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Chapter 4 

Enzymic and Biomimetic 
Oxidation Reactions of Nazlinine: 

Azepines and Indoloquinolizidines 

Abstract 

Additional support was collected for the hypothesis that oxidative deamination is an 

important process in the biosynthesis of Nitmria indole alkaloids.' Nazlinine 6 as well as its 

oxidised analogue 15 were used as substrates in the enzyme (PKDO) catalysed conversion of 

amines to reactive aldehydes which spontaneously cyclised either to an indoloquinolizidine or to an 

azepine structure, depending on the availability of the ß-carboline-nitrogen atom. The topaquinone 

analogue 21, was an efficient stoichiometric oxidant in the biomimetic oxidative deamination of the 

1,5-diamine nazlinine. Other primary a-unbranched amines such as 14 and 15 could not be used 

in this transformation due to benzoxazole formation. 
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Chapter 4 

4.1 Introduction 

4.1.1 Biosynthetic considerations 

Plants of the genus Nitraria have provided a wide variety of biologically active alkaloids 

which at first sight show considerable differences in structure. Their biosynthesis however can be 

envisaged to follow comparable pathways, based on lysine derived piperidine units. The racemic 

nature of most of the Nitraria alkaloids suggests non-enzymic transformations during their 

biosynthesis, which implies a reactive intermediate which spontaneously gives rise to racemic new 

alkaloids. Based upon this assumption the biosynthesis of the Nitraria alkaloids, as occuring in 

nature, was proposed in our group.2 The repeating C,N structural units these alkaloids consist of 

are most likely derived from tetrahydropyridine synthons. The biosynthesis of tetrahydropyridines 

3 and 4 has been elucidated in a series of 2H, 'H, "C, '4C and l5N isotope feeding experiments 

and it was established that the C5N structural units are derived from lysine 1 as shown in scheme 

4 . 1 / 

COOH 

H2 

v_/ w w r 

fNH2 

NH? 

1, lysine 

CNH 2 

^ N H 2 

2, cadaverine 

- rNH 
~NH 

O O -
3, tetrahydropyridine 

Scheme 4.1 

Several related indole alkaloids were isolated from Nitraria Schoben, a plant that can be 

found in Asia, the Middle East and Australia. Their structures vary from relatively simple 'mono-

piperidine' ß-carbolines {e.g nazlinine 5 and indoloquinolizidine 6) to more complicated 'di-

piperidine' ß-carbolines (e.g nitrarine 7 and nitramidine 8). 

Figure 4.1 
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Oxidation Reactions; Azepines and Indoloquinolizidines 

Nazlinine 5 can be seen as the biosynthetic condensation product of tetrahydropyridine 3 

with tryptamine, an efficient process which has been developed in our laboratory (see scheme 

4.2).4 The biosynthesis of the 'di-piperidine' ß-carbolines can be envisaged to proceed via two 

different pathways, either A or B, in both cases via intermediate 10. The three processes that play 

key roles in both these pathways are: oxidative deamination, amine - imine oxidation and 

condensation reactions between enamines and imines. 

Oxidative deamination of nazlinine 5 and imine - enamine condensation with a second 

equivalent of tetrahydropyridine 4 leads to intermediate 10 via path B. Route A constitutes the 

condensation of two C5N units followed by oxidative deamination, Pictet-Spengler reaction with 

tryptamine and cyclisation to intermediate 10. Oxidation and an intramolecular imine - enamine 

condensation directly leads to nitramidine 8 which has a versatile base structure found in several 

alkaloids {e.g. nitrarine 7) that were isolated from the same Nitraria species.5,6 

a 
tryptamine 

Pictet-Spengler 

tryptamine 

Pictet-Spengler 

[O] 

Scheme 4.2 
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Chapter 4 

As outlined above, oxidative deamination is an important transformation in the biosynthesis 

of Nitmria alkaloids.2 Thus, the oxidative deamination of nazlinine 5 is envisaged to result in a 

reactive aldehyde that spontaneously cyclises to intermediate 9. Indeed indoloquinolizidine 6, 

which results from reduction of the imine function in 9, was isolated from Nitmria komarovii. 

Supporting the assumption that reactive intermediates can spontaneously react further, 10-bromo-

indoloquinolizidine (arborescidine A, 11) and the azepine alkaloid arborescidine C 12 (Figure 4.2) 

were both isolated from the tunicate Pseudodistoma Arborescens.1 Possibly the direction of the 

ring closure in vivo is depending on the availability of the ß-carboline-nitrogen atom. Since 

substitution or a higher oxidation state of the nitrogen atom prevents cyclisation to give the 

indoloquinolizidine structure, the less reactive indole nitrogen can then attack the aldehyde 

resulting in the formation of an azepine (see also chapter 5 for this type of selective ring closure). 

In this chapter the oxidative deamination of nazlinine 5 and two oxidised analogues 13 and 

14 is described using both enzymic and biomimetic methods. 

11 12 

NHo 

13 
14 (3,4-dehydro) 

Figure 4.2 

4.1.2 Topaquinone dependent oxidising enzymes 

Copper containing amine oxidases appear to be widespread and catalyse physiologically 

important reactions. They play an important role in regulating the cellular levels of natural 

polyamines, such as putrescine, spermidine and spermine, that are involved in controlling growth 

and differentiation processes. Amine oxidases catalyse the oxidative deamination of amines and 

thus play a key role in nitrogen metabolism in mammals, plants and micro-organisms.8 This 

process receives an increasing amount of attention since recently it was shown that all copper 

containing amine oxidising enzymes (e.g PKDO) are topaquinone dependent.8'9 Studies with 

bovine serum amine oxidase (BSAO) by Klinman and co-workers disclosed the structure of the 

covalently bound topaquinone cofactor and provided more insight in the trans-amination 

mechanism of these enzyme catalysed reactions.10 

Diamine oxidases catalyse the oxidative deamination of primary amines to the 

corresponding aldehyde and ammonia according to equation 4.1. Concomitant two-electron 

reduction of oxygen to hydrogen peroxide is coupled to this process. 
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Oxidation Reactions; Azepines and Indoloquinolizidines 

R-CH2 -NH2 + H 2 0 + 0 2 R-CH=0 + H 2 0 2 + NH 3 (eq.4.1) 

The transformation catalysed by topaquinone dependent enzymes can be envisaged by the 

mechanism shown in figure 4.3. Covalent addition of the substrate to the enzyme-Cu2+-cofactor 

complex A forms a Schiff base complex, which isomerises to the product Schiff base B. 

