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Synthetic Studies related to BBioreductively Activated Antitumour 

Antibiotics 

ABSTRACT 

Exploration of synthetic approaches to two classes of antitumour antibiotics, 

believed to funcüon through DNA alkylation after bioreducüve activation analogoos 

to that established for mitomycin C, is described. Transformation of mitomycin- 

related pynolo[l,2-alindoles into the bicyclic hydroxylarnine herniketal ring system 

found in antitumour antibiotic FR-900482 via a bromination-methanofysis sequence 

followed by oxidative ring expansion with N-benzenesulfonyl oxaziridines (Davis' 

reagent) is presented. Attempts at improving the two-step transformation using 

Davis' reagent to effect both steps are obsewed to yield anomalous addition 

products. Mechanistic studies suggest that this addition reaction proceeds via a 

zwitterionic intemiediate. The possibility that such an intemediate is also involved in 

oxygen atom transfer reactions of Davis' reagent is discussed. 

A synthetic route to prekinamycin, a biosynthetic precursor to the kinamycins 

which were proposed to incorporate an N-cyanobenzo[b]carbazole ring system, is 

described. A preparation of what was expected to be O-acetyl-O-methyl 

prekinamycin (190), in an unambiguous manner, in 21% overall yield frorn o- 

anisidine is presented. Careful comparison of the spectroscopic characteristics of 

190 with those of the kinamycins is shown to prove that the kinamycins are 

derivatives of diazofluorene and not of N-cyanocarbazole as previously believed. 

The significance of this structural revision in the context of the biosynthesis and 

possible mode of action of the kinamycins is discussed. 

Finally, a synthetic route to the carbon skeleton piesent in the revised 

structure of prekinamycin, but lacking the substituents present in the D-ring of the 

natural product. is presented as well as a route to an aromatic acid (283) which is a 

logical precursor to prekinamycin via this synthetic strategy. 
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Chaptei 1 : Introduction 

The search for naturaiiy occumng compounds with therapeutically effective 

anticancer activity has been undemay for m e  t h .  Although uæful anticancer 

agents have been isolated from plant sources, the screening of novel strains of soi1 

bacteria for bioactive substances has becorne one of the most productive avenues of 

research in this area. 

One of the notable successes in this ama was the isolation of the mitomycinsl 

(1) from Streptomyces cultures some decades ago. The mitomycins (e.g. mitomycin 

Cl X=NH2, Figure 1) have not only proven to be useful chernothetapeutic agents, 

especially against solid tumours due to their hypoxic environments2-% but have also 

helped to define a novel sbategy towards selBCtive antitumour activity based on 

bioreductive activation which had not been previously imagined.3 Two decades ago, 

the st ructu rally novel kinamycins (3) were isolated7-Q from Streptomyces 

murayamaensis and proposed to fundion as antitumour antibiotics via a bioreductive 

activation mechanisml0 related to that established for the mitomycins. Much more 

recently, antitumur antibiotic FR-900482 (2) has b e n  isolatedllJ2 from 

Streptomyces sandaensis and has b e n  shown. as its triacetyl derivative (FK-973), 

to possess antitumour activity which is superior to that of mitornycin C with some 

tumour cell lines and to function via a bioreductive activation mechanism which 

resuîts in DNA alkylation analogous to that observeci with mitomycin C.13J4 

Outlined below is an o v e ~ e w  of the cunent state of knowledge related to 

each of these anthmour agents followed in Chapter 2-6 by a disdosure of the 

results of chernical studies in the development of methods for the synthesis of the 

kinamycins and FR-900482 as well as bioactive analogues. 



1 mitomycin 

NR 
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figure 1 

1.1 f he Mitomycins 

As indicated above, the mitomycins are a class of structurally unique potent 

antitumour antibiotics.15 One member in particular, mitomycin C, shows strong 

activity against a variety of turnours. As a result of the favourable activity against 

neoplasms, considerable effort was directed toward determining its mode of action.16 

It is believed that the favourable therapeutic index is owed to selective bioactivation 

within a tumour cell followed by either mono or bisalkylation of DNA eventually 

resulting in the death of the cancerous ~el l .10~1~ Furthemiore, the mitomycins have 

also gamered considerable attention from synthetic chemists1&22, in the belief that 

analogues generated synthetically rnight show enhanced activity toward turnour cells 

or decreased toxicity toward healthy cells. Construction of the unique carbon- 

nitrogen skeleton of the mitomycins has proved. however, to be synthetically difficult. 



As a result, there has been a large nurnber of published approachesla-22 but only 

two successful, albeit lengthy, total syntheses23-25 of the mitomycins. 

1 .l. 1 Isolation, Structure and Steieochemistry 

The mitomycins are a class of potent antïtumour antibiotics which share a 

distinctive carbonnitrogen skeleton commonly referred to as a mitosane nucleus (4) 

(Figure 2). The mitosane nucleus is compnsed of the following moieties: 

aminobenzoquinone, aziridine, pynolo[l,2-alindole system as well as a carbamate 

moiety at C-10. The unsaturated form is 

mitosane 

generally referred to as a mitosene (5). 

mitosene 

Figure 2 

The observation by Hata et al.' that the fermentation broth of certain strains of 

soi1 bacteria of the genus Streptomyces showed a remarkably high activity against a 

diverse group of organisms, including specific cancers, led to the isolation of 

mitomycin A (6) and B (7). Shortly thereafter, mitomycin C (8)26, porfiromycin (9)27 

and mitiromycin28 were discovered by others. Presently, there are fifteen known 

mitomycins. 

In general, it is found that mitomycin A (6) is produced in greatest abundance, 

although minor alterations in the fermentation conditions can result in mitomycin C 



(8) in greatest yield.26~29 This suggests a close biosynthetic relationship between 

mitomycin A and mitornycin C. 

The elucidation of this unusual carbon-nitrogen skeleton posed a 

considerable challenge. The structure was eventually defined by a combination of 

chernical and spectroscopie studies by Webb et al." Tulinsky31 and later 

Homemann and Heins32 confinned the assigned structure by single crystal X-ray 

diffraction studies. The more common mitomycins as well as the stereochemical 

relationships between them are shown in Figure 3.32 

mitomycins mitomycin 0 

6 mitomycin A OMe H 

8 mitomycin C NH2 H 

9 porfiromycin NH2 Me 

Figure 3: The structures of the more common rnitomycins. 

Mitomycin A (6), mitomycin C (8) and porfirornycin (9) have the 

carbamoyloxymethyl group trans to the substituent at C-9a and cis to the aziridine 

ring. Mitomycin 8 (7) on the other hand, has the carbamoyloxymethyl group cis to 

the C-9a substituent and tram to the aziridine ring (Figure 2).32 

lsomitomycin A (10) and albomitomycin A ( I l ) ,  two structurally novel 

mitornycins, have been discovered more recently (Figure 4).33.34 At first glance, both 

isomitomycin A (10) and albornitomycin A (1 1) lack some of the features of the 



mitosane nucleus. They do, however, contain the aminobenzoquinone and 

carbamate functionalities. Both isomitomycin A (1 0) and - albomitomycin A (1 1 ) exist 

in equilibrium with mitomycin A (6). The equilibrium in solvents with differing 

polarities strongly favours mitomycin A (6) (Figure 5). In acetonitrile the equilibriurn 

composition is 85% mitomycin A (6), 4% albomitomycin A (1 1) and 1 1 % 

isomitomycin A (IO), while in THF the cornposlion is 95% mitomycin A (4), 3% 

albomitomycin A (11) and trace arnounts of isomitomycin A (10) (Figure 5).3334 

isomitomycin A 

Figure 4 

albomitomycin A 

isomitornycin A albomitomycin A mitomycin A 

Figure 5: The equilibrium betwesn isomitomycin A, albornitomycin A and 
mitomycin A. 

Fukuyama and Yang25 capitalized on this equilibrium in one of only two total 

syntheses of the mitomycins which will be discussed later in more detail. 



1 .1,2 Mode of Action 

The mode of action of the mitomycins will be discussed in ternis of mitomycin 

C, which is currently being utilized clinically and is the most studied member of its 

class .*9 

Although, mitomycin C is cunently being utilized clinically in the treatment of 

specific turnours (e-g. Sarcoma 180), its relatively high toxicity has precluded its use 

as an antibiotic. Regardless of the geneial toxicity, mitomycin C still shows a 

favourable therapeutic index and has thus been the focus of attention by both 

biochemists and organic chemists. Biochemists have been interested in the mode of 

action as well as the biosynthesis of mitomycin C, whereas synthetic chernists have 

been interested in the synthesis of the unusual carbon-nitrogen skeleton. 

Mitomycin C requires bioactivation within a cell before damaging the DNA 

which eventually results in cell death. This activation involves a bioreduction which 

then tnggers a cascade of events in the presence of DNA resulting in monofunctional 

or bifunctional alkylation of the nucleic acid.35 Initially, it was believed that activation 

was in the form of a two electron reduction to the hydroquinone (Figure 6, path a); but 

more recently evidence suggests that a one electron reduction to the semiquinone is 

adequate (Figure 6. path b)33Mo 



1 pathb 

- - - - - - DNA aliqflation 
DNA 

Figure 6: Two possible modes of bioreductive activation of mitomytin C. 

It has also been found that acidic conditions favour more rapid activation. The 

mode of activation of mitomycin C (8) as well as the enhanced rate of activation in 

acidic environments is intriguing in light of evidence indicating that many solid 

tumours have reductive and acidic environments. The poor vascularization of some 

solid tumoun causes hypoxia which leads to the obseivad reductive and acidic 

environments. 

Once activated, mitomycin C (8) alkylates guanine residues on DNA either 

monofunctionally or bifunctionally. Tomasz et al. 41reduced mitomycin C with sodium 

dithionite in the presence of DNA which was then digested and the components 

isolated. Adducts isolated were in the quinone oxidation date with mitosenes mostly 

alkylated monofunctionally at C-1 (12 and 13) with a minor amount having alkylation 

at both C-1 and C-10 (1 4) (Figure 7) .42 



Figure 7 

The ratio of monoalkylation (1 2 and 13) to bisalkylation (1 4) was 10-20: 1 and 

it was likely that the cross-linking was responsible for the effectiveness of mitomycin 

C as an antitumour compound.42 Cross-linking of DNA is potentially possible in 

three ways: CpG, GpC and GpG (Figure 8) 

Figure 8: T h m  possible wayr in which mitomycin C eould potentially crou-link 
ON A. 



Experiments aimed at detemining sequence specificity showed that cross- 

linking of DNA by mitomycin C was indeed sequence specific and that the site of 

cross-linking was exclusively CpG.4**43 Furthemiore, extensive molecular rnodeling 

experiments16.36 indicated that it was likely that once mitornycin C was reduced 

within the cell, it was directed into the appropriate poslion for cross-linking by 

secondary interactions with the polynucleotide. tt was also found that monovalent 

complexes in the major groove were energetically destabilizing relative to their minor 

groove counterparts.3e Cross-linking in the major groove resulted in a two base pair 

disruption; whereas cross-linking in the minor groove left the base pairs intact. )t 

appears that monoalkylation is not sequence specific and only in those 

monalkylation sites that have a guanine on the opposite strand in the correct 

geometric location, as with CpG sequences, will mitornycin C form cross-links.36 

Moreover, when several CpG units are present in a row, the cross-linking is 

enhanced relative to that for an isolated CpG unit.16 The origin of this enhancement 

is not well understood.41-43 

Prior to reduction, the lone pair of the nitrogen of the pyrrolo[l,2-alindole 

functionality is in resonance wth the qoinone (Scheme 1). Upon reduction of 

mitomycin C the importance of this type of resonance is greatly diminished (Scheme 

2). 

Scheme 1 
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Scheme 2 

Although a two electron reduction model for the activation of mitomycin C has 

been proposedls, recent evidence has suggested that the active fom is the 

semiquinone, which may or may not be protonated." It was believed that reduction 

to the hydroquinone (15) triggered a release of methanol followed by loss of a 

proton to the aromatic (aziridinomitosene) system (16) which then undenvent a 

cascade of events leading to the alkylation of DNA (Scheme 3). 

DNA Alkylation 

Scheme 3: A two electron reduction of mitomycin C to the hydroquinone is not 
sufficient to trigger loss of methanol. 



Danishefsky and Egbertsona found that, with an excess of reducing agent 

and rigorous exclusion of oxygen, the hydroquinone was stable and showed iittle 

tendency to lose methanol. However, the hydroquinone 15 in the presence of 

oxygen or the quinone 8 in the presence of ascorbic acid readily lost methanol.38 

Also, the quinone 8 in the presence of a catalytic amount of dithionite and in the 

presence of a nucleophile resulted in 80% of combined yield of alkylated products, 

suggesüng that the process was autocatalytic.36 This conelates well with an active 

species in the semiquinone oxidation state and obsenmd products hi the quinone 

oxidation state. 

The cascade of events leading to DNA alkylation for the one electron 

reductive activation modsl will now be described. Upon reduction to the 

semiquinone 17, 

concomitant loss 

conversion to the 

O 

there is participation of the lone pair of the nitrogen in the 

of methanol to form the iminium ion 18, which is followed by 

aziridinornitosene 19 (Scheme 4) F.38 ""aNH Me 1 e' reduction Me \ NH 

O 8 - "% * O  t 7 

Scheme 4: A one dactron reduction to the semiquinone results in the loss of 
methanol. 



The aziridinomitosene 19 can then undergo ring opening at the aziridine 

which is then primed for alkylation by DNA. Nucleophilic attack by DNA at C-1 

results in monofunctional alkylation to give 20 (Scheme 5). 

OCONH2 OCONH2 

NH2 

Scheme 5 

The monoalkylated product may then react by either of two pathways: in path 

a (Scheme 6), an electron transfer to either oxygen or an unactivated mitomycin C 

(8) to give the stable mono adduct in the quinone oxidation state 21 (Scheme 6). In 

path b, loss of carbarnate results in 22 which is activated toward nucleophilic attack. 

The irniniurn ion 22 may then cross-link DNA if a guanine residue is in a favourable 

position, or altematively the activated fom rnay be attacked by water to give 2 3 

(Scheme 6). The reaction of the semiquinone with oxygen ( path a) may explain the 

observed oxidative scission of DNA observed in aerated cells when treated w%h 

mitomycin C. 



MC" 

MC or O2 

path a path b 

MC : mitomycin C 
MC" : mitomycin C semiquinone 

Scheme 6:  Poaaible pathwaya kading to mono and bis alkylated DNA. 

Scheme 6 would suggest that only a catalytic amount of electron reducing 

equivalents is necessary to induce a stoichiometric activation in a chah reaction to 

alkylate the mitomycins. This scheme would also seem to indicate that product 

distribution is subject to reaction conditions; thus, the extent of monoalkylation 



venus bisalkylation may be controlled. Also, this autocatalytic rnechanism would 

favour products in the quinone oxidation state which is what is obseived.37 lt was 

also found that the overall binding of mitomycin C to DNA in the presence of oxygen 

decreased by 20% as compared with the anaerobic counter experiment.43 

Furthemore, reduction of mitomycins with 0.3 equivalents of sodium dithionite in the 

presence of a nucleophile gave 80% alkylated products.36 Therefore, the extent of 

alkylation substantially exceeds the availability of reducing agent.36 

1.1.3 Synthetic Approaches to the Mitomycins 

Although a considerable number of approaches to the unique carbon-nitrogen 

skeleton of the mitomycins has been published*.44, only two total syntheses have 

appeared in the literature. The synthetic strategies explored to date can be broken 

down into four basic approaches. Routes 1, II and III involve the construction of a two 

ring system followed by development of rings A, 6 or C to complete the synthesis 

(Figure 9). Route IV, however, utilized by Kishi in his total synthesis of mitomycin A 

and C, involves formation of a bicyclic system followed by a transannular cyclization 

to complete the synthesis. 

Figure 9: Synthetic strategies to the mitomycin skeleton. 



Kishi's synthesi~23~24 was the first successful total synthesis of the mitom ycins 

and the key steps are outlined in Scheme 7. 

BnO 

Scheme 7: The key steps in Kishi's tynthris of the mitomycin C. 



The starting material for this lengthy synthesis was the commercially available 

dimethoxytoluene (24) which was converted to a diastereomeric mixture of diols 2 5 

and 26, in racemic fom, in twenty three steps. The diastereomers were separated 

and were converted to the epoxide 27 in separate sequences. This epoxide was 

then converted to the azide 28 in four steps and then cyclized to the substituted 

aziridine 29. The substituent on the aziridine ring was then removed with lithium 

alumin um hydride. Reductive removal of the benzyl protecting groups followed b y 

oxidation afforded the bicyclic product 30. Lewis acid catalyzed cyclization followed 

by functionalization of C(10) gave N-methylmitomycin A (31). Although the 

synthesis is flexible enough to provide the mitomycin A, the large number of steps 

coupled with the low overall efficiency makes the strategy impractical for either the 

commercial production of the known mitomycins or for the synthesis of analogues. 

The unique approach utilizing a transannular cyclization to complete the synthesis 

of the mitomycin nucleus makes the strategy interesting. 

The more recent total synthesis by Fukuyama25, capitalizes on the known 

equilibrium between isomitornycin A (10) and mitomycin A (6) (Figure 5). The key 

steps in the synthesis are outlined in Scheme 8. 



SEt 

OCONHCOCC13 OH 

OAc 4 
3 steps OAc 

35 
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t 

A I ( O P ~ ) ~  

MeOH I 
Scheme 8: The key stops in Fukuyama's total ryntherir of mitomycin A and 

mitomycin C. 



Fukuyama also began his synthesis with the commercial ly available 

dimethoxytoluene (24) and arrived at the chalcone 32 in thirteen steps. The 

chalcone 32 was reacted with 2-trimethylsiloxy-5-ethylthiofuran (33) in the presence 

of stannic chloride at -78 OC to give the TMS mol ether 34. In four steps the labile 

mol ether was converted to the alcohol, the sulfide to the sulfone, the lactone to the 

acetate, and the azido-olefin to the aziridine to give 35. A further four steps yielded 

the hemi-aminal 36 which was then converted to the quinone 37 in three more 

steps. The quinone 37 in methanol underwent rearrsngement to mitomycin A (6), 

which was then converted ta mitomycin C (8) under ammonolysis conditions. The 

synthesis of mitomycin A was accomplished in 30 steps with an overall yield of 6% 

from dimethoxytoluene. Athough this synthesis is more efficient than Kishi's 

synthesis from the same starting material, it still involves a large nurnber of steps 

making the synthesis of analogues im practical by this route. 

1.2.1 Isolation, Structure and Stereochemistry 

FR800482 (2) and its reduction product, FR-66979 (38) have recently been 

discove red in the fermentation broth of Streptomyces sandaensis No. 6897 at 

Fujisawa Pharmaceutical Co. in Japan.llJ2 (Figure 10). This stmcturally novel 

compound shows weak antimicrobial activity against both grampositive and gram- 

negative organisms as well potent antitumour activity against a variety of tumours 

(e.g. mamrnary carcinoma FMM, leukemia p388 and melanoma 81 6).' l.12 The 

triacetyl derivative, FU-973 (39) shows much stronger antitumour activity than 

mitomycin C with less toxicity.6 Structurally related to the mitomycins, F R-900482 

contains an aziridine, a caibamoyloxymethyl group but differs from the rnitomycins by 



lacking the quinoid portion. It also contains a unique bicyclic hydroxylarnine 

hemiketal moiety. 

FR-979 

38 
Figure 10 

Me NH 

O 
Mitomycin C 

8 

FR-900482 (2) exists as a mixture of diastereomers (28 and Pb) which 

probably interconvert via a keto interrnediary 40 (Scheme 9). Structure 2b is 

favoured in this equilibrium because of intramolecular hydrogen bonding between 

the aziridine NH and the bridging oxygen. 



NH 
OHC 

OHC mNH 
Scheme 9 

1.2.2 Mode of Action 

Both FR-900482 (2) and its reduction product, FR-66979 (38) have been 

shown to fom DNA crosslnks upon activation within ~e11s.14~46 The nature and 

requisite activation in forming these cross links is similar to what is observed with 

mitomycin C. lt has been suggested that FR-900482 may undergo a reductive 

activation to a mitosene-like intemediate which then goes on to alkylate DNA14 

(Scheme 10). Fukuyama47 has proposed that FR-900482 may undergo a two 

electron reduction resulting in cleavage of the N-O bond of the hemiacetal to afford 

41. This aniline 41 could then undergo cyclization followed by dehydration to give a 

mitosene-like structure 42 (Scheme 1 O).47 This mitosene-like structure could 

participate in a cascade of events analogous to those proposed for mitomycin C 

(Schemes 4 and 5), resuiting in the alkylation of DNA (Scheme 10). 



OCONH2 OCONH2 
OH ' O 
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Scheme 10: Fukuyama's ptoposal for bioreductive activation of FR-900482. 

McClure and Danishefsky21 have also proposed a mitosene-like intemediate 

which is suggested to alkylate DNA (Scheme 11). The fom of activation, however, is 

suggested to be a nucleophilic attack on the aromatic systern leading to a ring 

opened compound 44. The aniline 44 then cyclizes followed by dehydration 

leading to the mitosene-like intermediate 45.21 

,0CONH2 /QC00NH2 
Nu 

NH - NH 
OHC 
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Scheme 1 1 : Danishefs ky's proposal for bioactivation of FR-900482.~~ 



Experiments carried out by Williams and RajskP in which FR-900482 was 

reacted with duplex DNA in the presence of mercaptan additives showed cross- 

linking. In the absence of mercaptans, however, cross linking was not obsenred. It 

was found that a rnolar equivalent of mercaptan was required for efficient cross 

linking. FR66979 under aie same conditions showed more efficient cross linking 

than FR-900482. Interestingly, FR-66979 showed good cross-linking in the absence 

of mercaptans, suggesting that FR-66979 may function without requiring reductive 

bioactivation .1 

Woo et al. 13 also observed greatly enhanced cross-linking in reducing 

environments for both FR400482 and FR-66979. In contrast to Williams and 

Rajski14-45, Woo has found that cross-linking was not observed in the absence of a 

reducing agent for FR-66979; suggesting that reductive activation is necessary for 

cross-linking.13 tt was also observed, as with the mitomycins, that there was a high 

degree of sequence specificity in cross-linking of DNA by both FR-900482 and FR- 

66979. As with the mitomycins DNA cross-linking occurred at CpG sites (Figure 8) 

and also showed the same specificity for flanking sequences 5'-d(ACGT) » 5'- 

d(TCGA) = 5'-d(CCGG) as found for mitomycin C.13 Furthemore, Woo et ai? have 

isolated and characterized DNA-FR-900482 and DNA-FR-66979 adducts which 

have been tentatively assigned as 46a and 46b (Figure 11). These are structurally 

sirnilar to adducts such as 47 isolated from the reaction of DNA with mitomycin C. 

This suggests that the mitosene-like intermediate postulated as the bioreactive 

species is likely involved in DNA alkylation, although the mechanistic details need to 

be worked out further. The observation of these adduct also appears to favour the 

mechanism of activation proposed by Fukuyama47 rather than that proposed by 

Danishefsky.21 



46a) R = CHO 

Figure 11: DNA adducts isolated from the reduction of FR-900482 and 
mitomycin C in the presence of DNA 

1.2.3 Synthetic Studies 

There are many2*121t47-50 novel and interesting synthetic approaches to FR- 

900482 in the literature but only two total ~yntheses.51~52 The first total synthesis was 

reported in 1992 by Fukuyama et al.51 The key to this synthesis was a unique 

transannular cyclization which provided the core of the FR-900482 system (Figure 

12). 

0CONH2 
OH ' 
\ --- ' N/ 

NH 
OHC 
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Figure 12: Key ateps in Fukuyama'a total synthesis of FR-960482. 



The readily available N-benzylamine 48 was utilized as the starting material 

(Scheme 12). In nine steps the ester was converted to the aldehyde, the 

benzylamine to the azide, the phenol to the benzyl eVier and the methyl group to an 

aryl benzyl ether. Condensation with 2-tnmethylsilyloxylhiran (49) gave the alcohol 

50. In four steps the alcohol was removed, the aride was reduced to the amine and 

the olefin was masked as the thioether to give 51. The cyclization to the eight 

mernbered ring compound 52 was achieved by sequential reduction of 51 by 

DlBALH and by sodium cyanoborohydride. In five steps, the alcohol was oxidized to 

the ketone, the masked olefin was liberated and epoxidized and the amine was 

protected as the acetonide. In five more steps, Fukuyama obtained 53. Oxidation of 

the free alcohol, deprotection of the silyl ether and acetonide formation afforded 54. 

containing the desired ring system of FR-900482. In a further ten steps the protecting 

groups were removed, the epoxide was converted to the aziridine and the aldehyde 

unmasked to give 55. This was then treated with ammonia in methylene chloride to 

give the desired ring system of FR900482 (2). 
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Scheme 12: Key steps in Fukuyama's total synthesis of FR-900482. 



The second more recent strategy by Schkeryantr and Danishefsky52 utilizes a 

key Heck cyclization ta arrive at the central core of the FR-900482 system (Figure 

13). 

OMe OMe 0CONH2 

NR - -- 
R NR 

OHC 

Figure 13: The key #teps in Danirhefsky's total syntheris of FR-900482 

A hetero Diels-Alder reaction of the heavily functionalized nitroso compound 

56 with the diene 57 provided the adduct 58 (Scheme 13). The free hydroxyl was 

then converted to the olefin to give 59 which then undennrent a Heck cyclizatior15~~~~ 

to gave 60. containing the core of FR-900482 (2). The olefin was then epoxidized 

and subsequently ring opened and reduced with samarium iodide to give 61 which 

contains the appropriate handles to introduce the desired functionalities. In a further 

ten steps, the desired system 2b was generated. 
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Scheme 13: Danishefsûy's total rynthesis of FR1900482 

1.3 The Kinamycins 

1 .3.1 Isolation and Structure 

The kinamycin antibiotics were first isolated from the culture broth of 

Streptomyces murayamaensis.7*9 They are strongly active against gram positive 

organisms and show much weaker activity against gram negative bacteria.7~9 Erl ich 

ascites carcinoma as well as sarcoma 180 are weakly affected by the kinamycin 



antibiotics.9 Four stnrcturally similar components were isolated and were denoted as 

kinamycins A, B, C and D, of which C and D are the major cornponents (Figure 14).9 

These compounds were found to be soluble in methanol, chlorofom, ethyl acetate, 

benzene; only slightly soluble in diethyl ether; and insoluble in petroleum ether, 

hexane and ivater.9 Although stable in neutral or acidic solutions, the kinamycins 

were found to be quite unstable in alkaline solutions.9 

Spectroscopie studies assigned only a partial structure to the kinarnycin 

antibiotics.*#ss The fragments of the kinamycin skeleton which remained unassigned 

were determined by a single ctystal X-ray diffraction study of kinamycin C p- 

brornobenzoate de rivat ive.55 

The proposed structure contains a 1 ,Cnaphthoquinone, a pyrrole, a highly 

oxygenated cyclohexene ring and an unprecedented cyano group on the pyrrole 

ring nitrogen (Figure 1 4) .*.55 

Kinamycln RI R2 4 R4 

62 A Ac Ac Ac Ac 

65 O Ac H Ac H 
Figure 14 

The 1% NMR spectrum of kinamycin D (65) was partially assigned by Ajisaka 

etal.56 Oddly, the carbon spectrum lacked a signal assignable to the cyanamide.56 



The absence of the cyanamide signal was attributed to either an unusually long 

relaxation time or an incidental overlap with other signals at approximately 120 

pprn.56 The carbon spectrum was reassigned in 1985 by Sato et al.m, utilizing long 

range COSY experiments with kinamycin D (65). These 20 NMR range experiments 

also failed to identify a carbon signal assignable to the cyanamide of the kinamycins. 

The assigned proton and carbon NMR signals appear in Figure 15.57 

OH O c OAC 
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65 N 
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15: Spectroscopie propertier of the kinamycin ~ 5 '  

Nine new kinamycin antibiotics have been discovered recently from 

Saccharothrix (66 and 67)se (Figure 1 6)' frorn an un identified actinomycete 

designated as A8301 6A (68)58 (Figure 1 7)' and from Streptomyces chattanoogensis 

(69 to 74)59~6* (Figure 18). 

3-O-isobutyiylkinamycin C bdeacetyl-4-O-isobutyryikinamycin C 

Figure 16: Kinamycina isolated trom Saccharothrix. 



