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Naphthyridinomycin (1), a potent antimicrobial and antitumor agent, is produced by
Streptomyces lusitanus. Due to its instability during the isolation and purification procedures,

1 is converted to its cyano-derivative, cyanocycline A (2), which is also produced by S.
flavogriseus. By using a variety of chromatographic methods two new secondary metabolites

were isolated from the cyanide treated fermentation broth. They were identified by
spectroscopic analysis as cyanocycline B (4), and cyanocycline C (6). These cyanoderivatives are believed to be originated from N-desmethylnaphthyridinomycin (3) and

dihydronaphthyridinomycin (5) respectively. Because 6 is readily oxidized to 2, it was
characterized as its dimethyl derivative (7), obtained by treatment of 6 with diazomethane.
Compounds 3 and 5 appear to be the last intermediates in naphthyridinomycin biosynthesis.

Careful study on the cyanide treated fermentation broth revealed another compound, 8, with

strong antibiotic activities as well. High resolution mass spectra and 2-D NMR experiments

confirmed it to be the oxazolidine ring opened product of cyanocycline A. The biological
activity of this compound supports another mechanism for the mode of action of this group of
compounds which has been proposed by a computer modeling study in an other group.
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Another aspect of this research involved feeding labeled precursors in search of the

unidentified precursor to the C9/C9' fragment in naphthyridinomycin. The potential
precursors tested were glycolaldehyde, glycerol, and other related compounds, and none of

the precursors was found incorporated in this fragment. To continue our efforts in exploring

the early naphthyridinomycin pathway after methyl dopa, a later intermediate, 3'-methy1-

2',4',5'-trihydroxyphenylalanine (methyl topa), was proposed. Thus, the first synthesis of
methyl topa was completed and a deuterated sample was then prepared. A negative result

when the deuterated methyl topa was fed prompted us to synthesize [4,4-2H2]-1hydroxymethy1-6-methy1-7,8-dihydroxytetrahydroisoquinoline-3-carboxlyic acid, from which a

new synthetic method for synthesis of labeled methyl dopa and related compounds was
developed. The Pictet-Spengler reaction of methyl dopa and its derivatives revealed that the

major product of cyclization takes place at the 6'-position of methyl dopa instead of the 2'-

position. The tetrahydroisoquinoline compound with the required regiochemistry was
achieved via a modified procedure with the 6'-position blocked by bromine. The involvement
of this compound in the naphthyridinomycin biosynthetic pathway remains to be tested.
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Studies on Naphthyridinomycin Biosynthesis

Chapter One

Introduction

2

Isolation and Structural Elucidation

Naphthyridinomycin (1), first isolated by a group of Canadian chemists at Ayerst
Research Institute in 1975,1 was produced in the fermentation broth of Streptomyces lusitanus

AY B-1026, a soil organism isolated from Easter Island (Rupa Nui). Naphthyridinomycin was
found to be active against a large number of Gram-positive and Gram-negative bacteria and it
also exhibited antitumor activity. Naphthyridinomycin was produced in yields of 10 mg/L in large

scale fermentations (160 liters). Basically, the procedure for the isolation and purification of this
compound was typical of those used in the isolation of alkaline, lipophilic substances.

CH3

1 R=OH
2 R=CN

The structure of naphthyridinomycin was determined by an X-ray crystallographic
analysis.2 High resolution mass spectroscopic analysis indicated the molecular formula to be

C21H27N306. Precision photographs showed that the crystal belonged to an orthorhombic
system, a=11.038(1), b=19.566(2), c=9.255 (1), space group P212121 with four molecules per
unit cell. Three dimensional structure analysis revealed that naphthyridinomycin was an unusual

isoquinoline alkaloid. The structure of this compound featured five heterocyclic rings fused with

a highly substituted benzoquinone moiety to form a bucket-shaped compound. An
intramolecular hydrogen bond could be seen from its three-dimensional structure, that is, 0(9)

HN(14) with a bond of distance 2.832 A.

3

Because of its instability in concentrated organic or aqueous solutions, 1 was difficult to

isolate. However, it could be converted to cyanonaphthyridinomycin3 by treatment with sodium

cyanide in the fermentation broth. Subsequently, a compound isolated from another soil

organism,

Streptomyces

flavogrieus, had exactly the same structure

as

cyanonaphthyridinomycin and was named cyanocycline A4 (2). The improved stability of 2 over

1 was due to the transformation of the labile carbinolamine functional group to its cyanoderivative. The structure of cyanocycline A was determined by NMR spectroscopic methods and

was confirmed by X-ray crystallography. The crystal of cyanocycline belongs to space group P2,

a=5.934(1), b=20.684(2), c=16.866(3), g =90.9, Z=4. The only conformational differences
between 1 and 2 are the orientation of the methoxy groups and the oxazolidine moieties. The
absolute stereochemistry of naphthyridinomycin was not known until the X-ray study was done
on 2 and its hydrobromide derivative.5

Chemical and Physical Properties of Naphthyridinomycin and Cyanocycline A

Naphthyridinomycin and cyanocycline A are ruby-red and orange-red crystalline solids,
respectively. They are both slightly soluble in water and dissolve in most polar organic solvents,
including methanol, methylene chloride, acetone, and ethyl acetate. UV absorbance at ca. 270

nm is due to benzoquinone subunits in both compounds. Naphthyridinomycin has [a]

-69.4

(c=1, CHCI3) and decomposes at 108-110 °C. Cyanocycline A has [a]21: +82 (c=1, CHCI3) and

decomposes at 168-170 °C. IR (CHCI3) of naphthyridinomycin shows characteristic hydroxyl
and benzoquinone bands at 3000, 1715 and 1690 cm-1, respectively. IR (KBr) of cyanocycline

A shows similar absorbance for these functional groups, in addition to a nitrile absorbance at
2220 cm-1. The 1H NMR and 13C NMR of 1 and 2 are listed in Table I.1.

4

Table 1.1 NMR Spectra Data of Naphthyridinomycin and Cyanocycline A

13C NMR (ppm)

13C NMR (ppm)

1H NMR (ppm)

naphthyrldlno-

cyanocycllne Ab

cyanocycline Ac

myclna
1

N.A.

50.1

2.90 (m), 2.95 (m)

2

N.A.

61.4

3.73 (m), 3.96 (m)

3a

93.6

93.1

4.69 (s)

4

N.A.

35.1

2.85 (m)

4a

N.A.

60.2

3.14 (m)

4'

N.A.

28.9

1.67
(dd, J = 6.5, 12.6)

2.36
(dd, J = 5.6, 12.8 Hz)
5'

N.A.

41.3

2.42 (s, 3 H)

6

N.A.

62.3

3.35 (m)

7

87.0

54.1

3.89 (br. s)

9

N.A.

56.9

4.16 (br. s)

9a

142.5

141.0

9'

93.6

60.2

3.61
( br. d, J = 11.0 Hz)

3.85
(dd, J = 3.0, 11.0 Hz)
10

181.3

181.1

11

155.9

155.8

11'

61.0

61.1

12

128.3

128.2

12'

9.0

8.8

13

187.0

186.4

13a

142.7

142.7

13b

N.A.

48.2

3.75 (s)

13c

N.A.

53.2

2.80 (s)

CN

-

117.2

4.02 (s, 3 H)

1.94 (s, 3 H)

5

a These data were obtained from J. Antibiot. 1982, 35, 524, and some of the assignments
were made on the basis of structural similarities between naphthyridinomycin and saframycin
A and S.6
b.

These data were obtained from this lab and was confirmed by HETCOR, LR HETCOSY
spectra, and the incorporation of carbon-13 labeled precursors.

c.

Data were obtained from this lab and was confirmed by 1H-1H COSY, HETCOR and LR
HETCOSY experiments.

Biological Activities and Mode of Action

Both naphthyridinomycin and its cyano-derivative, cyanocycline A, are powerful
antibiotics against a large number of Gram-positive and Gram-negative bacteria.1,4 However,
Gram-positive bacteria are much more sensitive. Neither antibiotic exhibits any significant activity

against pathogenic yeast or dermatophytes. The minimum inhibitory concentrations of 1 and 2

against a group of selected bacteria are listed in Table 1.2. Naphthyridinomycin is relatively
toxic compared to its cyano-derivative. Intraperitoneal injection of 1 as an aqueous solution of

3.125 mg/Kg killed mice within 48 hours. The preliminary studies 7 on the mode of action
indicated that 1 was lethal to the proliferation of E. coli, and leakage of the cell constituents at

high concentrations of 1 was due to damage of the cell membrane. The antibiotic inhibited
incorporation of 14C-thymidine and 3H-leucine into DNA and protein, respectively. This effect
was obviously due to inhibition of DNA synthesis and resulted in an unbalanced cell growth. The

antitumor activities of 1 and 2 are believed to result from the inhibition of DNA synthesis. The
mechanism of action was expected to be similar to those of antitumor antibiotics such as nalidixic
acid8 (3) and mitomycin9 (4) via a bioreductive alkylation process.10

6

Table 1.2 Minimum Inhibitory Concentrations of Cyanocycline A and Naphthyridinomycin

test organisms

naphthyridinomycina

cyanocycline Ab

(mg/mL)

(mq/mL)

<0.025

0.047

penR

<0.025

-

Streptococcus faecalis

<0.025

Escherichia coli

0.8

0.75

Enterobacter aerogenes

0.2

Pseudomanas aeruqinosa

0.2

-

Pseudomanas fluorescens

1.6

Proteus mirabilis

0.4

-

Proteus vulgaris

0.4

1.5

Klebsiella pneumoniae

0.05

1.5

Serratia marcescens

0.05

1.5

Staphylococcus aureus

penS
Staphylococcus aureus

a.

Data was obtained from J. Antibiot 1975, 28, 500.

b.

Data was obtained from J. Antibiot. 1982, 35, 525.
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COO-

CH2OCONH2

CH3O

..... OCH3
CH3

CH3
NH

CH2CH3

3

4

The structural similarities between 1 and 4 suggested that 1 might inhibit DNA
synthesis by binding to the DNA template.11 An in vitro study using radiolabeled 1, obtained
by feeding [methyl- 14C]methionine to S. lusitanus, demonstrated such specific binding of 1 to

the DNA of calf thymus, and 1-DNA complexes were poor substrates for DNA-dependent
polymerase. The mechanism by which naphthyridinomycin antibiotics inhibit DNA synthesis was

speculated to be covalent binding of carbinolamine functional group to a GC base pair of DNA,

This mechanism is analogous to that found for other antitumor antibiotics such as the
saframycin12,13 type compounds shown in Scheme 1.1 and sibiromycin14 (5), which share
similar structural features with 1 an 2. The carbinolamine functional group contained in each of

these antibiotics showed affinity to the deoxyguanidylic acid-deoxycytidylic acid base pairs in
DNA.

5

Binding of 1 with DNA has been demonstrated to be an irreversible process because
treatment of the precipitated 1-DNA complex with ethanol did not release much of the antibiotic.

8

The binding reaction was enhanced by adding a sulfhydryl compound, dithiothreitol. This was
likely due to an enzymatic process inside the cell as had been already found to be the case with

mitomycins in vitro and in vivo.15 The discovery that glutathione could activate 1 without
causing a change of its UV absorption max, suggested that there might be two mechanisms for

activation of these antibiotics to form DNA complexes. In other words, two reactive sites might

exist in the structure of 1. Reduction or activation of this antibiotic presumably could be a
mechanism which allows 1 to interact better with its reactive site on DNA. This process might be
required for stabilization of the adduct of 1-DNA.

Saframycin
A Ri=CN, R2=H2, R3=0
B Ri..H, R2=H2, R3=0

CH3

C

R2=OCH3, H, R3=O
D Ri..CN, R2=O, R3=0
F Ri=H, R2=O, R3=O
G R1 =CN, R2 OH, H, R3=0
H Ri=CN, R2=H2, R3=0H, CH2COCH3
S R1=0H, ReH, H, R3=O

CH3O

OCH3
CH3

HO

CH3

CH3

CH3O
H

CH3
CH3

0
Saframycin R

NH

Safracin
A R=H
B R=OH

Scheme 1.1 Structures of Saframycins and Related Compounds

9

Computational Model Studies

To fully understand the mechanism of the drug binding to DNA, molecular modeling

studies have been carried out by several groups. Based on the results of recent biological
studies and newly discovered naphthyridinomycin type compounds,16 such as SF-1739 HP (6)

and naphthocyanoidine (7), binding effects were examined by different models of
naphthyridinomycin and a DNA template, d(ATGCAT)2.

\ rsLi
.....3

6R=OH,

7R=CN

Arora and co-workers17 particularly studied the effects related to the chirality at C7 and

substitution at C11, as well as the hydroquinone form of 1 with respect to DNA binding. The
molecular mechanics results indicated that the drug with an R configuration at C7, which was the

enantiomer that had been previously reported for the natural product,18 formed the best adduct

with DNA. The substitution at C11 by a hydroxyl group, rather than an amino group, provided
the best binding model for this family. The hydroquinone model did not provide an analog of this

drug with additional favorable DNA interactions. The same DNA template has been used by
Remers' group in their molecular mechanics calculations, and computer simulation studies.1 g

Based on their acid titration and molecular dynamics study results, two different alkylation
models were examined. The hydroquinone form of the drug was used in all their calculations.
The drug-DNA models were refined in the presence of water and counter ions, and the relative
entropy changes were compared. Their results indicated that the N14 nitrogen was protonated
prior to any other hetero atom in the structure. A consistent result showed that the drug binding

10

involved the protonation of nitrogen on the oxazolidine, reduction of the benzoquinone to the
hydroquinone, and formation of an iminium ion with loss of the C7 substitute.
Mechanism a

OH
OH

O'

H

CH3O

'CH3

'CH3

CH3

OH

N+
FLI.

0

HN

OH

OH

DNA
'CH3

,,

HN

OH

N

CH3O

'CH3

CH3

OH

N..

cLi

0

Mechanism b
CH3O
CH3

'CH3

'CH3

OH
OH

OH

CH3O

DNA

'CH3

CH3

OH N
HO

5 HN,1- N
HN

1'N)
N

Scheme 1.2 Mechanisms of Naphthyridinomycin and DNA Binding
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The drug binding took place in the minor groove of DNA and involved non-covalent

binding of the hydroquinone with a guanine ring in the 3' direction. Subsequent covalent
binding with the 2-amino of the guanine at its C7 position resulted in an R configuration at that

center. This model revealed an alternative binding mechanism based on the molecular
mechanics calculation. The modified sequence could be summarized as protonation on N14,
formation of the iminium ion by opening the oxazolidine ring at N14-C3a, and alkylation of the 2-

amino group of the guanine of DNA at the C3a position. Both mechanisms of action are shown

in Scheme 1.2. Quantitative estimation of entropy changes based on the release of the
ordered water molecules from the drug-DNA complex indicated that both mechanisms were
favorable.

Compounds Related to Naphthyddlnomycln and Cyanocycline A20

Naphthyridinomycin and cyanocycline A represent a group of compounds with a unique

benzoquinone functionality. Compounds that share this moiety are found in saframycins and

renieranmycin antibiotics. Each of these compounds contains the same bisquinone moiety

attached by a piperidine ring, and all the quinolines are structurally very close to that of
naphthyridinomycin. Currently, about more than a dozen saframycins have been isolated from

Streptomyces lavendulae no. 31421 -23 as shown in Scheme 1.1. In addition to the natural
saframycin series, a group of new saframycin compounds with different amino functional groups

on their side chains has been produced by using a directed biosynthesis method involving the
resting cells of a saframycin producer.24,25 They are saframycin Y3, Yd-1, Yd-2, Ad-1, Y2b, and

Y2b-d. All the structures of these compounds are shown in Scheme 1.3.
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CH3

CH30

Y3

R=

Ad-1

R=

CH3
IN H 2

Yd-1 R =

Yd-2 R A.

011--

CH3

CH3

CH3O

A
NI,

0

NH

NH

,FICN

0

-.-C

R

CH3O

CH3

Y2b
R =CH3
Y2b-d R=CH2CH3

Scheme 1.3 Structures of Saframycins Derived from Directed Biosynthesis

Renieranmycins A-F are a group of antibiotics that have been isolated from marine

sponges.26-29 Their structures are shown in Scheme 1.4. Structurally, they differ from
saframycin antibiotics only at the Cl side chain, and a cis-butenoate ester chain was found in all
renieranmycin antibiotics. Other simple marine natural products with structure features related to

naphthyridinomycin are renierone(8),26 mimocin (9),29 N-formy1-1.2-dihydrorenierone (10),27

13

O- demethylrenierone (11),27 mimosamycin (12),30 and 2,5-dimethy1-6-methoxy-4,7dihydroisoquinole-4,7-dione (13),27 and their structures are shown in Scheme 1.5.

CH3

CH3O

E R-H
F R=OCH3

Scheme 1.4 Structures of Renieranmycins

Quinocarcin (14), previously named as DC-52, was isolated from the culture broth of
Streptomyces melanovinaceus nov. sp,31,32 and its structure was deduced from the X-ray study

of quinocarcinol (15) or DC-52-d. Both 14 and its cyano-derivative were shown to be active
against Gram-positive bacteria and mice tumor cells. Their relationship with naphthyridinomycin

is evident from their similar isoquinoline moieties. The biosynthesis of these compounds may
share the same primary precursors as those of 1.

Cock(

14

15

14

CH3
N

CH30

0

CH3

8
CH3

CH3

0

CH3

'CH3

CH3O

0
12

CH3

CH3O

13

Scheme 1.5 Naphthyridinomycin Related Compounds from Marine Organisms

MY336-a (16), an antagonist with specificp-adrengenic receptor activity, is produced by

Streptomyces gabonae KY 2234.33 The structure of MY336-a was determined by analysis of
NMR spectroscopic data (this has not been published yet) as (1R*,3S*)-1,2,3,4-tetrahydro-1,3-

bis(hydroxymethyl)-8-hydroxy-6-methyl-7-methoxylisoquinoline. Recently, this structure was
confirmed by X-ray crystallographic analysis of its tetra-acetate (17).34 This compound also
shares a similar isoquinoline moiety with naphthyridinomycin antibiotics, but the biosynthetic
origin of this compound remains to be explored.

15

CH2OH

16

17

In the naphthyridinomycin family itself, there have been no related compounds reported
in the literature, except that the original patent claimed a naphthyridinomycin B was isolated from

the same organism.35 Unfortunately, no structural information was provided by the authors. The

semisynthetic antibiotics16 SF-1739 HP, 6, and naphthocyanidine, 7, were obtained from the

treatment of an unstable antibiotic, SF-1739, with HCI and sodium cyanide. Apparently, this

unstable antibiotic originally was naphthyridinomycin. Structurally, SF-1739 HP and
naphthocyanidine differ from naphthyridinomycin and cyanocycline A by replacing the methoxy
group at C11 with a hydroxyl group. The resulting antibiotics showed stronger antibiotic activity
than naphthyridinomycin and cyanocycline A.

Naphthyridinomycin and Cyanocycline A Synthesis

Because of their novel structural features and strong biological activities, the total

synthesis of naphthyridinomycin or cyanocycline A has been an appealing challenge to
synthetic organic chemists. At least three groups have been involved in the total synthesis of

this type of compound. Two synthetic approaches and two total syntheses has been
documented in the literature. Danishefsky's approach36,37 can be retro-synthetically illustrated

as shown in Scheme 1.6. Synthesis of the tetrahydroisoquinolinol subunit 17 started with the
readily available 2,4-dimethoxy-3-methylphenol and was completed in 7 steps with overall yield

53% as shown in Scheme 1.7.

16

'CH3

18

/

CH3O

0 OR
+

NH

Nt-Boc
'CH3

(0C H3)2

CH3

CO2C2H5

H5C202C

20

19

Scheme 1.6. Danishefsky's Approach to the Total Synthesis of Naphthyridinomycin
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Scheme 1.7 Reaction Sequence to the Synthesis of Subunit 19

The synthesis of the ornithine subunit 20, started with the commercially available t-Bocserine, took 8 steps with an overall yield 50%, and the sequence of this synthesis is outlined in

Scheme 1.8. The tetracyclic skeleton 18 of naphthyridinomycin with required stereochmeistry

was finished by the coupling of the two subunits 19 and 20 in the sequence as outlined in
Scheme 1.8, as well.
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Scheme 1.8 Reaction Sequences to the Synthesis of Subunit 18 and 20

Another elegant approach,38'39 developed by Biller and Evans can be described as the

following retro-synthesis illustrated in Scheme 1.9.
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Scheme 1.9 Biller and Evans' Approach to the Total Synthesis of Naphthyridinomycin
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Scheme 1.10 Sequence to the Synthesis of Pentacyclic Skeleton 21 of Naphthyridinomycin
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The pentacyclic carbon skeleton 21 of naphthyridinomycin was assembled by coupling

the 2,4-dimethoxy-3-methylphenol, 23, and a tricyclic intermediate 22 as shown in Scheme

1.10. The synthesis of the tricyclic intermediate 22 started with a fl-lactam as outlined in

Scheme 1.11.
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Scheme 1.11 Sequence to the Synthesis of Tricyclic Intermediate 22
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The first total synthesis of cyanocycline A was accomplished by Evans and his coworkers in 1986.18 Scheme 1.12 outlines the sequence starting with an intermediate that had
been used in the previous approach.
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a. DDO, CH3CN
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c. 0s04
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Scheme 1.12 Reaction Sequence of the First Total Synthesis of Cyanocycline A

A second total synthesis of cyanocycline A was achieved by Fukuyama's group in
1987.40 The synthetic route is summarized in Scheme 1.13.
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Scheme 1.13 Sequence of Total Synthesis of Cyanocycline A by Fukuyama's Group
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Biosynthetic Studies on Naphthyridinomycln and Related Compounds

Primary biosynthetic studies of naphthyridinomycin were carried out in Zmijewski's

group41,42 and in our own laboratory.43 Feeding experiments with radioisotope-labeled
substances established that L-tyrosine, L-methionine, L-glycine, and L-ornithine were the
primary precursors in the biosynthesis of naphthyridinomycin. Their specific incorporations were

established by feeding [1- 13C]tyrosine, [3',5.-13C2]tyrosine, [2-13C]tyrosine, [methyl13C]methionine, and [1,2-13C]glycine. These experiments confirmed that tyrosine contributed

nine carbons to the naphthyridinomycin skeleton. All three methyl groups were derived either

directly from methionine or indirectly from the breakdown of glycine. Glycine was found to be
incorporated into the oxazolidine ring with an unidentified orientation. The remaining five carbon

unit was expected to be derived from ornithine, and this was confirmed by the incorporation of
DL-[1-13C1 and DL-[5-13C]ornithine. Further study on the role of glycine incorporation indicated

that glycine was actually converted to serine in vivo, and serine was the better precursor for the

oxazolidine moiety. Thus, the origins of the carbon skeleton of this compound were quite clear
except for the C9 and C9', subunit which remained to be discovered.