Hydrolysis releases the aldehyde and generates the reduced cofactor C, which then undergoes 

oxidation by oxygen, probably facilitated by Cu(I)-Cu(II) interconversion" to result in the 

iminoquinone form of the oxidised cofactor D. Either conversion back to the quinone by 

hydrolysis or trans-amination by a second substrate molecule completes the catalytic cycle. 

H2N—CH-COOH 

CH2 

OH 

topaquinone 

Cu(ll) Q 

H,0 

Cu(ll) O. 

7~T 
RCH2NH2 H20 

RCHpNH, 

H202 0 2 

Cu(ll) O. 

O H CHR 

X 

Cu(ll) O. 

O H 

Figure 4.3 

In previous work1" from our group, the kinetics of the interaction of the diamine nazlinine 

5 and two oxidised analogues, 3,4-dihydro-ß-carboline 13 and ß-carboline 14 with pig kidney 

diamine oxidase (PKDO)11 were studied (Figure 4.4). PKDO catalyses the oxidative deamination 

of diamines like cadaverine (1,5-diaminopentane), putrescine (1,4-diaminobutane) and histamine. 

It was found that nazlinine 5 interacts with PKDO both as a poor substrate and non-competitive 

inhibitor while 13 behaves as a good non-competitive inhibitor and ß-carboline 14 as a good 

substrate. 
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Chapter 4 

NHp 

Figure 4.4 

In earlier investigations14 towards the substrate specifity of PKDO it was concluded that 

only primary amines with free a-hydrogen atoms are oxidised. Furthermore it was shown that 

diamines are more readily oxidised than mono-amines and that preferably the amino groups should 

be separated by a four or five membered methylene chain. The second amine function is 

responsible for the substrate specificity of the enzyme and has to fit into a negatively charged 

binding site in its protonated form.14 

Since A^-alkyldiamine derivatives of cadaverine and putrescine are known to be poorer 

substrates15 than the non-substituted diamines it was of no surprise that nazlinine acted as a poor 

substrate. Explanation for the good substrate activity of 14, which is comparable with the activity 

of histamine, can be given by the flat shape of the molecule, providing the correct orientation of the 

ß-carboline nitrogen. Also from a sterical point of view 14 is favoured. 

NHp 

H?0 

Scheme 4.3 

The dihydro analogue 13 does not act as a substrate although it appears to have an orientation of 

the ß-carboline-nitrogen atom similar to that in 14. In aqueous solutions however, 13 is in 

equilibrium with 15, 16 and 17 (Scheme 4.3) and since it is known that tryptamine is not a 

substrate for PKDO,14 the presence of compound 17 in solution probably attributes to this effect. 
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Oxidation Reactions; Azepines and Indoloquinolizidines 

Due to either a too small or large distance (15 resp. 16) between the two amino groups, also the 

presence of 15 and 16 in the equilibrium mixture results in a weak substrate-enzyme binding. In a 

later effort to protect the primary amine function of 13 an equilibrium as shown in scheme 4.3 

could be proven by isolation of the Boc-protected derivative of 17 (see also scheme 4.9). 

4.1.3 Biomimetic oxidative deamination 

Several model compounds of the topaquinone cofactor are in development and studies 

towards the nonenzymic catalysed oxidation are still under investigation.10 Model compounds 

possessing the general structure of 2-hydroxy-l,4-benzoquinones are active in the catalytic aerobic 

deamination, regeneration of the catalyst is based upon 02-oxidation of the reduced quinone. Their 

turnover numbers relative to the enzymic reaction however are low and only activated amines are 

converted. From these studies with 18, 19 and 20, it was concluded that the 2-hydroxyl group 

and bulky substituents in the ring, e.g. fcrr-butyl, play an important role in preventing dimerisation 

and Michael addition of the substrate. Out of these quinones, 20 did not show any catalytic activity 

at all. Bulky substituents as in 18 were more favourable than small substituents such as methyl 

(19) for the catalytic reaction. 

f-Bu^ J< H3C^ J< f-Bu 

18 19 20 

Figure 4.5 

An interesting alternative for the catalysed deamination (either by enzymes or model 

compounds) is the use of quinones as stoichiometric oxidants. The commercially available ortho-

quinone 21 has shown its value in stoichiometric oxidative deamination reactions. This reagent 

was used for deamination reactions by Corey and Achiwa16 in 1969, several years before the 

discovery that the comparable topaquinone acts as the active cofactor in copper-containing amine 

oxidases. The mechanism of oxidation, shown in scheme 4.4, is comparable to that of the enzyme 

catalysed reaction with aromatisation, accomplished by a 1,5-prototropic rearrangement, as the 

driving force of the reaction. 
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0 
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Scheme 

RYN 

R2 

4.4 

NH2 

Ketones are obtained in high yield from 21 with primary, a-branched amines such as 

cyclohexylamine.16 Primary amines containing an cc-unbranched substituent {e.g. benz'ylamine) are 

not suitable as substrate in the oxidative deamination with 21, since via a second quinone catalysed 

oxidation step preferably benzoxazoles are formed instead of aldehydes (eq. 4.2). 

R1 

V o R'.R2 = alkyl, aryl 

R1 ^ 
V N H 2 21 (eq4.2) 

R 

R 
N 

2 J' 
f-Bu 

R' = H 
Q ^ V ^ R" = alkyl, aryl 

f-Bu 

4.2 Oxidation of Nazlinine 

4.2.1 Biomimetic oxidation 

As outlined in § 4 .1 .3 , primary a-unbranched amines are not suitable for the 

stoichiometric oxidation with quinone 21 due to a second oxidation step in which benzoxazoles are 

formed. In nazlinine 5 over-oxidation is prevented by the presence of a second amino group, 

which takes over the imino carbon atom (see 22) initially formed and leads to a 6-membered cyclic 

iminium salt 9. As expected, the oxidation of nazlinine with 21 in methanol gave 9 which was not 

isolated as such, but analysed as 6. Reduction of 9 using sodium borohydride gave 

1,2,3,4,6,7,12,12b-octahydroindolo-[2,3-a]-quinolizidine 6 (51%), which has been obtained as a 

natural product from Nitmria species.17 (Scheme 4.5). Prolonged reaction times and the use of two 

or more equivalents of quinone 21 resulted in the formation of substantial amounts of a compound 

that crystallised directly from the reaction mixture. Spectral analysis elucidated its structure as 24, 
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Oxidation Reactions; Azepines and Indoloquinolizidines 

formed as result of a hetero Diels-Alder reaction of quinone 21 with the enamine form 23 of imine 

9 (Scheme 4.5). Driving force for this cycloaddition is the immediate generation of aromaticity in 

the product. Comparable examples of cycloaddition reactions of o-quinones with alkenes have 

been described in the literature.18 

21 
H O f-Bu 

f-Bu 

NaBH4 

o 21 

23 

f-Bu 

f-Bu 

Scheme 4.5 

In case that the amino group is not available for the in situ removal of the reactive imine, 

benzoxazole formation will take place. Indeed when N-methylnazlinine 25, lacking this property, 

was oxidised using quinone 21 , the corresponding benzoxazole 26 was formed (Scheme 4.6). 