Figure 17: A new kinamycin irolated from an unidentified actinomycete 
designated r i  A83016A. 

72 O' COCH(CH3)2 H H 

Figure 18: Kinam ycins isolated f rom Streptomyces; chattanoogen8is. 

Furthemore, Seaton and Gould61 have isolated two new kinamycins denoted 

as kinamycin E (75) and F (Te), as well as prekinamycin (77) and keto- 

anhydrokinamycin (78), believed to be intermediates in the biosynthesis of the 

kinamycincs (Figure 19). The assignrnent of the signals in the 'H NMR spectnirn for 

prekinamycin, the .diacetate derivative, keto-anhydrokinamycin and kinamycin E is 

also shown in Figure 19. 
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79 CI = AC, prekinamycin diacetate 

75 RI =AC, R2 = Hl kinamycin E 
76 Ri = R2 = H, kimmycin F 
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7.27 (IH, d) 
7.63 (1 H, t, Jz7.7 HZ) 
7.76 (1 H, d, Jz7.6 HZ) 
5.34 (IH, dd, 5=1.7,2.9 HZ) 
5.94 (1 Hl d, J=1.6 HZ) 
3.89 (1 H, dl Js2.7 HZ) 

kinraycis S 

12.17 (IH, s) 
7.22 (1 Hl dd, J=l .l , 7.7 HZ) 
9.58 (1 H, t, J=7.8 HZ) 
7.71 (1 Hl dd, J=1.3,7.9 Hz) 
4.61 (1 H, dd, 1 -3, 7.9 Hz) 
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4.24 (1 Hl d, J=7.9 HZ) 
3.0 (1 H, br) 
2.8 (1 H, br) 
1.48 (3H, s) 
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2.62 (3H1 S) 

DC prekinamycin, the diacetyl dei rat ive, 
keto-anhydrokinamycin and kinamycin E." 

1 .3.2 Biorynthesir of Kinamycins 

Early feeding experirnents with 13c labeled acetate showed that the kinamycin 

skeleton was entirely derived frorn acetate possibly via condensation of two non- 

symmetrical intenediates62, likely a naphthoquinone 80 and a 3-aminod- 

hydroxytoluene (81 ) (Figure ZO).63 



Figure 20: Biosynthesis of kinamycin from two unsymmetrical polyketide chains. 

This model of kinamycin biosynthesis (Figure 20), based on the experiments 

descnbed below, was later revised to one involving a single polyketide chain (Figure 

25). Incorporation experirnents in which doubly labeled acetate, [1,2-13~21-acetate 

(82), was added to the medium showed 13~-1% coupling between the carbons 

(heavy lines, 83) indicated in Figure 21.63 The incorporation of labeled acetate into 

the kinarnycin skeleton is consistent with two polyketide chains, one leading to a 

naphthoquinone and the other leading to a hydroxytoluene (Figure 2O)F 

Furthemiore, in experiments where sodium [1-13~.2,2,2-*~3]acate (84) was 

incorporated, the indicated sites in 85 (Figure 21) were enriched.63 The ester 

functionalities (a and b) each showed one deutenum isotope shifted peak in the 1 3 ~  

spectrurn while C-2' showed two additional peaks.63 



H3C-COONa -- 
82 aTf+&' OH O CN 1 OAC 

Figure 21 

Attention was then tumed to the origin of the oxygens. Feeding experirnents 

with 180 labeled acetate, [1-13~,1,1-1802]acetate (86), showed five 180 isotope 

shifted peaks in the 1 3 ~  NMR spectrum: C-1. C-8, C 4 ,  and the ester carbonyls 

(Figure 22, 8 7 ) 9  The labels of the esters were assigned to the doubly bonded 

oxygens from the magnitude of the 180 isotope induced shib in the 1 3 ~  NMR.63 

'=c label 

Figure 22 

Fermentation in the presence of 1802 showed thme isotope shifted 

resonances in the NMR spectrum, corresponding to Ca' ,  C-1' and C-2' (Figure 



23, 88).63 The remaining unaccounted oxygen, C-3' oxygen, must be derived from 

water (Figure 23) .63 

Figure 23 

The detemination of the origin of the carbon skeleton and the origin of the D- 

ring oxygens prornpted Sato and Gou ld~  to propose a likely biosynthetic scheme for 

the elaboration of the 0-ring (Figure 24). An aromatized precursor, prekinamycin, is 

hydroxylated and epoxidized to afford 89. This diene is tautomerized to the enone 

which is then reduced to the alcohol91. Attack by water opens the epoxide 91 and 

affords 92, which contains the desired oxygen substitutions on the D-ring. 

from H20 
from O2 

Figure 24 



At this point, the origin 

dehydrorabelomycin (93). a 

of the cyano moiety was still unclear. The isolation of 

known compound derived from the acid catalyzed 

dehydration of rabelomycin61, from the culture broth of Streptomyces led to the 

speculation that the kinamycins are derived from a single polyketide chain and that 

dehydrorabelomycin (93) b an intemediate (Figure 25).@ Biosynthesis of the 

kinamycins via dehydrorabetomycin (93) would necessitate a fracture of the ring 

system with an excision of a two carbon fragment, a novel polyketide metabolism 

(Figure 25) .63.64 

cosx 

Figure 25: The kinamycins are derived from acetate via a single polyketide 
chain. 

The apparent absence of the cyanamide resonance from the 1% spectrum of 

the kinamycins hampered the determination of the origin of this unusual structural 
15 

feature. The 1 5 ~  NMR spectnim obtained from kinamycin D (76) when ( NH&SO, 

was utilized as the sole nlrogen source shows two doublets (JCN = 3.4 Hz) at 344.5 

and 241.6 ppm, relative to ~ 1 5 ~ 0 ~  at 362.0 pprn.65 The 1% NMR spectrum 

contained 1 5 ~  coupled doublets corresponding to C-5' (1 31.7 ppm, J c ~ 3 . 9  Hz), C- 

6' (128.0 ppm, Jc~=2.2 Hz), C-2 (132.2 ppm, Jc~z2.3 Hz) and C-3 (128.4 pprn, 

Jc~z2.8 Hz). The authors were surprised to find a doublet of doublets at 78.5 



pem ( J ~ ~ = 2 1 . 2 ,  5.4 Hz) in the doobly ''N labelled natural product.65 Upon 

examination of the 1 3 ~  spectra obtained previously, Seaton and Gould6s noted a 

small singlet largely obscured by CDCI, signals at 78.5 ppm which was initially 

believed to be an impurity. It was noted that the resonance at 78.5 ppm was unusual 

for a cyano group which is more commonly obsewed at approximately 100 to 1 1 0 

ppm.65 

Retuming to feeding experiments with labeled acetate, Seaton and Gould65 

obsewed relatively unifom enrichment in the carbon skeleton of the kinamycins, 

including the cyanamide. Consequently, a biosynthetic scheme in which the 

cyanamide carbon is derived from C-5 of 94 was proposed (Figure 26).65 This 

scheme would require oxidation of 93, nitrogen insertion as well as a ring 

contraction/rearrangement (Figure 26).65 

marks carbon through biosynthetic pathway 

Figure 26 

Recent isolation of PD 116470 (95), stnicturally related to 

dehydrorabelornycin (93), created speculation that it may also be involved in the 

biosynthesis of the kinamycins (Figure 27).6G867 



Figure 27 

Labeling experiments cleariy show, however, that 93 and 95 are derived from 

different pre-aromatic intermediates (Figure 28).6? Dehydrorabelomycin (93) and 

PD 1 16470 (95) are derived from two slightly different polyketides, 96 and 9 7 

respectively (Figure 28). Cyclization leads to slightly different prearomatic systems, 

98 and 99. These are further processed into two different arornatic systems, 93 and 

100, neither of which can serve as a precunor to the other. 



Figure 28 



Recently, phenanthroviridine aglycone (1 01 ) was isolated from S. 

viridiiochromagenes DSU3972 (Figure 29)68 and was considered to be an 

intermediate in the biosynthesis of the kinamycins (Figure 30)F In this scheme, 

deh yd rorabelomycin (93) undergoes oxidative scission to give 1 02. 

Decarboxylation, nlrogen insertion and cyclization affords phenanthroviridine 

aglycone (1 01 ) which then undergoes oxidation, ring contraction/rearrangement to 

the prekinamycin system. Prekinamycin (77) is then processed further to the 

kinamycin skeleton. More recently, phenanthroviridine aglycone (1 01 ) has been 

discovered in extracts from a mutant strain, S. murayamaensis MC2, consistent with 

the proposed biosynthetic pathway (Figure 30) .69 

phenanthroviridine aglycone 

Figure 29 
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Figure 30: Revisad bioaynthetic pathway. 

Gore et al.68 also proposed a possible mechanism for the transformation of 

phenanthroviridine aglycone (1 01 ) to that of the prekinamycin (77) ring system 

(Figure 31). The proposed scheme involves nucleophilic attack of ammonia on 

phenanthroviridine aglycone (1 01) to give the amine 103. The amine 103 is 



oxidized to the quinone 104 which then undergoes ring contraction affording 105, 

which is simply prekinamycin in the hydroquinone oxidation state. 

Figure 31: Propoied bioiynthetic transformation of phenanthroviridine 
aglycone to the kinrmycini. 

Kinafluorenone (106) has been isolated from a mutant strain of S. 

murayamaensis blocked in the biosynthesis of the kinamycin antibiotics and was 

believed to be a shunt metabolite.70 The structure of 106 has been established 

unarnbiguously via a single crystal X-ray diffraction study of the triacetyl derivative 
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A rnechanism by which kinafluorenone (106) might be fomed from 

dehydrorabelomycin (93) is shown in Figure 33.70 If was argued that, unable to fomi 

the kinamycins in the mutant strain, 108 undergoes cyclization to fom the five 

membered system 109, which decarboxylates and is oxidized to afford 106. 

Figure 33: Mechanirm by which prekinamycin might bu formed from 
dehydrorabelomycin. 

A sumrnary of the overall proposed biosynthetic scheme is depicted in Figure 
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Figure 34: Overall biosynthetic scheme. 

1.3.3 Mode of Action 

To date no studies of the mechanism of the antibiotic or antitumour activity of 

the kinamycins have been repoited. There is, however, an obvious structural 

relationship between the kinamycins and the mitornycins: the kinamycins also 

contain an indoloquinone with potential leaving groups a Cl' and C4' of ring O 

analogous to C-1 and C-10 of the mitomycins (Figure 35). Thus it was proposed by 

Moore10 some years ago that, like the mitomycins, the kinamycins might undergo a 

bioreductive activation and then might participate in DNA alkylation. 



Ionaenya-M 

Figure 35 

Prior to reduction of the quinone portion to the hydroquinone, the lone pair of 

the nitrogen is in resonance with the cyanide moiety and with the quinone (Figure 

36). 

Figure 36 

Once reduced, the kinamycins can undergo a cascade of events leading to a 

bisalkylating agent, similar to the mitomycins (Scheme 14). Upon reduction to the 

hydroquinone, a sequence of events migM lead to the elimination of two of the D-ring 

oxygen substituents; thereby, creating two reactive sites. DNA might then attack 

these sites resulting in monoalkylation or bisalkylation. 
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Scheme 14 



Chaptei 2: Synthetic Studies Toward FR-900482 

2.1 Oxidative Ring Expansion 

The structural sirnilarity of FR400482 to the mitomycins suggests a similar 

biosynthetic pathway. In support of this, it has been found that 3-amino-5- 

hydroxybenzoic acid and D-glucosamine, knom to be precunors of the mitomycins, 

are also incorporated into FR-900482.71 Hence, it seems likely that FR-900482 and 

the mitomycins are derived from a similar intermediate. 

Research in this laboratory72 has been aimed at developing methodology for 

the transformation of mitomycin-like systems into FR-900482-like structures. The 

strategy chosen for the transformation of mitomycin-like skeletons to that of FR- 

900482-like skeletons is believed to be biomimetic: an appropriately substituted 

mitomycin-like skeleton might be oxidized to the N-oxide which might then undergo a 

ring opening and recyclize incorporating the oxygen to afford the FR0900482 system 

(Scheme 15, path a). Alternatively, it was reasoned that ring opening might occur 

prîor to the oxidation step to give a hydroxylamine which rnight then cyclize 

incorporating the oxygen (Scheme 15, path b). 
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Scheme 15: Possible bioaynthetic pathways to FR-900482 from a mitomycin-Ille 
intermediate. 

Previous studies in this laboratory have shown that 2,3-disubstituted indoles, 

11 0, when treated with bromine in the presence of triethylamine followed by acid 

catalyzed methanolysis yielded 3-methoxyindolenines (1 1 1 ) (Scheme 1 6). 

Furthemore, this reaction was found to be general to cycloalkanoindoles 11 2 in 

which n .z 1 (Scherne 16). However with n = 1, the stabie hydrate 11 3 was isolated 

as the major product (Scheme 16). lt is believed that in such ring fused systems, 



there is less ring strain when C-2 is sp3 hybridited than when it is sp2 hydridized. 

Since pyrrolo[l,2a]indole 1 14 is expected to exhibit similar ring strain. it was felt 

that reaction under the sarne conditions might yield 11 5 which would serve as a 

suitable mode1 for oxidative ring expansion studies. 

f . OMe 

Scheme 16: Btomination methanolysis of indoles. 

it was found that when the pyrrolo[l,2-alindole 11473 was treated with 

brotnine in methanol followed by a basic aqueous workup, the major product was the 

alcohol 11 5, which was largely contaminated with some of the bromo analogue 1 1 6 

(Scheme 17). It was found that the bromo contaminant 1 16 could be reduced to 1 - 



2% by a very slow addition of dilute solutions of bromine in methanol. The 

mechanism for this reaction is believed to involve nucleophilic attack on bromine to 

give 1 17 (Scheme 18). Nucleophilic attack of methanol on 1 17 affords the ether 

1 1 8. SNI -like so~volysis of the benzylic bromide gives the diether 1 1 9. Loss of 

methanol followed by nucleophilic attack by water during the aqueous workup 

provides the observed product. 

MeOH 

Scheme 17 

0 
Br-Br 

\ MeOH 

Schsrne 18: Probable mechanism for the bromination methanolysis reaction. 



Initial attempts at oxidation of the pyrrolo[l ,Balindole 1 1 5 with hydrogen 

peroxide gave only the ring cleavage product 1 20 (Scheme 19). However, early 

experirnents in which a mixture of the alcohol and the bromo analog was treated with 

rnCPBA, provided the desired bicyclic hydroxyiamine hemiketal ring system 121 a in 

low yield (-40%) contaminated with the bromo analog 121 b (Scheme 19). x75-J77Me \ o n  "CPBA y-&H 

Scheme 19 

The ring expanded product 121 a and the bromo analogue 121 b were 

separated by HPLC. The recrystallization of 121 b yielded crystals suitable for a 

single crystal X-ray diffraction study which established the structure as shown 

(Scheme 19) unambiguously. 

Although the desired bicyclic hydroxylamine hemiketal ring system 1 21 was 

obtained, the overall yield was low (-30%). tt was fel  that a milder oxidant capable 

of oxygen atom transfer might cleanly provide the desired system. it is well known 

N-sulfonyloxaziridines (Davis' reagent) 122 74 react with olefins and tertiary amines, 



via an oxygen atom transfer mechanism, to afford epoxides 123 and N-oxides 124, 

respectively (Scheme 20) .75-00 

R 
\ 

R-N-O 
,'O O 

124 
Scheme 20 

In this laboratory72.8' it was found that reaction of Davis' reagent 122 with the 

alcohol 115 afforded the desired ring expansion product 121 as a mixture of 

diastereomers in good yield (70%) (Scheme 21). It was found that if the reaction was 

run in chloroform, only a single diastereomer 121c was obtained (Scheme 21). On 

the other hand, if the reaction was carned out in THF, only diastereomer 1 21 a was 

obtained. In addition, if the reaction was run in methylene chloride. a roughly one to 

one mixture of 121a and 121e was produced. Exposure of the mixture of 

diastereomers 121 a and 121 c to trace amounts of DCI in CDCI3 or to silica gel 

gave only one diastereomer l 2 l c  (Scheme 21). Interestingîy, heating of 

diastereomer 121 c in pyridine yields a mixture of 121 a and 121 t. 
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Scheme 21 

Ring expansion may occur by either of two possible pathways: in path a, the 

alcohol 1 1 5 is oxidized by Davis' reagent to the N-oxide 1 25 which undergoes ring 

opening to fom the ketone (Scheme 22). Ring closure incorporating the oxygen 

affords 121, containing the bicyclic hydroxylamine hemiketal ring system. In path b, 

the alcohol 11 5 is in equilibrium with the ring opened form 127 (Scheme 22). N- 

oxidation of the ring opened form 127 to the N-hydroxy compound 128 followed by 

cyclization affords the desired system 121. Presently, it is unclear which of the two 

paths is in operation in the ring expansion reaction. 
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Scheme 22: Two possible mechanisms for oxidative ring expansion of the alcohol 
115 by Davis' reagent 

Interestingly, the indoline 129 could not be oxidized with Davis' reagent to the 

corresponding N-hydroxy compound (Scheme 23) 
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Scheme 23 



Receotly, Wang and Jimenez82 have generated the indole 130 in synthetic 

studies towards FR-900482 (2) (Scheme 24). Their approach to 2 was based on an 

extension of our earlier st~dies72~81 on oxidative ring expansion of pyrrolo[l,2- 

alindoles. They reasoned that Davis' reagent might be used for oxidation of the 

indole 130 to the hydroxy ketone 131 as well as for oxidative ring expansion of 1 3 1 

to 132. In practice, oxidation of 130 with Davis' reagent in aqueous THF was found 

to yield 1 3 1 which could not be oxidized further to 1 32. It was reasoned that the 

failure of 131 to undergo oxidative ring expansion was a consequence of resonance 

delocalization of the nlrogen lone pair in 13 1 into the keto group as shown in 

Scherne 24 (1 31 <-> 133) which would decrease the nucleophilicity of the nitrogen 

atom in 131. decreasing the tendency for formation of the corresponding N-oxide. 

Recent observations in this laboratory suggest an alternative explanation for 

the low reactivity of 131 with Davis' reagent. As indicated eariier (Scheme 23), the 

indoline in 129 is also inert to Davis' reagent even though it lacks a resonance 

stabilizing keto group. We have reasoned that the failure of 129 to react with an N- 

phenylsulfonyl oxaziridine anses from steric effects caused by the quatemary center 

adjacent to the nitrogen atom. A sirnilar steric argument would predict that t 3 1 

(Scheme 24) and 11 5 (Scheme 22) would not react with Davis' reagent to form an 

N-oxide and eventually the oxidathely ring products (1 32 and 1 21 respectively). A 

fundamental difference between 129 and 11 5 is that whereas 11 5 is expected to 

exist in equilibrium with the ring opened keto form 127 (Scheme 22), 129 cannot 

form a sirnilar ring opened tautorner. Thw, it is reasoned that the oxidative ring 

expansion of 115 actually involves an oxidative conversion of the ketoaniline 127 to 

the hydroxylamine 128 which undergoes cyclization to give 121 (Scheme 22, path 

b) 



This argument would require that oxidative ring expansion of 131 would 

proceed via the ring-opened keto fom 134 (Scheme 24). The formation of 134 from 

131 would, however, be expected to be substantially less favourable than the 

formation of 127 from 11 5 (Scheme 22) since 134 experiences the unfavourable 

interactions of the parallel dipoles of 1 ,Pdiketone system whereas 1 27 does not. 

Davis' reagent 
TH F/H20 

Scheme 24 



2.2 Reaction of Davis' Reagent with 114 

In any event, it was clear, when the present study was initiated, that the 

desired bicyclic hydroxylamine hemiketal ring system 121 could be generated from 

the pyrrolo[l ,balindole 1 14 in two steps in moderate yieM (Scheme 25). Attention 

was then directed toward developing a more efficient one step process for the 

oxidative ring expansion of the pyrrolo[l,2-alindole ring system, 114 (Scheme 26). 

114 
Scheme 25 

OMe 

114 
Scheme 26 

In light of the observations of Wang and JimeneP with 130, it was felt that 

Davis' reagent might be used to effect the oxidation of the pynolo[l ,Palindole 114 in 

the presence of water to generate the diol 135a via the epoxide 136 in situ and that 

135a would undergo the oxidative ring expansion via the ring opened form 1 35 b to 

give 137 by analogy with our previous report of the conversion of 11 5 to 1 2 1 

(Scheme 27). 



Davis' Reagent 
-_Lt 

Scheme 27: Potential one pot synthesis of 137 from 114 using Davisr reagent as 
the oxidant. 

In practice, however, it was obseived that the product obtained upon reaction 

of the pyrrolo[l,2-alindole 1 14 with the oxaziridine 122 in the presence of water was 

clearly not the ring expanded product 137 (Scheme 28). Analysis of the major 

product by 'H NMR revealed a large number of aromatic signals with a doubling of 

certain signals suggestive of a mixture of diastereomers (see NMR spectnim, Figure 

37, see also Appendix A, pp. 240-242). The mass spectnim contained a molecule 

ion with a mass of 432 rather than the expected molecule ion with a mass of 221. 



Based on the 'H NMR spectrurn and the mass spectrum the structure was tentatively 

assigned as a mixture of addition products incorporating al1 of the atoms of 1 14 as 

well as al1 of the atoms of 122 (Scheme 28). 

37: Proton NMR rpectrum of the major product isolated from the ruaction 
of 114 with Davis' roigent (122). 
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Scheme 28 

2.2.1 Proton NMR Experiments 

Although it was suspected from the outset that the products obtained were 

diastereomers of 138a, the alternative formulations 138b-1 could not be excluded a 

priori. Since chromatographic separation of the components proved difficuk, 

structural analysis by 'H NMR was punued with the mixture of components. In this 

case it proved possible to separate the cornplex overlapping 'H NMR signals from 



the two components into distinct signals for each of the individual hydrogen atoms of 

the two diastereomen using selective TOCSY experiments.03-85 

In a selective TOCSY experiment a signal enhancement is obseived to rnove 

through spin systems over time by the use of a train of pulses of varying rnixing times 

to distribute magnetization from one nucleus to the next in the spin system.85 A 

selective TOCSY involving irradiation at the doublet at 6.39 ppm (Appendix A, page 

245), C(7)-H, of component A resulted in an early appearance of a triplet at 7.07 

ppm, due ta C(6)-H, as well as a later appearance in a triplet at 6.79 ppm. 

corresponding to C(5)-H (Figure 38). That the signal a 6.39 ppm corresponded to 

C(7)-H rather than C(4)-H was suggested by the high field shift characteristic of a x- 

electron rich center adjacent to an aniline type nitrogen. it should be noted that the 

numbering system shown was chosen to be consistent with that which was arbitrarily 

selected for assignment of CO-ordinates of the X-ray crystallographic structures for 

compounds 141 and 143 discussed on pages 72 and 73. 

6 6.39 
Figure 38: Selactive TOCSY with irradiation at 6.39 ppm. 

In a parallel experiment, a selective TOCSY experhent involving irradiation 

of the doublet at 6.53 ppm (Appendix A, page 246), assigned to C(7)-H of component 

B showed an early rise in intensity of a triplet at 7.1 3 ppm, C(6)-H, as well as a later 

rise in a triplet at 6.77 ppm, conesponding to C(5)-H (Figure 39). 



6 6.53 

Figure 39: A selective TOCSY with irradiation rt 6.53 ppm. 

A summary of the TOCSY experiments for the aromatic hydrogens for the two 

components is shown below (Figure 40). 

Component A Component 8 

Irradiation site : 6.39 (td) ppm C(7)-H 6.53 (td) ppm C(7)-H 

Order of Apparance 7.07 (td) ppm C(6)-H 7.1 3 (td) ppm C(6)-H 
ot Signais: 

6.79 (td) ppm C(5)-H 6.77 (td) ppm C(5)-H 

Figure 40 

These two selective TOCSY experiments aided in the clarification of an 

unusual signal et 6.78 ppm, which at first glance appeared to be a 'a quartet of 

doublets". The selective TOCSY experiments clearly showed that this signal was 

composed of two apparent triplets, C(6)-H, from the components A and 8 (Figure 

41). The remaining signals for the C(4)-H's of the two components were identified as 

a doublet at 7.1 4 ppm for component B and a doublet at 7.1 0 pprn for component A 

by difference NO€ experiments which are descnbed below. Thus the aromatic 



hydrogens for compon&s A and 6 could be assigned to specific signals in the 'H 

NMR spectrum of the mixture each corresponding to an ABCD spin system. 

apparent triplet from 
diastereorner A 

observed quartet in 
'H NMR spectrum of 
the mixture of 
diaste reorners 

apparent triplet from 
diastereorner B 

Figure 41: The unurual doublet of a quartet at 6.78 ppm k composed of two 
apparent triplets from the two diasterwmers. 

Attention was then tumed to analysis of the aliphatic hydrogens. On the basis 

of chemical shift, the signal at 3.81 ppm was tentatively assigned to one of the 

hydrogens at C(29). A selective TOCSY experiment with irradiation at 3.81 ppm 

(Appendix A, page 244) clearly shows the initial rise of a multiplet at 3.15 ppm, 

suggesting that the multiplets at 3.81 and at 3.15 are the two hydrogens on C(29). 

Later, there is a rise in intensity of multiplets at 1.78 and 2.28 ppm corresponding to 

the hydrogens on C(28) followed by a rise in intensity of multiplets at 2.82 and 2.40 

ppm, corresponding to the hydrogens on C(27). This experirnent established the 

existence of a continuous chain of three methylene groups in one of the components. 



That this particular trimethylene bridge was that from the so-called component A was 

established by a difference NO€ experiment (Appendix A, page 249) involving 

irradiation of the doublet at 6.39 pprn previously tentatively assigned C(7)-H of 

component A which resulted in an enhancement in the signal at 3.15 pprn (Figure 

42). This NOE experiment also clearly confinned the validity of the tentative 

assignments of the signals at 6.39 pprn and 3.1 5 pprn as C(7)-H and C(29)-H which 

were based initially upon chernical shift reasoning. 

Figure 42 

In a parallel experiment, in which a selective TOCSY experiment was initiated 

by irradiation at 3.61 pprn (Appendix A, page 243), a multiplet at 3.28 ppm arising 

from C(29)-H appeared initially. Over time, two multiplets at 1.88 pprn and 2.36 pprn 

appeared and were assigned to the C(28) hydrogens. Finally the appearance of 

multiplets at 1.94 pprn and 2.78 ppm, corresponding to the hydrogens on C(27) of 

component B was observed. 



This TOCSY experîment established the presence of a continuous chah of 

three methylene groups in the structure of the second component of the mixture. The 

spatial relationship of the chain to the aromatic hydrogens was established by a 

difference NO€ experiment. 

Irradiation of the doublet at 6.53 ppm (Appendix A ,page 249), assigned to 

C(7)-H of cornponent 0, resulted in a NOE enhancement in an apparent triplet at 

7.1 3 ppm, corresponding to C(6)-H, as well as a weak enhancement of a multiplet at 

3.28 ppm, corresponding to one hydrogen of C(29)-H. This observation confirmed 

the validity of the assignments of the C(7)-H and C(29)-H signals which were based 

initially on chernical shift arguments. 

B 
Figure 43 

A summary of the TOCSY experiments for aie aliphatic hydrogens appears 

below (Figure 44). 



Component A Component B 

Irradiation site : 3.81 (m) ppm C(29)-H 3.61 (m) ppm C(29)-H 

Order of Appearance 3.1 5 (m) pprn C(29)-H 3.28 (m) ppm C(29)-H 
of Signals: 

1.78 (m) pprn C(28)-H 1.88 (m) ppm C(28)-H 

2.28 (m) pprn C(28)-H 2.36 (m) pprn C(28)-H 

2.82 (m) pprn C(27)-H 1.94 (m) pprn C(27)-H 

2.40 (m) pprn C(27)-H 2.78 (m) ppm C(27)-H 
Figure 44 

Figure 45 

Thus, these NMR experiments strongly supported the existence of the pari 

structure Z in each component of the mixture (Figure 45). Justification of the 

expansion of the part structure Z to 2' was found in the results of difference NOE 

experiments involving irradiation of the signals from the CH3 singlet from the two 



components (at 1.42 and 1.50 ppm, Appendix A, page 

intensity enhancements in signals at 7.14 ppm (C(4)11 of 

247) which resulted in 

component 8) and 7.1 0 

ppm (C(4)-H of component A). The NMR data descfibed thus far could be 

considered, in qualitative ternis, as being compatible with any of the six regioisomers 

represented by 138a-f (Figure 46). 