To understand the origin of the nitrogen, N14, of the oxazolidine, DL-[5-13C, 515N]ornithine was synthesized44 and then fed into S. lusitanus. Lack of 13C-15N satellites in the

100.61 MHz 13C NMR spectrum of the derived cyanocycline A suggested the amino group was

lost during the biosynthesis. This was confirmed when DL-[2-13C, 2-15N]serine was
synthesized and fed. The observed satellite 13C -15N signals45 clearly indicated that the
oxazolidine nitrogen was provided by the amino group of serine, and that the w-amino group of

ornithine was lost when it was incorporated to 1. This result was repeated by feeding DI4213C,2_15N]glycine in a separate experiment. It was strange that glutamate was not incorporated

into 1 since it was equivalent to the oxidized ornithine product. This was probably due to
separate pools for a exogenous and endogenous glutamate in this organism. The timing of the
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feeding experiment might be critical for seeing glutamate incorporation." Scheme 1.14
outlines all known precursors in naphthyridinomycin biosynthesis.
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Scheme 1.14 Primary Precursors in Naphthyridinomycin Biosynthesis

Subsequent biosynthetic studies46 in our group clearly established the first steps in the

biosynthesis 1. Since tyrosine was the precursor of 1, whereas dihydroxyphenylalanine (dopa)

24

was not, it was reasonable to expect that aromatic methylation occurred prior to the aromatic

hydroxylation. Therefore, 3'-methyl12-13C]tyrosine (24) and 5'-methyl-[2-13C]3',4'dihydroxyphenylalanine (methyl dopa) (25) were synthesized by the route described in
Scheme 1.15. Incorporations of 1.7% and 2.1% were obtained by 13C NMR, respectively,
when these two compounds were fed to S. lusitanus. The early stepwise pathway could then be

reasonably formulated as shown in Scheme 1.16.
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Scheme 1.15 Reaction Sequences to the Synthesis of Labeled 24 and 25
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Scheme 1.16 Early Biosynthetic Pathway of Naphthyridinomycin

The biosynthesis of saframycin A also has been carefully examined.46 It was no surprise

to see that the two benzoquinone moieties of saframycin A were both derived from tyrosine. It is
very interesting that glycine is incorporated in the C1 /C2 fragment of saframycin A whereas the

corresponding fragment in naphthyridinomycin (C9/C9') still remains a mystery. All the
precursors involved in saframycin A biosynthesis are summarized in Scheme 1.17.
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Scheme 1.17 Primary Precursors in Saframycin A Biosynthesis

Objectives of Current Studies

Previous studies on the biosynthesis of naphthyridinomycin have established that
methionine, ornithine, tyrosine, serine, and an as yet unidentified piece(s) for the C9 and C9'

fragment are the primary precursors. The incorporation of 13C labeled compounds in
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Streptomyces lusitanus revealed that methyl tyrosine and methyl dopa are intermediates

involved in the early stages of the biosynthetic pathway. To reach our goal of better
understanding the whole scenario of naphthyridinomycin biosynthesis, and in hopes of
discovering some interesting chemical processes occurring in a living system, the following
objectives of this study were outlined:
a. Identification of biosynthetic intermediates from the wild type organism.
b. Characterization of new metabolites.
c. Elucidating the primary precursor of the C9/C9' fragment.

d. Synthesis of labeled putative intermediates and testing their involvement in the
biosynthetic pathway of naphthyridinomycin.

The production of metabolites by changing fermentation conditions has been
evaluated for S. lusitanus in hope of finding compounds related to naphthyridinomycin
biosynthesis. TLC, HPLC, and bioautography assays of the fermentation broth and methylene
chloride extracts indicated that there were at least three compounds possessing similar type of
biological activity indicative of the naphthyridinomycin family antibiotics. Preliminary study on the

isolation and purification of these compounds indicated that most of these compounds were not

stable, thus, development of isolation and purification

procedures for each of these

compounds was the early focus in this study. Following the isolation and purification of new

metabolites, the structural elucidation of these compounds by modern high field NMR
techniques, such as 2D NMR and other spectroscopic methods, was the immediate objective.

The other aspects of this study have focused on searching for the primary precursor
which is responsible for the origin of C9/C9' fragment. Several potential precursors with isotope

labels have been fed to the S. lusitanus, and their involvement in the naphthyridinomycin
biosynthesis was examined by tracing the isotope with NMR or LSC.

To extend our knowledge on the naphthyridinomycin biosynthetic pathway beyond 5'methyl dopa, 25, the next intermediate was proposed. To prove this hypothesis, a synthesis of
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labeled 5'-methyl topa, 26, was carried out and then it was fed to S. lusitanus to test its
incorporation. The result of the feeding experiment suggested that 5'-methyl dopa might be
condensed with a C2 unit to form the ring A/B skeleton of 1 instead of further oxidation to form
5'-methyl topa. Therefore, the last part of this study was focused on the design and synthesis of

the tetrahydroisoquinoline compound, 27.

OH
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Chapter Two

Isolation and Characterization of Metabolites Related to

Naphthyridinomycin Biosynthesis
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Introduction

Isolation and characterization of metabolites related to naphthyridinomycin from the
fermentation broth of Streptomyces lusitanus has been one of our strategies in the study of
naphthyridinomycin biosynthesis. This type of strategy has been shown to be quite successful

in biosynthetic studies of other secondary metabolites.1,2 By changing the harvest time and
fermentation temperature, and by using different fermentation media, different metabolites may

accumulate.3.4 Quite often these newly discovered metabolites have been shown to play an
important role in the biosynthetic pathways under study. In the early stages of our work on the

isolation of naphthyridinomycin, TLC analysis of methylene chloride extracts had revealed a

number of other metabolites in addition to naphthyridinomycin. Some of these compounds
exhibited a strong inhibitory activity against the test bacteria, Bacillus subtilis, which had been
used in screening for naphthyridinomycin and cyanocycline A.

Several questions were raised by the newly discovered bioactive substances: 1) were
they related to naphthyridinomycin biosynthesis; 2) if not, was there a specific assay that might

be used to distinguish them from naphthyridinomycin or cyanocycline

A; 3) would the

procedures for isolation and purification of naphthyridinomycin or cyanocycline A allow us to

isolate these unidentified metabolites? To help answer these questions, a bioautography
experiments was designed using a group of different test organisms. The purpose of this
experiment was to find several organisms which could be used specifically to screen these
compounds. To carry out this survey, methylene chloride extracts of S. lusitanus were applied
to an aluminium-backed silica gel TLC plate and developed in 10% methanoVchloroform. The

bioactive compounds were then assayed by briefly exposing the TLC plate to an agar plate
seeded with B. subtilis. The results of this experiment are summarized in Table 11.1
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Table 11.1 Bioautography Results of S. lusitanus Extracts Against Selected Organisms*

organisms

cyanocycllne

naphthyrldino

cyanocycline

others

A

-mycln

B

(R f <0.3)

(Rf 0.72)

(R f 0.64)

(R f 0.50)

Micrococcus

luteus

++

++

+

++

Escherichia coli

+

+

+

++

-

-

-

+

-

-

-

+

-

+

-

-

+

+++

+++

+++

+++

++

++

++

++

Streptococcus
faecalis
Serratia

marcescens
Klebsiella

pneumonia

+

Pseudomonas
aeruginosa
Bacillus subtilis

Staphycoccus
auresu

*"-": no inhibition.
"+": 5-10 mm inhibition zone.
"++": 11-20 mm inhibition zone.
'+++": 21 mm or larger inhibition zone.

36

The data in Table 11.1 indicated that none of these organisms could be used for
assaying any particular compound. Either a very strong or very weak inhibition was found among

all the metabolites tested. These results suggested that all of these bioactive compounds
probably had a similar mode of action and might belong to the same group of antibiotics. This
hypothesis was supported by the TLC behavior of these compounds after treatment of cyanide.
The products were still bioactive and were less polar (10% increase of the Rf values). Thus, they

behaved exactly as naphthyridinomycin had when it was converted to cyanocycline A. This
suggested that these polar compounds might also contain a carbinolamine functional group.
Therefore, two of those unknown cyano-treated compounds were named as cyanocycline B
(Rf = 0.46) and cyanocycline C (Rf = 0.21) and their corresponding natural products were later

named as N-des-methylnaphthyridinomycin (Rf = 0.41), and dihydronaphthyridinomycin (Rf =
0.16).

Fermentation of S. lusitanus

To optimize the production of cyanocycline B and cyanocycline C, alteration of the

fermentation media was first investigated. As with naphthyridinomycin production from S.
lusitanus,6 blackstrap molasses (BS) proved to be essential for the production of cyanocycline

B and cyanocycline C. It had been observed in our previous studies that different supplies of
BS had significant effects on the production of the antibiotics. A number of blackstrap molasses

samples, obtained from Cargill Inc. and Corvallis 1st Alternative (Glory Bee product, Eugene,

Oregon) were tested for antibiotic production, especially, the production of the lower Rf
compounds

.

Table 11.2 indicates that the BS samples of Florida from Cargill and that of

Corvallis 1st Alternative were the best in terms of the antibiotics production.
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Table 11.2 Test of Antibiotic Productions via Different Sources of Black Strap Molasses

Sources of Black

Antibiotics Produceda

ratio of

Strap Molasses

(mg/liter)

Higher Rf /Lower Rf

antibioticsb

a.

Corvallis 1st Alternative

35-38

0.9

79.5% cane

36-39

0.8

Hi-Brix cane

32-34

1.1

Florida

37-39

1.2

Louisiana

30-31

1.2

Data was obtained by standard bioassay experiments and it was assuming that each of the
antibiotics had similar bioassay curves to that of cyanocycline A against B. subtilis as shown

in Figure 111.2
b.

The ratio was obtained by measuring the diameter of inhibition zones of cyanocycline A and
cyanocycline C in bioautography experiments.

A time course study using the BS sample from Corvallis 1st Alternative was conducted

in both naphthyridinomycin production media (NP) and trypticase soy broth media (TS). The
results are shown in Figure 11.1. For cyanocycline B and cyanocycline C production, TS media

has subsequently been used most frequently for the following reasons: 1) the TS media is
easier to prepare and avoids the use of bulk media, such as corn meal or tomato paste (required

in NP media), which sometimes gives unpredictable results; 2) no pH adjustment is required
during the fermentation, reducing the possibility of contamination; 3) a short fermentation time
is sufficient; 4) fewer contaminants are found in the methylene chloride extracts.
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Figure 11.1 Time Course Study of Antibiotic Productions in TS and NP media

Isolation and Structural Characterization of Cyanocycline B

Fermentations of S. lusitanus in trypticase soy broth medial were harvested 36 hours
after inoculation with a seed culture (2%) prepared in yeast extract, malt extract media (YME).

The isolation and purification of cyanocycline B first followed the same procedures that had
been used for isolation and purification of cyanocycline A. This is outlined in Scheme

11.1. It

was soon discovered that the last step, preparative TLC on a C18 reverse phase plate, was not
suitable since degradation of cyanocycline B was observed. This was replaced by normal phase
preparative TLC on glass-backed silica gel plates. After repeated preparative TLC separation, a

pure sample was obtained which was suitable for spectroscopic study and biological studies.
Typically, 8 mg of cyanocycline B could be isolated from a 10-liter shake flask fermentation. The

modified procedures for cyanocycline B isolation and purification are also outlined in Scheme
11.1.
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fermentation broth (TS)
1

NaCN treatment

i'
methylene chloride extracts

Bio-Beads SM 7 (50% EtOAc /Hexane)

r
atotron (CH2Cl2)

I
Chromatotron (5% Me0H/F120)
1

RP prep-TLC (80% Me0H/H20)

i
cyanocycline A

Silic gel prep-TLC (10% Me0H/CHC13)

cyanocycline B

Scheme 11.1 Isolation and Purification Procedures for Cyanocycline A and Cyanocycline B

Cyanocycline B is an orange crystalline compound and has physical properties similar to

cyanocycline A (2),8.9 a cyano derivative of naphthyridinomycin (1).10 It is very soluble in
methylene chloride, methanol, and other organic solvents and is slightly soluble in water.

The structural elucidation of cyanocycline B was relatively straightforward due to the
close resemblance of its spectroscopic data with those of cyanocycline A, 2. UV absorbance at
270 nm indicated it had the same benzoquinone moiety. The 1H NMR spectrum of cyanocycline
B, as shown in Figure 11.2, had a very similar signal pattern to that of cyanocycline A, although

some of the chemical shifts were slightly changed. The biggest difference in the two spectra
was the absence of one methyl group from the spectrum of cyanocycline B. This corresponded
to the methyl group on the nitrogen at position 5 in cyanocycline A.
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The 13C NMR spectrum, Figure 11.3, of cyanocycline B was quite characteristic of a
cyanocycline A type compound, as well. Close similarities would be found in the down-field

regions of the two spectra. The two lowest field signals were due to the benzoquinone
carbonyl carbons, the four carbon signals between 150 -120 ppm were due to the remaining

carbons of the benzoquinone skeleton. The signal at 117 ppm indicated the presence of a
nitrile group, and the signal at 93 ppm could be assigned to the carbon 3a of oxazolidine moiety.

Alt the up-field signals in cyanocycline A could be found in the cyanocycline B spectrum except

the signal at ca. 41 ppm which corresponded to the N-methyl carbon in cyanocycline A. Thus,
cyanocycline B could be assigned the structure of N-des-methylcyanocycline (4).

The high resolution FAB mass spectrum of cyanocycline B confirmed the molecular
formula to be C21H2411405. From the 1H-1H COSY spectrum, as shown in Figure 11.4, of
cyanocycline B, it was very easy to identify the three separate spin systems in the molecule.
They are H3a- H4- H4'- H4'- H6 -H7, }-11+11-1-12-H2, and H13a-H13b-H3a Long range coupling of "W"

type could also be identified from the cross peaks between H3a and H13b. Most of these
couplings were also observed in the 1H-1H COSY spectrum of cyanocycline A (Shown in
Figure 111.2). All these data support the cyanocycline B structural assignment.

The biological activities of cyanocycline B and cyanocycline A were tested against a
group of organisms available in our lab using the standard method.11,12 It was not surprising
that cyanocycline B displayed strong antibiotic activities similar to cyanocycline A against various
of Gram-positive and Gram-negative bacteria. In the case of Bacillus subtilis, a stronger antibiotic

activity was observed for cyanocycline B. All the results are listed in Table 11.3.
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Table 11.3 Minimum Inhibitory Concentrations of Cyanocycline A and Cyanocycline B
Against Selected Organisms

test organisms

Escherichia coli ATCC

cyanocycline A

cyanocycline B

(mg/mL)

(mg/mL)

0.125

0.25

0.25

1.0

0.125

0.031

0.50

0.50

0.031

0.016

0.031

0.063

0.25

0.25

10536
Proteus vulgaris OSU
Micro.

Klebsiella

pneumoniae A-"AD"
Serratia marcescens

ATCC 13880
Bacillus subtilis ATCC

6633
Micrococcus luteus
ATCC 4698

Streptococcus
faecalis ATCC 29212
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Isolation and Structural Characterization of Cyanocycline C

Cyanocycline C is one of the most polar bioactive compounds in the methylene chloride

extracts. On silica gel TLC, the Rf is about 0.20 when 10% methanol/chloroform is used as the

developing solvent. Partially purified cyanocycline C does not show the distinctive color of a

benzoquinone in solution. On silica gel TLC plates, however, the yellow color typical of
cyanocycline A and cyanocycline B is observed.
Isolation and purification procedures used for cyanocycline A8 and cyanocycline B were

first tested for the isolation of cyanocycline C. Unfortunately, a reasonably pure sample could

not be isolated. Cyanocycline C was extremely unstable under normal chromatographic
purification conditions. It degraded very easily to form a brown-greenish colored mixture even if

the sample was kept in a -20 °C freezer for several days. An HPLC method was investigated
next.13 It was surprising that a reverse phase C18 column did not give a very good separation,
however, a cyano column did give a fairly good resolution and peak shape. Cyanocycline C was

found to have a retention time of 12.8 minutes and separated very well from other compounds
in the mixture using isocratic elution with acetonitrile/methanol/water (0.1% TFA) 70:20:10. The

HPLC eluant was monitored by UV at 270 nm. Following this procedure, 25 mg of partially
purified sample was applied on the column in ca. 30 injections. The cyanocycline C fractions
were combined and lyophilized to give 6 mg. Unfortunately, 1H NMR analysis showed that this
sample had degraded, as well. HPLC analysis confirmed this degradation when this sample was

analyzed again. It was very likely that this degradation took place during the process of
lyophilization since the HPLC analysis of the combined fractions had indicated the pure material.

Obviously, a completely new procedure had to be developed which would avoid
degradation or oxidation to other unknown compounds.14,18 Centrifugal countercurrent
chromatography (CCC) was tried next. CCC and droplet countercurrent chromatography (DCC)

have been shown to be quite useful in the isolation of oxygen sensitive or structurally labile
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natural products.16-20 The biggest advantage of these methods is that no solid supporting

media or solid absorbant is needed in this chromatography process, and the possibility of
oxidation or degradation can be reduced to a minimum. The principle underlying CCC is the
continuous partitioning of compounds between two immiscible solvents. Isolation of different
compounds with this process is dependent on their different partition coefficients (PC) in the
two chosen solvents.21 Theoretically, any substance can be well separated by CCC when it has

a PC value in the range of 0.5-2.0 in the two selected immiscible solvents. Various solvent

systems have been reported in the literature for the isolation of different types of
alkaloids.15,16,22,23 However, none of these systems were suited for our use. Since an HPLC

analysis had been established for cyanocycline C, it provided a very efficient method for
developing a CCC solvent system. Essentially, the experiment was done by dissolving 1 mg of
sample into the two immiscible solvents in a 10 mL test tube, allowing the sample to equilibrate

between the solvents, and analyzing the ratio of the cyanocycline C in both phases by HPLC.

This procedure was followed for a series of solvents system until a PC value of 0.5-2.0 was
obtained. All the solvent systems tested by this method are listed in the Table II. 4.
The table indicated the solvent system i-PrOH/Me0H/CHC13/H20 might be suitable for

cyanocycline C purification on CCC. In a typical CCC separation, 45 mg of partially purified
sample was injected into the separation coil which was filled with stationary phase. The mobile

phase was introduced at a flow rate of 2.5 mlimin by a pump after the separation coil reached
120 rpm. 5 mL fractions were collected and analyzed by TLC on silica gel, and the presence of a

bioactive compound was confirmed by bioautography. The cyanocycline C fractions were
pooled and solvents were removed by a rotary evaporator. Unfortunately, further purification of
this compound by recrystallization or preparative TLC again resulted in degradation. It was quite

strange that cyanocycline C was very difficult to separate from cyanocycline A even though the
two compounds had significantly different Fif values on TLC. At first this wasexplained by the

47

Table 11.4 Partition Coefficients (PC) of Cyanocycline C in Different CCC Solvent Systems

Solvent systems

ratio

PC'

n-BuOH/H20

10:10

>10

n-BuOH/CH3OH/H20

10:1:10

4.3

n-BuOH/CH3OH/H20

10:3:10

5.7

CHC13/CH3OH/H20

10:1:10

<0.1

CHC13/CH3OH/H20

10:3:10

<0.1

i-PrOH/CHC13/CH3OH/H20

10:10:3:10

0.27

i-PrOH/CHC13/CH3OH/H20

20:10:3:10

0.23

n-BuOH/CHC13/H20

5:10:10

8.31

n-BuOH/CHC13/H20

2:10:10

5.33

n-BuOH/CHC13/i-PrOH/H20

5:10:1:10

3.32

n-BuOH/CHC13/i-PrOH/H20

1:10:1:10

1.12

* PC=concentration of cyanocycline C in upper phase/concentration of cyanocycline C in lower
phase.

crude separation methods used. It was reasonable to assume that in attempting isolation of a
minor component from a major metabolite, tailing of the major component during the separation

could cause such a problem. Finally, however, the bioautography experiment revealed that
cyanocycline C could actually be converted to cyanocycline A during the separation process.
Two different bioautography experiments done before and after a preparative TLC showed that

the total antibiotic activity of cyanocycline C had decreased while cyanocycline A activity had
increased. This was confirmed by repeating the experiment.
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1H NMR Spectrum of Partially Purified Cyanocycline C from Centrifugal Countercurrent Chromatography
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To understand what was happening, a 1H NMR spectrum of a partially purified sample

from CCC, Figure 11.5, gave us some important information. After careful examination, it was
found that cyanocycline C actually was very similar to cyanocycline A. Most of the proton signals

of cyanocycline A could be found in the 1H NMR spectrum of cyanocycline C, although some of

the chemical shifts had moved up-field or down-field. The most noticeable differences were the

chemical shifts of two of the methyl groups. The methoxy methyl group, which has a chemical
shift of 4.02 ppm in cyanocycline A, was shifted up-field to 3.80 ppm in cyanocycline C, and the

methyl group directly attached to the benzoquinone moiety, which has a chemical shift 1.94
ppm in cyanocycline A, was shifted down-field to 2.20 ppm in cyanocycline C. Imagining the

possible chemical changes on the highly substituted benzoquinone of cyanocycline A, it
appeared that cyanocycline C might be the hydroquinone form of cyanocycline A, which might
be oxidized very easily to cyanocycline A in a routine isolation and purification procedure. This

hypothesis was confirmed by reduction of cyanocycline A with either sodium dithionite or
catalytic hydrogenation to produce cyanocycline C. Both TLC and 1H NMR analysis indicated
that reduced cyanocycline A had the same structure as cyanocycline C.

Table 11.5 Results of Derivative Preparation for Cyanocycline C

reagents

reaction condition

CH2N2/Et20/Et0H

0 °C- r. t. /overnight

no reaction

CH2N2/Et20

r. t. /overnight

no reaction

(CH3C0)20/pyridine

r. t /4 hours

complex mixture

(CH3C0)20

r. t. -70 °C/ 4 hours

complex mixture

(CH3C0)20/CH3CO2Na

r. t./12 hours

tri-acetate < 20%

CH2N2/TFA

r. t. /overnight

dimethyl product 50 %

reaction results
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Derivation now appeared to be necessary to stabilize cyanocycline C. It was expected

that acetylation or methylation of the phenolic groups should reduce its labile character
significantly. However, acetylation with acetic anhydride and pyridine24 or methylation25 using

standard procedures did not work out very well for cyanocycline C or reduced cyanocycline A.
Stronger reaction conditions, such as increased ratio of acetic anhydride and bases, or elevated

reaction temperature, ended up destroying the starting material. These experiments are
summarized in Table 11.5.

NaCN treated fermentation broth

CH2Cl2 extracts

i
Bio-Beads SM 7 (70 % EtOAc /Hexane)
I

centrifugal countercurrent
chromatography

1

chromatotron (10% Me0H/CHC13)

n-BuOH/CHC13/i-PrOH/H20

1:10:1:10
methylation (CH2N2ITFA)

crude cyanocycline C

i'
silica prep-TLC (10% Me0H/CHC13)

i'
dimethyl cyanocycline C

Scheme 11.2 Procedures for Isolation of Cyanocycline C and Dimethylcyanocycline C

It appeared that the presence of strong hydrogen bonds between the two phenolic
hydroxyl groups to the other polar functional groups reduced the reactivity of the two hydroxyl

groups. This could be avoided when methylation was carried out with diazomethane in the
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presence of catalytic amounts of trifluoroacetic acid (TFA). This afforded dimethylcyanocycline C
in fairly good yield. If 20 mg of

purified cyanocycline A was reduced and treated with

diazomethane and a trace amount of TFA, 8 mg of dimethylcyanocycline C could be isolated
after a final preparative TLC on silica gel. The same product was obtained when this methylation

was carried out with the partially purified cyanocycline C from the fermentation broth. The

reaction and purification procedure is outlined in Scheme 11.2. The antibiotic activity of
dimethylcyanocycline C was tested against B. subtilis and very weak inhibition was detected by
both liquid bioassay and by bioautography.
The 1H NMR spectrum of dimethylcyanocycline C, as shown in Figure 11.6, reveals five

methyl groups, and the rest of the signal patterns are very similar to the 1H NMR spectrum of
cyanocycline A. The higher electron density on the aromatic ring resulted in the methyl group

attached to it shifted up-field compared to the chemical shift of the same methyl group in
cyanocycline A.

The 13C NMR spectrum of dimethylcyanocycline C, as shown in Figure 11.7, is
significantly different from that of cyanocycline A in the down-field region, showing no carbonyl
signal in cyanocycline C or its dimethyl derivative. In the up-field region two more carbon signals

at ca. 45 ppm were observed for the two new methyl groups. The six carbon signals between
150-120 belong to the aromatic moiety of dimethylcyanocycline C.

The 1H-1H COSY spectrum of dimethylcyanocycline C, as shown in Figure 11.8, is a
typical spectrum of naphthyridinomycin type antibiotics. The three spin systems observed in 1H-

1H COSY spectrum of cyanocycline B can be identified as well. The "W" and benzylic types of
long range couplings are also observed between proton pairs H3a-H13a, and Hg-CH3(Ar).
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Isolation and Structural Characterization of Cyanocycline D

A third, minor component in the original methylene chloride extracts had been
overlooked for quite a long time because its polarity was very similar to that of cyanocycline B on

silica gel and it was not easy to distinguish between them. This compound, now named
cyanocycline D, had been discarded as an impurity or a degradation product without further
study.
During work-up of a large-scale fermentation intended to provide enough cyanocycline
B for additional spectroscopic study, a considerable quantity of this compound was observed. It
was found that chromatotron purification26.27 provided a reasonably good method for isolating

cyanocycline D and cyanocycline B from the rest of the metabolites. Nevertheless, further
purification was initially not successful. Degradation of cyanocycline D on silica gel or C18

reverse phase TLC plates was very significant and a low recovery was obtained after this
procedure. However, careful TLC and bioautography experiments revealed that cyanocycline D

could also be converted to cyanocycline A on silica gel TLC. This was a very surprising result
because it was unlikely that cyanocycline D was another hydroquinone type compound and its

color was indicative of a benzoquinone. The questions remained were what the structure of
cyanocycline D might be and what kind of relationship existed between cyanocycline D and
cyanocycline A. Fortunately, a 10-liter scale fermentation in trypticase soy broth media provided

12 mg of relative pure cyanocycline D and 8 mg of crystalline material was finally obtained by
recrystallization from hexane/chloroform. This was done by diffusing hexane vapor slowly into a

small open vial in which cyanocycline D was dissolved in 0.5 mL of chloroform. The purification
procedures are summarized in Scheme 11.3.

