceed. The only products 

recovered after refluxing the reactants for five days were the starting material and aldol 

-R 

35 36 
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Scheme 26 
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11 

condensation products of the bicycio derivatives. In order to ultimately couple these 

bicycio derivatives to the indole 3-position, halogen-metal exchange had to be employed. 

Scheme 27 

"'"lOO -N \^Ph 
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H 
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22 

NaOi 

fXz. 
V-Ph 

H 

•N, 

NaOMe 
MeOH 

26 
H 



48 

2.4 Halogen-metal exchange reaction. 

Early work on the metalation of indoles and derivatives of indole demonstrated 

that if indole itself is treated with an excess (400 mol %) of N-butyllithium, only 

deprotonation of the indole nitrogen occurs (Scheme 28; Shirley, 1953). Treatment of N-

methylindole, however, led to very efficient metalation at the 2-position. This method 

was made more attractive by the utilization of nitrogen-protecting groups which can be 

readily removed (Hasan, 1981). Using these correlation's Moyer et, al. developed a mild, 

efficient and regiospecific method for the formation of 4-, 5-, 6- and 7-lithiated indoles 

Scheme 28 

\ w-butyllithiuig 

N 
H 

w-butyllithiui^ 

without the need for a protecting group on the indole nitrogen (Moyer, 1986). Their 

attempts began with chloro-derivatives but these were foxmd not to be reactive with either 

300 mol % of n-, sec- or /err-butyllithixrai at temperatures ranging from -78° C to reflux in 

ether or tetrahydrofuran. Using bromo-derivatives in the presence of fer/-butyllithium, 

this problem was solved. 
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Because halogen-metal exchange is so rapid, abstraction of the indole nitrogen 

proton is a problem as mentioned above. Protection and deprotection of the indole 

nitrogen could solve the problem but it also potentially lowers the overall yields. 

Formation of an anion at the indole nitrogen, however, protects against metalation at the 

2-position. Moyer et, al. discovered that deprotonation with sodiuon hydride or methyl 

magnesium iodide led to salts which were insoluble in ether, decreasing substantially the 

overall yields of the halogen-metal exchange reaction. Potassium hydride in ether at -78° 

C, however, does give a homogenous solution of the potassium salt which upon treatment 

with rerr-butyllithium undergoes rapid halogen-metal exchange in an efficient and 

reproducible method for the preparation of indolyl organometallic reagents (Scheme 29). 

Scheme 29 

H K+ K.-

I 

H 

As metioned in the overview (Section 1.3) most of the electrophiles coupled using 

this technique did not possess acidic protons (Moyer, 1986; Yang, 1992). As Schlenk 

and Bergmann (1928) reported, lithiimi derivatives can react rapidly in replacing acidic 

hydrogens. The compounds coupled in this project using halogen-metal exchange all 
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contained acidic protons on the carbons alpha to the ketones. Low temperatures were 

necessary to ensure that unwanted side reactions would not occur which would lower 

overall yields. 

In the synthesis of compound 9, 4-bromo-5-methoxyindoIe, prepared as described 

earlier, was treated with potassium hydride at 0°C in dry tetrahydrofuran (Scheme 30). 

The mixture was then cooled to -78®C as were r-butyllithium and benzyl-S-piperidone in 

separate flasks. The /-butyllithium was slowly added via an insulated caimula and after 

about 10 minutes the benzyl-3-piperidone was slowly added in the same fashion. The 

reaction was allowed to slowly warm to room temperature and then quenched by the 

addition of a solution of IM phosphoric acid. The product ^ was isolated using colimm 

chromatography and a solvent mixture of ethyl acetaterhexane, 2:1. In order to obtain the 

desired product removal of the benzyl protecting group and the tertiary benzylic alcohol 

Scheme 30 
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were necessary. The final steps in the synthesis of 9 will be discussed in the subsequent 

section due to resistance of the tertiary alcohol to deoxygenation. M and 39. 

intermediates in the preparation of 8 and respectively, were synthesized similarly 

(Scheme 31). 

Scheme 31 
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As addressed previously, compounds ^ and 26 could not be directly condensed 

using base catalysis. Therefore, the next attempt at achieving the coupling of these 

compounds with 5-methoxyindole was to utilize the halogen-metal exchange reaction. 

Initial attempts at this coupling were to make the 3-bromo-5-methoxyindole and directly 

couple by first forming the potassium salt as described above followed by the slow 

addition of the electrophile at low temperatures. This, however, produced erratic results 

with both of the bicyclo derivatives, 22 and 26. Steric effects and lack of reactivity of 22 

and 26 are possible explanations for the erratic results. Therefore, in an attempt to couple 

these compounds the N-benzyl-protected indole (R= H or OCH3; Scheme 32) was utilized 

Scheme 32 

R 

40 
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instead. Using r-butyilithium and the same conditions as in the other coupling reactions 

22 and 26 could be coupled, resulting in compounds ^ and 4K respectively. Attempts at 

the removal of the tertiary alcohols and removal of the ben:^l protecting groups will be 

discussed in the next section. 

2.4.1 Elimination of the tertiary alcohols generated from halogen- metal exchange. 

The first attempt to remove the tertiary benzylic alcohols generated &om the 

halogen-metal exchange reaction was by simple dehydration using an acid. Unfortunately 

many problems arose from this. First, dehydration of 8 or 9 could generate an enamine or 

allylamine. Since the ultimate goal was the fully saturated product, this would not 

necessarily be a problem. Enamines can be reduced using palladium on carbon under 

hydrogen as was done in the synthesis of compound 11. AUylamines should certainly be 

reduced under the same conditions. Therefore the first attempt in the removal of the 

alcohol was by using acetic acid as a solvent with palladiimi on carbon imder hydrogen 

for 24 hours (Scheme 33). This, however, produced very unpredictable results and no 

desired product was foimd using mass spectrometry. Other groups have been able to use 

sodium borohydride for the reduction of enamines generated firom the dehydration of 

tertiary benzylic alcohols (Brossi, 1970; Scheme 34). In their case, however, the 

generation of an allylamine was not possible due to the aromatic system, so dehydration 

in ethanolic hydrochloric acid generated exclusively the enamine. It is not clear if the 
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Scheme 33 

CH3 
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39 

preferred product formed from dehydration of a tertiary alcohol under acidic conditions is 

the enamine or allylamine. However, if the preferred product is the enamine then sodium 

borohydride could be used to reduce the double bond. Thus the tertiary alcohol ^ was 

Scheme 34 

OH EtOH-HCl 

"C7H7 X7H7 

NaBH4 CH3 

subjected to ethanolic hydrochloride with heat followed by sodium borohydride. 

Although some of the desired product was observed by mass spectrometry, it was not the 
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major product There were many unexplained side reactions, possibly due to the 

instability of 39 or the dehydrated product(s) under those conditions. Therefore, another 

technique was sought to remove the alcohol while maintaining decent and reproducible 

yields. A library search revealed the possibility of reducing aromatic ketones, aldehydes 

and ben2ylic alcohols to the fully saturated product using a Birch reduction (Hall, 1971; 

1972; March, 1985). The reductions of the ketones and aldehydes pass through the 

alcohol intermediate and the mechanism throi^ which these proceed is as indicated in 

Scheme 35. While activated alcohols such as benzyl alcohols and their derivatives 

Scheme 35 
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can be reduced under these conditions, reduction of aliphatic alcohols carrying no 

activating group does not take place. This provided a convenient and facile approach to 

the reduction of these alcohols. There was concern, however, about the possibility of 

reducing the indole ring in one of two places as reported in the literature. Reduction of 1-

methyl-5-methoxyindole using lithium/methanol/ammonia generates ^ in good yield 

while ^ is the main product when methanol is not used (Scheme 36a). Indole itself can 

be reduced using lithium/methanol/ammonia to give ^ and ^ (Scheme 36b). 