Obviously, the indole nitrogen is not nucleophilic enough to attack the initially formed imine, 

which would eventually give azepine 27. Biomimetic oxidation of 14 with quinone 21 also was 

not successful since the expected benzoxazole formation of 28 took place (Scheme 4.6). 
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21 

N ^ ^ > ^ f - B u 

f-Bu 

14 
21 

27 

f-Bu 

Scheme 4.6 

4 .2 .2 Enzyme catalysed oxidation 

Since it was known from the kinetic studies, previously performed by our group,12 that 

nazlinine 5 and its aromatised analogue 14 both act as a substrate in the PKDO catalysed oxidative 

deamination, it was decided to characterise the products of this reaction. 

Under the experimental conditions, the PKDO catalysed oxidation of nazlinine 5 resulted in 

the formation of the expected product 9 in poor yield (0.5%) which was not isolated as such, but 

analysed as 6 after reduction with sodium borohydride. Variation of several parameters in the 

PKDO reaction, such as the concentration of the substrate (up to 100 mM) and the pH (from 6 to 

10) did not improve the final yield of 6. 

PKDO NaBH4 

O 
Scheme 4.7 

As was mentioned in § 4.2.1, the presence of a second amino group as in nazlinine 5 has 

the advantage that the intermediate Schiff base can cyclise directly to indoloquinolizidine 9 

(Scheme 4.7). When this second nucleophilic amino group is not present in the substrate, as in 

14, the enzyme reaction is complicated by condensation of the product aldehyde with the starting 

material to the corresponding imine (Scheme 4.8). By using l-(4-butylamino)-ß-carboline (14) as 

substrate in the PKDO oxidation, indeed an aldehyde was formed, which was not easily isolated. 
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Oxidation Reactions; Azepines and Indoloquinolizidines 

Acid/base workup yielded the azepine 30 (Scheme 4.8), which in CDC1, solution slowly reached 

an equilibrium with the ring opened aldehyde 29, as was observed during 'H NMR spectroscopy. 

In d6-DMSO only the ring-closed form 30 was present, which was also the case in the IR 

spectrum taken in KBr. Interestingly, in a protic solvent (CD,OD) the thermodynamical 

equilibrium between 29 and 30 is in favour of the aldehyde. 

In order to obtain a more stable product from the PKDO catalysed oxidation of 14, alcohol 

dehydrogenase (ADH) was added to the reaction mixture to reduce the intermediate aldehyde 29 in 

situ to the corresponding alcohol. In this way 31 could easily be isolated although the yield was 

still moderate (Scheme 4.8). 

PKDO 

14 29 30 

ratio 29 : 30 

P*l CDC13 25 : 75 'I f P*l CDC13 25 : 75 u Y N OH d6-DMSO 0 : 100 

H k/ 1 CD3OD 78 : 22 

31 

Scheme 4.8 

4.3 Synthesis of Substrates and Enzyme Reaction Products 

The preparation of nazlinine 5 has already been described in chapter 3, § 3 .2 . I . 4 Since 

direct aromatisation of 5 to l-(4-butylamino)-ß-carboline 14 was not possible due to interference 

of the amine functions, oxidation was attempted in two steps. First Fujii-oxidation to the imine 13 

as described before (chapter 3) was undertaken. Again aromatisation of 13 to 14 gave problems, 

so at this point the interfering primary amine was protected as a carbamate.19 Surprisingly, two 

products were isolated and identified as the desired Boc-protected 32 and the tryptamine derived 

33. Formation of the latter compound could be explained by the existence of the equilibrium 

shown in scheme 4.3. The structure of 33 was established unequivocally when, after further 

oxidation 34 was isolated. Aromatisation of imine 32 could easily be achieved by refluxing in the 

presence of palladium on activated carbon, giving the desired ß-carboline 14 after deprotection. 
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NHBoc 

^k 
NHBoc 

Reagents and conditions: (a) (Boc)20, CH:C12, 0 "C, 32: 30%, 33: 58%. (b) Pd/C (10%), xylene, A then HCl, 
H20, EtOH, 64%. (c) Pd/C (10%), mesitylene, A, 47%. 

Scheme 4.9 

In a different route, not suffering from the side reaction described in scheme 4.9, 

condensation of /V-Boc-piperidone 35 with tryptamine followed by Bischler-Napieralski reaction 

under non-acidic conditions20 gave 32 in satisfying yield (Scheme 4.10). Aromatisation and 

deprotection of imine 32 gave the desired ß-carboline 14. 

Boe 

X) 35 
I Boc 

N V ' N H NH 

H 

36 

14 

Reagents and conditions: (a) THF, EtOH, rt, 80%. (b) PPh3, CC14, K,C03, CH2Cl2, 52%. (c) Pd/C (10%), xylene, 
A. (d) HCl, H20, EtOH, 64% (2 steps). 

Scheme 4.10 

To unequivocally establish the structures of aldehyde 29, azepine 30 and l-(4-

hydroxybutyl)-ß-carboline 31 respectively, obtained from the PKDO catalysed reaction (Scheme 

4.8), these compounds were synthesised according to scheme 4.11. Tetrahydro-l-(4-

hydroxybutyl)-ß-carboline 38 was obtained from a Pictet-Spengler reaction between tryptamine 

and 5-hydroxypentanal 37, obtained by acid hydrolysis of 2-hydroxypyran. Aromatisation of 

alcohol 38 was achieved using palladium on carbon which, contrary to the similar reaction with 
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Oxidation Reactions; Azepines and Indoloquinolizidines 

nazlinine, smoothly gave the corresponding ß-carboline 31. Further oxidation to the aldehyde was 

performed under Swern conditions. Due to solubility problems, the reaction was performed in a 

mixture of dimethyl sulfoxide and dichloromethane affording the azepine 30 in moderate yield. 