The biological tests showed that cyanocycline D is a very good antibiotic with similar
type of antibiotic activity against various bacteria. The minimum concentration test results for
cyanocycline D are listed in Table 11.6.
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NaCN treated fermentation broth

CH2Cl2 extracts

i
Bio-Beads SM-7 (50% EtOAc /Hex)

chromatotron (5% Me0H/CHC13)
I

Prep-TLC (silica gel)

recrystalization

or RP Prep-TLC

cyanocycline A + cyanocycline D

1
cyanocycline D

Scheme 11.3 Isolation and Purification Procedures for Cyanocycline D

Table 11.6 Minimum Inhibitory Concentrations of Cyanocycline D

test organisms

cyanocycline D
(mg/mL)

Escherichia coli ATCC 10536

0.5

Proteus vulgaris OSU Micro.

0.5

Klebsiella pneumoniae A-"AD"

0.125

Serratia marcescens ATCC 13880

0.25

Bacillus subtilis ATCC 6633

0.061

Micrococcus luteus ATCC 4698

0.125

Streptococcus faecalis ATCC 29212

0.25
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The 1H NMR spectrum of cyanocycline D is very much like that of cyanocycline A. Three

methyl groups were easily recognized in its spectrum as shown in Figure 11.9. It was not very
difficult to distinguish the three isolated spin systems in this molecule by examining the 1H-1H
COSY spectrum as shown in Figure 11.10. Some of the long range couplings, H3a-H13b, Hga-

Haa, Hg-H13c, and H6-H4a, in the same spectrum were very helpful to secure the proton
assignments. The proton NMR data for both cyanocycline A and cyanocycline D are summarized

in Table 11.7 for comparison. Clearly, cyanocycline D retains all the signals of cyanocycline A.

The major differences are the chemical shifts assigned to the protons on C-1 and C-2 (6, 6
bigger than 0.2 ppm). These chemical shift differences translate to some structural changes in
the oxazolidine moiety of cyanocycline D. Several structures could be proposed based on this

result: 1) cyanocycline D might be an epimer of cyanocycline A, which could have a different
configuration at C-3a or C-13a; or 2) the oxazolidine ring might be opened up at the C-O-C or CN-C linkage.

The FAB mass spectrum revealed that cyanocycline D was an oxazolidine ring-opened

product. In addition to the fragment peaks typical of cyanocycline A, a molecular mass peak,
[M+1]+, appeared at m/z 236. This result suggested that a molecule of HCN had been added,
and a high resolution FAB mass spectrum confirmed that cyanocycline D had molecular formula
C22H24N506 (cyanocycline A + HCN).

To answer the question which bond had been broken in the original oxazolidine moiety,

the 1H-1H COSY experiment was expected to provide an unambiguous explanation since the
1H NMR spectrum of cyanocycline D clearly showed two exchangeable protons with broad split

lines at 2.5 ppm and 4.5 ppm. The exchangeable protons could be assigned if their coupling
relationships to the other protons were established. The 1H-1H COSY spectrum showed that
the exchangeable proton at 4.5 ppm was coupled to one of the C-9' protons, indicating it was
the hydroxyl proton at C-9'.
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Table 11.7 1H NMR Data of Cyanocycline A and Cyanocycline D

position

cyanocycline A

A ppm

ppm

cyanocycline D
ppm

2.90 (m)

2.60 (m)

2.95 (m)

2.69 (m)

0.30
0.26

3.73 (m)

3.66 (m)

0.07

3.96 (m)

3.72 (m)

0.24

3a

4.69 (s)

4.67 (s)

0.02

4

2.85 (m)

2.91

0.06

1

2

(dd, J=5.6, 11.0 Hz)
4a

3.14 (m)

3.27

0.13

(dd, J=4.5, 4.4 Hz)

4'

1.67

1.79

(dd, J=6.5, 112.6)

(dd, J=6.1, 13.0 Hz)

2.36

2.38

(dd, J=5.6, 12.8 Hz)

(dd. J=7.1, 13.3 Hz)

5'

2.42 (s, 3 H)

2.46 (s, 3 H)

0.02

6

3.35 (m)

3.45 (m)

0.10

7

3.89 (br. s)

3.96 (d, J=3.4 Hz)

0.07

9

4.16 (br. s)

4.21 (d, J=2.6 Hz)

0.05

9'

3.61

3.62

0.01

br. d, J=11.0 Hz)

(br. d, J=11.4 Hz)

(

0.12

0.02

3.85

3.88

(dd, J=3.0, 11.0 Hz)

(dd, J=2.6, 11.4 Hz)

11'

4.02 (s, 3 H)

4.05 (s, 3 H)

0.03

12'

1.94 (s, 3 H)

1.99 (s, 3 H)

0.05

13b

3.75 (s)

3.87 (s)

0.12

13c

2.80 (s)

2.90 (s)

0.10

0.02

Disappointingly, the coupling relationship of the other exchangeable hydrogen at 2.5
ppm, was initially not easy to find. However, when the 1H-1H COSY was run again with a greater
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signal to noise ratio, the cross peaks between the two C-2 protons and the 2.5 ppm
exchangeable proton were observed as shown in Figure II.10b. This finding indicated that
there was a hydroxyl group attached at C-2. This assignment was further confirmed by the 13C

NMR spectrum, as shown in Figure 11.11. Six benzoquinone carbon signals as well as two
cyano carbons at ca. 116 ppm could be found in the down-field region. The C-3a carbon of the

oxazolidine, at 93 ppm, was missing in cyanocycline D; instead, one more carbon signal was
observed at ca. 55 ppm.

Structure of cyanocycline D, 8, appeared to fit the data. However, the C-3a proton, at
4.67 ppm, seemed unusually far down-field in the 1H NMR spectrum. This was almost identical

to the chemical shift of 4.69 ppm for the C-3a proton of oxazolidine in cyanocycline A. In
contrast, the proton at the C7 position which is also part of a N-CH-CN functional group, always
occurred between 3.6-3.9 ppm in any of the similar compounds.

It was expected that a COLOC or a Long Range HETCOSY NMR experiment28 would

clarify the relationship of the C-3a proton to the neighboring carbons. Unfortunately, long
acquisitions (15 hours) for each experiment did not give meaningful data due to the small

quantity of the sample. Meanwhile, it had been established that cyanocycline A could be
converted to cyanocycline D by treatment with an excess of sodium cyanide. This conversion

provided us with an alternative method for this study. If a 13C labeled nitrile group could be

introduced, the detection of its coupling to the C-3a proton would be much easier. Indeed,
when an 8 mg of sample was prepared from the treatment of cyanocycline A with 13C labeled
sodium cyanide, the 1H NMR spectrum (Figure 11.12) of the derived product clearly showed a

13C-C3a-H coupling with 2J = 7.8 Hz. This relationship was further established in a 2D LR
HETCOSY experiment. In the LR HETCOSY spectrum, as shown in Figure 11.13, not only the
two bond carbon-13 and proton long range coupling of 13C-C3a-H was observed, but the 13C-

C7-H coupling was also detected due to the partial exchange of 13CN- with the original nitrile
group at C-7 position. Thus, the proton chemical shift differences for protons at C-3a and C-7
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must be due to their different environments and configurations, but the structure of
cyanocycline D is secure.
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Discussion

N-desmethylnaphthyridinomycin and dihydronaphthyridinomycin, which have been

characterized as cyanocycline B and dimethylcyanocycline C, respectively, are two novel
metabolites found to be produced by Streptomyces lusitanus along with naphthyridinomycin.
They belong to the family of naphthyridinomycin antibiotics. Both compounds and their cyanoderivatives are biologically active against a variety of bacteria and similar antitumor activities are

expected for all these compounds based on the similar structures to naphthyridinomycin. N-

desmethylnaphthyridinomycin and dihydronaphthyridinomycin appear to be the last
intermediates in naphthyridinomycin biosynthesis. It at first seemed reasonable to propose that
the methylation of N-desmethylnaphthyridinomycin via S-adenosylmethionine is the last step in

the

naphthyridinomycin

biosynthesis

pathway.

However,

the

discovery

of

dihydronaphthyridinomycin from the broth of S. lusitanus made this picture ambiguous. If this

compound is a true intermediate in naphthyridinomycin biosynthesis, the oxidation of
hydroquinone to quinone either must be a process taking place outside of the cells, or there is a

very facile transport mechanism which can carry the hydroquinone and quinone form of the
antibiotics freely across the cell membrane and cell wall. However, it is debatable whether the
oxidation of hydroquinone is an enzymatic or a spontaneous chemical reaction. The argument

for an enzymatic process is supported by our experience during isolation of this compound.
The air oxidation products of cyanocycline C are much more complex than an enzymatic process

would predict. If it is true that an enzyme is responsible for the oxidation of hydroquinone to
quinone in an extra-cellular region, it would be very interesting to know how this reaction is
regulated. So far, no such quinone oxidases have been reported in the literature.

OH
OH

CH30

CH3O

CH3

CH3

''CH3

CH3

0
naphthyridinomycin

cyanocycline A
CN-

cyanocycline D
CN-

1
DNA
CH3

CH3

0
Scheme 11.4 Mechanisms of Cyanocycline A and Cyanocycline D Formation
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The biological test results of dimethylcyanocycline C indicate that the benzoquinone
moiety of naphthyridinomycin antibiotics plays an important role in the mechanism of action to
DNA binding.29 Obviously, the negative or very weak antibiotic activity of dimethylcyanocycline

C is due to the loss of binding by the dimethyl hydroquinone moiety to DNA. This result agrees

with computational modeling studies which indicated that the hydroquinone or quinone is
involved in hydrogen bonding inside the minor grove of DNA. Cyanocycline D represents a new

semisynthetic antibiotic in the naphthyridinomycin family. It is quite well established that
cyanocycline D is derived from cyanocycline A during cyanide treatment during the isolation
process. Finding this compound supports an alternative mechanism of action for this type of
antibiotic which has been proposed by Remers' group from their computational

studies.30

The

mechanism of drug and DNA binding at C7 can be rewritten in a similar fashion to that at C3a as

shown in Scheme 11.4. In this mechanism, when a nucleophilic reagent such as cyanide is

available in the media, cyanocycline D would then be formed. Because of the specific
configuration of the iminium ion intermediate, only one direction of cyanide approach is possible

which results in an R configuration at the C3a position. This was confirmed by the "W" type long

range couplings observed between the H3a-H13b and H3a-H4a. The strong biological activity

and interesting structural features of cyanocycline D should be studied in greater detail
especially the mechanism regarding its binding to DNA

.
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Experimental

General

Melting points were determined on a Buchi Melting Point apparatus and the

thermometer was uncorrected. IR spectra were recorded on a Nicolet 5DXB FT-IR
Spectrometer. UV spectra were obtained on an IBM-9420 UV-Vis spectrometer or with a Waters

990 photo diode-array HPLC detector. 1H NMR spectra were determined on either a Bruker
AM-400 spectrometer or a Bruker AC-300 spectrometer and referenced with tetramethylsilane

at 6 0.00 or as indicated otherwise. 13C NMR were determined on either a Bruker AM-400 at

100.61 MHz or on a Bruker AC-300 at 75.47 MHz with tetramethylsilane (8 0.00 ppm) or
deuteriochloroform (6 77.0 ppm) as an internal reference. High resolution FAB mass spectra

were obtained on Kratos MS 50 TC spectrometer with 3-nitrobenzyl alcohol or glycerol as a
matrix. HPLC was performed on either an IBM LC/9533 gradient or on a Waters 600E or Waters

6000A system with a 4.6 mm cyano column. Thin layer chromatography was done on EMRegents 5729 aluminium-backed plates or silica gel glass-backed plates. The reverse phase

thin layer chromatography was done on Whatman C-18 TLC plates (1 mm or 0.5 mm).
Centrifugal thin layer chromatography was done on a Chromatotron with a 1 mm or 2 mm silica

gel plate. Centrifugal countercurrent chromatography was done on Ito's model. Solvents such
as chloroform and methylene chloride were commercial reagent grade and used without further

purification. Solvents such as hexane and ethyl acetate were chemical grade and were
redistilled before use.
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Culture Maintenance31

Sterile Soil Preparation

Commercial potting soil was sifted though a #4 sieve and one g of calcium carbonate
was added to every 100 g of soil. It was autoclaved for 30 min every other day for 6 days. During

that time it was kept in an incubator at 37 °C. The sterile soil then was transferred into small
culture tubes with deep threaded caps. The tubes were filled with one half inch of soil. Before
preparing a soil culture the culture tube was autoclaved for another 30 min with the cap loose.

Soil Culture Preparation

The original culture of Streptomyces lusitanus was inoculated into 100 mL of yeast
extract and malt extract (YME) seed media in a 500 mL Erlenmeyer flask. After 48 h, 0.2-0.4 mL

of vegetative culture was taken and added to the culture tube containing the sterile soil. The
tubes were allowed to dry for several weeks in order to let gray spores develop on the surface of
the soil. These soil cultures could be stored at room temperature for at least one or two years.

Fermentation of Streptomyces lusitanus

Seed Medium Preparation

YME seed media were prepared in 500 mL Erlenmeyer flasks by dissolving 0.4 g yeast

extract (Difco product), 1.0 g malt extract (Difco product), and 0.4 g a-D-glucose (Sigma
product) in 100 mL of Mil li-Q water. The solution was adjusted to pH 7.3 by addition of 2%
potassium hydroxide, and then autoclaved at 121 °C for 25 min. When the sterilized media had
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cooled to room temperature, one loopful of soil culture was inoculated into the seed broth and
the flask was then moved to the shaker. After 48 h at 25 °C and 250 rpm, the seed culture was
ready for the inoculation of production broth.

Production Media Preparation

NP media was prepared in a 2 liter Erlenmeyer Flask by dissolving 8.0 g a-D-glucose,
3.2 g neopeptone (Difico product), 4 g tomato paste (Contidina or Hunt), 3.2 g corn meal (Stone
Buhr or Corvallis 1st Alternative), 1.2 g sodium chloride, and 8.0 g blackstrap molasses (Corvallis

1st Alternative) in 400 mL Mil li-Q water. The syrup was adjusted to pH 9.0 by addition of 6 N

potassium hydroxide, and then autoclaved at 121 °C for 30 min. When the sterilized broth had
cooled to room temperature, 8.0 mL of vegetative seed culture was added and then incubated
at 25 °C shaker for 96 h at 250 rpm. During this period and especially after 24 h, the acidity of the

media was monitored. If the fermentation had dropped to pH 6.0 or lower, imidazole buffer was
used to adjust the pH back to 6.0-6.5, which was suitable for antibiotic production.
TS media was prepared in 2 liter Erlenmeyer flasks by dissolving 1.2 g of trypticase soy

broth (BBL product), 1.2 g yeast extract, and 8.0 g blackstrap molasses in 400 mL of Milli-Q
water. The broth was autoclaved without pH adjustment. When the sterile media had cooled to

room temperature, 8.0 mL of a 48 h YME seed culture was added to each flask. Incubation
conditions were same as for the NP media fermentation. The major metabolite was harvested
after 48 h.

Buffer Solution Preparation

Imidazole buffer was prepared by dissolving 3.41 g of pure imidazole (Sigma product)

into 25 mL of dd H20, and the solution was adjusted to pH 7.8 with 1N HCI. The solution was
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diluted to 100 mL with dd H2O before autoclaving for 25 min at 121 °C. Usually, 4 mL of the
buffer solution would be enough to adjust a 400 mL production culture to the required pH.

Bioassay and Bioautography

Assay Plate Preparation

All bioassays were done by an agar diffusion method in a 14 cm or 8 cm petri dish. The

assay medium, PA-7, was prepared by dissolving 5.0 g trypticase peptone (BBL product), and
15.0 g agar (Bacto product) in 1000 mL Mil li-C) water without pH adjustment. Before autoclaving

at 121 °C for 35 min, the media was preheated on a hot plate to dissolve all the agar in order to
give a clear solution. The sterile agar was kept in a 50 °C water bath to prevent agar solidification.

To a 14 cm petri dish, 25 mL of agar media was used as a base layer. After the base layer agar

solidified, 15 mL of seed layer was overlaid on top of the base layer. The solidified the agar
plates with seeded layer were then used for bioassays or bioautography experiments. These
plates could be kept in a refrigerator at 4 °C for up to a week.

Seed Agar Medium Preparation

An aliquot (ca. 0.2 mL) of the concentrated test organism, Bacillus subtilis ATCC 6633

suspension, was diluted to 10 mL with 0.9% sterile NaCI. The diluted B. subtilis suspension
(0.45 mL) was mixed with 15 mL of PA7 agar media at 50 °C, and then overlaid on a base layer in
a 14 cm petri dish. The plates allowed to sit for 20 min before using.
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Protocol of Bioassay

On a 14 cm petri dish with seeded agar, up to eight stainless steel cylinders (5 mm i.d., 7

mm tall), could be arranged for testing eight different samples. To test the antibiotic activity of a
fermentation broth, 1 mL of liquid sample was taken into a small plastic vial and centrifuged on a
clinical centrifuge for 4 min. Using a micro pipet, 150 mL of clear broth was transferred into each

cylinder. The assay plates with test samples in the cylinders were incubated at 37 °C for 12 h.
The quantity of the antibiotic produced could be correlated to the size of inhibition zone.

Protocol of Bloautography

All bioautography experiments were done on Merck silica gel plates with an aluminum
backing. The test sample was applied to a TLC plate, 1 x 10 cm or 2 x 10 cm, and developed by a

proper solvent system. After development, the organic solvents were removed completely by

drying the TLC plate first in the air followed by in a vacuum. The colored or UV sensitive
compounds on the TLC plate were marked with pencil and the TLC plate was then placed
upside down on a seeded agar plate for 4 min. During that time, the TLC origins, solvent front,

and the positions of colored or UV sensitive spots were marked on the back of the agar plate.
The TLC plate was then removed and discarded. The agar plate was then transferred to a 37 °C

incubator for 12 h. The inhibition zone and pattern of the bioautography results could be
recorded by photocopying the back of the agar plate. If a higher sensitivity of this experiment
was required, the developed TLC plates were placed in the bottom of a petri dish, face up, and

the base layer and seed layer then overlaid successively. The remaining procedures were the
same.
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Minimum Inhibitory Concentration Test32

In each 20 mL culture tube, a loopful of organisms (see Table 11.3 for the list of the
organisms used) suspension was inoculated to 5 mL of brain heart infusion media (BHI, Difco
product) individually. The inoculated cultures were incubated at 37 °C for 24 h before they were

transferred to a second 5 mL of BHI media and incubated for another 8 h at 37 °C. The new

cultures were diluted with 0.9% NaCI sterile solution to 0.5 Macfarland turbidity (ca. 108
CFU/mL), then further diluted to 20-fold with BHI media. A series of antibiotics solutions with
different concentrations [log2 (two-fold)] was prepared in small vials, and 50 LLL of the antibiotic

solution and 50 gl.. of the BHI culture were taken and transferred into a microtiter plate before it

was incubated at 37 °C for 16-20 h. The minimum inhibitory concentration observed in this
experiment is one half of the original antibiotic concentration prepared.

Isolation and Purification of Cyanocycline B

A TS fermentation culture of S. lusitanus, 5 liters, was harvested at 36 h and filtered
through cheesecloth under vacuum. The mycelium cake was washed with distilled water several

times before being discarded. The combined filtrate was adjusted to pH 8.0 by addition of 2%

KOH solution. To each 100 mL broth, 5 mg of sodium cyanide was added. The reaction was
kept stirring on a magnetic stirrer at room temperature for 2 to 4 h. The cyanide treated broth was

extracted with methylene chloride (1.5 liters x 3) and the extracts were concentrated on a
rotovapor to give 250-350 mg dark brown residue. All the residue was loaded on a Bio-Beads

SM 7 (Bio-Rad) column (10 x 150 mm) equlibrated with hexane/ethyl acetate 1:1 solution.
Fractions ( 5 mL) were collected with the same eluting solvents until the bright yellow color
disappeared from the elutant. Cyanocycline B fractions were pooled together based on the TLC

analysis results (Silica gel, 10 % methanol/ chloroform, Rf 0.45). The combined solution was
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concentrated on a rotary evaporator to give a mixture, 35-50 mg. This sample was loaded on the

centrifugal thin layer chromatography (chromatotron, silica gel 1 mm plate) which was
equlibrated with methylene chloride. When the first yellow band, cyanocycline A, was eluted off

the plate, the eluting solvent methylene chloride was changed to 5 % methanol/chloroform and
5 mL fractions were collected. The cyanocycline B fractions were combined based on the TLC

analysis results. Finally, 5 mg of pure cyanocycline B was obtained by preparative TLC on 0.5

mm silica gel plates developed with 10% methanol/chloroform. UV (85% CH3CN/H20)

A. max

210, 266, 375 nm; IR (KBr) u 3303, 2944, 2360, 2247, 1654, 1450, 1310, 912, 732 cm-1; 1H
NMR (CDCI3, 400 MHz) 8 4.66 (br. s, 1 H), 4.17 (br. s, 1 H), 4.03 (s, 3 H), 4.03 (m, 1 H), 3.91 (m,

1 H), 3.88 (dd, J = 2.6, 11.4 Hz, 1 H), 3.81 (br. d, J = 2.9 Hz, 1 H), 3.80 (br.s, 1 H), 3.73 (m, 1 H),

3.63 (m, 1 H), 3.48 (dd, J = 3.1, 6.0 Hz, 1 H), 3.03 ( m, 1 H), 3.01 (m, 1 H), 2.79 (br.d, J = 3.0 Hz,

1 H), 2.66 (ddd, J = 6.0, 6.9, 12.9 Hz, 1 H), 2.26(ddd, J = 6.9, 12.9, 12.9, 1 H), 1.98 (s, 1 H),

1.72 (dd, J = 6.9, 12.9 Hz, 1 H); 13C NMR (CDCI3, 100.5 MHz) 8 186.39, 181.16, 156.69,

142.94, 140.71, 128.29, 117.13, 93.12, 61.57, 61.15, 57.27, 56.40, 55.65, 53.28, 52.28,
52.80, 50.06, 47.55, 38.89, 31.61, 8.86; HR FAB MS calcd for C21 H201405 412.17467,
found 412.17519.

Preparation of Dimethylcyanocycline C

Dimethylcyanocycline C from Cyanocycline A

To a 50 mL round bottle flask equipped with magnetic stirrer, was added 25 mg of

purified cyanocycline A, 50 mg of sodium dithionite (Aldrich product) and a small amount
methanol. Under nitrogen atmosphere, 100 pt of distilled H2O was added into the reaction flask

via a micro syringe. After about 5 min, when the yellow color completely disappeared from the

reaction solution, the reaction flask was cooled to 0-5 °C in an ice bath, and then 30 mL of
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diazomethane, prepared from diazald (Aldrich product), was added followed by 25 ml of
trifluoroacetic acid (TFA). The ice bath was removed after 1 h and the reaction was stirred at
room temperature overnight. The reaction mixture was concentrated on a rotary evaporator to a

small volume, and then dissolved in 50 mL of methylene chloride. This solution was washed

with 5% NaHCO3, H2O, and saturated NaCI successively and then dried over anhydrous
Na2SO4. Finally, 8 mg of pure dimethylcyanocycline C was obtained by preparative TLC on silica

gel (0.5 mm, 10% methanol/chloroform). UV (85% CH3CN/H20) Amax 216, 278 nm; IR (KBr)

3200, 2941, 2885, 1466, 1348, 1074, 730, 642 cm-1; 1H NMR (CDCI3, 300 MHz) 8 4.80 (s,

1

H), 4.31 (s, 1 H), 3.95 (d, J = 3.1 Hz, 1 H), 3.91 (m, 1 H), 3.90 (dd, J = 2.5, 10.3 Hz, 1 H), 3.86 (s,
3 H), 3.84 (s, 3 H), 3.74 (m, 1 H), 3.73 (d, J = 7.4, 1 H), 3.71 (s, 1 H), 3.64 (s, 3 H), 3.43 (m, 1 H),

3.40 (m, 1 H), 3.22 ( m, 1 H), 3.00 (br. d, J = 3.0 Hz, 1 H), 2.93 (m, 1 H), 2.91 (m, 1 H), 2.43 (s, 3

H), 2.37 (dd, J = 6.9, 12.5 Hz, 1 H), 2.20 (s, 3 H), 1.79 (dd, J = 6.8, 13.1 Hz, 1 H); 13C NMR
(CDCI3, 75.5 MHz) 6 151.74, 151.14, 146.54, 127.19, 125.59, 123.92, 117.60, 93.01, 62.47,

61.65, 61.57, 61.49, 61.03, 59.98, 59.84, 57.61, 54.78, 54.01, 49.63, 49.48, 41.25, 35.23,
28.94, 9.64. HR FAB MS calcd for C24H33N405 (M + 1)+ 457.245095, found 457.24510.