Scheme 36 
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Obviously, excluding methanol from the reaction would prevent some of the reductions. 

Furthermore, use of only slightly over two equivalents of lithium might prevent over

reduction. 

Compounds 37-39 were reduced using the Birch method (Scheme 37). Prior to 

the reduction of the alcohol in compoimd ^ the N-benzyl group was deprotected using 

palladium on carbon imder hydrogen. All three were then subjected to the Birch 

conditions yielding the final products §-10 in near quantitative yields. 

Scheme 37 
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Based on the proposed mechanism for the reduction of tertiary benzylic alcohols 

using lithium and ammonia, the possibility of reducing the tertiary alcohols in the 3-

substituted compounds ^ and ^ seemed plausible (Scheme 38). Because of the 

aromatic characteristics of indole, the pyrrole ring could aid in this reduction as shown. 

This appears to be similar to the mechanism behind the formation of compound 43 in 

Scheme 36. Furthermore, this mechanism is very similar to the base-catalyzed 

condensation of indole with ketones in that the hydroxyi intermediate is lost due to the 

derealization of the electrons outside the pyrrole ring. 

Scheme 38 
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In the case of compounds 40 and ^ the indole nitrogen was protected with a benzyl 

group. This should not be a problem because benzyl groups on an indole nitrogen can be 

simply removed by a Birch reduction as well. Taking into consideration that twice the 

amoimt of lithium would be required along with a slow workup in order to generate the 

fully deprotected indole prior to a second reduction to remove the alcohol, this approach 

seemed possible. Attempts were made at the reduction of compoimd ^ using this 

method (Figure 14). However, following workup and using atmospheric pressure 

chemical ionization mass spectrometry, the main product found was the dihydroindole 46. 

although there was some desired product ^ and unsaturated alcohol ^ present. 

Figure 14 

41 46 

N 

H H 

47 48 
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Dehydration of the alcohol ^ was attempted but did not succeed, probably because, as 

mentioned earlier, a double bond within the 5-membered bridged heterocycle is too 

strained. Therefore, probably the best method to obtain the desired product would be the 

Birch reduction. However, yields would have to be optimized. This could be done by 

using a protective group on the indole nitrogen that would not be susceptible to reduction 

using lithium and ammonia or altering the reaction conditions by shortening the time and 

slightly raising the temperature. Unfortunately, due to time constraints these alterations 

in the syntheses were not be perfomied. Other considerations could be the selective 

reduction of a suitable alcohol derivative such as tosylate, mesylate, sulphate, or O-

alkylisourea or the nucleophilic replacement of the hyrdroxyl group by halogen or thiolate 

with subsequent reductive dehalogenation or desulphurization (Hartwig, 1983). Because 

of some of the limitations of those reactions with complex, polyfimctional, and sterically 

hindered hydroxyl groups as well as rearrangements and eliminations (commonly seen 

when carbocations appear as intermediates), radical reactions might be preferred. Good 

yields (75%) have been obtained using the benzoate derivatives of benzyl alcohols with 

tributyltin hydride. The tin radical, generated from tin hydride and an initiator or by 

photolysis, generates an intermediate radical that spontaneously gives the desired C-0 

splitting (Barton-McCombie Reaction (Hartwig, 1983; Scheme 39a)). Use of SCH3 at 

has given yields of 80-94% at 80-110° C from secondary and tertiary alcohols conjugated 

with thiocarbonyls (Neumann, 1987) instead of the benzoate derivative (Scheme 39b). 
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Scheme 39 

a. 

O <P-R 
R-OH R-O-C-Ph + *SnBu3 ^ Bu3Sii-0''̂ Ph 

O 
BusSnO-C-Ph + R- BusSnH^ 

b. 

RI-OH »• R1-0-C-R2 +*SnBu3 BusSa-S'̂ RZ 

O 
Bu3SnS-C-R2 + Rl- ^"3SnH 

2  ̂ Molecular modeling calculations on the rotation about selected bonds. 

In order to determine the minimxmi energy conformation of the substituents about 

the 3- and 4-positions of indole, molecular modeling data were obtained using PCModel 

(Version 3). The most stable conformation for the piperidinyl ring is the chair form. Due 

to 1,3-diaxial interactions, the equatorial conformation is assumed to be preferred for the 

indolyl substituent. In the case of the piperidinyl ring substituted at the indole 4-position, 

it was rotated clockwise about the C4-C3* bond through 10° increments and the 

corresponding total energy was calculated in kcal/mol, starting at 0° v^ere the C4-C5 

bond is anti to the C2'-C3' bond (Figure 15). This was done for compounds 8-10. 8 and 
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9 are very similar in structure, the difference being only the substituent on the nitrogen, 

and will therefore be discussed together. As the piperidinyl ring is rotated about the 

indole nucleus, the proton at C2* develops some steric interaction with the C3 proton of 

Figure 15 

indole. This increases the energy roughly 5 kcal/mol. The first energy minimum occurs 

at about 120® where there is minimal interaction of the protons at the C2' and C4' position 

of the piperidinyl ring with the C3 proton of the indole ring. As the protons at the C4' 

position pass over the C3 position of indole there is another energy mavimnm, at about 

210® (Figure 16). Following the pass^e by the proton at the C3 position there is once 

again an energy minimum, which is actually the global minimum. This corresponds to 

where the axial C2' and C4* protons are split by the C3 proton of indole. The barrier to 

rotation between the highest and the lowest energy conformations is about 10.3 Kcal/mol. 

In compound 10, the molecular modeling calculations mimicked those found in 

compounds 8 and 9. The zero angle chosen was where the C4-C5 bond was anti to the 

C3'-C4' bond (Figure 17). The first energy maximimi occurs when the equatorial C3' 

^N-R 

2* 

H 

R=H(9)orCH3(8) 



Figure 16 

Energy 
Kcal/mol 

CH  ̂ 4. 

Angle, Degrees  ̂ 330 3̂  

Angle Energy Angle Energy 
(Degrees) (Kcal/mol) (Degrees) (Kcal/mol) 

0 35.37 190 35.96 
10 37.13 200 3821 
20 39.57 210 39.78 
30 40.87 220 37.75 
40 38.24 230 35.72 
50 35.47 240 34.30 
60 33.36 250 33.60 
70 32.05 260 33.38 
80 31.48 270 32.88 
90 31.46 280 31.81 
100 31.44 290 30.88 
110 31.07 300 30.60 
120 30.89 310 31.18 
130 31.07 320 32.44 
140 31.46 330 33.58 
150 31.81 340 33.95 
160 32.22 350 34.34 
170 32.95 360 35.36 
180 34.15 
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proton interacts with the C3 proton of indole. The following energy minimmn occurs 

when there is minimal interaction between the C3' and C5' protons to either the C5 

methoxy or the C3 proton. As the C5' protons approach the C3 proton and the C3' 

protons ^proach the C5 methoxy group there is another energy maximum, at about 210®. 