Other oxidants such as Dess-Martin's reagent, pyridinium dichromate (PDC) and pyridinium 

chlorochromate (PCC) did not give acceptable yields. 

»y0
 r

0H 

k ^ 37 r J- NH OH 
b . 1 u t r c 

»y0
 r

0H 

k ^ 37 r J-
/ 

NH OH 
b . 1 u • J t r a ' I J-

/ 
NH OH 1 u • J t r (see scheme 4.8) 

38 31 

Reagents and conditions: (a) H20, 45 °C, 68%; (b) Pd/C (10%), xylenes, A, 86%; (c) DMSO, (COC1),, CH2C12, 

30%. 

Scheme 4.11 

The 'H NMR spectra of 30 showed the expected solvent dependent equilibrium with 

aldehyde 29, as was observed before (Scheme 4.8). All the synthetic products were identical to 

the PKDO reaction products. 

4.4 Concluding Remarks 

Oxidative deamination, proposed to constitute a key step in the biosynthesis of alkaloids 

was performed in the laboratory using enzymic and biomimetic methods. Both nazlinine and its 

aromatised analogue are accepted as a substrate by the enzyme pig kidney diamine oxidase 

(PKDO), albeit that nazlinine acts as a poor substrate. The aldehyde formed by oxidative 

deamination gives a spontaneous intramolecular reaction to form either an indoloquinolizidine or an 

azepine ring structure. Determining factor in the direction of this process is the availability of the ß-

carboline-nitrogen atom. The amine oxidase derived topaquinone analogue 21, which was used as 

a stoichiometric oxidant, is not suitable for the oxidation of primary amines that contain an oc-

unbranched substituent, but shows promising activity in the oxidative deamination of 1,5-

diamines.'sb 
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4.6 Experimental 

General methods. For experimental details see section 3.6 on page 50. Diamine oxidase [EC 1.4.3.6.] from 
porcine kidney (PKDO, 0.06 units/mg solid21) and catalase [EC 1.11.1.6.] from bovine liver (2000 units/mg prot., 
1600 units/mg solid) were purchased from Sigma, alcohol dehydrogenase from yeast [EC 1.1.1.1.] ÇADH, ca 400 
units/mg prot., lyophilised) was from Boehringer Mannheim GmbH and ß-nicotinamide adenine dinucleotide reduced 
disodium salt trihydrate (NADH Na, 3H:0) from Fluka. The enzymes were used without further purification and the 
activities shown are those given by each firm. For the NMR assignments of the products in this chapter the 
numberins as shown for structures 5, 6, 30 and 34 has been used. 

NHBoc 

Biomimetic synthesis of l,2,3,4,6,7,12,12b-octahydroindolo-[2,3-a]-quinolizine (6). A solution 
of quinone 21 (77 mg, 0.35 mmol) in tetrahydrofuran (0.5 mL) was added to a solution of nazlinine 5 (49 mg, 0.2 
mmol) in methanol (1 mL). After stirring the mixture during 40 min at rt, sodium borohydride (38 mg, 1 mmol) 
was added and stirring was continued at rt for 3 h. Then an excess aqueous NaOH solution (10%) was added and the 
mixture was extracted with diethyl ether (3x), dried (Na2S04) and evaporated. Flash chromatography 
(CH2Cl,/MeOH/concd NH4OH 97/3/0.3) gave 6 (23 mg, 51%) as a solid: mp 144 - 146 *C; 'H NMR 6 7.84 (br s, 
1H, H-12), 7.63 -7.08 (m, 4H, H-8, H-9, H-10.H-11), 3.25 (br d, J= 10.8 Hz, 1H, H-12b), 3.07 - 2.99 (m, 3H, 
H-4, H-6, H-7), 2.76-2.62(m, 2H, H-6, H-7), 2.40 (ddd, J = 3.9 Hz, 7 = 11.3 Hz, J = 11.3 Hz, 1H, H-4), 2.06 -
2.02 (m, 1H, H-l), 1.90- 1.87 (m, 1H, H-2), 1.78- 1.73 (m, 2H, H-l, H-3), 1.60 (br dd, J = 12.6 Hz, J= 3.6 Hz, 
1H, H-3), 1.52- 1.49 (m, 1H, H-2); "C NMR 5 136.0, 134.9, 127.5, 121.3, 119.3, 118.1, 110.7, 108.1, 60.2 (C-
12b), 55.6 (C-4), 53.5 (C-6), 29.9 (C-l), 25.6 (C-3), 24.2 (C-2), 21.5 (C-7); IR v 3480. 

Diels-Alder adduct (24) from o-quinone 21 and enamine 23. During the synthesis of 67, when 
prolonged reaction times and 2 or more equivalents of quinone 21 were used the formation of substantial amounts of 
cycloaddition product 24 (3.5 mg, 0.01 mmol, 8%, starting from 0.1 mmol 6, yield not optimised) was observed. 
The Diels-Alder product crystallised directly from the reaction mixture: mp > 300 'C; 'H NMR 5 7.75 (br s, 1H. H-
12a). 7.50 (d, 7 = 7.6 Hz, 1H, H-8 or H-l 1 ), 7.31 (d. J = 7.8 Hz, 1H, H-8 or H-l 1), 7.17 - 7.08 (m. 2H, H-9, H-
10). 6.73 (d, J = 2.2 Hz, 1H, Ar-H). 6.51 (d, J = 2.2 Hz, 1H, Ar-H). 5.01 (d , i= 1.6 Hz. 1H, H-4), 4.28 (br d, J = 
11.3 Hz, 1H, H-12b), 3.57 - 3.53 (m, 1H, H-3), 3.47 (ddd. J = 11.8 Hz, J = 11.8 Hz. 7 = 4.2 Hz. 1H. H-6), 3.25 -
3.21 (m. 1H. H-6). 3.06 - 2.96 (m, 1H, H-7), 2.81 - 2.78 (m, 1H, H-7), 2.19 - 2.16 (m, 1H, H-lcq), 2.04 - 1.94 
(m. 1H, H-2„), 1.85 - 1.81 (m. 1H, H-2CI|). 1.76 - 1.65 (m, 1H. H-1J, 1.39 (s, 9H, C(CH,)3), 1.28 (s, 9H, 
C(CH,),); "C NMR 5 143.0. 137.2. 136.0. 134.8, 130.3, 121.4, 119.5, 119.1. 118.1. 117.2. 113.5, 110.7, 110.6. 
108.3, 87.7 (C-4), 71.1 (C(CH,)_,), 50.8, 50.6 (C-3 or C-12b), 49.6 (C-3 or C-12b), 35.1. 31.6 (C(CH,)3), 29.9 
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(C(CH3),), 29.2, 27.0, 22.1; IR v 3478. 1570; HRMS (FAB) obs. mass 444.2764, calcd for C2,H3(,N02 (M + 1) 