H Ph- I 

Figure 46 

The observation of an NO€ enhancement in the doublet at 7.56 ppm arising 

from the benzene sulfonyl group upon irradiation of the singlet at 5.60 ppm 

(Appendix A, page 248) conesponding to the benzylic hydrogen of component A, 

established a close proximity between the benzylic hydrogen and the benzene 



sulfonyl group which is expected for structures 138a, b, c or d but not for structures 

1380 or f. Similady, irradiation of the singlet at 6.40 pprn (Appendix A, page 248) 

corresponding to the benzylic hydrogen of component B resuits in an NOE 

enhancement of an apparent doublet at 7.67 pprn assignable to the C15.9-H's of the 

benzenesulfonyl group. 

A distinction between the remaining possible structures 138a-d becomes 

possible by analysis of the observation that irradiation of the aromatic doublet at 6.39 

pprn (Appendix A, page 249) (assigned to C(7)-H of component A) results in an NO€ 

enhancement in the apparent doublet at 7.56 pprn (assigned to the C(15.19)-H's of 

the benzene sulfonyl group of cornponent A). Of the four structures, 138a-d, the 

spatial proximity necessary to allow for such an NOE effect is found only in 138a. As 

a result, it was concluded that the components A and B were diastereomers of the 

structure 138a. 

If it is reasoned that ring strain affects would strongly disfavour compounds 

with a trans 5/5 ring fusion, the structural possibilities are limited to 1 38a l  and 

138a2 (Figure 47). 

Figure 47: Obsewed NOE enhancements upon irradiation of the signala at 1.42 
and 1.50 pprn of components A and B. 

That component B was represented by structure 138a2 was deduced from 

the observation that irradiation of the methyl singlet at 1.42 pprn (Appendix A, page 



247) resulted in an NOE enhancement in the benzylic hydrogen singlet at 6.40 ppm. 

Consistent with assignment of structure 138a1 to component A was the absence of 

an NOE enhancement for the benzylic hydrogen singlet at 5.60 pprn upon irradiation 

of the methyl group signal at 1.50 pprn (Appendix A, page 247). 

In addlion, the C(4)-H signal of component B (138a2) was assigned to a 

doublet at 7.14 pprn based on the observation of a NO€ enhancement upon 

irradiation of the methyl singlet (C(26)) et 1.42 pprn (Appendix A, page 249). In a 

parallel experiment, the C(4)-H doublet of component A (1 38al) was assigned to a 

doublet at 7.10 pprn based on the observation of an NO€ enhancement upon 

irradiation of the methyl singlet (C(26)) at 1.50 pprn (Appendix A, page 247) (Figure 

48). 

The spectra of the TOCSY and NO€ experiments appear in Appendix A. 

l38al 
(component A) 

l38a2 
(component B) 

Figure 48: Obsewed NO€ enhancemant at 7.14 ppm and 7.10 ppm upon 
irradiation of singleta at 1.42 pprn and 1.50 ppm, respectively. 

2.2.2 Mechanism for the formation of the adduct 138a 

A possible mechanism for the formation of the adduct involves nucleophilic 

attack of the C(3) of the pyrrolo[l,2-alindole 1 14 on the oxygen of Davis' reagent, 

affording a mitterionic intemediate 139 (Scheme 29). This intermediate might then 

cyclize to the observed adduct 138. 



Scheme 29: Possible mechanism for the formation of the adduct via (i zwitterionic 
intermediate. 

We were, however, concemed by the fact that this proposed mechanism 

represented a substantial deviation from the mechanisms of reaction of Davis' 

reagent with nucleophiles. tt is widely believed that Davis' reagent reacts with 

olefins, enamines and enolates via a concerted SN2-like oxygen atom transfer 

mechanism (Scheme 30).*6 This view has been supported by extensive ab initio 

Scheme 30 



In order to ascertain whether the anomalous reaction of 1 1 4 with 1 22 was a 

consequence of unusual reactMty of the pyrrolo[l ,Palindole ring system or a 

general propetty of 2.3-dialkylindoles, reaction of 122 with 2,3-dialkylindole 1 40 

was examined. To explore this possibility, the less strained 2,&dimethyl indoie 1 4 0 

was reacted wïth Davis' reagent. The major product isolated from the reaction 

mixture had a mass of 406 

diastereomers of the addition 

140 
Scheme 31 

and the 'H NMR spectrum suggested a mixture of 

product 141 analogous to 138 (Scheme 31). 

The diastereomen of 1 41 were separated chromatographically and a crystal 

of one of the diastereorners, 141 a, of sufficient quality was grown to allow a single 

crystal X-ray diffraction study (Figure 49). The CO-ordinates and bond angles for the 

X-ray structure appear in Appendix B, page 252. 

Figure 49 



Furthemore, reaction of 

adduct, in this case with a mass 

addition product 143 as a 

cyclopentanoindole 142 with 122 also yielded an 

of 41 8. Again the major product appeared to be the 

mixture of diastereorners (Scheme 32). The 

diastereomers were separated by fractional crystallization and a suitable crystal of 

one of the diastereomers, 143b, was grown for a single crystal X-ray diffraction study 

(Figure 50). The X-ray data appears in Appendix B, page 260. 

Scheme 32 

Figure 50 

Interestingly, the stereochemistry of 141 a corresponds with that of 1 3 8 a 1 

whereas that of 143b corresponds with that assigned to 138a2. Given the 

widespread acceptance of the direct-oxygen atom transfer mechanism, the 



possibility exists that the observed products rnight be produced by a route which is 

not in conflict with the currently accepted mechanism. It was reasoned that it might 

be possible that 11 4 was reacting with Davis' reagent via the oxygen atom transfer 

mechanism to give the epoxide 135 initially (Scheme 33). Ring opening of the 

epoxide 135 followed by reaction with the elimination product 144 in a second step, 

might yield the obsewed adduct 138a. 

Ph 

Scheme 33 

It was necessary to consider means of distinguishing between the two 

possible mechanisms (Le. Scheme 29 verses Scheme 33). In order to obtain 

information by which the two mechanisms might be disthguished, the possibility of 

performing cross-aver experiments was considered. For this purpose, the nitro 

analog of Davis reagent 1 45 was made from the nitro substituted imine 1 4 6 

(Scheme 34). This was then reacted with the indoles: pyrrolo[l,2-alindole (1 14), 

2,3-dimethyl indole (1 40) and cyclopentanoindole (1 42) (Scheme 35). The 



products 147, 148 and 149 were isolated and characterized . 
products 147, 1 48 and 1 49 could easily be disthguished 

It was found that the 

from the analogous 

adducts 138,141 and 143 respectively by the chemical shifts of the C(9)-H signals 

in the 'H NMR spectra. A surnmary of the distinguishing signals in the 'H NMR 

spectra appears in Figure 51. 

Scheme 34 

Scheme 35 



O?& CH 9.04 ppm 

CH 9.12 pprn 

6.39 pprn 
5-59 pprn 

5.90 pprn 
5.40 pprn 

5.91 pprn 
5.58 pprn 

0 H+ CH 5.45 ppm 

0 6 %  

6.68 pprn 
5.74 pprn 

I - 
148 H CH 6.10 ppm 

CH 5.48ppm 

Figure 51: Summaiy ot distinguirhing CH signals in the proton NMR spectn ot 
the adductr. 

ît was fel? that the distinguishing features in the proton NMR spectra of the 

adducts might be utilized in cross-over experiments to distinguish between the two 

mechanisms. Cross-over experiments are often used to distinguish between one 

and two step mechanisms. Consider the reaction of a one to one to one mixture of 



indole 1 14, Davis' reagent 122 and the nitro substituted imine 146. If the one step 

mechanism (Scheme 29) was in operation then analysis of the product distribution 

should show the adduct 138a and unreacted nitro-irnine 146 (Scheme 36). On the 

othei hand, if the reaction progresses through two discrete steps (Scheme 33), then 

the zwitterionic intemediate 150 could react with the imine 144 or with the nitro 

imine 146 to yield a mixture of adducts 138a and 151 (Scheme 36). The presence 

of a mixture of 138a and 151 or the presence of 138a as the only adduct can easily 

be detenined by the examination of the 'H NMR spectnim of the prodocts. 

\ Two Step 

One  tep 

y 2  

Ph 

Scheme 36: Product 

u 

151 
distribution expected in crossgover 



However, prior to canying out the cross-over experiments it was necessary to 

eliminate the possibility of oxygen atom transfer between the oxaziridine 122 and 

the imine 146 (Scheme 37). In pracüce, no oxygen atom transfer was obsewed by 

TLC or by 'H NMR analysis, under the conditions of the cross-over experirnents 

(Scheme 37). 

122 146 
Scheme 37 

A cross-over experiment in which the pyrrolo[l,2-alindole 1 1 4 was reacted 

with the oxaziridine 1 22 in the presence of one equivalent of the irnine 1 46 was 

carried out (Scheme 38). If the adduct was fonned via the zwitterionic pathway 

described earlier (Scheme 29) then only 138 should be fonned. However, if oxygen 

atom transfer mechanism was in operation prior to adduct formation then the reaction 

mixture should contain some of the nitro-analog 151 (cross-product), formed via the 

mechanism described in Scheme 33. In fact, none of the cross-product 151 was 

observed by 'H NMR (Scheme 38). In a complementary experiment, the pyrrolo[l,2- 

alindole (1 14) was reacted with the nitro substituted oxaziridine 145 in the presence 

of one equivalent of the unsubstituted imine 144 (Scheme 38). Again, the cross- 

product, in this case, 138a was not obsewed in the reaction mixture. The observed 

product distribution in both experiments is consistent with the ionic rnechanisrn 



(Scheme 29) and not the cunently accepted SN2-like oxygen atom transfer 

mechanism. 

Scheme 38: Cross-ovei experimentr with the pyrrolo[l,i-alindok 114. 

In addition, cross-over experiments with 2,3-dimethylindole 1 40 were also 

canied out (Scheme 39). In the reaction of 140 with the oxaziridine 122 in the 

presence of the nitro substituted imine 146, the cross-over product 148 was not 



obsewed by 'H NMR. This was also tnie of the cornplementary experiment in which 

2,3-dimethylindole (1 40) was reacted with the nitro subsütuted oxaziridine 148 in 

the presence of the unsubstituted imine 144 (Scheme 39). 

Scheme 39: Cross-over experiments with 2,3-dimethyllndole 140. 

Furthemore cross-ove? experiments involved cyclopentanoindole 1 42 with 

the oxaziridine 122 in the presence of the imine 146 (Scheme 40). Again, none of 



the cross-over product 149  was obsenred in the reaction mixture by 'H NMR and 

similarly, none of the cross-product 143 was observed upon reacüon of 142 in the 

presence of 144. 

Scheme 40: Cross-avar experimrnts with cyclopentanoindols 142. 

The cross-over experiments support the ionic mechanisrn rather than the 

currently accepted SN2-like oxygen atom transfer mechanism. Another possibility 



that was considered was that the reaction was progressing through the oxygen atom 

transfer rnechanisrn to fom the epoxide 135 but that there was a strong association 

of the epoxide 135 with the fomed imine 144 (Scheme 41). This would suggest 

that a larger concentration (10 equivalents) of the imine 146 might result in 

equilibration of complexes between the epoxide 135 and the imines 144 and 146 

which would favour the formation of at least some of the cross product 148. Under 

these conditions, the reaction failed to yield any cross product, consistent with the 

mitterionic mechanism proposed in this work (Scheme 29). - 
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Further experiments which were carried out to probe these mechanistic 

possibilities included the attempted reaction of 152. which might be generated from 

the epoxide in situ, with the N~ulfonylimine 144. The hydroxy indolenine 152 was 

prepared by the method of Oavego (Scheme 42). The adduct 141, expected from the 

one step mechanism. was not obsenmd on reaction of the hydroxy indolenine 1 5 2 



with the imine 144 (Scheme 43). The failure of this reaction to fom the adduct 

suggests that the two step mechanism involving an indole intermediate 150 (e.9. 

Scheme 36) is not in operation. 

1 . OOH 

Sodium 
Dithionite 

152 

Scheme 42: Synthesis of the hydroxy indolenine 152 by the method of 0ave.90 

152 144 
Scheme 43 

Yet another observation which argues against the mechanism shown in 

Scheme 33 is based on the fact that N-sulfonylimines hydrolyze rather rapidly to 

yield the benzaldehyde and benzenesulfonamide (Scheme 44). 

Scheme 44: Hydrolysis of the irnine 144. 



As a result, the presence of an excess of water might be expected to hinder the 

reaction shown in Scheme 33. In practice the reaction of indole 11 4 with Davis' 

reagent in M F  containing a large excess of water proceeded smoothly to yield the 

addition product 138a just as was observed in the absence of water (Scheme 45) 

P ~ S ~ O '  

Scheme 45 

Hz0 

In conclusion, the likely mechanism for the formation of the adduct is the ionic 

mechanism (Scheme 29) via the zwitterionic intemediate. It also seerns likely that 

enamines and enolates, which are expected to be more nucleophilic than indoles, 

react with Davis' reagent via an ionic mechanism (Scherne 45). 

122 

path b 



The above resuits also suggest that the mechanism requires further 

investigation. Also, the results obtained in this work, as well as that in the literature. 

may represent extremes and that reaction of many compounds with Davis' reagent 

may progress by a mechanism between the two extremes. Examination of the ab 

initio orbital studies revealed that the authors87-ag uülized a simplified analog of 

Davis' reagent due to the intensive nature of the calculations. This simplified model, 

lacking the phenylsulfonyl group and the phenyl group, may not be a sufficiently 

accurate model (Figure 52). 

Figure 52 

Our intention originally had been to develop a method for the oxidative ring 

expansion of mitomycin-like structures to structures related to FR-900482. The 

successful development of a two step method, naturally lead to the investigation of 

more efficient methods. However, the anomalous reaction of Davis' reagent with 

indoles directed efforts away frorn this aim. It may still be possible to develop a 

single step transformation of pyrrolo[l,2-alindole 1 1 4 ta the ring expanded product 

137 by utilizing other oxidants such as dimethyldioxirane as the oxidant instead of 

Davis' reagent. 

Work by Adam et al. gr and by Zhang and Foote92 has shown that a variety of 

N-acylindoles 153 can be efficiently oxidized to the indole epoxide 154 with 

dimethyldioxirane (DMD) in acetone at - 7 8 ' ~  (Scheme 46). Under these conditions, 

it should be possible to oxidize pyrrolo[l,2-alindole 1 14 to the epoxide which under 

aqueous conditions might yield 137 (Scheme 47). Further oxidation rnight then 

provide the desired ring expanded product 120c. Currently, work in this area is 

being explored in this laboratory. 



DMD, acetone 

CH2C12, -78'C 1 

Scheme 46: Oxidation of N-acylindole 153 with dimethyldiorirane. 
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Chapter 3: Synthetic Studies Toward Prekinamycin 

The proposal that the kinamycins (3) undergo bioreductive activation10 

similar to that established some time ago for the mitomycins (l)iovlsvm and more 

recently for FR-900482 (2)13*45 prompted US to pursue synthetic studies related 

to the kinamycins in parallel with Our studies related to FR-900482 (2). 

3 
Ianamyc-ns 

Figure 53 

Since prekinamycin (77) had been proposed as a key intermediate in 

the biosynthesis of the kinamycins62-65.67.93, it was felt that it would serve as a 

suitable preliminary target in the development of synthetic methodology which 

might be adapted to the total synthesis of the kinamycin antibiotics. 

Figure 54: Prekinamycin is a key intermediate in the biosyntherir of the 
kinamycin antibiotics. 

Previous m0d8l studies in this laboratory established that the A-ring of 

the kinamycin system might be constructed through a regioselective Diels-Alder 



reaction between an N-cyanoindole-4,7-dione and a suitable diene such as 1- 

methoxy-l,3-cyclohexadiene (Scheme 48). 

The use of 7 -methoxy-l,3-cydohexadiene (1 55) as a Diels-Alder diene 

for construction of naturally occurring quinones was first reported by Birch and 

Butler94 and has since been employed by others in natural products synthesis. 

A notable example is the synthesis of daunomycinone by Kelly and CO- 

The introduction of a methoxy substituted fused benzenoid ring using this 

approach involves Diels-Alder cycloaddition with a pquinone 156 as a 

dienophile. The adduct 157 so produced is stable but can be induced to 

eliminate ethylene thermally after oxidation to the pquinone system 1 5 8 

(Scheme 48). 

OMe O 

Scheme 48 

The key to the utility of this approach in natural product synthesis is the 

regioselectivity of the cycloaddition process. A high degree of regioselectivity 



has been obsewed with a number of unsymmetncal quinones such as juglone 

below96 (Scheme 49). 

q+@ \ -& 
OMe O OH Me0 O OH 

155 159 

Scheme 49: Reaction of 155 with juglone (159). 

It was not clear at the outset of this study whether or not the cycloaddition 

would occur with the desired regioselectivity and it was anticipated that the 

preparation of selectively halogenated analogues of 160 might be necessary to 

control the regioselectivity as has been done by Boisvert and Brassard97 for the 

cycloaddition of other quinones. MOPAC calculations were carried out for the 

dione 160 and the diene 155 using the AM1 Hamiltonian with full geornetry 

optimization. The molecular orbital (m.0.) coefficients so obtained for the HOMO 

of the diene 155 and for the LUMO of the dienophile 160 were then analyzed 

in the context of frontier molecular orbital (FMO) interactions. Prirnary orbital 

interactions were assessed employing the m.0. coefficients of the HOMO of 1 5 5 

at the termini of the diene systern (C(1) and C(4)) and of the LUMO of 160 at the 

termini (C(6') and C(5')) of the dienophile. As shown in Figure 55 below, the 

difference in the coefficients at C(l) and C(4) of 1 55 as well as at C(6') and 

C(5') of 160 is sufficiently small that a prediction of regioselectivity was not 

possible on this basis alone. However, when secondaiy orbital interactions are 

considered, namely interactions of the HOMO of the diene 1 55 (C(2) and C(3)) 

with the LUMO of the dienophile 160 at the carbonyl carbons (C(7') and C(4')), 

a more significant difference in coefficients is noted and a regiochemical 

preference for the desired isomer is predicted based on an assumption that the 



predominant regioisomer will anse from a transition state involving interaction of 

the 

the 

larger of the secondary orbital coefficients for the diene (C(2) of 155) and 

dienophile (C(7') of 160). 

HOMO 

1 4.4905 

2 4.4343 

3 4.3794 

4 4.4940 

Figure 55 

In practice, the N-cyano-2,3-dimethylindole-4,7aione, 160, was found to 

react with complete regioselectivity to generate the adduct 161 (Scheme 50) in 

agreement with the prediction outlined above. 

155 160 

Scheme 50 



Arornatization of the A ring in this strategy required an oxidation of the 

1,Gdiketone 161 to a pquinone which couM then be induced to undergo a 

retro Diels-Alder expulsion of ethylene upon heating in a process analogous to 

that described above (Scheme 51 ). 

Scheme 51 

The oxidation procedure involved generation of the dienolate of 162 by 

treatment of 161 with two equivalents of strong base (NaH in this case) 

followed by reaction with silver oxide (Ag20). In the model study with the dione 

161, the enolate fomiation/oxidation sequence was only partly successful in 

that a substantial degree of decyanation was obsewed (Scherne 52). 



161 

Scheme 52 

Although, cyanation of 163 to fom 164 was a feasible approach to 

improving the yield, it was clear when the present study began that this 

particular step of the sequence would require sorne modification if this 

approach to the kinamycins was to be an efficient synthetic strategy. 

Furthemore, the fact that potentially enolizable functionality might be present in 

the D-ring precursor suggested that the B-ring oxidation strategy would require 

some revision. 

For the present study, it was decided that by analogy with the model 

study outlined above, the construction of prekinamycin system might be effected 

via a quinone such as 166 which incorporates a D-ring precursor appropriately 

fused to the 6, C-ring synthon (Figure 56). 



Figure 56 

A retro synthetic analysis of the synthetic strategy toward prekinamycin 

employed in this work appears below (Scheme 53). 

prekinamycin 

165 
Scheme 53 

A number of potential strategies to 165 were considered including the 

Fisher lndole synthesis approach outlined in Scheme 54. Preliminary studies 

by G. Weeratunga in this laboratory demonstrated that the yields in the 

cyclization step were very poor. 



OMe 0 

OMe 

OMe 

very poor yield 

Scheme 54 

An alternative approach involving construction of the D-ring from an 

acyclic B, C ring precursor via an indole-2,3-quinodimethane was also briefly 

explored by O. Jakiwczk in this laboratory (Scheme 5 9 . s  The tendency of the 

N-cyano-indole-2,3--quinodimethane to dimerize rather than undergo Diels- 

Alder trapping with an appropriate dienophile made the approach unacceptable 

(Scheme 55). 

Scheme 55 



In the present study the construction of the BCD ring synthon was 

pu rsued via a Heck-type palladium catalyzed cyclization .53~99 A retro synthetic 

analysis of the strategy appears below (Scheme 56). 

OMe OMe 

Scheme 56 

Acid catalyzed condensation of o-anisidine 166 with commercially 

available 5-methyl-l,3-cyclohexanedione which exists essentially completely in 

the enol fomi 167 gave the enaminoketone 168 in 86% isolated yield (Scheme 

Q H  + 
toluene - 9- Q 

OMe HO CH3 pTSA 
N CH3 

A 
OMO 

166 167 168 
Scheme 57 

After some experirnentation it was found that heating the enamine 1 6 8 

with an equivalent of palladium acetate in refluxing acetic acid produced the 

desired tricyclic systern 169 in 64% isolated yield (Scheme 58). 



Scheme 58 

Although this sequence provided adequate quantities of 169 for the 

present synthetic purpose, it was recognized that this synthetic step was less 

than ideal given the expense associated with the use of an equimolàr amount of 

palladium acetate in larger scale reactions. it was planned that refinements of 

this step would be pursued at a later stage once the rernainder of the synthetic 

route from 169 to prekinamycin was explored. In particulat, it was intended that 

the iodoenarnine 170 would be produced from 3-iodo-o-anisidine (1 71 ) which 

has been prepared by Clive and coworken1oo in their synthetic studies aimed at 

Fredericamycin. Cyclization of 170 should, in principle, be possible with a 

catalytic amount of palladium acetate, since no overall change in oxidation state 

of the palladium occurs in this cyclization, unlike the situation with 168 which 

cyclizes to 169 with overall reduction of pd2+ catalyst to pd0 (Scherne 59). 

Pd(0Ac)p (cat.) 

Scheme 59 



Previous studies in this laboratory (H. Damude, unpublished 

observations) have shown that oxidation of N-unsubstituted methoxyindoles 

leads to dimeric products which have not been fully characterized. As a result, 

N-cyanation of 169 was camed out pnor to oxidation to the quinone. 

Previous work in this laboratory had established that cyanation of 2,3- 

dialkylindoles with cyanogen bromide gave poor yields of the N-cyanoindole 

accompanied by highly coloured byproducts possibly arising from initial 

electrophilic attack at the 8-carbon of the indole ring to yield 3-bromo (or 3- 

cyano)indolenines known to decompose to similarly coloured oligomeric 

products. On the other hand, phenyl cyanate (172), produced from phenol 

(1 73) and cyanogen bromide as shown below (Scheme 60), was found to react 

srnoothly with N-sodio indoles, produced by reaction of the 2,3-dialkylindole 

with sodium hydride, to give good yields of the corresponding N-cyanoindole. 

pentane 

EbN 

Scheme 60: Preparation of phenyl cyonate 

In the present study, the increased acidity of the N-H of the 4-keto- 

1,2,3,4-tetrahydrocarbazole 169 led us 10 explore the use of a much weaker 

base, triethylamine, in the cyanation process. With THF as the solvent, this 

procedure gave low yields of the N-cyanoindole accompanied by a substantial 

amount of recovered starting material (Scheme 61). The use of a more polar 

aprotic solvent, DMSO, however, gave an excellent (94%) yield of the N-cyano 

product 174 (Scheme 62). 
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Scheme 62 

The oxidation of indole 174 to the indoloquinone 165 was effected 

smoothly with ceric ammonium nitrate in aqueous acetonitrile (Scheme 63). 

CAN * 
H20 / Acetonitrile 

I t 
CN 

R 
OMe 

174 
7% 

Scheme 63 

The success of the rernainder of the synthesis depended critically on the 

degree of regiochernical control which was to be observed in the cycloaddition 

of 155 and 165. It was hoped that the presence of the keto functionality in 1 65 

would not perturb the m.0. coefficients in the WMO of 165 relative to those 

observed in 160 so as to diminish or reverse the desirabh regioselectivity 

observed for the model reactions of 160 and 155 described above. 



155 165 
Scheme 64 

To confirm this, MOPAC calculations with full geometry optimization 

using the AMI parameter set were perfomed on both the indobquinone 165 

and the diene 155. The calculations were executed on a SGI 4D25TG 

workstation using MOPAC 6.0 as contained in the molecular modeling program 

SY BY L 6.1 (Tripos Associates). The coefficients O btained from these 

calculations were employed in frontier molecular orbital (FMO) analysis to 

predict the regioselectivity of the reaction. 

The stereo representation of the structure of 155 submitted for geometry 

optimization appears in Figure 57. The structure of 1 55 was energy minimized 

with the Maximin2 Force Field in the Sybyl program prior to submission for 

MOPAC geometry optimization and coefficient calculation. 

Figure 57: Stereo representation of 155 prioi to MOPAC geometry 
optimization. 



A stereo representation of 1 65 before geometry optimization appears in 

Figure 58. Note that 165 was also energy minhized with Maximin2 prior to 

submission for MOPAC calculations. 

Figure 58: Stereo representation of 165 before MOPAC geometry 
optimization. 

The geornetry optimized stereo structure of diene 155 with the HOMO 

coefficients for the relevant carbons appears in Figure 59 and the geometry 

optimized stereo structure of 1 65 with the LUMO coefficients for the relevant 

carbons appears in Figure 60. 



Figure 59: Geometry optimized stweo structure of diene 155 with the 
HOMO cwfficients for the relevant carbons. 

Carbon# 
1 
2 
3 

Figure 60: 

HOMO 
Coefficients 

0 A9664 
0.34271 A 

-0.48735 

1 LUMO 
carbon# 1 Coefficient 

Geometty optimized store0 structure of quinone 184 with the 
LUMO coefficients for the relevant carbons. 

In considering only the primary interactions in FM0 analysis, the 

coefficients are those (C(1) and C(4)) of the HOMO of the diene 155 (0.49664 

and -0.42759, respectively) (Figure 59) and those (C(2) and C(3)) of the LUMO 



of the quinone 1 65 (0.33905 and -0.29886, respectively) (Figure 60). Match ing 

the large-large and small-small coefficients as predicted by FM0 analysis 

results in the production of the Diels-Alder reaction with the desired 

regioselectivity (Scherne 65). Since the difference between the large and srnall 

coefficients is quite small for both the diene and the quinone, however, the Crst 

order FM0 analysis predicts that the regiochemical preference would not be 

large. 

O O 

Me' 

155 165 175 (Major) 

Scheme 65: Conridaring primary orbitcil interactions only in the FM0 
analysis. 

This observation led us to include secondary orbital interactions in the 

FM0 analysis. The coefficients appropriate for secondary orbital analysis are 

those (C(2) and C(3)) of the HOMO of the diene 155 (0.34271 and -0.48735, 

respectively) (Figure 59). These two coefficients show a much greater 

difference than was observed for the coefficients employed in analysis of the 

primary orbital interactions. In the quinone the appropriate coefficients are 

those at C(l) and C(4) of the LUMO (0.28930 and -0.36156, respectively) 

(Figure 60). Again, there is a larger difference between the coefficients involved 

in secondary interaction than was obseived with the coefficients involved in 

primary orbital interactions. Matching the large-large and small-small 

coefficients involved in secondary orbital interactions, leads to the prediction 

that the Diels-Alder reaction would be expected to proceed predominantly with 



the desired regio-isomer (Scheme 66). Hence, it is predicted that the effects of 

the primary and secondary orbital interactions reinforce one another. Since the 

effects of primary orbital interactions and of secondary orbital interactions lead 

to the same prediction of regiochemical preference, we were confident that the 

regiochemical control found in the mode1 reaction of 155 and 160 would also 

be observed for the reaction of 155 and 165. 