The following energy minimum occurs as a result of the C3 proton of indole splitting the 

dihedral angle between the C3' and C5' protons of the piperidinyl ring. The next energy 

mavinnimi occurs as a result of interaction between the axial C3' proton and the C3 

proton. There is a small energy minimum v^ch follows, corresponding to the C3 proton 

splitting the equatorial and axial protons at the C3' position. As the rotation continues, 

the equatorial proton at the C3' position begins the increase in energy to the first energy 

maximum by its interaction with the C3 proton of indole. The barrier to rotation between 

the highest and the lowest energy confonnations in this derivative is about 9.6 Kcal/mol. 

In the bicyclo derivative 11 there were four energy troughs and consequently four 

energy maxima that occurred while rotating the quinuclidine ring about the indole 

nucleus (Figure 18). Beginning with a dihedral angle where C2-C3 is syn with C3'-C4' 

and rotation of the quinuclidine ring is clockwise, the first energy maximum occurs w^en 

the C5* proton passes by the proton at the 2-position of indole (C2). After that interaction 

there is once again an energy minimum where there is little interaction between protons 

of the two molecules. As the bicyclo ring is rotated further the C4' proton passes by the 

C4 proton causing the next energy maximum. The following energy minimum occurs 

when the C4 proton is between the C4' and C5' protons. As the C5* proton passes by the 
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^ 120 150 , Oft 180 210 
An^e, De^^ees 

Angle Energy Angle Energy 
(Degrees) (Kcal/mol) (Degrees) (Kcal/mol) 

0 36.88 190 38.79 
10 38.45 200 41.03 
20 40.67 210 42.58 
30 42.68 220 40.71 
40 40.51 230 38.80 
50 37.98 240 37.50 
60 36.07 250 36.90 
70 34.97 260 36.85 
80 34.61 270 36.36 
90 34.59 280 35.27 
100 33.87 290 34.25 
110 33.24 300 33.93 
120 33.08 310 34.62 
130 33.35 320 36.04 
140 33.90 330 36.66 
150 34.42 340 35.65 
160 34.84 350 36.02 
170 35.73 360 36.87 
180 36.85 
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52 

51 

50 

49 

48 

47-

2« -
Angle, Degrees 

Energy Angle Energy 
(Kcal/mol) (Degrees) (Kcal/mol) 

46.05 
46.16 190 48.38 
46.57 200 49.26 
47.16 210 50.57 
47.69 220 52.12 
47.89 230 52.98 
47.55 240 50.17 
46.99 250 48.74 
46.47 260 47.93 
46.24 270 47.79 
46.28 280 48.30 
46.52 290 49.26 
46.93 300 50.17 
47.57 310 51.17 
48.38 320 48.57 
49.07 330 47.62 
48.78 340 46.75 
48.15 350 46.24 
48.02 360 46.03 
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C4 proton another energy maximum, the global maximum, occurs. Once the C5' proton 

passes there is an energy mim'mum v^ere the C4 proton is staggered between the C5' and 

C2' proton. As the C2' proton passes the C4 proton there is the final energy maximum 

followed by the global energy minimimi, approximately 0®, where the C2-C3 bond is syn 

to the C3'-C4' bond. Here there is minimal interaction between protons of the two rings. 

Figure 19 shows the endo product of compound 12. The energy calculations were 

obtained by placing the C2-C3 bond eclipsed the C3'-C4' bond and rotating 

counterclockwise. The first energy maYimiim occurs at about 60®, where there is overlap 

of the proton at the C2' position with the C4 proton. The energy minimum that follows 

occvirs when the C4 proton is between the C2' and C5' protons. As the C5' proton 

approaches the C4 proton, the energy is increased considerably due to the overlap. This is 

also the global energy maximum. Following this the global energy minimum nears 

(approximately 250°), as there is minimal interaction between the two molecules. The 

final energy maximum occurs as the C5' proton passes by the C2 proton of indole. 

Because the endo product may not be the only product found following the 

synthesis of compound 12, the rotational barrier was calculated for the exo product as 

well (Figure 20). Starting with the C2'-C3' bond syn to the C2-C3 bond, the bicyclo 

derivative was rotated clockwise about the indole nucleus. The first energy maximum 

occurs at approximately 60° >A^ere the C7' proton (at the bridged carbon) passes by the 

C2 proton of indole. Following the next energy minimum is another energy maximum at 
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Figure 19 

S8 
Elnergy 
Kcal/mol  ̂

 ̂  ̂  ̂ 180 210 240 210 wo 
Angle, Degrees 330 3̂ 0 

Angle Energy Angle Energy 
(Degrees) (Kcal/mol) (Degrees) (Kcal/mol) 

0 51.68 190 52.02 
10 51.02 200 51.48 
20 50.78 210 51.35 
30 51.06 220 51.33 
40 51.89 230 51.14 
50 53.09 240 50.83 
60 53.98 250 50.67 
70 53.54 260 50.69 
80 53.05 270 50.92 
90 52.98 280 51.40 
100 53.34 290 52.17 
110 54.34 300 53.16 
120 55.83 310 54.28 
130 57.80 320 54.95 
140 60.11 330 54.52 
150 62.60 340 53.60 
160 56.82 350 52.59 
170 54.75 360 51.67 
180 53.11 
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210 240 270 300 
Angle, Degrees 330 360 

Energy Angle Ener©^ 
(Kcal/mol) (Degrees) (Kcal/moI) 

49.96 190 51.98 
49.99 200 52.22 
50.27 210 52.88 
50.68 220 53.81 
51.10 230 54.62 
51.40 240 54.65 
51.41 250 54.00 
5122 260 53.45 
51.03 270 53.38 
50.92 280 53.85 
50.92 290 54.72 
51.03 300 54.85 
51.26 310 53.57 
51.71 320 53.38 
52.40 330 51.42 
53.21 340 50.69 
53.52 350 50.22 
52.92 360 50.00 
52.23 
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about 160®, where the proton at C2' interacts with the C4 proton. As the rotation 

proceeds there is another energy minimuni followed by an energy maximum at 240° due 

to the C7* proton interacting with the C4 proton. The final energy maYiTnnm^ which is 

also the global maximum, occurs as the C4* proton passes by the C4 proton. The 

molecule then returns to an energy minimum, which is also the global minimum, at 

approximately 0®. 

Figure 21 shows the rotational energy barriers of the endo product of compound 

13. Beginning with the C2-C3 bond syn to the C2'-C3' bond, the bicyclo derivative was 

rotated counterclockwise. The first energy maximum occurs as the C4' proton passes by 

the C4 proton of indole. An energy minimum occurs following this but is elevated due to 

some interaction of the C5' proton with the C4 proton. The next energy maximum occurs 

as the bicyclo nitrogen passes over the C4 proton, which is the global maximum. As the 

rotation continues the molecule obtains a lower ener^ level with a slight disruption at 

about 220° where the C4' proton interacts slightly with the C2 proton of indole. At about 

270° the molecule shows another energy minimum followed by a small energy maximum 

at about 320° where the nitrogen proton, or unshared pair of electrons, passes by the C2 

proton of indole. The global energy minimum occurs at 0°, where the C2-C3 bond is 

eclipsed with the C2'-C3' bond. 

The exo product in the synthesis of compoimd 13 was a possibility as was the exo 

product in the synthesis of compound 12. Therefore the molecular modeling data were 

obtained on it as well and are shown in Figure 22. Beginning with the C2-C3 bond syn to 

the C2'-C3' bond the bicyclo derivative was rotated coimterclockwise 360° in 10° 
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increments. The first energy maximum occurs at about 50° as a result of interactions 

between the C7* proton and the C3 proton of indole. An energy minimuni follows ^^ere 

the C3 and C4 protons of indole have minimal interactions with the bicyclo derivative. 