444.2792. 

l - [3 - (5J -Di - f er ( -buty l -benzoxazo l -2 -y l ) -propy l ] -2 -methy l -2 > 3 > 4 ,9 - t e t rahydro- / , f ï - carbo l ine 

(26 ) . To a solution of 25 (113 mg, 0.44 mmol) in methanol (3 mL) a solution of 3,5-di-rert-butyl-l,2-

benzoquinone 21 (145 mg, 0.66 mmol) in methanol (3 mL), triethylamine (125 p.L, 0.90 mmol) and one drop of 

water were added. The mixture was stirred at rt during 1 h, a solution of trifluoroacetic acid (0.2 mL, 2.60 mmol) in 

water (2 mL) was added and stirring was continued for 20 min. The mixture was diluted with water, basified with a 

saturated Na,CO, solution and extracted with EtOAc (3x). The combined organic layers were dried (Na2S04) and 

evaporated. Flash chromatography (CH2Cl2/MeOH 90/10) gave 26 (124 mg, 0.27 mmol, 62%) as an off-white 

solid: R, (CH2CL/MeOH 90/10) 0.37; 'H NMR 6 9.06 (br s, 1H, H-9), 7.66 - 7.63 (m, 1H, Ar-H), 7.48 (d, 1H, H-

5), 7 .33-7 .26 (m, 2H, Ar-H, H-8), 7.15 - 7.06 (m. 2H, H-6, H-7), 3.57 - 3.55 (m, 1H, H-l), 3.19 - 3.15 (m, 1H, 

H-3), 3.00 -2.98 (m, 2H, H-l2), 2.83 - 2.75 (m, 3H, H-3, H-4), 2.48 (s, 3H, NCH,), 2.08 - 1.91 (m, 4H, H-10, H-

11), 1.46 (s, 9H, C(CH,)3), 1.41 (s, 9H, C(CH,)3). 

General procedure for the enzymic reactions. A solution containing the substrate dissolved in potassium 

phosphate buffer (pH 7.4, 0.1 M) was prepared and carefully mixed with a solution containing the other reagents and 

enzymes dissolved in the same buffer. The mixture was stirred at 36 'C and the reaction was followed by TLC. The 

mixture was saturated with NaCl and extracted with diethyl ether, dried (Na2S04) and purified by flash 

chromatography. Catalase was used to remove the hydrogen peroxide that is liberated during the oxidative 

deamination. 

PKDO catalysed synthesis of l , 2 ,3 ,4 ,6 ,7 ,12 ,12b-oc tahydro indo lo - [2 ,3 -a ] -qu ino l i z ine (6). A 

solution of PKDO (0.14 g, 8.4 units) and catalase (0.5 mg, 800 units) in water (100 mL) was added to a solution of 

nazlinine 5 in water (100 mL, 5.3 mM). The mixture was stirred at 36 'C during 48 h. After cooling in ice the 

reaction mixture was treated with sodium borohydride (0.38 g, 10 mmol) and stirred at rt during one night. The 

mixture was saturated with NaCl and extracted with diethyl ether (3x), the combined organic layers were dried 

(Na2S04) and evaporated. Flash chromatography (CH2Cl2/MeOH/concd NH4OH 97/3/0.3) gave 6 (0.5 mg, 0.5%), 

which according to its R, value and MS and NMR spectra was identical to the biomimetically obtained product, 

synthetic 622 and to the natural product.23 

PKDO catalysed synthesis of 4,5,6,7-tetrahydro-3,7a-diazacyclohepta-[/Ar]-f luoren-7-ol ( 3 0 ) . A 

solution of PKDO (50 mg, 3 units) and catalase (0.5 mg, 800 units) in water (5 mL) was added to a solution of 1-

(4-butylamino)-ß-carboline 14 in water (5 mL, 8 mM). After stirring at 36 "C for 24 h the reaction mixture was 

treated with aqueous hydrogen chloride (1 M) to hydrolyse the formed imine. The reaction mixture was saturated with 

K2CO, and extracted with diethyl ether (3x), the combined organic layers were dried (Na2S04) and evaporated. Flash 

chromatography (EtOAc/MeOH/Et,N 85/10/5) gave 30 (1.2 mg, 18%) as a solid. According to 'H NMR azepine 30 

is in a time and solvent dependent equilibrium with the ring opened aldehyde 29 . After dissolving 30 in CDC1, an 

initial ratio (after 15 min) of 29 : 30 = 5 : 95 is observed, which stabilises at a ratio of 29 : 30 = 25 : 75 after 

standing in CDC1, during 24 h. In d6-DMSO only the cyclised form 30 is present and in CD3OD an initial ratio 

(after 15 min) of 29 : 30 = 12 : 88 is observed while the ring opened form dominates after standing during 24 h (29 

: 30 = 78 : 22). 

30: R, (EtOAc/MeOH/NEt, 85/10/5) 0.28; mp 138 - 139 'C; 'H NMR 5 8.26 - 7.17 (m, 6H, H-l, H-2, H-8, H-9, 

H-10, H-l 1), 6.42 -6.39 (m, 1H. H-7), 3.56 (ddd, J = 16.7 Hz, J = 5.3 Hz, J = 3.7 Hz, 1H, H-4), 3.16 - 3.12 (m, 

1H, H-4). 2.99 - 2.96 (m, 1H, CHOW), 2.64 - 2.62 (m, 1H. H-6), 2.44 - 2.41 (m, 1H, H-5), 2.27 - 2.24 (m, IH, 

H-6). 2.03 - 2.00 (m, IH. H-5); "C NMR (63 MHz) 5 147.4 (C-3a), 141.8 (C- l l ) , 140.0 (C-9), 134.9 (C-l lb) , 

130.9 (C-l la) , 128.5 (C- l l ) . 122.5 (C-7b), 121.5 (C-l or C-2). 120.7 (C-10), 112.3 (C-8), 110.7 (C-2 or C-l), 
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78.0 (C-7), 38.8 (C-4), 34.9 (C-6), 18.0 (C-5); IR (KBr) v 3400, 3213, 2934, 2858, 1426, 1240, 1068; HRMS 

(EI) obs. mass 238.1125, calcd for C15H, sN,0 238.1203. 