155 165 
Scheme 66: Considering secondary orbital interactions only in FM0 analysis 

In practice, the diene 155 was obsewed to react with quinone 165 to 

give, after recrystallization from THFhexane, an off-white solid in 89% yield 

(Scheme 67). The IR spectrum showed a strong band at 2257 cm" 

corresponding to the cyano group and the rnass spectnim showed a rnolecule 

ion of 364. This product was assumed to be a mixture of diastereomen 175; 

but, the regioselectivity of the reaction was not established unambiguously at 

this point in the study. 

155 165 
Scheme 67 



The next stage of the synthetic plan involved the conversion of the 1,4- 

dione 175 into the corresponding p-quinone 176 in preparation for the thermal 

expulsion of ethylene to give 177 which incorporates the desired aromatized 

form of ring A of the kinamycin system (Scheme 68). 

Me Me 
P l  ------ 

Scheme 68 

L ethyiene 

As indicated earlier (see page 92), this oxidation process proved to be 

problematic in that treatment of the dione with two equivalents of NaH followed 

by oxidation with silver oxide yielded a substantial amount of decyanated 

product in addition to the desired N-cyanoindoloquinone. We expected that we 

would be forced to var- the reaction conditions (e.g. using lower temperature 

andor a different strong base) to improve this process. During the course of 

spectroscopie characterization of 175, however, it was discovered that some, 



but not all, samples of 175 in CDC13 underuvent cornplete conversion to a new 

less polar product isomeric with 175 as indicated by 'H NMR, TlC and mass 

spectrometric analysis. The appearance of two one-proton singlets at 9.80 and 

9.05 pprn in the 'H NMR of this product as well as a band at 3307 c d  in the IR 

spectrum were compatible with the assumption that this new isomeric product 

was the hydroquinone 178 (Scheme 69). 

The variability in the tendency of CDCI3 solutions to catalyze this 

transformation was traced to the use of CDCI3 from different containers and 

strongly suggested that the process being observed was an acid catalyzed bis- 

enolization mediated by traces of DCI present from the air oxidation of CDCI,. L 

was found that this same transformation could also be effected with anhydrous 

HCI in CH2CI2 solution (Scheme 69). The essentially quantitative formation of 

178 was potentially very useful, since, if oxidation of 178 ta 176 could be 

effected smoothly while avoiding enolate formation, the decyanation problem 

observed in the oxidation of the model might be avoided in the present 

sequence. This tendency to enolize was not observed in the model studies with 

,Me 
DCI (or HCI) 

CD& (or CH2CI2) 

quant. 

175 17 8 
Scheme 69 

Conversion of the hydroquinone 178 to the quinone 176 followed by 

themolysis could give the appropriately substituted aromatic system 1 77, 

under relatively mild conditions (Scheme 70). 



Scheme 70 

Attempts at coupling the enolization of the diketone 175 wRh oxidation of 

the hydroquinone 178 in an oxygen atmosphere, in either deuterochlorofomi 

or in DMSO failed to generate the quinone 176 (Scheme 71). The diketone 

was successfully transfomed to the hydroquinone; however, the hydroquinone 

178 remained unchanged even when oxygen was bubbled through the 

reaction mixture (Scheme 71 ) . 

\ 

OMe O CN 

DCI 

COCI3 

quant. 

Scheme 71 



In parallel with studies aimed at generating the quinone 176 via 

oxidation of the hydroquinone 178, were studies aimed at producing the 

quinone 176 directly from the diketone 175. To this end, the diketone 175 was 

refluxed in t-butanol in the presence of selenium dioxide, which had no 

observable effect on the substrate (Scheme 72). 

No Reaction 

M e' 
1 75 

Scheme 72 

It is well known that certain cobalt complexes such as salcomine will 

oxidize substituted phenols and hydroquinones to quinones under mild 

condition~.1*1-~Q3 These cobalt complexes are appealing as oxidants since only 

a catalytic amount is necessary, making isolation of the product relatively 

simple. The hydroquinone 175 was stirred at room temperature in th8 

presence of 10 mol% of salcomine in methanol with an oxygen atmosphere. 

Unfortunately, no reaction was obsewed . Replacement of salcomine with 

another cobalt cornplex 175a102, known to oxidize hydroquinones, also had no 

discemible effect (Scheme 73). 



Me saicornine (lû?h) 

1 MeOH 
,O OH CN 

O2 

No Reaction 

No Reaction 

Scheme 73: 

Eventually it was found that reaction of the hydroquinone 175 with DDQ 

in methanol at room temperature yielded a mixture of products (Scheme 74) 

from which the desired quinone 176 could be isolated as a minor product 

(22%) (Scheme 74). 

Scheme 74 

Fuither study revealed, however, that the yield could be markedly 

improved by utilizing a water/acetone mixture (5% water in acetone) as the 

solvent and carrying out the reaction at -78'C. )*5 Under these conditions the 

quinone 176 was obtained as a bright yellow solid in 93% isolated yield from 

the diketone 175 (Scherne 75). 



quant. 1 1  i 
,O 0 H CN 

93% from 191 
1 76 

Scheme 75 

Refiuxing the quinone 176 in xylene resulted in aromatization of the A 

ring with a concomitant loss of ethylene as expected based on the model 

studies described above (Scheme 76). Recrystallization of the product from 

THFlhexane yielded 177 as a bright yellow solid in 94% yield from 176. The 

mass spectrum showed an M+ ion of 334. The observation of a strong singlet at 

2256 cm-' in the IR spectrum of 177 indicated that the cyano substituent had 

remained intact. The following signals, observed in the aromatic region of the 
1 H NMR spectrum: 7.89 (dd, J=7.7, 1.1 Hz. IH), 7.73 (dd, J=8.4,7.7 Hz, 1H) and 

7.34 (dd, J=8.5, 0.9 Hz), were consistent with the structure shown. 



Scheme 76 

Attention was then tumed to the aromatization of the D ring. During the 

course of this work O'Sullivan et al. Io, reported that in their approach to the 

prekinamycin ring system the related systern 179 could be converted to 1 8 0 

(Scheme 77). However, removal of the N-benzyl protecting group was not 

reported. It was felt that refluxing in dioxane in the presence of DDQ would also 

effect the desired aromatization of 177. 

179 
Scheme 77 

Unfortunately, under identical reaction conditions 177 remained 

unchanged suggesting that the strongly electron withdrawing cyano substituent 

was hindering the aromatization of the D ring which may require hydride 

transfer to DDQ generating a carbocation intemediate (Scheme 78). Attention 

was then tumed to the possibility that 0-ring aromatization might be achieved 

by first introducing a halogen atom (e.g. bromine) somewhere in the D-ring to 

give 182, followed by €2 elimination and tautomerization of 1 83 to the phenol 

181, as shown in Scherne 79. 



OMe O CN 

Scheme 78 

Me Me 
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Scheme 79: Proposed strategy for D-ring aromatization. 

However, halogenation attempts with NBS in refluxing benzene or with NBS 

under photolytic conditions failed to yield any halogenated material (Scheme 
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Scheme 80 

Halogenation of 177 with copper(l1) bromide under conditions reported to yield 

halogenated ketones suitable for aromatization in the synthesis of polyaromatic 

natural products (personal communication from S. J. Gould), in a mixture of 

chloroforrn and ethyl acetate at room temperature yielded an intractable mixture 

of products (Scheme 81 ). 

intractable mixture 

Scheme 81 

As a result of constraints in material supply, 174 was utilized as a model 

of 177 in many of the following reactions (Figure 61). 

Figure 61 



Reaction of 174 with cupric bmmide at -78'C resulted in a cleaner reaction but 

yielded only a small amount of the desired halogenated product 184 along with 

unchanged starting material (Scheme 82). 

Scheme 82 

Reaction of 177 with cupric bromide under the same conditions gave a 

5% yield of the desired halogenated material 185 (Scheme 83). This 

halogenated compound was then subjected to reaction with a non-nucleophilic 

base, DBU, to yield an extremely insoluble product which was judged to be a 

mixture of compounds by TLC analysis. The formation of highly insoluble 

materials suggests that the desired aromatization might have occurred, but that 

the phenolic hydroxyl group might require some fom of protection in situ to 

make the system more soluble. 

insoluble 
inseparable mixture 
of compounds 

Scheme 83 



It was expected that the phenol 181 might exhibit low solubility 

properties since prekinamycin has been repoited to be very poorly soluble in al1 

organic solvents. As a result, it was possible that at least sorne of the insoluble 

product was the desired product. However, since only small amounts of 1 84 

and 185 were available as a result of the poor yield in the bromination step, 

further exploration of the approach was abandoned. 

As an alternative approach to aromatization, Ï t  was fe l  that heating of 

777 with DDQ in the presence of a weak base might favour an equilibriurn with 

the enolate of 186 which might then more easily react in a hydride transfer 

reaction with DDQ leading to the formation of the stable aromatic systern of 

prekinamycin (Scheme 84). In practice heating 177 in dioxane at reflux with 

DDQ and DBU ieft the staiting material unchanged (Scheme 84). 

e 
Dioxane 

Scherne 84 



The possibility that the enol generated in situ with acid catalysis, rnight 

be aromatized more easily was then explored (Scheme 85). The mode1 

compound 174 was stirred at roorn temperature in a mixture of water and 

dioxane containing pTSA monohydrate. ft was felt that any mol forrned in the 

reaction mixture would aromatize when DDQ was added. Under these 

conditions a complex mixture of products was obtained. Alteration of the 

conditions by including hydrochloric acid instead of pTSA had no discernible 
- 

effect on the product distribution as indicated by TLC. 
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Scheme 86 



Attention was then tumed to the possibility that the desired transformation might 

yet be effected if canied out in a stepwise manner involving trapping of the mo l  

intermediate which might then be aromatized under mild conditions (Scheme 

87). 

I \ 

OMe CN 

OM* CN 

Scheme 87 

I 

OMe CN 

One such possibility was to trap the m o l  as a silyl ether which could be easily 

converted to the phenol after aromatization. In this vein, the model compound 

174 was treated with TMSCl with triethylamine and sodium iodide (Scherne 

88). However, under these conditions the starting material remained 

unchanged. 
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Scheme 88 

Another plausible method for formation of the enol of 174 involved the 

utilization of a strong base at low temperatures, which would yield an enolate 

which might then be trapped (Scheme 89). Once trapped, the enol could then 

be arornatized with subsequent deprotection. 

Strong base 
* - - - - - - - - - - +  

low ternp. 
I 

OMe CN 

Scheme 89 

lt was felt that LDA would serve as a suitable base for formation of the enol 

which could be trapped with TMSCI. Under these conditions, only starting 

material was isolated from the reaction mixture. However, when the reaction 



was carried out at -78'C and then brought up to room temperature to stir, 

unchanged starting material as well as decyanated material was obtained. 
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Scheme 90 

The failure to generate the TMS enol ether under basic conditions led us 

to consider the possibility of the use of acid catalysis to f om the en01 acetate 

rather than a TMS en01 ether. lsopropenyl acetate (1 87) in the presence of an 

acid catalyst is known to react with ketones to form enol acetates.105 

Scheme 91 

Reaction of the model system 174 with isopropenyl acetate (1 87) in rnethylene 

chloride with a catalytic amount of sulfuric acid (12 M) yielded a mixture of 

starting matenal as well as 188 (-2%) (Scheme 92). Waming of the reaction 

mixture did not alter the product distribution dramatically. Extension of reaction 



times also had no effect on the product distribution. This behaviour was 

suggestive of an equilibrium in which the starting materiai was favoured 

(Scherne 93). 
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\ 

CN OMe 

Scheme 92 

Although complete formation of the enol acetate was not achieved. it was felt 

that this process could still be useful for our purpose if DDQ was reacted with 

the enol acetate as it was produced in situ (Scheme 93). 

DDQ 

I 
OMe CN 

Scheme 93 

Reaction of the model compound 174 

solvent with a catalytic amount of sulfuric acid 

in isopropenyl acetate as the 

and an equivalent of DDQ at 



room temperature, yielded cleanly a product for which the 'H NMR spectrum 

included three singfets at 4.06, 2.58 and 2.51 ppm, with integrations of three 

protons each. The low resolution mass spectrum which showed a molecule ion 

of 280 and the elemental analysis were both consistent with the aromatized 

system 189 (Scheme 93). The IR spectrum showed bands at 2250 and 1678 

cm-'. 

Under the same conditions, the fully substituted system 1 77 yielded two 

products. The major product (61%) was a bnght yellow solid for which the mass 

spectrum showed a M+ ion of 374. The proton NMR contained three proton 

singlets at 4.04 ppm, 2.56 ppm, and 2.53 ppm. The spectroscopie data was 

consistent with the desired aromatic ring system of prekinamycin 190 (Scheme 

94). The minor product (32%) lacked the IR signal attributed to the cyano 

functionality and had a signal at 3252 cm-' indicative of an indole N-H. 

Furthemiore, the mass spectrum showed an M+ ion of 348. The structure was 

assigned as the aromatized decyanated material 191 (Scheme 94). 
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Scheme 94 



Reaction of the decyanated material 191 with phenyl cyanate and 

triethyfamine yielded 190 in 88% isolated yield (Scheme 95). 
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Scheme 95 

The formation of 190 rather than the corresponding phenol proved to be 

useful since the solubility properties of 190, unlike those expected for the 

phenol, were well suited for purification and spectroscopic characterization. 

The synthesis of 190 in nine steps and 21% overall yield from 5- 

methylcyclohexane-l,3-dione essentially represented the achievement of our 

goal in this area; namely, the development of a synthetic strategy for the 

construction of the structure assigned to the prekinamycin ring system which 

might then be adapted to the preparation of the more complex kinamycin 

antitumour antibiotics. 

At this stage of the study it was expected that the total synthesis of 

prekinamycin itself would be achieved in one step by demethylation and 

deacylation of 190 with a suitable Lewis acid catalyst such as Bk3. However, 

we were dismayed to find that the spectroscopic characteristics ('H & 13c NMR, 

IR) of 190, as prepared in this laboratory, were very different from those 

reported for prekinarnycin diacetate." l e s e  observations led us, initially, to 

question the structure assigned to Our synthetic product and, eventually, to 

propose a revised structure for the natural product and for al1 the kinamycins. 

These analyses are described in detail in the next chapter. 



Chapter 4: spectroscopic Cornparison of 190 with the 
Diacetate Derivative of Prekinamyci n 

As indicated in Chapter 3, the pleasure in having achieved the synthesis 

of 190 was relatively short-lived since it was soon recognized that the 

differences in physical and spectroscopic properties between 190, as prepared 

in this laboratory, and prekinamycin diacetate, as described by Gould and 

coworkers61, were incompatible with the minor differences in the structures 

assigned to them. 

For example, the kinamycins are described as purple solids and the 

diacetyl derivative of prekinamycin is dark red. The synthetic product 190, on 

the other hand, is a bright yellow solid. Furthemiore, cornparison of the 'H NMR 

spectrum of 190, synthesized in this laboratory, with that of the proton spectrum 

of the diacetyl61 derivative of prekinamycin shows marked differences. The 'H 

NMR signals for 190 and 79 are summarized below (Figure 62). 



'signal (190) 

2.53 (3H, s) 
2.56 (3H, s) 
4.04 (3H, s) 
7 -04 (1 H, br s) 
7.37 (1 H, dd, 3 = 1.1, 8.5 Hz) 
7.47 (1 HI br s) 
7.75 (IH, dd, J = 1.1, 8.5 Hz) 
7.86 (lH. dd. J = 7.7. 8.5 Hz) 

I~ssig.  
2'(CH3 
4' (O Ac) 
8'(OAc) 
1 '  
7 
3 '  
5 
6 

- - - - - - - - -  - -  

Signal (79) 
J 

2.46 (3H, s) 
2.49 (3H, s) 
2.48 (3H, s) 
6.84 (IH, d, J = 1.2 Hz) 
7.14 (IH, dd, J = 1.1, 7.4 Hz) 
6.95 (IH, br. s) 
7.52 (1 H, dd, J = 1 -1, 7.2 Hz) 
7-34 (IH, dd, J = 7.4, 7.0 HZ) 

Figure 62: Proton NMR rignak and assignmentt for 190 and prekinamycin 
diacetate. 

It was expected that the signals for protons in the A ring of 190 and 7 9 

would differ somewhat, since the C8 hydroxy protecting groups are different. 

However, the C4'-OH protecting groups are the same in these structures and it 

was unlikely that signals for the D-ring protons would be affected greatly by the 

differences in the C8-OH protecting groups in the structures. Suprisingly, the 

signals in the 0-ring of 190 and 79 are considerably different. The signals for 

Cl' and C3' of structure 190 appear at 7.04 ppm and 7.47 ppm, respectively, 

whereas, for the corresponding catbons of 79, the signals appear at 6.84 ppm 

and 6.95 pprn. 

In addition, there are large differences in the 13c spectra of the two 

cornpounds.6~ In particular, the cyano functionality gives n'se to a signal at 1 05 

pprn for 190, whereas the cyano rnoiety was assigned to a signal at 83.71 ppm 

in the diacetyl derivative 79.6' These significant differences clearly could not 

be explained by the minor differences in protecting groups in the A ring. 



Clearly, the assignment of structure 190 to our synthetic product was 

incompatible with the previous assignment of structure 79 prekinamycin 

diacetate. 

It was widely recognized that the structures of the kinamycins were based 

on extensive spectroscopic analysis and correlations with the structure and 

spectroscopic properües of kinamycin C. a derivative of which had been 

analyzed by single crystal X-ray diffraction. As a result, our first thoughts 

conceming this dichotomy were directed at the possibility that the Diels-Alder 

reaction in our synthetic sequence had occurred with a different regioselectivity 

than was predicted based on our rnodel study and on FM0 analysis. f o  explore 

this possibility, attempts were made to obtain suitable crystals of intenediates, 

subsequent to the Diels-Alder reaction, for X-ray crystallography. Surprisingly, 

the only intermediate that yielded suitable crystals was 178 (Figure 63), which 

is a diastereomeric mixture (Figure 64). The diastereomeric forms appear to 

exhibit equal occupancy of sites in the crystal lattice and negligible differences 

in atomic CO-ordinates for the B, C and D ring atoms. The CO-ordinate data for 

the X-ray structure of 178 appears in Appendix B, page 272. The X-ray 

structure clearly demonstrated that the Diels-Alder reaction had progressed with 

the expected reg ioselectivity . 



Figure 63 

Figure 64: ORTEP plots of the two dkstrreomeiic fomr of 178. 

As a result, we were confident that the structure 190 assigned to our 

synthetic end product was indeed correct and we were thus forced to consider 



the possibility that the structures of prekinamycin and its diacetyl derivative had 

been rnisassigned. f o  explore this possibility further, a careful analysis of the 

spectroscopic data previously reported for the kinamycins and those of the N- 

cyanoindoles and N-cyanoindoloquinones prepared in this laboratory in model 

studies and in the present synthetic investigation was undertaken. 

The I3c resonance of each of the N-cyano group of 22 N-cyano indoles 

prepared unambiguously in this laboratory, falls in the range from 104 ppm to 
13 109 ppm; whereas, the C signal assigned to the Ncyano group of the 

kinamycins including prekinamycin, falls in the range from 78.5 ppm to 83.7 

ppm. In addition, the range for the stretching frequency of the N-cyano group is 

2237 to 2259 cm" in the IR spectrum for the N-cyanoindoles prepared in this 

laboratory, whereas the IR bands assigned to the N-cyano group of the 

kinamycins range from 21 19 to 2170 cm-'. lt was clear that the most significant 

differences between 190 and prekinamycin diacetate 79 occur in the region of 

the cyanamide functionality and, hence, further structural analysis was focused 

in this area. 

4.1 "N and NMR Experirnents 

Our suspicion that the kinamycins might not ôe N-cyanoindoles was 

further supported by the resuls of analysis of "N chemical shifts of mode1 

compounds 160 and 192 prepared previously in model studies in this 

laboratory (Figure 65). 



160 
Figure 65 

1 13 The connectivities of 160 were established by W C long-range HMQC 

experiments, the results of which are shown as double headed arrows in 

( 'H chemical shift ) [ '% chemical shift ] 
1 

Figure 66. The 13c and H assignrnents alsa appear in 

( 'H chemical shift ) [ '% chmical shift ] 

Figure 66. The structure of 192 was established with complet0 certainty by a 

single crystal X-ray diffraction analysis on crystals produced from a solution of 

192 in chlorofom. An OREP plot is shown in Figure 67. The X-ray data 

appean in Appendix 6, page 281. 

( 'H chemicaîshii) ['% diemicalshift] 

Figure 66: 
13 

'H l C long-range HMQC experiments ertablirhed 
connectivities and arsignments for 160. 



Figure 67: ORTEP plot of N-cyano-2,3-dimethylindole. 

Once the structure assignments of 160 and 192 were fimfy established, 

attention was turned to "N NMR experiments. The object of gaining further 

spectral data was solely for cornparison with published "N NMR data for "N 

enriched kinarnycin D produced biosynthetically in the presence of ''N labelled 

amrnonia.65 The following '=N NMR experirnents were performed on a Bruker 

AMX-500 NMR spectrometer at 50.69 MHz in deuterochlorofomi. The chernical 

shifts were deterrnined relative to neat nitromethane and were transforrned to 

the ammonia scale by setting the nitromethane signal to +380 ppm. 
1 H / "N HMQC experiments allowed the detection of some signals 

indirectly while othen were observed directly. The direct and indirect 

resonances with heteronuclear correlations are shown in Figure 68. 



* obsewed directly 
" obsewed by 'H / lSN HMQC (observed heteronuclear correlations are 

indicated with double headed arrows) 
15 

Figure 68: Direct and indirect observation of N NMR signal8 relative to 
ammonia of model compoundr. 

The ring and cyano nitrogens of 160 give rise to signals at 125 pprn and 

224 ppm, respectively and those for N-cyano-2,34imethylindole (1 92) appear 

at 89 and 220 ppm respectively. By comparison, the signals assigned to the 

conesponding nitrogens in ''N enriched kinamycin D appear at 241.6 ppm and 

It was clear, based on the significant spectral differences between the N- 

cyanoindoles synthesized in this laboratory and the kinamycins, that the 

kinamycins do not possess the N-cyano funcüonality. A re-examination of the 

literature conceming the assignment of structures to the kinamycins proved to 

be very instructive in the course of structural reassignment. 

4.2 Structure auignment of the kinamycinr 

The structures of the kinamycins were originally assigned, in part, by 

chernical and spectroscopic analpis? The structure was then completely 

assigned by an X-ray crystallographic study of the pbromobenzoate derivative 

of kinamycin C (Figure 69)F 



Br 

Figure 69: The structure of kinamyctn C pbromobenzoate. 

However, close examination of the report of the X-ray study revealed that 

the data set established connectivities of al1 but a linear three atom fragment X - 
Y-Z (Figure 70). The data quality was such that Furusaki and c0workers5~ were 

unable to unambiguously assign the last three atoms, two nitrogens and a 

carbon based solely on the crystallographic analysis. Two possible molecular 

arrangements were considered feasible; namely, an N-cyano (N-C-N) or N- 

isocyano (N-N-C) group. The final assignment of the X-Y-Z fragment as a 

cyanamide, N-C-N, was based on earlie8 chemical analysis. ît was expected 

that, if the kinamycins were cyanamides, hydrolysis with aqueous base would 

result in the formation of ammonia (Scheme 96), whereas, if the kinamycins 

were isonitriles, aqueous hydrolysis would result in the formation of formic acid 

(Scheme 96). Hydrolysis of deacetylkinamycin C with 30% KOH gave a 

positive Nessler's reagent test for ammonia and a negative chromotropic acid 

test for formic acid. As a result, the kinamycins were assigned as cyanamides 

rather than isocyanarnide~.~~~~ 



Figure 70 

1) X-Y-Z = N-C-N 

RI\ 3 2  RI, ,R2 
N H20 / HO' N 
I 
C ' + CO2 + NH3 H 

2) X-Y-Z = N-FI-C 
O 

R1 RI, ,R2 
H20 / HO' N 

1 + H No 
III A 

NH2 

C O  . . 
Scheme 96 

1 13 Since W C HETCOR experiments on kinamycin D reported by Gould 

and CO-workers61 confimied the connectivities established by X-ray studies, 

only the three atom fragment, X-Y -2, required reconsideration. Our studies 

described above clearly eliminated the possibility that the kinamycins were 

cyanamides. The second possibility for the X-Y-Z fragment, an isocyanamide, 

was ruled out by chernical tests. Furthemore, cornparison of the ' 3 ~  resonance 

assigned to the X-Y-Z groups of the kinamycins (78.5 to 87.3 ppm) with those 

reported in the literature for isocyanides (150 to 170 ppm)t*6 confimed the 

conclusion anived at by Omura et al? that the kinamycins are not isocyanides. 

The only structural possibility which rernained for the linear three atom fragment 



was a diazo group. That is, the connectivity in the X-Y-Z group is C-N-N and not 

N-C-N as originally assigned. 

That Omura and CO-workerg did not .consider the diaro group as a 

possible structural feature is not surprising since, in general, diazo compounds 

are considered to be relatively unstable. Diazo groups, however, can be 

strongly stabilized by resonance interactions such as those indicated for the 

known diazo compounds shown in Figure 71 (1 93-1 97). An interesting recent 

example of a naturally occurring resonance stabilized diazo compound is 

lag unamycin (Figure 

Figure 71 



Figure 72 

Given this revised structural assignment to the kinamycins, it is necessary 

to reconsider the interpretation of the chemical tests used to distinguish 

between the existence of an isocyanamide or cyanamide functionality in the 

kinamycins. The negative test for fomic acid in the hydrolysate frorn kinamycin 

C is cleariy compatible with either an N-cyano or diazo group.'" The apparent 

fomation of ammonia upon hydroiysis, on the other hand. is not as readily 

reconciled with the diazo structure (Scheme 97). 

Scheme 97 



It is known, however, that diazo cornpounds can be induced to fotm azines as 

shown in Scheme 97. Alkaline hydrolysis of the azine would be expected to 

liberate hydrazine. Nesslets reagent tests for dilute solutions of hydrazine or 

amrnonia have been shown in this laboratory to be qualitatively 

indistinguishable. It is then possible that the positive Nessler's reagent test 

given by the hydrolysate of deacetylkinamycin C may have been from hydrazine 

formed from an aine byproduct rather than free ammonia. 

Interestingly, re-examination of the long-range ' H/'~c HETCOR 

experiment with kinamycin D reported by Gould and CO-workers57 shows a 

weak previously unassigned correlation between C(1')-H and the 13c signal at 

78.5 ppm which is in agreement with the diazo compound 199 but not the 

cyanamide structure 65 or the isocyanamide structure 198 (Figure 73). 

Additionally, loss of a 28 mass unit fragment in the published mass spectrum of 

prekinamycin diacetate is consistent with the presence of a diazo group. The 

presence of a cyanamide or isocyanamide functionality would be expected to 

result in a 26 mass unit fragmentation pathway in the mass spectrum. 

The spectroscopic characteristics of the kinamycins are perfectly 

compatible with those expected for a diazoquinone system 1 99, is indicated by 

cornparison with the spectroscopic characteristics of the known stablized diazo 

compounds in Figure 71. 



Figure 73 

The I3c signal of diazo carbons for a variety of model diazo compounds, 

including diazofluorene (1 93), 1 A-benzoquinone 1 -diazide (1 94), ethyl 

diazoacetate (1 99,  diazocyclopentadiene (196) and 

diazotetracyanocyclopentadiene (197), falls in the range of 63 to 93 ppm which 

encornpasses the range of 78.5 to 83.7 ppm observed for the kinamycins. The 

IR stretching frequency observed for the kinamycins ranges from 21 19 to 21 59 

cm-' whereas that for the diazo groups of the model compounds, is in the range 

2065 to 2200 cm". 

As indicated previously the "N NMR signals for "N enriched kinamycin 

D ring nitrogen and extemal nitrogen are 241.6 pprn and 344.5 ppm, 

respectively.~s These values are far removed from 125 pprn and 224 pprn 

observed for the corresponding nitrogens of the model compound 160. They 

do, however, correspond wefl with expected signals of the intemal (227 to 287 

ppm) and terminal (332 ta 441 ppm) nitrogens of diazo compounds.1o9 

FurThemore, the coupling constants published for "N doubly labelled 
1 2 kinamycin D (JNmN = 3.4 Hz, JGN = 21.2 Hz, JGN = 5.4 Hz) agree with those 

1 observed for doubly labelled ethyl diazoacetate (JNmN = 5.7 Hz, JGN = 20.4 Hz, 

2 ~ C N  = 3.7 Hz).109 Thus the spectroscopie evidence suggests overwhelming ly 

that the kinamycins are diazo compounds, rather than cyanamides. For the 



sake of c lam the revised structures for some of the known kinamycins are 

shown below (Figure 74). 