As the C2' proton approaches the C4 proton there is another energy maximvmi, at about 

160°. As the C2' proton passes the C4 proton there is another energy minimnm where the 

C4 proton is split between the C2' and C7* proton. As the C7' proton passes the C4 

proton there is another energy maximum, AA^ch occurs at about 240°. When the C4 

proton is staggered between the C7* and C4' proton there is another energy minimum. 

The global energy maximum occurs as the C4' proton passes by the C4 proton of indole. 

Following this the molecule returns to an energy minimum which is also the global 

energy minimum \^ere once again the C2-C3 bond is syn to the C2'-C3' bond. 

The barriers to rotation of the substituents at either the 3- or 5-position of indole 

occur in variable amounts, with the largest being in compound 12 at approximately 12 

kcal/mol. There is enough energy at normal ambient temperatures to overcome this 

barrier, but by accimiulating this type of data one can predict on a statistical basis the 

preferred conformation of the molecule. Knowing the preferred conformation of the 

nitrogen on the substituent could further aid in the design of more rigid analogs for the 

selective activation of serotonergic receptors. 
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Figure 21 

Kcal/mol 
49.00 

^ 
210 24U ,,„ I I  ̂

Angle, Degrees 330 3  ̂

Angle Energy Angle Energy 
(Degrees) (Kcal/mol) (Degrees) (Kcal/mol) 

0 46.25 
10 46.10 190 48.01 
20 46.32 200 47.80 
30 47.00 210 47.93 
40 48.12 220 47.94 
50 49.50 230 47.59 
60 50.49 240 47.11 
70 49.95 250 46.72 
80 49.44 260 46.51 
90 49.18 270 46.45 
100 49.19 280 46.52 
110 49.54 290 46.70 
120 50.21 300 47.04 
130 51.16 310 47.41 
140 52.18 320 47.60 
150 52.24 330 47.47 
160 51.01 340 47.08 
170 49.73 350 46.59 
180 48.67 360 46.25 
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Figure 22 

Energy 
Kcal/mol 

"" ™ 300 330 360 
Anlge, Degrees 

Angle Energy Angle Energy 
(Degrees) (Kcal/mol) (Degrees) (Kcal/m 

0 44.03 
10 44.02 190 46.29 
20 44.26 200 46.54 
30 44.67 210 47.19 
40 45.10 220 48.09 
50 45.39 230 48.90 
60 45.32 240 48.83 
70 4527 250 48.08 
80 45.11 260 47.54 
90 45.02 270 47.44 
100 45.07 280 47.89 
110 45.23 290 48.84 
120 45.50 300 49.03 
130 45.97 310 47.78 
140 46.67 320 46.62 
150 47.53 330 45.64 
160 47.89 340 44.87 
170 47.13 350 44.32 
180 46.48 360 44.03 
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3. EXPERIMENTAL 

General Methods: 

Melting points were determined using an electrothermal capillary melting point 

apparatus and are uncorrected. 

Proton magnetic resonance spectra were obtained for all compoimds using a 

Bruker AM500 (500MHz) or a Varian-250 (250 MHz) spectrometer. 

Gas-chromatography, low resolution mass spectra were obtained on a Finigan MD 

800 or Hewlett Packard 5970 MSD spectrometer. High-resoludon mass spectroscopy 

was obtained on a JEOL HX-1 lOA, magnetic sector instrument with EB geometry. 

Elemental analyses were performed by Desert Analytics, Tucson, AZ. 

Purified products were shown to be homogenous by thin-layer chromatography on 

silica gel and/or neutral alumina plates with visualization by UV irradiation and iodine 

vapor. 

Colunom chromatography was performed using low-pressure or flash liquid 

chromatography with glass columns packed with silica gel (60 A°) unless indicated 

otherwise. 

All chemical reactions requiring inert atmosphere were carried out under nitrogen 

in oven-dried glassware using septum techniques. If necessary, a plastic bubble was used 

to ensure removal of atmospheric contaminants. 
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Tetrahydrofuran (THF) and diethyl ether (ether) were dried and distilled prior to 

use from sodium benzophenone ketyl. Benzene and toluene were distilled from sodium 

(Na). Chloroform and dichloromethane (DCM) were distilled from phosphorus 

pentoxide (P2O5). Methanol (MeOH) and ethanol (EtOEI) were distilled from magnesium 

(Mg) and dried over 3 A" molecular sieves. 

3-(l-Azabicyclo[2^^]octan-2-ene)-5-methoxyindole) 

To 60 mL of ice-cold MeOH in a 100 mL single necked roimd bottom flask was 

slowly added 0.58 g (2.54 mmol) of Na. After all of the Na had reacted 1.49 g (1.27 

mmol) of 5-methoxyindole was added. The solution was allowed to warm to ca. 50° C 

and 3.19 g (2.54 mmol) of quinuclidone dissolved in MeOH was slowly added (the 

quiniclidone was received as a hydrochloride salt and was basified with K2CO3 and 

extracted with ether prior to use). The solution was allowed to reflux and the reaction 

progress was monitored by thin layer chromatography. After nine days the reaction 

appeared to be complete. The solvent was removed in vacuo and the residue was slowly 

dissolved with cold MeOH. The product, insoluble in MeOH, was filtered and analyzed. 

The melting point was 225-227® C. Rf = 0.2 (100% MeOH). Low resolution mass 

spectrum: m/e 254 (M^, 100%), 226 (62), 212 (55), 199 (46), 182 (14), 156 (16), 128 

(18). NMR (d-acetone) 51.6 (m, 2 H), 1.75 (m, 2 H), 2.6 (m, 2 H), 2.95 (m, 2 H), 3.84 

(s, 3 H), 6.82 (d, 1 H), 6.83 (s, 1 H), 7.25 (d, 1 H), 7.35 (d, 1 H), 7.45 (d, 1 H), 10.4 (br s. 



76 

1 H). Elemental analysis; CigHjgNiO requires: C 75.59, H 7.09, N 11.02,0 6.30. Found: 

C 75.23, H 7.11, N 11.09,0 6.60. 

3-(l-AzabiQrcIo[2^^]octane)-5-inethoxymdole (11) 

To 0.246 g (1.10 mmol) of 3-(l-azabicyclo[2.2.2]octan-2-ene)-5-methoxyindole 

was added 10 mL of glacial acetic acid (HOAc). Palladium on activated charcoal (0.1 g) 

was then added and the solution was placed under a hydrogen atmosphere at 50 psi. After 

24 hours the hydrogen pressure was removed, the palladium catalyst filtered and the 

solution basified with K2CO3. The resulting precipitate was filtered and dried to give 

0.25 g (93%) of pure product The melting point was 194-195° C. Low resolution mass 

spectrum: m/e 256 (Nf*, 100%), 241 (14), 212 (24), 198 (22), 186 (41), 173 (57), 160 

(16), 109 (26), 42 (37). NMR (d^-acetone) 51.34 (m, 1 H), 1.78 (m, 3 H), 1.79 (s, 1 H), 

2.89 (m, 5 H), 3.32 (m, 2 H), 3.79 (s, 3 H), 6.75 (d, 1 H), 7.02 (d, 1 H), 7.29 (m, 2 H), 

10.3 (br s, 1 H). High resolution mass spectroscopy: FAB^ observed 257.1666 

(CI6H2IN20) error (ppm/ mmu)= +4.6/ +1.2; 258.1697 ('-Ci5"CH2iN20) +3.6/ +0.9. 