29: 'H NMR 5 9.85 (br s, 1H, H-13), 9.65 (br s, 1H, H-9), 8.26 - 7.17 (m, 6H, H-3, H-4, H5, H-6, H-7, H-8), 

3.56 (ddd, 7 = 16.7 Hz, J = 5.3 Hz, 7 = 3.7 Hz, IH, H-10), 3.16 - 3.14 (m, 1H, H-10), 2.99 - 2.93 (m, 1H, CHOW), 

2 .66- 2.64 (m, IH, H-12), 2.43 - 2.41 (m, IH, H- l l ) , 2.26 - 2.23 (m, IH, H-12), 2.03 -2 .01 (m, IH, H- l l ) ; '3C 

NMR (63 MHz) 5 203.5 (C-13), 144.8 (C-l), 140.3 (C-9a), 138.3 (C-7), 134.4 (C-4a), 128.5 (C-4b), 128.2 (C-5), 

121.8 (C-8a), 121.7 (C-3 or C-4), 119.9 (C-6), 113.1 (C-8), 111.5 (C-4 or C-3), 43.1 (C-10), 33.4 (C-12), 20.6 (C-

11). 

P K D O catalysed synthesis of l - (4-hydroxybutyl) -ß-carbol ine (31). A solution containing PKDO (50 

mg, 3 units), catalase (0.5 mg, 800 units), ADH (14 mg, 5600 units) and NADH (12 mM) in water (5 mL) was 

added to a solution of l-(4-butylamino)-ß-carboline 14 in water (5 mL, 8 mM). The pH was adjusted to 8.5 using 

aqueous hydrogen chloride (1 M), the mixture was stirred at 36 °C for 24 h and then saturated with K,CO,. The 

mixture was extracted with diethyl ether (3x), the combined organic layers were dried (Na2S04) and evaporated. Flash 

chromatography (CH2Cl2/MeOH/concd NH4OH 90/9/1) gave 31 (1 mg, 10%), which was identical to synthetic 3 1 : 

Rf (EtOAc/PE/NEt, 60/35/5) 0.56; mp 167 - 168 °C; 'H NMR (CDCl,/5% CD,OD) 5 10.45 (s, IH, H-9), 8.17 -

8.15 (m, IH, H-7), 8.14 - 8.11 (m, IH, H-3 or H-4), 7.93 - 7.91 (m, IH, H-8). 7.57 - 7.55 (m, IH, H-4 or H-3), 

7.53 - 7.51 (m, IH, H-5), 7.24 - 7.20 (m, IH, H-6), 3.51 (td, i = 6.1 Hz, 7 = 2.8 Hz, 2H, H-13), 3.20 (s, IH, 

CH20/7), 2.99 - 2.94 (m, 2H, H-10), 1.76 - 1.73 (m, 2H, H- l l ) , 1.52 - 1.46 (m, 2H, H-12); ! ,C NMR (CDCL/5% 

CD3OD) 5 146.0 (C-l), 140.3 (C-9a), 137.6 (C-7), 134.1 (C-4a), 127.7 (C-5), 127.1 (C-8a), 121.6 (C-3 or C-4), 

121.1 (C-4b), 119.1 (C-6), 112.5 (C-8), 111.9 (C-4 or C-3), 62.7 (C-13), 34.4 (C-10), 33.4 (C-12), 26.6 (C-l l ) ; 

IR (KBr) v 3164, 2858, 1626, 1325, 1190; HRMS (EI) obs. mass 240.1264, calcd for C l 5H l l iN20 240.1270. 

React ion of 13 with ( B o c ) 2 0 (32 and 3 3 ) . A solution of 13 (0.34 g, 1.4 mmol) and di-tert-butyl 

dicarbonate (3.5 g, 16.0 mmol) in dichloromethane (20 mL) was stirred at 0 °C during 1 h. The mixture was washed 

with water, dried (Na,S04) and evaporated. Crystallisation from EtOAc afforded 32 (0.16 g, 4.8 mmol, 30%) as a 

pale yellow powder. Flash chromatography (EtOAc/MeOH 95/5) of the mother liquor gave 33 (0.31 g, 9.3 mmol, 

58%) as a yellow solid. The 'H NMR spectrum of 33 showed rotamers. in the 'H-'H COSY spectrum a correlation 

between the Boc protected NH and H-11 was observed: 

32: 'H NMR 5 9.83 (br s. IH, H-9), 7.57 (d, J = 7.9 Hz, IH, H-5 or H-8). 7.45 (d, 7 = 7.9 Hz, IH, H-5 or H-8), 

7.27 - 7.23 (m, IH, H-6 or H-7), 7.14 - 7.10 (m. IH, H-6 or H-7), 4.87 (br s, IH, NHCO), 3.86 (t, J = 8.4 Hz. 

2H. H-3), 3.28 - 3.26 (m, 2H). 2.86 (t, i = 8.4 Hz, 2H. H-4), 2.74 - 2.69 (m. 2H). 1.81 - 1.74 (m, 2H), 1.63 -

1.57 (m, 2H), 1.47 (s, 9H. C(CH,),), 1.45 -1.43 (m, 2H); "C NMR 5 161.5 (C-l), 157.1 (NHCO), 136.9. 128.8. 

125.4, 124.1, 119.9, 119.8, 116.3, 112.3, 79.5 (C(CH,),), 48.3, 38.8, 35.0, 30.7. 28.5 (C(CH,),), 24.3, 19.4. 