R = H, prekinarnycin 
R = Ac, prekinamycin diacetate Kinamycin RI & R3 R4 

A Ac Ac Ac Ac 

6 H Ac H H 

C Ac H Ac Ac 

Me O Ac H Ac H 
O t l  O N2 O 

keto-an hydrokinarnycin F H H kl H 

Figure 74: Revised attuctures of the kinamycins 

4.3 Independent Structural Revision of the Kinamycins by Gould 
and Co-Workerd 0 

Upon completion of the synthetic studies and resuitant revision of the 

structure of the kinamycins described above our findings were communicated to 

Professor Gould at the University of Oregon prior to publication. At that time we 

were informed that Professor Gould and his CO-worken had independently 

arrived at the same structural revision through a very careful X-ray 

crystallographic analysis of the (S)-2-methylbutyric acid ester of kinamycin D 

(200) (Figure 75).1 0 
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Figure 75 

in that study, the choice between the three possible connectivities for the 

linear three atom fragment (X-Y-2) of the kinamycin systern was based on 

comparison of the fit of the possible structures to the data as indicated by R 

values ( 5.69% for N-C-N, 5.73% for N-N-C and 5.18% for C-N-N )."O 

The two research groups then agreed to disclose their independent 

conclusions as back to back publications.110~111 Another structural report 

conceming the kinamycins which is somewhat interesting in light of the 

discussion above is that published by Chang and co-worker~59~60 just prior to 

the appearance of the papers describing the revised structure. These workers 

describe the isolation of six new kinamycin analogues including the epoxides 

201 and 202 (Figure 76). 

Figure 76 



The structure of 201 was determined based not only on spectroscopic 

comparison with other kinamycins but also by a single crystal X-ray diffraction 

study. Since the authors had no reason to suspect that the structures of the 

other kinamycins had been rnisassigned there was no obvious reason for them 

to undertake a detailed comparison of the agoodnessn of fit of the data to the 

three possible structures based on permutations of two nitrogens and one 

carbon in the linear three atorn grouping in their X-ray structure. The R factor in 

this study was a perfectly acceptable 6.2% for the N C N  structural assignment. 

Another study related to the synthesis of the kinamycins which is worthy 

of comment at this point in this discussion is the work of Echavarren and CO- 

workers.t12 Pnor to the disclosure of the true structure of the kinamycins, 

Echavarren and CO-worken reported a synthesis of prekinamycin, at least, a 

synthesis of the structure originally assigned to prekinamycin. This report is of 

significance in a number of ways. First, 1 was the observation by Echavarrenlr2 

that the spectroscopic characteristics of his synthetic product did not agree with 

those reported by Gould and ~o-workers"~61 for the natural product and that led 

the group in Oregon to re-examine the structure of the kinamycins as described 

above. The synthetic study by Echavarren was also of significance to our 

structural and synthetic study since we discovered that the spectroscopic data 

reported not only disagreed with that of the natural product but also disagreed 

with that which we obtained for our synthetic product, the structure of which we 

established fimly. 

A possible explanation for the discrepancy between the spectroscopic 

data and structural assignments reported by Echavarren and CO-workers and 

those obsewed in the present study is presented in the next section. 



4.4 Other Synthetic Approaches to the Structure Originally 
Assigned to the Kinamycinr 

When studies aimed at the synthesis of the kinamycins were initiated in 

these laboratones, there were no reports in the literature of synthetic effofls 

directed at this class of natural products. Some research related to the 

synthesis of benzo[b]carbazoles had been disclosed but examples of the 

synthesis of N-cyanocarbazoles or N-cyanoindoles were unknown. 

During the course of our research, two synthetic studies in the kinamycin 

area were disclosed in the literature. One of these reported by O'Sullivan and 

CO-workers, involves the oxidative cyclization of the anilinoquinone 203, 

employing potassium carbonate and cupric bromide, and was briefly mentioned 

above in Chapter 3, page 110, in the context of methods for D ring 

aromatization . 

Me 
I 

O H  O En OH O Bn 

203 

ODQ @-A 
Dioxane 

OH O Bn 180 OH O Bn 

179 
Scheme 98: 

In contrast to our synthetic approach in which the A ring is added after the 

construction of a suitable BCD ring synthon, the O'Sullivan synthesis involves 



the coupling of an AB ring synthon with a D ring precursor followed by a 

cyclization to construct the full ABCD skeleton of the kinarnycins. A potential 

pitfall in this approach to prekinamycin is the need to rernove the N-benzyl 

protecting group in order to introduce the N-cyano group present in the structure 

77, originally assigned to th8 natural product. N-8enzylindoles are known to be 

somewhat resistant to standard N-debenzylation methods and this difficulty may 

be the cause of the failure of these worken to report a simple extension of their 

synthetic approach beyond 180 to the structure assigned to the natural product. 

Another approach to the originally assigned prekinamycin structure, 

which was reported to have yielded the full target structure, is that of Echavarren 

and co-workers.ii2 These authon pointed out that the spectroscopie 

characteristics of their end product, to which they assigned the structure 

previously proposed for prekinamycin,61 differed substantially from those 

previously reported for the natural product and suggested that the structures of 

the kinamycins might "require further examination". This report had some 

influence on the research efforts which eventually led to the structural revision 

for the kinamycins which are described above ni Chapter 4. 

It was this report which first led the group in Oregon to have serious 

doubts about the validity of the structure previously assigned to the kinamycins 

and which sewed as the impetus for the careful X-ray crystallographic work 

outlined above. In Our laboratory the paper by Echavarren and CO-workers 

appeared at a time when we had already constnided 190 and were ourselves 

questioning the structures assigned to the kinamycins. Whereas the 

Echavarren paper eventually led to enlightenrnent in the research group at 

Oregon, this same paper created considerable confusion in our own laboratory. 

The confusion arose as a consequence of the fact, that, although Our group and 

that Echavarren had both reached the conclusion, through synthetic studies, 



that the structures of the kinamycins were in error, the spectroscopic 

characteristics reported by the Echavanen group were not only incompatible 

with those reported for the natural product but also incompatible with those 

recorded for our synthetic materials. Since the structure of the synthetic product 

190 prepared in our laboratory was based on sound spectroscopic analysis of 

al1 synthetic intemediates and on an unambiguous assignment of structure 

178 by an X-ray crystallographic study, we eventually were led to conclude that 

the report of the synthesis of prekinamycin by Echavarren et aL112 included 

misassignments of structures to the synthetic products. Presented below is an 

outline of the synthesis of prekinamycin as presented by Echavarren et aL"2 

followed by a possible alternative interpretation which may explain the 

differences in the spectroscopic characteristics of the synthetic products of that 

study and of those prepared in the present project. 

4.5 A Re-examination of the Echavarren Synthesis of 
Prekinamycin 

The key to the Echavarren synthesis was the coupling of a bromo- 

juglone 204 and an aryl stannane 205 with Pd(PPhd - CuBr in dioxane to 

give 206 in 65% yield (Scheme 99). 

OMe O NHBoc OMO O 

204 205 206 

Scheme 99: The key to the Echavarren synthesis. 



The quinone 206 was hydroxylated with 1-butyl hydroperoxide (Scheme 

100). Removal of the protecting group with Znl, in methylene chloride was 

reported to result in cyclization to give 209 only as a minor product. The major 

product was reported to be 208 formed in a 6:1 ratio relative to 209 (Scheme 

100). This remarùable, apparent rearrangement was also obsewed under 

purely therrnolytic conditions to yield 208 and 209 in a 1:l ratio. Benzylation of 

208 with benzyl chloride and potassium carbonate was reported to give 21 0. 

However, benzylation of 209 under the same conditions was reported to give 

21 1 (Scheme 100). Furthemore, 209 was reported ta undergo a similar 

rearrangement to the equinone 21 2 upon exposure to silica gel (Scheme 

100). 
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Scheme 100 

The amine 208 was reported to undergo smooth cyanation with 

cyanogen bromide and potassium carbonate in DMF to give 21 3 and the 

rnethyl ether protecting groups were removed to give 21 4 (Scheme 101). 

Cyanation of the ortho quinone 212, under the same conditions, gave 215. On 

the other hand cyanation of 209 proved to be quite problematic in that the 

reaction was very sluggish. Conversion to what was proposed to be 21 6 could 

be effected only in variable yields (30.76%) by sonicating a suspension of 20 9 

in CH2C12 in the presence of Et3N and DMAP. The use of NaH as a base was 

reported to give the N-cyano-equinone 215. 
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Scheme 101 

Demethylation of 216 gave a product suggested by the authon to be 77. 

However, the spectroscopic characteristics were substantially different from 

those repotted for prekinamycin and, thus, Echavarren and CO-worken decided 

that "the natural product identified as I I  has a different structure". This report 

was troubling to us in that the spectroscopic characteristics of the N-cyan0 

carbazoles prepared by the Spanish group were substantially different from 

those observed in our laboratory. Most notably, the 13c resonances assignable 

to the N-cyano carbon were reported to be in the 115-123 ppm range whereas 

those observed for N-cyanoindoles in this laboratory were in the range 104 to 

109 ppm. 



We were thus led to a reconsideration of the structural assignments 

made the Echavarren group. After some thought R is possible to reinterpret the 

experiments reported by Echavarren in such a way as to avoid the necessity to 

postulate the very unusual reanangements apparently obsewed in that study 

and in such a way as to explain the discrepancies between the spectroscopic 

data reported by that group for N-cyanocarbazoles and data obtained for 

apparently very similar groups in this laboratory. 

The alternative analysis is based on the recognition of the existence of 

two, a priori reasonable, cyclization modes for 207 which do not involve 

skeletal rearrangernent. In particular, it was recognized that 207 could 

reasonably be expected to exist in equilibrium with an ~quinone tautomer 2 1 7 

(Scheme 102). Deprotection of the N-BOC protected amino group would yield 

218 in equilibrium with 219. lntrarnolecular cyclization involving the amino 

group and a carbonyl group of 21 8 would yield 220 whereas an analogous 

dehydrative cyclization of the o-quinone 219 would be expected to yield 221. 

Both cyclizations are favourable 5-exo-trig processes. The product 221 would 

be expected to exist in equilibrium with 209 which has the same structure as 

was assigned previously to the minor component in the cyclization of 207. In 

this reformulation 209 corresponds to the major product (208 in Scheme 100). 

The minor product is now proposed to be 220 (209 in Scheme 100). The 

obsenred isornerization of "209" to an O-quinone 212 in the presence of SiOp is 

now reforrnulated simply as tautornerkation of 220 to 212. The formation of an 

O-quinone product upon N-benzylation of the minor product, which required the 

postulation of an unusual reanangement in the original interpretation, now 

arises quite naturally through N-benzylation of the anion generated by 

deprotonation of 220 or its tautomer 21 2. 
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The interpretation of cyanation of the minor product "209", which was 

reported to give 21 6 (see Scherne 101 ), in variable yield, upon reaction with 

BrCN and Et3N / DMAP in CH2CIa but, very mysteriously, the N-cyano-e 

quinone 215 when NaH was used as base, also requires revision. In this 

alternative analysis, these results c m  be interpreted as a cornpetition of N- 

cyanation and O-cyanation of the anion derived from 212 (or 220) (Scheme 

103). it is possible that under heterogeneous conditions the counter ion is 

tightly associated with the o-quinoid oxygen atom of the anion making the 

nitrogen atom more accessible for reaction with a electrophile whereas when 

NaH is used as base in a polar aprotic solvent the association of the anion with 

the cation is looser and reaction at oxygen predorninates. 



Me Me 
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Scheme 103 

Thus, it is possible to propose a chemically reasonable reinterpretation of 

the resufts reported by Echavarren and CO-workers which may explain the 

discrepancy between the spectroscopic characteristics of synthetic products 

prepared in that laboratory and related compounds prepared in this laboratory. 

The compound prepared in the Spanish laboratory and proposed to possess 

the N-cyanobenzo[b]carbarole structure originally suggested for prekinamycin 

is very likely the Ocyano-piminoquinone 222, explaining the discrepancy 

between the chernical shift of the cyano caibon in 222 and 190. 



4.6 Significance of the Structural Revision of the Kinamycins ta 
Cuirently Accepted Biogenetic Mechanirms 

Extensive work by Gould and CO-~orkers6145~67-70~93~1 1 0 ~ 1 3 ~  14, prior to 

the structural revisions described above, had established that the kinamycins 

are acetate derived natural products likely arising via the polyketide 

intemediate 96 (Scheme 104). Dehydrorabelomycin (93) was shown through 

isotopic labeling experiments to be a key intermediate in the pathway to the 

kinamycins. The isolation of phenanthroviridine aglycone (1 O 1  ) from the same 

species led to the reasonable suggestion that it was also an intermediate in the 

formation of the N-cyanobenzo[b]carbazole ring system. 

Stnicturally related to phenanthroviridine are the jadomycins isolated by 

Ayer and CO-workers "5 from Streptomyces venezuelae (Figure ïï) . Research 

with a mutant bacterial strain blocked in kinamycin biosynthesis resulted in the 

isolation of kinafluorenone (106) which was assumed to be a shunt metabolite 

produced from dehydrorabelomycin (93). The stealthins116 (225) represent yet 

another class of fluorene derivatives related to the kinafluorenones70 (1 06) 

(Figure 77). 
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Stheme 104: The accepted biorynthetk pathway to the kinamycins. 
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Figure 77 

The recognlion that the kinamycins are derivatives of diazofluorene and 

not of N-cyanocarbazole requires that the biosynthetic hypothesis be re- 



examined. In particular, the proposal that phenanthroviridine aglycone (1 01 ) is 

an intemediate in kniamycin biosynthesis is no longer chemically reasonable. 

In addition, the status of fluorenones such as kinafluorenone, which are 

considered shunt metabolites, requires some re-evaluation. That is, the 

likelihood that such compounds are true intemediates in the pathway to the 

kinamycins must be considered. 

A modified biogenetic hypothesis which defines possible relationships of 

dehydrorabelomycin not only to kinamycins but also to the jadomycins, 

phenathroviridine aglycone, kinafluorenone and the stealthins is shown in 

Scheme 105. The validity of the proposals defined in Scheme 105 remains to 

be tested experimentally. 
93 

Scheme 105 



More recent work by Gould and CO-workers has revealed that the 

fluorenone, kinobscurinone (226) is an intermediate in th8 biosynthesis of 

kinamycin C and kinamycin D (Scheme 1 06) .93 

kinobscurinone 226 

Scheme 106 

4.7 Significance of the Structural Revisions of the Kinamycins in 
Relation to the Pioposed Mechanism of Biolcgical Activity 

lnterest in this laboratory in the kinamycins as synthetic targets arose 

initially as a consequence of the possibility that these compoonds might be 

bioreductively activated antitumour antibiotics related in rnechanism of action to 

the mitomycins. This possibility which was Rrst enunciated in print by Moore10 

who proposed that the kinamycins might effed DNA alkylation within the 

hypoxic environment of solid tumours is roughly shown in the scheme below 

(Scheme 107). 
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Scheme 107: 

The recognition of the presence of a potentially reactive diazo group in 

the kinamycins suggests that alternative mechanisms of biological activity 

should be considered. The disclosure of the revised structure of the kinamycins 

by this laboratorylt1 and by that of Gould and CO-workersllo has stirnulated 

some experimental work to probe possible mechanisrns for the biological 

activity of the kinamycins. Arya and Jebaratnam have recently reported that 9- 

diazafluorene and P-naphthylphenyl diatomethane can effect oxidative 

cleavage of DNA in vitro in the presence of cupric acetate, suggesting that 

analagous behaviour of the kinamycins in vivo should be considered as 

possible mechanisms for the observed antitumour and antibacterial activities.1t7 

lt should be noted, however, that the kinamycins are more highly stabilized 

diero compounds than are diazofluorene or diaryldiazomethanes. As a result, 

other possible mechanisms of action should be considered. For example, the 

diazonium ion-like character shown in 227 suggests that a nucleophilic attack 

perhaps by a suitable base in DNA, might occur as shown to initiate DNA 

modification (Scheme 1 08). 
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Alternatively, protonation might lead to deazoüzation and formation of a 

reactive carbocation-type alkylating agent either frorn the hydroquinone fom 

228 produced by bioreduction or from 227 (Scheme 109). The carbocation 

229 and 230 may possess some antiaromatic character resulting from their 

resemblance to the 4n x electron cyclopentadienyl cation system. However, in 

230 resonance stabilization as shown might make the energetics for formation 

of the carbocations somewhat more favourable. 
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Scheme 109 

It should also be noted that the diazofluorene structure for kinamycins is 

isoelectronic with the N-cyanocarbazole structure suggesting that a 

bioreductive activationlDNA alkylation pathway similar to that originally 

suggested by Moorelo, remains a viable hypothesis (Scheme 1 10). 
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Scheme 110 

Hopefully, the novelty of the revised structures of the kinamycins will 

attract sufficient attention to warrant fuither experimental exploration of the 

mechanism of biological activity of these unusual natural products. 



Chanter 5: Synthetic Studies Toward the Revised . 
~iructure of Prekinamycin 

In light of the structure revision of the kinamycins, attention was tumed to 

developing methodology for the total synthesis of the revised structure of 

prekinamycin (Figure 78). It was feit that the present synthetic route toward 1 90 

could not be adapted easily for the synthesis of 231 or 232; hence, other 

strategies would have to be considered. 

231 RI = R2 = AC 
232 RI = Me, R, = Ac 

Our initial study in this area was based on the partial retrosynthetic 

analysis shown in Scheme 1 1 1. In this approach the tetracyclic framework was 

to be constnicted by coupling an AB ring synthon 233 with a O-ring precursor 

234 or 235 which might be in an aromatic or partially saturated fom as shown. 

The C ring construction was to follow, perhaps by an electrophilic attack on ring 

B, in reduced hydroquinone forrn, by a suitably activated one carbon group X 

attached to the D ring component. 



Scheme 11 1: One possible strategy ta the revited structure of prekinamycin. 

It was hoped that such an approach might be extended into a strategy to 

al1 of the natural products which are biosynthetically related to the kinamycins. 

An overview of this biogenetic inspired strategy is presented in Scheme 1 12 

below. 
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The focus of this study was on exploring the feasibility of this approach to 

the construction of the benzo[b]fiuorenone ring system which might be 

constnicted as shown in Scheme 1 13. 

it was proposed that 167, used in the synthesis of 190, could serve as 

one of the starting materials in the synthesis of 231 (Scheme 113). Treatment 

of 167 with a base could potentially generate a nucleophile to react with the 

substituted naphthoquinone 236, affording the adduct 23 7 expected to exist 

as the enol shown.11&1" Systems such as these are easily converted to the 

enol ether by an acid catalyzed reaction with ethyl orthoformate in ethanol. 

Reduction of 238 with dithhite42 followed by protection of the hydroquinone 

was expected to afford 239. This reaction was to be followed by a 

hydrocyanation with diethylaluminum cyanide to give 240.123-1 25 Treatment of 

system 240 with a Lewis acid124.126 to give the ketone 241 was to be followed 

by reaction with DDQ to afford the aromatized fluorenone 242. Reaction of 242 

with hydrazine followed by deprotection would yield the 

hydroquinone/hydrazone 243 (R2 = H). Mild oxidation101-103~127.lae of the 

hydroquinone to the quinone and of the hydrazone to the diazo group, in either 

a one or two step sequence, would give the prekinamycin ring system. 
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Scheme 113: One poraiblr stiategy toward 231. 

Altematively, the ketone 237 might be aromatized in the precursor to the 

D-ring (Scheme 114). Hydrocyanation of quinones such as 244 has been 



shown to afford cyano-hydroquinones (Scheme 115).129 Thus, cyanation of the 

quinone 245 should afford the cyanohydroquinone which could be protected to 

afford 246. Lewis acid catalyzed cyclization would give 242 and functional 

group manipulation as descnbed before in Scheme 113 would give the 

prekinamycin system. 

Lewis acid 
--------*----*+ 



244 
Scheme 115 

To this aim the mode1 compound 247 was prepared by the method of 

Heinzman and Grunwell.130 Reaction of anaphthol 248 with NBS - in acetic 

acid-water affords the naphthoquinone 247. It was felt that this quinone would 

serve as a suitable mode1 to explore the coupling reaction. 

NBS 

acetic acid - H20 - eBr / 

A 
O 

248 
Scheme 116 

However, the reaction of this bromonaphthoquinone 247 and 167 in 

potassium hydroxide in aqueous dioxane failed to yield the desired adduct 

(Scheme 1 1 7). Furthemore, the naphthoquinone 247 also failed to react with 

the diketone 249 under the same conditions (Scheme 117). 
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The reaction of the naphthoquinone and the dione was repeated on a 

very small scale in methylene chloride utilizing triethylamine as the base. The 

TLC and the 'H NMR spectrurn indicated the presence of a mixture of products; 

however, the proton NMR spectrum did show signals that correponded to a 

compound incorporating the naphthoquinone and the dione components. On 

the strength of this, 1 was felt that further exploration of this chemistry with the 

more highly substituted system required in the synthesis of 231 would be more 

desirable. A number of approaches to the desired C-2 halogenated, C-5 

oxygenated naphthoquinone have been reported in the literature.l31*132 

One synthesis of 250 utilizes 1,5-dimethoxynaphthalene as the starting 

material, yielding the desired bromonaphthoquinone in five steps (Scherne 

118)W Thomson132 began wlh diacetoxy-naphthalene 251 which was 

chlorinated with molecular chlorine and oxidized with chrornium trioxide to 

afford the chlorosubstituted system 252 (Scheme 1 19). A more appealing 

method by Heinzman and Grunwe11130 begins with the readily available 

dihydroxy naphthalene 253 (Scheme 120). The dihydroxy compound is 



protected as the diacetate and reacted with NBS in aqueous acetic acid ta 

afford the desired system 254. 
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Sc heme 1 18: Synthesls of 250 in five rteps from 1,s-dimethoxy-naphthalene. 
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Following the published procedure a product presumed to be the desired 

system 254 was obtained in 90% yield as a yellow-green solid. The system 

assigned as 254 was found to be unexpectedly unreactive under a variety of 

conditions. Furthemore, synthesis of a second batch yielded material which 

was spectroscopically different from material obtained in the first batch. 

Qualitatively the spectra of the two batches appeared to be correct (that is, 

appeared to have the correct number of protons). The material from the second 

batch was produced et higher temperatures (1 0-1 SOC) with a slightly hig her 

proportion of water and with a longer reaction time. The signals in the I3c NMR 

spectrurn for material isolated from bath batches as well as the data published 

by Heinzrnan and Grunwell~30 is shown in Figure 79. The 13c assignments 

made by Heinzman and Gninwell were based on assignments originally made 

by Kobayashi et al.134 
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Figure 79: C NMR data p u b l i ~ h e d ~ ~ 0 1 ~ 3 ~  for 254 as well as 13c data for 
bromination products obtained in this study. 

Material obtained frorn th8 second batch correlates well with the 

published results, whereas matenal obtained from the first batch shows 

significant differences. it was found that material frorn the first batch could be 

converted to 254 by refluxing in acetic acidwater for a short while. An 

examination of the literature in this area revealed that Thomson132 had obtained 

the trichloro compound 255 when 1,s-diacetoxynaphthalene was treated with 

chlorine in acetic acid and pyridine (Scheme 121). H seemed possible that 

material from the first batch was 256 the bromo analog of 255 (Scheme 122). 
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Extension of reaction times and temperatures resulted in the isolation of 

254 which suggests that 256 may be a stable intermediate in the reaction. 

However, the mechanism proposed by Heinzman et al. 130 for the 

transformation of 251 to 254 does not show such an intermediate (Scheme 

123).'30 it is also possible that, under the proper conditions, 256 is forrned 

instead of 254 by another pathway which is not in operation in the presence of 

a greater proportion of water and at higher temperatures. In any event, it is 

clear that mechanism of the formation of 254 and for that matter 256 needs to 

be investigated further. 
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Scheme 123: The mechmiam proposrd for the fomution of 2 ~ 4 . ~ ~ 0  

Reaction of 254 with 167 at - 7 8 ' ~  utilizing diisopropylethylamine as the 

base yielded a mixture of products as indicated by TLC analysis. Isolation of 

the products from the reaction medium proved to be difficult. Quenching of the 



reaction mixture with water followed by extraction with organic solvents led to 

the formation of dye-like materials. These products were extremeiy difficult to 

extract from the aqueous layer. The extent of the colour of the aqueous layer 

varied with repetition and with the addition of acid. The addition of acid was 

found to be necessary for extraction into the organic layer. The extent to which 

the products were extractecl into the organic layer varied with the acid 

concentration. Also, the colour of the extract varied with exposure to air. The 

major product which was eventually isolated appeared to be an addition 

product, although lacking a signal assignable to vinyl hydrogen at C3 in the 'H 

NMR spectrum (Scheme 124). Both the naphthoquinone and dione 

cornponents appeared to be present in the isolated compound. The M+ ion 

found for the major cornponent was 340 which does support 257 or either one 

of 258 or 259 but the lack of a signal assignable to the C(3)-H in the 'H NMR 

spectrum is incompatible with structure 257 and compatible with either 258 or 

259. 
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Scheme 124: Reaction 01254 with 167 utilizing diiropropylethylamine as the 
bats at -78 C .  



Since 258 was not isolated unless the aqueous phase was acidified, it is 

possible that 257 was formed to some extent but cyclized to 258 upon 

acidification. An alternative structure 259 is also compatible with the available 

spectroscopic data and migM arise via an atternative pathway b (Scheme 125). 
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Michael addition via path a is nomially favoured for such 

bromonaphthoquinones. Examples of path b type addition-dimination have 

been reported for compounds in which the aromatic ring bears a hydroxyl group 



at C-5 expected to be ionized under basic conditions (Scheme 126) 

Resonance of the type shown deactivates the system with respect 

nucleophilic attack at C-2 resulting in competing attack at C-3. 

Scheme 126 

The difficulty in isolation of products may be due in part to the acidity of 

the enolic OH in 257 which may readily ionize increasing the water solubility of 

257 and creating the possibility for air oxidation of the resultant anion. These 

difficulties were sufficiently fnistrating and other potential strategies were 

sufficiently attractive that this approach to the kinamycin ring system was 

abandoned in the present study. If future work is to be pursued along these 

lines some strategy for trapping the enolate from 257 in organic soluble and air 

insensitive fom ( e.g. as the O-silyl enol ether) will have to be devised. The 

product distribution was unaffected by alterations in the reaction conditions 

such as utilizing diisopropylethylamine at room temperature, triethylamine at - 
78'C or at room temperature or using ethanol or dioxane instead of methylene 

chloride. 

An alternative approach to construction of the kinamycin ABCD ring 

system which can also make use of the Pbromojuglone systern as an AB ring 

synthon is illustrated in tetrosynthetic fashion in Scheme 127. In this strategy 

the D ring synthon 260 possesses al1 of the caibon atoms necessary for 

construction of the complete CD rings ont0 the AB ring precunor 261. The 

prekinamycin precursor 262 might be constructed from a precursor such as 



263 so that the aryl-quinone ring bond linking the B and D rings would be the 

last bond formed in constructing the tetracyclic carbon skeleton. The precursor 

263 in tum is viewed as a rnolecule constructed by coupling the exocyclic 

carbon of the D-ring precursor 260 to C-3 of the naphthoquinone system 261. 

Scheme 127: An alternative stratagy to Scheme 11 1. 

Free radical chemistry suitable for effecting such a coupling has been 

described in the Merature. Work by Jacobsen and Torssell136~137 has shown 

thet acids can be coupled with quinones in moderate to good yields. Oxidative 

decarboxylation of a carboxylic acid with silver ions and persulfate generates 

free radicals which couple with substituted quinones (Scheme 128). One 

example is the attachment of an isoprenyl group to a benzoquinone system 

through the oxidative decarboxylation of the acid 264 (Scherne 128). 



Scheme 128 

It has also been shown that substituents on naphthoquinones can have a 

directing effect on the coupling reaction i.e. a substituent at the 2-position of the 

naphthoquinone will direct the coupling to the 3- position (Scheme 129). 