Ethyl 4-Bromo-5-methoxy-lH-iiidole-2-carboiylate (18) 

A mixture of ethyl 5-methoxy-lH-indole-2-carboxylate (10 g, 45.62 mmol) and 

glacial acetic acid (225 mL) was stirred and slightly warmed on a hot plate until only a 

small amount of the indole remained undissolved. The solution was r^idly stirred while 
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Br2 (2.34 mL, 45.62 mmol) was added dropwise. This solution was then allowed to stand 

at ambient temperature for 24 hours. The resulting solution was filtered and the 

crystalline product washed with cold HOAc (2 x 15 mL) and hexane (2 x 20 mL) and 

then dried in an oven at 70° C for 10 hours to give 18 (10.58 g, 78%) as a white 

crystalline solid. The crude product gave a single spot on TLC (Rf = 0.29 with 3:1 

hexane-ethyl acetate as the eluant) and was found to be 99.2% pure by GCMS. The 

melting point was 168-170® C. NMR 51.44 (t, 3H, J= 8Hz), 3.95 (s, 3H), 4.45 (q, 2 H, J= 

8Hz) 7.08, (d, IH, J= 9Hz), 7.2-7.5 (m, 2 Hz) 9.2 (s, IH). Low resolution mass spectrum: 

m/e 299 (M^, 50%), 297 (51), 253 (100), 251 (98), 210 (12), 114 (10), 102 (8), 75 (10). 

4-Bromo-5-methoxymdoIe-2-carboxaldehyde (19) 

A solution of ethyl 4-bromo-lH-indole-2-carboxylale (18; 10.58 g, 35.5 mmol) in 

anhydrous THF (150 mL) was stirred at 0°C imder N2 during the dropwise addition of 

lithium aluminiim hydride (LAH) in THF (IM, 42.6 mL). The mixture was stirred an 

additional hour at 0°C and then quenched by the sequential addition of water (1.0 mL), 

15% aqueous NaOH (2.0 mL) and water (2.0 mL). The mixture was then vacuum filtered 

through a Celite pad and the filter pad was washed with THF. The filtrate was dried with 

Na2S04 and concentrated under reduced pressure to yield 8.44 g of off-white crystals 

(92.9% yield). 

The isolated alcohol intermediate was dissolved in DCM (240 mL) and activated 

Mn02 (37 g) was added. The mixture was r^idly stirred at 25®C for 1 hour and then 
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filtered. The filter cake was washed with hot acetone and the combined filtrates were 

concentrated under reduced pressure to yield 7 g (84% yield, 77% overall jdeld starting 

firom the ester) of 4-bromo-5-methoxyindole-2-carboxaldehyde as yellow crystals. M.P. 

203-205°C. NMR (CDCI3) 53.9 (s, 3 H), 7.15 (d, IH, J= 9 Hz), 7.2 (s, 1 H), 7.45 (d, 1 H, 

J= 9Hz), 9.8 (s, 1 H). Low resolution mass spectrum: m/e 253 (M^, 100%), 238 (90), 

210 (68), 182 (12), 159 (28), 103 (30), 75 (38). 

4-Bromo-5-methoxymdoIe (20) 

(PPh)3RhC0Cl (0.36 g, 0.52 mmol) was added to a round bottom flask under N2 

within a plastic bubble purged with N2. The flask was sealed and 360 mL of dry xylene 

was added via sj^ge into the flask. The mixture was wanned to 80°C with stirring until 

the rhodium complex dissolved. l,3-bis(diphenylphosphino)propane (0.47 g, 1.13 mmol) 

was added and the solution was stirred at 80®C for another 30-45 minutes, until a fine 

yellow precipitate formed (not always present). The aldehyde (19. 8.64 g, 34 nmiol) was 

then added and the mixture was refluxed for 72 hours under nitrogen. The solution was 

cooled and concentrated under reduced pressure. The product was dissolved in 1:1 ethyl 

acetate-hexane (400 mL) and filtered through a short column of silica gel (230-400 mesh) 

to remove the catalyst The silica was washed with ethyl acetate-hexane (4x 100 mL) and 

the combined filtrates were evaporated to yield 10.90 g of 20 (93.2% yield). Melting 

point: 110-112®C. NMR (CDCI3) 53.9 (s, 3 H), 6.6 (m, 1 H), 6.9 (d, 1 H, J= 9Hz), 7.2 

(m, 1 H), 7.3 (d, 1 H, J=9 Hz), 8.2 (s, 1 H). Low resolution HMSS spectrum: m/e 225 



79 

(M-f, 100%), 224 (2), 210 (76), 182 (76), 131 (28), 116 (26), 103 (53), 76 (50), 63 (20), 

50 (39). 

l-Methyl-l̂ ,̂6-tetrahydro-3-pyridyl Methyl Ether 

5.59 g (243 mmol) of Na was slowly added to an ice-cooled bath of MeOH (95 

mL). After all of the Na had reacted the soliition was raised to room temperature and 3-

hydroxypyridine (20 g, 210 mmol) was added. The solution was cooled to 0° C and 

methyl iodide (27.4 mL, 440 mmol) was added dropwise. Once all the methyl iodide had 

been added, a heating pad was placed imder the flask and it was allowed to reflux for 7 

hours. The solution was cooled to room temperature and the solid precipitate was 

filtered. The filtrate was concentrated under reduced pressure and the precipitate from it 

was added to the initial precipitate. The combined precipitate was washed with ether and 

allowed to dry overnight. 

The salt was dissolved into 200 mL of dry MeOH and NaBHt (16.27 g, 430 

mmol) was added portionwise. After all of the NaBH4 was added, the MeOH was 

removed imder reduced pressure and the residue dissolved in 200 mL of water. K2CO3 

was added until the solution had a pH of 10 and it was then extracted with ether (lOx 50 

mL). This solution was dried with anhydrous K2CO3 and the ether was removed imder 

reduced pressure. The crude extract was then distilled to give 11.2 g of the methoxy 

intermediate (42% yield). 
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N-MethvI-3-piperidone 

l-Methyl-l,2,5,6-tetrahyciro-3-pyTidyI methyl ether was dissolved in hydrobromic 

acid (48%, 35 mL) and refluxed overnight. The solution was cooled to room temperature, 

basified with solid K2CO3, extracted with ether and dried with anhydrous K2CO3. The 

ether solution was concentrated under reduced pressure and the product distilled (40°C, 

0.75 mm Hg) to give the title compound, N-methyl-3-piperidone (7.14 g, 72% yield, 30% 

overall yield). Mass spectrum: m/e 113 (M^, 28%), 84 (50), 57 (100). 