33: ' H N M R S 9 . 1 0 ( b r s , IH, H-9), 7.60 (d, 7 = 7.1 Hz, IH), 7.31 (d ,7 = 7.1 Hz, IH), 7.24 (t, 7 = 7.1 Hz. IH), 

7.08 (t, 7 = 7 . 1 Hz, IH), 5.48 (br s, IH, NHCO), 5.03 (br s, IH, NHCO), 3.84 (br s, IH), 3.81 (br s, IH), 3 . 4 9 -

3.43 (m, 2H), 3.21 - 3.18 (m. 2H), 2.73 - 2.71 (m, 2H), 1.88 - 1.84 (m, 2H), 1.83 - 1.82 (m, 2H), 1.43 (s, 9H, 

C(CH,) , ) ; Ü C NMR 5 160.3 (NHCO or C-2'), 156.0 (NHCO or C-2'), 135.2, 133.9, 129.2, 123.7, 119.5, 119.3, 

113.0, 111.0, 79.0 (C(CH3)3), 49.3 (C-6'), 41.8 (br s, CH2CH2NH), 28.4 (C(CH,)3), 28.2 (C-3'), 25.7 

(CH,CH2NH), 22.0 (C-4' or C-5'), 19.5 (C-4' or C-5'). 

Dehydrogena t ion of 33 to pyr idine 3 4 . To a solution of 33 (17 mg, 0.05 mmol) in mesitylene (1 mL) 

palladium on carbon (10 mg, 10%) was added. The mixture was refluxed during 5 h and then filtered over hy How. 

The residue was washed with EtOAc and the filtrate evaporated. Flash chromatography (PE/EtOAc 60/40) gave 3 4 

(8 mg, 0.02 mmol, 47%) as a colourless oil: 'H NMR Ô 9.40 (br s, IH. H-l) . 8.63 (ddd. 7 = 4.8 Hz, J = 1.5 Hz. 7 = 

1.3 Hz, IH, H-2'), 7.88 (brd. 7 =7 .5 Hz. IH, H-5'), 7.77 (dd, 7 = 7.7 Hz. 7 = 1.6 Hz, IH, H-4'), 7.66 - 7.64 (m, 

IH, H-4 or H-7), 7.40 (br d 7 = 8.1 Hz. H-4 or H-7). 7.25 - 7.22 (m. IH. H-5 or H-6), 7.21 - 7.17 (m, IH. H-3'). 
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7.15 - 7.11 (m, 1H, H-5 or H-6), 5.00 (br s, 1H, NHCO), 3.52 - 3.48 (m, 2H, CH,Ctf2NH), 3.33 - 3.29 (m, 2H, 

Ctf2CH2NH), 1.42 (s, 9H, C(CH3)3); l3C NMR 8 156.1 (NHCO or C-2'), 150.4 (NHCO or C-2'), 149.3 (C-6'), 

136.9 (C-4'), 135.5, 133.0, 129.7, 123.4, 121.7, 121.0, 119.6, 119.3, 112.0, 111.2, 79.0 (C(CH,)3), 41.0 

(CH2CH2NH), 28.4 (C(CH3)3), 25.6 (CH2CH2NH). 

Reaction of tryptamine with /V-Boc-piperidone (36). A solution of/V-Boc-piperidone 35 (1.99 g. 10 

mmol) and tryptamine (1.6 g, 10 mmol) in a mixture of tetrahydrofuran (20 mL) and ethanol (1 mL) was stirred at rt 

during 48 h. The mixture was concentrated in vacuo, EtOAc (20 mL) was added and stirring at 0 'C (seeding may be 

helpful!) yielded amide 36 (2.88 g, 8.0 mmol, 80%): mp 100 - 101.5 °C; 'H NMR Ô 8.52 (br s, 1H, H-l) , 7.58 (d, 

/ = 7.3 Hz, 1H, H-4orH-7) , 7.36 (d, 7 = 7.3 Hz, 1H, H-4 or H-7), 7.19 (t, J = 7.3 Hz, 1H, H-5 or H-6). 7.10 (t, J 

=7.3 Hz, 1H, H-5 or H-6), 7.00 (s, 1H, H-2), 5.73 (br s, 1H, NHCO), 4.65 (br s, 1H, NHCO), 3.60 - 3.55 (m, 

2H), 3.07 - 3.05 (m, 2H), 2.98 - 2.94 (t, J = 6.6 Hz, 2H), 2.08 (t, J = 7.4 Hz, 2H), 1.61 - 1.53 (m, 2H), 1.44 (s, 

9H, C(CH,)3), 1.41 - 1-38 (m, 2H); "C NMR 5 172.8 (NHCO). 156.1 (NHC02C(CH3)3), 136.5, 127.4, 122.2, 

120.0, 119.3, 118.6, 112.7, 111.3, 79.2 (C(CH3)3), 40.0, 39.7, 36.0, 29.5, 28.4 (C(CH,)3), 25.3, 22.8; IR v 3420, 

3360, 1690, 1660, 1630. 

Synthesis of l - (4-butylamino)-ß-carbol ine (14) . A mixture of 3,4-dihydro-ß-carboline 32 (0.78 g, 2.29 

mmol), palladium on carbon (0.10 g, 10%) and anhydrous sodium carbonate (10 mg) in freshly distilled xylene (6 

mL, mixture of isomers) was refluxed during 4 h. The reaction mixture was filtered over hy flow and the residue was 

washed with EtOH. The filtrate was evaporated and the resulting residue dissolved in a mixture of EtOH/H,0/concd 

HCl (60/25/15). After stirring during one night at rt the solution was diluted with water (20 mL) and the layers were 

separated. The water layer was washed with diethyl ether (3x) and the combined organic layers were extracted with 

water. The combined aqueous layers were made alkaline with a large excess of solid K2CO, and extracted with diethyl 

ether/2% EtOH (5x). The combined organic layers were dried (Na,S04) and evaporated. Flash chromatography 

(CH,Cl2/MeOH/concd NH.OH 75/22/3) afforded 14 as a slowly crystallising compound. By stirring with a small 

amount of anhydrous diethyl ether 14 (0.35 g, 1.46 mmol, 64%) was isolated as a solid: mp 135 - 139 °C; 'H 

NMR 5 10.71 (br s, 1H, H-9), 8.33 (d, J = 5.4 Hz, 1H, H-3), 8.10 (d, J = 7.9 Hz, 1H, H-5 or H-8), 7.80 (d, J = 5.4 

Hz, 1H, H-4), 7.47 - 7.45 (m, 2H), 7.25 - 7.20 (m, 1H), 3.16 - 3.12 (m, 2H), 2.92 (t, J = 6.4 Hz, 2H), 2.02 - 2.94 

(m, 2H), 1.68- 1.64 (m, 2H); 13C NMR 8 146.2, 140.4, 138.3, 134.6, 128.3, 127.8, 121.9, 121.6, 119.5, 112.8, 

111.5, 40.9, 33.4, 31.1, 25.2; IR V 3470. 