Scheme 129 

This methodology has been utilized by Brown and Thomsonlm in the 

synthesis of tetrangulol (265) (Scheme 130). The chloronaphthoquinone 2 6 6 

was coupled, by the method of Jacobsen and Torssel1136J37, with a substituted 

aromatic acid 267. Treatment with base afforded tetrangulol 265 as a minor 

product via an intramolecular Michael addition-elimination sequence. 
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Wiih this precedent in mind, it seemed that reaction of 2- 

bromonaphthoquinone 254 with a substituted aromatic acid might provide a 

convergent method to the desired adduct 268 as outlined in Scheme 131. tt 

was intended that the bond foming process which would close ring C would be 

effected by some transition-metal catalyzed pro~ess.53~5*~99*139-142 

Scheme 131 



Before punuing this strategy in eamest, it was decided that the 

decarboxylative couplhg of some readily available carboxylic acids to the 

bromojuglone derivative 254 should be studied. In practice it was found that 

acetic acid, benzoic acid, phenylacetic acid, echlorophenylacetic acid and O- 

bromophenylacetic acid (269.-e, respectively) al1 reacted smoothly to give the 

conesponding C-3 substituted 2-bromojuglone derivatives (270a-e) as shown 

in Scheme 132. 
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Scheme 132 

Each of the benzylated quinones shown in Scherne 132(i.e. 27Oc-e) 

was examined as a model for discovering reaction conditions suitable for 

cyclization to the benzo[b]fluorene system. For example, cyclization of 

compound 270c was attempted using Hecklike reaction conditions 

(Pd(OAc)dPPhgEt,N) without success (Scheme 1 33). 



Although it was recognized that this process might proceed more readily 

if the aromatic ring possessed a n-electron donating substituent, this approach 

was not studied in detail since it was felt that in the synthesis of prekinamycin. a 

selectively halogenated aryl system would be more appropriate for the 

cyclization to ensure proper regiochemistry in the C ring construction. As a 

result, the halogenated models 270d and 2700 were studied in more detail. 

The chlorosubstituted system 27Od was studied first since 1 was prepared 

before the bromo analogue 270e because of the availability of the precursor 

acid in this laboratory. Palladium catalyzed coupling attempts with PdC in 

acetonitrile or toluene were unsuccessful (Scheme 134).53*9g9142J43 

U l lman~ l l~J*  type coupling utilizing copper powder in DMF at room 

temperature also failed to effect the desired transformation. whereas Ullman 

reaction in refluxing DMF yielded an intractable mixture of cornpounds. 
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Scheme 134 

Attempted nickel promoted cyclization of 2700 with nickel bromide in the 

presence of triphenyl phosphine and zinc in DMF resulted in no reaction 



(Scheme 134). Also, Ullman coupling with copper at room temperature showed 

no reaction while at reflux a mixture of a large number of cornpounds was 

obtained. It was fe l  that this system was probably also too rr electron deficient 

for these methods and that reduction to the hydroquinone 271 followed by 

protection of the hydroxy groups might afford a system 272 more suitable for 

these methods of coupling (Scheme 135). 
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Scheme 135 

To this end. the brorno compound 2700 was reduced with sodium dithionite in 

ether-water. The 'H NMR of the product showed that a mixture of two very 

similar compounds in a ratio of 2 to 1 had been produced. The mass spectrum 

of the mixture showed an M+ ion of 466. The proton NMR showed two acetate 

signals at 2.25 and 2.41 ppm. The other signals in the proton spectrum also 

appeared to be doubled. The doubling of signals in the spectrum was attributed 
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ta an intramolecular acetyl transfer reaction which gave 273 and 274 (Scheme 

OAc OH Br 
273 

OH OAc Br 
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Scheme 136 

Reduction with triethyl phosphite in aqueous ethanol and benzene also 

yielded the same mixture 273 and 274 (Scheme 137).'46 

OAc O Br 
2708 

Scheme 137 

The mixture of 273 and 274 was acetylated with acetic anhydride with a 

catalytic amount of sulfuric acid to afford the triacetate 275 (Scheme 138). The 

M+ ion in the mess spectrum was found to be 548. The proton NMR shows 

three proton singlets at 2.24. 2.35 and 2.52 ppm and the aromatic region was 

substantially simplified. However, the signal assigned to the CH2 of the bridge 

appears as two broad humps in the proton spectrum (Figure 80). This 



observation suggested that the rotation about the Ar-CH, bond is slow on the 

NMR tirne scale. In the 'H NMR spectrurn at 250K the broad signals at 4.2 and 

4.5 pprn (Figure 81) appear as a sharper AB quartet. Interestingly, one of the 

acetyl groups has now becorne broader and appears as an apparent doublet. 

Furthemore, the set of signals at 6.8 ppm has also broadened at 250K. ît is 

possible that the cornplex behaviour may result f m  one or both of two 

hindered rotations, one about the C4-0 bond and one about the CSCI. bond, 

although hindered rotation about the C t 9  and CsO bonds might also be 

Ac2O 
273 + 274 

H2S04 (cat.) 

Scherne 138 



1 
Figure 80: î l  NMR (AMX-Sûû ) rpectrum of 275 in CD2CI2 at room 

temperature. 



1 
Figure 81 : H NMR (AUX-500 ) spectrum of 275 in CD2CI2 at 250K 

Later, it was found that the reduction and acetylation could be accomplished in 

a single step with zinc in acetic anhydride and triethylamine (Scheme 139). 
O 
II Ac0 5- Ac20 Zn / Et3N 0 \ / 
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Scherne 139 



Since, the system 275 was less ir electron deficient, it was felt that it 

might now be amenable to the rnetal promoted coupling reactions. Reaction 

under Ullrnan conditions failed to give the desired coupling (Scheme 140). 
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Scheme 140 

Eventually it was found that reaction with nickel bromide, triphenyl 

phosphine and zinc in DMF did yield the desired coupled product 276, albeit in 

only a modest yield of 35% (Scheme 141). 
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Thus, this mode1 study demonstrated the feasibility of construction of the 

desired tetracyclic carbon framework based on the retrosynthetic analysis 

shown in Scheme 127 (page 173). No further attempts were made at 

optimizing the yield of this conversion. lnstead attention was turned to the 

construction of the benzylic acid precursor suitable for building the full 

prekinamycin structure by this approach. The ketone 167 was considered to be 

a suitable starting material for the synthesis of the fully substituted system 

(Scheme 142). The enol ether 277 was fomied from 167 in ethanol with a 

catalytic amount of pTSA. A Refomatsky147 reaction with t-butyl bromoacetate 



afforded the protected acid 278 in 94% isolated yield f m  167. Deprotection 

with trifluoroacetic acid yielded 279. 

279 278 

(quant. from 278) (94% from 1 67) 

Scheme 142: The acid 279 was generated from 167 in 3 steps. 

It was thought that it might be possible to couple the acid 279 and the 

naphthoquinone 254 prior to aromatization with silver nitrate and ammonium 

persulfate, since the method has shown considerable flexibility in the nature of 

the substrates to be coupled. Reaciion of the acid 279 with the 

naphthoquinone 254, however, yielded only unchanged 254 as well as 

decomposition products from the acid (Scheme 1 43). 
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Scheme 143 



This suggested that radical addition to 279 might be competing to the 

exclusion of radical addition to 254. Thus, it was decided that the acid must be 

aromatized prior to the coupling reaction with the naphthoquinone 254. 

Reaction of 278 with DDQ in reflwing dioxane yielded decomposition products 

(Scheme 144). The reaction was repeated at rwm temperature again yielding 

a mixture of products. The ' H NMR spectrum of the reaction mixture showed no 

sign of the desired aromatized product. Furthemore. the use of chloroanil at 

reflux also failed to effect the aromatization of 278. Reaction of 278 with 

palladium on carôon left the starting material unchanged (Scheme 144). 

O OAc 

278 
Scheme 144 

It was felt that the 278 might more readily aromatize, if a second double 

bond could be introduced into the system and that the conditions developed 

earlier in the synthesis of 190 might be suitable (Scheme 145). 



Scheme 145 

Initially, the mol acetate formation and aromatization with DDQ were carried out 

in a stepwise manner. To this end, the ester 278 was reacted with isopropenyl 

acetate in the presence of a catalytic amount of p-toluenesulfonic acid (Scheme 

146). The conjugated systern 280, containing an exocyclic rather than an 

endocyclic double bond, was isolated as a mixture of E and Z isomers. It was 

not expected that the exocyclic double bond in 280 would make this system 

more agreeable to aromatization than 278. In practice, reaction of 280 with 

DDQ in t-butanol at reflux temperatures left the starting material unchanged 

(Scheme 146). 
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The focus of this work was then tumed to the introduction of a suitable 

leaving group into 280 which when eliminated with a weak base would yield 

the desired arornatized system. Thus, 280 was reacted with NBS in the 

presence of a catalytic amount of benzoyl peroxide to afford a mixture of 

monobrominated products believed to be 281 and 282 (Scheme 147). 

Heating the mixture of 281 and 282 in refluxing methylene chloride in the 

presence of DBU effected elimination and isomerization to yield the aromatic 

system which was isolated as the acid 283 after treatment with trifluoroacetic 

acid (Scheme 147). The overall yield of this two step process was 46%. 
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It was found later that 283 could be produced directly from 278 in 71 % 

isolated yield (Scheme 148). The acid 283 was produced by reaction of 2 7 8 

with selenium dioxide in t-butanol at reflux temperatures followed by acetylation 

with acetic anhydride in the presence of a catalytic amount of sulfuric acid. 

O OAc 

278 
Scheme 148 

Future work in this area will require the assembling, by the methodology 

developed in this section, of the substituted components (283 and 254) to 

produce the revised structure of prekinamycin (Scheme 149). It is hoped that 

the acid 283 and the quinone 254 can be coupled, by the method developed 



in this section, to give 284. Deprotection and mild oxidation, utilized earlier in 

the synthesis of the N-cyano prekinamycin, should yield 285. Diazo 

transfer108J@, utiiizing diazo transfer reagents such as p- 

rnesyl nide151 or an azidinium saitis2, to the methylene group of 285 may 

complete the synthesis and provide prekinamycin. 

283 X = H  OAc O 
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Scheme 149: Posdble iynthetic route to the revised structure of 
prekinamycin based on methodology developed in this section. 

If, however, the Heck-type coupling reaction to give 284 progresses with 

the opposite regiochemistry (Scheme 150) than is required for the synthesis of 

the revised structure of prekinamycin, then it may be necessary to generate the 

bromo-substituted aromatic acid 289 (Scheme 151) to direct the regiochemistry 

of the coupling reaction (Scheme 152) using the nickel promoted chemistry 

utlized earlier in the synthesis of 276. 
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5.1 Summciry of Results in the Area of the Kinamytins 

1 ) A synthetic route toward the structure originally assigned as 

prekinamycin acetate methyl ether (1 90) in 21% yield from O-anisidine was 

developed. 

2) Comparison of the physical and spectroscopic properties of 1 90, 

prepared in this laboratory, and prekinamycin diacetate (79) revealed 

significant differences which could not be explained by minor differences in the 

structures assigned to them. 

3) These differences led to a very careful examination of the 

spectroscopic properties, including 'H NMR , I3c NMR , IR and in some cases 

X-ray crystallographic studies, of intermediates in the synthesis of 190, N- 

cyanoindoles and N-cyanoindolediones, prepared in this laboratory. 

Comparison with published spectroscopic data for the kinamycins led to the 

conclusion that the kinamycins were not cyanamides. 

4) Examination of the original structural assignment based on a X-ray 

crystallographic study of the pbromobenzoate of kinamycin C revealed that the 

X-ray data was such that a three atorn fragment could not be unarnbiguously 

assigned and that the cyanamide part structure was assigned on the basis of an 

earlier chemical test. 

5) The diazo structural feature was not considered in this chemical 

test and compaflson of the spedroscopic propeities of known diazo compounds 

with that of the kinamycins led to the conclusion that the kinamycins were not 

cyanamides. The structures of the kinamycins, including prekinamycin, were 

revised from derivatives of N-cyanocarbazoles to derivatives of diazofluorene. 



6) ~evision of the structures of the kinamycins to derivatives of 

diazofluorene from derivatives of N-cyanocarbazoles ha$ significant impact on 

the understanding of kinamycin biosynthesis and mode of action. A revised 

biosynthetic pathway leading to the kinamycins as well as to related natural 

products has now been suggested. Furthemore, possible mechanisms of 

action in biological systems for these revised structures have been proposed. 

7 )  A synthetic route to the carbon skeleton (276) of the revised 

structure of prekinamycin, lacking substituents in the D-ring, from a substituted 

naphthoquinone was developed. 

8)  Also, a synthetic route ta an arornatic acid (283). which when 

utilized in the synthetic route described above. would yield the D-ring 

substitution present in prekinamycin, has been described. 



Chapter 6: Experimental 

6.1 General Procedures 

All reagents were obtained from the Aldrich Chernical Company, Inc. 

unless othemise stated. All reactions were camed out in a nitrogen or argon 

atmosphere. THF was dried by distillation from sodium wire and stored over 

rnolecular sieves (4A). Toluene was distilled from sodium wire with sodium 

benzophenone ketyl as the indicator. DMSO was dried by distillation from sodium 

hydnde under an argon atmosphere. DMF was dried by distillatiom from calcium 

hydride. Triethylamine was distilled from powdered potassium hydroxide. Zinc was 

punfied by the method descnbed in Purification of Labotatorv Chemicals.'53 

Reactions were monitored &y thin layer chromatography using 

aluminum-backed sheets precoated with silica gel (0.2 mm) or by 'H NMR. The TLC 

plates were analyzed by an ultraviolet lamp (254 nm) or by staining with 

phosphornolybdic acid in ethanol. Column chromatography was performed using 

silica gel (70-230 mesh A.T.S.M., E. Merck). Preparative Layer Chromatography was 

performed using glass backed plates (20 cm x 20 cm) precoated with silica gel (1 000 

microns) supplied by Analtech, Inc. 

High resolution and low resolution mass spectra were recorded at the 

McMaster Regional Center for Mass Spectrometry. Electrospray mass spectra were 

recorded at the University of Waterloo using a VG Quattro II triple quadrupole mass 

spectrorneter (Manchester, U.K.) ftted with an electrospray source nin in 5050 

acetonitrile/water with O. 1 % acetic acid at a flow rate of SOuUmin via HP 1090 HPLC 

(the flow source) with a declustering voltage of 3.5KV. Elemental analyses of 

samples were peiformed by M-H-W Laboratories in Arizona. 



lnfrared spectra were detemined on a MB-100 Fourier Transform 

spectrometer using KBr pellets unless otherwise indicated. The relevant peaks are 

given in cm-'. 
1 H NMR spectra were obtained on a Bniker AC-200 (200 MHz), AM-250 (250 

MHz), or AMX-500 (500 MHz) NMR Spectrometer with deuterochloroform as the 

solvent and tetramethylsilane as the intemal standard, unless otheiwise stated. The 

spectral parameters are listed in the following order: (frequency, solvent) chernical 

shift in ppm (rnultiplicity, coupling constant in He&, nurnber of protons). 13c NMR 

spectra were determined on an AC-200 (50.3 MHz), AM-250 (62.9 MHz) or AMX-500 

(1 25.8 MHz) NMR Spectrometer with deuterochloroform as the solvent (triplet 

centered at 78.0 ppm as the reference) unless otherwise stated. All spectra obtained 

were broad band decoupled, unless othemise stated. The spectral parameten are 

listed in the following order: (frequency, solvent) chemical shifts in ppm. 

HMQC's4Js5 and HMBCIS6 experiments were perfomed on the AMX-500 by Dr. 

Sandra Mooibroeck. X-ray crystallographic studies were perfomed by Dr. N. J. 

Taylor. 



6.2 Experimental Procedures 

Geneial Procedure for the Synthesis of N-Benzenesulfonylmines7 

Powdered molecular sieves (4A, 15g), Amberlyst 15 ion exchange resin (0.2 

g), benzenesulfonamide (15.7 g, 100 mmol), dry toluene (170 rnL) and the aldehyde 

(101.4 mmol) were added to a 300 mL one necked round bottorn flask wiai a Dean 

Stark water separator and an argon gas inlet. The reaction mixture was stirred and 

heated at reflux under an atmosphere of argon until water ceased to separate in the 

Dean Stark apparatus (approx. 18 h). The reaction mixture was cooled to room 

temperature and filtered through a sintered glass funnel. The residue was washed 

with toluene (70 mL) and the solvent was removed in vacuo leaving a viscous yellow 

oil. On standing the viscous oil solidified to a yellow-white solid. The solid was 

suspended in pentane (80 ml) and collected on a sintered glass funnel. The solid 

was t hen recrystallized from ethyl acetatelpen tane. The p roducts we re 

spectroscopically identical to material obtained by Davis et e/?a For 144: 'H NMR 

(250 MHz, CD@,) G 9.04 (s, 1 H), 7.93 (d, Je8.1 HZ, 2H), 7.68-7.49 (m, 8H); For 146: 
1 H NMR (250 MHz, CD2C12) 6 9.12 (s, 1H). 8.32 (d, J-8.7 HZ, 2H), 8.12 (d, J=8.7 HZ, 

2H), 8.06 (d, Jr8.7 Hz, 2H), 7.73-7.51 (m, 3H). 



General Procedure for the Synthesir of Davis' Reagent 

A solution of Oxone (potassium peroxymonosulfate) (6.0 g, 9.8 mmol) in water 

(50 mL) was added slowly (over 15 min.) to a vigorously stirred mixture of N- 

benzenesulfonylimine (2.0 g, 8.2 mmol), toluene (80 ml), potassium carbonate (9.5 

g, 68.7 mmol) and water (50 ml). The reaction mixture was stirred for 1 h. The 

solvent was removed in vacuo from the organic phase and the aqueous layer was 

extracted with toluene (3x25 ml). The combined organic extracts were washed with 

1 % sodium sulfite, dried over magnesium sulfate and the solvent removed in vacuo 

leaving a white solid. The products were spectroscopically identical to material 
1 obtained by Davis et a/.74p7e 122: H NMR (250 MHz, CD2CI2) 6 8.04 (d, Jt7.4 Hz, 

2H), 7.80 (d, J=7.4 Hz, 2H), 7.57-7.38 (m. 6H). 5.45 (9, 1 H); 145: 'H NMR (250 MHz, 

CD2C12) S 8.26 (d, Jz8.i HZ, 2H), 8.04 (d, J=7.5 HZ, 2H), 7.8 (d, J=7.5 HZ, 2H), 7.71- 

7.64 (m, 3H), 5.58 (S. 1H). 



Synthesis of 2,3-Cyclopentanoindole 142is7 

A mixture of phenylhydrazine (20 g, 185 mmol) and cyclopentanone 

(16 g, 167 mmol) was heated on a steam bath for 5 min. To the cooled red viscous 

liquid was added a solution of water (360 ml) and sulfuric acid (12M, 20 ml). The 

reaction mixture was then heated on a steam bath for 35 min followed by cooling in 

an ice bath for 20 min. The reaction mixture was filtered and the filtrate was 

discarded. The solid was sonicated with hexane for 10 min and filtered. The solvent 

was rernoved in vacuo frorn the filtrate leaving a white solid (35%). 'H NMR (500 

MHz, CD2C12) 6 7.93 (s, 1 H). 7.38 (d, 5-8.8 HZ, 1 H), 7.29 (d, Jt8.6 HZ, 1 H), 7.07-7.01 

(m, 2H), 2.87 (1, J=7*5 Hz, 1 H), 2.82 (1, J=7.6 Hz, 2H), 2.57-2.51 (m, 2H). 

General Procedure for the Reaction of lndoles with 122 

To a solution of the indole (7.1 mmol) in THF (8.0 mL) was added 

dropwise a solution of 122 (14.2 mmol) in THF (10 ml). The solution was allowed to 

stir at roorn temperature for 2 h under an argon atmosphere. The solvent was 

removed in vacuo and the residue was purified by column chromatography unless 

stated othennrise. Both 114 and 140 were also reacted with 122 in the presence of 

10% H20 in THF as the solvent, which produced identical results with that observed 

for the analogous anhydrous reactions. 



Adduct 141 

The cornpound 141 was purified on a column eluting with methylene 

chloride to give a white solid (74%) The mixture of diastereomers was separated on 

a column eluting with 15%, 20% ethyl acetatdhexane. The diastereomer 141 a was 

isolated by column chromatography and provided suitable crystals from THWtoluene 

for a single crystal X-ray diffraction study (Appendix B. page 252): IR (KBr) 3408 cm- 

'; 'H NMR (200 MHz, CD2C12) (1 41 a ) 6 7.35-7.06 (m. 12H), 6.83 (1, J=6.4 Hz, IH), 

6.64 (d, Jt6.4 Hz, 1 H), 5.62 (s, 1 H), 5.40 (S. 1 H), 1.97 (s, 3H), 1.56 (S. 3H); HRMS 

calcd for C23H22N203S 406.1352, found 406.1361 ; Anal. Calcd. for C2,HZN2O3S: C. 

67.96; H, 5.45; N, 6.89. Found: C,67.71; H, 5.33; N,6.91. 



Adduct 143 

The compound 143 was purified by column chromatography eluting 

with 30% ethyl acetatelhexane yielding a crystalline white solid (81%). The mixture 

of diastereomers was separated by repeated recrystallization from 30% ethyl 

acetatehexane which provided a single diastereomer, 143b, as a suitable crystal 

for a single crystal X-ray diffraction study (Appendix B, page 260): IR (KBr) 3395 cm- 

'; 'H NMR (250 MHz, CD2CI2) (one diastemorner) 6 7.37-6.65 (ml 14H), 5.91 (s, 1 H), 

5.36 (s, IH), 2.62-2.46 (m, 2H), 2.32-2.23 (m, 2H), 2.05-1.93 (ml IH), 1.75-1.58 (ml 

1 H); MS(EI) mlz 418(100%); HRMS calcd for C20H22N203S 418.1353, found 

418.1360; Anal. Calcd. for C24H22N203S: C, 68.88; Hl 5.30; N, 6.69. Found: Cl 

68.62; H, 5.28; N, 6.80. 



Adduct 138 

The compound 138 was purified on a column eluting with 30% ethyl 

acetatelhexane yielding a white crystalline solid (71%): IR (KBr) 3395 cm"; 'H NMR 

(500 MHz, CD2C12) (mixture of diastereorners)** 6 7.67-7.64 (rn, 2 ~ ~ ~ 1 ,  7.56-7.54 (m, 

2HAB), 7.49-7.47 (rn, 1 HA). 7.40-7.23 (m. 9~*'), 7.1 6-7.04 (rn, 8HAB), 7.02-6.97 (m. 

~H~ 'B) ,  6.80-6.75 (rn, 2 ~ ~ ~ 1 ,  6.53-6.51 (m. 1 HB), 6.39 (s, 1 H ~ ) ,  6.38-6.37 (m, 1 t iA),  

5.59 (s, lHA), 3.84-3.78 (rn, IH*), 3.63-3.58 (ml lHB), 3.29-3.25 (m, 1IiB), 3.15-3.14 

(m, 1 HA), 2.83-2.75 (m, 2HAB), 2.42-2.31 (m, 2HAB), 2.30-2.23 (m, 1 HA), 1.944 -73 (m. 

3~*'), 1.50 (s, 3HA), 1.42 (s, 3 ~ ~ ) ;  MS(EI) m/z 432(36%); HRMS calcd for 

C25H24N203S 432.1509, found 432.1500. Anal. Calcd. for C2,H,N2O3S: C, 69.42; 

H, 5.59; N. 6.48. Found: C, 69.75; H, 5.28; N, 6.61 . 

" The signals in the proton NMR spectnim of 1 43 were assigned based on 

NO€ and selective TOCSY experiments which are described in detail in Page 61, 

Chapter 2.2.1. Also, assignment A refers to component A (page 70) and assignment 

B refen to component B (page 70) while AB refen to signals from both 

diastereomers A and B. 



General Procedure for the Reaction of lndoles with 145 

f o  a solution of the indole (7.1 mmol) in THF (8.0 ml )  was added 

dropwise a solution of 145 (14.2 mmol) in M F  (1 0 ml). The solution was allowed 

to stir at room temperature for 2 h under an argon atmosphere. The solvent was 

removed in vacuo and the residue was purified by column chromatography unless 

stated otherwise. 

Adduct 148 

Adduct 148 was punfied on a column eluting with 30% ethyl 

acetatehxane to give a yellow solid (63%): IR (KBr) 3403 cm-' ; ' H NMR (200 MHz, 

CD2C12) (mixture of diastereomers") 6 8.38 (dl J=9.0 Hz, 2HY), 8.07 (dl J=8.8 Hz, 

2HY), 7.92 (dl J=9.0 Hz. 2Hlf), 7.37-6.60 (ml 20H%), 6.1 1 (s, 1 HV), 5.58 (s, 1 HV), 

5.51 (s, 1 HY), 5.35 (s, IHV), 2.02 (s, 3HV), 1.58 (s, 6HScx), 1.45 (s, 3Hq; MS(EI) mlz 

161 (53%), 141 (64%), 451 (100%); HRMS calcd for C2&,,N305S 451.1203, found 



" V refers to signals from one diastereomer whereas Vx refen to signals from 

both diastereomen. Note, the signals in the proton NMR spectnim have not been 

assigned to any particular diastereorner. 



Adduct 149 

Adduct 149 was purified by preparative layer chromatography eluting with 

25% ethyl acetate/hexane to give a yellow solid (54%). The diastereomers were 

separated by repeated recrystallization from ethyl acetatehexane: IR (KBr) 3390 cm* 

'; 'H NMR (200 MHz, CD#$ (one diastareorner) 6 8.38 (d, J=8.4 Hz, 2H), 8.07 (d, 

Jz8.8 Hz, 2H), 7.85 (d, J=8.8 Hz, 1 H), 7.49-7.13 (m, 6H), 6.84-6.71 (m, 2H), 5.67 (s, 

1 H), 5.35 (s, 1 H), 3.01-2.97 (m, IH), 2.56-1 -19 (rn, 5H); MS(EI) m/z 171 (59%), 

463(100%); HRMS calcd for CZ4H2, N305S 463.1 203, found 463.1 21 8. 



Adduct 147 

Adduct 147 was purified on a column eluting with 25% ethyl 

acetate/hexane to give a yellow solid (68%) which was recrystallized from diethyl 

etherlhexane: IR (KBr) 2962 cm-'. 'H NMR (200 MHz, CD2C12) 6 8.15 (d, Jr8.8 Hz, 

4W), 7.90-7.82 (m, 3H%), 7.65-7.22 (m, 1 3HYx), 7.1 1 -7.03 (m, 4Hlhr), 6.83-6.73 (m, 

2HY), 6.68 (s, 1 HV), 6.37-6.26 (m. 2HV), 5.75 (s, 1 HY). 3.86-3.73 (m, 1 HY), 3.57-3.39 

(m, 1 HY), 3.1 9-3.07 (m, PH*), 2.85-2.65 (m, ZHYx), 2.49-2.25 (m, 3H%), 2.03-1.62 

(ml 3HYz), 1.53 (s, 3HV), 1.26 (s, 3HV); 13c NMR (50.3 MHz, CD& 6 151.0, 148.9, 

147.9, 147.0, 146.0, 141.8, 140.8, 133.5, 132.8, 132.6, 131.0, 130.8, 129.6, 129.5, 

128.7, 128.1, 127.8, 127.5, 123.6, 122.6, 121.6, 120.6, 113.0, 111.3, 100.6, 99.4, 

94.2,92.4,91.0,89.3,52.6,50.5,33.7,29.4,27.1,26.3, 24.3, 21.8, 15.5; MS(EI) mlz 

185(l OC)%), 336(53%), 47/(45%); HRMS calcd for C2&inN305S 477.1 360, found 

477.1 356. 