4-(N-Methyl-3-piperidinol)-5-methoxymdole (39) 

To 0.25 g of KH dispersion in mineral oil (35%, 2.2 mmol) in 5 mL of THF at 

0°C was added 0.5 g (2.2 mmol) of 4-bromo-5-methoxyindole in 5 mL of THF. After 15 

minutes the solution was cooled to -78°C using dry ice. t-Butyilithium precooled to 

-78°C was added via an insulated cannula. A white precipitate formed and after 10 

minutes N-methyl-3-piperidone (0.5 g, 4.4 nmiol) in 3 mL of THF at -78® C was added 

via a separate insulated caimula. The reaction mixture was allowed to slowly warm to 

room temperature and the suspension was poured into 20 mL of ice-cold IM H3PO4. The 

aqueous phase was basified to a pH of 10 with K2CO3, extracted with ether (5 x 20 mL) 

and dried over anhydrous Na2S04 to give 297mg of 39 (52% Yield). Rf = 0.51 

(DCM:MeOH, 10:1). Low resolution mass spectrum: m/e 260 (M^, 12%), 242 (27), 227 

(14), 199 (15), 189 (80), 174 (100), 146 (12), 130 (18), 71 (55). NMR (CDCI3) 51.82 (s. 
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1 H), 2.0 (s, 1 H), 22. (m, 3 H), 2.4 (s, 3 H), 3.1 (m, 4 H), 3.8 (s, 3 H), 6.9 (d, 1 H), 7.1 (s, 

2 H), 7.3 (d, 2 H), 8.35 (s, 1 H). 

4-(N-Methyl-3-piperiduiyl)-5-inethoxjindole (8) 

A round bottom flask (10 mL) containing THF (1.5 mL) was cooled to -78®C 

using diy ice. Ammonia (3 mL) was then condensed into the flask. 9.5 mg of Li metal 

(1.35 mmol) was added. When it had all reacted, giving a blue solution, 39 (70.1 mg, 

0.269 mmol) in 1.5 mL of THF was slowly added. After 45 minutes the reaction was 

quenched with 0.2 g of NH4CI. The residue was dissolved in water (2 mL), extracted 

with ether (5x 5 mL) and dried with anhydrous Na2S04. The ether was then removed 

under reduced pressure to yield 49mg of 8 (75% yield). Rf = 0.73 (ethyl 

acetate:hexane:MeOH, 2:1:0.1). Low resolution mass spectrum: m/e 244 (NT*, 25%), 

213 (100), 173 (22), 158 (35), 130 (70), 115 (22), 97 (23), 84 (33), 71 (38). NMR 

(CDCI3) 51.82 (m, 4 H), 2.05 (m, 2 H), 2.33 (s, 3 H), 2.93 (t, 3 H), 3.84 (s, 3 H), 6.69 (s, 

1 H), 6.92 (d, 1 H) 7.23 (m, 2 H), 8.26 (s, 1 H). High resolution mass spectroscopy; 

FAB^ observed 245.1658 ('̂ Ci5H2iN20) error (ppm/ mmu)= +1.7/ +0.4, 246.1689 

('̂ CI4'̂ CH2IN20), error (ppm/ mmu)= +0.6/ +0.2. 
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4-(N-Beiî l-3-piperidmol>-5-inetho îndole (37) 

To 0.76 g of a BCH dispersion in mineral oil (35%, 6.61 mmol) in 15 mL of THF at 

0® C was slowly added dropwise 1.50 g (6.61 mmol) of 4-bromo-5-methoxyindole in 15 

mL of THF. After 10 minutes, the solution was cooled to -78" C using dry ice. 1 M t-

butyllithium (13.25 mL) cooled to -78° C was slowly added via an insulated caimula. A 

white precipitate formed v^ch was allowed to react an additional 30 minutes. To this 

solution imder N2 was added 2.50 g (13.22 mmol) of N-ben2yl-3-piperidone in 10 mL of 

THF at -78® C via an insulated cannula. The resulting dark brown mixture was allowed 

to react for 3 hours, after which the solution was slowly raised to room temperature. The 

reaction was quenched by pouring the solution into 30 mL of ice-cold 1 M H3PO4. The 

aqueous phase was basified to a pH of 10 with K2CO3, extracted with ether (5 x 30 mL) 

and dried with anhydrous Na2S04. Removal of ether under reduced pressure provided 

3.36 g of crude product. Flash coluimn chromatography using ethyl acetaterhexane (2:1) 

yielded 1.06 g of pure 37 (48% yield). Rf= 0.5 (ethyl acetate: hexane, 2:1). Low 

resolution mass spectrum: m/e 336 (M^, 5%), 318 (91), 303 (53), 275 (10), 211 (10), 184 

(14), 170 (20) 134 (12), 91 (100). NMR (CDCI3) 51.6 (m, 4 H) 2.05 (m, 2 H), 2.9 (m, 2 

H), 3.6 (s, 2 H), 3.8 (s, 3 H), 6.8 (d, 1 H), 7.15 (d, 1 H), 12-1A (m, 7 H), 8.0 (s, 1 H). 

High resolution mass spectroscopy: FAB^ observed 337.1916 ('̂ CiiHasNiOa) error(ppm/ 

mmu) +0.0/ +0.0. 
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4-(lH-3-Piperidinyl)-5-niethoxymdole (9) 

To ^ (261 mg, 0.778 mmol) in 8 mL of dry MeOH was added 50 mg of 

palladium on carbon. This was placed in a hydrogenator at 50 p.s.i for 24 hours, after 

which the palladium catalyst was removed by gravity filtration and the MeOH was 

removed under reduced pressure. The intermediate alcohol was then added in dry THF 

(1.5 mL) to a cooled solution (-78®C) of THF (2 mL), NH3 (7 mL) and Li (23.6 mg, 3.40 

mmol). After 45 minutes, the reaction was quenched by adding 0.5 g of NH4CI. The 

residue was dissolved in water (2 mL) and extracted with ether (5x5 mL). The ether 

solution was dried with Na2S04 and the solvent was removed under reduced pressure to 

give 150mg of 9 (84% yield). Rf= 0.78 (DCMrCHCUiMeOH; NH4OH, 50:40:9:1 on an 

alumina plate). Low resolution mass spectrum: m/e 230 (M**, 10%), 199 (27), 187 (32), 

170 (7), 160 (11), 149 (20), 130 (20), 115 (6), 70 (8), 57 (18), 44 (100). NMR (CDCI3) 5 

1.8-1.5 (m, 4 H), 2.6-2.8 (m, 2 H), 3.0-3.15 (m, 3 H), 3.85 (s, 3 H), 6.6 (d, 1 H), 6.9 (d, 1 

H), 7.2 (m, 2 H), 8.5 (s, 1 H). High resolution mass spectroscopy: FAB+ observed 

231.1497 (C14H18N2O), average 231.3188. 

4-(N-M ethyl-4-piperidinoI)-5-methoxymdole (38) 

To 0.38 g of a KH dispersion in mineral oil (35%, 3.3 mmol) in 7.5 mL of THF at 

0®C was slowly added dropwise 0.75 g (33 mmol) of 4-bromo-5-methoxyindole in 7.5 

mL of THF. After 10 minutes^ the solution was cooled to -78® C and 1 M t-butyllithium 
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in THF (6.6 mL) was slowly added via an insulated cannula. This was allowed to react 

30 minutes, after which 4-methylpiperidone, cooled to -78° C, was added via a separate 

insulated cannula. This was allowed to react at -78° C for another 30 minutes and then 

the temperature of the solution was slowly allowed to rise to room temperature. The 

reaction mixture was quenched by pouring it into 22.5 mL of ice-cold IM H3PO4. The 

aqueous solution was basified to pH 10 using K2CO3 and extracted with ether. After 

drying with anhydrous Na2S04 and removal of the ether under reduced pressiire, the 

crude mixture was purified by flash chromatography, eluting with ethyl 

acetateihexanemethanol, 10:5:0.5 to give 360mg of 38 (42% Yield). Rf = 0.23 (ethyl 

acetate:hexane:methanol:animonia, 10:5:2:0.1 on an alumina plate). NMR(CDCl3) 52.55 

(s, 3 H), 2.8-3.1 (m, 8 H), 3.8 (s, 3 H), 5.7 (br s, I H), 6.9 (d, 1 H), 6.95 (s, 1 H), 7.15 (t, I 

H), 7.3 (d, 1 H), 9.05 (s, 1 H). High resolution mass spectroscopy: FAB"^ observed 

261.1602 ('̂ CI5H2IN202) error (ppm/ mmu)= -0.4/ -0.1; 262.1638 ('̂ C,4'̂ CH2iN202) 

error= +0.4/ +0/1). 