Dimethylcyanocycllne C from Fermentation Broth

The procedure for the isolation of cyanocycline C was initially the same as those
described for the isolation of cyanocycline B. After eluting the Bio-Beads SM 7 column with
50% ethyl acetate/hexane, the eluting solvent was changed to 70% ethyl acetate/hexane, and
5 mL fractions were collected. Cyanocycline C fractions were pooled based on the TLC analysis

results, and the combined solution was concentrated into a small volume in a 50 mL round
bottle flask. Ethanolic diazomethane, 30 mL, was added under an inert atmosphere followed by
50 µl of TFA and reaction was kept stirring overnight. The rest of the procedures were same as
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described above. The final product isolated was identical with that of prepared in the previous
procedures as indicated by HPLC and 1H NMR spectroscopic analysis.

Isolation and Purification of Cyanocycline D

The procedures for isolation of cyanocycline D was initially same as that described in the

isolation of cyanocycline B. When 10 liters of fermentation broth was processed, a 1.0 mm silica

gel plate was used first in centrifugal thin layer chromatography. The same procedure was
repeated on a 0.5 mm silica gel plate when the cyanocycline D fraction was obtained, and 15 mg

of crude cyanocycline D was obtained. Finally, 8 mg of crystalline cyanocycline D was obtained
by dissolving the crude product in a small open vial which was exposed to the hexane vapor in a

bigger sealed vial. UV (85% CH3CN/H20) Xmax 204, 268, 370 nm; IR (KBr) u 3356, 2944,
2864, 2306, 2227, 1656, 1450, 1238, 1151, 905, 739 cm-1; 1H NMR (CDCI3, 300 MHz) 8 4.67
(s, 1 H), 4.56 (br. d, J = 9.1 Hz, 1 H, exchangeable), 4.21 (d, J = 2.6 Hz, 1 H), 4.05 (s, 3 H), 3.96

(d, J = 3.4 Hz), 3.88 (dd, J = 2.6, 11.4 Hz, 1 H), 3.87 (s, 3 H), 3.72 (m, 1 H), 3.66 (m, 1 H), 3.62
(br.d, J = 11.4 Hz, 1 H), 3.45 (m, 1 H), 3.27 (dd, J = 4.4, 4.5 Hz, 1 H), 2.91 (dd, J = 5.6, 11.0 Hz,

1 H), 2.90 (s, 1 H), 2.69 (m, 1 H), 2.60 (m, 1 H), 2.46 (s, 3 H), 2.38 (dd, J= 7.1, 13.3 Hz, 1 H),
2.27 (m, 1 H, exchangeable), 1.99 (s, 3 H), 1.79 (dd, J=6.1, 13.0 Hz, 1 H); 13C NMR (CDCI3,

75.5 MHz) 8 184.9, 180.8, 155.7, 140.7, 128.6, 116.7, 116.2, 62.8, 61.1, 60.9, 59.11, 59.09,

56.55, 53.63, 53.41, 53.02, 51.79, 51.73, 41.15, 36.81, 28.50, 8.87. HR FAB MS calcd for
C23H28N505 (M+1)4 412.17467, found 412.17519.

Preparation of [13CN]cyanocycline D from cyanocycline A

To a 25 mL round bottle flask equipped with a magnetic stirrer, 25 mg of cyanocycline A

was dissolved in 2 mL of methanol and 10 mL of distilled H2O. [13CN]sodium cyanide 40 mg
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(Cambridge isotopes), was added at room temperature. After 30 min, the reaction was worked

up by adding 50 mL of methylene chloride. The aqueous layer was then separated and the
organic layer was washed successively with water, and saturated sodium chloride, and the final
methylene chloride solution was dried over anhydrous sodium sulfate. The final purification was
performed on the centrifugal thin layer chromatography with a 0.5 mm silica gel plate and gave 8

mg of pure product. The spectroscopic data of the labeled compound were the same as
unlabeled compound except in 1H NMR spectrum, the 2J=7.8 Hz was observed for the C3a
proton at 4.5 ppm; and in 13C NMR spectrum an intense signal was observed at 116.7 ppm for
the CN carbon resonance.
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Chapter Three

Synthesis of Putative Intermediates and Studies of Their
Incorporation in Naphthyridinomycin Biosynthetic Pathway

83

Fermentation, Isolation, and Purification of Cyanocycline A

Before this study was carried out, the procedures for fermentation, isolation, and
purification of cyanocycline A, had been worked out by our group and by others.1,2 Most of our
biosynthetic study followed same the procedure as described in Scheme 111.1.

YME seed medium (48 hours)

production harvested
(96 hours for NP, or 48 hours for TS)

filtrate broth treated with NaCN

methylene chloride extracts

(modified procedure)
Bio-Beads SM7 (50% Hexane/AcOEt)

(previous procedure)
alumina column (activity V)

Chromatotron (CH2Cl2)

RP prep-TLC (80% Me0H/H20)
RP prep-TLC (80% Me0H/H20)
cyanocycline A
cyanocycline A

Scheme 111.1 Isolation and Purification Procedures for Cyanocycline A

During a mutagenesis study on S. lusitanus, another fermentation medium, trypticase
soy broth (TS media), was developed because of its easy preparation and short fermentation
time. Like the previously used regular naphthyridinomycin production medium (NP medium), it
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also contains black strap molasses, which is essential for the production of these antibiotics.

Some modification in isolation and purification was made during isolation of other
naphthyridinomycin-type antibiotics. It was found that Bio-Beads SM 7 (a macroreticular acrylic

copolymer) from Bio Rad3 works better than the originally used alumina column in terms of

recovery. The extra step of chromatotron preparation tremendously cleaned the sample.
Sometimes the compound obtained after this step was good enough for spectroscopic study

without further purification by reverse phase preparative TLC. All these modifications are
summarized in Scheme 111.1, as well.

Bioassay and UV Assay for Cyanocycline A

Due to the variability of the biological system, it was necessary to quantify the
production of the antibiotics in every important experiment. Throughout this study, three assay
methods have been used. They are UV assay, bioassay, and bioautography. The UV assay was

designed by measuring the UV absorbance at 270 nm that is characteristic of cyanocycline
antibiotics. By comparing the UV absorbance of methylene chloride extracts and a standard UV
absorption curve, as shown in Figure 111.1, the quantity of cyanocycline A could be estimated.

The second and third assay procedures are exactly the same as those for assaying
other cyanocycline antibiotics that have been described in Chapter Two. Since other antibiotics

such as cyanocycline B and cyanocycline C are present in the methylene chloride extracts and
broth, and they are also UV active at 270 nm and bioactive towards the test organism B. subtilis
as well, the estimated antibiotic production from method one and method two obviously can not

correctly give the actual amount of naphthyridinomycin produced in one fermentation. For this

reason the bioautography assay is the most accurate method in determining the amount of
antibiotics produced in a fermentation if a standard curve is available and the positive inhibition

zone of cyanocycline A at Rf 0.70 will not be interfered with by the other antibiotics. However,
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the most frequently used assay method was the second one because of the convenience and
good reproducibility. The standard bioassay curve for cyanocycline A is shown in Figure
The third one has been mostly used for quantitative analysis for the antibiotics produced.
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Figure 111.1 Standard UV Assay Curve for Cyanocycline A
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Figure 111.2 Standard Bioassay Curve of Cyanocycline A against B. subtilis
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NMR Studies on Cyanocycline A

To establish the biosynthetic pathway for naphthyridinomycin by feeding experiments,

assignment of the NMR spectra of cyanocycline A was crucial. Previous studies on
naphthyridinomycin in our group as well as in others did not give an unambiguous NMR
assignment to each proton and carbon even though the 1H-1H COSY and HETCOR spectra of

cyanocycline A were obtained.4 Due to overlapping signals in the proton NMR spectrum, the
assignment of each proton signal was more complex than expected, and the conclusions drawn

from the spin-spin couplings could still be misleading. During the NMR studies of these
naphthyridinomycin antibiotics and cyanocycline antibiotics (discussed in Chapter Two), we
found that all of these compounds shared similar coupling patterns in their 1H NMR spectra even

though the chemical shifts varied. The complete assignment of the proton NMR spectrum and
carbon NMR spectrum of cyanocycline A as shown by the HETCOR spectrum in Figure 111.3
was obtained by careful analysis of the 1H-1H COSY spectrum, HETCOR spectrum, and 1D NMR

spectra of stable isotope labeled samples. The proton assignment of cyanocycline A was also

confirmed by similar coupling patterns among other cyanocycline antibiotics. In Figure 111.3,

the nitrile carbon and six benzoquinone carbons (115-190 ppm) are not included. Their
assignment was made on the basis of 13C precursors feeding experiments and the similarity
between naphthyridinomycin and the antibiotic mitomycin C (see Table 1.1). To obtain a well
resolved and high quality 1H NMR spectrum of cyanocycline A, it was found that the substitution

of methanol-d4 for chloroform -d1 had a significant effect. A complete 1H NMR assignment of

cyanocycline A in CD30D/CDC13 (10:1) was obtained based on the analysis of the coupling
patterns as well as the cross peaks in the 1H-1H COSY spectrum, as shown in Figure 111.4.
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Figure 111.3 HETCOR Spectrum of Cyanocycline A in CDCI3

10

PM

`,

89

4.5

4.0

3.5

3.0
PPM

2.5

2.0

5.0
1.5

Figure 111.4 1 H-1 H COSY Spectrum of Cyanocycline A in CD3OD /CDCI3

PPM

90

Estimation of Stable Isotope Precursor Required for a Feeding Experiment

Only two stable isotope labels are considered for precursors in this study. One is

carbon-13 and the other is deuterium, and both can be detected directly by an NMR
experiment. For a stable isotope labeled precursor, the amount of sample required for a feeding

experiment is determined by the following factors: 1) the percentage of incorporation of the
precursor in the final biosynthetic product, this is usually obtained from the feeding experiment

with radioactive precursors; 2) the recovery of the final product from the production culture
during the isolation and purification; 3) the natural abundance of the isotopes used, which for

13C and 2H are 1.1% and 0.015% respectively. Then, the 13C labeled precursor ( in mg )
required in a feeding experiment can be estimated from the following formula:

Wt (isolated antibiotic) x D
Wt (13C precursor) =

E (precursor) x MW (precursor)
MW (antibiotic) x I

Here, Wt =10 mg, of isolated antibiotic is assumed to be the lower limit of the sample

required for a carbon NMR spectrum analysis which could be varied for different compounds
studied; E is the enrichment of the precursor in the final product and a minimum of 1 % of the
13C enrichment from the precursor is expected for overcoming 1.1% of natural abundance to

get a convincing NMR measurement; D is a dilution factor which reflects the efficiency of the

isolation and purification procedure, which can be expressed as D = mg of antibiotic
produced/mg of antibiotic isolated; and I is the percentage incorporation of the feeding
precursor and it is usually obtained from the radioactive isotope feeding experiment or
estimated from a related incorporated precursor. It can be expressed as I = radioactivity
isolated/radioactivity fed. If a deuterium labeled precursor is used then the formula can be
expressed as follows:
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D

MW (precursor)

Wt (2H precursor) = 1 gmole
I

Here, assuming that 1 gmole of deuterium per position is the minimum amount of
deuterium required for an NMR experiment, to make sure that the incorporated deuterium in the

NMR tube is much more than the natural abundance (0.015%) from the unlabeled compound,

and assuming three times natural abundance per position is required, then, the amount of the

produced sample should not be more than (1 grnole/0.015°/0)/4.

Actually, this is not very

difficult to reach for a feeding experiment with a reasonable percentage of incorporation. To
assure adequate incorporation, 2 or 3 times more than the estimated amount of precursors are
usually used in an actual feeding experiment.

Biosynthetic Study on the Primary Precursors of Naphthyridinomycin

Synthesis and Feeding of Labeled Glycolaidehyde

To continue our effort in searching of the origin of C9 and C9' fragment, feedings of
labeled potential precursors were carried out. From previous biosynthetic studies on saframycin

A, as shown in Scheme 1.17, it was expected that the precursor which had been incorporated

at C1/C2 of saframycin A might be the primary precursor in the biosynthesis of
naphthyridinomycin, as well. But a feeding experiment with labeled glycine and related C2 unit

compounds did not support that hypothesis. By analogy to the saframycin A biosynthesis, it

would be logical to propose that glycolaldehyde might be the real precursor in
naphthyridinomycin biosynthesis. Glycolaldehyde has been found to be incorporated in
secondary metabolites, such as vitamine 86,5,6 as a two-carbon building block. To test whether

glycolaldehyde is the precursor in naphthyridinomycin biosynthesis, 13C or 14C-labeled
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glycolaldehyde (2) was prepared6 by the oxidation of corresponding 13C or 14C labeled serine
(1) with ninhydrin.

COOH

[2-13C,or 2-14C] HO

NH2
1

ninhydrin, D3PO4

95%

[1-13C or 14C]

HO

2

If the reaction was run in D20, then the conversion of the starting material to the product

could be monitored directly by 1H NMR. When the reaction was finished, the a-proton of serine,
3.8 ppm, would disappear, and at the same time, an aldehyde proton, 9.8 ppm, would show up.

The 1H NMR spectrum of resulting glycolaldehyde was in full agreement with the spectrum of

commercially available glycolaldehyde dimer, after it was hydrolyzed at pH 4.0. The labeled
glycolaldehyde was then fed in two pulses to a S. lusitanus fermentation at 72 hour and 84

hours. Unfortunately, antibiotic isolated from the fermentation at 96 hours did not show
significant incorporation of 14C or 13C from LSC or 13C NMR analyses, respectively.

Feeding of Labeled Glycerol

The search for the precursor of C9/C9' of naphthyridinomycin has been extended to
the precursors beyond two-carbon units. One potential three-carbon precursor, glycerol, has

been examined very carefully. Glycerol has been documented as a C2 precursor in the
biosynthesis of secondary metabolites, such as leucomycin.7 As an initial experiment, ca. 10
iCi of glycerol was fed to S. lusitanus at in 72 and 84 hours and the fermentation was worked up

at 96 hours by extraction of the broth with methylene chloride. After this procedure only 0.25%
of radioactivity fed was recovered. This number was relatively low compared to the other feeding
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experiments with successful incorporation of the precursors. However, glycerol has been
documented in the literature as a carbon source for fermentation in place of carbohydrates, and

a relatively large amount of it could be consumed in primary metabolism. To improve the
percentage of incorporation, other media which have been used for the glycerol feeding in the
literature were examined.8-10 This effort was not rewarding since naphthyridinomycin could not

be produced in media lacking black strap molasses, and none of the previously used media for

glycerol feeding experiments contained this component. Nevertheless, analysis of glycerol

feeding experiments done by other groups showed that if [U-13C]glycerol was fed, an
incorporation as low as 0.2% could be still acceptable. The final product could be analyzed by
the 13C NMR INADEQUATE experiment which looks at 13C-13C directly coupled signals. Thus,

[2_14qg lycerol, 10 gCi, was fed again together with 1.0 g of unlabeled glycerol to an 800 mL

fermentation. The methylene chloride extracts showed 0.31% of radioactivity was retained.
Unfortunately, after further purification of the antibiotic, the radioactivity remaining had dropped
to 0.05%, and did not warrant a [U-13C]glycerol feeding experiment. The compounds that have

been tested in this study and previously tested in our group for C9/C9' fragment biosynthesis
are listed in Table 111.1. At this point, the primary precursor to C9/C9' is still unknown.
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Table 111.1 Compounds Fed to S. lusitanus in Searching of the

Primary Precursor for C9/C9' Fragment

compound

fed

[2-14C]sodium

% Incorporation compound

fed

% incorporation

0.2

CD3OD

no Don 9 and 9'

0.06

[1 -14C]

0.03

acetate
[U-14C]

alanine
[1,2-14C2]PYruvate

pyruvate

0.04

[1,2-14C]

0.28

ethanolamine
[3_14c]

0.01

propionate
[2- 14C ]glycerol

[1 -14C1

0.01

glycolate
0.31 (broth)

[1-13C]

<0.1

glycolaidehyde
[1,4-14C]

0.01 (broth)

succinate
[1,4-14C]
oxalic acid

[1,4-14C]

0.14

fumaric acid

0.02

[1 -14C]

ribose

<0.1
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Feeding of [2-21-1]Tyrosine

Previous experiments have established that tyrosine was a primary precursor in the
biosynthesis of naphthyridinomycin and it has been shown to be incorporated specifically in the

benzoquinone moiety. However, it had not been determined if the nitrogen of the isoquinoline
comes from the amino group of tyrosine or some other precursor. To answer this question, a [213c, 15

N]tyrosine 3 was prepared'' and fed into S. lusitanus. The incorporation of tyrosine with

13C enrichment at C13b of naphthyridinomycin but not 15N at N8 suggested that the amino of
tyrosine was either not retained in the biosynthetic pathway or that it was rapidly exchanged with

the nitrogen source of the media as shown in the reversible conversion of 3 and 4. If the former

were correct, the nitrogen of the isoquinoline was derived from a species which might be the
unknown precursor responsible for the C9 and C9' fragment of naphthyridinomycin.

HO

transaminase

HO

15NH2

t NCOOH
3

COON
4

Since enzymatic transamination is a reversible process, there are several techniques are

available to avoid such rapid exchange of the amino group. One would be the adding of
transaminase inhibitor, such as aminooxyacetic acid.12 Another would be adding enough aketo acid of the corresponding amino acid to the fermentation medium to draw the equilibrium
toward the direction of the amino acid.

Both techniques have been quite successful in biosynthetic studies of secondary
metabolites. Since the a-keto acid of tyrosine, 4-hydroxyphenyl pyruvate, 4, is readily available,

it was expected that adding this compound together with 3 might help us to see the
incorporation of the 15N in cyanocycline A. However, before starting this experiment, [2

Figure 111.5

[2-2HITyrosine/4-hydroxylphenylalanine
Feeding
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2H]tyrosine, an inexpensive commercial product, was thought to be a good probe for this

experiment. It was expected that if the deuterium at the a position were retained during the
incorporation of the tyrosine into naphthyridinomycin, there would be a good chance that 15N
might incorporate into the final product using the same feeding conditions. Thus, feeding of [2-

21-1]tyrosine (50 mg) was carried out in the presence of 4-hydroxyphenyl pyruvate 4 (3
equivalents) using two feeding pulses at 72 and 84 hours, and the fermentation was worked up
at 96 hours. Followed the same purification procedure, 10 mg of the final antibiotic was isolated
from a 600 mL fermentation. The 2H NMR spectrum of [2-2H]tyrosine/4-hydroxyphenyl pyruvate

feeding experiment is shown in Figure 111.5. Surprisingly, a deuterium signal at 3.7 ppm was

observed. This turned out to be due to the incorporation of [2,3,3,- 2H3]tyrosine which was
present in the commercial product to the extent of about 10 %. The rest of the signals were
derived from the chloroform solvent and the reference compound t-BuOH. No deuterium signal

at the chemical shift of 3.0 ppm could be found. Thus, there was no point testing [2-13C,
15N]tyrosine again. This avenue also failed to provide information about the C9/C9' precursor.

Synthesis and Feeding of Labeled 3e-Methyl -2',4',5'trlhydroxyphenylalanIne

Synthesis of 3'-Methy1-2',4',5ctrIhydroxyphenylalanIne

Now we turned to a different aspect of naphthyridinomycin biosynthesis, and examined

the steps immediate after methyl dopa, 6a. Since both methyltyrosine, 5, and methyl dopa had
been incorporated into naphthyridinomycin, we considered the possibility that further oxidation

to give a trihydroxyl compound, 7a, might occur before it was condensed with other building

block(s) to form a tetrahydroisoquinoline compound, 8a, as shown in Scheme 111.2. To test

this idea, an isotopically labeled methyl dopa would be synthesized and fed to the
naphthyridinomycin producing organism.
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It was first expected that the synthesis of methyl topa should not be too difficult since
the analogous compounds, methyl dopa and methyl tyrosine had been synthesized in our lab
previously, in moderate yields.13 A synthetic route based on the same strategy was designed as

shown in Scheme 111.3, which started with 2,4,5-trimethoxybenzaldhyde, 9.

HO

5

OH

OH

OH

6a

7a

F

R=OH or H

8a (R =H)

Scheme 111.2 Early Naphthyridinomycin Biosynthetic Pathway and Proposed
Later Intermediates
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OCH3

OCH3
CH3O

CH3O

NaBH4

CH3Br
AIBr3

CHO

CH3

i-PrOH

CHO
OCH3

OCH3

9

OCH3
CH3O

SOCl2

CH3

CH2OH

CH3O

Na13CNHAc(CO2Et)2

CH3

OCH3

OH

OCH3
CH3O

NHAc
13C ,,

CH3

CO2Et
CO2Et
I

OCH3

47% HI

HO
NH2

"CH

CH3

COON
OH

Scheme 111.3 Route Designed for the Synthesis of Labeled Methyl Topa

To our surprise the first reaction, Fridel-Craft (F-C) methylation,14,15 was extremely
difficult. The routinely used F-C reaction catalysts, such as AICI3 or AIBr3, would not catalyze the

required reaction, instead, the demethylation products 10 and 11 were obtained.
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OCH3

OCH3
CH3O

HO

CH3O

AlCi3

CHO

OCH3
+

CH2Cl2

CHO

CHO

HO

OH

OCH3

9

10

11

Table 111.2 Results of Methylation (Fridel-Craft) Reaction Catalyzed by Lewis Acids

AlkylatIng agents

catalysts

reaction products

CH Br

Ga(NO3)2/KBr

N. R.

CH Br
3

HCI

N. R.

CH Br
3

HI

N. R.

CH3Br

H SO4
2

N. R.

CH 3Br

ZnCI

N. R.

3

CH Br

2

AIC13/CH2Cl2

3

(CH3O)2SO4

AIC1

3

/C 6H 5 NO2

10 (40%), 1 1 (20%)

45% 9

Table 111.3 Results of Indirect Methylation Attempts

reactions

regents

reaction product

chloromethylation

37% HCHO, HC1

N. R.

chloromethylation

formaldehyde diethyl acetal

N. R.

C-alkylation of 10

LiOH, CH3I

9(80%)

thiomethoxy methylation

DMSO/DCC

thiomethoxy compd. (< 10%)

formyiation

POCI3/DMF

N. R.
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CHO
CH3O

POCI3, DMF

CH3

CH3O

0
CHO

OOH

CH3O

1) 37% HCHO, HCI

MCBPA
CH3

2) NaOAc, AcOH

H2OAc

CH30

CH2Cl2

CH3O

CH3

CH2OAc

CH3 0

OCH2Ph
3N NaOH

1) Et3N, Me0H

CH3O
CH3

2) PhCH2Br, K2CO3

CH2OH
CH3O

OCH2Ph
CH3O

PCC, CH2 Cl2

CH3

CHO

CH3O

CH3O

1) H2, 1 200psi

2) PhCH2Br, K2CO3
CH3O

OCH2Ph

OCH2Ph
CBzCI,PhNMe2 CH3O
CH3

NHCbz

3N NaOH, Me0H

COOEt
CH3O

CH30

NHCbz
COOH

CH3

CH3O

Scheme 111.4 Fukuyama's Synthesis of Methyl Topa Derivative

102
Other mineral acids would not catalyze this reaction at all, and all the Lewis acids used for

this reaction are summarized in Table 1112. After direct methylation failed, several indirect
methylation methods16-18 were tested on 2,4,5-trimethoxybenzaldhyde and 2-hydroxy-4,5-

dimethoxybenzaldehyde. Table III. 3 shows that none of the methods tried provided a
practical preparation. Finally, the route19 Fukuyama used in the synthesis of fully protected

methyl topa, as part of the synthesis of mitomycin and saframycin B, was considered even
though its reaction sequence was quite lengthy as shown in Scheme 111.4. The key reaction of

this synthesis was the utilization of a Baeyer-Villiger reaction on the benzaldehyde compound.
For our particular biosynthetic study, a sequence for 7a synthesis was developed as shown in

Scheme III. 5.
CHO

CH3O

40% HCHO,

POCL3, DMF
CH3

Sat. HCI

95%

CH3O

96%

OCHO

CHO
CH3O

MCPBA

CH3

CH2CI

82%

CH 0

AcNHCH(COOEt)2

CH3

N a0Et

CH2CI

40-50%

CH3O

CH3O

13a

12a

OH

OH
CH3O

NHAc

CH3

CH3O

HH

14a

(COOEt)2

6N HCI, Me0H8
85%

CH 0
NH2

C001-

CH3

CH3O H H

15a

Scheme 111.5 Synthetic Sequence for the Preparation of Methyl Topa
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To introduce an isotope label in methyl topa for our feeding experiment, the synthetic
sequence was modified accordingly. As Scheme 111.5 indicates that it was not too difficult to

follow the literature procedure for the these reactions. However, when the formate 13a was
obtained, the hydrolysis of this compound to phenol was not successful. If acidic hydrolysis

conditions were used, no reaction product resulted, and if basic hydrolysis conditions were
used, the nucleophilic substitution at the benzylic position of the starting material with water was

always the favored reaction. These reaction results are summarized in Table 111.4. Finally, a

direct coupling of diethyl acetamidomalonate with the formate 13a was achieved, and an
important intermediate, 14a, for methyl topa synthesis was obtained in 40-50 % yield.