3,4-Dihydro- l - ( /V-Boc-4-butylamino)-ß-carbol ine (32). To a vigorously stirred suspension of amide 3 6 

(1.80 g, 5.01 mmol), carbon tetrachloride (4.84 mL, 50 mmol) and powdered, anhydrous potassium carbonate (0.50 

g, 10 mmol) in dichloromethane (50 mL), triphenylphosphine (3.29 g, 12.5 mmol) was added at rt in 3 portions 

during 5 h. After stirring for an additional 3 h, an aqueous Na2CO, solution (5%) was added and the layers were 

separated. The water layer was extracted with CH,C12 (3x) and the combined organic layers were dried (Na2S04) and 

evaporated. Flash chromatography (CH2Cl2/MeOH/concd NH4OH 90/9/1) gave 32 as a yellow foam (0.89 g, 52%). 

This product was identical to earlier described 32, obtained via Boc-protection of 3,4-dihydro-ß-carboline 13. 

5-Hydroxypentanal (37) . 2 4 A solution of 2,3-dihydro-2rV-pyran (18.1 mL, 200 mmol) in aqueous hydrogen 

chloride (55 mL, 1 M) was stirred thoroughly until a homogeneous solution was obtained. After stirring for another 

30 min several drops of phenophtalein were added. The pH was adjusted to 8 using an aqueous NaOH solution (2 

M). The product was extracted with diethyl ether using contineous extraction during 16 h. Evaporation of the solvent 

followed by vacuum destination (bp 116 "C, 15 mbar) gave 37 (15.3 g, 150 mmol, 75%) as a colourless oil. In the 

'H NMR spectrum both the open and the ring-closed form could be characterised (ca. 8% open): 'H NMR (df,-

DMSO, 200 MHz) 5 9.13 (s, 1H, CH2CHO), 6.75 (br s, 1H. CH,OW), 4.88 - 4.52 (m, 1H, CH2OH). 3.95 - 3.22 

(m, 2H, CHjOCHOH), 1.75 - 1.40 (m, 6H, CH2CH2CH2). 
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l - (4 -Hydroxybuty l ) - l ,2 ,3 ,4 - te trahydro-ß-carbol ine (38) . 2 5 A solution of 37 (0.41 g, 4.02 mmol) in 

water (2 mL) was added to a solution of tryptamine hydrochloride (0.39 g, 1.99 mmol) in water (5 mL). The 

solution was kept at 45 'C for 3 days and then basified to pH 13 using an aqueous NaOH solution (20%). The water 

layer and the separated yellow gum were extracted with diethyl ether (6x). The combined organic layers were dried 

(Na2SO„) and evaporated. Flash chromatography (EtOAc/MeOH/Et,N 60/35/5) yielded 38 (0.33 g, 1.35 mmol, 

68%) as a yellow solid: Rf (EtOAc/MeOH/NEt3 60/35/5) 0.36; mp 193 - 195 'C; 'H NMR (CDCl3/5% CD,OD) 8 

7.46 - 7.03 (m, 4H, H-5, H-6, H-7, H-8), 4.05 - 4.03 (m, 1H, H-l), 3.64 - 3.61 (m, 2H, H-13), 3.32 (ddd, / = 12.6 

Hz, 7 = 4 . 5 Hz, 7 = 4.5 Hz, 1H, H-3C11), 2.99 (ddd, J = 13.2 Hz, 7 = 7.9 Hz, J = 5.6 Hz, 1H, H-3„), 2.76 - 2.73 (m, 

2H, H-4), 1.92 - 1.98 (m, 1H, H-10), 1.69 - 1.66 (m, 1H, H-10), 1.58 (m, 4H. H - l l , H-12); "C NMR (CDCl,/5% 

CD,OD)6 135.6 (C-8a, C-9a), 127.1 (C-4a), 121.3 (C-7). 119.0 (C-6), 117.8 (C-5), 110.7 (C-8), 108.3 (C-4b), 

61.7 (C-13), 52.3 (C-l), 42.2 (C-10), 34.0 (C-3), 31.9 (C- l l ) , 22.3 (C-12), 21.8 (C-4); IR (KBr) v 3250, 3200, 

2935, 2863, 1045; HRMS (EI) obs. mass 244.1591, calcd for C15H,„N,0 244.1643. 

l - (4 -Hydroxybuty l ) -carbol ine (31). To a solution of 38 (98 mg, 0.40 mmol) in freshly distilled xylene (3 

mL, mixture of isomers) palladium on carbon (0.02 g, 10%) was added and the mixture was refluxcd during 90 min. 

Then MeOH (3 mL) was added and the mixture was filtered over hy flow, the residue was washed with MeOH. The 

filtrate was evaporated, affording a white solid which was recrystallised from MeOH yielding 31 as white crystals 

(83 mg, 0.35 mmol, 86%). This product was identical to the PKDO reaction product. 

4 ,5 ,6 ,7 -Te t rahydro -3 ,7a -d iazacyc lohep ta - [ / '&] - f luo ren -7 -o l ( 30 ) . A solution of dry dimethyl sulfoxide 

(0.53 mL) in dichloromethane (4 mL) was added dropwise to a solution of oxalylchloride (0.26 mL, 3.0 mmol) in 

dichloromethane (8 mL) at -78 °C. Then a solution of 31 (0.40 g, 1.66 mmol) in dichloromethane (3 mL) and 

dimethyl sulfoxide (2 mL) was added over a period of 15 min. The mixture was stirred for 3 h, triethylamine (0.93 

mL, 6.7 mmol) was added and the mixture was stirred at -78 °C for an additional 5 min before it was allowed to 

warm to rt. After stirring for 45 min at rt water (5 mL) was added, the layers were separated and the water layer was 

extracted with CH2C1, (6x). The combined organic layers were washed with brine (2x), dried (MgS04) and 

evaporated. The residue was dissolved in diethyl ether and concentrated in vacuo three times. The remaining solid was 

purified by flash chromatography (EtOAc/MeOH/Et,N 85/10/5) yielding 30 as a yellow solid (0.12 g, 0.50 mmol, 

30%), which was identical to the PKDO reaction product. 
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