4-(N-Methyl-4-piperidinyl)-5-niethoxyindole (10) 

A suspension of the intermediate alcohol ^ (67.8 mg, 0.261 mmol) in 1 mL of 

THF was transferred into a double-neck flask and slowly stirred while the temperature 

was decreased to -78° C. Ammonia (4 mL) was slowly added, dissolving intermediate 

alcohol 38. Li (5.4 mg, 0.782 mmol) was added over 5 minutes. The solution turned 

dark blue and became slightly viscous. After 25 minutes, the reaction was quickly 
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quenched with NH4CI (0.3 g). The solution turned white and the ammonia was allowed 

to evaporate. The residue was dissolved in water and extracted with DCM. The extract 

was dried with anhydrous Na2S04 and purified by preparative TLC on alumina gel eluting 

with EtOAc:Hex:MeOH, 10:5:0.5 to give 51mg of 10 (80% Yield). Rf = 0.53. ESI: 245 

(MtT", 100%). Low resolution mass spectrum: m/e 244 (M^, 50%), 213 (56), 185 (7), 

160 (8), 130 (18), 97 (100), 70 (77), 57 (18), 42 (47). NMR (CDCI3) 52.1-2.2 (m, 4 H), 

2.4 (s, 3 H), 3.0 (m, 1 H), 3.5 (m, 4 H), 3.75 (s, 3 H), 6.75 (d, 1 H), 6.95 (d, 1 H), 7.15-

7.35 (m, 2 H), 8.1 (s, 1 H). High resolution mass spec.: FAB^ observed 245.1645 

(^^CI5H2IN20) error (ppm/ mmu)= -3.6/ -0.9. 

2-Benzyl-2-azabicyclo[2 .̂1]hept-5-ene (23) 

20 mL of dicyclopentadiene was added to a 25 mL round bottom flask and heated 

in a hot oil bath to 160°C. Cyclopentadiene, once cracked, distills at 36°C. The flask 

used to coUect the cyclopentadiene was submersed in a dry ice bath of ethylene glycol 

monomethyl ether to decrease the liklihood of a Diels-Alder reaction. Meanwhile, 

benzylamine hydrochloride (7.56 g, 52.9 mmol) was dissolved into water (21.2 mL) in 

order to make a 2.5M solution. To this was added formaldehyde (6.00 g, 74.1 mmol). 

Cyclopentadiene (7.1 mL, 105.8 mmol) fi:om the collection vessel was then directly 

added to the reaction mixture and allowed to react for 3 hours. Following this, the 

reaction was diluted with an equal volume of water and extracted with ether (2 x 25 mL) 

to remove any unreacted cyclopentadiene. The water layer was made basic by adding 
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solid KOH. This was then extracted (3 x 25 mL) with ether, and the extracts were 

combined and dried with anhydrous Na2S04. Low resolution mass spectrum: m/e 185 

(NT*, 8%), 120 (10), 91 (100), 66 (30), 51 (6), 39 (30). 

exo-2-Beiizyl-2-azabicyclo[2 .̂1]heptan-6-ol (24) and exo-2-Beiizyl-2-azabicyclo 

[2..2.1] heptan-5-ol (25) 

To a stirred solution of 2-benzyl-2-a2abicyclo[2.2.1]hept-5-ene (23: 18.12 g, 103 

mmol) in 150 mL of dry THF at 0® C under N2 was added dropwise 204 mL of BHs'THF. 

After 3 hours at 0-10®C, excess borane was destroyed by the slow addition of THF-H2O. 

A 3N NaOH solution (26.5 mL) was added, followed by the dropwise addition of 30% 

H2O2 (32 mL). After an additional 1.5 hours at 30-40®C and cooling to room 

temperature, 8.88 g of K2CO3 was added and the THF was removed imder reduced 

pressure. The remaining solution was extracted with DCM and the extracts were washed 

with water, dried with anhydrous Na2S04, filtered and concentrated to give 20.25 g of 

crude product Flash chromatography eluting with DCM:CHCl3:Me0H:NH40H, 

150:40:9:1 gave 12.98g (65%) of the desired alcohol 24. Rf = 0.45 

(DCM:CHCl3:Me0H:NH40H, 50:40:9:1). NMR (CDCI3) 5125-1.35 (m, 1 H), 1.55 (m, 2 

H), 1.75-1.85 (m, 2 H), 2.3-2.45 (m, 1 H), 2.5 (m, 1 H), 3.0 (s, 1 H), 3.67 (s, 2 H), 4.06 

(m, 2 H), 7.15- 7.4 (m, 5 H). Low resolution mass spectrum: m/e 203 (M^, 100%), 134 

(42), 107 (12), 91, (100), 69 (30), 65 (22), 51 (24). 



87 

2-Beiizyl'-2-azabicycIo[2 .̂1]heptan-6-one (22) 

To a solution of dimethyl sulfoxide (3.24 g, 41.4 mmol) in 25 mL of DCM was 

added dropwise under nitrogen a solution of trifluroacetic anhydride (6.46 g, 31 mmol) in 

15 mL of DCM at -60°C. After 10 minutes, a solution of alcohol 24 (4.2 g, 20.7 mmol) 

in 15 mL of DCM was added dropwise and stirred at -60°C for 30 minutes. Freshly 

distilled triethylamine (17.2 mL) was added and the mixture was stirred for 1 hour ^^Me 

warming to room temperature. The reaction was quenched with 86 mL of water and 

extracted with DCM (3 x 200 mL). The organic extract was dried over anhydrous 

Na2S04, filtered and concentrated under reduced pressure to give 2.90 g of crude product. 

Flash chromatography eluting with ethyl acetaterhexane, 30:70, gave 1.95 g of the amino 

ketone 22 (60% yield). Rf = 0.7, DCM:CHCl3:Me0H:NH40H, 50:40:9:1. Low 

resolution mass spectrum: m/e 201 (M^, 2%), 173 (62), 158 (12), 131 (12), 104 (14), 91 

(100), 65 (30), 55 (50), 39 (30). 

l-(Carbomethoxymetfayl)-3-carbomethoxypyrroIi<im-S-one(29) 

To 750 mL of ice-cooled MeOH was added 8.69 g (37.8 mmol) of freshly cut Na. 