Table 111.4 Results of Hydrolysis Attempts on Formate 13a

reagents

conditions

results

5% NaOH

methanol, 25 °C

benzyl alcohol

5% Na2CO3

methanol, 25 °C

benzyl alcohol

0.5 N NH4OH

methanol, 25 °C

benzyl alcohol

1N HCI

methanol, 25 °C

N. R.

2N HCI

methanol, 70 °C

N. R.

NaBH4

isopropanol, 25 °C

benzyl alcohol

Hydrolysis of compound 14a with strong acid, such as 47% HI, to complete the
synthesis methyl topa would be the logical approach since this method was quite successful in
the methyl dopa synthesis. However, a dark purple mixture was produced in the reaction flask

almost every time. It was rationaled that these hydrolysis conditions used might be too harsh,

and that methyl topa was unstable under normal hydrolysis conditions. Probably, a milder
hydrolysis method should be developed. It was expected that a stepwise hydrolysis procedure
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might solve this problem, and thus a partial hydrolysis product, 2',4'-0-dimethyl methyl topa,

15a, was obtained when the reaction was carried out in 6N HCI /MeOH condition. But, the
following reaction to complete the synthesis of methyl topa was still not easy as Table 111.5
indicates.

Table 111.5 Results of Hydrolysis Reactions Towards the Synthesis of Methyl Topa

regents

conditions

reaction products

47% HI

120 °C 6 Hours

purple mixture

2N H2SO4

90 °C 10 Hours

purple mixture

6N HCI

methanol, reflux, 12 Hours

4',6'-di-O-methyl methyl
toga (60%)

6N HCI

120 °C 12 hours

purple mixture

6N HCI

acetic acid,120 °C

purple mixture

12 hours
47% HI with trace amount

sealed tube,120 °C,

methyl topa

of red phosphorus

10 hours

(major product)

6N HCI

sealed tube, 130 °C,

methyl dopa

10 hours

(quantitative)

Eventually, a literature procedure2°,21 was found which applied HI and red phosphorus

for the hydrolysis of 2',4',5'-tri-O-methyl topa (16) to 2',4',5'-topa (17).
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HO
47% HI /P (red)

HO
NH2

sealed tube, 120 °C
COOH

COOH

CH30

16

HO

17

Following this procedure, the hydrolysis of compound 15a to methyl topa went very
well, although the purification of this compound following the same literature procedure was not

successful because of instability of the reaction product. However, for the first time, 7a was
observed as a major reaction product (over 80%) by NMR. Our experience accumulated during

purification of methyl topa suggested that there would be no chance to purify methyl topa by a
regular reductive purification procedure, such as working under an inert atmosphere and using

oxygen free solvents, since 7a was extremely unstable to the oxygen and light. These cause
oxidation and polymerization to form a purple melanin. To overcome this problem, it was thought

that after hydrolysis was done, adding reducing agents to the reaction flask might slow or
prevent these undesired reactions from taking place. Thus, demethylation of 15a was carried
out in a sealed tube with 47% HI/phosphorus (red) for 10 hours at 120 °C, the tube was cooled,

and sodium metabisulfite was added. The reaction solvent was then removed under a vacuum.
The resulting reaction product and metabisulfite salt was dissolved in D20, and the 1H NMR and

13C NMR spectra were obtained. They showed almost quantitative conversion of

the starting

material to the methyl topa. Later, it was found methyl topa could be obtained by direct

hydrolysis of 14a with 6N HCI at 120 °C for 12 hours, and followed by adding sodium
metabisulfite. The product obtained in such fashion was quite stable and could be kept in
refrigerator for up to a week without noticeable color changes.
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Synthesis of Labeled 3'-Methy1-2',4',5%trihydroxyphenylalanine

Introduction of an isotope label to methyl topa at C2 position using [2-13C]diethyl
acetamidomalonate, which have been used in our group for the synthesis of [2-13C]methyl
tyrosine and [2-13C]methyl dopa,13 was considered. However, the carbon-13 malonate is quite

expensive ($700/g), and a relatively large amount of the starting material would be needed for

the coupling reaction. In the light of previous incorporation of [2,2,3-2H3]tyrosine into
naphthyridinomycin, synthesis of [2,2-2H2]methyl topa 7b was targeted.

CH3O

(CD An, HCI

90%

CH3

CH3O

CH3O

CHO

NHAc

CHO

I

NaC(COOEt)2

NHAc
(COOEt)2

CH3

75%

CD2CI

CH3O

CH3O D 0
18b

12b

OR
6N HCI

MCPBA, CH2C12

10% KOH

sealed tube

90%

100%

19b R . CHO
14b R =H
OH
HO
NH2

CH3

OH

D0

COOH

7b
Scheme 111.6 Synthetic Sequence for the Preparation of [3,3-2H2]Methyl Topa
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The introduction of deuterium at that position was expected from the chloromethylation
reaction using deuterioformaidehyde. Since deuterioformalin was not a commercial product, our

synthesis had to be changed to use paraformaldehyde, and paraformaldehyde-d2 was a
commercial product with much lower price. Fortunately, the substitution of paraformaldehyde
for formalin did not affect the reaction yield and deuterium could be introduced to the benzylic

position in the presence of regular hydrogen chloride without any exchange with the solvent.
The final [2,2-2H2]methyl topa was synthesized as shown in Scheme 111.6. At this point it was
found that direct coupling of diethyl acetamidomalonate with the aldehyde, 12b, went very well.

With this modification, a much better overall yield of 14b was obtained compared to the
previous sequence.

Feeding of 3'-Methyl-2',4',5'-trihydroxyphenylalanine

Because the reducing agent is required for stabilizing methyl topa under normal
conditions, the tolerance of sodium metabisulfite by the organism, S. lusitanus, was tested
before the feeding experiment. The data listed in Table 111.6 indicates that S. lusitanus grows
quite well in the presence of reducing agent.

Table 111.6 Production of Antibiotics in the Presence of Reducing Agent

Na2S2O5

zone size

antibiotics

added (mg/L)

(mm)

produced (mg/L)

0

32

31

5

32

31

10

31.5

28

15

31

22

20

28

8
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For the actual feeding experiment, 15 mg/L of sodium metabisutfite was added together

with 80 mg labeled methyl topa to an 800 mL fermentation culture (TS media) at 24 and 36
hours. The 2H NMR spectrum of derived product was obtained using 10 mg of cyanocycline A.
Unfortunately, no sign of incorporation of deuterium from the labeled methyl topa was observed

in the final isolated antibiotic. Right after the precursor was added to the fermentation broth,
reddish color was observed in the broth and final mycelium harvested at 48 hours showed an
unusual black color. It was very likely that labeled methyl topa polymerized or oxidized before it

could be taken up by the organism even though reducing agent was co-fed. Since methyl topa
turned out to be such an unstable compound, It seem less likely that it would be involved in the
biosynthesis of naphthyridinomycin.

Synthesis of Labeled Tetrahydrolsoquinoline Compounds

Synthesis of [3,3-2H2]5'Methyl-3',4'-dihydroxyphenyialanine

When labeled methyl topa failed to be incorporated into naphthyridinomycin, our
interest in designing and feeding labeled potential precursors now focused on the synthesis of
suitably labeled tetrahydroisoquinoline carboxylic acid, 8a, which incorporated the key features
of A/B rings of naphthyridinomycin and assumed that the last hydroxylation would occur at later
stage. The strategies used in the synthesis of isoquinoline molecules are generally categorized
as Pictet-Spengler22 and Bischler-Napieralski23.24 reactions. The former is very effective for the

aromatic compounds with activating groups, such as hydroxyl and methoxy group. It was

expected that the labeled tetrahydroisoquinoline compound, 8b, could be made by the
reaction of labeled compound 6b with glycolaldehyde via Pictet-Spengler reaction. To
introduce a deuterium label at the 0 position of methyl dopa, a similar synthetic sequence to the
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synthesis of methyl topa was developed for the synthesis of labeled methyl dopa which is
shown in Scheme 111.7.

COOCH3

COOH
Me2SO2, K2CO3

CH3O

95%
CH3

CHO
LiAIH4,THF

(C0C1)2, DMSO,Et3N

CH3O

88%

95%

CH3

CHO
(CDO)n, HCI

92%

NaCNHAc(COOEt)2
DMSO,THF/A

CH3O

0.CH3

CD2CI

80%

20b
OH

CHO
MCPBA/CH2Cl2

10% KOH

97%
22b R = CHO

21b

6N HCI

sealed tube, 120 °C

23bR=H
OH

6b

90%

Scheme 111.7 Synthetic Sequence for the Preparation of [3,3-2H2]Methyl Dopa
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Synthesis of Methyl Dopa Derivatives

This route provides some obvious advantage over the previous ones in terms of
required reaction steps, and higher overall reaction yields was obtained since milder hydrolysis

condition was used in the final deprotection step. From this route it was also possible for us to

synthesize methyl dopa with selectively protected hydroxyl groups as shown in Scheme

OCH3

OH
CH3O

CH2N2

CH3O

85%

CH3

NHAc

NHAc
CH3

23a

111.8.

CO2Et
CO2Et

CO2Et
CO2Et

6N HCI, CH3OH,
70 °C, 82%
6N HCI, CH3OH,

70 °C, 86%
CH3O
OH
CH3

26
6N HCI, 90 °C, 78%

24

OCH3

HO
NH2
CH3

COOH

25

Scheme 111.8 Preparation of Selectively Protected Methyl Dopa Derivatives.
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Tetrahydrolsoquinoline Compounds Synthesis via Plctet-Spengler
Reaction

OH
CHOCH2OH

HO

90%
HO

27

28

Irradiated

3.1% increase

Irradiated

N

2.6% increase
CH3

CH2OH

CH3O

NH

COOH

HO

COOH

Scheme 111.9 Formation of Tetrahydroisoquinoline Compounds
from Methyl Dopa and Its Derivative

Preliminary study of Pictet-Spengler reaction25-27 with 4'-0-methyl methyl dopa, 24,
and glycolaldehyde, a study related to the total synthesis of MY-336a as well, was carried out in

1N HCI solution at 60 °C for 4 hours. It was quite encouraging that one of the compounds
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isolated from the mixture of the reaction products showed expected coupling patterns in 1H-1H

COSY spectrum which included two sets of ABX type couplings (CH2-CH) and a ArCH3-ArH-

ArCH2 spin system. Unfortunately when the labeled methyl dopa underwent Pictet-Spengler

reaction with glycolaldehyde in acidic or neutral aqueous solvent, an undesired reaction
product, 27, was formed predominantly, and it was formed almost exclusively under optimized

reaction conditions. The cyclization in forming the isoquinoline ring was taking place at the 5'
position of methyl dopa instead of desired 2' position as shown in Scheme 111.9.

The resulting regioisomer was confirmed by an NOE experiment, and an enhancement
(ca. 3%) of the methylene protons of the hydroxymethyl group was observed when the aromatic

methyl protons were irradiated. Later, the Pictet-Spengler reaction of 4'-0-methyl methyl dopa
with glycolaldehyde was studied carefully. Under optimized reaction conditions, a major product,

28 (over 90%), was obtained and it was proved to be the compound with same regioselectivity

as that derived from labeled methyl dopa. The structures of resulting tetrahydroisoquinoline

compounds and NOE experiment results are shown in Scheme 111.9 as well. This type of
cyclization fall into the same fashion of Pictet-Spengler reaction of dopa and dopamine,28,29

and the alkyl substitute group(s) on the aromatic ring did not show significant change of the
reaction selectivity.

Synthetic Approach to the Designed Tetrahydrisoquinoline Compound

Obviously, the position allowing Pictet-Spengler cyclization to the undesired product
should be blocked before this reaction was tested again. For that purpose, the synthetic route

was modified at an earlier step. Following the sequence described in Scheme 111.10, the
mono-bromination30 at the para position of the original hydroxyl group was achieved in a very

good yield when the phenol group of 22b was first protected with a benzyl group. It was
expected that the Pictet-Spengler reaction of glycolaldehyde with 6'-bromo-methyl dopa should
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give a product which is only one hydrogenation step away from the desired target. However, the

hydrolysis of mono-bromine compound (30) was not a simple reaction. When strong acid, such

as 2N HBr, was used in a sealed reaction tube for 6 hours under 120 °C, methyl dopa resulted

instead of 6'-bromo-methyl dopa, 31, and the bromine blocking group was lost from the
aromatic ring as well for reasons not yet understood. If a relatively weaker acid, 2N or 6N HCI was

used under similar reaction conditions which had been used for preparing methyl dopa, the
hydrolysis would not give an exclusive product. Besides the desired product of 31, quite often

6'- bromo -5'- methyl- 3'-methyoxy-4'-hydroxyphenyl alanine 32 was present in the reaction
mixture in 40-60%. Extended reaction time would not significantly change the ratio except the

degradation products were increased in the reaction mixture with increasing reaction time.
Different from hydrolysis reactions in methyl dopa and methyl topa preparations, the mono-

brominated compound took much longer time. Later, a two-step hydrolysis procedure,10%
KOH followed by 6N HCI, was developed for this compound, and no significant change in the
product ratio was observed.

The Pictet-Spengler reaction of two compound mixture, 6'-bromo-methyl dopa and 4'amethyl-6'-bromo-methyl dopa, was carried out with glycolaldehyde, and two pairs of reaction

products were produced, 33 and 34. After preparative HPLC separation by a C18 reverse
phase column (40 % CH3OH/H20 with 0.1 % AcOH), two pairs were separated. Since the
racemic dopa derivative was used in this reaction and four reaction products were expected to
be produced from methyl dopa and its derivative.1H NMR study of the two compounds derived
from 6'-bromo-methyl dopa suggested that they had structure as 33a and 33b.

Br

CH3

D

HOOC
CH2OH

33a

OH

OH

HN
CH2OH

33b

OH
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OCH2Ph

OH
CH3O

1. PhCH2Br, K2CO3

CH3O

NHAc

NHAc

CH3

DD

(COOEt)2

2. Br2, K2CO3

CH3 V

85%

R

DD

(COOEt)2

29 R = H
30 R = Br
OH

1. 10% KOH, Me0H
2.2 N HCI

85%
32 (3)

31(1)

CHOCH2OH

33

Scheme 111.10 Modified Synthetic Route to the Synthesis of Labeled
Tetrahydroisoquinoline Compounds
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Experimental

General

Instruments used in this study are same as those described in Chapter Two except for

the following. The 2H NMR spectra were recorded on a Bruker AM 400 at 64.1 MHz, and
referenced either with regular chloroform at 7.2 ppm or t-BuOH at 1.23 pm. Elemental analysis

was performed by Desert Analytics (Tuscan, Arizona). Analytical HPLC was carried out on a
Waters 600E system with a Waters 990 diode array detector. Preparative HPLC was carried out

on a pair of Waters E-6600 units with a C18 semi-preparative column (Novepak). Radioactivity

measurements were carried out on a Beckmann model LS 7800 Liquid Scintillation Counter

using HP and EP scintillation cocktail solutions for aqueous samples and NA for organic
samples.

All the solvents used for extraction and reactions were distilled prior to use. Moisture-

free solvents were prepared as follows: tetrahydrofuran (THF) and ether were distilled from

benzophenone ketyl and metal sodium after prior drying with calcium hydride; methylene
chloride was distilled from calcium chloride before use; dimethyl sulfoxide (DMSO), and dimethyl

formamide (DMF) were distilled from calcium hydride and kept over 4A molecular sieves under
nitrogen; ethanol was distilled from a small amount of sodium metal (sodium ethoxide) and kept
over 4A molecular sieves.

Stable isotopes, paraformaldehyde- d2 (99.5% D) and [2-13C]serine (99% 13C), were

purchased from Cambridge Isotope Laboratories. All the radioactive isotopes for the
biosynthetic study were purchased from New England Nuclear. All the chemicals for the
synthetic study were obtained either from Aldrich or Sigma, and used without further purification

unless otherwise noted.
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Production, isolation, and Purification of Cyanocycline A

Seed Medium Preparation

YME seed media was prepared in 500 mL Erlenmeyer flasks by dissolving 0.4 g yeast
extract (Difco product), 1.0 g malt extract (Difco product), and 0.4 g a-D-glucose (Sigma product)

in 100 mL of Milli-Q water. The solution was adjusted to pH 7.3 by addition of 2% potassium
hydroxide, and then autoclaved at 121 °C for 25 min. When the sterilized media had cooled to

room temperature, one loopful of soil culture was inoculated into the seed broth and the flask

was subjected to shaking. After 48 hs at 25 °C and 250 rpm, the seed culture was ready for
inoculation of production media.

Production Media Preparation

The NP medium was prepared in a 2 liter Erlenmeyer flask by dissolving 8.0 g a-Dglucose, 3.2 g neopeptone (Difco product), 4 g tomato paste (Contidina or Hunt), 3.2 g corn

meal (Stone Buhr or Corvallis 1st Alternative), 1.2 g sodium chloride, and 8.0 g black strap
molasses (Corvallis 1st Alternative or Florida product from Cargill, Inc.) in 400 mL Mil li-Q water.

The mixture was adjusted to pH 9.0 by addition of 6 N potassium hydroxide, and then
autoclaved at 121 °C for 30 min. When the sterilized broth had cooled to room temperature, 8.0
mL of vegetative seed culture was added and then incubated in a shaker at 25 °C for 96 h at 250
rpm. During this period and especially after the first 24 h, the acidity of the media was monitored.

If the fermentation had dropped to pH 6.0 or lower, imidazole buffer (pH 7.3) was used to adjust
the pH back to 6.0-6.5, a level suitable for antibiotic production.

The TS medium was prepared in 2 liter Erlenmeyer flasks by dissolving 1.2 g of
trypticase soy broth (BBL product), 1.2 g yeast extract, and 8.0 g black strap molasses in 400 mL
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of Mil li-O water. The broth was autoclaved without pH adjustment. When the sterile media had

cooled to room temperature, 8.0 mL of a 48 h YME seed culture was added to each flask.
Incubation conditions were same as for the NP medium fermentation. The major metabolite was
harvested after an additional 48 h.

Isolation and Purification of Cyanocycline A

A fermentation of S. lusitanus, 800 mL (from two 2-L flasks), was harvested at 48 h (TS
media) or 96 h (NP media) and filtered through cheese cloth under vacuum. The mycelium cake
was washed with distilled water several times and discarded. The combined filtrate was adjusted

to pH 8.0 by addition of 2% aqueous KOH. To each 100 mL broth, 5 mg of sodium cyanide was

then added. The reaction was stirred on a magnetic stirrer at room temperature for 2-4 h. The
cyanide treated broth was extracted with methylene chloride (3 x 300 mL) and the extracts were

concentrated on a rotary evaporator to give 70-100 mg of dark brown residue. The residue was

dissolved in EtOAC/hexane 1:1 (2 mL) and was loaded onto a Bio-Beads SM 7 (Bio-Rad)
column (10 x 150 mm) equilibrated with hexane/ethyl acetate 1:1, and 5 mL fractions were

collected with the same eluting solvents until the bright yellow color disappeared from the
elutant. Cyanocycline A fractions were pooled together based on results of TLC analysis (Silica
gel, 10 % methanoV chloroform, Rf 0.70). The combined solution was concentrated on a rotary

evaporator to give a mixture, 20-30 mg. This sample was loaded on the centrifugal thin layer
chromatography (chromatotron, 0.5 mm silica gel plate) which was equilibrated with methylene

chloride, 5 mL fractions were collected, and the fractions of cyanocycline A were pooled
together. Usually, 5-10 mg of pure cyanocycline A could be then obtained by preparative TLC
on 0.5 mm C18 reverse phase plates developed with 80 % methanol/ water, followed by eluting
from the absorbant with methanol.
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Bioassay and UV Assay

The detailed procedures for bioassay procedures including assay plates preparation,
assay

media preparation, and sample preparation are same as those described in the

Experimental part of Chapter Two.

Usually, the UV assay was carried out after methylene chloride extraction solution is
obtained. Before UV assay, the total volume of the methylene chloride solution was measured
by a graduate cylinder. The absorption of methylene chloride solution was measured in a quartz
cell at ?. 270.0 nm, Xi 236.0 nm, and 2%.2 306 nm. The concentration of the sample could be
calculated from a calibration curve as follows:

Conc. (mg/L) = 0.530 + 31.05 x ABS (270 nm)
or read from a Standard UV assay curve as shown in Figure 111.1.

Protocol of Feeding Experiment

To start a preliminary biosynthetic study, ca. 1011Ci radio-labeled precursors were used.

The commercial labeled precursors were diluted first in the sample vial (0.5-1 mL), and small

eliquot was taken by pipet and diluted into 10 mL of stock solution in a volumetric flask. The
exact amount of radioactivity of labeled isotope compound to be fed was calculated from the
radioactivity determined by scintillation counting. Proper dilution of each counting sample was

required. Normally, 500-1000 dpm in each counting sample was the good range for both
accuracy and efficiency. To obtain a reliable data, double sampling was performed at each step

of the feeding and purification procedure.
When the regular naphthyridinomycin production medium (NP) was used, the feeding
was carried out in two pulses at 72 and 84 h, and the final antibiotic was harvested at 96 h. If TS

medium was used, precursors were administered in two pulses at 24 h and 36 h, and antibiotic

119

was harvested after additional 12 h. Generally, the precursor to be fed was weighed out, and
dissolved in ca. 10 mL of distilled H2O. Since some of the amino acids were not readily soluble in

the neutral aqueous solution, a small amount of acid or base was added to get the precursor
dissolved completely before adjusting the pH back to neutral. Addition of the precursor to the

fermentation broth was conducted using a disposable syringe through a Gelman membrane
sterile filter (0.2 gm). The rest of the work-up procedures were the same as those described
above for isolation and purification of cyanocycline A.