Synthesis of 129 trom 2,t-Dimethylindole 

To a cooled (-SC) solution of 2,3-dimethylindole (0.51 1 g, 3.52 mmol) 

and triethylamine (1 mL) in methylene chloride (20 ml), was added slowly a solution 

of Br2 (4.20 mmol) in methylene chloride (6 ml). Ethylene glycol (30 ml)  was then 

added and the solution was allowed to stir for 15 min. A solution of p-toluenesulfonic 

acid monohydrate in ethylene glycol (100 mmol) was added until an orange colour 

persisted. The solution was stined further for 10 min., then basified with 10% NH,OH 

(pH 8). The reaction mixture was extracted with methylene chloride. The organic 

layer was washed with three portions of water (50 mL each), washed with brine (50 

ml), dried over magnesium sulfate and concentrated in vacuo. The residue was 

purified by column chromatography on silica gel with elution by 10% ethyl 

acetatelhexane to give 1 29 as a white solid (0.583 g, 81 %): mp iï-78'C; IR (KBr) 
-1, 1 3327 cm , H NMR (250 MHz, CDCld 6 7.25-7.11 (m, 2H), 6.85 (d, J=5.9 HZ, IH), 

13 
6.66(dI J=6.2Hz, 1H),4.12(s, 1H),3.75-3.65(m,4H), 1.52 (s, 3H), 1.37(s, 3H); C 

NMR (50.3 MHz, CDCS) 6 147.5, 131.0, 128.8, 122.9, 120.0, 110.3, 93.0, 81.4, 61.2, 

60.9, 23.2, 17.7; MS(EI) ml2 205; HRMS calcd for C12H15N02 205.1 103, found 

205.1 104; Anal. Calcd. for C12H15N02: C, 70.22; H, 7.37; N, 6.82. Found: C, 70.08; 



General Procedure for Testing Exchange Between Davis' Reagent 

and N-Benzene~ulfonylirnines 

A solution of the imine (0.082 mmol) and oxaziridine (0.082 mmol) in THF (0.5 

mL) was stirred at room temperature under a nitrogen atmasphere for 10 h. The 

solvent was removed in vacuo. The residue was analyzed by TLC and 'H NMR. The 

following experiments were carried out: 

a) 144 and 145 

b) 146 and 1 22 

In both cases, exchange between the imine and the oxaziridine was not 

observed. 



Genetal Procedure for Cross-Over Experiments 

To a solution of th8 indole (0.51 mmol) and imine (0.51 mmol) in THF 

(3.0 ml)  was added a solution of oxaziridine (0.51 mmol) in THF (2.0 ml). The 

reaction mixture was allowed to stir at room temperature and the progress of the 

reactior 

starting 

vacuo. 

materia 

was monitored by TLC. Upon detection of cornplete disappearance of the 

indole by TLC analysis, the solvent in the reaction mixture was removed in 

The product composition was analyzed by TLC and compared with authentic 

. The product distribution was also analyzed by 'H NMR. The following 

experiments were carried out: 

a) cyclopentanoindole 142 with 144 and 145 

b) cyclopentanoindole 142 with 146 and 1 22 

c) &&dimethylindole 140 with 144 and 145 

ci) 2,3=dimethylindole 140 with 146 and 122 

e) pyrroloindole 1 14 with 144 and 145 

f) pyrroloindole 1 14 with 146 and 1 22 

g) 2,3-dimethylindole 140 (0.19 mmol), with 1 44 (1.9 rnrnol), with 1 4 5 

(0.19 mmol) 



In al1 the above experirnents (a-f), analysis by TLC as well as analysis of 'H 

NMR spectra showed no cross-over product formation. A cross-over experiment in 

which the imine was present in 10 fold excess was also performed (exp. g). Again, 

the cross product was not obsewed by TLC or by 'H NMR. 

Reaction of pytrolo[l,2-alindole 114 with Davis reagent in the 

Presence of Water 

A solution of indole (0.6 mmol), Davis' reagent (0.6 mmol), THF (3.0 

mL) and water (1.0 mL) was stirred a? room temperature for 3 h under a nitrogen 

atmosphere. The reaction mixture was diluted with methylene chloride (30 mL). The 

organic phase was washed with water, brine, dried over sodium sulfate and the 

solvent removed h vacuo. The 'H NMR spectrum of the residue indicated the 

presence of 138 as well as benzaldehyde and benzenesulfonamide (from 

hydrolysis of the imine). The 'H NMR spectrum failed to show any indication of the 

presence of the dihydroxy compound 120c. 



Synthesis of 3-Hydroperoxy-2,3-dimethylindole 

Oxygen was bubbled through a cold (ice bath) solution of 2,3-dimethyl 

indole (140) (2.0 g, 15 mrnol) in petroleurn ether (60-80'~ fraction, 200 ml)  for 12 h 

with vigorous stirring. The whitesolid formed in the reaction was filtered and washed 

with several portions of petroleum ether. The peroxide (2.17 g, 87%) was utilized 

without further purification.90 

Synthesis of 2,3-dimethyl-3-hydroxyindolenine 

Sodium dithionite (0.471 g of 85%) was added to a solution of the 

hydroperoxide (0.2 g, 1.2 mmol) in ether (6 ml)  suspended with aqueous NaOH (2N, 

3.5 ml). The mixture was stined at room temperature for 1.5 h and then diluted with 

ether (1 0 mL). The aqueous layer was discarded and the organic layer was washed 



with water, brine and the solvent rernoved in vacuo. The product 152 (85%) was 

utilized without further purification.90 

Reaction of 3-hydroxy-2,3=dirnethylindolenine with 144 

A solution of indolenine 1 52 (0.065 g, 0.4 mmol) and imine 1 4 4  

(0.0989 g, 0.4 mmol) in THF (2.0 ml )  was stined at room temperature under an 

argon atmosphere for 3 h. The solvent was rernoved in vacuo. TLC and 'H NMR 

analysis showed only starting materials. 

Reaction of 138 with aqueous base 

HO' &t 8 2  Ho DioxandH2~ 



A solution of 138 (0.0103 g, 0.024 mmol) in dioxane (0.5 ml)  and water (0.5 

mL) containing sodium hydroxide (IM, 0.5 ml)  was heated at reflux for 3 h. The 

reaction mixture was diluted with water and extracted with ethyl acetate. The organic 

phase was washed with water, brine and the solvent was removed in vacuo. TLC 

and 'H NMR analysis showed only starting material present. 

Reaction of 138 with aqueous acid 

The above reaction was repeated with sulfunc acid (1 Ml 0.5 mL) instead of 

sodium hydroxide and again only starting material was obsenred by TLC and 'H 

N M R analysis. 

Synthesis of Anilinoketone 168 

A solution of o-anisidine, 166, (8.95 mL, 79.4 mmol), 5-methylcyclohexane- 

1 ,Sdione, 167, (1 0.0 g, 79.4 mmol) and p-toluenesulfonic acid monohydrate (1 .O g, 

5.3 rnmol) in toluene (200 ml) was heated at reflux for 6 h. The solvent was 

removed in vacuo leaving a bright yellow solid. A solution of the residue in 



methylene chloride was washed with water, bnne and dried over magnesium sulfate. 

The solvent was removed in vacuo leaving a residue which was recrystallized from 

methylene chloride/hexane to give 168 as a pale yellow solid (1 5.85 g, 86%): mp 

142.5-1 W C ;  Flf 0.21 (4:1 ethyl acetaWhexane); IR (KBr) 3240, 1 544(br) an"; ' H 
NMR (500 MHz, CD2C12) 87.33 (dd, Jd.6, 1.6 HZ, IH), 7.12-7.08 (m, IH), 6.95-6.92 

(m, 2H), 6.46 (br. s, 1 H), 5.57 (d, J=1 .O Hz, 1 H) , 3.84 (S. 3H). 2.44 (ddd, Jt11.3, 8.9. 

1.5 Hz. 1H). 2.35-2.19 (m, 3H), 2.01 (dd, J=11.3, 4.7 Hz, IH), 1.08 (d, 6.4 Hz, 3H); 
13 

C NMR (125.8 MHz, CD2C12) S 199.4, 162.4, 153.1, 129.9, 126.8, 124.8, 122.1. 

113.0, 101.5, 55.0. 46.9, 40.1, 31.5, 22.5; MS(EI): mlz 231 (100%), 189 (44%), 174 

(24%); HRMS calcd for CI4Hl7NO2 231 -1260, found 231.1259; Anal. Calcd. for 

Cl4HI7NO2: Cl 72.70; H, 7.41 ; N, 6.06. Found: C, 72.75; H, 7.50: N, 6.06. 

Synthesis of 4-keto-l,2,3,4-tetrahydroccirbazole 169 

OMe OMe 

A mixture of 168 (4.1 1 g, 17.8 mmol), palladium acetate (4.4 g, 19.6 mmol) 

and glacial acetic acid (450 ml) was heated at reflux with stirring for 7 h. The 

reaction mixture was cooled to room temperature and filtered through celite. The 

solvent was removed from the filtrate in vacuo leaving a brown solid. The residue 

was recrystallized from methylene chloride to give 169 as a tan solid (4.12 g, 64%): 

rnp 262-263'C; Rf 0.6 (8:2 ethyl acetatelhexane); IR (KBr) 301 5, 161 3 cm-'; 'H NMR 



(250 MHz, DMSO-d6) S 7.51 (d, J17.7 Hz, 1 H), 7.05 (dd, J=7.7, 7.9 Hz, 1 H), 6.75 (d, 

J=7.9 Hz, 1H), 6.41 (br. s, IH), 3.91 (S. 3H), 2.99 (dd, J=3.1, 16 Hz, IH), 2.66-2.17 (ml 
13 

4H), 1.10(d, J-6.0H~3î-I); CNMR(~~.QMHZ,DMSO-~~)G 192.5, 151.1, 145.7, 

125.8, 125.7, 122.2, 112.8, 11 1.8, 103.5 55.2, 46.1, 31.1, 30.6, 20.8; MS(EI) mlz 

229(100%), l87(73%); HRMS calcd for C14H15N02 229.1 104, found: 229.1 103; 

Anal. Calcd. for CI4Hl5NO2: C, 73.34; Hl 6.59; N, 6.1 1. Found: C, 73.44; Hl 6.65; N, 

Syntheris of Phenyl Cyanateis* (1 72) 

173 172 

Triethylamine (1 9.6 mL, 140 mmol) was added slowly to a cooled solution of 

cyanogen bromide (1 4.2 g, 134 mrnol), phenol (1 2.5 g, 133 mmol), pentane (67 mL) 

and diethyl ether (27 ml). The temperature was kept below 30'~ during the 

addition. The reaction mixture was allowed to stir at O'C for 1 h. The white solid 

fonned in the reaction was removed by filtration and washed with pentane (3 x 40 

mL). The filtrate and washings were combined and the solvent removed in vacuo 

leaving a pale yellow oil (13.1 g, 83%). IR (Neat) 2275 cmœ'. 



Synthesir of 9-cyano-4-keto-8-rnethoxy-l,2,3,4- 

tetrahydroearbazole 174 

To a solution of 169 (3.97 g, 17.3 mmol) and phenyl cyanate (3.0 ml)  in dry 

dimethyl sulfowide (60 mL) was added dry triethylamine (5.4 mL, 38.0 mmol). This 

mixture was allowed to stir ovemight under an argon atmosphere. The reaction was 

diluted with water (100 ml) and extracted with ethyl acetate (3x50 mL). The extracts 

were combined and washed with water, brine and dried ove? rnagnesium sulfate. 

The residue was then purified by column chromatography eluting with methylene 

chloride to yield 174 as a white solid (4.1 1 g, 94%): mp 165-166'C; Rf 0.47 (2:3 

ethyl acetatdhexane); IR (KBr) 2245, 1666 cm-'; 'H NMR (250 MHz, CDCI,) 6 7.70 

(dg J=8.0 Hz, 1 H), 7.27 (1, J4.O Hz, 1 H), 6.82 (d, Jl8.0 Hz, 1 H), 3.97 (s, 3H), 3.1 0 (dd, 
13 

J=4.1, 16.?Hz, 1H),2.72-2.29 (m,4H), 1.25 (d.Jt6.2 HZ, 3H); C NMR(62.9 MHz, 

46.1, 30.8, 29.7, 21.1; MS(EI) mlz 254(100%), 212(58%); HRMS calcd for 

Cl 5H14N202 254.1 056, found: 254.1049; Anal. Calcd. for CI5Hl4N2O2: C, 70.85; H, 

5.55; N, 1 1.02. Found: C, 70.99; H, 5.54; N, 1 0.89. 



Synthesis of 9-cyano-Gketo-l,2,3,4-letrahydrocar bazole-5,8- 

dione 174 

To a cooled solution of 174 (3.6 g, 14.3 mmol) in acetonitrile (300 rnL) 

was added slowly a cooled solution of ceric ammonium nitrate (50.2 g, 91.5 mmol) in 

water (150 mL). The solution was allowed to stir at room temperature ovemight. 

Water (500 ml)  was added and the solution was extracted with ethyl acetate (3 

portions). Rernoval of the solvent K, vacuo from the dried organic phase yielded a 

residue which was recrystallized from acetondwater to give a yellow solid (2.8 g, 

79%): mp 200'C (decornp.); Rf 0.55 (4:1 ethyl acetatehexane); IR (KBr) 2258, 1689, 
-1 1 1667 cm ; H NMR (200 MHz, CDCI3) 6 6.82 (cl, J=10.4 Hz, 1 H), 6.75 (d, J40.4 Hz, 

1H), 3.18 (dd, J=17, 3.7 Hz. 1H), 2.3-2.7 (rn, 4H), 1.25 (d, J4.1 Hz, 3H); 13c NMR 

96.2,46.9, 30.3, 29.8,20.8; MS(EI) mlz 254(37%), 21 2(100%), l8?(44%), 1 84(34%); 

HRMS calcd for C14H1,N203 254.0692, found 254.0698; Anal. Calcd. for 

Cl &îl ,,N203: C, 66.14; H, 3.96; N, 1 1.02. Found: C, 66.09; H, 4.24; N, 10.72. 



Synthesis of the DieIs-Alder adduct 175 

OMe O CN O M e O  CN 

To a solution of the quinone 165 (2.35 g, 9.3 mmol) in DMF (40 mL) 

was added 1 -methoxy-1,8cycIohexadiene (3.06 g, 27.8 mmol). The solution was 

stirred ovemight, diluted with water and extracted with several portions of ethyl 

acetate. The combined organic extracts were washed with water, brine and dried 

over sodium sulfate. The solvent was removed in vacuo leaving a dark brown solid. 

The residue was recrystallized from THFBexane to give the adduct 175 as an off- 

white solid (3.0 g, 89%): mp 166'C (decornp.); Rf 0.23 (3:2 ethyl acetatehexane): IR 

(KBr) 2257,1702,1675 cmo1; 'H NMR (200 MHz, CD2CI2) 6 6.1 5-6.02 (m, 2H), 3.47 

(s, 3H), 3.42 (s, IH), 3.23-3.05 (m, 2H), 2.7-1.4 (m, 9H), 1.19 (d, J=6.1 HZ, 3H); 

MS(EI) mlz 364(13%), 336(44%), 256(27%), 1 1 0(100%); HRMS calcd for 

C2, H2()N2O4 364.1 424, found 364.1 463; Anal. Calcd. for C21 H20N204: C, 69.22; H, 

5.53; N, 7.69. Found: C, 69.14; H, 5.70; N, 7.50. 



Preparation of hydroquinone 178 

O M e O  CN OMe O H  CN 

To a cooled (ice bath) solution of the adduct 175 (0.099 g, 0.27 mmol) 
** 

in methylene chloride (10 ml) was added CDCI, (1 ml). The solution was brought 

up to room temperature and allowed to stir for 3 h. The reaction was monitored by 

TLC until completion. The solution was washed with water and dned over sodium 

sulfate. Removal of the solvent in vacuo produced the hydroquinone 178 as a solid 

residue which was analytically pure and was used directly in the oxidation step 

described below. A suitable crystal for an X-ray diffraction study (Appendix B, page 

272) was obtained fom THF/toluene: Rf 0.57 (2:3 ethyl acetatehexane); IR (KBr) 

3307, 2249, 1637 cmg'; 'H NMR (250 MHz, CDCg) 6 9.80 (s, 1 H), 9.05 (s, 1 H), 6.66 

(dd, J=1 .Il 8.3 Hz, IH), 6.55 (dd, Jr6.2, 8.3 Hz, IH), 4.45-4.32 (ml IH), 3.68 (s, 3H), 

3.13 (dd, J=3.6, 16 Hz, IH), 2.75-2.33 (m, 4H), 2.12-2.03 (m, 1H), 1.72-1.52 (m, 3H), 
13 

1.25 (d, J=6.2 HZ, 3H); C NMR (50.3 MHz, CD2CI2) 6 197.16, 152.38, 137.37, 

45.16, 32.76,31.56, 31 -45, 30.02, 28.54, 25.97, 20.91 ; MS(EI) 364; HRMS calcd for 

C2, HmN2o4 364.1424, found 364.141 1 ; Anal. Calcd. for C2, HmN204: C, 69.22; H, 

5.53; Nt 7.69. Found: C, 69.00; H, 5.69; N, 7.49. 



"This reaction was first detected during attempts to record NMR spectra of the 

adduct 178 in CDC13. The catalytic etfect was observed with many but not al1 

sarnples of CDC13 and is undoubtedly the result of the presence of traces of DCI. 

The suitability of a given sample of CDC13 for this reaction was detemiined in very 

small scale transformations of 1 75 to 1 78 monitored by TLC analysis. Preliminary 

experirnents indicate that this reaction can also be effected cleanly in 2 h by addition 

of a saturated solution of HCI in CH2CI2 (0.05 mL) to a solution of 175 (2.2 mg) in 

CH2CI2 (0.5 ml). 

Synthesir of quinone 176 

OMe OH CN OMe O CN 

To a cooled (-7872) solution of the hydroquinone 1 78 (obtained from 

the reduction step above) in 20:1 acetone:water (5 m l )  was added slowly a solution 

of DDQ (0.709 g, 0.31 mmol) in 20:1 acetone:water (15 ml). The reaction was 

stirred at -78'C for 1.5 h. The solvent was removed in vacuo and the residue was 

dissolved in methylene chloride. The organic layer was washed with water and 

dried over sodium sulfate. Byproducts derived from DDQ were removed by stirring 

the organic layer with alumina. The suspension was filtered and the solvent was 

removed from the filtrate in vacuo. Recrystallization of the solid residue from acetone 

gave 176 as a bright yellow solid (0.092 g, 93% from 175): mp 216'C (decornp.); Rf 



0.64 (4:1 ethyl acetatehexane); IR (KBr) 2259, 1694, 1661 cm-'; 'H NMR (200 MHz, 

CD,CI,) 6 6.59 (dd, JJ.7, 1 .O Hz. 1 H), 6.38 (dd, JJ.7,  6.1 Hz, 1 H), 4.434.38 (m, 

IH), 3.13 (dd, J46.1, 4.3 Hz, IH), 2.72-2.26 (m. 4H), 1.82-1.26 (ml 4H), 1.20 (dl 
13 

J=6.1 HZ, 3H); C NMR (62.9 MHz, CD2CI2) 6 190.2, 176.3, 173.0, 152.5, 151 .Tl 

144.0, 135.6, 133.7, 131.7, 122.8, 120.4, 103.8, 85.4, 55.8, 47.4, 34.5, 31.4, 30.7, 

30.1 , 25.2, 20.9; MS(EI) rrJz 334(62%) [M-281, 292(36%), 264(75%), 237(100%); 

Anal. Calcd. for C,, HI8N2O4: Cl 69.60; H, 5.00; N, 7.73. Found: C, 69.41 ; H, 5.22; N, 

Synthesis of ketone 177 

OMe O CN OMe O CN 

176 177 

A solution of the quinone 176 (0.503 g, 1.4 mmol) in toluene was 

heated at reflux for 3.5 h and was stored at 4 ' ~  overnight. The precipitate which was 

formed was collected by filtration and washed with a small quantity of toluene. The 

reddish solid was reciystallized from acetondhexane to give 177 as a bright yellow 

solid (0.434 g, 94%): Rf 0.33 (4:1 ethyl acetatehexane); IR (KBr) 2256. 1697, 1658 
-1. 1 

cm , H NMR (250 MHz, CDCI,) 6 7.89 (dd, k7.7, 1.1 Hz, 1H), 7.73 (dd, J4.4,  7.7 

Hz, 1 H), 7.34 (dd, 5=8.5,0.9 Hz, 1 H). 4.05 (s, 3H), 3.21 (dd, J=17.0, 3.9 Hz, 1 H), 2.41 - 
2.81 (ml 4H), 1.27 (dl Jd.2 Hz, 3H); MS(EI) nJz 334(61%), 292(31%), 264(59%), 



237(100%); HRMS calcd for CI0Hl4N2O4 334.0954, found 334.0978; Anal. Calcd. for 

Cl9Hl4N2O4: C, 68.26, H, 4.22; N, 8.38. Found: C, 68.43; H, 4.07; Nt 8.19. 

y t 

OMe CN 

To a cooled (ice bath) solution of ketone 17 4 (0.1 00 g, 0.3 mmol and DDQ 

(0.071 g, 0.3 mmol) in isopropenyl acetate (25 ml) was added one drop of sulfuric 

acid (12 M). The mixture was allowed to stir at ice bath temperature for 2 h and 

equilibrated to room temperature ovemight. Methylene chloride was added and the 

organic layer was washed with water, dried over sodium sulfate and the solvent was 

rernoved in vacuo. The solid residue was purified by preparative layer 

chromatography eluting 40% ethyl acetatehexane (0.053 g, 48%): IR (KBr) 2250, 
-1. 1 

1 678 cm , H NMR (200 MHz, CD&) 6 7.79 (dd. Js7.8, 1 .O Hz), 7.74 (dd, J=8.2, 

7.8 Hz), 7.53 (s, IH), 7.44(ddt J=8.2, 1.0 Hz), 7.11 (s, IH), 4.06 (s, 3H), 2.58 (s, 3H), 

2.51 (s, 3H); MS(EI) mlz 280(5.3%), 238(100%). Anal. Calcd. for Cl7HI4NO3: Ci 

72.85; H, 5.03; N, 5.00, Found: C, 72.50; H, 4.98; N, 4.87. 



Synthesis of 190 and isolation 

O O 

O M e O  CN OMe O R 

To a cooled (ice bath) suspension of ketone 177 (0.1 10 g, 0.3 mmol 

and DDQ (0.086 g, 0.36 mmol) in isopropenyl acetate (25 ml)  was added one drop 

of sulfuric acid (12 M). The mixture was allowed to stir at ice bath temperature for 2 h 

and at room temperature for 12 h. Methylene chloride was added and the solution 

was filtered to remove small amounts of insoluble material. The precipitate, which 

was produced in variable amounts, was identified as the decyanated analog of 190. 

The filtrate was washed with water, dried over sodium sulfate and the solvent was 

removed in vacuo. The solid residue was recrystallized from methylene chloride and 

from acetone leaving 190 as a bright yellow solid (0.075 g, 61 %): Rf 0.59 (4:1 ethyl 

acetatehexane); IR (KBr) 2252, 1770, 1668 cm-'; ' H NMR (500 MHz, CD2CI2) 6 7.86 

(dd, J=7.6, 1 .1 Hz, 1 H), 7.75 (dd, J=8.5,7.7 Hz, 1 H) , 7.47 (br. s, 1 H), 7.37 (dd, Jz8.5, 

1.1 Hz, IH), 7.04 (br. s, 1H). 4.04 (s, 3H), 2.56 (s, 3H). 2.53 (s, 3H); 13c NMR (125.8 

MHz, CD2CI2) 6 178.8, 175.2, 170.4, 161.1, 146.3, 142.6, 140.7, 137.7, 136.3, 136.2, 

122.2, 120.9, 118.6, 116.1, 110.3, 105.0, 56.9, 22.0, 21.6; MS(EI) mlz 374(6.5%), 

332(lOO%); HRMS calcd for CP1 HI4N2O5 374.0903, found 374.0912; Anal. Calcd. for 

C2, Hl ,NaOs: C, 67.38; H, 3.77; N, 7.48, Found: C, 67.33; H, 3.76; N, 7.34. 

The decyanated material 191 was isolated by filtration of the reaction mixture 

of the aromatization of 177, as described above, and was washed with several 



portions of methylene chlonde and dioxane to yield a bright yellow solid (0.017 g, 

15%). IR (KBr) 3252, 1754, 1651 cd; 'H NMR (200 MHz, CDC13) S 7.98-7.60 (m, 

3H), 7.39-7.7.22 (m, 2H), 6.80 (s, 1 H), 4.06 (s, 3H), 2.52 (s, 3H); MS(EI) d z  

349(5.2%); HRMS calcd for C20H15N05 349.0951, found 349.0948. 

Cyanation of 191 

b 

OMe O H OMe O 

To a cooled (ice bath) stimd suspension of 191 (0.0326 g, 0.093 

mmol) and phenyl cyanate (0.066 g, 0.55 mmol) in dimethyl sulfoxide (1.5 ml)  was 

added slowly triethylamine ( 30 PL, 0.205 mmol). The reaction mixture was allowed 

to equilibrate to room temperature and was stirred ovemight. The reaction mixture 

was diluted with ethyl acetate and washed with water, bnne, dried over sodium 

sulfate and solvent removed N, vacuo. The residue was recrystallized from 

methylene chloride to give 190 a bright yellow solid (0.0307 g, 88%) which was 

spectroscopically and chromatographically identical to 190 as prepared above. 



Acetylation of 1,s-dihydroxynaphthalene 

Acetic anhydride (29.5 mL, 312 mmol) was added slowly to a cooled 

solution (ice bath) of 1,5-dihydroxynaphthalene (253) (20.2 g, 126 mmol) in 

methylene chloride (400 ml)  and pyridine (25.2 mL, 312 mmol) and the solution was 

stirred at ice bath temperature for an additional five minutes and then equilibrated to 

room temperature over 2 h. The reaction mixture was diluted with methylene 

chloride, washed with several portions of water and brine, dried over sodium sulfate 

and the solvent was removed in vacua. The residue was recrystallized from ethyl 

acetatehexane leaving 251 as an off white solid (25.8 g, 85%): Rf 0.51 (40% ethyl 

acetatelhexane); IR (KBr) 1751 (br. s) cm-'; 'H NMR (250 MHz, CDCI,) G 7.84 (d, 
13 

J=8*6 M, 2H)p 7.54 (dd, J=8*6,7.5 HZ, 2H), 7.33 (d. Jz7.5 HZ, 2H), 2.50 (s, 6H); C 

NMR (62.9 MHz, CDCI3) 6 170.1, 147.6, 129.0, 126.9, 120.2, 119.7, 21.8. 



Synthesis of 254 

OAc C! 

OAc O 

254 

To a cooled solution of N-bromosuccinimide (50.1 g, ) in acetic acid 

(700 mL) and water (1000 mL) was added a wam solution of 251 (17.0 g, 69.7 

rnrnol) in acetic acid (700 ml). The reaction mixture was heated to 65-70'~ and 

maintained at this temperature for 45 min. The reaction mixture was then cooled and 

diluted with water (1000 ml). Solid formed in the reaction was filtered and washed 

with several portions of water. The solid was then dissolved in methylene chloride 

(300 mL), washed with water, brine, dried over sodium sulfate and the solvent 

removed in vacuo leaving a yellow solid. The residue was recrystallized from 

rnethylene chloride/cyclohexane leaving 254 as a bright yellow solid (18.6 g, 
-1. lH 91 %).? Rf 0.29 (20% ethyl acetatehexane); IR (KBr) 1778, 1679, 1663 cm , 

NMR (250 MHz, CD2C12) 8 8.12 (dd, J=8.0, 1.1 HZ, 1 H), 7.79 (t, J=8.0 HZ, 1 H), 7.44 
13 

(dd, J-8.0, 1.1 Hz, IH), 7.40 (s, IH), 2.40 (s, 3H); C NMR (50.3 MHz, COCI,) 6 

180.8, 169.2, 149.8, 141.3, 138.4, 134.9, 132.5, 130.2, 126.3, 123.2. 21.0; MS(C1) 

rn/z 31 2 [M+I 8]*. 

"If the reaction is kept at 50 -55 '~  instead of 65-70 '~  and the water content 

was reduced by 30%, then the isolated product has the following properties: 'H NMR 

(250 MHz, CD2C12) 6 8.06 (dd, J=7.5, 1.7 Hz, 1 H), 7.99 (s, 1 H), 7.68-7.56 (m, 2H), 



13 2.50 (s, 3H); C NMR (50.3, GDCI3 6 174.9, 167.9, 148.6, 134.0, 130.9. 129.9, 

126.7. 124.9, 1 19.9, 41 -7, 21.6. This product is believed to be 256 (below). 

Reaction of 254 with 

OAC O OAc OH 

To a mixture of quinone 254 (0.979 g, 3.3 mmol), dione 167 (0.419 g. 