After all the Na had reacted glycine methyl ester hydrochloride was added portionwise at 

0°C. Dimethyl itaconate (50 g, 31.6 rrmiol) dissolved in 50 mL of dry MeOH was slowly 

added dropwise at 0°C. Once all the dimethyl itaconate had been added, the solution was 

refluxed for 18 hours. The reaction mixture was cooled to 0° C, the precipitate filtered 
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and the solvent evaporated under reduced pressure. The residue was taken up in 5N HCl 

(55 mL) and extracted (lOx) with DCM. The organic layer was dried with anhydrous 

Na2S04, filtered and evaporated under reduced pressure. The residue was distilled (140-

150® C, 0.1 mm Hg) to give 43.90 g of the title compound as a clear ligand. Low 

resolution mass spectrum: m/e 215 (M^, 12%), 156 (100), 142 (15), 113 (4), 102 (4), 84 

(4). 

l-(Carbonietho^rmethyI)-3-carbomethoî yrrolidme (28) 

A solution of cyclic amide 29 (45.89 g, 21.3 mmol) in 270 mL of dry THF was 

added over 0.75 hour to an ice-cooled solution of 1 M BH3-THF complex (426 mL). The 

solution was refluxed for 1 hour and stirred for 16 hours at 25*'C. A saturated solution of 

K2CO3 (29.44 g, 21.3 mmol) was added and after 0.75 hours at reflux temperature, the 

solid was removed by filtration and the solvent evaporated. The residue was taken up in 

5N HCl (100 mL) and washed with DCM (200 mL). The aqueous phase was basified to 

pH 10 with K2CO3, extracted (5 x) with DCM and dried with anhydrous Na2S04. After 

removal of the solvent under reduced pressure, flash chromatography of the residue in 

ethyl acetate gave 28 (5.58 g, 13% yield). Rf = 0.38 100% ethyl acetate. Low resolution 

mass spectrum: m/e 201 (M^, 4%), 142 (100), 110 (6), 82 (12), 55 (18), 42 (34). 
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l-Azabicyclo[2 .̂1]heptan-3-one (26) 

A solution of 28 (4.8 g, 23.9 mmol) in anhydrous toluene (50 mL) was added over 

0.75 hour to a rapidly stirred solution of potassium t-butoxide (8.05 g, 71.9 mmol) in 

toluene (200 mL) at 140°C. The reaction was refluxed for 8 hours, cooled to 10® C and 

concentrated HCl (65 mL) was added. The organic phase was separated and extracted 

with minimal HCl (3x5 mL). The combined aqueous phase was heated at 110°C for 16 

hours, evaporated to one-quarter of the original volume, basified with K2CO3 and 

extracted with DCM (lOx). The organic layer was dried with anhydrous Na2S04, filtered 

and evaporated under reduced pressure to give 26 (1.59 g, 60%). Low resolution mass 

spectrum: m/e 111 (NT, 1 %), 82 (95), 67 (8), 55 (48), 41 (100), 39 (30). 

N-Benzyl-S-methoxyindole 

To 5 g (34.01 mmol) of 5-methoxyindole in 50 mL of dry toluene was added 

KOH (1.91 g, 34.04 mmol). This solution was refluxed with 18-crown-6 (0.3 g) for 2 

hours. Benzyl chloride (4.14 mL, 36 mmol) was added and the solution refluxed for 

another 15 hours. The reaction was cooled to room temperature and the toluene was 

removed under reduced pressure. The residue was distilled (0.05 mm Hg, 160-170°C) to 

yield 6.2 g (77%) of N-benzyl-5-methoxyindole. Rf =0.61, hexaneiethyl acetate, 3:1. 

NMR (CDCI3) 63.85 (s, 3 H), 5.3 (s, 2 H), 6.5 (d, 1 H), 6.8-6.9 (m, 1 H), 7.1-7.3 (m, 8 H). 
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N-Beii: l̂-3-bromo-5-inethoxyindole 

To a solution of N-benzyI-5-methoxyindole (3.00 g, 12.66 mmol) in 60 mL of 

DMF was added Br2 (0.66 mL, 12.82 mmol) in 60 mL of DMF at room temperature with 

stirring. The mixture was poured into ice and water (600 mL) containing NH3 (0.5%, 1.5 

g) and NaaSiOs (0.1%, 03 g). The ofif-white precipitate was filtered, washed with cold 

water and dried to yield 2.96 g (74%) of the title compound. NMR (CDCI3) 83.9 (s, 3 H), 

5.3 (s, 2 H), 6.9 (m, 1 H), 7.1-7.35 (m, 8 H). 

N-Benzy l-3-(l-azabicyclo [2 .̂ 1 ]heptan-3-oi)-5-methoxyindole (41) 

N-Benzyl-3-bromo-5-methoxyindole (1.5 g, 4.76 mmol) was dissolved in 22 mL 

of anhydrous THF and cooled to -78°C. t-Butyllithium (5.6 mL, 9.52 mmol) at -78°C was 

slowly added via an insulated cannula. After 20 minutes, l-azabicyclo[2.2.1]heptan-3-

one (26; 0.79 g, 7.14 mmol) in 7.5 mL of THF at -78° C was slowly added via a separate 

insulated cannula. This was allowed to react while slowly warming to room temperature. 

The solution was then poured into 32 mL of ice-cooled H3PO4 and the organic layer was 

removed. The aqueous layer was basified to pH 10 with K2CO3 and extracted with ether 

(4 X 20 mL). The ether layer was washed with brine (2x) and dried using anhydrous 

Na2S04. Flash chromatography, eluting with DCMiCHCbrMeOHiNHtOH, 50:40:9:1, 

gave 58Img of 41. Rf= 0.21. APCI-MS 349 (MlT). NMR (CDCI3) 51.5-1.7 (m, 2 H), 

2.3-2.5 (m, 2 H), 2.7-3.0 (m, 5 H), 3.35 (d, 1 H), 3.75 (s, 3 H), 5.23 (s, 2 H), 6.85 (d, 1 
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H), 7.0-7.4 (m, 8 H). High lesoliition mass spectroscopy: FAB^, observed 349.1900 

(^^C22H25N2C)2) error (ppm/mmu)= -4.6/ -1.6, 350.1942 ('̂ C2i"CH25N202), error 

(ppm/mmu)= -2.3/ -0.8. 

N-Beiuyl-3-(2-beiizyl-2-azabicyclo[2 .̂1]heptaii-6-ol)-indole (40) 

N-BenzyI-3-bromoindoie (0.5 g, 1.75 mmol) was dissolved in 4 mL of anhydrous 

THF and cooled to -78®C. t-Bvityllithiimi (1.7 M in pentane, 3.5 mL) was added via an 

insulated cannula at -78®C A white precipitate formed and after 10 minutes, 2-benzyl-2-

azabicyclo[2.2.1]heptan-6-one (0.75 g, 1.75 mmol) in 5 mL of anhydrous THF at -78''C 

was added via a separate insulated cannula. The reaction was allowed to slowly warm to 

room temperature and poured into 12 mL of IM H3PO4. The organic layer was removed 

and the aqueous phase was basified with K2CO3 to pH 10 and extracted with ether (5 x 10 

mL). Drying with anhydrous Na2S04, removing ether imder reduced pressure, and flash 

chromatography, eluting with ethyl acetate:hexane:MeOH (10:5:2), gave 318 mg of the 

desired product (44.4%). Rf=0.33. APCI-MS 409 (NCT). NMR (CDCI3) 51.4-1.6 (m, 

3 H), 2.1-2.3 (m, 2 H), 2.4-2.5 (m, 2 H), 2.95 (d, 1 H), 3.4 (s, 1 H), 3.75 (d, 2 H), 5.2 (s, 2 

H), 6.8-7.4 (m, 15 H). High resolution mass spectroscopy: FAB"*" observed 409.2281 

('̂ C28H29N20) error (ppm/mmu)= +0.2/ +0.1, 410.2308 ('̂ C27'̂ CH29N20), error 

(ppm/mmu)= -1.2/ -0.5. 
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