Preparation of 2, 4- Dlmethoxy- 3- methylbenzaldehyde

The Vilsmeier-Haack reaction on 2,6-dimethoxytoluene was carried out by the same
procedure developed by Godfrey and Sargent et., al.30 with the exception of the following. To
a 250 mL round bottom flask containing 100 mL dry N,N- dimethylformade at 0 °C, the Vilsmeier

complex was prepared-by adding 50 mL of freshly distilled phosphoryl chloride dropwise
through an addition funnel over 30 min. The reddish complex was allowed to warm to room
temperature and 2,6-dimethoxytoluene (7.6 g, 0.5 mol) in 60 mL N,N-dimethylformide was then

added through another addition funnel over 60 min. The reaction was then heated to 100 °C
and stirred for 3 h. The mixture was then poured into 400 mL ice-water when it was cooled to
room temperature. The pH of the mixture was adjusted to basic pH (ca. pH 10) by adding sodium

carbonate while stirring with a glass rod. The mixture was then extracted with ethyl acetate (3 x

200 mL) and the combined organic layer was dried over anhydrous sodium sulfate. After the

solvent was removed under vacuum, the final product was recrystallized from
hexane/methylene chloride to give a needle-like, crystal compound 8.5 g (95%): mp 53-54 °C;
1H NMR (CDCI3. 300 MHz) 8 10.24 (1 H, s), 7.75 (1 H, d, J= 7.2 Hz), 6.75 (1 H, d, J= 7.2 Hz),

3.92 (3 H, s), 3.87 (3 H, s), 2.17 (3 H, s). The rest of the spectroscopic data and chemical and
physical properties are the same as those of an authentic sample obtained from Aldrich.
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Preparation of 2,4-Dimethoxy-5-chloromethy1-3-methylbenzaldehyde (12a)

Procedure 1: To a 50 mL solution of formalin (37% aqueous HCHO) in a 250 mL
round bottom flask equipped with inlet and outlet tubes in an efficient hood and cooled in an
ice-bath, HCI gas was bubbled through the flask until the solution was saturated with HCI. 2,4-

dimethoxy-3-methylbenzaldehyde (2.0 g, 11.2 mmol) was added to the reaction flask and the
reaction heated to reflux by an oil-bath at 110 °C for 3 h. Conversion of the starting material (Rf

0.22) to the reaction product (Rf 0.24) can be monitored by silica gel TLC with 15%
EtOAc /hexane. When the reaction was finished, the mixture was allowed to cool to room
temperature and 50 mL of methylene chloride was added to the reaction flask. The organic layer
was separated, and the aqueous layer was extracted again with methylene chloride (2 x 25 mL).

The combined organic layer was washed with H2O, 5% NaHCO3, and saturated NaCI
sequentially, followed by drying over anhydrous Na2SO4. The solvent was removed on a rotary

evaporator to give a crude compound. Recrystallization from hexane yield a crystalline product
2.5 g (95%): mp 77-78 °C; IR (KBr) 3004, 2939, 2870, 1677, 1594, 1451, 1304, 1240, 994; 1H
NMR (CDCI3, 400 MHz) 6 10.28 (1 H, s), 7.78 (1 H, s), 4.63 (2 H, s), 3.92 (3 H, s), 3.90 (3 H, s),

2.28 (3 H, s). 13C NMR (CDCI3, 100.6 MHz) 6 188.86, 163.50, 163.30, 128.65, 127.88,
126.07, 125.79, 63.25, 61.51, 40.74, 9.44; EIMS m/z (rel intensity) 230 (8), 228 (31), 193
(100), 163 (80), 148 (18), 120 (15), 105 (24), 910 (36), 77 (16); HRMS calcd for Cii H1303C1
228.05532, found 228.05530 (mass deviation 0.1 ppm, 0.02 mmu)

Procedure 2: In a 250 mL round bottom flask equipped with reflux condenser and an
outlet tube to a acid absorption solution, formaldehyde (3.6 g, 112 mmol) was dissolved in 50
mL of concentrated HCI. Then, 2,4-dimethoxy-3-methylbenzaldehyde (2.0 g, 11.2 mmol) was
added and the reaction heated to reflux. After about 4 h, the reaction was worked up using the

same procedure described on the above preparation. The reaction yield was 96%. The
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spectroscopic data obtained from this compound were the same as those of sample prepared
from procedure 1.

Preparation

of

2,4-Dimethoxy-5-methylene(diethyl

acetamidomalonate)-3-

methylbenzaldehyde (18a)

To a 100 mL round bottom flask, diethyl acetamidomalonate (1.0 g, 4.61 mmol) was
dissolved in 13.5 mL of freshly prepared NaOC2H5 /HOC2H5 (Na 0.34 mmole/mL) solution at

room temperature. After 20 min, the reaction solvent was removed by a rotary evaportor and
sample was dried under vacuum forming a white precipitate. The residue then was dissolved in

20 mL of anhydrous DMSO. 2,4-dimethoxy-3-methyl-5-chloromethylbenzaldehyde (1.0 g, 4.4
mmol), dissolved in 30 mL of anhydrous THE and DMSO (1:1), was introduced to the reaction
flask via a syringe over 30 min. With a magnetic stirrer plate, the reaction mix heated up to 70 °C

for 12 h under inert atmosphere. The conversion of the starting material to the reaction product
can be monitored by the TLC analysis as well as 1H NMR. After the reaction was finished, 50 mL

of 1N HCI was added at room temperature, followed by 50 mL of dichloromethane, and the
organic layer separated from the aqueous layer. The aqueous layer was then extracted with

methylene chloride (2 x 30 mL). The combined methylene chloride solution was washed
sequentially with 5% NaHCO3, saturated NaCI, and H2O, and dried over anhydrous sodium
sulfate. The final product 1.35 g (75% in yield), was purified by silica gel column chromatography

with ethyl acetate/hexane (1:1): TLC (50% EtoAc/hexane on silica gel) R10.40; mp 132-133 °C;
IR (KBr) 3380, 2947, 1680, 1311, 1285, 1202, 1112, 1005 cm-1; 1H NMR (CDCI3, 400 MHz) 8
10.24 (1 FI, s), 7.39 (1 H, s), 6.39 (1 H, s, exchangeable), 4.27 (2 H, dq, J = 7.0, 15.5 Hz), 4.26
(2 H, dq, J = 7.0, 15.5 Hz), 3.88 (3 H, s), 3.70 (3 H, s), 3.65 (2 H, s), 2.22 (3 H, s), 1.98 (3 H, s),

1.31 (6 H, t, J = 7.0 Hz); 13C NMR (CDCI3, 100.6 MHz) 5 189.99, 169.35, 167.57 (2), 164.23,

162.44, 129.30, 125.71, 125.40, 125.30, 66.51, 63.20, 62.63 (2), 60.63, 32.40, 22.87, 13.89
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(2), 9.37; Anal. =Id for C201-127N08: C, 58.67; H, 6.65; N, 3.42. Found: C, 58.85; H, 6.66; N,

3.20.

Preparation

of

2,4-Dimethoxy-5-methylene(diethyl

acetamidomalonate)-3-

methylphenol Formate (19a)

This preparation followed the same procedure described by Godfrey and Sargart et.

al.30 except as follows. To a 50 mL round bottom flask, 2,4-dimethoxy-3-methy1-5methylene(diethyl acetamidomalonate)benzaldehyde (2.0 g, 4.89 mmol) and mchloroperbenzoic acid (1.25 g) were dissolved in 30 mL of dry methylene chloride. The reaction
flask was heated to 70 °C in an oil bath for 10-16 h. The conversion of the starting material to the

product could by monitored with 1H NMR analysis of crude reaction mixture by following the
replacement of benzaldehyde proton signal at 10.2 ppm with the formate ester proton signal at

8.24 ppm. When the reaction was complete, the mixture was allowed to cool to room
temperature and an additional 50 mL of methylene chloride was added. The solution was then
washed successively with 5% NaHCO3 (3 X 30 mL), saturated NaCI, and H2O before being dried

over anhydrous sodium sulfate. After the solvent was removed, the reaction product was
recrystallized from hexane/chloroform to give 1.97 g (95% yield): TLC (50% EtOAc /Hexane on

silica gel) Rf 0.45; mp 146-147 °C; IR (KBr) 1) 3389, 3282, 2984, 2941, 1742, 1672, 1486,
1454, 1420, 1371, 1307, 1276, 1127, 1101, 1057, 1009 cm-1; 1H NMR (CDC13, 400 MHz) 8
8.24 (1 H, s), 6.64 (1 H, s), 6.47 (1 H, s), 4.27 (2 H, dq, J = 7.0, 15.0 Hz), 4.25 (2 H, dq, J = 7.0,
15.0 Hz), 3.74 (3 H, s), 3.63 (3 H, s), 3.59 (2 H, s), 2.20 (3 H, s), 1.96 (3 H, s), 1.29(6 H, t, J = 7.0

Hz); 13C NMR (CDCI3, 100.6 MHz) 81169.41, 167.64 (2), 159.21, 156.36, 149.79, 138.79,

126.29, 124.43, 122.76, 66.26, 62.54 (2), 60.64, 60.47, 32.78, 22.84, 13.88 (2), 9.85; Anal.
calcd for C20H27NO9: C, 56.46; H, 6.40; N, 3.29. Found: C, 56.42; H, 6.45; N, 3.16.
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Preparation of

2,4-Dimethoxy-5-methylene(diethyl

acetamidomaionate)-3-

methyiphenol (14a)

In a 50 mL round bottom flask was placed 2, 4- dimethoxy -3- methyl -5-methylene(diethyl

acetamidomalonate)phenolformate (0.5 g, 1.18 mmol) under an inert atmosphere. A small
amount of methanol was added by a syringe through a septum stopper followed by 120 ut KOH
(10.3 mmoVmL, 5% excess) to give a yellow solution. After 15 min, methylene chloride solvent

50 mL was added to the reaction flask and hydrolysis reaction was quenched by adding acetic
acid 0.5 mL. The reaction mixture was washed with saturated NaCI, and H2O successively and

dried over anhydrous sodium sulfate overnight. When the solvent was removed, 2,4dimethoxy-3-methy1-5-methylene(diethyl acetamidomalonate)phenol 0.44 g (95%) was
obtained. Recrystallization from hexane/methylene chloride resulted in needle-like crystals: TLC

(50% EtoAc/hexane on silica gel) Rf 0.38; mp 148-149 °C; IR (KBr) 3361, 3274, 2984, 1740,
1655, 1511, 1423, 1371, 1295, 1266, 1203, 1055, 1011, 866, 599 cm-1; 1H NMR (CDCI3, 400
MHz) 8 6.45 (1 H, s, exchangeable), 6.38 (1 H, s), 5.84 (1 H, s, exchangeable), 4.20 (2 H, dq, J =

7.2, 15.2 Hz), 4.16 (2 H, dq, J = 7.2, 15.2 Hz), 3.69 (3 H, s), 3.51 (3 H, s), 3.46 (2 H, s), 2.11 (3
H, s), 1.91 (3 H, s), 1.21 (6 H, t, J = 7.2); 13C NMR (CDCI3, 100.6 MHz) 8 169.50, 167.75 (2),

150.04, 145.14, 145.08, 124.29, 124.01, 115.25, 66.45, 62.43 (2), 60.49, 60.44, 32.91,
22.87, 13.87 (2), 9.77; Anal. calcd for C1 gH27N08: C, 57.42; H, 6.85; N, 3.52. Found: C, 57.13;

H, 7.05; N, 3.34.

Preparation of 2',4'-Dimethoxy-5'-hydroxy-3'-methylphenyialanine (15a)

In

a 50 mL round bottom flask, 2, 4- dimethoxy -3- methyl -5- methylene(diethyl

acetamidomalonate)phenol (0.5 g, 1.26 mmol) was dissolved in 30 mL of 6N HCI of methanol
solution (15 mL methanol and 15 mL conc. HCI). Under an inert atmosphere, the reaction was
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refluxed for 10 h. The formation of the hydrolysis product could be monitored by TLC analysis
on silica gel (Rf 0.6, butanone: acetone: water 65:30:10). After the starting material disappeared

on the TLC analysis, most of the acid solution was removed by a rotary evaporator. The small

amount of the hydrolysis mixture was loaded on to a C18 reverse phase column after it was
neutralized with 10% NaOH. The column was eluted with 50 mL each of H2O, 5% Me0H, 10%

Me0H, 20% Me0H, and 50% Me0H. The ninhydrin positive fractions (10% Me0H and 20%
Me0H elutants) were combined and the solvent removed by rotary evaporator followed by
lyophilization to give 3'-methyl-2',4'-dimethoxy-5'-hydroxyphenylalanine 0.23 g (71%). Further

purification could be

achieved by silica gel column chromatography using

butanone:acetone:water (65:30:10) as eluting solvent: TLC (butanone:acetone:water
65:30:15 on silica gel) Rf 0.52; mp 198-200 °C; 1NMR (D20, 300 MHz) 86.44 (1 H, s), 3.71 (1 H,
dd, J = 4.8, 8.2 Hz), 3.52 (3 H, s), 3.48 (3 H, s), 3.02 (1 H, dd, J = 4.7, 14.5 Hz), 2.70 (1 H, dd, J =

8.2, 14.5 Hz), 1.97 (3 H, s). 13C NMR (CH3OH-d4, 100.5 MHz) 8 174.77, 151.19, 147.85,
147.39, 126.40, 126.42, 116.60, 61.32, 60.48, 57.13, 32.98, 9.98; HR FAB MS (polyethylene
glycolate matrix) calcd for C12H18N05 (M+1)+ 256.11850, found 256.11980 (mass deviation
5.1 ppm, 1.31 mmu).

Preparation of 3'-Methyl-2 ',4',5'trihydroxyphenylalanine (7a)

To a specially designed hydrolysis tube 2, 4- dimethoxy -3- methyl -5- methylene(diethyl

acetamidomalonate)phenol (100 mg, 0.25 mmol) and 20 mL of 6N HCI were added. The tube

then cooled to -20 °C, evacuated under high vacuum, and sealed by closing the Teflon valve.
The reaction mixture was heated to 120 °C for 12 h in an oil bath which was protected behind an

anti-explosion shield. When the reaction was complete, a clear light brown solution was
resulted, and the pressure inside the tube was carefully released after cooling to room
temperature. At that time, a small amount of sodium metabisulfite (ca. 20 mg) was added, and
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the reaction solvent was removed under vacuum to dryness. 1H NMR (D20, 300 MHz) 8 6.64 (1

H, s), 4.86 (1 H, dd, 8.3, 9.3 Hz), 3.45 (1 H, dd, 9.4, 16.1 Hz), 4.24 (1 H, dd, 8.2, 16.1 Hz), 2.11

(3 H, s); 13C NMR (D20, 75.5 MHz) 6 172.97, 147.66, 143.86, 127.79, 126.74, 119.29,
111.08, 62.22, 34.38, 12.20; HR FAB MS (3-nitrobenzoic acid matrix) calcd for C101-114N05
(M +1)+ 228.08720, found 228.08760 (mass deviation 1.8 ppm, 0.41 mmu).

Preparation

of

[5',5'-2H 2]2,4-DImethoxy-5-chloromethyl-3-

methylbenzaldehyde (12b)

The preparation of this compound followed the same procedure described in the
preparation of 2, 4- dimethoxy -3- methyl -5- chloromethylbenzaldehyde (Procedure 2) except

paraformaldehyde-d2 (1.8 g, 56 mmol) was used instead of regular paraformaldehyde (112
mmol). The reaction resulted in 83% yield. 1H NMR (CDCI3, 400 MHz) 6 10.27 (1 H, s), 7.78 (1 H,

s), 3.91 (3 H, s), 3.90 (3 H, s), 2.28 (3 H, s); 13C NMR (CDCI3, 75.5 MHz) 8 188.82, 163.48,
163.29, 128.59, 127.73, 126.04, 125.76, 63.22, 61.45, 40.74 (not observed), 9.41; EIMS m/z

232 (10), 230 (30), 195 (100), 150 (18), 107 (17), 93 (11); HRMS calcd for C11 Hii D203C1
230.06788, found 230.06782 (mass deviation 0.2 ppm, 0.05 mmu).

Preparation

of

[5',5'-2H2]2,4-Dimethoxy-5-methylene(diethyl

acetamidomalonate)-3-methylbenzaldehyde (18b)

The preparation of this compound followed the same procedure described in the
synthesis of 2,4-dimethoxy-3-methyl -5-methylene(diethyl acetamidomalonate)benzaldehyde
except for using [5',5'- 2H2]2,4- dimethoxy -3- methyl -5- chloromethylbenzaldehyde (2.0 g, 8.7
mmol) as starting material. The reaction resulted in 75% yield. 1H NMR (CDCI3, 400 MHz) 6 10.24

(1 H, s), 7.39 (1 H, s), 6.39 (1 H, s, exchangeable), 4.27 (2 H, dq, J = 7.0, 15.5 Hz), 4.26 (2 H,
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dq, J = 7.0, 15.5 Hz), 3.88 (3 H, s), 3.70 (3 H, s), 2.22 (3 H, s), 1.98 (3 H, s), 1.31 (6 H, t, J = 7.0

Hz); 13C NMR (CDCI3, 100.6 MHz) 6188.98, 169.35, 167.56 (2), 164.23, 162.44, 129.25,
125.70, 125.39, 125.19 66.40, 63.19, 62.62 (2), 60.628, 32.40 (not observed), 22.86, 13.88

(2), 9.35; HR FAB MS (thioglycerol:glycerol 3:1 matrix) calcd for C20H26D2N08 (M+1)+
412.19405, found 412.19390 (mass deviation 0.3 ppm, 0.13 mmu).

Preparation

of

[5',5%2H 2]2,4- Dimethoxy-5- met hylene(d let hy I

acetamidomaionate)-3-methylphenol Formate (19b)

This compound was prepared by following the same procedure described in the
synthesis of 2,4-dimethoxy-3-methyl-5-methylene(diethyl acetamidomalonate)phenolformate

except for using

[5',5'- 2H2]2,4- dimethoxy -3- methyl- 5- methylene(diethyl

acetamidomalonate)benzaldehyde (2.0 g, 4.85 mmol) as starting material. The reaction resulted

in 95% yield. TLC (50% EtoAc/hexane on silica gel) Rf 0.45; mp 146-147 °C; IR (KBr) v 3389,

3282, 2984, 2941, 1742, 1672, 1486, 1454, 1420, 1371, 1307, 1276, 1127, 1101, 1057,
1009 cm-1; 1H NMR (CDCI3, 300 MHz) 8 8.24 (1 H, s), 6.64 (1 H, s), 6.47 (1 H, s), 4.27 (2 H, dq, J

= 7.0, 15.0 Hz), 4.25 (2 H, dq, J = 7.0, 15.0 Hz), 3.74 (3 H, s), 3.63 (3 H, s), 2.20 (3 H, s), 1.96 (3

H, s), 1.29 (6 H, t, J = 7.0 Hz); 13C NMR (CDCI3, 75.5 MHz) 61169.41, 167.64 (2), 159.21,

156.36, 149.79, 138.79, 126.29, 124.43, 122.76, 66.26, 62.54 (2), 60.64, 60.47, 32.78 (not
observed), 22.84, 13.88 (2), 9.85;

Preparation

of

[5',5' -2H 2]2,4-Dimethoxy-5-methylene(diethyl

acetamidomaionate)-3-methylphenol (14b)

This compound was prepared by following the same procedure described in the
synthesis of 2,4-dimethoxy-3-methyl-5-methylene(diethyl acetamidomalonate)phenol except
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for [5',5'-2H2]2,4-dimethoxy-3-methyl -5-methylene(diethyl acetamidomalonate)phenol formate
(0.5 g, 1.16 mmol) being used as stating material. The reaction resulted in 95% yield.1H NMR
(CDCI3, 300 MHz) 6 6.52 (1 H, s, exchangeable), 6.46 (1 H, s), 6.36 (1 H, s, exchangeable), 4.28

(2 H, dq, J = 7.1, 12.5 Hz), 4.25 (2 H, dq, J = 7.1, 12.5 Hz), 3.78 (3 H, s), 3.60 (3 H, s), 2.19 (3 H,

s), 2.00 (3 H, s), 1.31 (6 H, t, J = 7.1); 13C NMR (CDCI3, 75.5 MHz) 6 169.46, 167.71 (2),
150.96, 144.98, 124.24, 123.88, 115.10, 115.05, 66.23, 62.41, 60.48, 60.41, 60.35, 33.65
(not observed), 22.84, 13.84 (2), 9.74; 2H NMR (CDCI3, 61.4 MHz) 8 3.55 (2D, s); HR FAB MS
(thioglycerol:glycerol 3:1 matrix) calcd for C19H26D2N08 (M+1)+ 400.19405, found 400.19410
(mass deviation 0.2 ppm, 0.07 mmu).

Preparation of [3,3-2H2]3'-Methyl-2',4',51-trihydroxy phenylalanine (7b)

This compound was prepared by following the same procedure described in the
synthesis of 3'-methyl-2',4',5'-trihydroxy phenylalanine except for [5',5'-2H2]2,4-dimethoxy-3methy1-5-methylene(diethyl acetamidomalonate)phenol (120 mg, 0.30 mmol) being used. A
quantitative conversion of starting material to product was observed by NMR. 1H NMR (D20, 300

MHz) 8 6.64 (1 H, s), 4.86 (1 H, s), 2.11 (3 H, s); 130 NMR (D20, 75.5 MHz) 8 172.97, 147.66,

143.86, 127.79, 126.74, 119.29, 111.08, 62.22, 34.38 (not observed), 12.20; HR FAB MS (3nitrobenzoic acid matrix) calcd for C1oH12D2N05 (M+1)4. 230.09975, found 230.10210 (mass
deviation 10.2 ppm, 2.36 mmu).

Preparation of Methyl 2-Methoxy-3-methylbenzoate

Methylation of both phenolic and carboxylic hydroxyl groups of 3-methyl salicylic acid
followed a procedure developed by Hauser and Combs31 except for the following. To a 500 mL

round bottom flask salicylic acid (4.0 g, 26.3 mmol), potassium carbonate 50 g, and 200 mL
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acetone were added. Dimethyl sulfate (20 mL) in acetone (30 mL) was added by an addition
funnel to the reaction mixture which was vigorously stirred with a very efficient magnetic stirrer.

After the addition was finished in 15 min, the reaction mixture was refluxed overnight to give a
milky suspension. The potassium carbonate was filtered and washed with acetone repeatly, and
acetone washes were combined. An oil residue was obtained after solvent was evaporated, and
it was re-dissolved in 200 mL of ether again, and triethylamine (15 mL) was added to the mixture.

This mixture was allowed to stand for 1-2 h before being washed successively with water, 0.5 N

HCI, and saturated NaCI. The final etheral solution was dried over anhydrous sodium sulfate.
When the solvent was removed by vacuum, an oil 4.0 g (85%) was obtained: by 157 °C/25 mm
Hg; 1H NMR (CDCI3, 300 MHz), 6 7.64 (1 H, dd, J = 1.6, 7.6 Hz), 7.35 (1 H, dd, J = 1.3, 7.5 Hz),
7.06 (1 H, t, J = 7.6 Hz), 3.92 (3 H, s), 3.83 (3 H, s), 2.32 (3 H, s); 13C NMR (CDCI3, 100.5 MHz) 6

166.60, 158.17, 134.87, 132.46, 128.87, 124.37, 123.26. 61.17, 51.80, 15.73.

Preparation of 2-Methoxy-3-methylbenzyl Alcohol

The reduction of the aromatic ester to benzyl alcohol followed a procedure described in

Vogel's Pratical Organic Chemistry32 except for the following: To a thoroughly dry three neck
reaction flask (500 mL) equipped with a reflux condenser, an addition funnel, and an efficient
magnetic stirrer, and under an inert atmosphere, lithium aluminium hydride powder was added
along with freshly distilled anhydrous THF (150 mL). Methyl 3-methoxy-2-methylbenzoate (2.0

g, 11.1 mmol) solution in THE (30 mL) was added slowly to the reaction flask via the addition

funnel in 20 min. After addition, the mixture was kept stirring for another 60 min at room
temperature. The excess of lithium aluminium anhydride was decomposed by dropwise addition

of wet THF until no hydrogen evolved. The residue was filtered off and resulting THE solvent

was removed with a rotary evaporator. The oil residual was dissolved in 150 mL of
dichloromethane and washed successively with 0.5N HCI, H2O and saturated NaCI before being
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dried over sodium sulfate. The final reduction product 1.52 g (95%), was obtained as an oil after
the solvent was removed: TLC 810.38 (25% EtoAc/hexane); 1H NMR (CDCI3, 300 MHz) 8 7.18
(1 H, d, J = 7.3 Hz), 7.14 (1 H, d, 7.3 Hz), 7.03 (1 H, t, 7.3 Hz), 4.72 (2 H, d, J = 4.5 Hz), 3.80 (3 H,

s), 2.31 (3 H, s), 2.17 (1 H, br. t, J = 4.5 Hz, exchangeable); 13C NMR (CDCI3, 75.5 MHz) 8

156.56, 133.58, 131.02, 126.69, 124.16, 61.57, 60.63, 15.81.