3.3 mmol) in ethanol was slowly added a solution of diisopropylethylamine (0.96 g, 

6.97 mmol) in ethanol (2 ml). The reaction mixture was allowed to stir at room 

temperature for 2 h. Solid formed in the reaction mixture was filtered off and the 

filtrate was acidified with dilute HCI (2M) with cooling (ice bath). The product 25 8 

was filtered and dried under high vacuum (0.716 g, 63%): IR (KBr) 3448, lnl, 1698 

cm-1; 'H NMR (200 MHz, CD2Clp)G8.15 (dd, Jz7.7, 1.3 Hz, IH), 7.78 (dd, J=û.1, 7.7 

Hz, IH), 7.42 (dd, J4.1, 1.3 Hz, IH), 3.23-3.12 (m, IH), 2.81-2.30 (m, 4H), 2.47 (s, 

3H), 1 2 1  (d, 5-6.2 Hz, 3H); MS(EI) rn/z 340. 



General Procedure for Oxidative Substitution of 254: 

A solution of quinone 254 (0.3 mmol), the carboxylic acid (0.3 mmol), 

and silver nitrate (15 mg, 0.08 mmol) in acetonitrile (2.5 mL) was warmed to 6 0 ' ~ .  

Ammonium penulfate (178 mg, 0.78 mmol) in water (3 mL) was added slowly to the 

reaction mixture. Upon complete addition of the persulfate solution, the reaction 

mixture was heated to 9 5 ' ~  and stirred at this temperature for 1 h. The reaction 

mixture was then cooled to room temperature, diluted with water (20 ml) and 

extracted with several portions of methylene chloride. The organic phase was dried 

over sodium sulfate and the solvent removed rir vacuo. 

Oxidative Methylation of 254 

OAc O OAC O 



The time that the reaction mixture was maintained at 9 5 ' ~  was 

extended to 2 h and the progress of the reaction was monitored by TLC. The 

quinone 2701 was purified by column chromatography eluting with 20% ethyl 

acetatehexane to give a bright yellow solid (91%): Rf 0.28 (20% ethyl 

acetatdhexane); IR (KBr) 1765. 1672, 1662 cm-'; 'H NMR (250 MHz, C6D6) 8 7.86 
13 

(dd, J=7.4, 1.5 Hz, 1 H), 6.95-6.83 (m, 2H), 2.21 (s, 3H), 1.95 (s, 3H); C NMR (62.9 

MHz, C6D6) 6 176.2, 174.1, 168.6, 150.2. 148.8, 141.0, 137.8, 133.2, 129.7. 125.5, 

20.8, 17.5; MS(CI) rn/z 309 [~+1]+. 

Oxidative coupling of benzoic acid with 254 

OAc O OAc O l+ij 

The adduct 270b was recrystallized from ethyl acetate/hexane to give 

a bright yellow solid (79%): Rf 0.58 (40% ethyl acetatehexane); IR(KBr) 1763, 1674, 

1661 cm-'; 'H NMR (250 MHz, C D & )  6 8.18 (dd, J=7.8, 1.3 Hz, IH), 7.82 (1, J=8.0 

Hz, 1 H), 7.52-7.44 (m. 4H), 7.30-7.26 (m, 2H), 2.35 (s, 3H); MS (electrospray) 371. 



Oxidative coupling of phenylacetic acid with 254 

OAc O OAc O 

The adduct 270c was recrystallized from ethyl acetatehexane to give a 

bright yellow solid (84%): ~f 0.27 (20% ethyl acetate/hexane); IR (KBr) 1 770, 1 670 
-1 1 cm ; H NMR (250 MHz, CD2CI2) 68.10 (dd, J=7.8, 1.3 Hz, IH), 8.41 (dd, JsB.1, 7.8 

Hz, IH), 7.41 (dd, J=8.1, 1.3 Hz, IH), 7.34-7.18 (m, 5H), 4.18 (s, 2H), 2.42 (s, 3H); 
13 C NMR (62.9 MHz, CDC13) 6 181.2, 178.3, 170.2, 151.8, 150.9, 139.5, 137.3, 

HRMS calcd for CI9Hl3O4Br 383.9997, found 383.9972. 

Oxidative coupling O-chlorophenylacetic acid with 254 

OAc O 

254 

OAC O a 

270d 



The adduct 270d was purified by column chromatography eluting with 

20% ethyl acetate hexane yielding a bflght yellow solid (86%): Rf 0.25 (20% ethyl 

acetate/hexane); IR (KBr) 1764, 1673 cmœ'; 'H NMR (250 MHz, CD#,) 8 8.1 7 (dd. 

Jt7.8, 1.3 Hz, 1 H), 7.n (t, Jd.0 Hz, 1 H), 7.43-7.38 (m, 2H), 7.20-7.09 (m. 2H), 6.97- 
13 

6.93 (m, 1 H), 4.27 (s, 2H), 2.40 (s, 3H); C NMR (62.9 MHz, CDC13) G 180.9, 178.0, 

170.1. 151.2, 150.9, 140.9, 135.8, 135.7, 133.7, 131.1, 130.5, 129.7, 128.9, 127.9, 

127.0, 124.0135.4, 22.0; MS(CI) mlz 41 9 [M+1] +. 
- 

Oxidative coupling of O-biornophenylacetic acid with 254 

OAc O OAc O Br 

The adduct 270e was purified by column chromatography eluting with 

20% ethyl acetate hexane yielding a bright yellow solid (85%): Rf 0.21 (20% ethyl 
-1. 1 

acetatehexane); IR (KBr) 1766, 1670 cm , H NMR (200 MHz, CDpC12) G 8.1 5 (dd, 

J=7.8, 1.3 HZ, 1 H), 7.80 (1, Jz7.9 H, 1 H), 7.62 (dd, J=7.7, 1.7 HZ, 1 H), 7.44 (dd, Jz8.0, 

1 .1 Hz, 1 H), 7.23-7.07 (m, 2H), 6.94 (dd, Jz7.0, 2.0 Hz, 1 H), 4.26 (s, 2H), 2.36 (S, 

3H); ' 3 ~  NMR (62.9 MHz, CDC13) 6 181.0, 178.0, 170.2, 151.3. 151.0, 141.0, 136.8, 



Reduction of 270e with sodium dithionite 

OAc O Br OAc OH OH OAc 

A mixture of 270e (100 mg, 0.22 mmol), sodium dithionite (77 mg, 0.44 

rnmol), water (0.6 ml) and ether (0.6 ml) was stirred at room temperature under a 

nitrogen atmosphare for 30 min. The aqueous layer was discarded and the organic 

layer was washed with water and brine. The organic phase was dned over sodium 

sulfate and the solvent was rernoved in vacuo yieiding a tan solid (95 mg, 95%): 'H 

NMR (200 MHz, CD2Cg) 6 8.17 (dd, Js8.5, 1.0 HZ, IH), 7.87 (dd, Jz8.5, 0.8 HZ, IH), 

7.37-7.28 (m, 6H), 7-21 -7.05 (m. 4H), 6.91 (dd, J=7.8, 0.7 Hz, 1 H), 6.79-6.67 (m, 1 H), 

4.38 (s, 2H), 4.27 (br s, 2H), 2.41 (s, 3H), 2.25 (s, 3H); MS(EI) mlr 466. 

Reduction of 270e with triethyl phorphite 

To a solution of quinone (100 mg, 0.22 mmol), benzene (0.5 mL), ethanol (0.5 

ml)  and water (0.2 mL) was slowly added triethyt phosphite (0.57 ml). After stirring 

the reaction mixture for 1 h at room temperature, water was added and the aqueous 



layer was extracted with ethyl acetate. The organic phase was washed with water, 

bine and the solvent was rernoved in vacuo to give a tan solid (91 mg, 91 %). The 

product obtained was spectroscopically similar to that obtained by reduction with 

dithionite. 

Reduction of 270e with dithionite followed by acetylation with 

acetic anhydride 

OAc 0 // \ mm / ' /  '. 
OAC O ër 

270e 

OAc OAc Br 

275 

A mixture of quinone 270e (0.1 g, 0.22 mmol), diethyl ether (0.6 ml), sodium 

dithionite (77 mg, 0.44 mmol) and water (0.6 ml) was stirred under an atmosphere of 

nitrogen for 30 min. The aqueous layer was discarded and the organic phase was 

washed with several portions of water and brine. The organic layer was then dried 

over sodium sulfate and the solvent removed in vacuo. The crude product was 

dissolved in acetic anhydride (5 mL) ta which was added sulfun'c acid (2 drops of 12 

M). The reaction mixture was stirred at room temperature for 20 min then poured into 

a mixture of ice water, methylene chloride and sodium bicarbonate, which was 

stirred vigorously for 30 min. The aqueous and organic layers were separated. The 

aqueous layer was extracted with several portions of methylene chloride. The 

organic layen were cornbined and washed with water, brine and the solvent 

removed in vacuo. The crude product was recrystallized from diethyl ether to give 



275 as a white solid (0.092 g, 78%). Rf 0.43 (50% ethyl acetatehexane); IR (KBr) 

1769 (br.) cm-'; 'H NMR (250 MHz, COCI,) G 7.78 (dd, J=8.6, 1.1 Hz, 1 H), 7.60-7.5 1 

(m, 2H), 7.20 (dd, J=7.5, 1.1 Hz, 1 H), 7.14-7.05 (m, 2H), 6.66 (dd, JS.4, 2.0 Hz, 1 H), 

4.33 (br., 2H), 2.51 (s, 3H), 2.35 (s, 3H), 2.22 (s, 3H); I3c NMR (50.3 MHz. CD,Ci,) 6 

169.6, 169.2, 168.4, 145.8, 144.0, 142.6, 137.5, 132.9, 130.7, 129.4, 128.4, 128.0, 

124.7, 122.5, 121.8, 120.6, 118.6. 37.3, 21.3, 20.9; MS(E1) mi.. 548(4%), 506(4%), 

464(8%), 422(28%); HRMS calcd for C23H188r& 547.9470, found 547.9469. 

Reduction of 270e with zinc in acetic anhydride 

A mixture of Zn (0.060 g, 0.92 mmol), quinone 2700 ( 0.2 g, 0.44 

mmol), acetic anhydride (0.765 g, 7.5 mmol, 0.71 ml)  and triethylamine (0.133 g, 

1.32 mmol) was heated to reflux. The mixture was maintained at reflux for 3 min and 

then poured into ice water (40 ml). The aqueous layer was then extracted with 

several portions of methylene chloride. The organic layer was filtered, washed with 

water, brine and the solvent removed in vacuo. The crude product was recrystallized 

from diethyl ether to give a white solid (0.053 g, 75%) which was spectroscopically 

identical to material obtained by dithionite reduction followed by acetylation. 

Synthesir of 276 

OAc OAc 

OAc OAc Br 

275 

OAc OAc 



A mixture of triphenyl phosphine ( 0.032 g, 0.14 mmol), nickel bromide 

(0.004 g, 0.01 8 mmol), zinc (0.036 g, 0.55 mmd) and dry DMF (5 mL) was heated to 

- 6 0 ' ~ .  The reaction mixture was kept between 60-70 '~ until a deep red-brown 

colour was obseived. lnto this mixture was then canulated a solution of 275 (0.2 g. 

0.36 mmol) in DMF (5 ml). The reaction mixture was kept between 60-70'~ for three 

houn under an argon atmosphere. The reaction mixture was poured into a mixture 

of ice water and ethyl acetate. The aqueous layer was discarded and the organic 

layer was washed with cold dilute hydrochloric acid (0.1 N). The organic layer was 

then washed with several portions of water and brine, filtered, dried over sodium 

sulfate and the solvent removed in vacuo. The product was isolated by preparative 

layer chromatography using 20% ethyl acetatelhexane to give 276 as a white solid 

(0.050 g, 35%): Rf 0.48 (50% ethyl acetatelhexane); IR (KBr) 1772 cm"; 'H NMR 

(200 MHz, CD&) G 7.89-7.81 (m, 2H), 7.62-7.40 (m, 4H), 7.20 (dd, J=8.0, 1.1 Hz, 

IH), 3.39 (s, 2H), 2.68 (s, 3H), 2.49 (s, 3H), 2.42 (s, 3H); MS(EI) mlz 390; HRMS 

calcd for C23H2806 390.1 098, found 390.1 086. 

Synthesis of the mol ether 277 



A mixtureof dione 167 (5.65 g, 45.2 mmol), pTSA (0.219 g, 1.4 mmol), 

ethanol (25 mL) and benzene (50 mL) was brought to reflux. Water fonned in the 

reaction mixture was removed by azeotropic distillation. The reaction mixture was 

then washed with 10% sodium hydroxide and with four portions of brine. The 

reaction mixture was then washed with water until the washings were neutral by pH 

paper. Benzene was added (25 ml) and the solvent was removed by further 

distillation leaving a clear colourîess oil (6.16 g, 88%) which appeared to be 

homogeneous by TLC and 'H NMR analysis: Rf 0.18 (20% ethyl acetatehexane); IR 
1 (Neat) 1654 cm-1; H NMR (250 MHz, CD&) G 5.28 (s, IH), 3.91-3.80 (rn, 2H), 

2.47-1.91 (m, 5H), 1.32 (t, 5 ~ 7 . 0  Hz, 3H), 1 .O5 (d, J 4 . 0  Hz, 3H); MS(E1) mlz 154. 

Synthesis of the ester 278 

A solution of t-butyl bromoacetate (2.1 g, 10.7 mmol) and enol ether 

277 (1.1 g, 7 mmol) in dry THF (10 mL) was added slowly to a refluxing mixture of 

zinc (0.78 g, 12.1 mmol), iodine (1 crystal) and dry THF (10 ml). The reaction 

mixture was refluxed for 1.5 h then poured into ice water (100 ml) and methylene 

chloride (15 mL). Cold sulfuric acid (10%) was added to acidify the reaction mixture. 

The aqueous layer was discarded and the organic layer was washed with water, 

dried over sodium sulfate and the solvent removed in vacuo yielding 278 as a pale 



yellow oil (1 .S g, 94%): Rf 0.27 (20% ethyl acetatelhexane); IR (Neat) 1727, 1673 

cm-'; 'H NMR (250 MHz. C&) S 6.01 (s, IH), 2.75 (s, 2H), 2.3-2.0 (m, IH), 1.83-1.59 
13 

(m, 4H), 1.37 (s, 9H). 0.68 (d, Ja .0  Hz, 3H); C NMR (62.9 MHz, CD&) S 199.3, 

HRMS(C1) calcd for CI3H2,O3 [ M+1] + 225.1491, found 225.1488 [M+1] +. 

Deprotection of the t-butyl erter yielding the acid 279 

To a stirred cooled (ice bath) solution of ester 278 (0.1 g, 0.45 mmol) in 

methylene chloride was added slowly triflouroacetic acid (0.154 g, 1.35 mmol). The 

reaction mixture was allowed to equilibrate to room temperature over 1 h. Toluene 

(50 m l )  was added and the solvent was removed in vacuo to give 279 as a yellow 

solid (quantitative): Rf 0.08 (40% ethyl acetatelhexane); IR (KBr) 3025, 1730, 1 65 1 

cm-'; 'H NMR (250 MHz, CD2C12) 6 7.95 (br s, 1 H), 5.95 (s, 1 H), 3.29 (s, 2H), 2.5-2.0 

(ml 5H), 1 .O7 (dl Js6.3 Hz, 3H); I3c NMR (250 MHz, CD&) 6 174.3, 156.4, 128.7, 

45.3, 43.0, 38.0, 30.2, 21.1; MS(electrospray) m/z 168. 



Synthesis of the enol acetate 280 

A solution of 278 (0.5 g, 2.2 mmol), isopropenyl acetate (3 mL) and 

pTSA (0.005 g) was allowed to stir at room temperature for 3 h. The reaction mixture 

was diluted with methylene chloride and washed with several portions of water. The 

solvent was removed in vacuo yielding a viscous oil. The product 280 was purified 

by column chromatography eluting with 40% ethyl acetatehexane to give the mixture 

of En isomen as a clear colourless oil (0.4 g, 75%): Rf 0.49 (20% ethyl 

acetatehexane); IR (Neat) 1763, 1702 ane'; 'H NMR (250 MHz, C6D6) 6 8-08 (s), 

5.95 (s), 5.76 (s), 5.66 (s), 2.1 9-1.75 (m), 1.67 (s), 1.63 (s), 1.53 (s), 1.5 1 (s), 0.79 (d, 

J=6.6 Hz), 0.70 (dl Js6.2 Hz); MS(EI) mlz 266(2%), 224(17%); HRMS calcd. for 

CI5Hz2O4 266.151 8, found 266.1 534. 



Synthesis of the aromatic acid 283 

A mixture of the ester 278 (2.253 g, 10.1 mmol) and selenium dioxide 

(1.241 g, 1 1.2 mmol) in t-butanol (1 0 ml )  was heated at reflux for 3 h. The reaction 

mixture was cooled, diluted with t-butanol (50 mL) and filtered through celite. The 

solvent was then removed in vacuo leaving a dark red solid. To the residue was 

added acetic anhydride (IO ml)  and a catalytic amount of sulfuric acid (6 M). This 

mixture was stined at room temperature for 3 h. The reaction mixture was then 

poured into a mixture of ice water, saturated sodium bicarbonate and ethyl acetate. 

This mixture was stined vigorously for 1 h with periodic addition of ice. The aqueous 

phase was discarded and the organic layer was washed with water, brine and the 

solvent removed in vacuo leaving a dark red viscous oil. The residue was purified 

by column chromatography eluting with 20% ethyl acetatdhexane yielding a pale 

yellow oil (1.485 g, 71%). Rf 0.68 (ethyl acetatdhexane); IR (Neat) ; 'H NMR (250 

MHz, COCI,) 6 6.86 (s, IH), 6.74 (S. 2H), 3.43 (s, 2H). 2.28 (s, 3H), 2.35 (s, 3H); 



OAc OAc OAc 

OAc 
I 

A mixture of enol acetate 280 (0.122 g, 0.45 mmol), NBS (0.0862 g, 0.48 

mmol) and benzoyl peroxide (cat.) in carbon tetrachlofide (3 ml)  was heated at 

reflux for 2 h. The reaction mixture was diluted with carbon tetrachloride (5 mL) and 

was filtered. The organic layer was washed with water, cold dilute HCI (1%). brine 

and the solvent was removed in vacuo. To the residue was added methylene 

chloride (5 ml)  and DBU (0.146 g, 0.96 mmol). This mixture was heated at reflux for 

30 min. and then cooled to ice bath temperature. To this was then added methylene 

chloride (5 ml)  and trifluoroacetic acid (2 ml )  and the mixture was stirred at ice bath 

temperature for 1 h. The reaction mixture was filtered, washed with water, brine and 

the solvent rernoved in vacuo. The dark residue was purified on a preparative layer 

plate eluting with 20% ethyl acetatdhexane to give 283 as a pale yellow oil which 

was spectroscopically identical to material obtained above (38%). 
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Ernpirical Formula 

Color; Habit 

Ctyrtal S i z e  (mm) 

Crystal System 

Space Group 

Unit C e 1  1 Dimensions 

Volume 

2 

Formula Weight 

Density(caLc.) 

Absorption Coefficient 

F(000) 

C23H22X203S 

Pale yellow needla p r i m  fragment 



DLf f zrctometer Uaed 

Radiation 

Temperature ( K )  

Honochromator 

28 Range 

Scan Type 

scan Speed 

Scan Range (a) 

Background Measurement 

Standard R e f  lections 

Index Ranges 

R e f  lections Collected 

Independent Ref lections 

Observed Ref lections 

Absorption Correction 

Hin./Wax. Transmission 

Bighly oriented graphite crystal 

O Variable; 2.93 to 29.30 /min. in w 

Stationary crymtal and stationary 

counter at beginning and end of 

scan, each for 25.08 o f  total 

scan t i m e  

2 measured e v e q  100 reflections 

Face-indexed numerical 



System Umed 

Solution 

Refinement Hethod 

Quantity Hinimized 

Extinction Correction 

Bydrogen Atoms 

Weighting Scheme 

Number of Parameters R e f  ined 

F i n a l  R Indices (obs .  data) 

(R Indices  (al1 data) 

Goodness-of-Fit 

Largest and Hean A/# 

Data-+O-Parameter Ratio 

Largest Difference Peak 

SIanenm SHfLXTL PLUS ( W S )  

Direct Hethodr 

Pull-Hatrix Least-Squares 

2 
Ew(5-Fc l  

x = 0.00104(3), where 

2 
F* - F [ 1 + 0 . 0 0 2 ~ 3  /8in(28) ] 

-1 /4  

Riding model, refined isotropie U 

-1 2 
w = a (F) 

285 

R = 3 . 4 7  a,  wR = 3 . 5 9  \ 

R = 4.10 1, wR = 3 - 6 2  t) 

3-30 

O * O S S ,  0.001 

12.S:l 

0 .34  e:iD3 

Largest Difference Hole -0.39 e i w 3  



4 Table 1. ktomic c w ~ d i n a t e a  (x10 ) and mquivalant Lmotropic 

E q i v a l e n t  isotropic U def ined  as one t h i r d  of t h e  
trace of the orthogonalized U tensor 

i j  



Table 2. Bond lengths (À )  

Table 3 .  Bond angles (O )  



2 4 
T a b l e  4.  Aniaotropic diaplacwaent coaf ficienta (A %%O ) 

The anisotropic displacement factor exponent takes the  fom: 
2 2 2  -2% ( h  a* U + . . . + 2klb+c*U ) 

11 23 



2 3 
dimplacement coefficient. (A x1O ) 





Eapiricrl Formula 

Colot; H a b i t  

Cryrtal S i r e  (nni) 

Ctymtal Symtem 

Sprce Gtoup 

Unit Ce11 Dimenmions 

Volume 

2 

Fornula Weight 

Deno i t y  (calc . ) 
Absorption Coefficient 

F ( 0 0 0 )  



Data Collection 
- c  ---III---- 

Difftactawtet Uamd 

Radiation 

Tœnpmrature (K) 

Monochroairtor 

29 mnga 

Scrn Type 

Scan Speed 

Scan Range (o) 

Background l4er8uxement 

Standard Reflectioni 

Zndex Ranger 

Ref lect iona Collected 

Independent R e f h c t i o n s  

Obrerved Refîectionm 

Abrorption Correction 

&i in . /Uu .  Tran#mim8ion 

Stationiry cryatal  and mtationary 

counter a t  beginning and end of 

- mcan, aach f o r  25.0% of  total  

rcan tFmt 

2 wamured every 100 r e f l e c t i o n s  - 



Symtom U8.d 

Solution 

R e f  inement ttethod 

Quant i t y  Minimized 

Extinction Correction 

Bydrogen Atomr 

Weight ing Scheme 

Number of P8rmate~r Refined 

Final R Indicea (obr. data) 

(R fndices (811 data) 

Coodnerr-of-Fit 

Lugert and nean A/@ 

Data-to-Purmeter Ratio 

Largest Difference Peak 

Large8t Dif f esence Hole 

Si-nr SHELXTL PLUS ( W S )  

Riding amdel, refined irotropic U 

-1 2 
w = a (F) 





tquivrlent Laotropic U definod am onm third o f  the 
trace of the orthogonalit~d U tanaor 

i j  



T a l a  2. Bond langthm (A) 















Unit C a l 1  Dimeniion8 

Formula Waight 

Denmity (cale.  ) - 1.381g/~ra 
3 

Abmorption Coefficient 0.97 cm" 



Radiat ion 

Tomporr8turm (K) 

Honochroautor 

2# Rang. 

Scan Typa 

Scan Speed 

Scan Range (a) 

Background Hearurement 

Standard Reflectionm 

Index Ranger 

Reflectionm Collected 

Xndependent Roflectionr 

Obierved Raf loctionm 

Absorption Cotrect ion 

nin./nur. Trra8rnhaion 

Highly osimnted graphita ctymt.1 

Stationaty cxyat.1 and rtationrry 

counter a+ beginning and end of 

mean, each for  2S.OI of total 

rcan t h e  

2 meamu+ed every 100 reflectionr 



Syrtmm Umod Simen8 SHELXTL PLUS ( W S )  

Solut ion Diract Mathoda 

Final R Indicem (obm. data) R U  6-01 t ,  w R -  6-18 

( R  Indicmm (al& data) R 9.31 1, UR 6-48 t) 

Goodnear-of-Fit 2.65 

Data-to-Parmetes Ratio 7 - 0 8 1  

Largeit DLfference Park 0.30 =A'' 

Latgeit Difference Hole -0.2s .A.? 



4 
Table 1. A t o m i c  coordinatci ( x i 0  1 and .quivalent ï fJotro~ic  

* Equivalent imotropio U defined am one third of th. 
t racr  o f  t h e  orthoqonr1ited U tenaos r i  



Table 2. Bond lengthm (À)  





The rnimotropic diaplacement f rc to t  exponent taka8 the fomnt 



4 
Table 5.  H-Atom coordinatem (x10 ) and Laotropic 

- 2  3 
diiplacement coefficients (A x10 ) 





Spaco Group 

Unit Cm11 Dimenriona 

Volume 

2 

Fornula Weight 

Donrity (crlc .  ) 

Aboorption Corfficimnt 

r (000) 

Xonoclinic 



Diffrictmotor Umm6 

Radiation 

T . ~ ~ ~ . r . t u t e  (R) 

Monochromator 

20 -90 

SCM Typ. 

Scan Spaad 

Sc8n Range ( w )  

Background Meamuzamnt - 

Standard Reflmctionm 

Index Rangea 

Reflectionm Colleetad 

fndapndant Reflactiona 

Obrervad R.fl.ction8 

Abmorption Correction 

nin./Uu. TsuiraiimmFon 

81œ~enm Wm/V 

Iloltr, (A = 0.71073 A) 

180 

Eighly oriantad waphitm crymtal 

4.0 te 6 5 . 0 ~  

a - 
V u L a b l e t  2.93 te 29. 30°/min. i n  u 

1.30~ 

S t r t i o n u y  csyrtrl  and mtationary 

countas rt bmginning and end of 

mcrn, oach for 25.0% of total 

acrn the 

2 mmaru~od mvary 100 rmflaction6 

O S h  S l 0 ,  O S k  5 2 2  

-13 t 5 12 

3258 

3258 

2397 (? w 6.00(?) ) 

Face-inboxmd nuwricr l  

0.9621 / 0.9707 



Sy8t.m !h.d 

Solution 

Rmf inamant Xathod 

Si-na SnGLJCTL PLUS ( W S )  

Dkoct Mathodm 

lull-Matrlx Lmamt-Squuom - 

Hydrogon &tom8 

WoLghting Sch- 

Number o f  Puaineteri  Rmfinad 

Final  R Indicor (obm. data) 

(R Indicam (a11 data) 

Goodnemm-of-Fit 

Largert and Mean A/# 

Data-to-Parunetet ~ a t i  O 

Largent D i f  f erance P m k  

Lugert Differencm Hole 



S Atomfc coordinatam (xlO ) and oquivclant irotropic 
2 4 dlmplacœmnt comf ficiantm (A x10 ) 

x Y L W m q )  

16S10(13) 4309S(6) -11778(11) 289(3) 
21031(17) 39700(7) 2336(13) 290(4) 
3002S(17) 44781(8) 15S28(13) 300(1) 
31S95(1S) 536?8(7) 99S2(13) 271(3) 
39634fi8) 6154s (8) i7910(14) 331(4) 
388S9(i8) 69046(8) 8634(1S) 347 (4) 
30210(18) 68863(8) -8321(15) 340(4) 
22065(17) 611S8(8) -16573(14) 323(4) 
23108(16) 537SS(7) -7063(13) 263 (3) 
7201(19) 42391(8) -27059(14) 363(4) 
-787(21) 40020(8) -40125(14) S73(5) 
15766 (22) 30167(8) 462(17) 372(5) 
373S9(24) 41856(10) 32894(16) 428(5) 

EquLvalent iaotrrapic U dmfinod ar one th isd  of the 
tram o f  +ha osthogonr1is.d O tanaor: 

1 3  



2 4 
Tabla  4. Aniaotropic d l m p l a c ~ n t  cwf  ficiant8 (A xlO ) 

Thm aniaotropic 

Tabla S. H-Ata!  

u22 

259 (4) 
264(5) 
298 (5) 
271(S) 
336(6) 
284(6) 
277 (S 1 
302 (S)  
248 (5)  
272 (5)  
379 (6) 
276(6) 
399 ( 7 )  

dimplacownt factor .xponont taka. +hm form: 
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