Preparation of 2- Methoxy- 3- methyibenzaidehyde33

The oxidation of benzyl alcohol to benzaldehyde followed a same procedure described

by Omura and Swern34 except for the following. Oxalyl chloride (960

11 mmol) was

dissolved in 25 mL of dry methylene chloride in a 250 mL three necked reaction flask equipped

with a septum, an addition funnel, a low temperature thermometer, and a magnetic stirrer. The

reaction system was cooled to -60 °C via a dry ice bath. Under an inert atmosphere, dimethyl
sulfoxide (1.97 g, 24 mmol) was introduced to the reaction flask via a syringe over 10 min. The
reaction was stirred for an additional 15 min before 3-Methoxy-2-methylbenzylalcohol (1.52 g,
10 mmol) in 10 mL of dry dichloromethane was added via an addition funnel over 10 min. The
reaction mixture was stirred for another 10 min before triethylamine (7 mL) was added dropwise

via a syringe under -60 °C. Water (50 mL) was added to the reaction mixture when the dry ice
bath was removed and the reaction content was warmed to above 0 °C. After stirring for 15 min,
the organic layer was separated, and the aqueous phase was extracted with dichloromethane (2

x 40 mL). The combined organic layers were dried over anhydrous sodium sulfate. The final
aldehyde product 1.32 g (88%), was obtained when the methylene chloride was evaporated on
a rotary evaporator: TLC R10.42 (20% EtoAc/hexane); 1H NMR (CDCI3, 300 MHz) 6 10.39, (1 H,

s), 7.71 (1 H, dd, J = 1.7, 7.1 Hz), 7.68 (1 H, dd, J = 1.7 7.1 Hz), 7.44 (1 H, t, J = 7.1 Hz), 3.88 (3

H, s), 2.35 (3 H, s); 13C NMR (CDCI3, 75.5 MHz) 6 190.34, 161.74, 137.62, 132.26, 129.16,

126.48, 124.36, 63.10, 15.49.
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Preparation of 2-Methoxy-5-chloromethy1-3-methylbenzaldehyde (20a)

In a 250 mL round bottom flask was placed formaldehyde (4.0 g, 133 mmol), and 50 mL
of concentrated HCI. The reaction was refluxed after 3- methyl -2- methyoxybenzeldehyde (2.0 g,

13.3 mmol) was added to the reaction flask. Conversion of the starting material (Rf 0.22) to the

reaction product (Rf 0.24) can be monitored by silica gel TLC with 15% AcOEVhexane. When
the reaction was finished, the reaction mixture was allowed to cool to room temperature and 50
mL of methylene chloride was added to the reaction flask. The organic layer was separated, and

the aqueous layer was extracted with methylene chloride (2 x 25 mL). The combined extracts
were washed with H2O, 5% NaHCO3, and saturated NaCI sequentially followed by drying over
anhydrous Na2SO4. The solvent was removed on a rotary evaporator yielding a solid sample 2.5

g (95%). Recrystallization from hexane gave a crystalline product: TLC (20% EtoAc/hexane on
silica gel) Rf 0.44; 1H NMR (CDCI3, 300 MHz) 6 10.36 (1 H, s), 7.69 (1 H, d, J = 1.4 Hz), 7.50 (1
H, d, J = 1.4 Hz), 4.56 (2 H, s), 3.89 (3 H, s), 2.37 (3 H, s); 13C NMR (CDCI3, 75.5 MHz) 6 189.76,

137.65, 133.65, 133.11, 129.15, 126.41, 63.19, 45.22, 15.58; EIMS 70 m/z (% rel intensity)
200 (8), 198 (24), 180(10), 163 (100), 145 (6), 120 (8), 103 (11), 91 (20), 77 (8); HREIMS calcd
for C101-11102C1 198.04474, found 198.04474 (mass deviation 0.1 ppm, 0.01 mmu)

Preparation

of

2-Methoxy-5-methylene(diethyl

acetamidomalonate)-3-

methylbenzaldehyde (21a)

In a 100 mL round bottom flask, diethyl acetamidomalonate (1.0 g, 4.61 mmol) was
dissolved in 15 mL freshly prepared NaOC2H5 /HOC2H5 (Na 0.31 mmoVmL). After 20 min, the

reaction solvent was removed by a rotary evaporator and dried under a high vacuum to form a

white precipitate which was free from ethanol. The residue was then dissolved in 20 mL of
anhydrous DMSO. 2- Methoxy- 5- chloromethyl -3- methylbenzaldehyde (0.87 g, 0.44 mmol)
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anhydrous DMSO. 2- Methoxy- 5- chloromethyl -3- methylbenzaldehyde (0.87 g, 0.44 mmol)
dissolved in 20 mL of anhydrous THE and 20 mL of anhydrous DMSO was introduced to the
reaction flask via a syringe over 30 min. The reaction mix was heated at 70 °C for 12 h under an

innert atmosphere. The conversion of the starting material to the reaction product could be
monitored at the aromatic protons by 1H NMR. After the reaction was finished, 50 mL of 1N HCI
was added to the reaction flask at room temperature followed by 50 mL of dichloromethane, and

the organic layer was separated from the aqueous layer. The aqueous solution was extracted
with methylene chloride (2 x 30 mL). The combined methylene chloride extracts were washed

sequentially with 5% NaHCO3, saturated NaCI, and H2O, and dried over anhydrous sodium

sulfate. The final product, 1.36 g (82% in yield), was purified by silica gel column
chromatography with ethyl acetate/hexane: TLC (50 % EtOAc /Hexane on silica gel) R10.40; mp

148-149 °C; IR (neat) u 3254, 2985, 1745, 1664, 1647, 1518, 1478, 1442, 1373, 1284, 1256,
1221, 1198, 1006 cm-1; 1H NMR (CDCI3, 300 MHz) 5 10.30 (1 H, s), 7.33 (1 H, d, J = 1.8 Hz),

7.10 (1 H, d, J = 1.8 Hz), 6.65 (1 H, s, exchangeable), 4.28 (4 H, q, J = 7.1 Hz), 3.87 (3 H, s),
3.61 (2 H, s), 2.29 (3 H, s), 2.07 (3 H, s), 1.31 (6 H, t, J = 7.1 Hz); 130 NMR (CDCI3, 75.5 MHz) 8

189.69, 169.12, 167.09 (2), 1160.76, 139.07, 132.00, 131.22, 128.65, 126.96, 66.88, 62.94,

62.62 (2), 36.66, 22.75, 15.32. 13.81 (2). Anal. calcd for C19H25N07: C, 60.15; H, 6.64; N,
3.69. Found: C, 59.85; H, 6.67; N, 3.46.

Preparation

of

2-Methoxy-5-methylene(diethyl

acetamidomalonate)-3-

methylphenol Formate (22a)

In a 50 mL round bottom flask 3-methoxy-5-methylene(diethyl acetamidomalonate)-3methylbenzaldehyde (2.0 g, 5.28 mmol), and m-chloroperbenzoic acid (1.50 g) were dissolved
in 30 mL of dry methylene chloride. The reaction flask was refluxed overnight. The conversion
of the starting material to the product could by monitored by the 1H NMR analysis of the crude
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benzaldehyde at 10.5 ppm was replaced by the signal of formate ester proton at 8.2 ppm. The

mixture was then allowed to cool to room temperature, and 50 mL of methylene chloride was

added. The solution was then washed successively with 5% NaHCO3 (3 x 30 mL), saturated

NaC1, and H2O before being dried over anhydrous sodium sulfate. After the solvent was
removed, the reaction product was recrystallized from hexane/chloroform to give 1.98 g (95%

yield): IR (KBr) u 3289, 2984, 2941, 1742, 1672, 1454, 1371, 1275, 1238, 1127, 1101, 1057,
1009 cm-1; 1H NMR (CDCI3, 300 MHz) 5 8.26 (1 H, s), 6.72 (1 H, d, J = 1.6 Hz), 6.63 (1 H, d, J =

1.6 Hz), 6.61 (1 H, s, exchangeable), 4.27 (4 H, q, J = 7.1 Hz), 3.74 (3 H, s), 3.57 (2 H, s), 2.25 (3

H, s), 2.04 (3 H, s), 1.30 (6 H, t, J = 7.1 Hz); 13C NMR (CDCI3, 75.5 MHz) 6 169.19, 167.27 (2),

159.32, 148.75, 142.53, 132.64, 131.23, 130.36, 121.83, 67.04, 62.70 (2), 60.49, 36.93,
22.90, 15.89, 14.02 (2).

Preparation

of

2-Methoxy-5-methylene(diethyl

acetamidomalonate)-3-

methyiphenol (23a)

In a 50 mL round bottom flask was placed 2, 4- dimethoxy -3- methyl -5- methylene(diethyl

acetamidomalonate)phenolformate (1.0 g, 2.53 mmol). Under an inert atmosphere, a small
amount of methanol was added by a syringe through a septum stopper, followed by adding 10%

KOH with 5% mole excess to give a yellow solution. After 15 min, the reaction mixture was
dissolved in methylene chloride (100 mL) before it was quenched by adding acetic acid (0.5
mL). The acidified reaction mixture was washed by saturated NaCI and H2O successively and
dried over anhydrous sodium sulfate. When the solvent was removed, 2,4-dimethoxy-3-methy1-

5-methylene(diethyl acetamidomalonate)phenol 0.88 g (95%), was obtained. Recrystalliztion
from hexane/methylene chloride resulted in needle-like crystal: mp 173-175 °C; IR (KBr) 3391,

2964, 1740, 1660, 1501, 1444, 1471, 1302, 1279, 1205, 1148, 1055, 1010, 859, 605 cm-1;
1H NMR (CDCI3, 300 MHz) 6 6.60 (1 H, s, exchangeable), 6.43 (1 H, d, J = 1.7 Hz), 6.35 (1 H, d,

133

J = 1.7 Hz), 5.82 (1 H, s, exchangeable), 4.27 (4 H, q, J = 7.1 Hz), 3.76 (3 H, s), 3.51 (2 H, s),

2.22 (3 H, s), 2.04 (3 H, s), 1.30 (6 H, t, J = 7.1 Hz); 13C NMR (CDCI3, 75.5 MHz) 8 169.10,

167.49 (2), 148.60, 144.57, 131.51, 130.34, 114.60, 67.17, 62.60 (2), 60.52, 37.31, 22.98,
15.80, 13.97 (2). Anal. calcd for C181-125N07: C, 58.85; H, 6.86; N, 3.81. Found; C, 58.56; H,

6.74; N, 3.56.

Preparation of 41-Methyoxy-3'-hydroxy-5'-methylphenylalanine (24)

The preparation of this compound was followed the same procedure described in the
preparation of 3'- methyl- 2',4'- dimethoxy -5'- hydroxyphenylalanine except for the following. In a

50 mL round bottom flask was dissolved 2, 4- dimethoxy -3- methyl -5- methylene(diethyl
acetamidomalonate)phenol (0.5 g, 1.36 mmol) in 30 mL of 6N HCI of methanol solution (15 mL

of concentrated HCI and 15 mL of methanol). Under an inert atmosphere, the reaction was
refluxed for 10 h. The formation of phenylalanine derivative could be monitored by TLC analysis

on silica gel plate (butanone: acetone: water 65:30:10, Rf 0.6). After the starting material
disappeared, the acidic solution was evaporated on a rotary evaporator. The hydrolysis mixture
was loaded on to a C18 reverse phase column (20 x 140 mm) after it was neutralized with base.

The column was eluted with 50 mL each of H20, 5% Me0H, 10% Me0H, 20% Me0H, and 50%

Me0H. The ninhydrin positive fractions (10% Me0H and 20% Me0H elutants) were combined
and the solvent was removed by a rotary evaporator followed by lyophilization to give 0.23 g
(74%) of 3'- methyl- 2',4'- dimethoxy -5'- hydroxyphenylalanine. Further purification could be

achieved by silica gel column chromatography with butanone:acetone:water (65:30:10) as

eluting solvent (Rf 0.31). mp 240-242 °C; IR (KBr) u 3413, 3398, 3364, 3147, 2940, 1629,
1594, 1500, 1420, 1300 cm-1; 1H NMR (CH3OH-d4, 300 MHz) 8 6.58 (1 H, s), 3.80 (1 H, dd, J =

5.1, 7.8 Hz), 3.64 (3 H, s), 3.02 (1 H, dd, J = 5.1, 14.7 Hz), 2.85 (1 H, dd, J = 7.7, 14.7 Hz); 13C

NMR (CH3OH-d4, 75.5 MHz) 5 173.53, 149.74, 145.78, 133.93, 132.13, 124.45, 115.86,
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61.17, 55.98, 36.44, 15.89; HR FAB MS (thioglycerol:glycerol 3:1 matrix) calcd for Ci iFli6N04
(M+1)+ 226.10793, found 226.10790 (mass deviation: 0.1 ppm, 0.02 mmu).

Preparation of 3', 4'- Dlmethoxy- 5'- methylphenylalanlne (26)

The preparation of this compound followed the same procedure described in the
preparation of 3'- methyl- 2',4'- dimethoxy -5'- hydroxyphenylalanine except for 2,3-dimethyoxy-5methylene(diethyl acetamidomalonate)toluene35 was used as starting material. In a 50 mL round

bottom flask, 2,3-dimethyoxy-5-methylene(diethyl acetamidomalonate)toluene (0.5 g, 1.31
mmol) was dissolved in 30 mL of 6N HCI of methanol solution. Under an inert atmosphere, the

reaction was refluxed for 10 h. The reaction was monitored by the TLC analysis with ninhydrin
spray reagent. When the reaction was finished, the solvent was removed by a rotary evaporator.

The

resulting residue was loaded on

a

silica gel column and

eluted with

butanone:acetone:water 65:30:10 to give a white solid product 0.25 g (80%): mp 212-6 °C
(decompose); TLC (butanone:acetone:water 65:35:10 on silica gel) R10.55; 1H NMR (CH3OHd4, 300 MHz) 8 6.76 (1 H, d, J = 1.6 Hz), 6.70 (1 H, d, J = 1.5 Hz), 3.94 (1 H, dd, J = 5.2, 7.8 Hz),
3.80 (3 H, s), 3.69 (3 H, s), 3.13 (1 H, dd, J = 5.2, 14.5 Hz), 2.97 (1 H, dd, J = 7.8, 14.5 Hz).

Preparation of 3'-Methoxy-4'-hydroxy-5'-methylphenyialanine (25)

To a 50 mL round bottom flask was dissolved 5'- methyl- 3',4'- dimethoxyphenylalanine
(100 mg, 0.42 mmol) in 30 mL of 2N HCI. Under an inert atmosphere, the reaction was refluxed

for 36 h. Following the same purification procedure described above, a white solid product, 75
mg (80%) was obtained: TLC (butanone:acetone:water 65:35:10 on silica gel) Rf 0.31; mp 266-

268 °C (decompose); IR (KBr) 3366, 3135, 2947, 2940, 1608, 1500, 1459, 1422, 1349, 1302,
1222, 1154, 1091 cm-1; 1H NMR (D20, 300 MHz) S 6.65 (1 H, s), 6.57 (1 H, s) 3.79 (1 H, dd, J =
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4.8, 7.7 Hz), 3.71 (3 H, s), 3.03 (1 H, dd, J = 4.8, 14.5 Hz), 2.86 (1 H, dd, J = 7.8, 14.5 Hz), 2.05

(3 H, s); 13C NMR (CH3OH-d4, 100.6 MHz) 8 172.1 2, 149.12, 145.22, 138.35, 128.75,
125.96, 125.20, 111.80, 58.05, 56.45, 38.05, 15.90; HR FAB MS (thioglycerol:glycerol 3:1
matrix) calcd for C11 H16N04 (M+1)+ 226.107933, found 226.10790 (mass deviation -0.1 ppm,

0.02 mmu); NOE: irradiate CH3 at 3.71 ppm, 8% increase of 6.65 ppm proton; irradiate CH3 at
2.05 ppm, 7% increase of 6.57 ppm proton.

Preparation of 5'-Methyl-3',4'-clihydroxyphenylalanine (6a)

The preparation of this compound followed the same procedure described in the
preparation of methyl topa except for the following: To a specially designed hydrolysis tube was

added 2-methoxy-5-methylene(diethyl acetamidomalonate)-3-methylphenol (400 mg, 1.10
mmol) and 6N HCI (20 mL). The reaction tube was cooled to -20 °C, evacuated under high
vacuum, heated to 120 °C for 10 h in an oil bath behind an anti-explosion shield. When a clear

light brown solution resulted, the reaction was cooled to room temperature and the pressure
was released carefully . The reaction solvent was removed by a vacuum, and resulting residue
was loaded onto a C18 reverse phase column (10 x 100 mm). The column was first washed with

distilled water (50 mL) and then eluted with 50 mL each of 5% methanol, 10% methanol, and 5
mL fractions were collected. All the ninhydrin positive fractions were pooled and lyophilization to

give a final product 210 mg (92%): TLC (butanone:acetonewater 65:30:15 on silica gel plate) Rf
0.43; 1H NMR (D20, 300 MHz) 8 6.52 (1 H, d, J= 1.5 Hz), 6.49 (1 H, d, J= 1.5 Hz), 4.12 (1 H, dd,

J = 5.2, 7.1 Hz), 3.05 (1 H, dd, 5.2, 15.5 Hz), 2.90 (1 H, dd, J = 7.1, 15.5 Hz), 2.04 (3 H, s). The
rest of the data are the same as those of authentic sample.13
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Preparation of [5',5'-2H2J2-Methoxy-5-chloromethyl-3-methylbenzaidehyde
(20b)

The preparation of this compound is followed the same procedure as described in the

preparation of unlabeled compound, 2-methoxy-5-chloromethy1-3-methylbenzaldehyde,
except paraformaldehyde-d2 (2.1 g, 66 mmol) was used. The reaction resulted in 88% yield. 1H
NMR (CDCI3, 300 MHz) 8 10.36 (1 H, s), 7.69 (1 H, d, J = 2.4 Hz), 7.50 (1 H, d, J = 2.4 Hz), 3.89

(3 H, s), 2.37 (3 H, s); 13C NMR (CDCI3, 75.5 MHz) 6 189.76, 137.65, 133.65, 133.11, 129.15,

126.41, 63.19, 45.22 (not observed), 15.58. 2H NMR (CDCI3, 64.4 MHz) 5 4.56 (2D, s). EIMS
m/z 202 (7), 200 (22), 182 (12), 165 (100), 149 (7), 122 (10), 107 (9), 93 (16); HRMS calcd for
C10H9D202C1 200.05731, found 200.05731 (mass deviation 0.0 ppm, 0.0 mmu)

Preparation of [5',5%2H02-Methoxy-5-methylene(diethyl acetamidomalonate)-

3-methylbenzaidehyde (21b)

The preparation of this compound followed the same procedure described in the
preparation of 2-methoxy-5-methylene(diethyl acetamidomalonate)-3-methylbenzaldehyde
except [5',5'-2H212-methoxy-5-chloromethy1-3-methylbenzaldehyde (88 mg, 10.4 mmol) was
used as the starting material. The reaction resulted in 82% yield. TLC (50% EtOAc /hexane on

silica gel) R/ 0.40 ; IR (neat) v 3320, 2998, 1741, 1680, 1311, 1280, 1202, 1112, 1005 cm-1;
1H NMR (CDCI3, 400 MHz) 5 10.33 (1 H, s), 7.33(1 H, d, J = 2.1 Hz), 7.10 (1 H, d, J = 2.1 Hz),
6.65 (1 H, s, exchangeable), 4.28 (4 H, q, J = 7.1 Hz), 3.87 (3 H, s), 2.29 (3 H, s), 2.06 (3 H, s),
1.31 (6 H, t, J = 7.1 Hz); 130 NMR (CDCI3, 100.6 MHz) 6 189.69, 169.12, 167.09 (2), 1160.76,

139.07, 132.00, 131.22, 128.65, 126.96, 66.88, 62.94, 62.62 (2), 36.66 (not observed),
22.75, 15.32. 13.81 (2); HR FAB MS (thioglycerol:glycerol 3:1 matrix) calcd for C19H24D2N07
(M+1)+ 382.18348, found 382.18340 (mass deviation: 0.2 ppm, 0.07 mmu).
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Preparation of [5',5'-2H02-Methoxy-5-methylene(diethyl acetamidomaionate)3-methylphenol Formate (22b)

This compound was prepared by the same procedure described in the preparation of 2-

methoxy-5-methylene(diethyl acetamidomalonate)-3-methylphenol formate except [5',5'-2H2]2-

methoxy-5-methylene(diethyl acetamidomalonate)-3-methylbenzaldehyde (2.0 g, 5.24 mmol)
was used as the starting material. The reaction resulted in 92% yield: 1H NMR (CDCI3, 300 MHz)

8 8.26 (1 H, s), 6.72 (1 H, d, J = 2.1 Hz), 6.63 (1 H, d, J = 2.1 Hz), 6.59 (1 H, s, exchangeable),
4.27 (4 H, q, J = 7.1 Hz), 3.73 (3 H, s), 2.24 (3 H, s), 2.03 (3 H, s), 1.29 (6 H, t, J = 7.1 Hz); 130

NMR (CDCI3, 75.5 MHz) 8169.19, 167.27 (2), 159.32, 148.75, 142.53, 132.64, 131.23,
130.36, 121.83, 67.04, 62.70 (2), 60.49, 36.93 (not observed), 22.90, 15.89, 14.02 (2).

Preparation of [5',5'- 2H2]2- Methoxy- 5- methyiene(diethyl acetamidomaionate)-

3-methylphenol (23b)

The preparation of this compound followed the same procedure described in the
preparation of 2-methoxy-5-methylene(diethyl acetamidomalonate)-3-methylphenol except
[5',5'-2H2]2-methoxy-5-methylene(diethyl acetamidomalonate)-3-methylphenol formate (1.0 g,

2.54 mmol) was used as the starting material. The reaction resulted in 95% yield. mp 157-160

°C; IR (KBr) D 3391, 2964, 1740, 1660, 1501, 1444, 1471, 1302, 1279, 1205, 1148, 1055,
1010, 859, 605 cm-1; 1H NMR (CDCI3, 300 MHz) 8 6.60 (1 H, s, exchangeable), 6.45 (1 H, d, J =

1.7 Hz), 6.35 (1 H, d, J = 1.7 Hz), 5.82 (1 H, s, exchangeable), 4.27 (4 H, q, J = 7.1 Hz), 3.76 (3
H, s), 2.22 (3 H, s), 2.04 (3 H, s), 1.30 (6 H, t, J = 7.1 Hz); 13C NMR (CDCI3, 75.5 MHz) 8169.10,

167.49 (2), 148.60, 144.57, 131.51, 130.34, 114.60, 67.17, 62.60 (2), 60.52, 37.31 (not
observed), 22.90, 15.73, 13.97 (2). HR FAB MS (thioglycerol:glycerol 3:1 matrix) calcd for
C1 8H24D2N07 (M+1)+ 370.18348, found 370.18350 (mass deviation: 0.1 ppm, 0.3 mmu).
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Preparation of [3,3-2H2]5'-Methyl-3',4'-dihydroxyphenylalanine

(6b)

The preparation of this compound followed the same procedure described in the

preparation of 5'-methyl-3',4'-dihydroxyphenylalanine except [5',5'-2H2]2-methoxy-5methylene(diethyl acetamidomalonate)-3-methylphenol (400 mg, 1.08 mmol) was used as the
starting material. The reaction resulted in 90% yield. UV (80% CH3OH/H20) ?max 234, 280 nm;
1H NMR (D20, 300 MHz) 8 6.61 (1 H, d, J= 2.0 Hz), 6.59 (1 H, d, J= 2.0 Hz), 4.13 (1 H, s), 2.13

(3 H, s); 13C NMR (CDCI3, 75.5 MHz) 5172.04, 144.86, 142.03, 127.31, 126.32, 123.86,
114.73, 54.55, 33.46 (not observed), 15.74; HR FAB MS (thioglycerol:glycerol 3:1 matrix) calcd

for Ci oHi 2D2N04 (M+1)+ 214.104837, found 214.10490 (mass deviation: 0.3 ppm, 0.07
mmu).

Preparation

of

1-Hydroxymethy1-6-hydroxy-7-methyoxy-8-methyl -1,2,3,4-

tetrahydroisoquinoline-3-carboxylic Acid (28)

To a 50 mL round bottom flask was added 5'-methy1-4'-methoxy-3'hydroxyphenylalanine (100 mg, 0.44 mmol) and glycolaldehyde dimer (264 mg, 4.4 mmol)
dissolved in HCI solution (25 mL, pH 4). The reaction was stirred under at room temperature for
6-8 h until no starting material was observed from TLC analysis. When the reaction was finished,

the purple ninhydrin positive spot (R/ 0.30) was replaced by a yellow ninhydrin spot at R10.26.

The reaction was worked up by loading all the reaction mixture onto a C18 reverse phase
column (10 x 100 mm), and eluted with sequentially with 50 mL each of water, 5% methanol,
10% methanol, and 25% methanol. Usually, the reaction product would be located mainly in

10% methanol fraction. Evaporation of the methanol followed by lyophilization gave a white
powder 105 mg (92%): mp 205-208 °C; UV (90% CH3OH/H20) Xmax 206, 227, 282 nm; 1H
NMR (D20, 300 MHz) 5 6.62 (1 H, s), 4.70 (1 H, dd, partially overlapping with DHO), 4.60 (1 H,
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dd, partially overlapping with DHO), 3.90 (1 H, dd, J = 2.5, 12.5 Hz), 3.73 (1 H, dd, J = 7.2, 12.5
Hz), 3.67 (3 H, s), 3.31 (1 H, dd, J = 4.5, 15.5 Hz), 3.09 (1 H, dd, J = 8.2, 15.5 Hz), 2.15 (3 H, s);

13C NMR (CH3OH-d4, 75.5 MHz) 6 171.68, 149.51, 145.56, 130.44, 123.48, 119.017, 114.87,

61.03, 60.50, 55.72, 50.82, 28.57, 11.32; HR FAB MS (3-nitrobenzoic acid matrix) calcd for
C13H18D2N05 (M+1)+ 268.11849, found 268.11860 (mass deviation: 0.4 ppm, 0.11 mmu);
NOE: when the methyl protons at 2.15 (3 H, s) were irradiated, 8% increases of proton at 4.70
(1 H, dd, overlapping with DHO), 2.8% increase of proton at 3.90 (1 H, dd, J = 2.5, 12.5 Hz ), and

1.3% of another proton at 3.73 (1 H, dd, J = 7.2, 12.5 Hz) were observed.

Preparation of [4,4-2H2] 1-Hydroxymethy1-6,7-dihydroxy-8-methyl -1,2,3,4tetrahydrolsoquinoline-3-carboxylic Acid (27)

The preparation of this compound followed the same procedure described in the

preparation

of

1-hydroxymethy1-6-hydroxy-7-methyoxy-8-methyl -1,2,3,4-

tetrahydroisoquinoline-3-carboxylic acid except [3,3-2H2]5'-methyl-3',4'-dihydoxyphenylalanine

(100 mg, 0.43 mmol) was used as the starting material. The final product obtained after
lyophilization gave a white powder 106 mg (94%): mp 210-213 °C; UV (40% CH3OH/H20) Xmax
205, 225, 280 nm; 1H NMR (CH3OH-d4, 300 MHz) 8 6.66 (1 H, s), 4.81 (1 H, dd, J = 3.2, 7.1 Hz),

4.60(1 H, s), 3.93(1 H, dd, J = 3.2, 13.2 Hz), 3.73 (1 H, dd, J = 7.1, 13.2 Hz), 2.17 (3 H, s); 13C

NMR (CH3OH-d4, 75.7 MHz) 8 172.18, 145.72, 142.81, 123.94, 123.52, 118.93, 114.06,

60.99, 56.18, 51.18, 11.60, signal at ca. 61 ppm was not observed; HR FAB MS
(thioglycerol:glycerol 3:1 matrix) calcd for C12H14D2N05 (M+1)+ 256.11540, found 256.11530
(mass deviation: -0.4 ppm, -0.09 mmu); NOE: when the methyl protons at 2.17 were irradiated,

3.8% increasesof the proton at 4.81 (1 H, dd, J = 3.2, 7.1 Hz) and 0.4% increase of the other
proton at 3.93 (1 H, dd, J = 3.2, 13.2 Hz) were observed.
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Preparation

of

Benzyl

[5%5%2 H 212-Met hoxy-5-m et hy le ne(d let hy I

acetamidomaionate)-3-methylphenol Ether (29)

In a 250 mL round bottom reaction flask was placed with potassium
carbonate (10 g),

anhydrous acetone (50 mL), and [5',5'-2H 2]2
-methoxy-5-methylene(diethyl
acetamidomalonate)-3-methylphenol (1.0 g, 2.7 mmol). Benzyl bromide (0.65 mL, ca. 2 mol.
equ.) was added to the reaction flask and the mixture
was stirred at room temperature for 6 h.
The potassium carbonate was then filtered off and rinsed with

100 mL of dichioromethane. To

the combined solution was added triethylamine (3 mL), and
the mixture was allowed to set at

room temperature for 1-2 h before being washed successively with
0.5N HCI, H2O, and
saturated NaCI. The solvent was removed before being dried
over anhydrous sodium sulfate,
and an oil compound, 1.10 g (89%) was resulted: mp 110-113 °C; 1H
NMR (CDCI3, 300 MHz)
7.33-7.40 (5 H, m), 6.52 (1 H, s, exchangeable), 6.44 (1 H, s), 6.43
(1 H, s), 5.04 (2 H, s), 4.23 (4
H, m), 3.82 (3 H, s), 2.21 (3 H, 5), 1.28 (6 H, t, J

= 7.1 Hz); 13C NMR (CDCI3, 75.5 MHz) 8 168.93,

167.45 (2), 151.435, 146.95, 137.07, 131.70,
130.39, 128.52 (2), 127.79, 126.95 (2),

124.71, 113.64, 70.59, 67.06, 62.51(2), 60.12,
22.92, 15.95, 13.96 (2);

HR FAB MS

(thioglycerol:glycerol 3:1 matrix) calcd for C25H30D2N07 (M+1)+
460.23043, found 460.23050
(mass deviation 0.2 ppm, 0.09 mmu).

Preparation of Benzyl

[5',5'-2H2)4-Bromo-3-methoxy-5-methylene(diethyl

acetamidomalonate ) -3- methylphenol Ether (30)

Synthesis of this compound followed the same procedure
developed by Battersby
et.al.36 except for the following: To a 50 mL round
bottom flask was dissolved benzyl [5',5'2H2]3-Methoxy-5-methylene(diethyl acetamidomalonate)-3-methylphenol ether
(1.0 g, 2.18

mmol), and sodium acetate (1.5 g, 18.8 mmol) in 30
mL of acetic acid. Bromine (0.35 g, 2.18

141

mmol) dissolved in 3 mL of acetic acid was added to the reaction flask via a syringe over 30 min at

0 °C. After the reaction was stirred at room temperature for 2-4 h, water (100 mL) was added and

mixture was extracted with dichloromethane (3 x 50 mL). The solvent was removed by a rotary

evaporator after the combined extracts was dried over sodium sulfate. Recrystalliztion of the

resulting residue from dichloromethane and hexane resulted in a white compound 1.07 g
(92%): mp 156-158 °C; 1H NMR (CDCI3, 300 MHz) 8 7.32-7.40 (5 H, m), 6.63 (1 H, s), 6.51(1 H,

s, exchangeable), 5.01 (2 H, s), 4.30 (2 H, dq, J = 7.1, 12.5 Hz), 4.24 (2 H, dq, J = 7.1, 12.5 Hz),
3.80 (3 H, s), 2.45 (3 H, s), 1.94 (3 H, s), 1.27 (6 H, t, J = 7.1 Hz); 13C NMR (CDCI3, 75.5 MHz) 8
169.15, 167.66 (2), 150.41, 147.50, 136.57, 132.80, 130.63, 128.59 (2), 128.00, 127.12 (2),
119.84, 115.02, 70.74, 66.04, 62.58, 60.47, 23.07, 17.15 , 13.85 (2), 40 (not observed); HR

FAB MS (thioglycerol:glycerol 3:1 matrix) calcd for C25H29D2NO7Br (M+1)+ 538.14094, found

538.14110 (mass deviation 0.2 ppm, 0.12 mmu); NOE: When the methylene protons at 5.01
ppm was irradiated, 8.7% enhancement of the aromatic proton at 6.63 was observed.
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Chapter Four

Summary
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Conclusions of This Study

The accomplishments of this study are outlined below:
a)

Two new metabolites, N-desmethylnaphthyridinomycin

and

dihydronaphthyridinomycin, were isolated from the fermentation broth of S. lusitanus, and their
structures were characterized as cyanocycline B and dimethylcyanocycline C by spectroscopic

methods. They appear to be the last two intermediates in the pathway of naphthyridinomycin
biosynthesis.

b) A new semisynthetic antibiotic, cyanocycline D, was obtained from fermentation
broth treated with cyanide. The biological activity of this compound supports an alternative
mechanism for the mode of action proposed for this group of compounds.

c) Labeled methyl topa was synthesized, and its involvement in the biosynthetic
pathway of naphthyridinomycin was tested.
d) Labeled methyl dopa and its related 0-methyl derivatives were efficiently prepared by
a similar synthetic strategy which had been used in the preparation of methyl topa

.

e) The Pictet-Spengler reaction for the construction of tetrahydroisoquinoline
compounds was studied, and a synthetic route was developed for the preparation of
regiospecifically substituted tetrahydroisoquinoline compounds.

Areas for Further Study

At this stage of the research, many areas have opened for further study on this project

and each of them promises to be rewarding. The most profitable study might be the isolation
and characterization of metabolites related to the naphthyridinomycin biosynthesis. As far as we

known, all the biologically active compounds produced by S. lusitanus are naphthyridinomycin

related. There is a good chance that more metabolites could be isolated from the wild type
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organism. Analysis by TLC and bioautography indicated that one or more polar unknown

compounds are present in the broth extracts. It is expected that derivation of the partially
purified product would solve the instability problem we had experienced before. The other
approach for consideration would be isolation and characterization of accumulated metabolites

from the blocked mutants which have been developed. The HPLC and diode-array detector
would be very useful to carry out preliminary screening.

Finding the precursor for the C9/C9' fragment is one of the toughest biosynthetic
problems remaining to be solved. It is difficult to imagine a plausible precursor other than those
which have already been tested might be the real precursor. Probably, the answer may not lie in
searching for new precursors but rather in the timing of incorporation during the fermentation.

Finally, the synthesis and feeding of labeled putative intermediates in
naphthyridinomycin biosynthetic pathway will be exciting since a synthetic sequence for the
preparation of tetrahydroisoquinoline compounds was developed in this study. This synthetic

route may also provide some other related compounds which are worth testing for their
involvement in the biosynthetic pathway of naphthyridinomycin.

148

Bibliography

Arai, T.; Kubo, A. Isoquinoline Quinones from Actinomycents and Sponges in The
Alkaloids Vol XXI; Academic Press, New York 1983; p56-100

Arai, T.; Takahashi, K.; Ishiguro, K.; Yazawa, K. J. Antibiot. 1980, 33, 951-960.

Arai, T.; Takahashi, K. and Kubo, A. J. Antibiot. 1977, 30, 1015-1018.
Arai, T.; Takahashi, K.; Nakahara, S.; Kubo, A. Experientia 1980, 36, 1025-26.
Arai, T.; Yazawa, K.; Takahashi, K.; Maeda, A.; Mikami, Y. Antimicrob. Agents and

Chemother. 1985, 28, 5-11.
Arjunan, P.; Arora, S. K. J. Antibiot. 1991, 44, 885-894.
Arora, S. K.; Cox, M. B. J. Biomol. Struct. Dyn.1988, 6, 489-502.
Baker, C. N.; Thornsberry, C.; Hawkinson, R. W. J. CIO. Microbiol. 1983, 17, 450-457.

Barry, A. L. The Antimicrobic Susceptibility test: Principal and Practices, Lea & Febiger

Press: Philadelphia, 1976.

Battersby, A. R.; Southgate, R.; Staunton, J.; Hirst, M. J. Chem. Soc. (C) 1966, 1052-

1057.
Baum, R. G; Cantwell, F. F. Anal. Chem. 1978, 50, 280.

Brown, H. C.; Junge, H. J. Am. Chem. Soc. 1955, 77, 5584-9.
Buchler, C. A.; Kirchner, F. K.; Deebel, G. Organic Synthesis Ill; John Willy & Sons: New

York, 1955; p468.
Buckingham, J. in Dictionary of Organic Cmopounds, Chapman and Hall: New York, 1982;

5th Edition; p3110 (H02271).

149
Chapman, R. F.; Percival, A.; Swan, G. A. J. Chem. Soc. 1970, 1664-1667.
Cone, M. C. Quarterly Report to SJG, 1988.

Conway, W. D.; Ito, Y. J. Liq. Chromatogr. 1984, 7,291.

Cox, M. B.; Arjunan, P.; Arora, S. K. J. Antibiot. 1991, 44, 885-894.
Croasmun, W. R.; Carlson, R. M. K. Two-Dimensional NMR Spectroscopy Applications For
Chemists and Biochemists; VCH: New York, 1987.

Danishefsky, S.; O'Neil, T. B.; Springer, J. P. Tetrahedron Lett. 1984, 25, 4203-4206.
Danishefsky, S.; O'Neil, T. B.; Taniyama, E.; Vaughan, K. Tetrahedron Lett. 1984,25,

4199-4202.
Douse, J. M. F. J. Chromatogr. 1984, 301, 137
Evans, D. A.; Biller, S. A. Tetrahedron Lett. 1985, 26, 1907-1910.
Evans, D. A.; Biller, S. A. Tetrahedron Lett. 1985, 26, 1911-1914.
Evans, D. A.; Illig, C. R.; Saddler, J. C. J. Am. Chem. Soc. 1986, 108, 2478-2479.
Fisher & Fisher Reagents for Organic Synthesis I, John Willy & Sons: New York, 1967;

p433
Frincke, J. M.; Faulkner, D. J. J. Am. Chem. Soc. 1982, 104, 165-269.
Fukumi, H.; Kurrhara, H.; Hata, T.; Tamuta, C.; Mishima, H.; Kubo, A.; Arai, T.; Tetrahedron

Lett. 1977, 3825.
Fukushima, K.; Yazawa, K.; Arai, T. J. Antibiot. 1986, 39, 1602-1604. 29. Cox, M.
Fukuyama, T.; Li, L.; Laird, A. A.; Frank, R. K. J. Am. Chem. Soc. 1987, 109, 1587-1589.

Fukuyama, T.; Sachleben, R. A. J. Am. Chem. Soc. 1982, 104, 4957-4958.

150
_

Gassman, P. G.; Gruetzmacher, G. Organic Synthesis 1985 56, p15.
Gillespie, H. B.; Snyder, H. R. in Organic Synthesis II; John Willy & Sons; London, 1943;

p489.
Godfrey, I. M.; Sargent, M. V.; Elix, J. A. J. Chem. Soc., Perkin Trans. 1 1974, 1353-

1354.
Goss, W. A.; Deitz, W. H.; Cook, T. M. J. Bacterio1.1965, 89, 1068-1074.
Gottschalk, G. Bacterial Metabolism; Springer-Verlag: New York, 1979.

Gould, S. J.; Thiruvengadam, T. K. J. Am. Chem. Soc. 1981, 103, 6752.
Grummitt, 0.; Buck, A. Organic Synthesis III; John Willy & Sons: New York, 1955; p195.

Guo, J.; Gould, S. J. J. Am. Chem. Soc. 1991, 113, 5898-9.
Hamburger, M. 0.; Cordell, G. A. J. Nat. Prod. 1987, 50, 19-22.

Hauser, F. M.; Combs, D. W. J. Org. Chem. 1980, 45, 4071-4073.
Hayashi, T.; Nawata, Y. J. Chem. Soc. Perkin Trans 11 1983, 335-343.
Hayashi, T.; Noto, T.; Nawata, Y.; Okazaki, H.; Sawada, M.; Ando, K. J. Antibiot. 1982, 35,

771-777.
He, H.; Faulkner D. John J. Org. Chem. 1989, 54, 5822-5824.
Hill, G. C.; Wunz, T. P.; Mackenzie, N. E.; Gooley, P. R.; Remers, W. A. J. Am. Chem. Soc.

1991, 34, 2079-2088.
Hirayama, N.; Inda, T.; Shirahata, K. Acta Cryst. 1990, C46, 86-88.
Hirayama, N.; Shirahata, K. J. Chem. Soc. Perkin Trans II, 1983,1705.

Hostettman, K. Planta. Med. 1980, 39, 1.

151

Hostettmann, K.; Hostettmann, M.; Marston, A. Preparation Chromatography
Techniques-Applications in Natural Product Isolation, Springer-Verlag, Berlin; 1986.

Hostettmann, K.; Hostettmann-Kaldas, M.; Sticher, 0. J. Chromatogr. 1980, 202, 154.
Hurley, L. H.; Gairola, E.; Zmijewski, M. J. Jr. Biochem. Biophys. Acta. 1977, 475, 521-

535.
Ishiguro, K.; Sakimaya, S.; Takahashi, K.; Arai, T. Biochemistry 1978, 17, 2545.
Ishiguro, K.; Takahashi, K.; Yazawa, K.; Sakimaya, S.; Arai, T. J. Biol. Chem. 1981, 256,

2162-2167.
Ito, Y. J. Chromatogr. 1984,301, 372.

Ito, Y. CRC Crit. Rev. Anal. Chem. 1986,17, 65.

Ito, Y.; Bowman, R. L. Anal. Chem. 1986,17, 65.

Ito. Y.; Conway, W. Anal. Chem. 1984,56, 534A.

Itoh, J.; Omoto, S.; Inouye, S.; Kodama, Y.; Hisamatsu, T.; Niida, T.; Ogawa, Y. J. Antibiot.

1982, 35, 642-644.
Jansen, M. P. J. Rec. Tra. Chim. 1931, 50, 291-312.
Jones, R. N.; Barry, A. L.; Gavan, T. L.; Washington II, J. A. in Manual of Clinical

Microbiology, 4th Edition; Am. Soc. Micro: Washington, D. C., 1985; Chapter 101,

Kakinuma, K.; Ikekawa. N.; Nakagawa, A.; Omura, S. J. AM. Chem. Soc. 1979, 101,

3402
Kametani, T.; Nakano, T.; Shishido, K.; Fukumoto, K. J. Chem. Soc. 1971, 3350-3354.

Kane, H. L.; Lowy, A. J. Am. Chem. Soc. 1936, 58, 2605-8.

152
Kase, H.; Fujita, H.; Nakamura, J.; Hashizume, K.; Goto, J.; Kubo, K.; Shuto, K. J. Antibiot.

1986, 39, 354-363.
Kiuepfel, D.; Baker, H. A.; Piattoni, G.; Sehgal, S. H.; Sidorowicz, A.; Singh, K. and

Vezina, C. J. Antibiot. 1975, 28, 497-502.
Kluepfel, D.; Sehgal, S, N. US Patent 4, 003,902, Jan. 1977.
Konda, M.; Shioiri, T.; Yamada, S. Chem. Pharm. Bull. 1975, 23, 1025-1031.
Konda, M.; Shioiori, T.; Yamada, S. Chem. Pharm. Bull. 1975, 23, 1063-1076.
Kubo, A.; Nakahara, S.; Iwata, R.; Takahashi, K.; Arai, T. Tetrahedron Lett. 1980, 21,

3207.
Lamb, J.; Robson, W. Biochem. J. 1927, 21, 852.
Lown, J. W.; Hanstock, C. C.; Joshua, A. V.; Arai, T. and Takahashi, K. J. Antibiot. 1983,

36, 1184-1194.
Luckner, M. Secondary Metabolites in Microorganisms, Plants, and Animals; 2nd Edition;

Spronger-Verlag: Berlin, 1984.

Lundstrom, J. Simple Isoquinoline Alkaloids in The Alkaloids Vol XXI; Academic Press:

New York, 1983; p255-327.
March, J Advanced Organic Chemistry ; Willy-Interscience: New York, 1985; p334.

Marino, J. P.; Pfitzner, K. E.; Olofson, R. A. Tetrahedron 1971, 27, 4181-4194.
Marston, A.; Hostettmann, K. Nat. Prod. Rept. 1991, 391-413.

McIntyre, D. E.; Faulkner, D. J.; VanEngen, D.; Clardy, J. Tetrahedron Lett. 1979, 4163-

4165.

153
Mikami, Y.; Takahashi, K.; Yazawa, K.; Arai, T.; Namikoshi, M.; Iwasaki, S.; Okudo, S. J.

Biol. Chem. 1985,260,344-348.
Moore, H. W. Science 1977, 197, 527-532.

Nagubandi, K. Tetrahedron 1980, 36, 1279-1300.
Omura, K.; Swern, D. Tetrahedron, 1978, 34, 1651-1660.
Omura, S.; Tsuzuki, K.; Nakagawa, A.; Lukacs, G. J. Antibiot. 1983, 36, 611-613.
Palaniswamy, V. A.; Gould, S. J. J. Am. Chem. Soc. 1986, 108, 5651.

Pizey, S. in Synthetic Reagents 1974, 1, 1-99.

Quetin-Leclerq, J.; Angenot, L. Phytochemistry 1988, / /, 227.
Quetin-Leclerq, J.; Angenot, L.; Dupont, L.; Bisset, N. G. Phytochemistry 1988,27,

4002.
Scriven, P. Chem. Soc. Rev. 1983,12, 129-61.
Scriven, P. Chem. Soc. Rev. 1983,12, 347.

Seaten, P. J.; Gould, S. J. J. Am. Chem. Soc. 1987, 109, 5282-4.

Seaten, P. J.; Gould, S. J. J. Antibiot. 1989, 42, 189-197.

Singh, K.; Sun, S.; Kluepfel, D. Dev. Ind. Microbiol. 1976, 17, 209-221.
Spenser, I. D. Can. J. Chem. 1959, 37, 1851-1858.
Sygusch, J.; Brisse, F.; Hanessian, S. Tetrahedron Lett. 1974, 46, 4021-4023.
Szybalski, W. ; Iyer, V. N. Fed. Proe. 1964, 23, 946-957.

154
Takahashi, K.; Tomita, F. J. Antibiot. 1983, 36, 468-470.
Tani, Y.; Dempsey, W. B. J. BactieroL 1973, 116, 341-345.
Thiericke, R.; Zeeck, A.; Nakagawa, A.; Omura, S.; Herrold, R. E.; Wu, S. T. S.; Beale, J.

M.; Floss, H. G. J. Am. Chem. Soc. 1990, 112, 3979-3987.
Tomasz. M.; Mercado, C. M.; Olson, J.; Chatterjie, N. Biochemistry 1974, 13, 4878-4887.
Vella, G. J.; Hill, R. E.; Mootoo, B. S.; Spenser, I. D. J. Biol. Chem. 1980, 255, 30423048.
Verrall, M. S. Discovery and Isolation of Microbial Products; Ellis Norwood: London, 1985.

Vieth, T. F.; Sloan, H. R. J. Chromatogr. 1986, 357, 311.

Vogel, A. I. Vogel's Practical Organic Chemistry, Including Quanlitative Organic Synthesis;

4th Edition; Longman: London, 1978; p360-363.
Wagman, E. H.; Weinstein, M. J. in Chromatography of Antibiotics; Elsevier: Amsterdam,
1973; p7.

Whaley, W. M.; Govindachari, T. R. in Organic Reactions Vol. VI ; John Willy & Sons: New

York, 1954; p74-150.
Whaley, W. M.; Govindachari, T. R. in Organic Reactions Vol. VI ; John Willy & Sons: New

York, 1954; p151-190.
Wityak, J.; Palaniswamy, V. A.; Gould, S. J. J. Labbeled Comp. Radiopharm. 1985,22,
1155-64.

Yazawa, K.; Takahashi, K.; Mikami, Y.; Arai, T.; Saito, N.; Kubo, A. J. Antibiot. 1986, 34,

1639-1986.
Zeeck, A.; Schroder, K.; Forbel, K.; Grote, R.; Thiericke, R. J. Antibiot. 1987, 40, 1530.

155
Zmijewski, M. J. Jr. Personal Communication.

Zmijewski, M. J. Jr. J. Antibiot. 1985,38,819.
Zmijewski, J. M. J.; Goebel, M. J. Antibiot. 1982, 35, 524-526.

Zmijewski, J. M. J.; Mikolajczak, M.; Viswanatha, V. and Hruby, V. J. J. Am. Chem. Soc.

1982, 104, 4969-4971.
Zmijewski, J. M. Jr.; Miller-Hatch, K.; Goebel, M. Antimicrob. Agents Chemoether. 1982,

21, 787-793.
Zmijewski, M. J. Jr.; Palaniswamy, V. A.; Gould, S. J. J. Am. Chem. Soc. 1985, 1261.

